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SUMMARY

The hydrodynamic equations which include a turbulence
model based on the work by Spélding's group have been derived
along with the associated boundary and initial conditions.
They have also been put into finite difference form, coded,
‘and are currently being debugged. The soot chemical model
‘has been determined and is included in the above formulation.
A radiation code based on the long characteristics method has
been prepared qu inclusion into the code as a subroutine
as has an equation of state package.
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1. INTRODUCTION

- The development of compufer codes for the accurate
‘characterization of torch and pool fires is a complex,
‘multi—diséiplinary.task. In particular, the scilences
and/or technologies of fluid mechanics, numerical analysis;
chemistry, thermodynamics and radiation transport must be
meshed together in order to produce codes capable'of'such an

accurate characterization.

.During the initial quarter of this contract, the
ecmphasis has been on development of the components in the
several aforementioned areas which can then be meshed to-
gether in succeeding quarters to form the torch and pool
fire computer codes. Consequently, this initial‘quarterly
progress report has been divided along technological lines..
Thus, the next section reports on hydrodynamics and its
associated elements, Section III discusses the equation of
state package that has been developed, Section IV reports
on the soot chemical model, and Section V discusses the
radiation transport model and computer code. Finally,
Section VI discusses the thrust of the effort in the next

quarter.
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I1. HYDRODYNAMICS

, The hydrodynamic model that S® is putting into the
torch and pool.fire codes is misleadingly similar to that
~ found in the previous AROKEM!1] code. While the mean flow
equations are on1§ modestly modified, the addition of equa-
tions for the turbulence quantities complicates the system
tremendously in that those equations apparently have never
 previously been derived for an axisymmetric flow with
spatial density variations. Since the strength and accuracy
of the characterization of the‘fires depends very heavily

on this formulation, such complications must be accepted.

A goodly portion of this reporting period (admittedly
somewhat more than had been originally planned) was spent
deriving the proper set of differential equations. The
details of the derivations will not be included in this
report but will be issued later as a topical report. This
topical report will include all of the details of the
derivation of the controlling differential equations and
associated boundary conditions for both the torch and pool
fire codes, their transformation into a normalized stream
function coordinate system, and their final conversion into
difference equations. Here we will only quote some of the
results.and indicate the paths taken in the derivation.

e



2.1

THE

CONSERVATION EQUATIONS IN THE r-x COORDINATE SYSTEM
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i

<

The basic assumptlons made in the derlvatlon of the

governlng equations are that:

in an r-x ax1symmetr1c cyllndrlcal coordlnate system can’ be

1.
2.

All mean quantities are steady (i.e., 3/3t = 0).

The standard turbulent assumption involving: the
breakup of dynamic quantities into mean and
fluctuating components is valid where the mean
quantitiés.are averaged oVer a time span long
with respect to the time scale of the turbulent

fluctuations but short with respect to the time .

scale of interest in the-problem.

-The turbulent fluctuations in mass density. are

negllglble except insofar as they affect the

-buoyancy terms (only appllcable to the pool

flre)

Spalding-type modeling of certain turbulent
fluctuation correlations in terms of mean

quantities is valid.

With the above assumptions, the conservation equations

wrltten ‘

2.1.1

where

Conservation of Mean Total Mass

a(pPur + o(pvr

[

"

total mass density (mass/vol)

mean ax1a1 and rad1a1 components of Veloc1tv

(length/tlme)

'axial and radial‘coordinate (length)

(2.1)
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2.1.2 Conservation of Mean Axial Momentum

3(pur) , a(puvr) , a(rP) _ o C,Pk*\ 5y
S TR

X X arT € or
_ 2 3(pkr)
3 90X (2'2)
where
P = static pressure (force/area)
Hy = laminar dynamic viscosity coefficient
(mass/length-time)
k = mean turbulent kinetic energy = (u” + u’)/2
(energy/mass)
€ = mean turbulent dissipation rate = ul/p (Vﬁ"def ﬁ')
(energy/mass-time) '
My = Cupkz/e = turbulent dynamic viscosity coefficient
(mass/length-time)
Cu = Cu(Ret) Spalding coefficient of turbulent viscosity
Re, = turbulent Reynolds' number = Dk2/€u2

Conservation of radial momentum in a boundary layer (a free jet
is also a boundary layer) usually only contributes the informa-
tion that 3P/dr = 0, but here we find that the conservation of

mean radial momentum in our boundary layer tells us that

3P 2 3(pk
37 2kl 3 —%?—)— or (2.3a)
P+ Lok = ii(x) | (2.3b)

We can, therefore, substitute Eq. (2.3a) back into
Eq. (2.2) to get the form of the mean axial conservation
equation that we will use:
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‘ . C pk? N
3 (pu’r) , d(puvr) , d(xl) _ 3 i du -
0X * oT Poax o T oar [\ M T e -] ¥ 37 (2.2a)

In all of the succeeding equations, (2.3) has been

substituted wherevér applicable.

2.1.3 Conservation of Mean Species Mass

There are five species which'we shall denote by
1 = fuel, 2 = oxygen, 3 = products, 4 = diluent, 5 = carbon
soot. The conservation equations for 1 and 2 can be combined

to yield

o(puf 1)
12 7, 9_
X aT oTr
oF '
£ oD - D) x ——L} | S (2.8

; o A
(pvflzr) 5 p(Dl . Cuk ) _ afl2

EZO'f

ar

where

mean mass fraction of species j

Hh
27|
i ]

L2 Fl - Fz/a

mass of oxygen combining stoichiometrically

[\
]

with unit mass of fuel
laminar diffusion constant for species j
(lengthz/time)

o .
L1}

0. = turbulent Schmidt number

f

The diluent conservation equation becomes:

d3(puF r) 3(evF 1) C k? 3F 1
4 t = %? [p(n2 + K ) ) (2.5)

X * T 4 EEE— 3T

Furthermore, since"F5 is always very small, we can

say that
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{11

:E: Foo= 1

4
irl

The conservation equation for soot is taken to be:

o 5 2
3 (PuF 1) (PvF 1) 8 [D(Dt . C k ) ] an}

X * or T 9T €0, oT

¥

chem

where the last term is the rate of soot production via

chemical reaction and is discussed in Section IV.

Before proceeding to indicate how F1’ Fz, and

¥

(2.6)

(2.6)

3
can be deduced from f12 and f“, we must calculate the RMS

value of the turbulent fluctuations in f12‘

2.1.4 Conservation of Mean Square Species Fluctuations

a(puGlzr) a(valzr)

b
Dkzr (af12)

ax * aTr - CG € or
< 2
.o . DQ . Luk § BG12 . €rG12
ar 2 eof ar Tt k
where
G12 = (f:zf = mean square of turbulent fluctuations
in £
12
CG,Cf = Spalding constants

We can now proceed to deduce Fl, Fz, and Fa.
us define the '"instantaneous'" value of f12 over the fi

Let
rst

(2.7)

half of the averaging time scale to be constant and given by
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). 1/2 - N
S f“v+ G L o (2.8a)
' while;pver'the second half it is constant and given-by
w2 .. 2
frz f12 G12 C e , IR (2.8b)
Now the basic assumption in”all.diffusion flames is that .
" the chemical reaction rate is infinite 'so we muet have, on
- an_instantaneous basis, either only fuel and products or only
"oxygen and products present.j-ThUS, we.conclude ‘that if.
>0, - pl) o () () L
’ T 1 122 "2
£0) <0, then r03) - gD oo ‘ (2.9)
. 12 . 1 2’ K :
¢ D PTG D BUNPY ¢ b DS
7 1 2 T2 : T12
Slnce the mean 1s4simp1y the average over-the time.scale;‘we
' ,have that ' - O
o2 3 R : . _
, =1 (3) L1 . L ‘
Fi= 3 :Z: Fs for i = 1,2 , L (2.10)
It may be noted that the above technlque is pr1mar11y a1med
at reproduc1ng the "unmixedness' phenomenon seen in turbulent
diffusion flames but almost 1mp0551b1e to reproduce u51ng
'tradltlonal"turbulence models.
‘With 'Fl, FZ, and F .now determined, a 51mp1e re-
; arrangement of Eq. (2 6) y1e1ds ‘
1?3 =>1 ) (F1 +.»F~z * F4)> : ( SR C o (z2.11)
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2.1.5 Conservation of Mean Turbulent Kinetic Energy

