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Carbon America: FrostCCTM Process

Collect flue gas
(N2 + CO2)

Freezing point of CO2 Cool & 
Expand

Transport ready 
liquid CO2

• Point source: CO2 (and co-pollutant) removal 
from flue gas 

• Cryogenic capture: cool flue gas to the point 
of CO2 solidification

• Cooling achieved through a series of 
interlinked compression, heat exchange, and 
expansion operations

• Recent pilot scale demonstration by Carbon 
America at National Carbon Capture Center

• Project objectives: 
◦ Develop CFD models with heterogeneous frosting

◦ Evaluate modeling approaches validate with 
literature and Carbon America data

◦ Apply models to study frosting in Carbon America 
processes and aid in design

• Objective of this presentation:
◦ Understanding buoyancy impacts on 

heterogeneous frosting
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Model Development: 
Heterogeneous Frosting

Modeling approach adapted from:
• Lei et al, J. Fluid Mech, 2023

• Debnath et al, Chemical Engineering 
Research and Design, 2019

Governing equations:

Mass

Momentum

Species conservation

Enthalpy

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ⋅ 𝜌𝜌𝒖𝒖 = 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌,
𝜕𝜕(𝜌𝜌𝒖𝒖) 
𝜕𝜕𝜕𝜕

+ ∇ ⋅ 𝜌𝜌𝒖𝒖𝒖𝒖 + 𝜏𝜏 = −∇𝜋𝜋 + 𝐒𝐒𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌𝒖𝒖,
𝜕𝜕(𝜌𝜌𝑌𝑌𝑚𝑚) 
𝜕𝜕𝜕𝜕

+ ∇ ⋅ 𝜌𝜌𝑌𝑌𝑚𝑚𝒖𝒖 + 𝑭𝑭𝒎𝒎 = 𝜌𝜌𝜔̇𝜔𝑚𝑚 + S𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌𝑌𝑌𝑚𝑚 ,
𝜕𝜕(𝜌𝜌ℎ) 
𝜕𝜕𝜕𝜕

+ ∇ ⋅ 𝜌𝜌ℎ𝒖𝒖 + 𝑸𝑸 = S𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌ℎ. 

Mass transfer rate:

Heat released from desublimation:

Evolution of solid CO2 layer: 

Gas phase source terms:

ℎ𝑟𝑟: the enthalpy change of CO2 desublimation
𝑎𝑎𝑟𝑟: specific surface area per unit volume
𝑉𝑉𝑟𝑟: active volume for desublimation

Model specifics:

𝜌𝜌𝑠𝑠
𝜕𝜕𝑉𝑉𝑠𝑠
𝜕𝜕𝜕𝜕

= 𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟𝑉𝑉𝑟𝑟

𝑄𝑄 = 𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟ℎ𝑟𝑟

𝑚𝑚𝑟𝑟 = 𝑘𝑘𝑟𝑟(𝑦𝑦𝑖𝑖𝑝𝑝 − 𝑝𝑝𝑒𝑒)
𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌 = −𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟

𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌𝑌𝑌𝐶𝐶𝐶𝐶𝐶 = −𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟
𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝜌𝜌𝜌 = 𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟ℎ𝑟𝑟 − 𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟ℎ𝐶𝐶𝐶𝐶𝐶
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Pele Suite: Bringing High-Fidelity Combustion Simulations to Real 
Configurations through Exascale Computing

Exascale Computing Project (2016 – 2023): DOE Office of Science/ASCR 
funded co-design of software and hardware for supercomputing at the 
exascale  (1 × 1018 operations/second)
Pele Suite: Combustion ECP application, development led by NREL with 
ANL/ORNL/LBNL/SNL collaboration. >$25 Million invested in AMReX/Pele
• Two open-source flow solvers and a shared physical library
• Performance portable using ECP math libraries: laptops to 

supercomputers, CPUs and GPUs from all vendors
Pele was the first engineering application to be run at the exascale, 
opening a new class of problems to high-fidelity combustion simulations

AMReX
Block-structured 
Adaptive Mesh 

Refinement 
Library

PelePhysics
Physical 

Properties, 
Equation-of-

State, 
Reactions 

PeleC
Compressible Flow 

Solver

PeleLMeX
Low-Mach Number Flow 

Solver

Sundials
Stiff ODE 

integrators

MAGMA
Batched linear 

solvers

HYPRE
Distributed linear 

solvers

Pele Suite

DOE applied 
math libraries

Performance/Scalability

Embedded Boundary Geometries,
Adaptive Mesh Refinement (AMR)

Multiphysics Spray/Soot/
Radiation modeling

Ex.: Co-optimized Machine-Learned Manifolds

Detailed & Reduced-order Manifold 
Combustion models
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Model Validation & Application:
Buoyancy Impacts in Heat Exchanger

• Validation: Numerical predictions for temperature profile 
and CO2 recovered from frosting agreed well with 
proprietary data from Carbon America

• Motivation: heat exchanger experiments run by Carbon 
America showed that carbon capture efficiency varies with 
pipe orientation.

