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Introduction
Renewable electricity 
generation pathways

Biomass is currently the only 
resource for carbon-based 
fuels and chemicals

Image by Dennis Schroeder, NREL
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Conversion pathways

Lignocellulosic	
Biomass

Eg:	Corn	stover,	
agricultural	
waste

Thermochemical	conversion
• Pyrolysis	
• Gasification

Biochemical	conversion
• Enzymatic	hydrolysis
• Microbial	bioreaction

products
• Syngas
• methane
• Bio-oil
• ethanol
• diesel

High temperature

Low temperature
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Unit operations

Feedstock storage 
and handling

Pretreatment and 
conditioning

Enzymatic  
hydrolysis

Bioreaction 
(fermentation)

Catalytic 
upgrading

• Make cellulose 
more accessible

• Digest cellulose 
to sugars

• Convert sugars 
to products

https://www.energy.gov/eere/bioenergy/sustainable-
aviation-fuel-grand-challenge
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Background

Biomethanation reactor (NREL)

Flat panel bioreactor*

*Singh and Sharma, Renew. Sust. Reviews, 2012

• Bioreactor: microbial action for conversion 
• Food/beverage/Pharma industry
• Biofuels/molecules

• Ethanol/Butane-diol/Methane
• Sustainable Aviation Fuels (SAF)

• CO2 capture and conversion
• Syngas fermentation

• Fermentation is a large cost contribution
• Improved bioreactor design

• More engineering than biology
• Dominant physics: Gas-liquid flow

**https://www.youtube.com/watch?v=k3WLwKrEu7c

Syngas fermentation** (Lanzatech)



NREL    |    6

Challenging multiphase flow questions

Bubble dynamics

Microbial kinetics

Novel reactor design

How do gas mixtures Impact (e.g. 
CO/CO2/H2/air) bubble size distributions 
and mass transfer?

How does component-wise microbial 
uptake influence species distribution and 
hydrodynamics?

How do we design large-scale reactors (~ 
500 m3) with improved mixing and 
energy requirements? 

Pollia et al., Chemical Engineering Science 57 (2002) 197–205. 
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Mathematical model and numerical methods
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Multiphase Euler-Euler equations

