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Defense Applications Branch

AFFTC Edwards AFB DTRA PFPA/DARPA
Health and Environmental Coupled Micro- and Pentagon Shield CFD Model
Risk Assessment Mesoscale Weather Models Component

Capability: HERAC

Health
Environmental

Risk

Capability

CFD-based Risk Improved High-Fidelity Operational Force
Assessment for A/C Microscale T&D via Protection System to
Maintenance Coupled NWP and CFD Guard against CBRN/E
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Defense Applications Branch

DTRA DHS/DTRA NASA
Real-Time 3D Visualization CFD Support for National CEV Heat Shield Gap
Capability Field Tests Analyses

Client/Server Visualization Transport and Dispersion Ablator Gap Seal Flow
Capability for Next Generation  Studies Pre- and Post-Test, and Heat Transfer
Consequence Assessment Urban Dispersion Program

CroiCs
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Defense Applications Branch

Army AFRL/VACD Private Firm
Missile Weather Encounter High Resolution Micro-UAV Building Environmental
Modeling Software Wind Fields Impact Study

Ft. Benning MQUT

WWind

High-Resolution CFD SSW Winds
Mnel

Japuaig piald PUIM

Couple GCAT output and CED Wind Libraries for use Determine effect of
ATAC Missile Model: by Micro-UAV Flight Vehicle potential building in
Coatings, Ablation, Models Manhattan

Hydrometeor Impact...
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WRF + CFD-Urban: Investigate Improved T&D Capabilit

SBIR Phase I: “Improved High-Fidelity Forecasting Capability
using Combined Mesoscale and Microscale Models”

e Tech. Monitor: CDR Stephanie Hamilton

* Investigate improvement in T&D accuracy via merging
capability of Mesoscale and Microscale Models

* Focus upon community models:
» Weather Research and Forecasting Model: WRF
» Evaluate Downscale Data Transfer upon CFD-Urban T&D Accuracy:
* Use Urban 2000, IOP 10, Compute Statistical Measures
* Raging Waters Met Station input (baseline)

* WRF Forecast Mode: Noah and Noah/UCM Urban Parameterization
Schemes

* Investigate Upscale Data Transfer: Compare WRF and CFD-Urban Fields
 Demonstrate Operational Concept:

e Cyclical Met Data Ingest using Event-Driven CFD-Urban

CroiC s
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CFD-Urban: Urban Area T&D Model

Specialized Model Generation, Setup, Processing
Building Models: GIS, Lidar/imagery, CAD
Flow and Turbulence: Steady/Unsteady, RANS, LES -
Transport: Eulerian (gases), Lagrangian (particles) P _:,;.L;J gz

Vertical Mixing, Lateral Spreading, Turbulence Generation
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T&D Model Accuracy Characterization: IOP 10 Urban 2000

* Urban 2000: Field Test conducted in Salt Lake City
» SF6 released in Central Business District
» Samplers located in CBD and on “arcs” located downstream
* WRF Forecast Corresponding to IOP 10

«Statistical Comparison of Predicted to Measured Concentration Data on arcs noted

. (C.-C,) MG =exp (InC, ~InC,) Acceptable values:
05 (C, +C,) . « FAC2 > 0.5
o FAC?2 = fraction of data that satisfy 0.5<—2<2.0
NMSE:M <, *-0.3<FB <0.3(0.7<MG <1.3)
C, C, VG =exp [(InCO—InCp)2 } * NMSE < 4 (VG <1.6)

WRF Lowest Grid Level
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WRF Forecast Model Runs: Urban 2000 IOP 10 Period

50N

45N

40N

35N

30N

25N

©CFD Research Corporation — http://www.cfdrc.com

WRF Domains :
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WRF to CFD-Urban: Downscale Transfer Procedures

* Process WRF datasets (NetCDF format):
* Interpolate data to CFD-Urban grid boundary faces

e Continuous, linear interpolant

f S f 8 f = f f f (Z_ZL)
L:;Nn n fU :Zann (X’y’z)_ L+(U_ L)(Z _

n=5 U ZL)