If we take the scaler product of the turbulent velocity
> . 2 %
fluctuation, u , and the momentum equation, time average the
result, and '"'Spalding-model'" some of the terms, we get

3 (Pukr) a(pvkr) g [a(p ukr) , 3(p2vkr)

ax Sp 90X < OF
2v
_ ok o |
- ar[ { He * ) T 5 5_‘}
2v T 3u,.r 2
; 3(pk) 8lnp . "t (3u\® _ 3per (2.12)
Sop or aTr 5 orT 5 g

2.1.6 Conservation of Mean Turbulent Energy Dissipation Rate

This equation, for €, was the most difficult to derive.
It has supplanted the equation for turbulent vorticity (W)

]

because recent information[3’4] has indicated that the k-«

in the formulation originally presented in the proposal,[2

model is somewhat superior to the k-W model and S?® believes
that the complexity of the torch/pool fire problem and its
practical importance warrants using the best model available.
The difficulty in deriving the equation is possibly most
easily appreciated when one realizes that it requires taking
the vector gradient of the momentum equation and then taking
the scaler product of the resulting tensorial equation with
the tensor, def u’ (the symmetric tensor which is the sum of
the vector gradient of the turbulent fluctuation in velocity
(Vii-) and its transpose). While the derivation is difficult
in Cartesian coordinates, its difficulty is compounded many-
fold in cylindrical coordinates by the necessity of utilizing
the somewhat esoteric mathematics of covariant/contravariant

tensor analysis. The final result can be written as
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9 (puer) d.(pver) 9 uoo ) de
' x oT Par T\t G T
v, T ' C rp | ' '
| 2" op) 8e _ 2 ) <2 _ |1[3(Tu) o(rv)
[ 3 rJ 3T ('I")‘E [3( 3x . Tar
C C kr 2 ' J ’ |
S T " -0 o
< (Br) } pe | , (2.13)
where
‘Cl = Spalding constant
C i

= Cz(Ret) = Spalding coefficient

2.1.7 Conservation of Mean Energy

. L 2
8(puhr) , 3(pvhr) _ 3_ ff,° Gk r oh
oX or ar ') eoh or

9Xx
2 lacrwy) L oacev)] L2 e | CuPK? 5ok
+ = pk + + 2 o | K Tr
3 39X or 3p or Ope or
+ pgr +ou,r |8 : + 1S S ‘ o (2.14)
where
A, = laminar thermal diffusivity (length?/time)
op = turbulent Prandtl number
S, = net radiation heat input (energy/time-volume)
h = total static specific enthalpy (energy/mass)

10



R-2436

2.1.8 Equatibn of State

If we assume that h does not vary violently, we can
use the equation of state to approximate equilibrium chemistry
by defining '

() - 1 (Fga), hy N . (2.15a)
| a=1,2 S |
(o) ‘ | '

P L - (a) . ' .

(3) P(Fj , h) ‘ . : (2-}5b)
Then
| f’= L@ . @ - |  (2.16a)

(1) \(2) - o
P _, . 1/p\(1) py(2) .

Combining Eq. (2.16b)  with (2.3a) gives

p - 1) - : . (2a17a)
Pr3k L
P=pP ) S |  (2.17b)

which are determinate since IN(x) is known from freeﬁstream
conditions and k from Eq. (2.12). '

11
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2.1.9 Initial Conditions

The terminology ''initial conditions'" is usually used
in regard to temporally-dependent quantities with '"'boundary
conditions' being used to denote spatially-dependent quantities.
Because a jet moves in such a way that the streamwise co-
ordinate is ''time'-like, we will refer to the conditions at
X = xo, the jet origin, as being the initial conditions :
(I.C.'s) and use '"boundary conditions" (B.C.'s) to denote only
the conditions at the extremes (centerline and free-stream)

of the cross-stream coordinate.

The I.C.'s for all of the quantities formally assume

the same form, i.e.,

¢(r,x°) = ¢°(r) for 0 < r < Ro (2.18)

where ¢, ¢° represents any of the fourteen variables and
R° = radius of jet at x = X (length).

2.1.10 Boundary Conditions

The B.C.'s for the jet are nearly all identical but of
mixed type. That is to say that at the centerline (r = 0),

we have

& (0,x) = 0 for x > X, (2.19)

where ¢ represents all of the variables except for v which

can be shown to be

v(0,x) = 0 for x > x (2.20)

12
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At the edge of the jet, we have

¢(r ,x) = ¢,(x)

x > x (2.21a)

I
o

v(r,,x)

since a cross-wind is not permitted. Again ¢ denotes all
variables except v and r_ is the lateral extent of the jet.

13
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2.2 TII CONSIERVATTON EQUATIONS IN THI w-z COORDINATE SYSTi:M

‘It is convenient to convert our equations from an

r-x coordinate system to an w-z coordinate system where

"The stream function, ¥, is defined in the traditional

-manner as

%% = pur, %% = -pvr SR ' = _ | (2.23)
so that
. : - r ’ .
v(r,x) = jr purdr if (0,x) = 0 ' - (2.28)
A ‘ _ - _ _
and
r(x)
Y (x) =, Jf : purdr : _ . (2.25)

ThlS transformatlon achieves two thlngs, it eliminates
';v' from the equatlons (albeit 1ntroduc1ng w ), and it perm1t5'
‘the jet to be zoned in a con51stent manner over its entire

;length

14 -
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The Differential Equations

Conservation of Mean Axial Momentum

: 2
E.E = w(fln_wo..i) a_g. + 9 U + Cupk purz ou _ l_ Sd_l‘[_
3z —dz /|ow T dw{l\"e T € ' Em pu dz

lpZ
> (2.26)
Conservation of Mean Turbulent Kinetic Energy
. ) 2 ) .
ak _|, (il““’w) ok 2 [, SPKT) pur? sk
8z dz dw 2w L €0 wz ow
S 2 2.2
L 2[R s ] 2[SR T s agek)
3 sw wz . aw 3 €0 'wz oW ow
(s3] p e o]
2 [31np (dlnwm) alno | | -
3 9z dz ow
C p l.lI'2 2 . A A A
au £ :
[ ) - Com

Conservation of Méan Turbulent Energy Dissipation Rate

. . , - 2, - 2 ’ .
L w(dlnwm)r 3 4 5 2 ([, + CuPk ) ur® de | [Fe™ aplae
Qz S\dz dw | W L €0 W: ow 3w; Swvagi
' 1 C 201102
1[alnp diny 351np (Cz)ez ) CICup»kur 22_2
3| oz 3z oW € uk } 2 oW
. (2.28)
Conservation of Mean Species Mass
. 2 N ) -
aflz = dlnw aflz + 9 DQ + Cuk D 2ur? 8f12
3z dz Aw Jw 2 €0 | P2 ow
F T o0
: ' oF
3 L 2\ plur?®
* ‘(Dl Dz) ——;;— 5T (2.;9)

15
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_ BF dlny \] 8F C. k?\ 5, _, OF o
— =0 | [ -y it S (2.30)
9z dz dw 3w y 5 v ow

Conservation of Mean Square Turbulent Fluctuations in £
- 12

12 -

— =

T 12 1
w_dlnwm) anz + O DQ + CUR p%ur? a'G12
dz | odw oW 2 . €0¢ w2 ow

Cee Cszurzk2 (aflz2 :
) (BEE) G12 ¥ g2 Jw ) ] | ' (2.312

Conscrvation of Energy

+

{uzgurz (%%)?] +<;%) - | 2o

The equatioh of state relationships are unchanged from
those-of Eqs. (2.15) - (2.17). However, we now have two
additional relationships given by

| w ég»i/z : - »
r(w,z) = [wa(z) ./. Eﬁ] and . (2.33)
. - 0 - ' . .

