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overview

Computational Fluid Dynamics (CFD)
Governing equations and general-purpose CFD
codes (PHOENICS, FLUENT, CFX, etc.)
Advanced CFD sub-models for gasification R&D
Multiphase CFD capabilities at U of T and ACFDA

Recent R&D Projects: GRAD CFD, GLASS and
COFFUS related studies

Conclusions




furnace:

Multi-physics: multiphase flow, turbulence, phase change,
homogeneous and heterogeneous combustion, radiation

Multi-scale: small particles and large furnace dimensions
Expensive experimentation for optimal furnace design
Need for CFD predictions (faster and cost-effective design)

. Multlphase CFD capabilities:

Commercial general-purpose CFD codes (PHOENICS,
FLUENT, CFX, etc.) - framework for CFD analyses

Advanced customized CFD sub-models for gasification R&D

CFD predictions as scientific basis for optimal furnace
design

Cost-effective and reliable design tool (effect of furnace
eometry and input conditions) | : ‘




(PHO '
flow capabilities
Governing equations include:

conservation equations for mass, momentum and energy for each
phase,

constitutive equations (linkage between phases)
turbulence model equations,
chemical kinetics (homogeneous and heterogeneous reactions)
equations for radiative heat transfer

Need for advanced customized models for gasification R&D
Develop new sub-models for more accurate predictions
Validate models using experimental data

Apply models as cost-effective, rapid design tool

re equipped wi




g : :
(chemical, ene gy, environmental, petroleum etc) mcludlng

—  Advanced cuttlng edge CFD model development
—  Model validation (experimental fluid dynamics)
—  Model customization and application to challenging real-life problems

Research team consists of CFD experts with 25+ years of
experience in CFD R&D (both academic and industrial)
Products and services:

— Advanced customized multiphase CFD software modules for real-life
industrial applications (gasification R&D, safety, design)

—  CFD consulting services
—  CFD training and support

Approach:

—  Provide complete set of model development, validation and
customization

il




analyses of complex gas-liquid flows and heat/mass transfer in
complicated geometries (no limitations on flow regime):

http://www3.sympatico.ca/acfda/Docs/ASME2006-98355.pdf

—  GRAD CFD module, for advanced CFD modeling of Gas Release
and Dispersion (safety and environmental):

http://www3.sympatico.ca/acfda/Docs/Paper NATO 2006 Final.pdf

— Advanced CFD modeling of coal/wood/biomass gasification and
combustion (extensions of COFFUS in PHOENICS):

http://www.simuserve.com/cfd-shop/uslibr/reactive/fur-sing.htm
http://www.cham.co.uk/phoenics/d polis/d applic/d comb/coalgas/coalgas.htm

http://www.cham.co.uk/website/new/mica/coffus.htm



http://www3.sympatico.ca/acfda/Docs/ASME2006-98355.pdf
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http://www.simuserve.com/cfd-shop/uslibr/reactive/fur-sing.htm
http://ww.cham.co.uk/phoenics/d_polis/d_applic/d_comb/coalgas/coalgas.htm

s systems are used to produce hy
water

Computational fluid dynamics (CFD) is applied as a design tool
to predict gas-liquid flows and heat/mass transfer in water
electrolysis systems

CFD models can predict:

— 3D distributions of gas and liquid phases, their velocities,
temperatures and pressure throughout entire system

— Gas-liquid separation efficiency
— Hydrogen gas purity

— Electrolyte circulation rate

— Heat and mass transfer rates

CFED sensitivity runs allow for determination and optimization of
~ critical design parameters



A ithm (I ') option in commermal PHOENICS CFD software:

a_x(”““)+a_(p“")

EEC. o . NN
ax(piaiui)+ ay(Pia V)= —a, X+F(j ui)+ 8X[ai:ueff j"' [ai/ueff j
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C a a
B0 .75 a P I;j -, © |V . | Fr is the friction between the two phases (gas and liquid)
b