* Pressure: Remove hydrostatic variation by subtracting ideal
atmosphere and imposing base pressure on this “column”

» Allows imposition of lateral pressure gradient from WRF

1 9 "
AP = PWRF,G - Ph - PWRF.G - Pb {1_; RT (Z - Zb):|
b

*Turbulence Field:

* Directly use TKE from the MYJ ,
model (“TKE_MYJ” —
(“TKE_MYJ") &= pC K/ p,

« Compute TKE dissipation rate
using TKE and momentum diffusion
coefficient (“AKM_M")
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CFD-Urban Model Runs

» Unsteady Mode:

« Solve Mass, Momentum, Turbulence Model Coarse: 325,000 cells
Equations, and Transport Equation unsteady

*Quasi-Steady Mode:

» Use libraries of equilibrium wind fields computed at :
different times: 15 minute intervals from WRF output e

Downscale Data Transfer (Boundary Conditions)

||||||||||||||||
uuuuuuuuuuuuuuuuuu

* Isolated Met Station Input: Raging Waters (baseline) R
* WRF/Noah: 15 Minute Intervals
* WRF/Noah/UCM: 15 Minute Intervals

» Cartesian Adaptive/Prismatic Grids
* Quadtree in (Xx,y), Extruded in z
» High resolution where needed with high grid quality
» Coarse: 20 to 200 m
* Fine: 10 to 100 m
* 8.4 x 7.4 Km Domain
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WRF/Noah Downscale: Quasi-Steady, Coarse

Gas Dispersion(Measurement vs. Prediction)
IOP10 (Gas Release 3600-7200s, 10800-14400s, 18000-22600s)

Near R2 R3 R4 All

Source
FB -0.77( 0.4] 0.8] 0.8| -0.76
NMSE 34.36 1l 2.3 1.8] 53.7
MG 0.74( 1.6 2| 2.1 1.04
FAC2 0.57 0.4] 0.4] 0.5 0.51

Quantile—Quantile Plot

TIME = 7200.0 sec CFD-Urban-WRF/Noah

Scatter Plot 100000
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Sample of Results: IOP 10 Urban 2000

* Entire IOP 10 Gas Dispersion(Measurement vs. Prediction)

» 3 Releases/Pauses IOP10 (Gas Release 3600-7200s, 10800-14400s, 18000-22600s)
| SF&(PPT)
300
?, 280
260
240
N 220
00
« WRF Data for BC Z
1804
* Quasi-steady 160-
approach: 1404
_ 120-
* Wind/Turbulence 100
fields at 15 minute BO-
intervals &0
40
e Unsteady T&D ba
using Unified
Frozen Hydro TIMF = 3540.0 sec
Solver

CFDRC &
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Summary of Results: I0OP 10 Urban 2000

» Three sets of calculations:
* Raging Waters Input: Use sounding data (single sounding) at all boundary faces
* WRF Downscale Data Transfer: Unsteady Flow, Turbulence and Contaminant

* WRF Downscale Data Transfer : Quasi-Steady Flow (“Wind Library”), Frozen Hydro

Contaminant Transport

Near Source R2 R3 R4 All
FAC2: RW 0.12 0.17 0.36 0.38 0.18
FAC2: Unsteady 0.08 0.17 0.36 0.38 0.16
FAC2: Quasi-Unsteady 0.57 0.42 0.36 0.5 0.51
MG: RW 25.42 14.11 4.58 5.06 15.83
MG: Unsteady 15.89 11.64 | 477 | 5679 | 11.69
MG: Quasi-Unsteady 0.74 1.59 1.96 2.05 1.04

* Quasi-Steady approach appears to be best mode of operation:

» Steady-state wind/turbulence fields at set intervals in time using WRF
data as boundary conditions: Library of Wind Fields

*Use Unified Frozen Hydrodynamics Approach for T&D
» Unsteady flow/turbulence/transport: Time step restrictions

*Too costly for accuracy or inaccurate because time step is too big

CroiC s
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Pentagon Shield CFD Component: Operational Concept

