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Experimental results on the effect of selective trunslationul and vibrational excitation of
reactants in elementary combustion rewctions using laser photolysis amd time-resolved atomic
line resonance absorption, laser-induced Mluorescence and CARS spretroscopy are compared
with the results of quasiclussical trajectory studies on ab initio potential surfisces and thermal
rate parameters. Experimental data on collisional energy transfer from vibrationally highly
excited polyatomic molecules and the pressure and temperature dependence of procdht fur-
mation in elementary combustion reactions with complex fosmation are discussed. Madels
for the prediction of trunsport cueflicients in multiconponent’ mixtures, and recent model

calenlation and experiments on the
presented.

Introduction

It has been known, since the first use of fire by
mankind,’ that the rates of chemical reactions de-
pend strongly on the energy of the reactants, Tra-
ditionally, the cnergy dependence of the chemical
reaction rate is studied under conditions in which
the rate of reaction is show compared to that of col-
lisional energy transfor. Under these conditions, the
energy of the reactants is characterized by temper-
ature. The temperature variation of the reaction rate
can then often be expressed with sufficient accuracy
by the Arhenius equation. The Arthenius param-
eters obained in this way, however. contain no
direct information on how the various degrees of
freedom of the reacting molecules and in the “ac-
tivated complex” contribute to the potential path-
ways of product formation in the chemical reaction,
Investigations on the chemicat reactivity under a
wide range of cunditions, such as pressure variation
and speeific excitation of the reactants, give jmpor-
tant insights inte the microscopic dynaimics of the
chemical reaction. This infornation, vn ene hand,
un be compared with the results of theorctical pre-
dictions using potential energy surfaces for chemi-
cal reactions obtained by ab initio metheds, and,
on the other hund, is of busic interest in improving
the kinetic data used in detailed cheical kinetic
maodelling of combustion processes. The experimen-
tal possihilitics for the detailed study of clementary
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chemical reactigns have expanded quite dramati-
ally in recenr years as ' result of the development
of various laser sources. The woherence, collima-
tion, monuchromaticity, polrization, tunsbility and
short pulse duration” of laser light sources now
available in the infrared, visible, and ultraviclet ro-
gion allow the: preparation and detection of cheme

Jically reacting molecules with an unprecedented

of selectivity. .

The presant paper cannot give a comprehensive
compilation of experimental and theoretical results
in this fiekd. ‘Instead, a number of typical examples
ks presented. "The first part gives specific examples
of experimental and theoretical investigations with
selective translational and vibrational excitation of
the reactants. The second part describes studies on
the pressure and temperature dependence of ele-
meetary steps with complex formation and unimo-
lecular dissociations pathways. In the last part,
models for the prediction of transport coefficients
are described, and 3 comparison between recent
laser experiments and model calculations of ignition
processes is made. '

The Effect of Translational Excitation
Despite the large number of elementary steps

taking place even in the oxidation of simple hydro-
carbons, the important parameters of the combus-
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560 REACTION KINETICS

tion process are controlled by relatively few ele-
mentary reactions. As shown in Fig. I, in the case
of the oxidation of methane, ethane and butane, the
fame velocities calculated by detailed chemical ki-
netic modelling are relatively insensitive to reac-
tions specific for the oxidation of these molecules.®
However, there is a strong influence on the cal-
culated flame velocity by a number of unspecific re-
actions such as

H+ 0,2 0H + 0 0]
CO+OH=CO+ H (3]
OH + Hy®2 H;0 + H ]

At least in one direction considerable collision
energies are necessary to surmount the reaction
basrier in these elementary steps. The dynamics of
such high barrier reactions can be studied in mi-
croscopic detail by combining translationally hot atom
and radical formation by laser photolysis {forming
reactants with initially high and menoenergetic col-
lision energies) with time and state resolved prod-
uct detection by laser-induced fluorescence spec-
troscopy. > The experimental apparatus is shown
in Fig. 2. Fig. 3 gives nascent rotational state dis-
tributions for the reactions (1), (~2) and (—3) at
relative evllision energies around 250 kJ/mol. De-
spite of the comparable total reaction energies, the
nascent OH {v = 0) rotational distributions are quite
difievent. The distribution is extremely hot from the
H + O reaction, broadly peaked at rotational
quantum numbers around K = 11 in the H + CO,
case, and restricted to low values with only 3% of
the total available energy partitioned into rotation
for the H + H,0 system. The observed rotational
enerfly distributions give interesting microscopic
details on the molecular dynamics of these elemen-
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Fic. 1. Sensitivity of caleulated free flame velboe-
ity (V.) on the rechuction of elementary reaction rate
corflicients by a Factor of five {(Warnatz?).

HBe By

FiG. 2. Schematic of the experimental arrange-
menl for the study of radicul reactions with sub-
stuntial threshold energies using UV-laser photo-
lysis and time resolved product detection by laser
induced Nuorescerce.

tary steps. Spin-orbit and orbital-rotation interac
tions in the OH radical ceuse fine-structure split-
tings for each rotational level. Each of these fine
structure levels can be probed by different rota-
tional sub-bands. As shown in Table L, the two OH
spin states *I1ys and M,y are, within experimen-
tal error, cqun]‘; populated. However, the A-doub-
let fine structure states show a clear preference for
the Jower energy 11° component. The experimental
result shows that the break-up of the reaction com-
plex generates forces in a plane containing the bond
to be broken. OH rotates in that plane and Jon i
perpendicular to it and to the broken bond. This
picture is consistent only with a preferential planar
exit channel in these reactions. This could also be
directly demonstrated using polarized photolysis and
analysis Jaser beams.®

Reaction (1) is known to take place adiabatically
on the ground state potential surface of the HO,
(*A"-radical. Trajectory cabculations’ on an ab initio
surface (Melius-Blint®) are in agreement with cal-
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FiG. 3. Nascent rotational state distributions In OH
{v = 0) produced in the reactions (1}, (=2} and (-3)
at relative collision energies of 250 kj/mol. K is the
rotational quantum number.
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TABLE 1
Measured alsolute rewction cross sections, -
vibrational and fine structure partitioning for
rotational levels of OH produced in the reactivns
(1, (~2) and (-3)

H+H0 H+CO, H+o0,

E3 [heal/

mol 58.2 680.1 80.7
oA"Y} 094 £ 0.1 037 +0] 042 + 02
ofy = 1) :

: =0.1 s0.1 047 £ 015
alv = 0)
o(Tl,0
o'l

L L1202 12202 L2=*o02

K+1

ol’) 59+ 10

32+ 10 J0=x1L0
offl) )

culated OH rotational distributions from the phase
space theory® for low relative translational energy.
With increasing relative transtational energy, the OH
ratational distribution becomes is considerably hot-
ter than the statistical ane, and no long-lived HO,-
complex exists during the reaction. As given in Ta-
ble L, the experimental total reaction cross section
at By = 254 kJ/mol is 0.42 + 0.2 A? for reaction
{D). The theovetical cross section obtained under this
condition by quasi classical quantum mechanical
threshold calculations'™ at the Melius-Blint surface
is 0.35 A%. These numbers cannot be compared di-
rectly because the multiplicity of the TA"-surface at
infinite H—O, separation is not taken into account,
Miller' uses & multiplicity Eactor of 1/3. This would
yield a theoretical cross section of 0.13 A which is
significantly outside the experimental range, Cal-
culated rate coefficients using this theoretical cross
section'” are in agreement with shock tube mes-
surements of the rate of reaction (1) by Schott!t and
Chiang and Skinner.!' However, as shown in Fig.
4, very recent shock tube experiments by Just and
Frank,'® using time resolved stomic resonance line
sbsorption, coincide with the estrapolated values
recommended by Baulch et al.'* Even higher rate
data for &, are reported by Bowman.' Also in the
recombrnation pathway

H + 0y — HO? ¥ HO, 1)

new measurements of the high pressure limit re-
combination rate coefficient'® are higher than cal-
culated values." ‘The observed discrepancies could
be attributed to a reduction of caleulated reactive
crass sections due to a “rigid’ character and 2 bar-
rier of § k] /mol of the Melius-Blint surface for dis-
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Fic. 4. Measured and calculated rate coefficients
for resction {1).

sociation of the HO; in reaction (—1a).% Caleula-
tions by Dunning et al.'” reduce this barrier to Jess
than 1.7 k}/mel. Also, for reaction (—1} the Mel-
ius-Blint surface apparently overestimates the long
ringe O—OH attraction, " whereas the Quack-Troe
interpolation scheme!® leads to better agreement
with the experimental values at low tempera-
tures.

