Measurement and Computation of Fire Phenomena (MaCFP)

Review of Current Standards for
CFD Verification and Validation

First MaCFP Workshop, Lund University — June 10-11, 2017

Randall McDermott (NIST, USA)
Arnaud Trouve (University of Maryland, USA)

National Institute of UNIVERSITY OF

N\
U.S. Department of Commerce



CFD-based Fire Modeling

" Outline
® Computational grid design

® Subgrid-scale (SGS) modeling
» Baseline SGS models used in FDS and FireFOAM
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Characteristic Length Scales

" Turbulent flow

Fast-moving stream

>

Laminar unstable region Fully turbulent region

2

Slow-moving stream

large eddies small eddies
L, Nk = Lt/ (Rep)>/*
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Characteristic Length Scales

" Turbulent flow

® Example: pool fire, 0=1 MW; D=1m

i, ~19x(Q/1000)"” =7.6 m/s
’ i u'l, 2.3x0.5

u'=03xu, . =23m/s = Re, = 0 11500
’ 1%

L =05xD=05m

L, 0.5 :
Nk = (Re )™ - (11500)" =0.4 mm| (Kolmogorov scaling)
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Characteristic Length Scales

" Turbulent flame

heat release (W/ern?)

1.5

Strained laminar

flame theory 3
o
(Sﬂame N\/Dth,st /Xst > 1
0 pame =1 mMm
0.5

Lecoustre et al.,
Combust. Flame 0
161 (2014) 2933-2950




Characteristic Length Scales

" Thermal radiation

(SSOOI
Experlm.ental Fv (ppb)
observations ' 600
0,y ~ 1 MM 450

Valencia et al., Proc. Combust. Inst.
36 (2017) 3219-3226
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Computational Grid Design

® Computational grid requirement
® Direct Numerical Simulation (DNS)

» Grid-resolved scales: Lg, Ny, 8r1amer Oso0t

Axpns = Nk

Axpns = ( 5flame/10) —

AxDNS = 0(01 mm)

AXDNS ~ ( 5soot/10)

® Large Eddy Simulation (LES)

» Grid-resolved scales: Ly
Axpgs = (L¢/10)

» Unresolved scales: 7y, 8r1ame 0500t
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Computational Grid Design

" Computational grid requirement

® Large Eddy Simulation (LES) Ax;gs= (L;/10)
» Traditional view point: L,~ 0.5XD

Q*

=
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Example: pool fire, Q = 22.6 kW,D = 0.3 m

B Q
(PooCp,0Te0)r/ gD D?

Ly = 3.7XQ**/°xD — 1.02xD ~ 0.5 m

Ax;ps = (D/20) = 1.5cm

0.4




Computational Grid Design

" Computational grid requirement
® Large Eddy Simulation (LES) Ax;zs~ (L./10)
» Alternative view point: L,~ 0.5XD

Example: pool fire, Q = 22.6 kW,D = 0.3 m

Ly = 3.7xXD* —1.02%xD
Q

D* = ((poocp,ooToo)\/y

)2/5% 0.2 m

=|Ax; s~ (D*/10) = 2 cm
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Computational Grid Design

" Computational grid requirement
® Large Eddy Simulation (LES) Ax;zs~ (L./10)

» In addition, flame base features a thin boundary layer: 65, ~ 1 cm

=|Ax; s = (05,/10) = 1 mm
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Computational Grid Design

® Review of MaCFP target experiments

® Pool-like configurations with strong Rayleigh-Taylor
instabilities (puffing motion, bubble and spike structures — thermals)
» Category 1: Sandia Helium Plume
» Category 2: Flames Sandia Methane and Hydrogen Flames
» Category 3: Waterloo Methanol Pool Flame

* Grid resolution required to resolve large-
scale flow features

Ax;ps = 0(1 cm)

* @Grid resolution required to resolve boundary
layer at flame base and vertical thermals

AxLES = 0(1 mm)




Computational Grid Design

® Review of MaCFP target experiments

® Boundary layer flame configurations
» Category 4: FM Global Vertical Wall Flames

6BL= 0(1 Cm)

* Grid resolution required to resolve boundary layer
and wall gradients

AxLES — 0(1 mm)
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Computational Grid Design

® Review of MaCFP target experiments

® Configurations with no obvious small-scale feature
» Category 2: NIST McCaffrey Natural Gas Flames

Ax;ps= (5/20) = 0(1 cm)

» Category 5: UMD Methane and Propane Line Flames

Ax;ps= (W /20) = 0(1 mm)

Front view Side view
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Subgrid-Scale Modeling

" Turbulence

® Classical LES treatment: gradient transport model for
turbulent fluxes featuring a turbulent viscosity
ou, odu, 2 du, . 2
T.=qu(—+—L-=0,—%)+=0.pk
! El(axj ox, 3 7ox, 37 Plsas