Ingest Gridded Met Data Set
Apply as Boundary Conditions

Flow+Turbulence

Solve

Building

Pressures

Velocity and
Turbulence
Fields
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‘Merged” CFD and Mesoscale Model Concept

* Model Coupling Environmental
Library (MCEL) to couple:

 Weather Research and
Forecasting (WRF) Model

» Specialized Urban CFD Model

* MCEL is a dataflow based model:

» Models send data to the
MCEL Server

e Filters “Pull” data from
servers and manipulate it

« MCEL is based upon using
CORBA:

* Client/Server design allows
all components to operate
relatively independently

* Heterogeneous environments

©CFD Research Corporation — http://www.cfdrc.com

(WRF)

4L

Mesoscale Model J

Downscale Filter:

Process Mesoscale
Data and Produce

Grids, velocity fields,

thermodynamic fields, PBL

turbulence fields

Boundary and
Volume Conditions

Upscale Filter:

Process CFD Data
and Procduce
Boundary and

Volume Conditions

J L

MCEL Server

ﬁ

Adaptive Grids, velocity
fields, thermodynamic
fields, RANS turbulence
fields

Downs Data

Trapsfter

1T

Microscale Model
(CFD)
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‘Merged” CED and Mesoscale Model Conce

e Downscale Filter:

* Pulls “WRF” data from the MCEL server and “downscales” the data for use
as applying boundary conditions to the CFD solver

* “WRF Simulator”: Simulates WRF being in the loop and pushes data to the server
using WRF native data formats (netCDF)

« MCEL data caching capability being investigated for this purpose

Data Stored on
Disk: WRF Data
in NetCDF
Format

Mesoscale Model

(WRF)
SIMULATOR

Downscale Filter:

Process Mesoscale

WRF Simulator:
Use Pre-computed

Forecast Data, stored on

disk, and pass these
through MCEL te the
MCEL Server, for
subsequent Downscale
Filter Processing and
Data Transfer

Grids, velocity fields,

thermodynamic fields, PBL

turbulence fields

Data and Produce
Boundary and
Volume Conditions

J L

{ MCEL Server

=

Adaptive Grids, velocity
fields, thermodynamic
fields, RANS turbulence
fields

1r

{ Microscale Model

(CFD)
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Downscaling:

* Interpolate WRF velocity and

turbulence fields onto CFD mesh

» Downscale “filter” pulls MCEL
data from server, interpolates
onto CFD mesh

e Uses “sub-cube” of finest nest
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‘Merged” CFD and Mesoscale Model Concept

» Upscale Filter:
e Pulls “CFD” data from the MCEL server and “upscales” the data for use in WRF
* Debating what to upscale, but consensus appears to be volumetric data

« “CFD Simulator”:Simulates CFD being in the loop and pushes data to the server
using CFD native data formats (CFD-DTF)

« MCEL data caching capability being investigated for this purpose

Mesoscale Model ‘

(WRF)
JL S
Grids, velocity fields, Upsca“nq -
thermodynamic fields, PEL
turbulence fields CFD Simulator: e« Compute momentum flux-
JEE =0 B LA integral for all cells contained
B BT ‘ and pass these through within (coarser) WRF cells
Server, for subsequent « ; ; -
Upscale Filter: Adaptivei??s velocity Upscale Filter Processing e “Decimation prOduceS bOdy
' . dDataT fi
e e force tendency, replaces drag
Boundary and fields terms from urban canopy model
Volume Conditions TT Data Stored on
{ Microscale Model o SF- » Uses “sub-cube” of finest nest
(CFD) ]
SIMULATOR CEE:"?;F

CroiC s
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Schedule and Work Plan