In summary, it is encouraging to see that recent
microscopic and macroscopie experimental data start
lo give a mare converging picture on this reaction
which is central to all combustion modelling cal-
culations. However, more work should be done on
the potential energy surface used for this system.
Further experiments should be directed to addi-
tional thermal rate data measurements in the high
temperature range, and measurements of absolute
reaction cross sections at different collision ener-
gies.

In reaction system (2), four atoms with a rela-
tively large number of electrons are involved, mak-
ing theoretical calculations more difficult. The three
lowest electronic states of the HCO; radical have
been studied by configuration interaction caleula-
tions.™! More recent calculations by Dunning and
Harding®™ show that the reaction proceeds through
an exoergic addition to OH to CO forming the trans-
isomer of HOCO (see Fig. 5). interconversion of
the trans- and cis-isomer of HOCO appears to be
4 very easy prucess involving only a low barrier.
Product formation is predicted to take place from
the cis-isomer of HOCO exclusively. While the
saddle point for addition of OH to CO is very “early”
and broad, the saddle point for elimination of H
from HOCOQ is centrally located and very narrow.
The narrowness of the second barrier can lead to
an important contribution to the rate coefficient from
quantum mechanical tunneling. Using a simple
Wigner approzimation, the calculation shows that
the tunneling contribution to the room temperature
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Fic. 5. Schematic diagram of the calculated po-
tential energy surface for the reaction (2) (Dunning
and Harding®™*).

rate coeflicient of reaction (—2) is of more than
80%.% However, more sophisticated tunneling cal-
culations and a variational treatment of transition
state theory should be carried out. Energies for two
alternative resction pathways were also calculated:
one indirect route by (1,2)-hydrogen migration from
HOCO with a banvier of 25 k] /mol above the HCO,
route discussed first; and a direct insertion of the
CO inte the OH bond for which a very large bar-
rer of 126 kj/mol is predicted. Presently, no dy-
namic caleulations are available which can be com-
pared  with experiments  using hot  hydrogen
atoms™ B and hot OH radicals®™ that show sub-
stantial rate enhancement with increasing transla-
tional energy. Several authors®” have spplied tran-
sition-state theory to explain the upward curvature
for the rate data for reaction (2) in the Arrhenius
diagram. The curvature can nol be explained by vi-
brational excitation of the reactants. A rate en-
hancement of less than a factor of two was mea-
sured after vibrational excilation of OH,® while
vibrational escitation of CO even results in 2 de-
crease of the rate coefficient,™ Clearly, more ex-
perimental and theoretical studies are necessary to
understand this key reaction of all hydrocarbon ox-
idations.

In contrast, good agreement is obisined for ex-
perimental and theoretical results for reaction (—3)
with high translational energy of the reactants*®.31
using an ab initio potentiai energy surface.3® This
surface gives also fairly accurate thermal rate coef-
ficients for reaction (3.2

The classical source of information about the de-
pendence of reaction cross sections on relative
translational energy of the reactants are molecular
beam scattering investigations.*** Early investi-
gations of reactions relevant to combustion pro-
cesses have used effusive O-atom beams with initiak
translation energy around 3 kJ/mol from a low
pressure discharge.® Fnergies of 30 kJ/mol were

abtained with a high temperature (2500 K} furnace
as source of O-atoms.*” In more recent experiments
using 3 high pressure microwave discharge to pro-
vide a supersonic O-atom beam seeded in hel um,
initial translational energies of 40 kj/mol could be
obtained. ¥ [n the rcactions of O-atoms with
halogen molecules, the measured angular and prod-
uct translational epergy distributions show the ex-
istence of a long-lived collision complex.™® A
seededl supersonic O-atom nozzle beam source was
used for reactive scattering experiments with
benzene® and toluene. By combining OH radical

- detection with laser-induced fluorescence and mo-

lecular beam scattering experiments, excitation
functions for the abstraction of primary, seconcary,
and tertiary hydrogen atoms from saturated hydro-
carbons, ** substituted olefins, alkynes, amines, and
CH3CHO® could be measured divectly.

The Effect of Vibrational Excitation
The exchange reuction between the hydrogen

stom and the hydrogen molecule provides the iim-
plest tase where, for neutral species, the effect of

" vibrational excitation on the kinetic process of tond

breaking under the influence of new-bond forma-
<tion can be studied experimentally and theoreti-
ally. As shown in Fig. 6, single vibrational qaan-
tum excitation of the Hy-molecule exceeds the
Arrhenius activation energy (E,), the threshold enery
{Eo)-as well as the potential emery barrier height
{E.) of the reaction D + H;. More than half a cen-
tury ‘ago, London® was the first who pointed out
that the potential energy of the Hj system car. be
expreised in terms of three covlombic interaction
integrals and three exchange integrals. This simple
valence bond calculation leads to a potential energy
barrier E; = 36,8 kj/mol, not far from the result
obtained with modern high speed electroriic com-
puting 'dewices.”” However, a more precise tneat-
‘meot of the London method, including contrbu-
w0 S - T
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tions resulting from requisite overlap and three
center terms, destroys the guod accidental agree-
ment with modern results. Some 150 carcfully se-
lected ab initio points were calculated by Sieghahn
and Liu*" and fitted by Trublar and Horowitz* to
an analytical function which represents the poten-
tial energy hypersurface mathematically in a smooth
and easily handable way.

Experiments on the effect of vibrational excita-
tion on the rate of the hydrogen atom exchange
reaction were hampered by the difficulties in pre-
paring and messuring known concentrations of
vibrationally excited hydrogen molecules. The
methods used include thermal generation of Hglv
= 1),* energy transler from laser excited HF(p =
1)* and microwave discharge generation of Helv =
13.5% Fig. 7 shows results of direct measurements
and caleulations of the rate of the reaction

D+Hfo= 1) HDp=01)+H ()

A distinet temperature dependence is observed in
the experiments using CARS spectroscopy for the
detection of Hy-molecules in different vibrational
states™® which compares well with theoretical cal-
culations performed recently using different meth-
ods for_treating the dynamics of the chemical re-
action,*>3 In calculations using quantized periodic
orbits, a barrier of 18.3 kj/mol was found in the
entrance channel of the Hy (v = 1) adiabatic sur-
face far from the saddle point.®%* Similar barriers
have been found in recent exact quantum cal-
culations™ ¥ and quasiclassical trajectory stud-
ies.™ There is also good agreement of theory and
experiment in the case of D + Hylv = 0) and H
+ Dglv = 0) reactions with high translational en-
ergy of the reactants. ¥ This indicates that the
surface is correct even at high enengics where only
& few ab-initio points were calculated. On the other
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Fic. 7. Compurison of eaperimental and cabcu-

Lutes) rate cunstants for reaction (4) (References see
text).

hand, there are still significant di ies be-
tween theory and experiments, as weli a5 among
the different theoretical treatments for the absolute
values of the D + Hglo = 1) rate coefficients. The
disagreement between theory and experiment for
this reaction which should be the best-understood
of all chemical processes surely provides a contin-
uing theoretical and experimenta challenge.

Surprisingly good agreement between experi-
ment and theory is obtained for the effect of vi-
brational excitation on the reaction™

OP} + Hgiv = 1) — OH(p = 0.11) +H 6

The reported rate for Help = 1) is 2.6 X 10° times
higher than that measured for thermal H, at room
temperature. This large vibrational rate enhance-
ment leads to the suggestion that differences of the
reported rate coefficient values for thermal Hj at
temperatures below 400 K might be explined by
the presence of vibrationally excited Hy in these
studies.™ Theoretical calculations on reaction (5) are
consistent with the experimental findings. They not
only predict the observed vibrational reaction
rate enhancement but also the branching ratio in
the product OH(v = 1)/OH(p = 0).™

