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1. Introduction.

A new solution of the one-dimensional time-independent hydrodynamic
equations for an ozone flame which avoids:'K some approximations made in
earlier calculations yields some qualitaiively different results.

The rathematical model is summarized in Sectiom 2, the physical rodel
and numerical parameters in Section 3, the numerical methods and the character
of the eigenvalue problem in Section 4. The solution curves are analyzed in
Section S5 in terms of the physical and chemical processes within the flame as
a part of a study of how these processes depeind upon fuel properties. The main
conclusions are summarized im Section 6.

2. Mathematical Model.

This study uses the one-dimensional time-irdependent hydrodynanmic
equations in the forms suggested by Hirschfelder and Curtiss

Continuity of species i: dG, / 4z = m; Ry / M (1a)
Diffusion of species i: o (o 25l f -

ax; / 4z = (2 / n) jfiDij L(xiGj)/mj (iji)/mé} (1b)
Energy balance: dT / dZ =

L | { ) . . '
M/ A {Hy6,)/mg - Yim (HjGj)/mj} (1c)
P=nRT : (1d)
where

Gi = the fractional mass~flow rate ¢ spocics i = m A v, / M (le)

my: the mass of species j in g,/ grucol

v.: the ‘average velocity of particle: of tyre j with rzispect to a fixed
axis system. -

M: the total mass-flow rate with res .cct to a fixed axis system = Z.n.m.v,.

J 3 J 3
Dij: the binary diffusion coefficiert for the pair i, j in cm%-secfl
xj = nj / n, the mol-fraction of spc.ies j
n: the total concentration inm molecules / cc. = Z.n

3
Hj: the enthalpy of species j in cal. / gmol
A: the thermal conductivity of the pas mixture in cal.-cm:l-secfl-degfl
P: the pressure in atm.

R: the ideal gas constant in cc.-atm.-deg?l-gmol-l

T: the absolute temperature.
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energy balanceg (cf. Section 4),
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The approximations required to derive these equaiions have been discussed

lsevhere ¢. however, for the ozore flame, special justification is recuired
or the onmission of terms in kinetic-eneryy of gas flow in the equation of

The Hirschfelder-Curtiss mod:l :ssumes that the hot boundary is defined

by an asymptotic approach to chemica l thermal. and diffusion equilibrium

lig, , 4T / dZ = lim,  dx, / 4z = lim, 4G, / dz. - (@)

YA
The cold boundary;"deflned by a non-zero value of the temperature gradient,

(dT / dz), cold ‘o . . ' (3)

4 cold: cold boundary,
and the continuity of the fracticnal mass-flcw rates.,

“he mol-fractions may be subject to a discontinuity and are mathematic“lly
unspecificd. For one class of idealiczed systemc, it has been shown that : (&)
the discontinuity exists; (b) its magnitude depends upon (4T / dZ)Z cold’ The

latter quantity can be varied over a range of vzlues which will leave the
discontinuity experimentally insigaificant and which will not affect the flane
solution as much as 0.01%.

It has been shown that M can be viewed as an eigenvalue to be adjusted in
fitting the cold-boundary conditions on,the fractional mass-flow rates for one
of the wajor constituents of the fuel.

3. Physical lodel and HNumecrical Faraneters.

" A eritical review of experirental studies of oxygen ard ozone-oxygen
reaction kinetics 2 supported Hirschfelder and Curtiss' 6 choice of the
three following reactions to describe the ozone flame:

(1)03+14;102+0+M o (&)
—>

W)y 20 + M 2 0, + M.

Let: fi ( £F ): specific rate with respect to mol-fractions for the i-th (5)

forward (reverse) rccction &t a total pressure of 1 atm.’
The specific rates have been assignecd a functioral form recommended for use
in flame studi%s

2 (m) = af P exp (- e/, p=f,r (6)

? P <P,
a1 b FE constants.

if the reactions occur at ‘a rate which allcws approximate equilibration auong
the states of the reacting species, then the forward.and reverse rates nust
approximately satisfy the thermodyaamic equation

L% _ Lf by : ’
£ o= fi / fi 7

KS: the equilibrium constant with respect to mol-fractions for the i-th reaction,

i* i
The equations given in _the review for the equilibriun constants were
changed for mol-fractioms. 58  The parane ters are recorded in Table 1,
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Table 1
Paraneters In‘Mol-Fraction Equilibrium Conctants At P = 1 atm.
Reaction a? ‘b? ’ ' 6?
1 (+6) + 1.2799 33367 (-1) + 2.5 (+4) + 1.2920 85
2 (+2) + 6.0957 32368 (1) = 7.5 (+4) - 4.6783 15
4 (-4) + 4.7609 76251 (+0) - 1.0 (+4) - 5.9704 00

Legend: The parameters are for the eguation
x
x

_ X oby X
Ki = a) T exp (= Ei / T).

The reaction numbers refer to Egq. (4,
+

ty
(¥2) y.yy is (y.yy) x 10 “.

f f
The equations for reactions (1, ¥ = 0,) and (2) were taken from the

review 2° and changed for mol-fractions. Tée thermodynarically consistent
reverse rates were obtained from tiie data of Table 1. The results are shown

in Table 2.

Table 2

parameters In Eq. (6) For Mol-Fraction Specific Rates When T = 1 atm.

s o
1, M=03' £ (+12) 1.98 - 2.0 (+4) + 1,253
r (+6) 1.546 955¢ - 2.25 (#2% = 4,902 5
2" f (+8) &.08 - 2.0 (+3) + 2,133
r (+6) 1.325 952( - 1.25 (+4) + 5,891 615
4:?M=6; £ (+12) b4.6 - 4.0 0
r @15) 9.661 883¢ - 5.0 (+4) + 5.970 %00

.