The bubble size, db, is an important parameter that affects the overall liquid flow rate




No commercial CFD code is capable of modellng the whole
electrolyzer (stack, separator, piping)- different flow regimes

Advanced sub-models developed for PHOENICS: Gas-Liquid flow
Analysis and Simulation Software (GLASS)
— Two-phase turbulence
» Effect of bubbles at low Reynolds numbers
— Variable bubble size

* Dependent on two-phase flow regimes
— Phase inversion

* Mostly liquid to mostly gas
— Heat and mass transfer
— Convergence promotion methods
uce computational requirer




SEPAratOr e

DOWNCOIMer s

Electrolysis Stack LTSS '

W

Top Channel

1

Electrolbysis
Cellg  m—t

}1 n'u||'|il'l'i-'n'ih'iiiilﬂilﬂiiiiiﬂﬁhjjjjjj :

Bottom Channel




Probe value
0.999999 1.034E-6
0.937499 Average value
0.874999 0.320397

— Natural circulation with different flow o 012009

regimes (from bubbly to separated) oo
+ Output B
— 3D distributions of pressure, gas & 0.315000
liquid velocity components and gas vt
& liquid volume fractions within 0-125001 s ‘
computational domain e A
— Total gas and liquid flow rates at the
outlets
» Effects of current density and

pressure on electrolyte flow rate

and hydrogen Volume fractlon 51000 84c_d4kA 10b 20cmR 4 GDP_400s 3mm D
matched well with experimental

data

— CFD predictions and electrolyte flow
measurements were within 6% at
standard operating conditions Hydrog ne fraction, R2, in commercial




— Validated for the entire real-life water electrolysis system (84-cell
stack) at moderate and high pressures through physical
experimentation

— Predicting accurately electrolyte flow in the whole system (stack,
piping, separator)

— Predicting accurately cooling requirements in the whole system

Quantitatively accurate: disagreements between the CFD predictions
and electrolyte flow measurements were within 6% at a pressure of 5
bar and current densities up to 4 kA/m2

Qualitatively correct: predicted effects of current density and
pres on electrolyte flow rate and hyd volume fraction




ems e been developed, validated and are being used
to simulate two-phase flows in alkaline water electrolysers

* Unique modeling capabilities enable comprehensive system
design:

— Gas-liquid flow predictions for all flow regimes
— Heat & mass transfer predictions for the whole system

— Design capability for modules with multiple cell stacks
(distributed resistance method)

 Benefits include:

— Rapid design optimization capability
— Reduced development time, risk and cost




buoyancy) W|th prop: |n|t|al and boundary conditions

— 1) transient behavior of all calculated variables (pressure, gas density,
velocity and flammable gas concentration)

— 2) movement of flammable gas clouds with time

— 3) safety evaluation by analyzing a flammable gas concentration iso-
surface (lower flammability level (LFL)) and total volumes of flammable gas

« Three major stages in GRAD modeling:
— 1) steady-state before-the-release simulations
—  2) transient during-the-release simulations
— 3) transient after-the-release simulations

« CFD framework: PHOENICS general-purpose CFD software
—  Commonly used and well validated (more than 20 years)
—  Friendly interface for incorporating GRAD sub-models
—  Various turbulence models: LVEL, MFM and k-¢ variants




GRAD CFD module: governing equations

 Continuity equation
op
+1dl 0
o Iv(oU) =

« Flammable gas mass conservation equation

0

%+ div(pUC — pD gradC) =C
« Gas mixture density based on flammable gas mass

concentration, C, or flammable gas volumetric concentration, a

P CR .
p = Q= <

[CRgas +(1_C)Rair ]T CR e +(1_C)Rair




Advanced GRAD CFD model features

p— 9t 7(—) T IRT
m(t)=—v?j—’t’=p(t)u(t)Azmoe PR

— Initial cho

i, =C,,

« Real Gas Law Properties:
— Abel-Noble Equation of State for hydrogen

P pH =4l _—
B = (1——2) ZH =1+
. sz RHzT d H, . d H, RHZT

— NIST data for methane, propane ...
 Turbulence Model Settings:
— LVEL model, k-€ model, k-¢ RNG model, k-¢ MMK model an /
ocal Adapti d Refinement (1 ; '