↵L + ↵G = 1
<latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ipbESBRWn1TlH0Bo8uj6ewTwn/g=">AAACB3icbZBPS8MwGMbfzn9zTq1evQSHoAij9aIXQfCgBw8T3B9YS0mzdAtL2pKkwij9DF78Kl48KOI38Oa3Md120M0HAj+eJyHv+4QpZ0o7zrdVWVldW9+obta26ts7u/ZevaOSTBLaJglPZC/EinIW07ZmmtNeKikWIafdcHxd5t1HKhVL4gc9Sakv8DBmESNYGyuwTzzM0xEOPIH1SIr8rkCnaMG7KdAlcgO74TSdqdAyuHNowFytwP7yBgnJBI014Vipvuuk2s+x1IxwWtS8TNEUkzEe0r7BGAuq/Hy6UoGOjDNAUSLNiTWaur9f5FgoNRGhuVlOqRaz0vwv62c6uvBzFqeZpjGZfRRlHOkElf2gAZOUaD4xgIlkZlZERlhiok2LNVOCu7jyMnTOmq7TdO8dqMIBHMIxuHAOV3ALLWgDgSd4gTd4t56tV+tjVlfFmve2D39kff4Ahv2bsA==</latexit><latexit sha1_base64="ipbESBRWn1TlH0Bo8uj6ewTwn/g=">AAACB3icbZBPS8MwGMbfzn9zTq1evQSHoAij9aIXQfCgBw8T3B9YS0mzdAtL2pKkwij9DF78Kl48KOI38Oa3Md120M0HAj+eJyHv+4QpZ0o7zrdVWVldW9+obta26ts7u/ZevaOSTBLaJglPZC/EinIW07ZmmtNeKikWIafdcHxd5t1HKhVL4gc9Sakv8DBmESNYGyuwTzzM0xEOPIH1SIr8rkCnaMG7KdAlcgO74TSdqdAyuHNowFytwP7yBgnJBI014Vipvuuk2s+x1IxwWtS8TNEUkzEe0r7BGAuq/Hy6UoGOjDNAUSLNiTWaur9f5FgoNRGhuVlOqRaz0vwv62c6uvBzFqeZpjGZfRRlHOkElf2gAZOUaD4xgIlkZlZERlhiok2LNVOCu7jyMnTOmq7TdO8dqMIBHMIxuHAOV3ALLWgDgSd4gTd4t56tV+tjVlfFmve2D39kff4Ahv2bsA==</latexit><latexit sha1_base64="VyJJpXUXeqt/WK5UuhBG2CrlqM4=">AAACEnicbVDLSsNAFJ34rPUVdelmsAiKUBI3uhGKLnThooJ9QBPCZDpph85MwsxEKCHf4MZfceNCEbeu3Pk3TtostPXAhcM593LvPWHCqNKO820tLC4tr6xW1qrrG5tb2/bOblvFqcSkhWMWy26IFGFUkJammpFuIgniISOdcHRV+J0HIhWNxb0eJ8TnaCBoRDHSRgrsYw+xZIgCjyM9lDy7zeEJnNGuc3gB3cCuOXVnAjhP3JLUQIlmYH95/RinnAiNGVKq5zqJ9jMkNcWM5FUvVSRBeIQGpGeoQJwoP5u8lMNDo/RhFEtTQsOJ+nsiQ1ypMQ9NZ3GlmvUK8T+vl+ro3M+oSFJNBJ4uilIGdQyLfGCfSoI1GxuCsKTmVoiHSCKsTYpVE4I7+/I8aZ/WXafu3jm1xmUZRwXsgwNwBFxwBhrgBjRBC2DwCJ7BK3iznqwX6936mLYuWOXMHvgD6/MHRQGdKQ==</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit><latexit sha1_base64="dBVhZeA5/0jMnDRdbKZx93rNoP0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIoBuh6EIXLirYBzShTKaTdujMJMxMhBLyDW78FTcuFHHryp1/46TNQlsPXDiccy/33hPEjCrtON9WaWFxaXmlvFpZW9/Y3LK3d1oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6Or3G8/EKloJO71OCY+RwNBQ4qRNlLPPvIQi4eo53Gkh5Kntxk8hjPadQYvoNuzq07NmQDOE7cgVVCg0bO/vH6EE06Exgwp1XWdWPspkppiRrKKlygSIzxCA9I1VCBOlJ9OXsrggVH6MIykKaHhRP09kSKu1JgHpjO/Us16ufif1010eO6nVMSJJgJPF4UJgzqCeT6wTyXBmo0NQVhScyvEQyQR1ibFignBnX15nrROaq5Tc+9Oq/XLIo4y2AP74BC44AzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFtLVnFzC74A+vzB0ZBnS0=</latexit>

@

@t
(↵i⇢i) + ~r · (↵i⇢iVi) = 0

<latexit sha1_base64="gqzSwiVCUUSSnyTjdFkibQU/PY8="></latexit><latexit sha1_base64="gqzSwiVCUUSSnyTjdFkibQU/PY8="></latexit><latexit sha1_base64="gqzSwiVCUUSSnyTjdFkibQU/PY8="></latexit><latexit sha1_base64="gqzSwiVCUUSSnyTjdFkibQU/PY8="></latexit>

@

@t
(↵i⇢iVi) + ~r · (↵i⇢iViVi)

= �↵i
~rP + ↵i⇢ig + ~r · (↵iR̄i) + Fi

<latexit sha1_base64="piPAB85RRU81Z+Ek04cACR29bxY="></latexit><latexit sha1_base64="piPAB85RRU81Z+Ek04cACR29bxY="></latexit><latexit sha1_base64="piPAB85RRU81Z+Ek04cACR29bxY="></latexit><latexit sha1_base64="piPAB85RRU81Z+Ek04cACR29bxY="></latexit>

• Gas and liquid as continuous interpenetrating phases
• Compressible low Mach RANS equations 

Volume fraction constraint

Mass conservation

Momentum conservation

Species transport within 
each phase

@

@t
(↵i⇢iYij) + ~r · (↵i⇢iYijVi)

= ~r · (↵i⇢iD̄ij
~rYij) + ṘMT

ij
<latexit sha1_base64="TqwykfGDXiTixp4Qb4QARpCUnuQ="></latexit><latexit sha1_base64="TqwykfGDXiTixp4Qb4QARpCUnuQ="></latexit><latexit sha1_base64="TqwykfGDXiTixp4Qb4QARpCUnuQ="></latexit><latexit sha1_base64="TqwykfGDXiTixp4Qb4QARpCUnuQ="></latexit>
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Bubble size distribution* modeling
Pr
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)

Bubble volume (m3)

𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑏𝑢𝑏𝑏𝑙𝑒𝑠	𝑝𝑒𝑟	𝑢𝑛𝑖𝑡	𝑣𝑜𝑙𝑢𝑚𝑒	𝑁! = 𝑓	𝛿𝑣!