. t
Lemend: An entry (iz) y.yy denotes the npunzer (y.yy) x10 Z. A line beneath

p

digits of a; or Gg for 1 = 1,2 irdicates that according to th. review, the

digits are uncertain. They are rctained to rmaiztain thermodynamic consistency

to eight significant figures.

® VWithin the accuracy of existing dota, 2, . ng?.r / f§ 0 is constant.
st 1, B
al 0. = 0.33% 5c . a, was arbitrarily assigned tae value ag’= 1,5.
» V2 .
* The specific rates for reactior 2 are for the consumption of 0. (i.c.,

one -half of the rates for the prcduction of 02). 7

** The specific rates for reacticn &4 are for the production of 02, leces
one halfl Qf the values for the consunption of O. E“‘liE fﬁ,h/ ff‘o was
assumed to be constant. The follewing valuus were arbitrarily ansuiled:
34'03 = 2, EQ‘O = 1.33%....

Sr o

)
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Sceveral investigators have published data on reaction (4) since the preparation
of the review. Unfortunately, there is only order of magnitude agreement for
specific rates as shown in Table 3.

i

Table 3

' 107 if, y cctemol % sec.™ at 3500°

, ! Re & ¢ p
S 183 STEYENTS 5 [103
t A —_ 0.52 0.45
L Xe 1.3 ' — _ _
v0, 4.6 1.6 / 4.8
\ o 1k, : 13. 9.9

Legend: The data are taken from reference [8]. They are for

W e LT

d[o]/dt_k4 [M]L'OJ .

The most reliable determlnatlons of recoambination rates have been made
by inserting dissociation rates measured in a shock tube into the thermodynamic
equation between forward and reverse rates. The applicability of the equilibrium
relation has been checked in shock tube studies of the coupling between
dissociation and recombination 11 . Under the conditions of the experinent, the
vibrational relaxation in dissociating G, - A mixtures was sufficiently rapid
that the coupling was completely negligisle up to 5000°

Since it seemed difficult to¢ ze¢lecel one significantly more reliable value,
the equation suggested by refercrcoiflvas arditrarily adopted. It should be
recognized that the temperatuie Joiirn < for rgcombin“tion was selected
arbitrarily oy the authors on thc >Z other peoales resuits. Their equation
for recoxbination was changed forx un mol-fractions and the thermodynamically
consistent discociation rate was obitainsd using the parameters of Table 1. The
results are recorded in Table 2.

v'hile reactions (2) and (ﬂ) are imuortant for determination of the asyuptotic -
equilibrium values as 2+, because of tle large activation energies, they
would not be expected to af‘e the first¢ {ew digits in calculations at any other
point in the flame. Comparloons with rates used in previous theoretical studies
are made in Sections (5.1, 5.6),

The transport coefficients suggested in the review 2 have been adopted.
They will be tabulated for reference.

P

J AL

i

-

!

A

s

£l

R @At

Table &

I G

Parameters For Binary Diffusion Coefficients At B =1 atm.

J——
P

E 5y dﬁa,xlo5 cm. - sééflf de_g.-3/2 c/if;;xlo-2 deg.
) 0, 04 4.59 | 1.808
4 0,0 7.36 1.471

0 O 5.81 1.808

Lepend: The parameters are taken from the review[54Ifor use inm'the empirical

L\
3 equation -
‘ L., (m = ANT?/Z/ (a+ 477,

A line beneath a digit indicates thet in the review that digit was considered
to be uncertain.
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Table 5 ‘
Parameters For The Thermal Conductivity of The Pure Gases
a(cal.-ém.-l-sec.-l-deg.-leeg:.l/2 vk ¢’k
0, 6.726x107° o 265.9 10" l
0y g.szxéo'é ' 467 10 _ o
o* 3x10° 400 o )

Legend: The parameters are taken from the review 5€¢ for use in the empirical . ¢

equation - -
A =a Tl/z/ {l + bT lexp[-c'l‘ im0 ]}

A line underneath a digit indicates that in the review that digit was: considered .
to be uncertain.

¢ As a result of an error, parameters for O aton were used which predict a lower
thermal conductivity for O than for 0,. At 1097 y where x_ has its maximum, the g
thermal conductivity for O is about a fac@or of 3 smaller than recent theoretical

_estimates. However, the maximum in xO is less than three per cent and the - -

estimated error in 1 nix is only 2.6%. J

The thermal conductivity of the gasecous mixture was estimated from the !

thermgl conductivity of the pure components by the simple linear comblnation ]

rule .

- X - . g

Awux - :% hi i (8) b

The enthalpies were assumed to be linear functions of temperature given , {

by the review € , Tge valueg used for the heat capacities were averages taken J

over the range [300 K, 1300 K], rounded to the nearest omne-quarter in “/R. !

The parameters are summarized for reference in Table 6. 4

Table 6 j

!

Parameters- For The Enthalpy Eguations ;

3

oc H, (1300°) cal,/ gmol. C. /R y

o] (+4) 6-563§ 2.5 o j

/

O2 (+4) 1.0045 2 o 4,0 ‘
03 ) (+4) 4.9322 ) 6.25 ’

Legend: The parameters are for H . (T) = H(r(IBOOo) + Cd.(T-IBOOO).

| t3
(XZ) y.yy denotes the number (y.yy)xlO Z, The review 58 considered the underlined
digits to be uncertain.

[N

- n

The total mass-flow rate, M, is an eigenvalue. The value required Jor
solution of the flame equations can be compared with one calculated from the
experimental burning velocity y(ﬁc)

M= }(Z ) v (z.) (9)
y(Z ): gas density at the burner in ge /cm .

.
)
l

h
i

v(Zc) mass average velocity at the burner in cm./sec.

Zc: the (arbitrary) distance coordinate for the burner.