For reaction (3), rute coefficients have been mea-
sured for both OH{e = 1) and Hylp = 1). While
OH excitation leads to negligible rate enhance-
ment,® vibrational excitation of Hy accelerates the
rate of reaction (3) by more than two orders of mag-
nitude.® The experimental result can be under-
stood by considering the OH bond in agreement
with ab-initio calculations of the transition state
configuration™ 45 a “spectator bond”™ which re-
mains essentially unchanged during the course of
the reaction. Although only a few experimental data
on the lemperature dependence of the OH + Hylp
= 1) reaction arc available,™ it can be concluded
that at clevated temperatures a substantial part of
the reactive flux in the thermal reaction occurs via
vibrationally excited states of Hg. Similar results have
been obtained from measurements of the temper-
ature dependence of the rte of the reaction Br +
HCli = 2™ and ¥Cl + H®Cliw = 1,™ using
isotopically selective vibrational excitation of HCI
and mass spectrometric detection of the reaction
products. However, the effective use of vibrational
energy to overcome the poteatial energy haricr E,.
is very resiricted in general. Unless the vibrational
excitation leads to a substantial increase in the
preexponential factor combined with the reduction
of the barrier height, the rute increase by vibra-
tinal enery is usually cancelled in thermal reac-
tions by the Boltzmann factor. In addition, very of-
ficient vibrational encrgy transfer may vecur in
poteatially reactive collisions. A theoreticat model
to explain the effective energy transfer in collisions
involving P-state atoms as a result of electronically
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non-adiahatic curve crossing was given by Nikitin
and Umanski.™ As shown in Fig. 8, several poten-
tial surfaces exist for the interaction of OCP) atoms
with JICl(v). At certain distances, s nonadialsatic
coupling between the different vibronic states is
pussible. Experimental results on the reverse
reaction™ Cl + OH{v) and the observed formation
of OH(v = 1} from OCP)} + HCI {0 = 2™ indicate
that the chemical reaction is predominantly vi-
bronic on a triplet surface and does nut proceed
through a long-lived HOCl-compiex.

An interesting example in which complex and di-
rect pathways can be observed simultanesusly is the
radical reaction

OCP) + CN(r) S CO(e") + N{'S)
5 (NCO)* ~ CO") + N(D}  (8)

Channe! A connects the resctants directly with
electronic ground state nitrogen atoms and CO
molecules, while channel B correlates with the
electronic ground state of the NCO radical a5 in-
termediate, and with electronically excited nitrogen
atoms and electronic ground state CO molecules as
products. The deep attractive “well” of the NCO
ground state allows an effective energy exchange for
several vibrational periods in the collision complex.
The reaction energy, therefore, is distributed along
path B in a swatistical way among the reaction prod-
uets.™ Along the direct path A, vibrational energy
in the CN radical is mainly transformed into vibra-
tional excitation of the CO product molecule. The
experimental results™ are in good agreement with
trajectory caleulations.” Ameng other details, the
trajectory caleulations also give a picture of how the
vibrational excitation of CN(v) influences the rate of
reaction {6) on the two different pathways. As shown
in Fig. 9, along the complex path the reaction cross
section decreases with increasing vibrationa] exci-
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Fic. 8. Reaction and vibrational deactivation of HCI
(v) in collisions with O ('P).
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Fic. 9. Dependence of rewctive cross section on
the vibrational excitation of CN radicals in the di-
rect and complex puthway of reaction (6).

tstin of CN. This can be understood from the
standpoint of the unimolecular decomposition of the
intermediate NCO complex, which gives an in-
creasing amount of redissociation into reactants with
increasing total energy. As mentioned earlier,® this
kind of behaviour has been ohserved experimen-
tally for reaction (2). For the direct path A, the op-
posite trend is observed. The increase in the re-
active cross section with vibrational excitation can
be rationalized by an “induced attraction™™ the
barrier due to the repulsion between an attacking
atom A and the molecule BC in the vibrational
ground state wilt decrease for BC{p) in high vibra-
tional levels, since in the limit of dissociation of BC
an attraction exists between the free atoms A and
B

With investigations of reactions between atoms
and vibrationally excited tristomic molecules, one
encounters & fascinating aspect of elementary re.
action kinetics: the question of mode-specific en-
ergy consumption. Molecular beam studies of the
reaction

Ba + NgO(wy, vy vg) = BaO* + N, (]

suggest that the vy-bending mode in NyO acts a1 &
promoting mode and is more effective than an
equivalent amount of transtational energy.™ Trajec-
tory studies using 2 colinear model of the O + CS;
— CO + CS reaction™ indicate that the asym-
metric stretch vibration vy will not be the promot-
ing mode, even though v appears to displace the
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molecule along the reaction coordinate. Instead, the
lower frequency mode vy (symmetric stretch) cou-
ples more efficiently into the motion along the re-
action coordinate. In s more recent investigation,
the reaction (3) could be studied by the quasi clas-
sical trajectory method™ on the previously already
mentioned potential energy surface.® As shown in
Fig. 10, the reaction rate coefficients are enhanced
by exciting any of the vibrational modes of the Hy0O
molecule. Most of that enhancement is due to a
reduction in the threshold energy. The efficiency of
threshold reduction varies significantly from mode
to mode. The bending mode is the most efficient
mode and the asymmetric stretch mode the least.
However, there are some ambiguities in the poten-
tial encigy surface, as well as more general ones in
the application of classical mechanics to polyatomic
systems, due to the inability of classical mechanics
to constrain at least the zero point energy in each
mode during the reaction. No experimental studies
on the effect of vibrational excitation of HgO in re-
action (—3) are available. However, s reported at
this symposium,** highly vibrtionally excited H0*
molecules are formed in the NHy + NO reaction
which could be used for such investigations, Fur-
ther studics on reactions of vibrationally cxcited
molecules can be found in a recent review.™
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Fic. 10. Cakulated rate coefficients of reaction {—3)
for vibrationully exciied 1,0 molecules in different
nonnal mode states (Schatz et al. ™),

The Effect of Collisions

As illustrated in Fig. 11, cven the osidation of a
C,-hydrocarbon invelves a large nomber of ele-
mentary reactions. In lean and stoichiometric flames
the CH; radical formed by reactions of H, O, and
OH with CH, react predominantly with O stoms
to give formaldehyde from which the HCO radical
is formed which can decompose 1o CO and H at-
oms. This simple scheme is complicated by the re-
combination of CH,, radicals. In rich flames, recom-
bination and addition of the CHj radical to
unsaturated compounds can form higher hydrocar-
bons which are then successively reduced and o1-
idized. Looking at this scheme, it is immediately
clear that in sddition to the energy requirements
in these elementary steps, the effect of collisions
must play an equally important role. There are many
competing recombination and dissociation reactions
which show a complicated pressure and tempera-
ture dependence,

Collisional energy transfer in vibrtionally highly
excited polyatomic molecules has been studied ex-
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perimentally, mostly by indirect techniques in which
energy transfer was competing with other processes
such as unimolecular rearrangements or fluores-
cence. The sccuracy of the energy transfer param-
eters derived depends to a large extent on the pos-
sibilities for absolute calibration of the rate of the
reference process used.®* Direct measurements,
which do not rely on competing reference pro-
cesses, became available recently by using laser ex-
citation with direct observation of energy loss rates
by hot molecule speclrosmgy"'" or time-resolved
hot IR emission spectra.®*® With this new tech-
nique, one can obtain more reliable answers 10 fun-
damental questions important in understanding
unimolecular rate processes, such as absolute val-
ues of the average energies (AE) transferred per
collision for weak and strong colliders, details of the
state to state collisional energy transfer function,
dependence of the average energy transfer per col-
lision on the excitation energy of the highly excited
molecule, and on the bath gas temperature and the
properties of the bath gas molecules.. In a series of
experiments,™® it was found that the average
encrgies transferred per collision appear to be con-
siderably smaller than those derived From earlier
indirect measurements.® The values for a given bath
gas were found to increase very slightly with the
size of the excited molecule. Only a weak temper-
ature dependence of {(AE) was found in the laser
experiments using toluene,” in contrast to experi-
ments using multichannet mm&ctilivc thermal
isomerization of cyclopropancs. ™

Another key quantity in unimolecular reactions is
the specific rate coefficient k(E). In a series of ex-
periments, Troe and coworkers have investigated
the isomerization of various substituted cyclohep-
tatriens in their electronic ground state using ther-
mal isomerization,™ steady-state photoisomeriza-
tion,™ and direct experiments by time resolved UV
absorption spectroscopy after selective laser exci-
tation.*® Comparison of the data from the three dif-
ferent experiments show that statistical theories of
unlimolecular reactions can fully sccount for all re-
sults.