Bu
bb

le
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o:
 d

en
sit

y 
(N

i)

Bubble volume (m3)

𝛿𝑣!

𝑝ℎ𝑎𝑠𝑒	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑒𝑎𝑐ℎ	𝑔𝑟𝑜𝑢𝑝	𝑓! =
𝑁!𝑣!
∑"𝑁"𝑣"

∂nv

∂t
+∇ · (vphnv) = hv

hv =
1

2

v

0
nv′nv−v′Cv′,v−v′dv

′

︸ ︷︷ ︸

coalescence(+)

−nv

∞

0
nv′Cv,v′dv

′

︸ ︷︷ ︸

coalescence(−)

+

∞

v

n′

vBv′βv,v′dv
′

︸ ︷︷ ︸

breakup(+)

− nvBv︸ ︷︷ ︸

breakup(−)

−
∂(v̇nv)

∂v︸ ︷︷ ︸

drift

+ ṅv︸︷︷︸

nucleation

PDF transport equation

Bubble dynamics source terms 

*Lehnigk et al., AIChE Journal, 68,3, 2022
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Drag and mass transfer model

a =
6↵G

db
<latexit sha1_base64="nXeBC7GL5Y9t+9DyWkyLjDp/ENE=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVRMRdSMUXeiygn1AE8rNZNIOnTyYmQgl5DPc+CtuXCjitjv/xklbRFsPDJw5517uvcdLOJPKsr6M0tLyyupaeb2ysbm1vWPu7rVknApCmyTmseh4IClnEW0qpjjtJIJC6HHa9oY3hd9+pEKyOHpQo4S6IfQjFjACSks98wQDvsKOHwgg2Tl2gCcD6DkhqIEIs9s8x5n/8/XyvGdWrZo1AV4k9oxU0QyNnjl2/JikIY0U4SBl17YS5WYgFCOc5hUnlTQBMoQ+7WoaQUilm00Oy/GRVnwcxEK/SOGJ+rsjg1DKUejpymJFOe8V4n9eN1XBpZuxKEkVjch0UJByrGJcpIR9JihRfKQJEMH0rpgMQGekdJYVHYI9f/IiaZ3WbKtm359V69ezOMroAB2iY2SjC1RHd6iBmoigJ/SC3tC78Wy8Gh/G57S0ZMx69tEfGONvjgigKA==</latexit><latexit sha1_base64="nXeBC7GL5Y9t+9DyWkyLjDp/ENE=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVRMRdSMUXeiygn1AE8rNZNIOnTyYmQgl5DPc+CtuXCjitjv/xklbRFsPDJw5517uvcdLOJPKsr6M0tLyyupaeb2ysbm1vWPu7rVknApCmyTmseh4IClnEW0qpjjtJIJC6HHa9oY3hd9+pEKyOHpQo4S6IfQjFjACSks98wQDvsKOHwgg2Tl2gCcD6DkhqIEIs9s8x5n/8/XyvGdWrZo1AV4k9oxU0QyNnjl2/JikIY0U4SBl17YS5WYgFCOc5hUnlTQBMoQ+7WoaQUilm00Oy/GRVnwcxEK/SOGJ+rsjg1DKUejpymJFOe8V4n9eN1XBpZuxKEkVjch0UJByrGJcpIR9JihRfKQJEMH0rpgMQGekdJYVHYI9f/IiaZ3WbKtm359V69ezOMroAB2iY2SjC1RHd6iBmoigJ/SC3tC78Wy8Gh/G57S0ZMx69tEfGONvjgigKA==</latexit><latexit sha1_base64="nXeBC7GL5Y9t+9DyWkyLjDp/ENE=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVRMRdSMUXeiygn1AE8rNZNIOnTyYmQgl5DPc+CtuXCjitjv/xklbRFsPDJw5517uvcdLOJPKsr6M0tLyyupaeb2ysbm1vWPu7rVknApCmyTmseh4IClnEW0qpjjtJIJC6HHa9oY3hd9+pEKyOHpQo4S6IfQjFjACSks98wQDvsKOHwgg2Tl2gCcD6DkhqIEIs9s8x5n/8/XyvGdWrZo1AV4k9oxU0QyNnjl2/JikIY0U4SBl17YS5WYgFCOc5hUnlTQBMoQ+7WoaQUilm00Oy/GRVnwcxEK/SOGJ+rsjg1DKUejpymJFOe8V4n9eN1XBpZuxKEkVjch0UJByrGJcpIR9JihRfKQJEMH0rpgMQGekdJYVHYI9f/IiaZ3WbKtm359V69ezOMroAB2iY2SjC1RHd6iBmoigJ/SC3tC78Wy8Gh/G57S0ZMx69tEfGONvjgigKA==</latexit><latexit sha1_base64="nXeBC7GL5Y9t+9DyWkyLjDp/ENE=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVRMRdSMUXeiygn1AE8rNZNIOnTyYmQgl5DPc+CtuXCjitjv/xklbRFsPDJw5517uvcdLOJPKsr6M0tLyyupaeb2ysbm1vWPu7rVknApCmyTmseh4IClnEW0qpjjtJIJC6HHa9oY3hd9+pEKyOHpQo4S6IfQjFjACSks98wQDvsKOHwgg2Tl2gCcD6DkhqIEIs9s8x5n/8/XyvGdWrZo1AV4k9oxU0QyNnjl2/JikIY0U4SBl17YS5WYgFCOc5hUnlTQBMoQ+7WoaQUilm00Oy/GRVnwcxEK/SOGJ+rsjg1DKUejpymJFOe8V4n9eN1XBpZuxKEkVjch0UJByrGJcpIR9JihRfKQJEMH0rpgMQGekdJYVHYI9f/IiaZ3WbKtm359V69ezOMroAB2iY2SjC1RHd6iBmoigJ/SC3tC78Wy8Gh/G57S0ZMx69tEfGONvjgigKA==</latexit>