Streng and Grosse. measured the burning veloclty of a set of ozone-oxygen
mixtures « The-data in this paper are for their mixture with the parameters
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=1 atne.
2(2 )= 300°%
xo,(B)= 0:23 . (10)

p) . !
xo, (Bg)= 072
v(Zc)= 52.2 cm./sep.
. i
The Hirschfelder-Curtiss model for the flame holder has been shown for
one idealized flame to require an experimentally negligible discontinuity
in the mol-fractions at Z (vide Section 2). Thus, for the mathematical model

the mol-fractions of Eq. (10) represent 112_ X, (2) f lim+ X, (Z)s The re-
c
maining boundary values were calculated using the boundary condltions for the

nlrschfelder-Curtlss model (cf. Section 2). The entire set of values is
sum.arized for reference °® :

M = 0.07736 g.-cm.a-sec.l
2 =12 lim Z-> + c©
c
Gq 0.0 (-7) 1.904 4986
GO (-1) 6.315 7895 (~1) 9.999 9981
2
Go (-1) }.684‘2105 (-9) 1.101 6955
3
X, o (~7) 3.808 9965 (11)
X (-1) 9.999 9962
2
X (-10) 7.344 6352
O ——
3
+

T (+2) 3.00 (+3) 1.344 2328

Iy

4, Methods of NumericalyIntégration; Character of the Eigenvalue Problem.

Previously published techniquesi3 were used to construct a Taylor Series
5 the thirtieth order about the hot boundary temperature, Tmax (which is a

singular point of the differential cquation system), as a local solution
over an interval

Ty T -
[ 1 maxJ (12)

T = lim T(2) .
mAX  Z—roo
Z

* (z %) y.yy denotes the number (y.yy) x 10 .

+ Tris value corresponds to (dT/dZ)Z = 0., The actual value of T(Z ) nust
Se such that (dT/dZ) has a positlve value. The exact value is of no
izportance ° c

** T, order to scale the magnitudes of successive power series coefficlents,
it is essential to use a reduced temperature. (T-T )/Tmax has been

found to be a suitable choice b,
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The power series coefficients were checked by a test which has been
used repeatedly to detect any errors of inconsistency 13a ,

Mathematical instability of the equation system prevents conti-
nuation of the solution from Tl ty a straightforward application of con-

ventional methods of numerical irtegration. Alteration of the last of eight

digits in single precision computer calculations was sufficient to cause

the solution to diverge either positively or negatively along aﬁriori ridi-
culous curves (e.g., dGO /4T) goes to zero in the high temperature region).

Furthermore, the first stage of e previously published method of successive
approximation could be constructed over only a part of the remaining tem-
perature range of interest « Therefore, the results discussed in this
paper were obtained by further development of previous work « A computer
program was developed in which the machine made the necessary logical
choices to correct its integration and to follow the desired solution 15,
The validity of the procedure was tested with: (a) the check discussed at
the end of this Section; (b) comparicon of the solution with that obtained
by the first stage of the successive approximation technique. Over a ten-
perature range common to both, the difference between the function values
for the two solutions was at most a few per cent * .,

All previous calculations on ozone which togk diffusion into account
viere based either on the kinetic steady-state 18419 or on improved alge~
braic approximation related to thz kinetic steady-state 20 which gave so- )
lutions approximately following the kinetic steady~state. It has been shown ’
that * : (a) the kinetic steady-state incures a solution with a satisfactory :
approximation to the boundary comdiition GO = 0; (b) with this approximation

any three component system requira2s oaly a single eigenvalue, M.

Since the present calculatica neither assurzes nor predicts any reasonable
approximation to the kinetic steady-state, it is surprising that the solution
for this mixture could be constructecd with { as the sole eigenvalue. The basis
for the last statement consists of the following facts: (1) Starting values
at T1 of f the hot boundary which zive negative or positive divergence agreed
with the sum of the series comstrucied at T _  to within ome unit in the eighth
digit; (2) Solutiomns which approxinmately satitfy thc cold boundary conditions

GO = 0, xo ¥ 0 were obtained ( in the sense tha: (a) Xy and lGOl decreased to

less than 0.0l of their maximum values; (b) Inspectica of the bounding curves
showed that the raticswould have becen lovered if the bounds were brought
closer); (3) M could be adjusted to fit G, (Zc).

3

Conversely, for richer ozone Ilames (i.e., higher T _ ) calculations

Lah)

already performed show that: (1) the series solution including X terms in

sone cases predicts starting valucce which differ by a factor;(2) it scent im-

possible to fit the cold boundary value on Gy (Zc)_and G, using only a single
3

eigenvalue and the equations present a two eigenvalue problem.

¢ In previous studies, similar nunerical techniques were applied to a hypo-
thetical flame ( with the difference that all decisions were made rmanually).
A similar com{arison supported the validity of the solution for the idealized
system 14b, 17 |
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Contrary to prcvious belief 18, 19, 20, 21 s it seems that a single
eigenvalue approximation is adequate only for (a) sufficiently lean. flames,
or, (b) an incorrect approximation omitting the kinetic energy term in the
equation of energy balance for richer flames.

5. Discussion of Results.

5.1. Free Rodical ‘Curves; Applicability of the Kinetic Steady-State Appro-
ximation; Comparlson %ith Otaer Calculations.