Wy /2 |
1 ° T.(punz) | (2.34)

where = + .
here u Ho My

16
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The Boundary and Initial Conditions
The I.C.'s become
~¢(w,zo) = <b°(w) 0 <w <1 ' (2.35)
where ¢, ¢° represent any of the variables except that
R
0 :
ww(zo) = ./ﬁ p(r,zo) u(r,zo) rdr (2.36)
0 A
The B.C.'s at the edge of the jet become
$(1,2) = ¢_(z) z > z, (2.37)
" The B.C.'s at the centerline (r,w = 0) are somewhat
different in that it is more convenient to use derived condi-
tions which incorporate Eq. (2.19). They become: '
du ) A(u Cp°k2 our? 3un 1 dm
2
EE [ RV ) eurt
az 3w 3 EOk w; ow
' Z 31np
©, 2|9lnp . 9 HoPur _ €
¥ 3[.82' ¥ ow ( 92 Jw k u (2.38b)
EE. = _8__ T+ CuOkz ’ ur? .QE. + .1_ _E)____an _(C ) 2 (2.38c)
9z p_ w [\Me €0 ow 3\ oz & ﬁﬁ € .

wZ

of 2 of , -
12 _ 3 Dl . Cuk o2ur? f12 . E—-(DQ-DQ) o2ur? 3F1
az oW 2 €0 ¢ P2 ow Jw 1 2 2 oW
” ® (2.

17
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&
aF“ - Dl 5 Cuk o Bt aF“ 7. ghy
9z ow " €0 2 0w :
£ Vo
2
an o ) Cuk o iyt an 1 dF5
3z - w|\Ds *Eo o |Teu\dt L5381
£ W; P chem
2
3G12=8_ D2‘+Cuk p2ur? 8012 -(Cfe . T
9z ow 2 €0 ¢ v2 ow puk 12 =S85
2
dh _ 3 [(, . CuPK™\ pur? sn _ 2|3k , 4 3lnp
9z ow L €0y 2 0w 3[0z 9z
b
C ur S
2§18 [S 3(ok)? 1dl , e, or
"3 lp W [ 2 W * p dz e pu (2.38h)
wweop
2.2.3 Nondimensionalization
We shall not reproduce the equations here in non-
dimensional form since they are virtually a restatement of
the above equations in different notation. The parameters
were non-dimensionalized by defining:
s z s u_ T - P =4 r = Il
z=—,u=—,k=—,p=—,r=——,H=
Ro Vo \ ® Ro p V2
0 0
_ v _ ep R? u _ S
Y = h = %—, € = i, . = -y S, = W
p V R? 0 M, V2 Heo p Vh
0 0 0o 0 0
Re p VR
R = t - 0 o0
e, = . -
0
eo

18
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where
Ro = radius of jet stream at z,
Vo = centerline velocity of jet stream at Z,
po = dénsity of the jet stream at rest at 26
u£°'= dynamic viscosity of the jet stream at rest
at z
0
h0 = total stagnation enthalpy of jet stream at 2

19
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2.3 FINITLE DIFFHRHNCE [FORM |

- The complete set of difference equations w111 appear
in the toplcal report prev1ously mentioned so we shall only
indicate here the difference meéthods used

Our general differential equation takes the form

o, 00, 3
=ad 5t 30

9
0z ow

where .é,'b, c; d, and) e are coefficients which are’ functions
of all of the parameters of the problem (all of the .¢'s).

Let us denote ¢(w > 2 ) by ¢ .~ We can denote_tno
dlfferent values of ¢(w ’zn+l) by ¢n 1 and ¢n é where

the former i$ the. unknown value -to be determlned and the latter
is the best guess to the unknown (usually the result of a
' prev1ous iteration). Let us also define- a, B such that'théy
are constants with 1/2 < (o, ) <1 and a may’orimaf not

equal - B. Then we get that:

A

b éﬁl voco + Aot + e : (2.39)

ﬂ

50 ¢“+1 - of : |
#etw (240)
N+l n+l n’ n
: o b i P ¢ LT
a %% = Ba2+1 + (1—B)a? LX(w1+1 . wl 1) + (1-a) (wl+l -1
[ Wi+l i-1 iv1 Y51
(2.40b)
3 |, 3 11, n+1 n+1 ny)
5_'b 5% . d(b1+1 ¥ )+ (- B)(b1+1 * bi);

| n+l n+l
B(b * by )

(a(o?i] - ¢2*1) + (1-0) (6], - #D))
| IR OO PEEECTIY

: ae?™ - 0T ¢ (1) (o} - 4T
(-8 (b + b?_l):{ b —

(w; - u)1-/)((‘)1+1 ) wi-ly

1

hi-

(2.40c)

20



R-2436

n+l n+l

Co = ,BCi + (1-B)Cyf faey T+ (1-adeil - (2.404)
dg? = 3d2+1-+ (1'8)d2J o {2¢2+é ¢n+1 ) (¢n+1)

n 2 . " ‘“ . . " v

+ (1-a) (¢3) } , _ (2.40e)

e = BeT'l + (1-g)e] | (2.40f)

When ‘the forms of Eqs. (2.40) are appiied to the
equations of motion, we can collect terms as coefficients of

¢2f%, ¢2+1; ¢2:} and all the other terms independent of
those three quantitles (note that ag 1, b?+1, c?+1, dn+1,
“and e? 1 are all evaluated using ¢ é if it is needed).

Thus, we have a requltlng finite dlfference equation of the
form ‘

n+l n+l 1l - | R
Angl + BoL "+ c¢“ = D (2.41)

which is the classical tridiagonai form whi¢h can be easily
solved by standard methods.

21
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ITI. EQUATION OF STATE

Relatlonshlps between thermodynamlc quantltles ‘are .
"requlred if the flame equations are to be solved. In
general, two such relationships are requlred The "thermal
and caloric equations of state" Wthh relate the temperature,
volume, enthalpy and pressure’ of' systems wh1ch are also‘f’

changing in composition.

The "thermal" equation of state requirement is readily

satisfied with an ideal gas formulation based upon chemical:

equ111br1um

PrOV151on of a "caloric" equatlon of state relation-
ship requires, as an initial step, that numerlcal fits be.
created for the heat capacity, enthalpy, and entropy for each
of the species deemed ptesent at chemical equilibrium. In
most cases, these numerical fits weTe aiready in existence
at,SystemS, Science and Software. (They are based on JAMNNAF
thermochemical data.) Additional numerical fits were estab-
lished as needed and all fits were checked for accuracy over
the domain of interest. These data will be included in the
write-up.of the computer code to be published as: part of thef

contractual work

The FCHEM computer ‘subroutine ‘was next establlshed
ThlS Toutine assumes ‘that the flame system is at approx1mate1y
- one atmosphereﬂpressure and requ1res as 1nput'the total
enthalpy of the system- ‘and the mass fractions of fuel
ox1dant diluent, and products. These hass fract1ons are
broken down into the elemental ‘quantities, in moles per gram
of mixture and, from these, a.set of chemical equilibrium
ShCGies is assemhled, at the specified enthalpy. These
concentrations are then used to calculate the adiabatic
flame temperature -and the PV -product. (The latter quantlty
is determined from the flame ‘temperature and the ideal gas

law.)
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‘ Calculations are greatly simplified by the fact fhaf,.
at equilibrium, the concentration of fuel is negligible if
oxidant is in excess, or vice versa. (The mass frac¢tion of
fuel which may be converted to soot is generally on the
order of milligrams per gram of fuel, and can be neglected
here.) Further, at ordinary diffusion flame temperatures,
certain dissociation réactioné} e.g.,

H,

0+ H+ OH .

can be neglected. The only chemical equilibrium which must

be included is the water gas reaction: o 4

CO, + H 0 + CO.

