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Abstract

Classical one-dimensional based Diesel Particulate Filter (DPF) modeling has been
predicting pressure drops, the oxidation of diesel particulate and the exothermic
reactions that result with good accuracy for over the last 20 years. To advance
the state of the art and to account for the possibility of catalyzed filters, this
classical model was enhanced to include the propagation of chemical species
and particulates into the formulation of the model. In addition, full transient
capability was incorporated into the model to account for regulatory tests where
the inlet conditions to the DPF can change instantly. This transient capability
allows the model to capture surface intermediate chemistry effects where the
timescales of the process are much smaller compared to surface temperature
timescales. While a compressible formulation of the equations of motion for the
model will yield the most accurate results, it is rather impractical for multiple
simulation runs because of its long computational time. As a result, an
incompressible formulation is described and compared to full variable-property
reacting-gas dynamics to illustrate differences between the models. It was found
that the source terms used in the formulation of the DPF model are large enough
to offset most of the effects of compressibility. As with previous catalyst modeling
efforts, all pertinent assumptions and numerical solvers are presented.




Outline of Talk

 Modeling Approach

 One-Dimensional Fluid Dynamics
— Basic numerical algorithms and validation

— Catalyst Modeling Application
 Algorithms used within Diesel Particulate Filter modeling
» Urea SCR, Lean NO, Trap and Fuel Reforming
— Diesel Particulate Filter Modeling Application
* Flow profiles
 Particulate oxidation
* Pressure drops
« Surface chemistry
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Modeling Approach

Approach Diesel Particulate Filter (DPF) From Slightly
Different Perspective

Applied Fluid Dynamics
— Start with governing equations of motion in one-dimension
— Find appropriate source terms and surface models (literature)
* Previous DPF work is one-dimensional based
— Determine what is missing and what can be advanced
« Propagation of chemical species
e Transient terms
* Incompressible versus compressible
« Surface chemistry
— Create solvers and platform for solution




Fluid Dynamics

Dynamics

Compressible Flow, Variable-Property Reacting-Gas

— Thermodynamic properties are a function of temperature and species

composition

— Euler and Navier-Stokes equations in one-dimension

— Simplified models exist by using incompressibility and time-scale
approximations

Generality of Numerical Methods Applied to Specific Devices

— Source terms and von Neumann analysis allows for fully transient simulations
— Additional models incorporated for surface temperatures and reactions

One-Dimensional
Fluid Dynamics
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Validation of Gas Dynamics

« Hancock Predictor-Corrector Method s
Incorporating Roe’s Approximate Riemann Change

Solver — SO
— MUSCL scheme with variable properties < _p_/tizg_A —pG | Friction
— Prevents oscillations from occurring instead of damping _pUH dA Q i
A dx Transfer
afterwards Y da ] i
=t PO | Kinetics

— Relatively fast in comparison to other numerical S oo -

methods (Depcik Ph.D., 2003)

— Validation against all pertinent source terms (Depcik & Assanis, 2005)
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One-Dimensional Catalyst Modeling

e Single Channel Based

— Can be adapted for any device geometry

— No gas storage and transient solvers
e Constant Density and Velocity,
Incompressible and Compressible

« Surface Species Equations

Surface Gas
Storage = Diffusion + Reactions

Species

Surface Intermediates
Storage = Reactions

dt D\ r
Fractional Coverage

[Ex: Ba(NO,),]

« Surface Temperature Equation
Storage = Conduction + Heat Transfer + Reactions +
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Urea SCR Catalyst Model

4NH, +4NO+0O, - 4N, +6H,0 “standard SCR”
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Lean NO, Trap Model
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Very Brief Summary of Literature
DPF Models

e Bulk Gas Massi
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1. Bissett, 1984
2. Koltsakis & Stamatelos, 1997
3. Garner & Dent, 1988




4
S T Iuw Smass . wuw
e Bulk Gas Mass ™ 4, 74,7

— Inlet channel mass loss should be a function of the
properties in the inlet channel not the surface