Consider an 1ntermediate,<£ whose net rate is given as a sum of rates
for forward and revérse reactions ; : :

Sy :
Ry = Z(R«I-Rx.i). RS2
Since the kinetic steady-state approximation
' = b
R < 0] o (14)
has'been frequently used to determine Ao 0 8 convenient measure of the
adequacy of the approximation is given by a relative deviation, T s defined
as Ja . ' '
' r =R / 7 :
cs - : C(‘i . . i (15)

éranh (i) shows that r is of the order of unity for most of the flame 50 )

0
that the klnetlc steady-state is aot a uszeful app;onlratlon for calculaulons
which are at all sensitive to the profile k (T). von Xarman and Penner e

conjectured that the approxirmation weuld wve erfdl in. CalCuLhLlﬂo burning
velocities. Since there is evidenec that flame speeds are ccuyuratively
insensitive, their suggestion secus tTo be useful for rougi asproximations.
Thus, previous calculations on an idealized system showed that if varied by
only a factor of about 0,75 with changes in kinetic ard d¢ifiuvzion parameters
which reroved any approximation to the kinetic steady-state- (‘-. Section 5.6).
The assumption that a similar result kolds for the ozone flame . suggests. that,
for a fixed set of parameters, the usz of the steady—stutu ’pnroAlmation mlght
give a result of the right order of negnitude even if it grossly distorts
profiles.

The existence of a single interyzl raxipum in an intermediate mol-fraction
has been attributed to the kinetic si:zady-state approx1matlon ®* +. Since

~eted the existence of a maximum in terns
tica, they contrasted their suggestion
rpretation. However, the contrast was
ich oxitted the words in italics: "The
recson for this iz that the free r ccls, in this case oxygen atoms, are essen-
tlally in equilibriuz with fuel molen:les in the region of the hot boundary. This
iz the significance of setting Ky=(." In Hirschfelder and Curtisst' notation, Kj is
tae net rate of O atom production,sc that Kl=0 is just the kinetic steady-state
asovroxination,
+See Vcestenberg and Fristrom 16 s P.5%8 for comments on ex pcrlmental studies which
have shown maxima in radical concentriations and for references to the literature.

*hen von Kirrdn and Penner 18 intery
of the kinetic steady-state approx
with Hirschfelder and Curtiss' 22
based on an inccmnplete paraphrasc




86

Graph (2) for xo(’t) shows such & mzrinum in the absence of the kinetic steady-

state, this interpretation must be abandoned. However, another one which
predicts a single internal maximum for a wide class of intermediates 3 does
apply. Furthermore, if

t = (T~ Lnnx) / Tﬁax

(16)

g = [M s /‘ (T )] 2, where =0 is

rax
an arbltrdxf orlgln,
then Graphs (2) of xo( x), (3) of .“ <)y and (4) of dt/dZ show that the

previous conjecture 3 for such intermediates applies to the O atom in the _
ozone flame: despite the steeper . gradient on the hot side of the maxinum,
the larger X gradient lies on tle cold side (due to the rapid increase in
dt/dZ in the region of rapid cherical reaction).

These results on the significionce of the deviations from the kinetic

g
{

steady-state differ qualitatively I{rom the assunptions of earlier studies 23,19

and the conclusicns of a third C ., The extrerncly large deviations reported
here would have been somewhat lowe:r ia the region about the hot boundary if

the older specific rate for O atcnr rocombinaticon had been used. In the earlier
study the recombination rate was dctermined from Eq.(7) using the dissociation

rate calculated with the pre-cxpcacntial factor for the simple bimolecular
collision theory. Subsequent expecri
have abnormally large pirec-cXponers
nation rate used was too lo" by =
of the order of 1000 at 400° ¥, 1

f
this difference, Ro -'RO + 2 R4

At a temperature 1200 off the hc: boundary}usu of F5 rather than RO would

factors ®. Thus the specific r“combi-
actor of the order of 100 at |25O and
sbiain o lower beund on the effect of

0w

give a relative deviation of -0.17%3
However, this decrecuase doez ..
can not be cdue to the c¢iffercnce 3
coefficlients acdopted in this stud s
gations. This conclusion was dedu:

PS1 : a local solutior at Th2 hot boundary
in the form »f = tuwentieth order pover (17)
serics const.ructed witn the earlier set

o

D garya -
01 fLaraneivzis,.

PSl predicted the same quzlitative resuit Jound in this study. It is not

X5 but X, which approximately obeys the steady-state over a wide ten-
3
perature interval about the hot boundary:
T2 1217 (T Z 0.83) : r, ‘£ 0,01
3 (13)
TZ 1167 (T2 0.83) : Ty £ 0.033 .
3
® Br, can be taken as a typical exémple 2k .

2
+ : A s . .
The sign of the temperature coellicient was also wrong sinc: the esii
was made before experiments established the negative tewpcrature cocifi-
cient for recombination rates.

-

-e

ts have shown that dissociation reactions

i be conputed using the data of this study.
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Altncush the net production rates of 0 and of 03 are related by the equation

RO3 = RO—.z (R +R,,) ‘ ‘ (19)

and RO>J'.OOR.,\ _‘through»a temperaturé raﬂge of over -100° ) two of these studies equated

RO to zero a.x?id left RO be ﬁozx—zero. von Karmén and Penner made this approximation

when they vere attempt%ng torsimplify the ozone eguations in their study of flame

speeds. They argued that R,” would be negligible compared with other reactions except '
in a temperature range about the hot boundary which they felt would be unimportant

for the calcul §ion‘ of flame speeds. Sendri nade the same approximation in his
caleulations © o According to the results of this study, omission of Rl alters

RO by orders of magnitude over this region. While it is true that previGus studies
of3an idealized system 3 vould support the contention that any change which left

RO corparatively small could be expected to be without significant effect, it does
not necessarily follow that this could bec expected for a drastic.alteration in Ro
unless the tenperature range itself were a negligible fraction of the whole. 3
Unfortunately, this approximation also gives an erroneous estimate of the size of the
temperature region.” In any case, it should not be made in any study of flame structure

" and processes.