2 2

< H

2
Even this equilibrium may be'neglécted in lean flames.

Elemental composition is determined by assuming that
combustion products do>hot separate (i.e., they travel down-
stream together). The formula'of thé fuel thus gives thé.._
ratio bf.goz to H,0. '

From the elemental composition and stoichiometry,
an initial estimate is made of the position of equilibrium..
Since there is no change in the numbef of moles of gas in
the water gas reaction, there is no dependence of the position
~of equilibrium on the system pressure and it is not required
‘as input to find the position of equilibrium. :Using "E"
and "S"Vto denote final equilibrium and starting estimates,

the law of mass action gives:

[EHZO] [Ecol ‘ [Sﬁ20+5.] [SCO"'(S]

K = =, - : ) (3.1)
EQ = TEgq T8, T = TSoh o715, 37 o
co,’ ¥, co, H,

where the square brackets denote concentrations in moles per

gram of mixture; - is the equilibrium constant for the -

| KEQ _ A
water-gas reaction, and is ‘a function of temperature, and §
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is the change in concentration from the starting estimate
to the final equillibrium value. This equation is a quadratic
in 6 which can thus be readily computed without iteration.

As both the énthalpy and the equilibrium constant
are non-trivial functions of temperature, it is necessary
to iterate for self-consistency between enthalpy, T, and
the equilibrium position. Successive estimates of T are
determined from the equilibrium mixture heat capacity at the

previously estimated T:

= T [h hemy 1/ Cp(TOT - (3.2)

T(n+1) input

(n)

where the subscript in parentheses denotes iteration stage.
Three iterations ordinarily suffice to reach a self-consistent

solution.
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IV. THE SOOT MODEL

The presence of soot in flames depends primarily
upon the type of fuel involved and the amount and rate of
mixing of fuel and oxidant.

Certain flames are automatically soot free because
the fuel contains no carbon. In addition, many hydrocarbon
or carbon based fuels (e.g., LNG and methanol) also can
give soot free flames when the fuel-oxidant ratios are
within certain concentration domains throughout the flame.
Other carbon based flames (e.g., acetylene) are commonly
smoky or sooty.

Even when a flame is characterized as sooty, relatively
small amounts of carbon are involved. For example, a very
smoky flame produced from jet engine fuel (e.g., JPY) may
involve a mass ratio of solid carbon to fuel of approximately
0.5 percent. (The usual soot to fuel mass ratio is a factor
of fifty smaller.) Thus, only negligible changes in the
combustion heat release and gas equation of state will
result, although substantial changes may occur in the absorption
and scattering of visible light and infrared radiation.

The amount of soot present in flames must result from
the balancing of two factors: The rates of soot particle
formation and growth, and the rate of oxidation of soot.
Relevant data about these factors can be obtained from
1) studies on laboratory flames and similar combustion pro-
cesses, and 2) examination of the details of the chemical

kinetics for the processes which are believed to be involved.

Current knowledge of the detailed chemical processes
which lead to the formation of soot is very incomplete.
Qualitative understanding of these processes can provide
guidance in the formulation of a mathematical model. Estimates

of the parameters can then be gained from experimental studies.
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Lec, Thring,'and Beer[ 51 and .-Thring, Becr, and )
Foster[ 6] have determined that soot particles can be formed
initially in less than a millisecond, much less than the
residence time of soot in a large flame. (They show that
the total soot -concentration appears unaffected by substantial
variations in residence. time, preheating of combugtion airﬁ
or variations in the fuel-oxidant mixing rate.) This suggests
that the 1n1t1al precipitation of soot particles is the
dominant process, rather than their subsequent growth in

fuel—rich.regions of the flame.

The experimental study of Ref. 7 confirms the
appearance of soot within one millisecond of the ‘initial
‘combusion reactions with both unsaturated and saturated
_hydrocarbon fuels. References 8 and 9 also present data
which support the conclusion that the particle distribution ‘
.in flames is hardly influenced by scale éffects* and the
residence time in the flame. . o
” Porter;[lo] in his theorization about carbon blaﬁk"“
formation in flames, suggests fhat CéHZ is the. last chemical
stage before carbon formation. Experimental work confirms
- this, shbwing that the carbon black concentration curve be-
gins to rise markedly when the CZHZ coﬁcentration decreases; -
. rather than at the earlier (upstream) poaltlons at Wth

C,ll, and C,H- QJsappear in a natural gas flame (Ref. 8 .

Heln[ll] has recently done an exten51ve study of fuel

2

oil and propane flames with varying amounts of prem1x1ng .of
. fuel and -oxidant. The assumption that the mass of soot formed

is first order in time and per mass of hydrocarbon avalldble

3
They find a mgan partlcle size of 230 A with a size range

of 100 - 400 A. These values for 8 meter (about 26 1/4 fect)
flames are quite close ‘to those found by Tesner [12] for
small flames and by Maraval [ 9] for fuel o0il and natural

gas diffusion flames. :
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leads to an cxpression of the form:

. ‘ -E_/RT o
(%%) = [hydrocarbon] A e F _ ' (4.1)

in which [hydrocarﬁon] is the concentration of unburned
hydrocarbons, Ep = 21-22 kcal/g-mole and A = 10°. This
expression fits the data well for soot production in slightly
premixed, turbulent propane flames and has been adopted for

use 1n this study.

At the tail end of the flame, measured soot burnout
. 6 .
rates were shown[ ] to be comparable to those observed in
laminar laboratory flame studies. The specific'oxidation

rate was found to be correlated by:

_d_m = 1.085 % 10‘0 P T-l/Z 6-39300/RT, : (4.2)
dt O2

for various paftial'pressure or oxygen (0.04 < PO < 0.1 atn)
and temperatures (1300 < T < 1700 k). 2

"Reference 12 also suggests a first order dependence
of (dm/dt) on PO , and an activation energy close to
40 kcal/mole. - 2

Fenimore and‘Jones[13] have argued that soot oxidation

is only weakly dependent on oxygen concentration.

References 14 and 15 in careful reviews of these and
other studies suggesp that the correlation formula of Ref. 16
provides a reasonable explanation for all.published soot
"oxidation data. We have adopted this formulation and will

use the best-fit parameters provided by Ref. 15.

The.equation-ddopted.for the specific surface soot

~oxidation rate 1is:
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( kaPO

damiy. ' 449 . G
(#) - 2lred=) € )

where
. ) =9
gz {1+ kT/(kBPOZ)}
and
_ /
K. = 20 o 15100/RT
A
R _n /
kB= 4.-16>< 10 3e 640/RT
kT - 1.5] x 1078 e~48800/RT
2060/RT

k, = 21.3
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V. RADIATION TRANSPORT

5.1 CALCULATION OF DESIRED RADIATION QUANTITIES

In the equation which describes the conservation of
energy in a reacting, radiating flow, the divergence of the
radiative flux appears explicitly and physically represents
the net rate of loss (or gain) of radiant energy per unit

7]

of volume. This can be expressed as

0o

» | % = !

D(r) / 1, [41rB\)(r) ¢ (M| dv (5.1)
0

where the spectral incident radiant energy is defined as

27 +1
[0(r,u,¢)dudd (5.2)
1

o [
0

The first term on the right hand side of Eq. (5.1) represents
emission and the second term accounts for absorption of radi-
ant energy. The radiation heating rate, M, is defined as

naE) = 071:— D (%) (5.3)

p | _

Note that the volume element to be heated can be any-
where (i.e., inside or outside the flame). To evaluate the
heating rate one needs to know the appropriate local proper-
ties and the radiation field as these appear in Eqs. (5.1)
through (5.3).

The radiant field as well as the medium properties
can be obtained as discussed in Section 5.3 and 5.4. It is
mentioned there that to solve the equation of radiation
transport is a formidable task and that some approximations
must be made to obtain the solution with a reasonable computer
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time. These approximations should be consistent with the *
uncertainties in other input data as well as the desired
accuracy of the solution.