• Question: how does orientation of heat exchanger pipes 
relative to gravity impact frosting?

• Objective: use PeleLMeX simulations to understand 
buoyancy impacts based on frosting.

Heat exchanger tubes

© Carbon America 2024

Borescope view of frosted heat exchanger tubes

© Carbon America 2024
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PeleLMeX Simulation Set up

• 3D turbulent pipe flow (Re ~6800)

◦ Isotropic turbulent inflow used to 
trip turbulence in the pipe

• Unsteady wall temperature profiles 
provided by Carbon America

• Shortened domain relative to Carbon 
America experiment for computational 
efficiency and scientific discovery              
(~1 million grid cells)

• Key metrics for analysis: CO2 
concentration at the outlet, frost 
thickness, temperature and CO2 
concentration within the pipe

Time-varying Wall Temp BC 
provided by Carbon America

3D-LES Demonstration: No Buoyancy Effects
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Buoyancy Effects Test Matrix

Higher Richardson number 
 larger buoyancy effects

Ri = 0.01
𝑔𝑔 = 0.23 m/s2

Re = 6813

Ri = 0.05 
𝑔𝑔 = 1.18 m/s2

Re = 6813

Ri = 0.1
𝑔𝑔 = 2.36 m/s2 

Re = 6813

Ri = 0.2
𝑔𝑔 = 4.73 m/s2

Re = 6813

Ri = 0.41
𝑔𝑔 = 9.8 m/s2

Re = 6813

𝜃𝜃 = -90

𝜃𝜃 = -23.5

𝜃𝜃 = 0

𝜃𝜃 = 23.5

𝜃𝜃 = 90

Change g to modify Ri while 
keeping Re constant
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Varied Flow Angles

𝑔⃗𝑔
Warm

Cold

𝑔⃗𝑔
Warm

Cold

𝑔⃗𝑔

Warm Cold
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Warm Cold

Cold

Warm

𝑔⃗𝑔
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Heat Exchanger Buoyancy Effects:
Horizontal Pipe

𝑔⃗𝑔

Warm Cold

Ri = 0.01

Ri = 0.41

Increasing Ri
Higher 

buoyancy 
effects
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Heat Exchanger Buoyancy Effects:
Angle Effects, High Ri

Time-Averaged Outlet Plane Profiles

• Ri = 0.01 suppresses buoyancy effects

• +90/-90 (vertical): Symmetric frost profiles

• Horizontal/Angled: Frost forms first on bottom, but then low 
mixing region at bottom reduces frost growth

• +23 (and +90): high variability indicating strong turbulence
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Heat Exchanger Buoyancy Effects:
CO2 Outlet Concentration

Capture Efficiency
𝑦𝑦 𝑡𝑡 =  1 − 𝑚̇𝑚𝐶𝐶𝐶𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜/𝑚̇𝑚𝐶𝐶𝐶𝐶𝐶,𝑖𝑖𝑖𝑖

De
cr

ea
sin

g 
Ri

Time averaged capture efficiency:

�𝑦𝑦 𝑡𝑡𝑁𝑁 =
1
𝑁𝑁�

𝑛𝑛=1

𝑁𝑁

𝑦𝑦 𝑡𝑡𝑛𝑛

• Efficiency converges as Ri decreases
• Efficiency is correlated with buoyancy effects 

for angles between ± 23°
• Highest capture efficiency achieved with largest 

Richardson number and a slight decline 
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Project Summary & Impact

• Implemented and tested models for heterogeneous CO2 frosting in 
Pele CFD solvers

• Utilized these models to determine effects of flow angle and 
buoyancy on frosting in heat exchanger tubes
◦ Ri ~0.01 is low enough to suppress buoyancy effects
◦ Vertically angled pipes yield very different flow structures than 

horizontal/angled pipes
◦ Capture efficiency is higher with higher Ri and downward angled 

pipes
◦ More symmetric frosting can be obtained with higher Ri or 

vertically angled pipes.
• Impact: 

◦ Heat Exchanger Buoyancy Study directly informs design for next 
generation systems
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