) In the third study, a Taylor series approximation using second derivatives
was used to predict values at T = ‘I‘T,_j__-?_‘? . Tangent integration with 2 degree intervals
starting from these values gave soluvion curves which oscillated.violently. ~ After a

change to much larger values for GO and Xy gave solution curves which were smooth

Ihalclle Sahe v-;"-;M.n.Mn. the osr:illatiogs‘in t'né earlier solution were attributed to the

‘mucn too smawdl’ voiw.. OF Ao oo Yor +he Taylor series. This explanation

. U .
aoes not avpedr to Bé correctSsince: Ya) Insuccsion of P35, showed that use of second
cerivatives gave starting values certain to cbout one decImal, which were not off in
nagnitude; (b) This study has shown thnat the ozone differential equations in the .
neighborbood of the solufrgz_on determined vy the hot boundary conditions are so
r:.athermatically unstable ! that the curves zre sensitive to the last of eight digits
carried in usual computers. Therefore, they require special methods of solution
(sece Section 4). The introduction of the larger values of Gy ‘and X, avoided the

unstable region in which Go é.nd Xq are increasing and Xq app;ioximate%y follows a
kinetic steady-~state. Tnus these larger values were reséonsible for the. report that
X, has a maximum within two degrees of the hot boundary., For the remainder of the

f.{ame , x. wvas calculated not from the kinetic steady-state approximation but from

.- ) =

Tne equation
ss — 55- SS .
a4 [x/%4 _j/dT =0~ d x,/ar = [xo/xo 1dx,/ar (20)
xoss: the value of Xq given by the kinetic steady-'sta’ce approximation.
The present study shows that tiiis would not be useful approximation for a
soluticn determined by the hot boundary conditions. In the neighborhood of the hot
boundary, a kinetic steady-state is & better approxination by two orders of magnitude
for x, than for x,. Thus for such & colution, Eq. (20) replaces the larger

3
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d [xo/xgs]/dT by zero rather than the smaller 4 [xo /XSSTVQT.
3 73

U =

The previous studies agree within zbout 13% on predicted flame speeds A
(gﬁ. Section 5.6). Although it may be that the assumptions and approximations as j
discussed above did not greatly affect the calculated flame speed, this could only ‘

be proven by repecating the present celculations for the older parameters (gg.
Section 5.6).

The following considerations suggested that it would be worth-while to |

determine how a change in the specific rate for free-radical recombination would s

affect the calculated M. Table T shows that radical recombination provides one .
of the most important terms in R., the net rate of O atom production, until R

becomes positive. As this occurs, RO » and therefore Go ,begin a much more

2 A

rapid rise to provide the major changé in GO . Therefore, it seemed possible that J

i

J

a change in recombination rate might significantly affect the temperature at which
R. becomes positive. The resulting shift in the temperature at which Go begins

3 /

its rapid rise would change M. This suggested that if there is any flame in which i
recombination rates have a marked effect upon burning velocities, ozone might be one. #
‘ {

The tests were performed using somewhat different free-radical diffusion i
coefficients (Ei' Section 5.5). Two different caleculations were made with the f
specific rates of Section 3: j
M : CO\, (ac) P=M 603 (zc) {

bt )

0.07736 0.0y 0.05490 (e1) j

0.149 0.357> 0.305918 :

According to Section 5.6 the product P o-n he apoproximated roughly as a linear funct;on
of G, (Z ). A straight line through th: data of Eq. (21) gave

= 0.05958 M = 0.1617. (22)

_A third calculation with doublcd rates for atom recombination and Jissocia-
tion and the same value of M gave:

M = 0.149 Gy (zc) = 0.3986 P = 0.0593G, (23) 4
3 -
The agsumptlon that a4 P/d G ©Z ) would be about the same for the data
of Egs. (21,23) gave j ¢

= 0.05981 M = 0.1623 (2%)

Thus a two fold increase in 11 recorbination rate gave only a .43
increase in M.. Therefore7the sensitivit to free-radical recombination and
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dissociation rates app:ars to be of the r=me order for the ozone system and for a
previously studied free-radical systen 2t In the latter flame a 300 fold decrease
in the free-radical specific rates increrced M by a factor of about 1.3. Inspection
of the calculations suggests that the ¢i. ference in the direction of the shift can

" be attributed to the fact that an incres:e in free-radicel rates™in ozone disturbs
the kinetic steady-state approximation for O3 in the region about the hot boundary.

2.2 Energy Transfer; Constant Specific /nthalpy Approximation.

For consideration of the relwc’ive contribution which various physical T
processes make to energy transfer, the tecrms in the energy balance equation (lc)
will be regrouped. Since the equation assumes an asymptotic approach to thermal and -
diffusion equilibrium as Z - + «, the cnergy conservation can be conveniently expressed
in the form

\

M Z. HG /m, -\ daT/aZ = ¥ 2im 2 _H.G,/m.
1 11 1 111 1

ERRICT W RN N

M gig (H/n) | | (25)

TN i

- Z = erihainy/n
H iHixi e.rthalpy/mol )
m = Ifimﬁxi = 2 orolecular weight.
The first term in Eq. (25) . be wriiten as the sum of a term due to

v

diffusion and a convection term due <. “ae mess averaze gas velocity:
M (H/m) +n T Hox [ - \oT/dz
=M 41 (i/m) (26)
Vi : the diffusion velocity of species i.

In order to show the relativc imporiance of the three processes in dimension-
less units, the following ratios have l.cen graphed:

B T S T R Tt L .oy

N .

_ Diffusion Te . Z BV

RDIFF = LuSicC : - _ i
Conduction T N 2T/az (27) .