Governing Equations

. h of Motion
i H Y, MYy
 Bulk Gas Momentum s, _—FW S om :_FW ok _
e Bulk Gas Energy i
— Literature equations can be recovered when P P
: b - pu pu
» No gas storage approximation is used USRI
» Specific enthalpy is used instead of total enthalpy ZY /é
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One-Dimensional Based DPF Model

e Two Channel Based

e Pressure Drop Across Wall Darcy’s Law

\
AP (@+jtm

/

Pressure Drop = Wall Drop + Deposit Drop
P— Py = prall + Apdeposit

« Surface Gas Species

Storage = Wall Flow + Deposit Reactions + Catalytic Reactions
N

_UWA%( Sj)__n _Acat i

o Surface Deposit

Storage = Gas Flow + Deposit Reactions

(V, +V, )dc

dm . :
dtds = My, — M, =Ky T €Xp (- E, /R.T, )t X0,
M. =t,p,Ax|[4d -8t

 Surface Energy o =y B[40, =8,
Storage = Cond. + Eng. Trn. + Ht Trn. + + + Vol. Ht + Pseudo-2D HT
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Particudates

Species / / j Infer Channel / j
Velocity ;

Temperature Walf Flow

Pressure Hear Transfer

T,
[ et

Inlet Channel (1)

[ Mass Flow -Gp,u, |
Friction —(—7'1125”‘u")G
Sinlet =
—G[hgl (T,, —Tm)+p,uWH,mJ
Species Flow —GUWCgl
Outlet Channel (11)
_H tand E G|
eat and Energy
Transfer —(—7'1125”‘11” | )G
Soutlet = m
-G |:hgII (Tg” _Tm ) - pvvuvamII :|
Gu,C, ;
G =4/, —




Numerical Solvers

« Transient Solvers Described in Catalyst
Modeling Paper

* Incompressible versus Compressible
— Reduced stiffness
» Interdependency of equations
e U~ 10 m/svs (u+a) ~ 350 m/s
— Momentum pressure

e Can be used to approximate
pressure drop

 No Gas Storage versus Transient
— Can take larger time-steps

— Transient solvers need von Neumann
analysis

At AX
i ibl
incompressible u

AX
Atcompressible -
u+a

Isothermal Pressure Profile
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1.013
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Validation of Flow Profile
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Validation of Particulate Loading

Pressure Drop vs. Deposit Loading Example of Soot Propagation
» Experimental Data from * Numerical Test
Gantawar et al. 1997 « 5 Minute Isothermal Loading Event
* Previous Literature Model « Mass Flow Rate of Soot Target
Results from Konstandopolous et Loading of 20 grams
al. 2002 « Test Results = 19.99 g
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Validation of Energy Equations
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Validation of Deposit Oxidation, Chemical
Species and Exothermic Reactions?
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Validation of Deposit Oxidation, Chemical
Species and Exothermic Reactions?

e Incompressible vs. Compressible Pressure Drop
— Incompressible — momentum pressure
— Compressible — ideal gas law
— Not the same, yet not too different

o025 boo—7—4+7n 77 - 77— ————————

0.020 |-

0.015
0.010 |

0.005 |

WE. La 0.000 ]
0 25 50 75 100 125 150
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Incorporation of Catalyzed Surface

NO and CO Oxidation Reactions of a DOC (Kandylas and

Koltsakis, 2002) Incorporated with O, and NO, Deposit

Reactions

— More NO conversion to NO,

— NO, subsequently
converts more deposit
to CO and CO,

e Trend of CO increases
— Eventually catalyst
reactions dominate
« CO converted to CO,
* NO converted to NO,

Outlet NOX [ppm]

Increasing Catalytic Surface Area
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Comments

* Increasing Accuracy of Axial Derivative Solvers
— Results presented here might change slightly
e Other Surface Models Available
— Example: Konstandopolous et al. 2005
— Possible collaboration through dynamically-linked libraries
« Graphical User Interface, DOS and Matlab Simulink
Versions
« All Solvers, Algorithms and Run Time Conditions
Discussed in Upcoming Papers

— Catalyst modeling paper hopefully in print late 2005
— CDPF modeling paper will be submitted soon




Conclusion

 Added Bulk Gas Species Equations to Diesel

Particulate
e Adjusted a
e Created Fu

Filter 1-D Based Model
—ew of the Model Source Terms

ly Transient Solvers

— All d/dt terms incorporated
« Compared Incompressible and Compressible

Results

 Added Surface Gas Species Equation
* Incorporated Catalyzed Reactions
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