As examples for experimental and theoretical in-
vestigations on the effect of collisions on the reac-
tion rates and primary products of elementary steps
the reactions of CyH, molecules with G and H at-
oms and OH radicals will be discussed here. Fig.
12 shows the results obtained so far for the reaction
with oxygen atoms. To explain the final products of
this reaction and their pressure dependence, a
mechanism originally proposed by Cvetanovic™ as-
sumes the initial formation of a biradical which then
rearranges to form vibrationally hot aldehyde or
epoxide molecules. In the absence of stabilizing
collisions, the aldehyde and epoxide break into var-
ious radical species. A small fraction of the biradi-
cals initially formed is thought to decay to radicals

L R N T L Iy N
o [ T I}
s

” ~
L - G O O (Pl

Wi lvatas 98 0T " we e
weble prodat anpiyny
0 Gulven fl diFRLPM) A - " Lo
Phodount sl
e v Hrhetry
¥ Lug ot (900 - w - A b
LR e sgeciramairy
[ L L * - A .
& LML ¥ Kiasurrie loser -vebwced Nuarastiies
[LITVSATE ST 'Y SR TV YR | PN
B - Waddaln i abray
\ o W
P Tenpe Wiy WapwrPUN YiAE - - tacherge Hew spstem
“ . Lo Sogratic raanpEy
(e - ey
F Kaabamu{ fiiiyepn - AN - acsaryt Now spsben
(.1 I FelanaNE Mveravcence
Lo §o0 -t

Fic. 12, Primary products in the OCP) + CH,
Teaction (i!eferemt see fext),

via & pressure-independent fragmentation process.
Predominance of the radical fragments, CHy and
HCO was found by stable product analysis, as well
s by direct mass spectrometric detection. In sharp
contrast. "however, in investigations using the mo-
lecular beam scattering technique in combination
with mass spectrometric detection™ and laser-in-
duced fluorgscence'™ ™ the CH,CHO radical was
observed as'a dominant product formed by a sub-
slitution pathway. The different results indicate
the importance of collisions in determining the pri-
mary &mduct distribution. Subsequent investiga-
tions'®-¥4 have covered a wide pressure range be-
tween 0.5 1o 10° mbur, using transient optical ab-
sorption for HCO and CH,CHO, '™ faser magnetic
resonance absorption for the detection of HCO rad-
icals,'™ and L-resonance fluorescence for detec-
tion of H atoms.'™ However, no coherent picture
is obtained. Theoretical studies'® can only give
qualitative explanations and no quantitative guid-
ance. Further studies are necessary to obtain a dear
picture on the fraction of the pressure-invariant re-
action channel forming the CH,CHO radical.

The situation is somewhat simpler for the reac-
tion of CgH, with hydrogen atoms. As shown in Fig.
13, the temperature dependence of ‘this reaction
cannot be described by a simple Arrhenius expres-
sion. The aon-monotonicsl behaviour of the Ar-
thenius graph of this reaction reflects the compe-
tition between the abstraction route to form C;H,
and the complex-forming route that gives CgHs.
Even at & pressure of | har, the high pressure limit
of the recombination rate is not reached at higher
temperatures.'™'"7 Also, the decomposition rate of
C3Hjy is well in the fall-off region of the unimolecu-
lar reaction.” Even at 10 bar, the rate coefficient is
more than two orders of magnitude smaller than the
limiting high pressure rate coefficient. Again, the
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Fic. 13. Pressure and temperature depend
of the C,H, + H = C,H, reaction (Hoyermann and
Wagner'™).

hardly be described by a simple Arrhenius activa-
tion energy.

Fig. 14 gives a survey of the messurement on
the pressure dependence of the reaction of OH
radicals with CgH,. The full-off curve comes from
very recent measurements'’ for argon (solid line)
and synthetic wir (broken line). This reaction can
now be used as & reference reaction for relative rate
measurements aver a pressure range of 1,5-1,000
mbar. The product distribution has been measured
at 295K, at low ures below 2 mbar, using a
discharge flow and a Laval nozzle reactor. ' These
measurements have been used to calculate the
product distribution for the reaction at atmospheric
pressure a5 @ function of temperature.''. Below
600 K, large concentrations of the product CpH OH
are formed. At higher temperatures, formaldehyde
and increasing amounts of acetaldehyde are pre-

dicted.!'? Further measurements of the total reac-
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Fii;. 14. Survey of the measurements on the
presaure dependence of the rute cueflicients for re-
wctions of OH rudicals with C,H, al 295 K (Refer-
ences see Klein et al ¥

ton vates at pressures below 1 mbar could help to
determine the comtribution of pressure-indepen-
dent pathways to the overall reaction mechanism.

The Effect of Transport Processes

A large number of combustion systems cannot be
considered to be spatially homogeneous. Modelling
of such situations requires a coupling between
chemical kinetic and transport processes.

The theory of transport properties of dilute
gases™® requires the knowlodge of the intermolec-
ular potential energy acting between the molecules
in order 1o calculate the viscosity n, the self-dif-
fusion coefficient D and the heat conductivity A.
The Lennard-Jones (n, 6)-patential is commonly used
since extensive tables of collision integrals needed
for the caleulation procedure sre available in the
literature. " More recently a method has been de-
veloped using semi-empirical fit equations for the
collision integrals which allow m and D {and X for
monoatomic gases) to be described with an acou-
racy of better than *1% over the entire tempera-
ture range covered by the caperimental data. An
exhaustive compilation is given''s which contains a
complete set of further references. This procedure
has successfully been applied to describe gases such
a He. Nc, Ar, ‘1’. Xe. Hg. NO, N,O. Ng. Og,
CH,, CsHy, CyHg, CiH,, CO, COy, CF, and SF,.
Only in the case of HyO and NH,, does the influ-
ence of the dipole moment have to be taken into
account for temperatures shove 400 K. This can be
done either by applying the theory of Mason and
Monchick, " or the so called “orientational average
method™ which needs temperature-dependent po-
tential parameters.'"” In calculating A for molecular
species, a contribution arising from transfer of in-
temal energy during the collision of molecules has
to be taken into account. The MPM-theory!** has
bch:; used in & critically revised versim.“' The
Chapman-Cowting-Enskog (CCE) theory'" has also
been developed for moncatomic mixtures,!!%!15.190
Because of the high complexity of the caleulation
procedure, simpler but empirical expressions for Ay,
and T, have been reported in the literature.'?!
These empirical expressions turn cut to be superior
to the CCE-theory when applied to binary mixtures
of rare gases, provided a fit parsmeter is adjusted
properly to the experimental data. '

N X\
Mis.nwmm =
XA

Ay in ey, (8) contains the Rt parameter X and de-
pends on the ratio of the A-values of the pure com-
ponents (A,/)} and on their molar masses. Eq. (8)
has been wsed to calculate the translational contri-

@
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bution to Amy of moiecular mixtures. The internal

contribution 1o A, of molecular mixtures can be
described adequately by the Hirschfelder-Eucken
relation."® 1'% More than 50 binary mixtures have
been studied by this method.'Z A rcpresentative
example is shown in Fig. 15. Results for ternary
mixtures (Ny + Hy + NHy) have also been ob-
tained. The predicted r-values are in agreement with
the experimental data to within a few percent. The
main reason for the devintions is the lack of a de-
tailed knowledge of the intermolecular forces. Very
recently it was shown that reliable potentisl sur-
faces can be determined by combination of experi-
mental data such as molecular beam cross sec-
tions,'® transport properties and second virial
coeflicients. '™ There also exists a lack of experi-
mental data on mixtures at high temperatures which
still prevents al present a serious test of the quality
of the extrapolated theoretical values to high tem-
peratures. Numerical models which solve the cou-
pled partial differential equations for fluid mechan-
#s, heat transfer, and chemical kinetics use transport
coefficients of very different degrees of accu-
racy. "V They range from & very simple tem-
perature function and fitting to experimental data
over exact data {(CCE theory} for heat canductivity
and binary diffusion coefficients combined with dats
for mixtures which are obtained by empirical for-
mulas to more sophisticated models for multicom-
ponent mixtures. Further experimental studies to
obtain directly data a1 high temperatures and in-
formation on the effect of internal degrees of free-
dom on transport coefficlents are urgently needed.