It should be pointed out that approximations made to
evaluate the radiant heating rate inside the fire should be
consistent with other modes of heat transfer. At locations
in the fire at which radiation is an important mode of heat-
ing, greater accuracy is desired than for those locations at
which the radiant heating forms only a small fraction of the

total heating rate.

The kind of approximation to be made and solution
approaches to be taken to obtain the radiation quantities
depends on the specific problem. In our problem for example,
a Rosseland or diffusion approximation for radiation trans-
port could be more suited inside an optically thick flame
like that of benzene but may not be a good approximation for
a methanol flame which produces little soot. Different
approximations may also be better suited to different regions

of the plume.
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5.2 EQUATION OF RADIATION TRANSPORT

The equation relatihg the change in specific intensity

of radiation at frequency v along the line of site[lSJ is
given by
dI_(s,2).
a5 7 7 BV KB (D)
%
v Iv(s,Q’)p (7,0)da” (5.4)

Q=47

where 7, and Bv (?kv+ov) are the spectral scattering and

attenuation coefficients, respectively, and P, is the
'scattering or phase function. The first term on the right

hand side accounts for the extinction (absorption + scattéring)

of radiant energy. The second and third terms represent the

contributions to the intensity by emission and scattering

. from the elemental volume, In the writing of Eq. (5.4)

‘the term (l/c)(alv/dt) has been neglected because the velocity
of light ¢ is large and hence this term is negligible[lg]

in comparison with others.

To solve for the intensity of spectral radiation
inside_or'outside the plume, knowledge of kv"Bv? Bv’ p, and
T as well as any radiation incident on the boundary of the
plume from.external sources is required. Once the tranéport
equation is solved for the spectral intensity of radiation,
the quantity of intérest, the divergence of the flux or the
radiation heating rate, can be easily determined from Lgs.
(5.1) and (5.3), where the quantity inside the integral yields
the spectral divergence at frequency wv.

In probloﬁs such as 'this, thcre are two difficul-
ties in obtalning Iv' First, the shape of the plume, the
local plume pressure, the temperature, the concentration of

species, and the size distribution of particles as well as
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their spectral pfopefties are not. known accurateiy. Second,
even if these are known, it is impossible to solve the equa-
tion of transport, Eq. (5.4), for completely arbitrary

conditions.
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5.3 FORMAL SOLUTION.OF'THE'EQUATION OF TRANSPORT S

~ “Formal solution of Eq. (5.4) can be written qs[}7] g
I(t(s),0) = 1, (1y,0) exp(-(ty-1)) +

T

b
*J[ S(t°,0) exp (-(t"-1))dt” (5.5)

T

where ' I, is the intenéity of radiation incident at the
boundary, as shown -in Fig. 5.1, and the optical thickness T
between two locations is given by the band models chosen. 1In
the just-overlapping-line approximation, the optical thick-
ness between two locations S and s, is defined as

S

. 2 ' :
Ts -s =./r (k+og)ds - ’ _ .(5'6)

1 2
S

1

The source function is defined as

' - 9 | Iy , . : '
5,(1,0) = (1 i ngr)) " g (0 | (5.7)
where
H = 3= f p,(@",")I (2")da” o (5.8)

The ratio of scattering coefficient and extinction coeffi-
cient is termed as albedo and sometimes denoted by w (i.e.,
o/B). It is called the albedo for single séattering in the
radiative transfer 1iterature,[ ] and Schuster number 171
in the Russian Engineering literature,. '
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Figure 5.1. Schematic representation of torch fire.
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In the preceding paragraph we have assumed that the
source function S(t,Q2) is known. As a matter of fact it
is not, and Eqs. (5.5) and (5.7) do not provide praétical
solutions to the equation of transfer. Important approxima-
tions under which solutions have been obtained are discussed
below briefly.

5.3.1 Schuster-Schwarzschild Approximatioh

For isotropic scattering p(Q~°,2)= 1, the equation
of radiative transfer can be written as

dIv(s,Q)
—x— = - Byl (s,8) * kB (T)

g
.4 I,(s,27)de” (5.9)

4
Q=4

Schuster[ZO] and Schwartzschild[ZI] have divided thé
radiation field into the forward =0 to 2m and the back-
ward Q=21 to 4m stream of mean intensities I' and I,
respectively. Mathematically these are the arithmetic means
of I(t,2) over the respective forward and backward hemispheres.
The mean intensities are defined as

it -1 1(2°)de” (5.10)
Q=027

and

_j( 1(2°)de” (5.11)

Q=2m+4n

bt

]
oS B
=
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Intégration of Iiq. (5.9) over the forward and backward hemi-
spheres[17] yields two differential equations which can be
solved. A number of investigators[zz'zsl have employed this
approximation to plane parallel geometries with some success
in radiation transfer problems.

5.3.2 Milne-Eddington Approximation

The Milne-Eddington approximation has been used for
the one-dimensional infinite slab geometry in a number of
problems. This approximation again assumes that scattering
function is isotropic, i.e., p(Q7,Q2)=1. The details are
omitted and can be found elsewhere.[24'25] This approxi-
mation has been used for the one-dimensional infinite slab

geometry in a number of problems.[26-27]

5.3.3 The Spherical Harmonics Method

- In this method the solution of equation of transfer
is sought in the form of an expansion of I(t,u) 1in a series
of Legendre polynomials Pn(u). These polynomials form a
complete set of orthogonal functions in the interval
-1 <y < 1. The mathematical details of the method are given,
for—exa;ble, by Kourganoff[28] for the one-dimensional slab
and by Davison[zgl for other geometries.

5.3.4 The Discrete Coordinate Method

The Schuster-Schwarzschild approximation is really a
very primitive form of the discrete coordinate method. The
basis of this method is to divide the radiation flux into
more than just two streams. In this method the radiation
field I(t,u) is divided into 2n streams in the directions
wi(i = +1, + 2 ... * n). Once the cocrdinates u, are
chosen more or less regularly in the interval -1 < u < 1 the

equation of transfer can be replaced by a system of ’n
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differential ecquations. Additional details can be found in
Refs.18,28. It has also been recently used in the form of
four and six flux models to approximate the radiation trans-

port in furnace problems.[30-31]

5.3.5 The Long Characteristics Approach

In cases where scattering is negligible (o ~ 0), or
the energy once scattered is ignored, the last term in Eq.
(5.4) can be dropped and the integro-differential equation
reduces to a differential equation. The same result is
obtained when the phase function is highly peaked in the
forward direction[sz] and hence can be represented by a

- delta function; i.e.,

1 for Q = Q°

p(R,Q7)

0 for Q # Q~°

The last term in Eq. (5.4) reduces to ovIV(s,Q). When it
is combined with the first term on the right side of the
equation, it yiclds -kaV(s,Q). This assumption considerably

reduces the computational effort,

Under the assumption that radiation once scattered is

lost from the system, Eq. (5.4) reduces to

dIv(s,Q)
—a— = - 8,1, (5,2) *+ kB (T). (5.12)

The solution to this equation for the intensity of radiation

emerging at location T 1s
I\)(T,Q) ki I\)(Tb’Q) €xXp ('(Tb'T) €exp (—(Tb,SC—TSC))

T
b
+/ B\)(T) exp (-(t7°-1) exp (-(T;C—.::_,C))dr‘

T
Ex13)
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where I (Tb,Q) is the 1nten51ty of external radlatlon 1n-
cldent onto the plume. The f1rst term on the rlght hand side
is the ‘radiation arr1v1ng at the po1nt of interest which has
only been attenuated by the plume (absorbed + scattered)  Note
_that lv is the intensity incident onto the outs1de of the
plume (plume boundary) The second term represents the net

- emission due to the em1tt1ng, absorb1ng and scatterlng spec1es
of the  plume where B (T) 1is the blackbody em1551on term
corresponding to temperature T at location 1~7. Note that
in this equation optical inhomogeneities (sol1d partlcles,
11qu1d droplets, etc.) make two k1nds of contr1but1on. One,
because these are absorbing/emitting, they effect the absorp-
tion coefficient of the plume and its effect is no different
than.thosejof the other species'in the plume such as“HZO, Co,.
This contribution is included in Eq. (5.13) while calculating
the values of .t -and the necessary input data (the absorp-
tion coefflcient) for this is prov1ded by Mle calculatlons.

