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Background

• Electrolysis, the splitting of 
water into oxygen (O2) and 
hydrogen (H2) using 
electricity, is a sustainable way 
to produce hydrogen
• In polymer electrolyte 

membrane (PEM) water 
electrolysis, water is brought 
into contact with charged 
catalyst layers and 
electrochemically separated 
into O2 and H2. 
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Motivation

• The design of the anodic 
porous transport layer (PTL) 
aids in the detachment and 
removal of O2

• The PTL’s ability to remove 
O2 from the catalyst surface 
is a critical factor in overall 
efficacy
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Approach: Lattice Boltzmann

• We use a d2q9 lattice 
Boltzmann method (LBM) 
to capture the interaction 
between PTL, H2O, and O2

– Easily capture complex 
boundaries

– Relative ease of 
multiphase algorithm

– Small Reynolds number
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Approach: Multiphase

• Use a single-component multi-phase (SCMP) Shan-Chen 
formulation [1, 2]

• Shifted velocity, 𝑢!", in equilibrium distribution 
calculation captures inter-particle forces

• Total force is combined effect of inter-particle cohesion, 
fluid-wall adhesion, others

<latexit sha1_base64="Jn3uCYFkuOH6wCygW247gzOWK9k="></latexit>
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Cohesion force near sharp density change 
maintains this coarse droplet edge 

1. X. Shan and H. Chen “Simulation of nonideal gases and liquid-gas phase transitions by the lattice Boltzmann equation”, Physical Review E, 1994
2. H. Huang, M. C. Sukop, and X. Lu, “Multiphase lattice Boltzmann methods: Theory and application”, 2015
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Approach: Multiphase

• Equation of state, ψ, sets inter-particle potentials 
according to a pressure/temperature relationship

• Carnahan-Starling equation of state used to achieve 
high density ratio typical of liquid gas systems [1, 2]
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Values used in 
current study
𝑎 = 1
𝑏 = 4
𝑅 = 1
𝑇 = 0.167
𝐶! = 6
𝐶" = 1/√3

1. N. F. Carnahan and K. E. Starling, “Equation of state for nonattracting rigid spheres”, The Journal of Chemical Physics, 1969
2. P. Yuan and L. Schaefer, “Equations of state in a lattice Boltzmann model”, Physics of Fluids, 2006
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Verification: Drops

Goal: Simulate a high-density 
drop falling onto a surface
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<latexit sha1_base64="BfIcm6YN61MoBvnMOvwrwa/db9k=">AAACK3icbVDLSgMxFM34rONr1KWbYCm4KjPF17LgQpcV7APaMmTStA3NJENyR6hDt36NLvVHXClu/QM/wPSxsK0HAodz7iP3RIngBnz/w1lZXVvf2Mxtuds7u3v73sFhzahUU1alSijdiIhhgktWBQ6CNRLNSBwJVo8G12O//sC04UrewzBh7Zj0JO9ySsBKoYcLN2FGOiO30II+AxJmVEkgFEZuS/dV2Au9vF/0J8DLJJiRPJqhEno/rY6iacwkUEGMaQZ+Au2MaOBUMDs2NSwhdEB6rGmpJDEz7WxyyQgXrNLBXaXtk4An6t+OjMTGDOPIVsYE+mbRG4v/ec0UulftjMskBSbpdFE3FRgUHseCO1wzCmJoCaGa279i2ifaBmHDm9sCfPA4d0UWxSPXxhQshrJMaqVicFE8vzvLl0uzwHLoGJ2gUxSgS1RGt6iCqoiiJ/SMXtGb8+K8O5/O17R0xZn1HKE5ON+/uAyoEQ==</latexit>⇢g
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Verification: Drops