Convection 71w 3 THE/MN

ROONV = & Suction Toru N ar/az ’

* In this system, Reaction (1) is the idecalized analogue of a free-radical
dissociation-reccmbination reaction.
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Since AT/AZ approaches zero a3 Z - 2 . and has a limiting value of

Toro as 4 = o, it is gpparent tnat RUCIV must §Rcfease as Z - 2 and must approach
nTinity as Z - + o, In contrast with the idealized flame prev%gusly studied, for

ich convection was the least important process, Graph 5 shows that convection is the
05t imortant process throughout the ontire flame and is over a factor of 10 more
irportant throughout the hottest region witil G, has attained between 0.4 and 0.5 of

s limiting cold boundary value. Hirschfelder 2 has shown that when the approxima-
tions of Egs. (1b, lc) arc used, the enthalpy per grem is constant +—> all Lewis numbers
avre unity. Thus the processes of diiffusion and thermal conduction are of equal
irportance s— RDIFT = 1 «— the speciiic enthalpy is constant <«— a1l Lewis piuisirs ere
unity. Thermal conduction will be tle more important process+—=>RDIFF< 1« H .f,imz_m H.

B3

v o=

SeHbD
~r €
4o

pl

Graph 6 of RDIFF shows the quantitative effect of non-umit Lewis numbers upon the
reletive irmortance of the two processes. The ratio nas the same gqualitative variation
found in an idealized system for "light" free-radicals (those whose binary.diffusion
coefficients are larger than the coefficients for major component pairs) : diffusion
is the more irportant process in the hotter region (-r > 0.75) and thermal conduction

is the more important for (v <0.75).

The suggestion has been made that the constant specific enthalpy approximation
might be used to determine one of the mol-fractions.’ This approxiﬂation has been
applied specifically to the ozone flame by von Kdrman and Penner 30. Let

a’: be the species such that Halxal is the largest term in

B =nt ZHx, . (28)
'I'nén, at this point the ratio
i = (H/m) - xim, (H/m) - . . i (29)

Zim,  (i/m)

Shows the relative error in x_, that would be made if this approximation were
used. For this ozone flame, Graph 7| shows the variation in the error which is never
greater than eight per cent. However, if thic epproximation were used in any theoret-
ical calculation, the effect on the integral curves might be greater than the effect
at one arbitrary point.

-~

5.3 Heat Release by Radical Recombination.

To test the suggestion 1 {hat, since radicals are highly energetic species
they might serve as an important means of energy transpert by diffusing toward the
cold boundary and recombining, the rclative contribution free-radical recombination
makes to the total volume rate of heat relegSﬁ dw(l}c: to gﬁem)')cal reaction

L Yo T Yo

T TR TEE - - 7 (30)
HREL = 1 (H03 Hy hog) + R, (H; HO3 2502) + 2R, (HOV2HO;7

is given by Graph 8.
Contrary to this suggestion, the contribution of the main combusion reaction

in tne colder region is more important by an order of magnitude. This contrasts
strikingly with the fact that the fraction contributed by radical recombination 2 1/2

for sufficiently hot T (% = 0.77).
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For th: ozone flame, HREL is qualitatively different than a previously
studied idcalized flame . In the latter :lame Reaction (1) is the analogue
of the rccombination-dissociation reaction. It contributes much less than a few
percent of the total volume rate of heat relecase. Whereas in the ozone system,
dissociation is completely negligible and the contribution is always positive, in
the idealized system the contribution is votn positive and negative. This is
qualitatively the same as the contribution of’ the Br - Br2 reaction in the H2 - Br2

system. :

5.4, Spatial Separation of Processes.

There are both experimental and thecoretical reasons for examining the
spatial separation of processes in the ozone flame. Theoretically, study of the
relative importance of processes in the neighborhood of the hot boundary might
sugpest useful alternative models. Experimentally, studies of the methane-oxygen
system have shown that the adisbatic model (which is used in theoretical studies)
is rather good for that system: egbe calculated and corrected experimental flame

temperatures differ by only 10°

What is of particular interest here iz that the methane-o:iygen flame
has a rather marked separation into threce spatizl regions 20a . (l) a low terper-
ature region, commonly e:pccted in flamcs, in vhich there is comparatively little
chemical reaction but a merked temperature rise due to energy transport; (2) an
intermediate temperature region dominated. by ong sequence of reactions; (3) a higher
temperature region extending to the mex imuwa Tleme tomperature dominated by a
different sequence of reactions. The Tektle 7 of reaction rates and the Graph 9
of © () [cf. Eg. 167 shous the sepcrction of “he ozone Plere into the first two
regions. The scparation into two ditffcrent kinotic regions will ncw be demonstrated.
Yhen the temperature is still 200° (79 -+ 114%%) telow its limiting not boundary
value, the fuel mol-fraction has decrezsed tc 107> of its maximum value which oceurs
at the cold boundary. Conversely, x. ic s5till 0.87 of ifs maximum value. Both are,
of course, orders of magnitude greatdr tnan those for complete thermodynamic
equilibrium.

Inspection of the grapns (10,11,2) vor the mol-fractions and fractional
mass~-flow rates shows the greater importance of changes for 0 atom in this region.

In terms of reaction kinetics:, "RD > -RO » 0 and RO/RO increases rapidly
i} 3 3

"2 of over 100 [cf. Table 7). Thus,in this

with increasing T until it reaches a vol:
region the net rate of free-radical vro
rates shows the importance of recombinztion to the net production. For example, at
T = 1143°, recombination contributes 0.8: of ihe totel (negative) net rate of pro-
duction. This recalls Fristrom's 29 obrervesiion thet recorbination reactions must
be important in the high temperature re::

5.3 on heat reclease has already shown th:s O recombination is the dominant source
of heat relecase by chemical reactions in thic region.

