A?

Aalto University

Thermal radiation

Summer School on Fire Dynamics Modeling 2017

Simo Hostikka, Aalto University


http://www.fz-juelich.de/ias/jsc/EN/Home/home_node.html

Objectives

1.

9.

Know the phenomena and parameters affecting Radiation Transport
Equation (RTE).
Can explain the RTE discretization principles in FVM/DOM models.

Can investigate the sensitivity of results on the numerical
parameters.

Can specify FDS inputs for radiation model.
Can modify the FDS verification tests.

Understand the difference between gray gas and spectrally
resolved calculations.

Can describe the challenges of predicting the radiative fraction.

Can identify the role of radiation modelling in validation.

10. Can tune the time-related solver parameters for verification tests.
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Recommended reading

Howell, J.R., Pinar Menguc, M., Siegel, R. Thermal Radiation
Exchange, (6. ed), CRC Press, 2015.

Michael F. Modest. Radiative Heat Transfer (3. ed) Academic Press.
(1993, 2003, 2013)
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Part 1: Fundamentals
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Thermal radiation

« Thermal radiation is electromagnetic radiation (at infrared (IR) range).

« \What radiates?

 Radiation dominates fire heat transfer when

 Flame diameter >~ 0,3 m
 Temperature > 400 °C
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Black body -radiation

Energy density depends on the wavelength and the
temperature of the radiating body.

Qualitatively
550 °C: reddish
900 °C.: bright red « 10* Black bodly radiation
1100 °C: orange ' | | | |
1500 °C: white
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Definitions

« Spectral emissive power E; (or E,)
= radiative energy / time / surface area / wavelength (W m~2pum-1)

« Total emissive power E (W m=?)

« Spectral intensity (or radiance) |,
= radiative energy / time / area normal to rays / solid angle /
wavelength (W m=2 srt um-)

« Total intensity (W m=2 sri) ) @
- Blackbody emissive power E,, A '
« Blackbody emissive intensity |, N dAy = dAcosd

 Direction vector s
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Stefan-Boltzmann law

 Power P emitted by black surface
with area A

« o = Stefan-Boltzmann constant
5.67 X108 W m2K+4

 Real surfaces are not black, but emit « |

less than the ideal surfaces.

E/‘t
Eb,/i

 Surface emissivity |&(A1) =
(and absorptivity)
* For gray bodies ¢ = constant =

" =eoT?

300 r

200
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Intensity vs. emissive power

» Black body radiates at same intensity to all directions I(0) = I...

« The projected area of the radiating surface decreases when the
observer goes away from the surface normal.

 Surfaces like this are called Lambert radiatiors or diffuse
radiators, and they obey the cosine law

E,,(0)dA=1,,coscdA =1, coscdi

o 272'%
= E, :J‘Emd/lz IbH-cosé’sianHdgé:Ib-;z
0 00
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Attenuation In participating media

Intensity of monochromatic radiation attenuates as

d[l = KACIAX dx
where x;, Is specific absorption coefficient and C is concentration.
Integrating in domain x = 0...Lwe get I,1 = [0 exp(—«;CL)

. - Lo — Ip
Monocromatic absorptivity «; = =1 —exp(—«;CL)

I
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Part 2. Radiation transport
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Radiation Transport Equation (RTE)

General equation for radiation intensity at point x to direction s

1al,(x,s1)
C

+8-VI (x,8) = —x(x,A) [ (x,8) — os(x,A) [ (x,s) +

e i
Energy loss by absorption  Energy loss by scattering

(XA
Bxa)  + SN [ g oL (x.s) as
\'-—-.v.-—-"' o 4:"17 i .
Emission source term g

In-scattering term



Spectrally integrated RTE

If the spectral detalls are not important, we can integrate RTE over a
finite number of spectal bands (ignoring scattering for simplicity)

s-VI,(x.s) =B,(X) — k,(x)[,(x,8), n=1...N
B”(K) — Kn(x) ‘(h.u(x)

ofT (x)]f
T

| b,n (X) = |:n

In typical fire simulation, N = 1

9/4/2017
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Radiation and the energy equation

Radiant heat flux vector

q’ (x) :f s'I(x,s’) ds’
4m

Radiative source term in energy equation

~V-q/(0)(ga) = K(x) U0 —4nh(0)] U= [ I(xs)ds

Boundary condition for intensity

_eoTy l-¢

I - / I(s) |s' - ny| ds’
w[:s) T T T Jym <0 W(SH w|
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Finite Volume Method for Radiation 1

« Discretized solid angle /
 Elevation angle 0 divided into N, parts Py i

(bands) |

»  Each elevation band divided into N(6) e L
parts over azimuthal angle.
« Symmetrical over co-ordinate axis -

planes.
« Explicit solution in CFD mesh.