I |Task Mame Duration Ik Start Rezource NIMes 1ot Half Ind Half 15t Half Ind Half
o1 [or2 [ows [ora [or1 [or2 [ows [ora
1 Tazh 1: Develop WRF-MCEL-GFD Integration Framewrork and 54 days T2 hrs | Tue 1207 H
Protocols
7 Tazh Z CFD Model Development JWdays  1LHEhrs  Tue W56
12 |Tash 3 Microscale Model Integration 13 days 960 hrs HMon P
407
17 |Tash 4 Mesoscale Model Integration 119 days 920 hrs HMon P
40T
22 |Tash - WRF-MCEL-CFD Model Test and Evaluate 140 days 1,120 hrs HMon P
12MN07
26 |Task 6 Documentation and Installation Procedures 20 days 160 hr hilot | Teatn g Tea
BS3005
27 |Taszk 7: Final Repott and Briefings 5 days 40 ke | hion G408 | Tearn | Te

Task 1: Upscale/Downscale Data and Protocols are being defined (delays getting all

contracts/subcontracts in place)

Task 2: New, specialized solver and system under development

Task 3: Not yet begun

Task 4: Not yet begun

Task 5: Not yet begun

Task 6: Not yet begun

©CFD Research Corporation — http://www.cfdrc.com
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Specialized CED Solver and Related Development

* Upgrade mesh generation, numerics and parallel processing software to permit
faster processing rates and higher fidelity physics:

* Mesh Generation:

» Cartesian Adaptive grids combined with Virtual Cell Embedding and cell-
based Porosity for sub-cell resolution of features

e Numerics:

* Low-Mach Number Pre-Conditioned, Reynolds-Averaged Navier-Stokes
Equations

» Coupled mass+momentum+energy more suitable for atmospheric flows
» Parallel Processing Software

 Maximal use of the PETSc (Portable Extensible Toolkit for Scientific
Computing) library

» System of Non-Linear Equation Solvers (SNES) framework

* Newton-Krylov-Schwarz parallel, implicit

©CFD Research Corporation — http://www.cfdrc.com
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Technical Progress to date: AMR VCE

» Adaptive Mesh Refinement Virtual Cell Embedding: AMR_VCE
» Solution adaptive Cartesian mesh using hierarchical (octree) system
 Based upon HAMR classes and techniques

» Triangulated surface queries and tools using the GNU Triangulated Surface Library
(GTS)

* Basic Algorithm:

* Refine mesh where cells are “cut” by body (in/out) until a given level of
refinement

» Take each cell and “virtually” refine it near the boundary until a given level of
(much finer) refinement

» Use the geometric information of the adaptively refined “virtually embedded
cell” to obtain approximations to the boundary to be represented in the larger
“parent” cell

* Insure Geometric Conservation Law consistency during construction of the
cut cell centroids, integration points etc.

* An “Adaptive Mesh Refinement” refinement of VCE [Landsbury, Boris]

CroiC s
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Technical Progress to date: AMR VCE

: Single AMR_VCE Caell
 Example: Sphere (represented via STL) (blue)

VCE Cells Boundaries 1% __T‘_*
"‘ = —_—
|

“Cut” Cell Geometric Description: A A— — |
Cut Cartesian Faces (CCF) = (R
Cut Face " | J'»/

) | o] Hepee—7
Cut Cell Centroid and Volume |r— | TL 5
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Technical Progress to date: Flow Solver Technology

« Evaluation and Testing of PETSc
» Parallel Extensible Toolkit for Scientific Computation (PETSc)

» Developed by Argonne National Labs for parallel solution of sparse matrices
encountered in scientific computing.

« Becoming a very widely used application

_ _ Nonlinear Solvers Time Steppers
 Parallel computing framework using e R

basic “classes” supported in the e e P | Buler | Stepping | OO
PETSc library

lov Subspace Methods

* Provides large variety of Krylov- GMRES | G | ¢G5 | Bi-CG-STAB | TFOMR |Richardson | Chebychev | Other

based solvers and matrix e

preconditioners, all in parallel. Addive | Block | .. i o o i
Schwartz Jacobi ks (Sequental only) i

* Proven to be very efficient and

Matrices
Scalable. Compressed Blocked Compressed Block
Sparse Row Sparse Row Dragonal Denge Other
: Index Sets
* Develop as usual’ retrOfIt PETSC Vectors Indices Black Indices Stide Other

» Design from start to use PETSc

CroiC s
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Technical Progress to date: Flow Solver Technology