kL =

s
4D

⇡

|uslip|
db

<latexit sha1_base64="NKX8ZJzL/AUqf5Z/vitguJhPnMc="></latexit><latexit sha1_base64="NKX8ZJzL/AUqf5Z/vitguJhPnMc="></latexit><latexit sha1_base64="NKX8ZJzL/AUqf5Z/vitguJhPnMc="></latexit><latexit sha1_base64="NKX8ZJzL/AUqf5Z/vitguJhPnMc="></latexit>

Species mass transfer (Higbie et al. 1 )

species transfer rate

Henry’s law

Mass transfer coefficient

1 Higbie, R., 1935. The rate of absorption of a pure gas into a still liquid during short periods of exposure. Trans. AIChE 31, 365–389. 

MTR = kLa(C
∗

j − Cj)

C∗

j =

Xj,GP

Hi

ρL
ML

FD =
3

4
(CD/d)αρlU

2

r ∗ sign(Ur) Drag force

𝐶8 = 𝑓(𝑅𝑒, 𝐸𝑜, 𝛼9) Grace drag model

OUR = OURmax

CO2

KO + CO2

↵L

<latexit sha1_base64="+YXwPbm6EVVIWFvdjsJBlXeJAM4="></latexit><latexit sha1_base64="+YXwPbm6EVVIWFvdjsJBlXeJAM4="></latexit><latexit sha1_base64="+YXwPbm6EVVIWFvdjsJBlXeJAM4="></latexit><latexit sha1_base64="+YXwPbm6EVVIWFvdjsJBlXeJAM4="></latexit>

Microbial uptake (Monod model)
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Numerical methods and solver

• Transport properties
• Fermentation broth properties are similar to water
• Multiphase k-𝜔 SST turbulence model
• Population balance over 1-5 mm bubbles with 10 classes

• multiphaseEulerFoam in OpenFOAM
• In-house implementation for

•  Higbie mass transfer model
• Grace drag model

• Typically simulations performed using
• 128 Intel Skylake processors
• 48 hours of run time to simulate 30 seconds for 0.5 million cells

• More details in 
• Rahimi et al., Chem. Engg. Res. Design, 139, 2018
• Sitaraman et al., Chem. Engg. Res. Design, 197, 2023
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Model validation with small-scale bubble column

CO2 mole fraction
He

ig
ht

 (m
)