FDS User’s Guide:
NUMBER_RAD IAT ION_ANGLE S
T IME_S TE P_INCREMENT
ANGLEilNCREMENT




Finite Volume Method for Radiation 2

s'-VI(x',s’ dKIdS":[ / K(x') |L(x')—I(x',s")| dx'ds’'
'[59"-/1’:',&& ( | ) JOQ SV, ( )[b( ) ( ’ )]

/ / (s"-m’) ")dn'ds’ —/ / —I(x',s')] dx'ds’
Jacy il ik oY V jk

Am I (8 my)ds' = Kji [Boije— | Vi 69
J O /

(6.14)

(6.15)

(6.16)

Equation (6. 16) IS a discrete equation Ag
for intensity IIJk Solving (6.16) ’

requires geometry data, «;,, and face :
intensities | n, ®iik




Finite Volume Method for Radiation 3

e

g
_]xd

I

* Inthe FVM solver of FDS, the cell face intensities are || _ !
approximated using step scheme (first order upwind) (1) Jk

« Define angular integrals Dj”: / (s’ my,)ds’
J O

« The discrete equation forlIJk now becmes

[ 1 [
A"rmDm_i_A'Iin D+
A‘L ‘F{u Diu"“q‘\ IJJR D{d_i_
AL, DL +A Ij; D,

Il i {

= KijkIv.ijkVijk 50! — ik ffﬁ;Vf ik 50! (6.20)



Finite Volume Method for Radiation 4

- Combining lj; terms gives

Il I R I R S Ry
ajidiif = axhy + ayly, +aly + b

i = Ax|Dy| + Ay | Dy| + Ac| D] + Kiji Vi 5

.E:_Ax D,!:
[ /
y = AylDy
at =A;|D!

! !'
bijk = Kijk Io.ijk Vijk 0L
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- ... . i
Pair discussion:

How to choose which corner
to start the "sweep” from?

Assume you
know integrals

Dl:rﬂ — / (SI * “”;) dslr
J O



Angular discretization schemes

« Classical Discrete Ordinates Method (DOM)
schemes with N, x Ny control angles.

Number of azimuthal (¢) bands

Number of polar (6) bands

More elaborate schemes naturally exist.

FDS strategy: Equal control angles in all
directions. Default number of control angles is

/
-
-
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77 X\
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/_\
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FVM vs. DOM

The main difference between DOM and FVM is the treatment of
angular integral

D,, :/ (s"-my)ds
J

In FVM, these integrals are calculated analytically and tabulated
for the solver.

» Exact, energy-conserving.
« Difficult if control angles overlap with co-ordinate axes.

In DOM, these integrals are approximated using weighting sets
(Sn).

9/4/2017
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FVM angular discretization challenges

S
No overlap S
(overhang) =

D, is easy to calculate ][ Z
XU [Uk

Control angle 6Q overlaps

with cell boundary i s

= Only part of energy K

within 6Q contributes to

the flux at ijk. I /0

= D, is difficult to ijk

calculate.

9/4/2017
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Challenges of numerical methods

Numerical diffusion

9/4/2017
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Exercise 1. Radiation box
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Exercise 1: Radiation inside a box

8.2 Radiation inside a Box (radiation_in a box)

This verification case tests the computation of three-dimensional configuration factor @ inside a cube box
with one hot wall and five cold (0 K) walls. An overview of the test geometry is shown in Fig. 8.2. The

H, dd

Figure 8.2: Radiation in a box geometry.



Exercise 1: Verification results

0.35
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Exercise 1:A Solver parameters

o .