~ Second, because unlike other spec1es in thls problem the
'opt1ca1 inhomogeneitiés also scatter, this is taken into

_ \account by 1ntroduc1ng Tec in Eq (4.13). The optical
'>th1ckness due to scattering can be calculated from the data
prov1ded,by_M1e theory, and evaluation of Tee "is similar

to that of 1. Note that when there are no optical inhomo-
geneities or scattering centers, the optical thickness Tsc
becomes zero, exp (-t_.) = 1 and the equations reduce further

to

SC

]_:\)(T,Q) - I\)(Tb’Q) €xXp _(‘(Tb"f)'

‘ b . -
- -*jf B,(T) exp (-(t”-t))dt” (5.14)

T

S® intends to follow the long characteristics approach
for calculation of radiative quantities rather than the six
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flux model. Although this approach is tedious, it is expected
to be more accurate for this kind of problem. The long
characteristics approach can easily take into account the
spectral absorption and scattering properties of the con-
stituents as well as the effect of temperature, pressure and
concentration gradients. This capability of the S® code is
demonstrated in results shown in Fig. 5.2 where the spectral
optical thickness and transmittance is plotted for a typical
line of sight through the fire plume such as shown in Fig.
5.1, These results correspond to a plume which consists
principally of two emitting and absorbing species, CO2 and
”20 with mole fractions of 0.04 and 0.06, respectively, at
the exit plane and at a temperature of nearly 1400 R. The
temperature, pressure and concentration of species varies
with location. Although these results are not for a real
torch fire, these do demonstrate that radiation properties
of HZO vapor and CO2 are highly wavelength dependent. The
plume along the same line of sight can be optically thin and
optically thick, depending upon the wavelength. As is dis-
cussed later, some of the band model approximations which are
valid for the spectrum for which the plume is optically thin
may not be valid for the spectrum in which the plume is not

optically thin,
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5.4 RADIATION PROPERTIES OF CONSTITUENTS

Solution of the radiation transport Lq. (5.4), re-
quires knowledge of the radiation properties, the absorption
coefficients kv and the scattering cross sections o_.
For discussion purposes, it 1is logical to discuss the pro-

perties of gaseous products and particulates separately.

5.4.1 Radiation Properties of Gaseous Products

The constituents of a fire contain mainly combustion
products H,0, COZ, CO, air and, in the unburned zone, fuel
vapor. (Other products such as NOx may also be present in

negligible quantities.)

It is well known that the absorption coefficient of
a gas is influenced not only by its temperature and pressure
but by the presence of other species as well. Hence, to
predict the absorption coefficient of a mixture of gases,
one should not only know the relevant radiation parameters
of each species but should also know how to combine thesc.
The problem is further complicated by the species properties
gradients found in fires. We assume in this discussion that
species concentrations and system property gradients have
been computed, and we now discuss the properties of gaseous

species.

At fire temperatures, the gasecous species contribution
to radiant encrgy is primarily due to radiation from vibration-
rotation bands. Due to the rapid spectral variation of the
absorption coefficient in vibration-rotation bands, this
feature presents computational difficulties. The absorption
coefficient for a single line, broadened principally by colli-

sional processes (which is typical of plume conditions) is

given by[34’35]
P =%_ S (5.15)

(w-w )? + v*
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where we have used: Pw(cm'.l atm-') as the spectral absorption
coefficient (kw = Pwp' where' 'p 1is the pressure), S is the-
integrated line intensity (cm-? atm-!), w, is the wavenumber
at the center of the line.and vy  is the. line half width.

For collision broadened lines ‘ '

o= o |
Y o=y, %VT& - R - (5.16)

where the subscript' o refers to standard conditions,"It can

~

be seen that the dependence on local thermodyhamic conditions
thus pfesents one with a spectral absorption coefficient which
varies through the plume. Thus a line emitted from the plume
is not a simple Lorentzian shape but is distorted by the non-
homogeneous path. While this presents no particular difficul-
ties for a single line, the problem is compounded by the fact
that the contribution to the absorption coefficient at wave-
numbér « represents the contribution of many lines whose .
tails cortribute to the absorption, i.e., |

Y S R
- Z: J J S
P, = = - | (5.17)

- 2 2
j (w wO',J) + YJ

where the sum includes the contribution of ali lines which

have finite ‘absorption at the wavenumber w.

Much of the above material has been discussed in
various textbooks. We have reproduced the essentials here
to provide a common ground for further discussion,

Molecular Band Models

It 1is appérent from Eq.<(5.17) that in order to com-
pute the spectral absorption coefficient at a pértieular‘wave-
number (wavelength) of interest the contribution of several
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hundred lines must be taken into account. -Furthermore, this
lengthy procedure must be repeated at each wavenumber in order
to compute the intensity emitted within a given spectral band-
pass. . While it is possible to accomplish such a calculation
for molecules such as CO2 and HZO, it:-1s not expedient or:
even necessary to do so if one is content with wavelength re-
solution of greater than about 25 cm-!. Since most instru-
ments used to perform measurements in fact do not possess
resolving power of 25 cm~!, it is generally not worthwhile

for practical applicatipns to perform such exacting ca]cufa—
tions. | ‘

A common procedure 1is to develop molecular band models
which hypothesize some form for the distribution of lines, and
their widths and strengths, which when applied produces
"synthetic spectré” which closely reproduce those agtualiy
measured, Without going into all of the mathematical‘dgtailé
which aré not needed for the present discussion, thé foliow~
ing band models have been used for vafious applicationsland

are discussed extensively in the 1iterature.[34'36]

° Rectangﬁlar Box Model
e Just-overlapping-line Model
e Elsasser Band Model
e Mayer-Goody Statisfical Model
(a) Exponential line probability diétribution-

- (b) Inverse power line probability distribution.

Rectangular Box Model

The rectangular box model is the simplest nolecular
band model and gives the least preccilse results regarding
spectral resolufion. This model replaces the complete mole-
cular band by a band whose absorption coefficient is constant

over some effective bandwidth.[34]

43



R-2430

Just-Overlapping-Line Model

The just-overlapping model is the next step up in
sophistication and reproduces the spectral structure of a
band reasonably well in most applications. The model, how-
ever, 1s applicable only where the pressure is sufficiently
high to '"smear out" the rotational structure, i.e., the
lines are broadened to such an extent that adjacent lines
overlap to produce a relatively smooth variation in spectra.
It can be shown that this model is applicable if the line
width is of the same order as the line spacing. For plume
applications, it can be shown that such conditions are in
fact met for CO2 at pressures of several atmospheres, while
somewhat higher pressures are required for the ”20 vapor.
Corrections to account for non-complete overlapping have
been proposed and have worked successfully in some applica-

tions.[ss]

I'lsasser Band Model

The Elsasser band consists of equally spaced, equally
intense lines whose profiles are described adequately by the
Lorentx profile, i.e., they are collision broadened, c.f.,
Eq. (5.15).[3435]
be computed semi-analytically for specified line intensities

The sum over all contributing lines can

and line spacing. This model has certain disadvantages when
attempting to model the absorption in molecules such as H,0
which do not possess regular line spacing. However, the i
Elsasser model has provided extremely accurate results for CO2
in all bands of interest for plume calculations, for applica-
tion to computing emission from hot gases, and for atmospheric

transmission calculations.[35—37]