In conclusion, as an example for the coupling of
chemical kinetics with transport processes, recent
experiments and model caleulations on the ignition
process in a closed vessel are described. As in the
previous sections, in this field also lasers provide »
very valusble tool for interesting new experimental
approaches. For the ignition process, lasers were

el
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Fic.. 15. Prediction of heat cond tivity coeffi-

cients for binary mixtures (Heintz'™),
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Fic. 16. Schemutic of the experimental arrange-
ment for time- and spuce resolved observation of
the infrared laser induced ozon decompositi

first used as controlled spark ignition sources, 19138
However spark ignition further complicates the the-
oretical treatment of the system since in addition
to the coupling of transport processes, chemical ki-
netics, and fuid dynamics, the plasma effects of
charged species must also be considered. If elec-
trical breakdown is avoided sensitizing molecules
like 5Fy can be added to couple CO; laser energy
into the medium. %1% Thic moy however, cruse
s complicated fluence dependence of the ignition
process since multiphoton dissociation of the sen-
sitizers can produce urknown radical concentra-
tions. In r to simplify the situation for suc-
cessful comparison between experiment and model
calculation, one should use low-dimensional geo-
metrical situations and simple chemistry. ' Fig. 16
shows such an apparatus. The reaction vessel is flled
with en 0p/0; mixture. Ozon decomposition re-
quires only a small set of clementary steps, which
has been solved for the stationary O, decomposi-
tion flame."*1 0, alsg shows a strong infrared
ahsorption in the emission region of the CO; laser, 42
The absorption cross section for multiphoton dis-
sociation is relatively small. ' As illustrated in Fig.
17. the cylindrical symmetry of the arrangement
gives a nearly one-dimensional geometry. The tem-
poral and spatial development of the Oy decom.
position can be followed by two simultaneous UV
absorption measurements. The observed signals must

[
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Fic. 17. Infrared laser-induced ozon decomposi-

tion. Time dependence of ozon UV-absorption at
different locations.
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be comected for the temperature-dependence of
the ozone absorption coefhicient in the Hartley con-
tinuum. ' Careful inspection of the signal near
to center shows low intensity variations due to
the ucoustic waves gencrated by the ignition pro-
cess. Fig. 18 gives the results of the model calcula-
tions. Here, the conservation equations for mass,
momentum, energy and the mass fraction of each
of the chemical species are solved in cylindrical
cvordinates. The DASSL (Differential Algebraic
Solver Sandia Livermore) or LIMEX (Linear km-
plicit Differential Equation System by Estrapo-
lation Method, Heidelberg) code is used to solve
the system of coupled differential /algebraic equa-
tions. "%~ Cond agreement is obtained between
the measured and modelled temporal and spatial
evolution of the system.!3132 Fyrther experiments
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Fii, 18ab. Modelling of infrured laser-induced
ozon decomposition.

wilt also follow the behaviour of vibrational excited
Oy and O, in the system by UV absorption*® and
infrared diode spectroscopy.'®

Conclusions

The transfer of data on elementary chemical re-
actions from one reacting system to another is the
hasis for describing the evolution of 2 combustion
process in time and space mathematically by chem.
ical kinetic modelling. Despite the large number of
¢lementary steps {on the order of several hundred)
taking place in the oxidation of hydrocarhons, the
important paramcters of a combustion event are
controlled hy a relatively few elementary reactions.
These reactions can now be studied in microscopic
detail using modemn laser spevtruscopy methods.
Experimental results oltained in this way can be
compared with dynamic caleulations, using ab initio
potentidl energy surfaces and thermal rate mea-
surements. Further experimental und theoretical
work in this direction is necessary to ereate a con-
veTging microscopic and macroscopic picture of the
key tions for all bustion modelling caleula-
tions. To obtain a complete and quantitative set of
kinctic data for the wide range of physical and
chemical conditions of interest in hydrocarhon com-
bustion problems, further research must he di-
rected to experimental and theoretical studies of the
pressure and temperature dependence of the rates
and primary products formed in numerous radical
reactions. Improved methods recently became
available for the mathematical modelling of sitva-
tions which require coupling between chemical ki-
netics and transport processes. Further progress in
this arca is possible by using chemically well
understood systems and an improved knowledge of
transport coefficients in multicomponent mixtures
for a wide range of conditivns.
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VERBRENNUNG

Der Mechanismus der Oxida-
tion von einfachen Kohlen-
wasserstofTen wird beschrie-
ben und zur Interpretation
der Struktur von laminaren
Vormisch- und Diffusions-
flammenfronten benutzt*).
Weiterhin werden einige
Konsequenzen diskutiert, die
sich aus der detaillierten
Kenntnis dieses Verbren-
nungsmechanismus ergeben. -
Im einzelnen besprochen wer-
den laminare Vormisch- und
Diffusionsflammenfronten
und ihr Verhalten in turbu-
lenten Geschwindigkeitsfel-
dern, RuBbildung, NO-Bil-
dung und thermisches
DeNOx, Loschvorginge,
Fremdziindung und Selbst-
zindung (Motorklopfen).

1. Warnatz, Heidelberg

*} Dieset Aufsalz wurde shy Vorirag (vollstindiger
It-uumt

TndeE UORth wad deren
dem 4 Koloquinm der Dewschen Vi )t

m.v«hmw (DVV]..C&M&
Fhlm"ms.ohobulm-hhmhp-

Dumamm- icke U

ELEMENTARREAKTIONEN IN
VERBRENNUNGSPROZESSEN

Der Erfolg (obwohl noch viele Proble-
me geblichen sind) der Modellierung von
cinfachen Verbrennungsysiemen ist im
letzien Jabrzehnt aufgrund des Zusam-
menwirkens mehrerer Vorbedingungen
mbglich geworden: 1) der Verfigbarkeit
von Grofirechnern zusammen it der
Entwicklung von Methoden zur Lisung
von sicifen Dilferentialgleichungssysie-
men [1; 2], 2) der Verfiigbarkeit von zu-
verlissigen kinetischen Daten (aufgrund
der Entwicklung von stark verbesserten
experimentellen Methoden) dber die in
Verbrennungsxysiemen ablaufenden Ele-
mentarreaklionen aus den lketzien funf-
zehn Jahren (siche rB. {3; 4]), und
3) nicht zuletxt aufgrund der systemnim-
mapenten Tatsache, daB der Gegenstand
der  Betrachtung  (Kohlenwasserstofl-
Verbrenoung in laminaren Flammen)
von nur wenigen Geschwindigkeitskoel-
fizienten der betcilipien - Elementar-

g der
M, der Sulu-.
Voltn-um-trt des Fonds g Cheminchon inde-
sric wnd (im Rahmen des TECFLAM-Projekts) des
BMFT.

DWW Bd. 37 {1985) Wr. 1-2 — Jan./Faby.

" lierten Kennitnis der Chemie in sokch ei-

" ber sofl hier zuerst das Verhalien einer

schritte. wirklich empfindlich abhiingt
(siche weiter unten). Jede dieser drei Be-
dingungen ist dabei umverzichtbar.

Avs fritheren Arbeiten ist bekannt,
daB die Ahnlichkeit von Kohlenwasser-
stoll-Flammen (khuliche Flammenge-

othwindigkeil, dhnliche normalisierte
Konzentrationsprafile von Reaktanden
und Hauptprodukien {5) hauptsichlich
vom EinfluB der Resktionen
H+-03:-.0H+0' und
CO+OH—~CO,+0H

herribn, die unspezifisch flr den be-
trachteten Kohlenwasserstoll sind.
Trowdem ist fir realistische Rechnun-
gen ein detaillienier Renktionsmechanis-
miug notwendig. Einige typische Froble-
me, die den Einschiuf der vollen Chemie
verlangen, sind 2.B.:
o die Simulation der Bilklung und des
Verbrauchs von NO |5 bis 9},

# RuB-Bildung und dic Idmuﬂllﬂn!(
seiner Vorliufer (10 b 12),

& Molorklopfen

o zeitabhingige Rechnungen zur Simu-
lavion von Ziindvorgingen und des Ver-
oschens von Flammenfronten an kalten
Winden [13],

@ die Ausbreitung vos Flammen{ronten
in vorgemischien Gasen.