CO2  validation** 
*McClure et al., Chem. Eng. Technol. 36 (12), 2065–2070. 
**Comparison with Hissanaga et al., Chem. Engg. Sci, 2020 and Ngu et al., Chem. Engg. Sci., 2022

vgs =
V̇mid

Areactor
<latexit sha1_base64="CLGqnaT/MmkuIzt0iSFe2pAMVQ8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcEbYSojWUE84BkWWYns8mQ2QczdwNh2D+w8VdsLBSxtbXzb5wkW2jigYHDOfcx9wSp4Aoc59taWl5ZXVsvbZQ3t7Z3du29/aZKMklZgyYike2AKCZ4zBrAQbB2KhmJAsFawfB24rdGTCqexA8wTpkXkX7MQ04JGMm3T0Z9X111Q0mo7vYS0M3c1xHv5bm+9rWZRCGRee7bFafqTIEXiVuQCipQ9+0vM41mEYuBCqJUx3VS8DSRwKlgebmbKZYSOiR91jE0JhFTnp7ek+Njo/RwmEjzYsBT9XeHJpFS4ygwlRGBgZr3JuJ/XieD8NLTPE4zYDGdLQozgSHBk3Bwj0tGQYwNIVRy81dMB8RkAybCsgnBnT95kTTPqq5Tde/PK7WbIo4SOkRH6BS56ALV0B2qowai6BE9o1f0Zj1ZL9a79TErXbKKngP0B9bnDzJvngU=</latexit><latexit sha1_base64="CLGqnaT/MmkuIzt0iSFe2pAMVQ8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcEbYSojWUE84BkWWYns8mQ2QczdwNh2D+w8VdsLBSxtbXzb5wkW2jigYHDOfcx9wSp4Aoc59taWl5ZXVsvbZQ3t7Z3du29/aZKMklZgyYike2AKCZ4zBrAQbB2KhmJAsFawfB24rdGTCqexA8wTpkXkX7MQ04JGMm3T0Z9X111Q0mo7vYS0M3c1xHv5bm+9rWZRCGRee7bFafqTIEXiVuQCipQ9+0vM41mEYuBCqJUx3VS8DSRwKlgebmbKZYSOiR91jE0JhFTnp7ek+Njo/RwmEjzYsBT9XeHJpFS4ygwlRGBgZr3JuJ/XieD8NLTPE4zYDGdLQozgSHBk3Bwj0tGQYwNIVRy81dMB8RkAybCsgnBnT95kTTPqq5Tde/PK7WbIo4SOkRH6BS56ALV0B2qowai6BE9o1f0Zj1ZL9a79TErXbKKngP0B9bnDzJvngU=</latexit><latexit sha1_base64="CLGqnaT/MmkuIzt0iSFe2pAMVQ8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcEbYSojWUE84BkWWYns8mQ2QczdwNh2D+w8VdsLBSxtbXzb5wkW2jigYHDOfcx9wSp4Aoc59taWl5ZXVsvbZQ3t7Z3du29/aZKMklZgyYike2AKCZ4zBrAQbB2KhmJAsFawfB24rdGTCqexA8wTpkXkX7MQ04JGMm3T0Z9X111Q0mo7vYS0M3c1xHv5bm+9rWZRCGRee7bFafqTIEXiVuQCipQ9+0vM41mEYuBCqJUx3VS8DSRwKlgebmbKZYSOiR91jE0JhFTnp7ek+Njo/RwmEjzYsBT9XeHJpFS4ygwlRGBgZr3JuJ/XieD8NLTPE4zYDGdLQozgSHBk3Bwj0tGQYwNIVRy81dMB8RkAybCsgnBnT95kTTPqq5Tde/PK7WbIo4SOkRH6BS56ALV0B2qowai6BE9o1f0Zj1ZL9a79TErXbKKngP0B9bnDzJvngU=</latexit><latexit sha1_base64="CLGqnaT/MmkuIzt0iSFe2pAMVQ8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVcEbYSojWUE84BkWWYns8mQ2QczdwNh2D+w8VdsLBSxtbXzb5wkW2jigYHDOfcx9wSp4Aoc59taWl5ZXVsvbZQ3t7Z3du29/aZKMklZgyYike2AKCZ4zBrAQbB2KhmJAsFawfB24rdGTCqexA8wTpkXkX7MQ04JGMm3T0Z9X111Q0mo7vYS0M3c1xHv5bm+9rWZRCGRee7bFafqTIEXiVuQCipQ9+0vM41mEYuBCqJUx3VS8DSRwKlgebmbKZYSOiR91jE0JhFTnp7ek+Njo/RwmEjzYsBT9XeHJpFS4ygwlRGBgZr3JuJ/XieD8NLTPE4zYDGdLQozgSHBk3Bwj0tGQYwNIVRy81dMB8RkAybCsgnBnT95kTTPqq5Tde/PK7WbIo4SOkRH6BS56ALV0B2qowai6BE9o1f0Zj1ZL9a79TErXbKKngP0B9bnDzJvngU=</latexit>