Just as Ro dominates RO in kinetices, GO dominates GO by two orders of
3 3
magnitude so thal frec-radieal mass-Tlow nales a more ilmportant coniribution to
energy conservation than fuel mass-flow docs.

cn is more important. Table 7 of reaction

i
4
i
4
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n of the methane-oxygen flene. The Section
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[¢f. Eq. (22)1 compared with M =

As Section 5.5 shows, there is an aporoach to diffusion-eguilibrivm
prior to thermal equilibrium. Conv<ersely, there is no approach to chemicel

equilibriun prior to thermal equilibrium. Both x| and x .- increase rapidly with

0 O3

respect to thermal equilibrium values, although not so rapidly as in a previous
study 0. Thus at a temperature onz degree below the hot boundary temperature,
x. and x. are 77 and 79 times greater, respectively, than their equilibrium velues

0 03

5.5 The Role of Diffusion.

To provide a basis for estimating the significance of diffusion throughout

average speed for a particle of type i Lo the mass average speed (Grooq 12);
ratios of V./M of the actual diffusion velocity to the total mass flow ravte,

- the flame, two different sets of graphs are given:(i) the ratios (v /v) of the

(2) the

I3

14 (Graph

Although Section 5.4 shows that there is no approach to chemical cquilibriun belore

thermal equilibrium, there is a prior approach to diffusion equilibrium (v./v
Conversely, at certain lover temperatures,diffusion contributes more than the
mass flow to the motion of both O, and of 0. Thus v, /v attains values of 2.7
-2.5 for 03 and O respectively. 3

‘e o s ~ .
von Karman and Penner's approximate ecuation for the burning

~1).
average
5 ané

velocity

predicts that it will vary as Bhe 1nv(r.c sguare root o the ozonc-oxygen molecule

binary diffusion coefficient By accident, there nas clSO been a test
significance of the oxygen atom vinury diffusion coeificients. A key-vunch e
one run, and a duplication error in a sccond alterad
that they vere decreased twenty-five percent aad
in the region of mosi rapid chemical

of Section 3.

5.6 Comparison vith ¥ Cxoeriment and Oo .oz
- alt
The sole experimental dat
deternined for several mixtures. 5
52.2 cm./sec. for the ozone-oxygen ri:
experimental value for the total mac

t a burning veloc
d nerc. This corresvonds

reoor

gave

* His I, cefined by nis Bg. (1) is inver.-ely nroportional

< 2U3

ol the
rror in

their temperature dependence so
ir the x,. diffusion eguation
3 ;a ¢ an estimated I of 0.
1 for the diffusion coeff

1417
icients

ournluu velocities

ity o

to an

13).



24

Previous studies by the ﬁut‘nor ha‘/c- shown that for a three comporent
flame, the product of M G, (Z ) varics slovly with G, . (2 ) and cen be rougnly
approximated as a linear HiSetiof. Thern? oC, & Lhcoretu.éa.l value correcnonding to
the experimental GO at tne cold boundary was ectimated by passing a straight linc

through two different calculated values:

M Gy (z ) =0.06653 ~ 0.03086 (Go -0.3769). (33)
3 ¢ , 3
This gave
Mo © v.1812. (34)

Since ProTessor Grosse feels bt this discrevancy greatly excecds the likely
experimental error O , it is necezsory consicGer vossible sources of the disasgree-
ment. Recults of previous calculations wn an ideglizaticn of a free-radical Tlame
can be uscd to suggest probable sources i’ error 53, TFor on approprizte choice of
dimensionless varidbles, it was found 1 counld pe combined with other parareters

pys
to form a dimensionless constant, )1/" viich varied rather slowly with certain
parameters:

RN CHRES

i

and constant pressure
- & species, 3, wnhere :
(2) satisfy its cold (35)

m*, C¥: Tne molec ..

" heat capa.’
adjusted
boundary

k* : any nulv:
f'or onc

net ratce

o Linery

Thus for 13 and 15-T0ld varistiong in
frec-radicols and a 300 {old veariatica .t tus ctio
main conousion reaction to those for frec
factor of 1.8. This suggmests that t.
to either too high a value for onc ¢
and, therefore, A (T); (b) the spec

to d G, /AT in the region of most ro - 7o
two mosi: important “CqulOnS in the < coimain 151
rige in Go arc: (1) Rl ac the nigne - Lres 1.1~.mu t‘ni recl N
3
lower. (Fote thot because of the fai e of the kinctic N
not directly related).  Although furi cxperimental work troul 1 Lc“choose
between the alternatives, it scems los: cly “hat t’nc o1 corduc u.\'.'.t‘ 18 olf
by over g factor of two. t 1s worth - o a1 crnergy for both

the raiio of tne (4)
oty is

L . ) -
BRI and R, arc subject to considerable vacericinty.
specific rate assumed herc 1o the onc nroposed by Bens

2.9 2p [-350/’.1‘]; (3¢

. T
At T = 1000°, a temperaturc in the ranie vhere K, mckes a large contribution,
ratio is approximately two. Corrcction of Bensoli ané Asxworihy's paramcters Tor (7

DN

—

LSO SN N

[ 7N NN S

e,
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accownt of their use of an older cauwilibrium constant gave a higner activation
Lhe one used in this renory >, Apparently this was due to their use

a2l instead of lcast squares ‘data enaiysis 28 . Conversely, flow system
studices fave o lower value which wowld predict a somevhat lower specific:rate at

Tlame temperaiures : ’ : : :

Previous theoretical studics m*edlctcd burm_ncr velocities for a mixture
of similar composition

%o (Zypg) = 0.25 S (31

)

cola

w

- e . ! ! . . -1 32 .
Tor which Lewis and von Elbe repor 2 burning veloeuy of 55 h.=-SCC. 3 .

Tne re,ultu, depending upon the va,l e assumed for the reduced diffusion coefficient
range fromtT or 51 0 to L2 or 46 ¥, There is much better agrecement between their
calculations and experiment than between the results presented here and experiment.