D module vali
Validation, calibration and enhancement of GRAD CFD module
capabilities for simulation of HYDROGEN releases and dispersion using
available experimental databases

jon matrix

vaiiation case [ NN

Case
No. Name Domain Leak Type Process Available Data
Velocity,
: ) ) concentration,
1 Helium jet Vertical Steady T e
Open intensity
2 H, jet Transient | Concentration
Horizontal
3 INERIS jet Steady Concentration
4 Hallway end Transient Concentration
5 Hallway middle Semi- _ Transient | Concentration
enclosed Vertical : :
6 Garage Transient Concentration
7 H, vessel Enclosed Transient | Concentration




Grid size: 36 x 10 x 18 Sins |
H, leak rate: 2 SCFM (0.944 m?3/s) '
Duration: 20 min

Concentration: 3 % iso-surface ' - =

—Sensor 1
—Sensor 2
—Sensor 3
—— Sensor 4

Sensor 1 = ¢
Sensor 2 = +
Sensor 3 -0
Sensor 4 - X
0.21014&
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E WITH A CAR

Hydrogen release in a garage o

Garage size: 6.4 mx3.7mx 2.8 m

e e Leak size: 0.1 mx 0.2 m

—&— Sensor 1 (Exp)
—m— Sensor 2 (Exp)

Two vents: porous material
Carsize: 4.88 mx1.63 mx1.35m
Leak rate: 7200 L/hour

Leak direction: downwards

Time (sec)

Garage size: 6401 m X 3.708 m X 2.807 m
Two vents: porous material

Size of two vents: 2743 m X 0.178 m

Car size: 4.879 m X 1.626 m X 1.346 m
Leak size: 01 mX 0.2m

Leak location: below the bottom of the car
Leak rate: 7200 L/hour

Leak direction: downwards

Leak location: bottom of the car
ICHOUVELEV.ORG

V.Tchouvelev & Associates

Helium release simulated by using LAGR (local adaptive grid refinement)

Simulations Sensor 1 Sensor 2 Sensor 3 Sensor 4

Swain’s CFD results 0.5% 2.55% @I65% 1.0%
Initial coarse grid, 32x16x16 LO200M* 2.5300 2.52%
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Velocity

1.243E+00
1.160E+00
1.078E+00

Existence of louver and exhaust fan in the [ :

Generator Room creates a steady-state

4.145e-01
3.316E-01

airflow with 3D fluid flow pattern S

8.290E-02
1.852E-05

Ventilation velocities before release

Generator Room (Beta H2BPS)

During-the-Release Simulation

HVOL Time &.000E+DZHVOL Time &.000E+02
5.337E-01 Probe value $.337E-01 Frobe value

End Of 10'min o su;:s-rnoz ¢ b P
. 470E-01 n Z.D::EY;:UQ _';”'5 o o Su:f:::EY::ua

release from e  —

the vent line oo

3.735e=-01
3.112e-01

4.980E-01
4.357E-01
| 3.735E-01
| 3,112E-01
2.490E-01
1.867E-01
| 1.245E-01
| 6.225E-02
0.000E+00

2 .490E=01
BN 1.867E-01
1.245E-01

6.225E-02
0.000E+00

i 50% LFL P 100% LFL




XAD QFD module: summary

flammabl gases (hydrogen methane, propane, etc.)