» “lterative” Approach to developing the PETSc-specialized flow solver:
» Laplace Equation solver: Serial, Parallel
e Euler Equation Solver: Parallel, low-Mach Number Preconditioned

* RANS Solver: Add viscous terms and 2-equation Turbulence Model (ke or MYJ)

e Boundary Conditions:
1 * u=1 on Buildings

_:b— * u=0 on “Sky” boundary

e Zero gradient on all
———— others

.« 380,000 unknowns

P

’ e 2.4M matrix elements

| CFDC &
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Flow Solver Technology: Low Mach Preconditioning

* Low-Mach Number Preconditioning Approach: [Weiss, et al., 1995, Merkle, et al., 1996]
* Fully-coupled mass, momentum and energy equations, “Compressible” formulation

* Preconditioning removes stiffness of equations as Mach number approach zero

%J‘”de + H[F — G]o dA=0 Conservation Law Form, Conserved Variables

K(1) ~ Amax — Amin Condition number of hyperbolic system is
(Amax + Amin )/ 2 directly related to the eigenvalues

oW ) o Primitive Variables, Pre-multiply by
(K%]E“}de * KU[F ~GJedA=0 preconditioning matrix, K (not in conservative
form now...)
Note that terms pre-multiplying density

pp 00 0 o time derivate approach zero as the Mach
W O p 0 O 0 number approaches zero, decoupling
—=0 0 p O 0 mass from the other equations.
I o 0 1
w(A) = =
-1 0 0 0 pC, M

CroiC s
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Flow Solver Technology: Low Mach Preconditioning

FQIHQdV n ”[F ~GJedA=0 Conservation Law Form, Primitive Variables,
ot pre-conditioned equations
r=(K,) o
o 0 0 0 Low-Mach Number Preconditioning replaces
Pr “true” EOS derivatives with modified forms
ov, P 0 0 PrVx that removes the stiffness of the equations:
= oY ° " ° priy e, if M<e
®Vz O O P pTVz @ _ 1 . pT ’ .
G)H_l pvx pVy pvz pTH+pCP LJI’2 IOCP Ur: ‘V‘, If <5C<‘V‘<C

c, if |v[>c

- System of equations now u=vA u=ul-a) az(l—,BU,.z)/Z ¢'= Ja2u? +U?

remains well conditioned at all

speeds and for all EOS  Goiiressliale K(ﬂ,)zi
y) F‘la—F =Uu,u,u,u'+c',u'-c' M
Q) ’  Compressible, Low Mach K(/I)zl

(1)~ ‘/“2 HU, fu)” * Incompressible

(1-a)

K(/I)zl
CrulC»
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Flow Solver Technology: Low Mach Preconditioning

Discrete, Conservative Form, Primitive

Q = &la
Fa—AV * Z[F _G]Aface =0 Variables, Pre-conditioned System

t faces

Upwind (Hyperbolic Systems) Form

1 1
F==(F +F)-=|Aaw Roe’s FDS or Central differencing with 4-th
2 2 order dissipation using preconditioned
N hyperbolic system Eigenvalues and
‘A‘AW = AAW = F‘ AF‘AQ Eigenvectors

(“Speed” vs “Accuracy”: Who will win?)

* Use Newton-Krylov-Schwarz Approach to
solve the discrete, preconditioned { I OR

equations: o _ -

* Proven scalability and high- Q

performance using the PETSc suite Hf N—lH p
CFL" =CFL" ™| i—1

» Similar techniques as PETSc-FUN3D, Hf NH

which won the 1999 Gordon Bell Award
CruC =

}AQ =R(Q)
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Technical Progress to date: Flow Solver Technology

» Developing flow solver from the ground up to be PETSc compliant

» Using lessons learned from many different unstructured flow solvers, parallel
processing studies:

* Interleaved data structures, ordering of unknowns and visitation order (coloring)
* Reduction in cache misses, communication patterns, line-search strategies...