1. Run the radiation_box 50 100.fds / _
2. What is the purpose of the following input lines: y il

&RADI NUMBER RADIATION ANGLES=100 N Y

TIME STEP INCREMENT = 1 N T/

ANGLE INCREMENT = 1 / \>§R ///

3. Look at the ’Radiation Model Information’ in .out *
file. How many radiation control angles are used
and how are they distributed? Roughly how
many degrees do the control angles span in 6-
and ¢-directions?

4. Using the results of the FDS Verification guide,
discuss the effect of the angular and spatial
resolutions on the heat flux distribution of the
opposite wall. 01412017
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Exercise 1:B Angular discretization

Investigate if the predicted heat fluxes are invariant to the
choice of primary axis direction X, Y or Z.

Steps:

1. Modify the radiation_box_ 50 100.fds by changing the emitting
hot surface to the YMIN or ZMIN boundary.

2. Name the cases as radiation box 50 100 y and
radiation box 50 100 z.

3. Plot the heat fluxes on the diagonal in all three cases (X,Y,Z2)
and compare against the exact values using plot_box.py (edit
the scipt to choose what to plot.)

4. Discuss the findings with your pair.

9/4/2017
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Part 3. Radiation properties
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Radiation Transport Equation (RTE)

s-VI(x,8) = —k(x,A) [ (x,8) — os(x,A) [ (x,8) +
"‘-_..,V..._-F‘r \_‘V‘_—,{
Energy loss by absorption  Energy loss by scattering

os (X, A
B(x.A) + s(X,4) O(s',s) I (x.s') ds’
Emission source term e .

In-scattering term

Integrated over a wavelength band n (usually N=1)

s-VI,(x.8s) =B,(x) —K,(x)[,(x.s), n=1...N

BH(X) _— H(K) Ih._n(x)



Flame radiation

« Flame radiation is emitted by soot and multi-atomic gases
(H,O, CO,, CO, HCI, HCN, NO.,...).

* 0O, and N, do not emit or absorb radiation.

« Soot radiation spectrum is continuous and very close to black
body radiation.

« (Gas radiation spectra
are very discontinuous.

B

Wood flame radiation for different flame

thicknesses (Drysdale / Hagglund & Peterson : . F "
1976) Waveleneth. wm,



Absorption by discontinuous spectrum

- Assume a black body £ | [

radiation entering gas with
spectral absorption coefficient
that is constant, except for

<
(2]
‘

<
B
T

Absorption coefficient (1/m)

o
N
T

A=0.7 um, where it goes to 0 w U w .
0 0.5 1 1.5 2
Ze ro . Wave length (um)
. 3_5)(10
* Intensity changes now

differently at different
wavelengths, according to
equation

1,(L)=1, exp(-x,L) 1

Path length

0.0
—0.2
—1.0
—50

Intensity

-

Wave length (n m)




Pailr discussion:

Draft the shape of the spectral
emitted intensity at different
depths when kx =1 mt around
A=0.7 um and k = 0.1 m™
elsewhere.

kL L



Example 1: Absorption by MMA

« Blackbody radiation from 1000 K source is absorbed by a cold

(0 K) layer of MMA monomer solution.
« Different wavelengths are removed at different distances.

) «10% MMA monomer
€
= 1 |
,<
2
5000
Surface
4000 x=10mm/| 7
x =20 mm
3000
2000
1000
0 ‘
0 20 25

", (-)

10%

10'1 L

Attenuation

Spectral
exp(-960 x)
exp(-100 x)

0.005

0.61
X (m)

0.015 0.02
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Example 2: Emission by MMA

A layer of hot (800 K) MMA solution emits radiation.

Different wavelengths approach Planck function at different
distances.

There is no average coefficient that would yield a correct profile.

<104 MMA monomer
a 100 Emission
‘ ' ' = 1-exp(-960 x)
Planck - 1-exp(-100 x)
x =10 mm ’_53 107!
x=20mm 4 =
-2 | L
V ™ . 10 0 0.005 0.01 0.015 0.02
T
— x (m)
36
0 5 10 15 20 25
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RADCAL — Narrow Band Model

NIST Technical Noie 1402

RADCAL So|ves the Single beam RADCAL: A Narrow-Band Model for Radiation
. Calculations in a Combustion Environment

calculation for a large number of

wavelength bands and integrates

the result over spectrum. F—

« Outputs: Planck xy and R
effective k., mean absorption et 109
coefficients. I 1, 44,02