® Closure expression for i,

U, = P(C, A)Jkgss | where A =(Ax,Ax,Ax,)"”

® Closure expression for kg

» Models: modified Deardorff (FDS); (constant-coefficient or

dynamic) k-equation (FireFOAM)
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Subgrid-Scale Modeling

® Combustion
® Global combustion equation (no chemistry)
C,H,O, +{1fz+(m/4)—(p/2)}02 —nCO,+(m/2)H,0

® Closure expression for reaction rate: Eddy Dissipation
Model (EDM) (FDS, FireFOAM)

* M

nm -
F=pPX

min(¥:¥o, /1) where 7,=C ><(’5Az
T, T

)

S

» Plus correction to treat laminar combustion (correction applies in
regions where the flow is laminar)
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Subgrid-Scale Modeling

¥ Radiation

® Radiative transfer equation (RTE) (assumed grey medium)

Emission Absorption

® Closure model for RTE: the prescribed global radiant
fraction approach (FDS, FireFOAM)

4 444

- _ 0 I = >
VI.s = K(T) - KI' if g Acomb =~ 0 VI.s = Xradx(qi:;:b): if qgo’mb >0
775 = Ry — T, Ly = 0 ]
S = K(T) — KL, Wqcomp = Vi.s =0, ifg.,,;, =0
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Subgrid-Scale Modeling

® Challenges

® Turbulence

» Deardortf, k-equation models formulated for high-Reynolds number,
momentum-driven flow but fires often feature moderate-Reynolds
number, buoyancy-driven flow

® Combustion

» EDM model does not describe ignition/extinction; modifications of
EDM have been proposed to treat flame extinction for simulations of
under-ventilated fires or suppressed fires

® Radiation

» The prescribed global radiant fraction approach remains approximate
but more fundamental approaches require a treatment of spectral
effects and a soot model
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Subgrid-Scale Modeling

® Challenges

® Radiation

» RTE solved with Discrete Ordinate Method (DOM); accuracy of

DOM is controlled by discretization of angular space and typically
decreases in the far-field (ray effect)

Q—’ T T T T T
e ;:"J . 10l — Experiment |
‘ » ol - - @- FireFOAM
A Asarme~0.25 m?2
S % mumey .~ T S
:/ 4 ?‘46 _ e R o e — >
§s % e %’\) N .
{r/\/\_g yy E s ,’
g L 2 '
- v (1 i §
4 b ™ 0.6f
T .
o ,
T 04 ¢
'I
> 0.2
AgQDOM = (A ame /d )/10 h— heat flux .'
o gauge R R T I R
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CFD-based Fire Modeling

¥ Outline

® Code Verification
Development/ viode

» Manufactured solutions \

» Continuous integration
. , Verification
® Model Validation J
» Calibration vs. Validation \
> Validation Metrics Validation L.“WHJ

» Uncertainty Quantification

Adapted from W.L. Oberkampf and C.J. Roy. Verification
and Validation in Scientific Computing. Cambridge, 2010.

» Quality Assurance
» Application Space: Statistically stationary flows; Forecasting
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Manufactured Solutions

7 B 1 + sin(7k£) sin(7ky) cos(mwwt)
(31) = (1+82) + (1~ &) sin(mks) sin(mk$) cos(n o)
oy = (2528) 1-n)
u(x,y,t) = us+ ,f(lx,—yf)f) (;Z’) cos(mk#) sin(7k$) sin(r o)
v(x,y,t) = vs+ 5 (1x,_yf)t()) (;Z’) sin(7k£) cos(7ky) sin(mwor)
Hxp ) = 5 (3,1) = ) (0 3,8) =)

p . 102
5, TV (pu)=0p ]
2(pZ . =
W02 v (pzw)-v-(o0VZ) =0, &
= 10-4 :
aa—l;—ux(qu)+VH—p”V(1/p)—%V-T=Qu :
L. Shunn, F. Ham, P. Moin. Verification of variable-density

flow solvers using manufactured solutions. Journal of 107
Computational Physics, 231:3801-3827, 2012.
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Continuous Integration

1. Version control
2. Unit tests

3. Software quality assurance (SQA)
GitHub

This repository Pull requests Issues Marketplace Gist

rmcdermo wants to merge 1 commit into Macrp:master from rmcdermo:master

) MaCFP / macfp-db @Unwatch~v 5 % Unstar 4 YFork 10
Code Issues 0 11 Pull requests 1 Projects 0 Wiki Settings Insights ~
Develo pm EV General: demo change #51 e

& Conversation 0 -0- Commits 1 [ Files changed 1 +2 -1 mEm
rmcdermo commented just now Owner Reviewers
. . . No reviews—request one
Ve r I fl C a t I O n No description provided.
Assignees
@8 General: demo change e1166e7 No one—assign yourself

Add more commits by pushing to the master branch on rmcdermo/macfp-db. Latisia

None yet

. This branch has no conflicts with the base branch
Merging can be performed automatically.