<latexit sha1_base64="c1OC48S40DHQaeOL7C7vTv1rrgI=">AAACKXicbZDLSsNAFIYn9VbjrepSkGApdGNJilU3QsGFLivYC7QhTKbTduhkEmZOhBqy82l0qS/iTt36Cj6A08vCtv4w8POfczhzPj/iTIFtfxqZldW19Y3sprm1vbO7l9s/aKgwloTWSchD2fKxopwJWgcGnLYiSXHgc9r0h9fjevOBSsVCcQ+jiLoB7gvWYwSDjrzc8Y2X4G56dVoulStmoQMDCthLSCgAE0i9XN4u2RNZy8aZmTyaqeblfjrdkMQBFUA4Vqrt2BG4CZbACKep2YkVjTAZ4j5taytwQJWbTO5IrYJOulYvlPoJsCbp34kEB0qNAl93BhgGarE2Dv+rtWPoXboJE1EMVJDpol7MLQitMRSryyQlwEfaYCKZ/qtFBlhqAhrd3BZgw8e5KxI/SE2NyVmEsmwa5ZJzXqrcneWrxRmwLDpCJ6iIHHSBqugW1VAdEfSEntErejNejHfjw/iatmaM2cwhmpPx/QvyI6aK</latexit>
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<latexit sha1_base64="r0Aefe9vvh30IdBKhU8det4WKGU=">AAACKHicbZDLSsNAFIYnXmu9RV2KECyFbiyJWHUjFFzosoK9QBvCZDpth04mYeZEqCErn0aX+iLupFufwQdw2mZhW38Y+PnPOZw5nx9xpsC2x8bK6tr6xmZuK7+9s7u3bx4cNlQYS0LrJOShbPlYUc4ErQMDTluRpDjwOW36w9tJvflEpWKheIRRRN0A9wXrMYJBR555cucluJvenDnlSr7YgQEF7CUkFIAJpJ5ZsMv2VNaycTJTQJlqnvnT6YYkDqgAwrFSbceOwE2wBEY4TfOdWNEIkyHu07a2AgdUucn0jNQq6qRr9UKpnwBrmv6dSHCg1CjwdWeAYaAWa5Pwv1o7ht61mzARxUAFmS3qxdyC0JowsbpMUgJ8pA0mkum/WmSApSagyc1tATZ8nrsi8YM0rzE5i1CWTeO87FyWKw8XhWopA5ZDx+gUlZCDrlAV3aMaqiOCXtArekcfxpvxaXwZ41nripHNHKE5Gd+/cb2mTQ==</latexit>
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<latexit sha1_base64="42DLtZ1818OMcmjzciP05fx3mzc=">AAACKHicbZDLSsNAFIYn9VbjLepShGApdGNJxNtGKLjQZQV7gbaEyWTaDp1MwsyJUENWPo0u9UXcSbc+gw/g9LKwrT8M/PznHM6cz485U+A4IyO3srq2vpHfNLe2d3b3rP2DuooSSWiNRDySTR8rypmgNWDAaTOWFIc+pw1/cDuuN56oVCwSjzCMaSfEPcG6jGDQkWcd33kpDrKbU7fsmMU29ClgLyWRAEwg86yCU3YmspeNOzMFNFPVs37aQUSSkAogHCvVcp0YOimWwAinmdlOFI0xGeAebWkrcEhVJ52ckdlFnQR2N5L6CbAn6d+JFIdKDUNfd4YY+mqxNg7/q7US6F53UibiBKgg00XdhNsQ2WMmdsAkJcCH2mAimf6rTfpYagKa3NwWYIPnuStSP8xMjcldhLJs6mdl97J88XBeqJRmwPLoCJ2gEnLRFaqge1RFNUTQC3pF7+jDeDM+jS9jNG3NGbOZQzQn4/sXaSWmSA==</latexit>
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<latexit sha1_base64="Nz1WWhgEl4R9ubSbt5LvqiKdzO0=">AAACI3icbZDLSsNAFIYn9VbrLepGcBMsBVclKd6WBRe6rGAv0JYwmUzaoZNJmDkRaohPo0t9EXfixoVv4QM4bbOwrT8M/PznHM6cz4s5U2DbX0ZhZXVtfaO4Wdra3tndM/cPWipKJKFNEvFIdjysKGeCNoEBp51YUhx6nLa90fWk3n6gUrFI3MM4pv0QDwQLGMGgI9c8unFT7GelSg+GFLCbkkgAJpC5Ztmu2lNZy8bJTRnlarjmT8+PSBJSAYRjpbqOHUM/xRIY4TQr9RJFY0xGeEC72gocUtVPpxdkVkUnvhVEUj8B1jT9O5HiUKlx6OnOEMNQLdYm4X+1bgLBVT9lIk6ACjJbFCTcgsia4LB8JikBPtYGE8n0Xy0yxFIT0NDmtgAbPc5dkXphVtKYnEUoy6ZVqzoX1fO7s3K9lgMromN0gk6Rgy5RHd2iBmoigp7QM3pFb8aL8W58GJ+z1oKRzxyiORnfv/dVpSc=</latexit>

GadVary hydrophilicity by adjusting adhesion parameter, 
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Verification:
Vapor Invasion