Kp ==
T, Pco2: Pr2os Peo pfuel,fv,soot J‘Ib,ﬂdﬂ“
0

>
(L) =1,,e j 5.1 X[ (r(L) = (L) He(L)

~

N

(L) _—[e S R L



Optical properties of gases

« Original RADCAL included CO,, H,0O, CO and CH, —bands + soot.
« Other fuels were added to FDS by Vivien Lecoustre.
* Non-gray model is called wide band model

10% CO2, 10% H20, 2E-7 soot, 1500 C
METHANE, CARBON DIOXIDE, ? R R
ETHYLENE, CARBON MONOXIDE, =% 5
ETHANE, WATER VAPOR, 2 |
PROPANE, SOOT S .. E
N-HEPTANE, o 5
METHANOL, 5" E
TOLUENE, , , o | ) i
PROPYLENE, Elfgnggs;rs Guide: 0 . | 53 4i i5 . 7851!0
MMA FUEL RADCAL ID Wavelendth (um)
WIDE BAND MODEL

9/4/2017
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Soot absorption coefficient

RADCAL calculates the soot absorption coefficient as a product of
volume fraction f, and specific absorption coefficient «’, .

0, (0) = f,(x) &', = f, (%) %

W. H. Dalzell and A. F. Sarofim Optical Constants of Soot and Their Application to Heat-
Flux Calculations. J. Heat Transfer 91(1), 100-104 (1969) doi:10.1115/1.3580063

9/4/2017
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Gas property calculation procedure

INIT RADIATION *
LOOP over T (K), concentrations (J), and species (NS)
Call RADCAL (APO, AMEAN)
RADCAL SPECIES2Z2KAPPA (NS, J,K) = MIN (AMEAN, APO)
End Loop

SOLVE RADIATION
For each location (I,J,K)
KAPPA GAS (I, J,K)=KAPPA GAS(I,J,K)+GET KAPPA(ZZ GET,TYY)
End for

FUNCTION GET KAPPA(Z IN,TYY,IBND)
DO N = 1, N RADCAL ARRAY SIZE
GET KAPPA = GET KAPPA + RADCAL SPECIES2KAPPA(N,Z IN,TYY)
ENDDO

9/4/2017
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Source term of RTE

« The emission power density from gas mixture

B(X) = L K(X)1, (X)dx ~ L ie(x)dx x < L T(x)*dx = &,

« Three error types:

ijk

1) «-T correlations (Radiation- Turbulence Interaction)
2) T-distriution with a cell <T 4> # <T>

3) x and T errors, e.g. (0_85T) ~052T4

« Usually we want to ensure a radiative fraction y, q”'= Modelled

o T(x)*

Iy i(x) =C , C=

T

L >0 (%r qi + Kiji U.f'jk) dv

fo’” >0 (4 Kijk O

FDS User’s Guide: RADIATIVE FRACTION

T4) v

lek

9/4/2017
41



Exercise 2: Gas emission




Exercise 2: Hottel’s charts

L |
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vapour at 1 atmosphere total pressure and near zero partial pressure. From Edwards (1985). Reproduced by permission of the Society



Exercise 2: Emissivity calculation

4
« Classical beam emissivity would come from |(|_) _ (1_e—kL)GT
N~—" T

« Here, we assume that the
Hottel’'s 'gray body’ behaves
as a layer, and the emissivity
becomes

T, Pcoz: Ph2o

_ qincident ( L)

g
oT?




Exercise 2. Reproduce Hottel’s curve

1. Study the input file hottel array.fds

2. Pick one of H,O or CO, curves in Hottel’'s charts, and specify the
corresponding gas concentration into the FDS model.
* Hottel's curves use product pg,L

* Inthe model, L =1 mand Py, =1 atm = p,,.L = volume fraction. So,
you just need to specify volume fraction. But FDS initialization only
works for mass fraction. You calculate them as

XCOZ 44 XHZO 18
YCOZ = YHZO =
XCOZ 44 + (1 — XCOZ )288 XHZO 18 + (1 — XHZO )288

« CO, mass fraction can be specified using vy co2 INFTY at MISc line.
* H,O mass fraction must be set on «INIT lines

3. Run the model and plot the emissivity at different temperatures
using plot_hottel.py.

4. Discuss with your neighbor how the code works. 91412017
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