None yet
. .
Va I I d a t I O n LUETGERTIEELTEE SRl You can also open this in GitHub Desktop or view command line instructions. il
ilestone
No milestone
(J @ Set up continuous integration to automatically test your code Notifications
- Catch bugs, enforce style, and increase confidence in your code before you merge.

«x Unsubscribe

Projects

You're receiving notifications
because you authored the thread.

-

Explore GitHub Mar
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Model Validation

®  W.L. Oberkampf, M.F. Barone (2006) Measures of agreement between computation
and experiment: validation metrics. J Comput Phys, 217:5-36.

K. McGrattan, B. Toman (2011) Quantifying the predictive uncertainty of complex
numerical models. Metrologia, 48:173-180.

R. McDermott, G. Rein. (2016) Special Issue on Fire Model Validation. Fire
lechnology, 52:1-4.
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Calibration vs. Validation

Tel 2 iz

v/////// .u
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Adapted from W.L. Oberkampf and C.J. Ro

and Va

puting. Cambridge, 2010
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Validation Metrics

Many possible choices!
What are you interested in?
Second-order statistics?
Rates of change?

1> Might be dictated by AHJ

~ ?

8 100 :

j-»é E = max(Teyp) — max(Thod)|

8.

5 50 E = || I(Teap) — I(Tinod) |2
T e E = |I(Texp) — I(Tmod) |l oo

0 . . . . .
0 5 10 15 20 25 30

Time (min)
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Uncertainty Quantification

| = |

Output Measurement | Propagated Input Combined
Gas and Solid Temperatures . . .
~HGL Depth 0.05 0.00 oos

Gas Concentrations 0.02 0.08 0.08
Smoke Concentration 0.14 0.13 0.19
Pressure, Closed Compartment 0.01 0.21 0.21
Pressure, Open Compartment 0.01 0.15 0.15
Velocity 0.07 0.03 0.08
Heat Flux 0.05 0.10 0.11
No. Activated Sprinklers 0.00 0.15 0.15
Sprinkler Activation Time 0.00 0.06 0.06
Cable Failure Time 0.00 0.12 0.12
Smoke Alarm Activation Time 0.00 0.34 0.34

e Helpful in capturing general trends

and steering development

* Choice of metric can cloud conclusions

e Care should be taken to understand

conditional uncertainties
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Predicted Temperature Rise °C)

ATF Corridors

Arup Tunnel

DelCo Trainers

FAA Cargo Compartments
FM/SNL

NIST FSE 2008

NIST RSE 1994
NIST RSE 2007
NIST Smoke Alarms
NIST/NRC

NRCC Smoke Tower
PRISME

SP AST

UL/NFPREF, Series I
UL/NIST Vents
Vettori Flat Ceiling
Vettori Sloped Ceiling
WTC

. T
Ceiling Jet Temperature 2
10*F Exp. Rel. Std. De %
Model Rel. Std. Dev.: 0.13 °
Model Bias Factor: 1.04 :
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Quality Assurance

A Posteriori Resolutlon Metrics J.P. White et al. Fire Safety Journal, 2017.

1
“« . . ”
Pope criterion
09F/ o
0.8 ;
s
0.7
0.6+ —20.0 mm 4
--10.0 mm
-=5.0 mm
=25 mm
0.5 \ ) ) \
0 0.2 0.4 0.6 0.8 1
H\ | \ S
095
09}/
S
0.85 I
08 —20.0 mm 4
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0.75 : . .
-0.4 -0.2 0 0.2 0.4

X (m)

S.B. Pope. Ten questions on the large-eddy simulation
Slide 27 of turbulent flows. New Journal of Physics, 6:35, 2004.



Application Space

10 X 10°
- (& O 16 CORRIDOR - 47310
é 8 e 1 e B
LR ..': o - SIRATRTR28TEA 7548288882
= -t ‘ . £ C s - A
e 6 . & ':: T o A [ _' / ¢ :
O:) ... . :.. N\ )
\q)/ 4 3.: .-
(a\] o
o e £
: )
E .
© 2 Y
o ".’:' «
b : G
O =R | L L .
0 0.2 04 0.6 0.8 1

Parameter 1 (e.g., Mach Number)

“Application space is N-dimensional and
@ Experimental data infinite in volume.”

Theoretical applicability A goal: Quantify model uncertainty outside of
regions where data already exists, and reduce

O Class of problem that uncertainty to required levels.
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Questions?

Slide 29