Chemie der Verbrenaung
Lamingre. Vormischilanmen
Wenn man insbesondere an der detail-

nem  komplexen System  wie  einer
ﬂnmmememmm, unpl'nhllesndl.
infache Strém ngungen

#ine einfache Geometrie zu wihlen. Da-

laminzren flachen Flammenfront in -
nem vorgemischien Gas diskutiert wer-
den, dic cine eindimensionale Behand-
lung erlawbi. Berechoele Temperatur-

VERBRENNUNG

0M 5 Wy pmd H,0 - M

mengeschwindigkeiten kdnnen dann di-
rekt mit experimentell bestimmien Profi-
len in einer finchen Flamme, Bild 1, bzw. higkeit des Stoffes i) kann benuizt wer
mit experimenteilen Flamm hwin- dea, da der\h-r;lach mit Multikompo
digkriten verglichen werden, Die Tempe- WO B0 0 Transporimadellen relativ kieim
ratur in solch einem System ist dabei so _.L" + O w—m OH * O I._ Abwchun.enmnlm 18 bis 20}.
hoch, daB die komplexen Phinomene Wegen der Steifheit des Systems (1)
der Niedertemperatur-Oxidation (siche (2) von Differentialgleichungen wird zui
z.B. IM]) veﬂuchliﬁln werden kinnen. Lasung cine implizite Methode endliches
Filr eine gquantitative lmzrpreuuon Differenzen benutzt [15; 16; 20 bis 22].
der Messungen missen die entsprechen-
den Erhalungsgleichungen gelost wer- HoeBMoh wmh 40N Mechanismus der Hochiemperatwr-
den. Erhaltung der Enthalpie und der =sf Ty - Ops b == {0y + W Jom verbrenmung
Msap der Sp_eziesi fiikhn ™ den zeitab- Wie weiler unien pezeigt wird, spich
hingigen Ghd"lﬂlﬂl [15 bis 17] die Oxidation von H, und CO eine her-

thicrbei sing D) binire DifTusionskoeffi

nenten, x Molenbruch, 1 Wirmeleitfi
® thyzmE oM oM

WM * A gt W * 0

LR o i BN ]

ar ' ausragende Rolle bet der Verbrennung
T ”—"'Uu Oz LM L von Kohlenwassersioflen. Einerseits ent-
: e, — WE e hillt der Knallgas-Mechanismus die Ket-

EInk 1 8 0T " "o » tenverzweigungsschritte zur Produktion
e, A, b2 Az ( ® ap— o oo, von H, O und OH, die dann den Kohien-
wassersiofl angreifen konnen, Bild 2.

pyL ,,,9.'!: Andererseits ist CO das Primirprodukt

Y ar ow der  Kohlenwassersioffonidation,  das
: Gutlus o= dann in einer langsamen Folgereaktion
+n- (AJ.) Q).

Wy * MO, muml W03+ W zumCO delt wird, AuBerd
. vnrdnch henumellen daB sich Kohlen-
wobei d:e Diffusionsfliisse j; und der
mittlere DifTusionsfiuB j, gegeben sing

e HD— B+ wassersiofl-Flammen im Prinzip  wie

Knallgas-Flammen verhalten, die durch

durch LA il | den Kohlenwasserstolf inhibient (aber
B dinT . auch aufrechterhalien) werden,

Jim = Dyp gt~ Drs 5 — T R NG Das susfuhrliche Schrifttum Gber die
il 21 H,0, Miochenimees (slshr Teat) H;-0y-Reaktion soll hier nicht diskutient

Ju"'"“;,"‘!' ). ) ] werden, da ausfGhrliche Zusammenfas-
» 1 kartesische Oriskoordinale, 1 Wirme-  gungen vorliegen {23; 24). Wesentlich,
Hierbei bedeuten JeitfEhigheit der Mischung, p Dichle. i fitd 2, ist die Konkurrenz der aus-
4 Flichenverhiltnis, ¢, spezifische Wiir-  Ein vereinfachtes T geprigten Ketienverzweigung H+0,
mekapazitit, D, Modaﬂ'mstoel‘- 1—w, OH+0 und der Rekombinationsreak-

tion H+0,+M < HO,+M, dic Kct-
1enabbruch verursachen kann. Die erste
« Reaktion hat cine hohe Aktivierungs-
encrgie (70.4 kJfmol), so dab sic der ge-

fizient, K spezifische Enthalpie, rBil- Duu=g——b— b,
dungsgeschwindigkeit durch chemische L ,
Reaktion, f Zeit, T Temperatur, o Stré- NN
mungageschwindigkeit, w Massenbruch, J-D.S[Ix, A'+(.i,

u

[ 4]

» * gy i i N N . a A i A
-:-.. L+ [ Ty L] [ U] Vs v __:.ﬂ [1] 1, W owrm
B 3: p, low Koally {Pusiiie: E Datsa, |17; 39); L-v- Iullll.-)
8): Plammengeschwindigherl r, im Hy-0,.N;-Sy-  b): Flammengrahwindagheit i siichiomesrischen €): i
wiem (F=1 bat, Ta 29 K) sh Fuskiion e As- Hy0y: N, Muﬂn'n b Funkmndﬂ an:l.u- H,-O, N Mudwnlm I‘T-Nl KJ sls Funkiion
fangmischuag. 1: O,K0;+ N, )=0057, 2: Oy wmpersiwr (Puibarl I H,<0,, 2: H - Luh des Druckes. 1: H,-0,. 2: Hy-Lufi, 3. (N, )= 0,776
10+ NJ=0.125, 3; Hy-Lul, 4: O 00,4+ N)w

und Konzentrationsprofile und Flam-

0.400, 5: H,0,

” B B 37 (1905) Ne. 1-2- JanFabr
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indigkeitsbest de Schrin der
Knallgasreaktion ist, wihrend die zweile
Reaktion cinen negativen Temperaturex-
ponenten aufweist. Da sich auch die
Reaktionsordnungen unterscheiden, trint
die Verzweigung bevorzugt bei hohen
Temperaturen und kleinen Driscken auf,
wiahrend der Abbruch bei hohen Drik-
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k_cn und niedrigen Temperaturen domi-
niert.

Dieser Mechanismus reproduzien die
Abhingigkeil der Flammengeschwindig-
keit von der Mischungszusammenset.
zung, Bild 3a, von der Temperatur des
unverbrannien Gases, Bild 35, und vom
Druck, Bild 3c. AuBerdem kénnen Kon-

zentrationsprofile in Knallgasflemmen
simuliest werden {18; 20; 21; 26).
Rechnungen umer Berocksichtigung
der Reaktionen, die die Oxidation ven
€O beschreiben (hauptsichlich CO 4+
OH—CO,+H) etlavben die Ausder-
nung aufl das H,-0,-CO-Sysiem |17].
Auch die Oxidation von C,- und C,-

"
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Kohlenwasserstoffen kann heute einiger-
mafien gut beschricben werden [3; 10;
15). Bild 4 migt zum Beispicl, daB Me-
than fiber CH,, CH,0 wnd CHO zum
QO abgebaut wird.

Dieses einfache Bild wird jedoch durch
¢ine betrichiliche Rekombination der
CH,-Radiksle zu C,-Kohlenwassersiol-
fen kompliziert, die dann dber C,H, und
CyH, zum Acetylen mit seiner komple-
xem Chemie abgebaut werden. Das
Zwischenproduki Acetylen ist besonders
wichtig, da 3 sich als SchlGssel zum Ver-
stindnis der RuBbildung und der Nicht-
ZeMovich-NO-Bildung  erweist  (siche
weiter unten).

Bild 5 (Teile a bis ¢) 2¢igt noch einmal
schematisch diesen Reaktionsmechanis-
mus fiir cinige konkeete Beispicle, wobei
dicamal die chemischen Fliisse durch ver-
schieden  dicke Pfeile wicdergegeben
sind. im Fall der Methan-Flamme ist
dewtbch der drastische Einflub des
BrennstofT-Luft-Verhiltnisses auf die
Reaktionswege 1n erkenmen. Insbeson-
dere st gezeigt, daB dic fette Methan-
Verbrennung (Rildteil ¢} eigentlich eine
Verbrennung von C,-Kohlenwasserstof-
fen ist [26).

Auch bei hiheren Alkanen wird im er-
sten Reaktionsschritt ein Alkylradikal
gebildet, dessen Schicksal dann zu be-
trachten ist, Bild 8, Teil a. Es stellt sich
heraus, daB diese Radlikale im Gegensatz
zu CH, und C,H, nicht oxidativ abge-
bawt werden, sondern nur thermisch zer-
fadlen, 30 dall sich das relativ cinfache
Abbuu-Schema nach Bilds, Teilh
ergibt. Bei  niedrigen Temperaturen
und peringen Radikalkonzentrationen
(Zindprozesse!} ist auBerdem die Reak-
tion des Alkylradikals mit O, zu berdck-
sichtigen [271.

Mit dicsen Mechanismus Wt sich
dana die suationire Flammenfortplian-
ung in Brennstofl-Luft-Gemischen bis
herasf zum Oktan beschreiben, wenn ein
vereinfachter Abbau der Alkyiradikale
angenommen wird |28); Arbeiten auch
zur Beschreibung von Ziindprozessen
von so groBem Kohlenwasserstoffen sind
im Gang [29].