As snown in Section 5.1, it is not certain-that the calculated speecds are
correct for the paramcters assumed. If they arc correct; inspection of. Eq. (35)
shows that the discrepancy between: them snd the present results is .not related in a
simple fasnion to the d&ifference in parameters since:: (l) The values for the. thermal
concuctivity of tne gas mixture used in the two studies are within several percent
of eacn other; (2) According to preceding discussion in this section,- the two
rea(ction§ which.are responsiblé for most of the change in_Go (\qhi'ch '(_ieijemines M)

it : of 3 .

are R, and R,. mxereaa a decn esc in either would decriéase the theoretical M, the

ratios of spécific rates in the present study to those used in the earliér work are:

Reaction - ’ - .Ii: R S ' £
T = 1230° 9.9 0.0k5
g72° 13.1 - 0.07 - . (38)
397° 15.8 0.36 "
5.7 Test of the Si gnificance of the Kinetic Inergy Term in the Equation

of Epcrl_,/ _Jclzmce .

Previously, neuristic argument nes beca given to sunporc the contention
that kinetic energy of over al_l L,a. xlo*: ,ma be an ;mp cvant term in the energy valance
cquation cven “fen visconi NG C %

. sion. The argument suggested
that the former term would be 1*1ost important where there was the greavest cancellation
in-the usuel terms of the equation of energy balance, 1.e., in the neigrnborhood of the
hot boundaxy L, Taerefore, as a check uson the importance of kinetie enérgy, a thirtieth
rder pover. series was constructed including; those terms. The serles sums are:

(-7 _. ) =-0.0225T . :
Tacl maX; ]
m. thout KLEy with KiE. )\ - % Error
G 1.9%00:10 1.9959:210 2.8
. ] = .
% 1.15k00™ 1.1835:0™" 2.5 -+ (39)
3 o -
G, 1.0567:1072 1.0936:x1072 3.0
% 1.6°29:1072 1.9990%1072 2.8
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cic cnergy tema docn not )
ealceulationz on richer ozone flames with
in a later paper) show that it: changes

Although these velues sufr
malie an importent contribution to th's
hipgher movinuna tesperatures (‘Lo be iae
the eigenviduce character of thne proo,*_.z

5.5 Sipnificance of Theorcetl c"_l Flom: Calculniions.
Lo Sendrd 33 ¢bzerved, it s
1o make theorctical calculations. Hf;
a5 a neaas ol studyins chemicel
veloceitics for apnropriate moC_els;.
the facts that flome speeds arce a0t no
schame and that such a comperison conde
and 21l but one speciiic rate which zer
of' a major fucl componecnt were reasonatl
could e very useiul vhen the greater
ture and composition wroliles are knc
determined for onc methone-0zyeen syo
is in progress 3%, 9ncorctical caleil:
in the diffusion equations mede in analy
uncertainty froa double differentiation

re vurning velocitics tha

cﬂ.c.ulat;on, seould be used

ar thecreticsl anc rirental

2 Seetions 5.1, 5.6 illustratcs
sensitive to many nartz of o kinctic
ca’y if the trancport
to the rafe of
Howerer, taeccred
amerimental ciw
onents, T

tudics of tempera-
Lo nave cecn
rec-radicel wrofiles
te tne L.SC of apnrox
erperinental studies and
&1 cata 3°.

63

Mteraztively, they can be
relation petween Tucl ")"‘O‘?C‘""‘ icz and
rfor the particular cosc of cuzone, it
mctcrs will nualitotively alter any

A}

i fownecd on o TLson

unrcpo ted calculations uci 34
were 6 fold larger Tor (1) ancé & not vcuncuery; unrevort-
ed calculations for various aoiisied rted caleulations on richer

ozone nmixtur

6.  ZSummary of Major Conclusions,

ns will ur

Tae rajor conclu
convonient reicrence.

A et e
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ot higher te
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ternative approximation R

“terms of the kinetic steady~state approimation. An
: . . b wh e e

applics. v
(&) Raéical recombinction in this ozone Cleme plays an importart role but only
for temmeratures within about 300° of th2 not »Houndary.

" (e) von Kaimin and Penner undercsiimated the c%mperature range over which
Rl MLO +0 - M+O, would be important. It excceds R} : M0, - 0,+0+HM over a tempera-~
ture- rango of aooét 200°. The effect ci’ this upon tlie flamé velGeity is uncertain.

Sections 5.1 and 5.6. The qualitative differences between the results reported here
and those of earlier studies is due to tiae removing of -certain earlier approximations.

Secfion 5.2.

(2) Convection is . the dominant prucess at all temperatures. Diffusion is more

important than conduction at higher torseratures, less at lover.

(t) The specific enthalpy varict over a range of 38%.

n2r unit volume due to radical recombination
rature lnterval of over 200° about the hot
tion, it becomes negligible in the cooler

Juse there from the hotter regions are effective

Section 5.3. The rate of heat relewse
is over -half the total rate for a tc
boundary. Contrary to a previous s
part of the flame. Radicals which

P;imarily in R2 : O-i-O3 -2 02.

Section 5.4. The spatial scparation of Xinetic processes is reminiscent of the
separation found experimentally in the inethene~oxygen flame. There is no approach

to chemical before thermal equilibriue.

Section 5.5. There is an approach to diffusion equilibrium before thermal (and

chemi cal.) equilibrium. The magnitu.e of the diffusion velocity exceeds the mass
average speed for T < ca. 1020° for ¢ «nd frem about T = 910° to T = 1130° for 03.

Section 5.6. The theoretical M is tuo large vy over a factor of 2. The most likely
rzgor sources of the error are too ldigh values at flame temperatareo of the rate of

Ry & O+l = 0,304H or of Ky : o3+o 2 2 0,,0r both.

Section 5.7. The kinetic energy of overall g flow does not apu.-r o be very
important for this ozone flame. Convarsely, it can not be ignorci for sufficiently

e
rich ozone flames where 1t changes the caarﬂcter of the elgen led: vrobliem.
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