» Use the PETSc SNES to solve the parallel system of equations:
e Provide 2 functions called by SNES solver:

* Residual evaluation and Jacobian evaluation

SNESCreate(MP1_COMM_WORLD, &snes) ; SNESGetKSP(snes, &ksp) ;
SNESSetType(snes,"Is™); KSPSetType(ksp,KSPBCGSL) ;
SNESSetFunction(snes, pData- SNESSetTolerances(snes,1.0e-10,1.0e-
>rhs,formFunction,PETSC NULL); 10,1.0e-40,10000,10000);
MatCreateMPIBAIJ(PETSC_COMM_WORLD,bs,m,n,M, KSPSetTolerances(ksp,1.e-10,1.e-

N,&d nnz,d nz,o _nnz,o nz, &J) 10,1e+50,100);
SNESSetJacobian(snes,J,J,formJacobian,PETSC SNESSolve(snes,PETSC_NULL,pData->sol);
_NULL);

FEED THE PETSc SNES SOLVER

©CFD Research Corporation — http://www.cfdrc.com
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Technical Progress to date: Flow Solver Technology

» Scalability study: Euler equations, non-preconditioned

Case 1: Oklahoma City CBD Grid generated
by CFD-Urban

» 175,000 cells

sLinear Solver: BiCGSTAB(l), Preconditioner:
Block Jacobi, ILU on each block.

Speed Up vs Number of Processors

14.000 Solve Time vs Number of Processors
12.000 02:09:36
N 10,000 . 01:55:12 |
£ —e— Overall o
= " —=— Per Non-Linear Iterati 7
er Non-Linear Iteration n
11 8.000 . ) 9 01:26:24 A
o // —a— Per Linear Iteration g
_2 6.000 ) deal £ 01:12:00 | —+— SNES Solve Time
8 / é 00:57:36 \ —=— |deal Time
o ) ~
o 4000 2 004312 \
2.000 '”/ F o0:28:48
ﬁ/‘ 00:14:24 - \'\%
0.000 . T w T w 00:00:00
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of Processors Number of Processors

FDIC &
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Technical Progress to date: Flow Solver Technolo

« Scalability study: Euler equations, non-preconditioned
Case 2: Midtown Manhattan Grid generated by CFD- | =i
Urban

1,460,000 cells

sLinear Solver: BiCGSTAB(l), Preconditioner: =

Block Jacobi, ILU on each block. e

Speed Up vs Number of Processors

7.000 Solve Time vs Number of Processors
6.000 - 16:48:00
14:24:00 '\
= 5.000 A / —e— Overall
iy —a— Per Non-Linear Iteration & 12:00:00 4
Y 4.000 / Per Linear lterati :
a —a— Per Linear lteration £
5 / g 09:36:00 1 SNES Sole Time
- 3.000 : Ideal z +Id °
3 / < 07:12:00 4 —=—|deal Time
joR [}
¥ 2.000 2 E
/ o e \
1.000 + = 02:24:00
0.000 . . . T 00:00:00 : : : . :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of Processors Number of Processors

‘ Tail-off after 12 processors due to using dual processors(!) IC—DRC ‘
©CFD Research Corporation — http://www.cfdrc.com I




Wind Librar

Database API and Classes

» C++ classes/namespaces devoted to storage and access of grids and solution data

» Move away from ESI (ex-CFDRC) proprietary CFD-DTF and related libraries

* baseTypes:: derived from std namespace vector<T>

e windLib:: hierarchical data structures stored using simple strings and disk access

Legacy (CFD-Urban)

Pre-Processors

windLib::

' CFD Data: grid and solution data
haseTypes::

Vector and Array Classes

Benefits:

T

» Use legacy mesh and

other pre-processors New Mesh Generation

until new capability is
ready

and Pre-Processing

©CFD Research Corporation — http://www.cfdrc.com

Benefits:
 CFD-VIEW for viz

» Other legacy post-proc
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Conclusions and Plans

* Beginning to work with MCEL, downscale/upscale filters
* Flow solver development is proceeding according to plan

o If all goes according to plan: Will be coupled this time next year

©CFD Research Corporation — http://www.cfdrc.com
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