Beispicle von Ergebnissen mit dem
hier dargestellien Mechanismus sind be-

h Fl seschwindigkeiten for
slipathische Kohlenwassernioffe Bild 7,
und Konzentzationsprofile in einer bren-
sersmbilisierien Acetylenflamme, Bild &

Besonders  sufschiuBreich ist eine
Emplindlichkeitsanalyse, bei der der
EinfluB einer Variation einzelner Ge-
schwindigkeitskoeffizienten sul das Re-
chenergebnis (2B, die Flammenge-
schwindigkeit) geprift wird, Ein Beispiel
ist in Bild 9 waedergegeten. Deuilich er-
kenrt man, da8 insbesondere die Reak-
Llionen

H +0, ~0H +0 und

"

" aldehpde
'.I-Rﬂ“l

dinp. rec. <22 fiy1) -ﬁ.. athene
u.]......
aligt®

Y

-.u-l--.-v

athyl
-

tmaller olhyl

|

]

CO+OH -+ CO,+H
geschwindigkeitshestimmend sind. Auch
sonst ergibt sich keine Geschwindigheits-
beschrinkung durch Reaktionen, , die
spezifisch fiir den betrachieten Brenn-
stofl CH,, sind. Dieser Befund 2¢igt,
daB die geschwindigkreitsbestimmenden
Schritte bei der Oxidation von C,- und
C,-Molekiiken und insbesondere im M,
0,-CO-Sytiem liegen, was die Ahn-
lichkeit im Verbrennungsverhalien ver-
schiedener BrennstofTe erklin. Dariiber-
hinaus ist dicse Tarsache auch der Grund
dafr, daB weiter oben an,
vereinfachte globale Mechanismen fiic
den Abbau héherer Kohlenwasserstoffe
zufriedensicllend arbeiten: Nur die ge-
schwindigkeitsbestimmenden Teile des
Mechanismus missen in Elementarreak-
tionen aulgel5at werden [28].
Larrinare Diffi yflammen

Laminare Diffusionsflammenironten
sind von besonderem Interesse sl

tr.
v Grundbausteine van turbulenten (tech-
" nischen) Fl {3132 D pre
chend liegen im Schrifitum experimen.
r— CHy, oy
N &: Schomatiorher Marhasiamu dos Abboas voy
lthrren Alkasan (sinbe Text) o ='>
tmyt
u| Uiy GHy O, cH, 1 . "\
‘0 wi ff ¥ °
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Bild 7: Flammongrabwindighcion o Alas- wnd Alsn Lalt-Mischuges
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B 0N = N g
B oM =~ N+HN
K om =0 on
OH*H == MO N
Hos O~ O,
0N - HOr O
0 s M0 OH+ DM
HoQy=Res WO;* N
Hoeuly— MM
W+ M= [0y« W
[0ge H — L0 rO0
N+ LM~ (N,

0 s iH = TN
B o+ (M= MW » (O
(HO+ B~ [O+N'M
Oy Oy — [DeN~N
e Ty e DHINDON,
Mooty Wt rlh,
H e wlHy= Mo wri M,

B4 %: Elnfhl sy Radusiornny von Goochwindiy-
heleshovifiziemen um shine Foboor 3 saf dic Flan-
mrngrachwindighelt lo  alaer  stichisaurtvierhes
C M, - Lub-Flowme (Pe1 dor, T8 K) Weile
Baliien: CH, +CH, -+ C,ii, vamnchibmigl, Einssl-
Tcleen In [ M)

telle [33) und rechnerische Ergebnitse
[34] insbesondere Gber Staupunkis-Ge-
genstrom-Diffusionsflammen  vor, da
dicser Flammentyp sich mit Hilfe der
Grenzschichtniherung durch eindimen-
sionale Modelle simulieren lifs.

Beispicle fir Experimente und ihre Si-
mulation sind in Biid 10 wiedergegeben
[34}; iiber die Verwertung soicher Ergeb-
nisse in turbulenien Flammenmodellen
wird weiler unien gesprochen.

Gieichgewichie, partieile Gleichgewichie

Ein beliebies Minel zur Vermeidung
kinetischer Rechnungen mit all ihrem
Aufwand ist die Annahme von Gleichge-
wichlen oder particllen Gieichgewichien,
dic zu einer drastischen Vereinfachung
der Behandlung von Verbrennungspro-
zessen (Uhri. Es soll daber anhand von
zwei Beispiclen die Grenzen ihrer An-
wendung diskutien werden.

Dazu soll zuerst die Einstellung des
Glechgewichts in CO-Lufi- und CO-
Saversiofl-Flammen betrachter werden.
Cine Rechrung unter EinschluB eines
detaillierien Reaktionsmechanismus,
Bild 11, zeig1, wic sich das Gieichgewicht
bei den fiir freie Verbrennung t1ypischen
Aufenthaltszeiten {GroBenordnung
1 ms) einstellt. Demnach sind Tempera-
luren iiber 1800 K erforderlich, da die
Reaktionen

CWK Bol. 37 (¥005) Nr. 1=2 = Jan/Fabr

Y a

vy P

) Floswmarsery L
'l Dk
I -
Iy :
i
74 .
A’ i v
X W,
woo |
S '
.\' .
1000 |- :

.

T

. trachist werden

H +H,020H+H,
_ dH= & kJmal

OH+CO 2H +C0,
4H= —104 k)/mol

' CO+H;0z=C0, +H,
dH= - 41 kJfmol,

die haupusichlich die: Binsiellung des
Gleichgewichtes besorgen, in jewails
einer Richtung siark .codotherm sind
[17]. Annahme von Gleichgewichisver- |
halten bej niedrigen Temperaturen mufl
demnach ru emsten Fehiern fahren.
Als Beispiel fiir ein partielles Gleichge-
wicht soll das im Knabgas-System be-
VA - “ | R
OH+H,s=H,0+H . . ;,
H +0,70H +0 RN
O +H,==0H +H:’ !
Hier lassen sich bei Annghme des partiel..
 len Gleichgewichits fiss H, O und OH de-
ten Radikalkonzentrationen durch Kon-
zntrationen  stabiler (und damit' gut
teBbarer. Teilchen) ausdrilcken, so dal
“u - R

T
B4 11: Verglelch voa thermadysamiech (smgese-
i Kun've) wmd Linetioch svmbsieitor

Der Vergleich von Rechnungen mit
detaillieriem Mechanismus und partiel-
ler Gleichgewichis-Rechnung, Bild 12,
zeigt wieder, da8l bei den Oblichen Aul-
enthaltezeiten in freien Flammen (i ms)
nur oberhalb von etwa 1800 K sich par-
tielles Gleichgewicht einstelih. Unterhalb
dicser Temperatur fBhet dic Vereinfa-
chuog wegen zu langssmer Einstellung
2u drastischen Fehlern (man beachie die

honstenten In CO-Flassmen, | 17)

logarithmische Skala). -
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sich wesentliche Vereinfachungen bei der  RuBbildaaeg
Bebandlung ergeben (25; 351 Dic RuBbikiung in vorgemischicn Sy-

Hemen ist in jedem Falle stark voo der
Chemie dieses Vorgangs bestimont [36;
37). Dabei sicht besonders die Frage
den Schritt in diesen Prozed im Vorder-
grund, wobei die HolTnung besicht, da8
dieser achon in ¢inem sehr friben Sia-

Schldaselicilchen fir dic Bilduag von
Rub ist das Acetylen, das i fetics Fla-

- der Verbrennuog scibet und der unver-

men durch Radikal-Pyrolyse [10; 15] in
schr hobher Konzentrationen gebildet
wird und dessen Verbrennungsverhalien
bei fetten Bedingungen deshalb susfiibr-
lich sowohl experimentell [37; 39] sls
auch rechnerisch [10] untersucht worden
it

Der Aufban gréflerer Molekiile,
Bild 13, vollzieht sich nach dem heutigen
Kentnisstand dber Diacetylen (C.H,)
[10} zu den ersten Ringsysicen [40], de-
ren gensuer  Bildungsmechanismus je-
doch noch nicht bekannt ist.