Van’t Riet and 
Tramper, 1991

Air  validation* 

• Air validation: 1 m height, 
15 cm diameter bubble 
column

• CO2 validation: 4 m 
height, 15 cm dia, co-flow 
column, with CO2/N2 
mixture



NREL    |    13

Bioreactors at scale

• Explored large reactors – 40 m high 
bubble column, airlift and stir tanks with

• Bottom boundary – air sparger 
• Draft tube and impellers aid better mixing

Bubble column reactor Airlift reactor Stir-tank

OUR=75 mol/m3/h

OUR=0

Gas 
fraction O2 (mM)

Gas 
fraction O2 (mM)

Gas 
fraction O2 (mM)
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Two case studies

• 2,3 Butanediol production from sugars
• CO2/syngas conversion to fuels
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Butanediol (BDO) synthesis from sugars

• BDO is a SAF intermediate
• Process scale-up for meeting SAF goals

• Needs controlled amount of oxygen
• High O2 -> side products

• Coupling with microbial bioreactions 
and hydrodynamics

06/12/2023Metabolism

Glucose
Xylose
Oxygen

Acetoin BDO

(a) (b)Complex metabolic pathways Simplified reaction model
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Butanediol (BDO) synthesis from sugars

• Flow-reaction coupling
• Disparate time scales: reactions ~ hours, 

fluid-dynamics ~ 100 sec
• Time step subcycling

• Lower aeration rates and shorter bubble 
columns favor higher BDO production

• Taller columns (case 1) leads to higher 
O2 concentration at the bottom

Steady-state 
species 
distribution

Multiphase 
transport solve

Bioreaction 
update ~ 2 
hours

Update 
oxygen 
uptake rate

Time step subcycling scheme
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Two case studies

• 2,3 Butanediol production from sugars
• CO2/syngas conversion to fuels
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Bubble column simulations

• Bottom inlet with a gas fraction that specifies sparger mass flow rate
• Lateral walls use no-slip condition for liquid and slip for gas
• Vary gas mixture mass fractions (H2:CO2:CO) while keeping constant mass 

flow rate of 0.45 g/s.

Bubble column Sparger 

2 
m

0.25 m

Inflow

Hold up

cases

Gas 
fraction

Liquid vel. 
(m/s)

CO2 conc. 
(mM)
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Bubble size distribution variations

• Higher H2 fraction at the inlet results in faster bubble coalescence and higher 
average Sauter diameter

Case 2 - H2:CO2:CO=18:34:48

H=0.1 m

H=0.5 m

H=1.2 m

Sauter 
dia (m)

Case 1 - H2:CO2:CO=7:80:13Case 1 (less H2) Case 2 (more H2)
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Effect of bubble column height

Small scale 
(2 m)

Large scale (10 m)

Pressure 
(bar)

CO

H2

• Higher hydrostatic pressure head 
enables greater mass transfer

• Superficial velocity of 5 cm/s is kept 
the same between cases

• Spatial inhomogenities in species 
concentration and gas fraction

H2 conc. (mol/m3)
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Conclusions and future work

• Conclusions
• Computational model

• OpenFOAM based multiphase solver with microbial uptake
• Results

• Validated small scale bubble column
• Comparison between bubble column, airlift and stir-tank reactors

• Better mixing in stir tanks
• Greater pressure heads leads to greater O2 transfer

• Butanediol reactors
• Multiphase coupling to microbial bioreactions
• Lower aspect ratio reactors are favorable at scale

• CO2/syngas reactors
• H2 has a strong impact on multiphase dynamics

• Future work
• Higher fidelity LES
• Bubble size distribution models for mixtures
• Novel reactor designs: e.g. looping reactors
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