Mayer-Goody Statistical Model

The Mayer-Goody statistical model assumes that a band

is composed of lines which are distributed & random throughout
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the band and that there is no correlatlon between the pos1-‘

tion of a line and 1ts 1ntens1ty [37],

Once again it is as-
sumed that the l1nes are Lorentzian. Two common.models are
used for the d1str1but1on functlon of lines. These are the
iexponentlal dlstr1but1on functlon and the inverse first power
distribution. functlon. It is not clear at th1s po1nt which
of these assumptlons is best forthe plume problem. Verifi-
catlon awaits experlmental measurements However, extensive
results for atmospherlc transm1551on problems indicate that

1371 As we have

there 1s llttle dlfference between the two. ‘
stated, the statistical model produces excellent results for ,
”20 and has also been used successfully for CO2 '

Scallng Approx1matlon for Inhomogeneous Appllcatlons

" None of the ‘band models prev1ously dlscussed can be
applled without mod1f1cat1on to account: for the inhomogeneous
path lengths: encountered in a typlcal flre plume. As we
discussed previously, the gradients 'in. thermodynamic varia-
bles distort the Lorent21an profile of a line as glven by Eq.
(5.15). Several methods may be employed for the treatment
of this problem and are discussed exten51vely in thc litera-

ture

e Reduction of radiation transport equation
to a difference equation in which the
continuouspdistribution.of:properties is
replaced by a set of discrete zones. Each
zone 1is 10dally homogeneous and direct
appllcat1on of the prev1ous equation. is
possible.

e Scaling. approx1mat10ns are applled to reduce,
the lnhomogeneous problem to a homogeneous

one 136,371 | | .
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(a) One parameter scaling. It is assumed that -
pressure most strongly affects the re-
sultant transmission and that the absorp-
tion coefficient may be expressed as a
product of a purely pressure term and a
purely frequency dependent term. Ac-
cordingly, the inhomogeneous path is
replaced by a homogeneous path at some

mean pressure, i.e., mean mass of gas.

(b) Two parameter scaling (Curtis-Godson
approximation). In the C-G approximation
both pressure and temperature effects on
line absorption coefficients are taken
into account. Consequently, both the
temperature variation on line intensity and
line width is accounted for. The choice
of width and intensity is determined by
obtaining the correct absorption in the
weak line and in the strong line limit.

As has been indicated above, the C-G approximation,
which is the highest order scaling approximation available,
is basically applicable only for the weak and strong lines
limits (thin or opaque). While the approximation has found
a wide degree of acceptance and use for solar transmission
through atmospheres (for which extensive experimental data
are available) it is not clear that the same conclusion will
hold for fire plume5137’38] It can be shown for instance,
that for the computation of radiative flux in the atmosphere
where extremely long path lengths are involved, most bands
responsible for atmospheric heating contain a significant
fraction of lines which are predominantly optically thick.
For this reason, the Curtis-Godson approximation gives results
which are correct to within a few percent of exact calcula-
tions. The only exception which we have found is for the
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39
9.6 u band of ozone.[ ] In this case, the optical depth of
ozone is near unity. Thus, neither the weak line nor strong
line assumption is applicable.

It is also worth noting the work of Zdunkowski and
[40]
d

for accurate calculations. They conclude that the C-G

Raymon on the degree of spectral resolution obtainable
approximation gives very accurate results when compared

with exact results. Under similar conditions, the effective
mass (single parameter scaling approximation) offers no
particular advantage. They further state that it is neces-
sary to include within the wavenumber interval under investi-
gation, the effect of line wing contributions from adjacent
intervals. They find that for interval sizes large enough
to contain numerous lines, the effect of line wings due to
the presence disregarded in many cases. A general rule is
that 50 to 100 lines must be present within the interval be-
fore such neglect can be made safely. This translates to
spectral band passes of about 25 cm-! or larger. Operating
on this assumption can save significant amounts of computer

time.

Selection of band model and scaling approximation for
célculating the radiation quantities depends on the accuracy
desired, the choice of the solution technique, the radiation
property data of the constituents available, etc. For
example, to employ the C-G technique, one needs to know not
only the intensities with a fine resolution, but line spacings
and line widths as well. While this kind of data is available
for constituents such as water vapor, carbon dioxide, carbon
monoxide, etc., it is not available for fuels. The most de-
tailed data of radiation properties of gaseous fuels, which
we have been able to locate, is published by American Petroleum
Institute in their publication 44. The data is not in the
usable form, i.e., in the form of absorption coefficients.

The data is in the form of percent transmittance of a cell
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filled with the fuel gas, as shown in Fig. 5.3. To use this
data in the celculations one mustﬂread the percentage trans-

' mittance as a function of wavelength from the: curves and

then reduce this data to a useable form. It should be men-
tioned that these curves. do not .show any .data.below 2.p wh1ch
must be found- from other sources’. The literature search to ‘
obtain. the most up to. date data on. fuels is. cont1nu1ng.

‘s3 feels that it has the best’ avallable radlatlon
propetty1data.needed for HZQ.vapor, CO2 and CO over a wide
.temperature and wavelength range with good spectral resolu-
tion. -Table 5.1 shows the numerical, values of temperature
range, wavelength range‘and the resolution for whi¢h “the”
values of absorption coefficient k are available.

5.4,2 Radiation Properties of Solid Particles and L1qu1d
Droplets .

Mie Scattering, Single Particle¥*

The absorption and scattering of radiation from spheri-

[41]

Mie scattering considers the effect of a forced oscillation of

cal particles can be determined from Mie scattering theory.

a radiative field upon a spherical particle and the induced
fields inside and outside the sphere. These results are de-

rived in Ref. 42, and are summarized below.

Mie scattering of a plane wave of wavelength A from
a particle of radius a 1is described rigorously by the

following infinite series:

Q0

2
Coxt ™ é-"- E (zn+1) Re (a, * by) ~ (5.18)

n=1

* * 3 .
The nomenclature in this section is self contained.

[y
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RADIATION ABSORPTION PROPERTIES

TABLE. 5.1

R-2431

Wavenumber .

Lo Temperature
Constituents | Parameter | Range, cmif? AV, cm“ \‘Rangg °K
HZO Ez 50-11000 25 300-3060
co,” 3 .560-37»5'_0 25 300-3000
Kolo) 13 25

1025-2350

300-3000
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: n= : , o
%abs ~ 0e);t i ?sca | | | : N 'A{(S';Q)
i = 'jjz:' %%;;T% la (o,m)m (ug ) + b (a,m)T (u )
(5 21)
e,
i = :E:; %%E;T% Ia (a, m)r (u ).+ b (a,m) _(u)
S (5.22)
- whefe )
o = 2ma
A

‘a'= d/2, radius 6f the particle

m = complex index Qflrefraétion =n -.inz
B = ma
b (@28 - m v (B)¢7 (a)

a_. = :

g (@)u(8) - m oy (B)E](a)
) - m oy (¥ (8)

Mo B)e(@) - mog (a)u(8)

T (1) = PZ(w)

T () = e (W) - (L-u®)mi(u).
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. n .
Ooxt? gsca and 9aps Aare the

Thei Pn ‘are Legendre’polynomials,and}the wn’.C are <
Ricatti-Bessel functions

extinction, scattering and absorptlon cross sections of the i o

particle. i1 and i - describe the patterns of scattered
1nten51ty polarized perpendlcular and parallel to the scat-
tering plane (determined by incident and scattered beams),
respectively. For the unpolarized 11ght treatment the pattern

of scattered intensity is proportional to i + i .
1 2

It can be shown that Oca is related to the integral

of i1 + i2 over all scattering angles Qs

o

|

Nlb—‘
nof >
=

() = )zf [i (a,ng) + i (s,u)lde,  (5.23)
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The numerical evaluation of the infinite series, Egs.
(5.18) through (5.22), while seemingly straightforward, has
sources of error which are related to the accumulation of
round-off error in recur51ve1y calculating w > T
Techniques to eliminate these errors have been discussed by
numerous authors: Dave,[ 3] Kattawar and Plass,[44]

[45]

n L]
T @ d T,
and

Denman, Heller, and Pangonis,

The Mie equation reduces to two simple formulae for
the limiting cases of large and small particles. If d 1is

. much less than A, then we obtain Rayleigh scattering

sca

(6) = %'(%%f(xz;;)z (1 + cos?98). . (5.24)

The absorption cross section is given as

, 2 _ . '
6= 2Lgd qp il (5.25)

~abs ax m2+2
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If the particle is large compared to the radiation wavelength
the wave character is relatively unimportant. Then the ab-
sorption cross section is

2 —
Ops = M a-m, (5.26)

where R 1is the effective reflectance of the surface (averaged

over incicdent angle).