Goal: Predict the final state of 
a bubble trapped by an array 
of solids

<latexit sha1_base64="IksLSHwZsqyN9C1qOFeIuyNWYxg=">AAACK3icbVDLSgMxFM34rPVVdekmWAquykzxtSy40GUF+4C2DJk07YRmkiG5I9Rhtn6NLvVHXClu/QM/wPSxsK0HAodz7iP3BLHgBlz3w1lZXVvf2Mxt5bd3dvf2CweHDaMSTVmdKqF0KyCGCS5ZHTgI1oo1I1EgWDMYXo/95gPThit5D6OYdSMykLzPKQEr+QVcuvFT0svypQ6EDIifUiWBUMjyHR0qX/iFolt2J8DLxJuRIpqh5hd+Oj1Fk4hJoIIY0/bcGLop0cCpYHZsYlhM6JAMWNtSSSJmuunkkgyXrNLDfaXtk4An6t+OlETGjKLAVkYEQrPojcX/vHYC/atuymWcAJN0uqifCAwKj2PBPa4ZBTGyhFDN7V8xDYm2Qdjw5rYAHz7OXZEGUZa3MXmLoSyTRqXsXZTP786K1cossBw6RifoFHnoElXRLaqhOqLoCT2jV/TmvDjvzqfzNS1dcWY9R2gOzvcvwEqoFg==</latexit>⇢l
<latexit sha1_base64="BfIcm6YN61MoBvnMOvwrwa/db9k=">AAACK3icbVDLSgMxFM34rONr1KWbYCm4KjPF17LgQpcV7APaMmTStA3NJENyR6hDt36NLvVHXClu/QM/wPSxsK0HAodz7iP3RIngBnz/w1lZXVvf2Mxtuds7u3v73sFhzahUU1alSijdiIhhgktWBQ6CNRLNSBwJVo8G12O//sC04UrewzBh7Zj0JO9ySsBKoYcLN2FGOiO30II+AxJmVEkgFEZuS/dV2Au9vF/0J8DLJJiRPJqhEno/rY6iacwkUEGMaQZ+Au2MaOBUMDs2NSwhdEB6rGmpJDEz7WxyyQgXrNLBXaXtk4An6t+OjMTGDOPIVsYE+mbRG4v/ec0UulftjMskBSbpdFE3FRgUHseCO1wzCmJoCaGa279i2ifaBmHDm9sCfPA4d0UWxSPXxhQshrJMaqVicFE8vzvLl0uzwHLoGJ2gUxSgS1RGt6iCqoiiJ/SMXtGb8+K8O5/O17R0xZn1HKE5ON+/uAyoEQ==</latexit>⇢g
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Verification:
Vapor Invasion
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Verification:
Vapor Invasion
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Progress on PTL Result

Goal: Preliminary simulation of 
buoyancy-driven O2 bubbles 
interacting with PTL and water

Physical Details
<latexit sha1_base64="2LwIL75eHVOKkgHekJ6OeqMq89M="></latexit>

D = 250 µm

V = 1 mm/s

⇢l ⇡ 1000 kg/m3

⇢g ⇡ 1 kg/m3

Re ⇡ 0.25

<latexit sha1_base64="Oo07vRnlizBvEw6tm9Vv6ye/N6k="></latexit>

D
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Progress on PTL Result

Current simulation captures buoyancy effect, uses periodic 
boundaries to “generate” new bubble at catalyst

Porosity = 0.97 Porosity = 0.94 Porosity = 0.91 Porosity = 0.87
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Progress on PTL Result

To enable setting fluid properties for water and air separately, we are 
testing a multi-component multi-phase (MCMP) implementation

<latexit sha1_base64="tB33j4DJBY62/JsRAqFaV/T8Kts=">AAACE3icbVDJSgNBEO1xjXGLevQyGARPYUbcjkEvHiOYBZMh9HR6kia9DN01QhzmL/SoP+JNvPoB/ocfYCeZg0l8UPB4r4qqemHMmQHP+3aWlldW19YLG8XNre2d3dLefsOoRBNaJ4or3QqxoZxJWgcGnLZiTbEIOW2Gw5ux33yk2jAl72EU00DgvmQRIxis9NDRA9VNMdNZt1T2Kt4E7iLxc1JGOWrd0k+np0giqATCsTFt34shSLEGRjjNip3E0BiTIe7TtqUSC2qCdHJx5h5bpedGStuS4E7UvxMpFsaMRGg7BYaBmffG4n9eO4HoKkiZjBOgkkwXRQl3Qbnj990e05QAH1mCiWb2VpcMsMYEbEgzW4ANn2a+SEORFW1M/nwoi6RxWvEvKud3Z+XqdR5YAR2iI3SCfHSJqugW1VAdESTRM3pFb86L8+58OJ/T1iUnnzlAM3C+fgHNhZ9r</latexit>⇢air
<latexit sha1_base64="VTfMmqwCyL+AHCWZGTOOhSElb2g=">AAACFXicbVDLTsMwEHR4lvIqcORiUSFxqhLE61jBhWOR6ENqo8pxndaq7UT2BlSi/AYc4Ue4Ia6c+Q8+ALfNgbaMtNJoZle7O0EsuAHX/XaWlldW19YLG8XNre2d3dLefsNEiaasTiMR6VZADBNcsTpwEKwVa0ZkIFgzGN6M/eYD04ZH6h5GMfMl6SseckrASp2OHkTd9JEA01m3VHYr7gR4kXg5KaMctW7pp9OLaCKZAiqIMW3PjcFPiQZOBcuKncSwmNAh6bO2pYpIZvx0cnOGj63Sw2GkbSnAE/XvREqkMSMZ2E5JYGDmvbH4n9dOILzyU67iBJii00VhIjBEeBwA7nHNKIiRJYRqbm/FdEA0oTaD2S3Ah08zX6SBzIo2Jm8+lEXSOK14F5Xzu7Ny9ToPrIAO0RE6QR66RFV0i2qojiiK0TN6RW/Oi/PufDif09YlJ585QDNwvn4BnaWgZg==</latexit>⇢water
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Future Work

• Early in project, but we have the 
fundamental pieces to solve the 
PTL problem in place
•Must develop better bubble 

nucleation, growth, release BCs at 
anodic catalyst and outflow
• Include experimentally-imaged PTL 

geometries
•Move simulations to adaptive mesh 

refinement, d3q27 LBM code
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