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Carbon America: FrostCC™ Process

Collect flue gas
(N2 + CO2)

ANN

Freezing point of CO2

%

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:
o Develop CFD models with heterogeneous frosting

o Evaluate modeling approaches validate with
literature and Carbon America data

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

Objective of this presentation:
o Understanding buoyancy impacts on

heterogeneous frosting
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Model Development:

Heterogeneous Frosting

Modeling approach adapted from: Governing equations:

* Leietal, J. Fluid Mech, 2023

d
a_p + V- pu = Sextp, Mass
* Debnath et al, Chemical Engineering a(pw) t
Research and Design, 2019 ™ + V- (puu+ 1) = =V + Sert pus Momentum
9(pYm) o . .
CO,(g) — CO4s) + Q , ————+ V- (pYpu + Fp) = py + Sextpy,,  Species conservation
Initial - > CO,-desublimated at 3(oh)
+V-(phu+Q) =S .
Desublimation of CO, on the cylinder surface at (P Q) ext,ph Enthalpy

Model specifics: Gas phase source terms:

Sext,p = —mya,
Mass transfer rate: m, = k,.(y;p — pe) S

ext,pYco, — —MrQr
) ) Sext,ph = mya,h, —myayhep;
Heat released from desublimation: Q = m,.a,h,

h,: the enthalpy change of CO2 desublimation
a,: specific surface area per unit volume
V,.: active volume for desublimation

aV,
Evolution of solid CO2 layer: psa—ts =m,a,

=~

T
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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 Pele Suite

PeleC
funded co-design of software and hardware for supercomputing at the DOE applied o r ]_
exascale (1 x 108 operations/second) math libraries
Pele Suite: Combustion ECP application, development led by NREL with :tqfr?g;l: PelePhysics
ANL/ORNL/LBNL/SNL collaboration. >$25 Million invested in AMReX/Pele integrators il Bockat ured
* Two open-source flow solvers and a shared physical library MAGMA Eq“;tt;‘t’e“%' A(:{er)fr:\;;“:s:h

. . . Batched linear L Library
* Performance portable using ECP math libraries: laptops to solvers Reactions
supercomputers, CPUs and GPUs from all vendors

Pele was the first engineering application to be run at the exascale, Distri::tPeTJElinear « fLow_M:;:ew;zer FIOW]_
opening a new class of problems to high-fidelity combustion simulations solvers -[ Solver

Ex.: Co-optimized Machine-Learned Manifolds

8

53.7 billion total cells

68 billion total cells —

g

Parallel Efficiency (%)
=S

60 : Pelel L:I:.I\.:-I:\L\.\'n.'e MP1 O
—m— n-l:;.:l:::ml . | - - k : e
“ —@— PoloLMoX GI i C&‘(j &
o0 92 gt b g8 gl0 g2 . . . . .
Embedded Boundary Geometries, Multiphysics Spray/Soot/ Detailed & Reduced-order Manifold

Nodes
Performance/Scalability

Adaptive Mesh Refinement (AMR) Radiation modeling Combustion models )




Model Validation & Application:

Buoyancy Impacts in Heat Exchanger

* Validation: Numerical predictions for temperature profile . ff dh h b
and CO2 recovered from frosting agreed well with Borescope view of frosted heat exchanger tubes
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
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PeleLMeX Simulation Set up

3D turbulent pipe flow (Re ~6800)

o |sotropic 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

Turbinflow /
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Buoyancy Effects Test Matrix

Higher Richardson number

Thot — Tres) L
Ri = 95T ;2 2 -> larger buoyancy effects
Ri=0.01 Ri=0.05 Ri=0.1 Ri=0.2 Ri=0.41
g = 0.23 m/s? g = 1.18 m/s? g = 2.36 m/s? g =473 m/s? g = 9.8 m/s?
Re = 6813 ‘ Re = 6813 Re = 6813 Re = 6813 Re = 6813
6 =-90 \ B —
C T own
6=-23.5 Change g to modify Ri while S g5
F)
) s £ .9
0=0 keeping Re constant 2 E =
EE o C
0 =23.5 R
6=90

Varied Flow Angles
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Heat Exchanger Buoyancy Effects: g b
Horizontal Pipe Warm  Col

Ri=0.01

Increasing Ri
Higher
buoyancy
effects
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Heat Exchanger Buoyancy Effects:

Angle Effects, ngh Ri

=0.10

Ri = 0.2

0

Ri=0.41
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6=490°

6=+23°

g=-23°

6=-90°

|

Frost thickness

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

20064+
1.808-44
1.40e-4
E 1.400-4]
812004

§IDJ04
o 4

£ 200e5

=
2 60065

o
400e-54
2.00e-5
0.00

+23 (and +90): high variability indicating strong turbulence

Ri=0.41, Time: 30.0s

— Angle = 90r (Top)
— Angle = 23* (Tog)
— Angle = 0* {Top)

— Angle = -23* (Top)
— Angle = 90" {Top)

2.00&-4

[

(18] 015

1]

]

1.80e-44
1.60e-4

H— Angle =

— Angle = 90 (Bottom)
— Angle = 23* (Bothom)
— Angle = (0 (Bottorm)

— Angle = -23* (Bottom)
90" (Bottom) |

U obs
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Decreasing Ri

Heat Exchanger Buoyancy Effects:

CO2 Outlet Concentration

Capture Efficiency Time averaged capture efficiency:

N
y(t) = 1 —1coz,0ut/Mco2,i _ 1
utlTcozn P(tw) =1 > ¥ ()
n=1

0.551

0.501
* 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

0.451

Time averaged capture efficiency

o
IS
o

5 10 15 20 25 30
time (s)
— Ri =0.41,0=+23°  ..... Ri =0.41, 8=0° - = Ri=0.41, 8=-23°
—— Ri=0.20,0=+23°  «::-: Ri = 0.20, 6=0° — = Ri=0.20,0=-23°
—— Ri =0.10,8=+423°  «---- Ri = 0.10, 6=0° —=: Ri=0.10, 6 =-23°
—— Ri =0.05, 06=+23° - Ri =0.05, 6=0° — = Ri=0.05 6=-23°
—— Ri =0.01, 8=+23° .- Ri =0.01, 8=0° — = Ri=0.01, 6=-23°
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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

o Ri~0.01 is low enough to suppress buoyancy effects

o Vertically angled pipes yield very different flow structures than
horizontal/angled pipes

o Capture efficiency is higher with higher Ri and downward angled Q 00@: |
pipes r

o More symmetric frosting can be obtained with higher Ri or
vertically angled pipes.

Time averaged capture efficiency
14 2

* Impact:

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

NREL | 11
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