Advanced modeling features:
— Real-life scenarios with complex geometries
— Dynamic release boundary conditions,
—  Calibrated outlet boundary conditions
— Advanced turbulence models

— Real gas law properties applied at high-pressure releases
— Special output features
— Adaptive computational grid refinement tools

Dynamic behaviors of clouds of flammable gas or pollutant could
be accurately predicted

Recommended for safety and environmental protection analyses
Recommended for design optimizations of combustion devices




combustion modu e, OFFUS capable of modellng

furnaces (www.cham.co.uk/website/new/mica/coffus.htm)
e COFFUS features:

Real-life complex geometries of furnaces

Customized inlet boundary conditions (coal composition, coal and
gas flow rates, swirl velocities, etc.)

Two-phase flow modeling via Eulerian-Eulerian interpenetrating
continua with different phase velocities and temperatures and
monodispersed approximation (IPSA)

Turbulence modeling by k-e model or effective viscosity model
Radiation modeling via 6-flux model

Devolatilisation and formation of char (solid carbon, ash) modeling
by kinetically controlled reaction

Char combustion modeling by diffusion controlled heterogeneous
reactions (reaction rates inversely proportional to char-particle size)

Combustion of volatlles is modeled by EBU model or blended model



http://www.cham.co.uk/website/new/mica/coffus.htm

COFFUS moaeling

Vel 1 Probe value
30.70669 13.72423
28.7%082
26.87496 Phase 1 vectors
24.95909
23.04322
21.12735
19.21149
17.29562
15.37975
13.46389
11.54802
Spot Value Change Variable Max % Error Change 32?_2;;?

1-8UETHR 7 BBETHS 3 8gE*BY 7. BakE-l2 5 L ABErH  2:8%ETH2 -1 57ETd5 5.800418
3.884551
1.968684

8:-80E188 2:HBE-RT 3:4%E-R3 & 4: 18 0.052817

g-80E88 4:88E-H07 3 DBE-BY 0. 80E-HY ke 8 4FEIRE b adErdE ch-0gETHY

COFFUS 3d wall-fired 350MW lignite boiler
0.00E+00 5.00E-04 4.]10E-04 9.&1E-07 X 7.94E+086 1.88E+04 -T7T.14E+01
NX NY NZ ISWEEP 269 TIME ress a character
25 20 34 IZSTEP OFF Working to interrupt.

Temp 1 Probe value YCOZ2 Probe value
871.9585 574.8165 0.114745 0.017236
839.0987 0.107580
806.2388 Phase 1 vectors 0.100414 Phase 1 vectors
T73.3790 0.093249
T40.5192 0.086083
T07.6594 0.078918
674.7995 0.071752
641.5397 0.064587
609.0798 0.057421
576.2200 0.050256
543 .3602 0.043090
510.5004 0.035925
477.6405 0.028759
444.7807 0.021594
411.5209 0.014428
379.0610 0.007263
346.2012 9.742E-5

COFFUS 3d wall-fired 350MW lignite boiler COFFUS 3d wall-fired 350MW lignite boiler




“Combustion in a ovil g Coal Bed” (2002)
www.cham.co.uk/phoenics/d polis/d applic/d comb/movinbed/movinbed.ht

m

“Modelling of Coal Gasification” (2002):

www.cham.co.uk/phoenics/d polis/d applic/d comb/coalgas/coalgas.htm
“Fuel-Dust Flames in a Furnace” (2002):
www.simuserve.com/cfd-shop/uslibr/reactive/fur-sing.htm

“Multi-Fluid Model for Two-step Reaction of Combustion” (2001):
http://www.simuserve.com/mfm/mfm-cval/two-step/two-step.htm

“Multi-Fluid Model applied to the combustion of volatiles emerging from
solid fuel” (2001): www.simuserve.com/mfm/volatili/volatili.htm

“Combustion and Nitric Oxide Formation in a Burner” (2001):
www.simuserve.com/mfm/mfm-cval/two-step/two-sing.htm