Mie Scattering, Polydispersion

In reality, it is difficult to find particles of a
single size. Rather, one 1is confronted with a situation in
which there exist particles with a wide range of radii a.

This variation is described by a size distribution function,

N n(a), a a <a

’ <
min - max

where N is the total number density of particles and n(a)
is the normalized distribution of radii defined such that

n(a) da = fraction of particles with radii at
(a, a + da)

a

max
[ n(a) da =1

a .
min

The volume scattering and absorption coefficients for
polydispersions described by such a size distribution are:

~max
g =N ‘/f osca(a) n (a) da 5,27

\Y
d. 5
min

>3
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-

o, = N;l?. oabs(a) n{a) daf, . (5.28) .
4min | |
_.The pattern of scattered ihtensity will be proportional to

a.
fMmax

_[iI(a.ﬁgi'inzga,ys)J'n(ag;da,_'

min

'Normallzlng this so that its 1ntegra1 over all scatterlng'
directions Qg is 4w, we obtain the Mie: phase function

_?mﬁX' 3 . | .
./r [1 (aug) *+ i, (a,u)]) n(a) da

p () = 4 — .?min e —
, X .
S dg /ma [1 (au)+1(au)]n(a)da

‘4n . "a;

m1n

Inyerting'the ofder.of~integration in the dqnqminator‘aﬁd~
-employing the relationships of Eqs. (5.23) and (5,27),

2N ‘amax . _ .' . o .
Py, (u ) —E:Tﬁi./r , [;l(a,us) + 12(q,usl] n(a) da.
, amin o : .
, (5.29),
'Various analytic forms for n(a) can be assumed: such as

the Junge power-law dlstrlbutlon[ ](ca Yy DerlmendJlan 5[47]

modified gamma distribution (ca'e baa),or Log-normal distribu-
tions. " : ’ ' '
‘1 . -' 2 - 2 ‘ .
4( 1 . 1n (r/ro)[ZU )_
o/2T a
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Although the best size distributidn is obtained from
‘the cxpcrlmcnts the calculatlons with different dlstrlbut1ons
can .show the sensitivity of results leading to the accuracy
with which the experimental values shopld be obtained.

5.4.3 Radiation Properties of Carbon Particies

Emission, absorption and scattering of radiation from
carbon particles can be readily calculated once the ratio of
particie'size to wavelength of radiation, as well as the
optical properties of the particles at that wavelength are
.known.; TheseEparameteré when used in Mie scattering calcula-
tions yield the required quantities. To show the effect of
_wavelength and the size of the particle on the scattering

‘and total cross sections, some results obtained by Stull and

[32]

Plass are presented in Fig. 5.4. Note that the scat-

"“tering cross section decreases rapidly as the particle size

-decreases .or the wavelength ihcreases._ Other important

studies which discuss the radiation characteristics of or
radiation from carbon particles are discussed in Refs. 33
“and’ 34, | '

Emission and Scattering from Carbon Particle Size Distribution

As discussed before, the emission and scattering
characteristics of particle size_distribﬁtion can be calculated
if these characteristics for each size are known. The cal-
'culatlons for evaluation of these Cross sectlons are simpli-

fied con51derab1y when ‘the part1c1e size is very small.
Flgures 5.5 and 5.6 show that the size d1str1but10n does have

an 1mportant effect. upon the cross section$ and ‘that for small

size particles scattering is negligible.
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Figure 5.4, Cross section as a fﬁn;tionAbf Wavelength for
carbon particles of various radii.[32]
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Figure 5.5. Two particle-size distribution used for the cal-
culation of the emissivity of carbon particles.[ ]
Distribution II: N(r)dr = (N,/159.52 exp[-(r200)/
90]% dr; distribution III: Nkr)dr = 4,75 10% Npr-?
x [exp(-640/r)]dr for 50 < r(Z) < 1000 and N(r?dr
= 0 for other values of r. g
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5.5 - STATUS OF THE RADIATION TRANSPORT CODE

_ :During the initial quarter we have made operational
a computer code, based on’ the long characterlstlcs approach,
which can calculate the net rad1ant heatlng ‘rate at any loca-
tion inside the f1re. The code can, handle axlsymmetrlc fires
with temperature, pressure and concentrat1on gradients.
Particulate matter such as’ carbon partlcles, as well as
11qu1d droplets, can also ‘be 1ntroduced into the fire.

At the present t1me the code conta1ns the detailed
radiation propertles data of - the main components of combus-
tion, ‘1.e., H 0 vapor, COZ’ Co and flne carbon powder over a
wide wavelength and temperature range . The .data for other
constituents, especially fuels, has not been located so far
in a useable form. The.most detalled data of radiation pro-
perties of gaseous fuels, which we have been able to locate
is published by American4Petroleum"lnstitute in their publi-
cation 44, The data is in the form of percent transmittance
of a cell filled with the fuel gas, an example of which is
shown in Fig. 5.3. This data for transmlttance, must be
reduced to absorptlon coeff1c1ent data- before it can be used
in the calculations.  Also this data does not cover the
' spectrum below 2 u which nust bc found from other sources.
Since the three fuels, for which S* is to collect data, have
not been chosen, 1t is d1ff1cu1t to concentrate on literature
search. So far our ‘main efforts have been directed at col-
lecting radiation property'data ‘for propane gas.-

- The 1ncorporat1on of liquid droplets, dust part1c1es
apprec1ab1e size carbon particles into’'radiation calculations

demands that absorption and scatterlng cross sections of single

size particles as well as polydispersions be determined from
Mie calculations.' Mie scattering theory has been descrlbed

above and is not s1mp1e.ﬂ Although-we ‘have “a: code which can

perform these calculations, it must be adapted to the parti-
cular needs of this problem. Moreover, the input property
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data to the Mic scattering code, the rcal and complex part$
of index of refraction as a function of wavelength for dif-,
ferent materials, must be .found and tabulated.

In the next quarter of this program our effort shall
be directed to the above mentioned areas and to simplifying
and streamlining the code. Major simplifications are ex-
pected, howevef, only after the code is run for real torch
and pool fires. ‘
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VI. WORK FOR NEXT QUARTELR N

In the next quarter the torch fire code will be com-
pleted, the specified calculations made, and the code instal-
led -at the NASA-Ames cdmputer cehfer. In order to‘compléte_
thevcode,‘the hydrodynamic part-of the ecode and its associated
chemical/equation of state package must be debugged, the
droplet vaporization model added to the code and debugged,
and the radiation subroutines 'hooked on" to the‘resulting
code. ‘Lﬁ order to perform the required calculations, the
orifice diameter and two of the efflux rates of gaseous

propane must be specified by NASA-Ames.

The pool fire code-is, in many ways, similar to the
torch fire code. The additional bouyancy terms that appear
in the equations will be derived in the next quarter and
incorporated into the pool fire version. We also expect to
have completed our examination of the details of the initial
(starting) conditions for the pool fire which are quite dif-+
ferent from those of the torch. A search for material pro-
perties for the three fuels to be used in subsequent calcula-
tions will continue, but would be aided by a finalization of

their specification.

Finally, detailed work including possibly some plume

‘calculations for LNG spills will be initiated.

£
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