“Coal-Fired Utlllty B0|Ier” (2000):
Iww! am. ollsld le aIIu-boiIerlindex.h_tm



http://www.cham.co.uk/phoenics/d_polis/d_applic/d_comb/movinbed/movinbed.htm
http://www.cham.co.uk/phoenics/d_polis/d_applic/d_comb/movinbed/movinbed.htm
http://www.cham.co.uk/phoenics/d_polis/d_applic/d_comb/coalgas/coalgas.htm
http://www.simuserve.com/cfd-shop/uslibr/reactive/fur-sing.htm
http://www.simuserve.com/mfm/volatili/volatili.htm
http://www.simuserve.com/mfm/mfm-cva/two-step/two-sing.htm
http://www.cham.co.uk/phoenics/d_polis/d_lecs/coal/u-boiler/index.htm

; of coal and combustion
- -~continuec

Detailed deséi’iption of coal gasification model:
www.cham.co.uk/phoenics/d polis/d applic/d comb/coalgas/coalgas.htm

Some model features:

Non-equilibrium two-phase flow of combustible particles dispersed in
carrying air stream is modeled via use of two interpenetrating continua
with the transfer of heat, mass and momentum between them

Devolatilisation of dispersed phase is kinetically driven

Turbulent combustion of volatiles is modeled via two-step reaction of
hydrocarbon oxidation, in which carbon monoxide is an intermediate
product

Char combustion is represented by blended mechanism of oxygen
diffusion to the particle and chemical kinetic

NOx formation is represented by simplified sub-models, such as
oxidation of nitrogen present in the combustion air and that contained in
the fuel

Turbulence is accounted for by conventional K-e model

Radiation is modeled via composite-radiosity model modified to account
for radiating particles and gases together

~ Model is applied to pulverized coal combustion in a wall-fired furnace


http://www.cham.co.uk/phoenics/d_polis/d_applic/d_comb/coalgas/coalgas.htm

Advanced model of wood/biomass ge JJJrJr ation and

combustio

'« Some features of model developed by Dr. Sergei Zhubrin:

— Model of reactive gas flow through the packed bed of wet
wooden chips of given composition and size in the real-life over-
fed raw-wood-firing furnace of continuous charge type

— Model uses the Eulerian description of gaseous flow through the
porous lump structure with the transfer of heat, mass and
momentum between gas and solid phases

— Fresh lumps of wood are supposed to be fed from over the
steady burning bed, which is supported by a grate composed of a
number of interlocked bars

— Primary and over-fire air for combustion enters from outside
beneath the grate and through the furnace walls above the bed

— Gaseous combustion products are discharged through the top
opening



Advanced model of wood/biomass ¢ JdJJrJr ation and
o It

combustion - co

'« Some model features (continued):

— Model predicts the 3-D distributions of velocities, temperatures
and product mixture composition in a furnace

— Model accounts for drying of wet lumps, devolatilisation of wood,
char combustion and gaseous combustion

— Devolatilisation is diffusion-kinetically driven

— Turbulent combustion of volatiles is modeled via two-step
reaction of hydrocarbon oxidation, in which carbon monoxide is
an intermediate product

— Char combustion is represented by blended mechanism of
oxygen diffusion to the particle and chemical kinetic

— Radiation is modeled via composite-radiosity model modified to
account for radiating particles and gases together



Advanced model o wood/biomass
and combustion - continu

6.158E+02
S5.36BE+D2
4.579E+02
3. TAIE+QZ
3.000E+0D2

Burning of wood in a furnace

Burning of wood in & furnaocs

0o i . FProbe valus VRAT | Probe valus
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Potential appllcatlons of expertise:

= Development of advanced customized multiphase CFD software modules for
real-life industrial applications

— Model validation

— Model customization for a particular application

— Model applications to analyses of complex multiphase flows (gasifier,
furnace, separator, pollutant dispersion, safety, etc.)

Research team consists of CFD experts with 25+ years of experience in
CFD R&D (both academic and industrial)
Products and services:

—  Advanced customized multiphase CFD software modules for real-life
industrial applications (gasification R&D, safety, design)

— CFD consulting services
— CFED training and support
Approach:
— Provide complete set of modeI development validation and customization
. allenging multiph
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