Aug dem Ablsuf der Verbreanung bei
fetien Bedingungen wird kiar, daf der
ProzeB der RuBibildung untrennbar mit

meidlichen Bildung vos C;-Kohlenwas-
wersioffen verbunden ist. Erwlhnens-
werle Ausnahme ist das Methanol als
Breansiofl, das wegen der fehlenden Bil-
dung vom C,-Zwischenprodukien keine
Tendenz zum RuBen aufweist {41]

Techaieche Flammen in Bressern
Chemische Reaktion in tarbulenien
Verbrenmngsprozessen

Fiir die Beschreibung von turbulenten
Flammes ist das Verhalien der oben be-
handelten Vormisch- und Diffusions-
flammenfronten unter dem EinfluB der
Streckung durch din (turbulenics) Ge-
schwindigkeitsfeid von besonderer In-
terexpe,

Fir Vormischflammen liegen Ergeb-
nisse vor fiir das H,-Lufi-System und
(als recht einfachem Beispiel fir einen
Kohlenwasserstofl) fiir das Methanol-
Luft-System. Im ersteren Falle ergibt
sich ¢in einfaches Laschverhalten, wie es
sich auch durch analytische Behandlung
mit eines Einschritt-Resktion ergibt,
Bild 14, (42], wihrend die Kohlenwas-
serstofl-Flammen durch Sireckung nicht
geldacht werden (43,

Fir Diffusionsflammen unter dem
EinfluB der Streckung in einem Ge-
schwindigkeitsfeld liegen im Schrifftum
susfbhrliche quantitative Messungen vor
[33), die fur Methan-Lyf-Flammen
durch rechnerische Simulation unter-
auvert und interpreti den k&
134]. Hier erscheint s maglich, die Che-
mie des Verbrennungsprozesses in Form
ciner skalaren Dissipationsgeschwin-
digkeit* (bzw. ciner lokalen Damkéhler-
z2hl) zu extrahieren [34] und in vorhan-
dene Modelle fir turbulente Diffusions-
flammen cinzubsuen [31; 32}

NO,-Bildung
Die Bildung von NO im Abgas von

Verbrennungsprozessen HBt sich awl

drei Quelien zurickfGhren:

#) Zeldovich-NO bei hoben Temperatu-

ren aus der Reaktionsfolge
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0+N, +NO+N
N+0, < NO+O )
N+OH -+ NO+H . .

Diese Form der NO-Entsichung st

turen gebunden und kano 2B. in
E:Ilp:ﬂmm frei von wtbrenden
Einlliissen beobachtet werden [25; 44)
Bild 15,

b) Nicht-Zeldovich-NO sus der fetien
Verbrennung durch die Reaktion won
Kohlenwassersiofl-Radikalen mit N,
(gensuer Ablaufl noch unbekannt), 2B.:

CH +N, -+ N-baltige Produkte
CH, + N, - N-haltige Produkte

©) NO aus Brennstoff-Stickstoll. Die Bil-
dung von NO ist dabei noch weitgehend
ungekliirt, acheint jedoch Gber NH,-Ra-
dikale und HCN m veriaufen [45]: Ea
stellt sich cine komplexe Konkurrenz
von NO-Reduktion und StickstofT-Oxi-
dation ein, bei der nur ein Bruchteil des
maximal méglichen NO gebildet wird.
Eine quantitative Behandlung erfordert
mehr experimentelles Material, erscheint
aber durch Kombination der Mechanis-
men von detaillierter Kohlenwasserstoll-
Oxidation (siehe weiter oben) und Am-
moniak-Verbrennung (siche weiter un.
ten) in nicht zu ferner Zukunft miéglich.

Thermisches DeNOx

Zentraler Punkt der selektiven ther-
mischen Reduktion von NO im Abgas
von Verbrennungsprozessen [46] ist die
Reaktion von NH, mit NO [47; 48],

Diescs ,,DeNOx-Verfahren™ erfordert
cine Temperutur, dic cinerscits genigend
hoch ist, so daB OH zur Bildung vom
NH; (z.B. durch Abstraktion aus NH,)
zur Verfiigung steht (daher Vorhanden-
stin von O, notwendig), Rild 16. Ande-
rerseits muB die Temperatur geniigend
kiein sein, 30 daB das rugesetrte Reduk-
tionsmittel micht vollsulindig durchoxi-
diert wird. Demnach arbeitet das Ver-
fahren nur in cinem Temperaturfenster,
das vom NH,/NO-Oberschul und vom
Saverstofl- und WasserstofT-Gehalt des
Abgases a

NH,-Uberschilssen, Bid 17. Unter tech-
nixchen Bedinguogen kann kem groBer
NH,-Gehalt des Abgases skzeptiert wer-
den, 30 dafl der Wirkungsgrad aufl 50%
bis 70% sinkt, wegen des niedrigen Aul-
wandes jedoch aitraktiv bleitt. Ein Bei-
spicl ist it Biid 18 aohend von Experi-
Menten und Rechnungen charakierisieny
(Kraftwerksblock mit 235 MW in Long
Beach, CA).

WK Ba. 37 (1985) Nr. 1-2 = Jan.Febx.

T ey e 00—

Ideal arbeitet das Verfahren bei hohen

My N s Wy N,
N N i
+_Hy0 foum

* Wo
-0
*«
¢ Hyl) joomm
+ OH
*« NG

T
‘Mool—u-
Wy o Wy —
Ny + M0 —
NHy, « NO —
Wiy & HND —=
o
W0
L

HLEE RN

L
N
+

M oe o
Hemen
LT

SRR

—— ﬁ'" +«+ N
— u! -« N0

LI L

[0, G,
.
BB 6 M dor
e}

»w

Oridation |

Orabasian,

»
A

&.
4\

T 17 Saluibtivs Redukton vom NO bl N, Ober-
otiud, Punkss: M (461 Kurve: Rackmmg
[29] st eimame Mechamiomen Shalich dom o [45],

00 -
% 1
718

|

wr

rischen Verbrensung scheist nach dem

LT
X .
1T 7] T ( 5‘
T Lo ]
unn}
1"t . f
]
et
b
1
un} o .
L " e
". f A A L A L L
On 2 ' & m 8
e n ik s Basth h#

Teiguirutar dus Endganss in sinem Vermuchanssor bel
Rlopfenden wnd wichi-At r‘ [ “q

Moy o g
LR S ]
B ooy o e

(BN N X )

Wel ol nms m + 1
RN R ¥ I
RN SN R
Nootily— o =
oy e,
-ewe,— a e,
0 oMy — oy,
HO ¢ M — M0y R
¥ ™ DH+DH+ M

LR Lol L ]

LK

BN — as e
[ JONY T R ™Y

dar Niadertompursten-Oigide-

B 281 Markanbmms
ten = 1 R AL, [29]

sacht zu werden. Flamsmenldechung auf

den kalten Wiinden hingegen, das lange
Zeil als Hauptursache venmutet worden

7

. /ERBRENNUNG

‘i, wird beute als nur u etwa 10% an
diesems Vorgang beteiligt angesehen, Ins-

Simulationen des Liachver-
.| haltens voo Flammenfronten, dic senk-
recht suf cine kalie “[n’and trefTen, iragen
zu dicsern Urieit bei (1], Entsprechende
Simulationen von Fiammenfronten, die
sich paraliel zur Wand bewegeu, stehen

nungen moglich) bisher aus. Aus demsel-
ben Grend sind Rechoungen Gber das
Liechverhalien in Spalien bisher noch
nich: mdglich,

Selbuiziindung, Motorkiopfen

Das motorische Kiopfen wird in jedem
Falle stark durch die Chemie des
Verbrennungsablaufes  (exponentielles

stimmt, die daher schon seit Jahrzehnten
inteusiv diskutiert wird [52].

Neuere Messungen zeigen, daB das
Emdgas bei der motorischen Verbren-
nung sehr homogen ist, s0 daB eine null-
dimensionale Simulation méglick sein
soifte. Ein bedeutender Fortachritt der
letrten Zeit besteht darin, daB e nun
mdglich ist, die Temperatur des unver-
brannien Endgases rei und

berithrungsfi
damnit Zuverlissiy ru messen [53; 54).
Dabei stellt sich heraus, dad diese Tem-
peraturen zu Beginn des Klopivorganges
um etwa 1100 K berum licgen, Bild 19,
Skdnddlmi:\rie!bélmahdieTmpe-
raturen, bei denen das Phincmen der;
kalten Flammen 2 beobachten ist. '

(da aur durch rweidimensionale Rech- *
-La

Wachstum eines Radikal-Pools) bo- -

. Selbstriindung des Endgases bei der mo-
)t torischen Verbrennung jetzt durch einen
- techt einfachen Verzweigungsmechanis-
v mus beschrichen werden, der sich auf zu-
wl N\, verlissige direkte Messungen von Ele-
. * menwrresktionen im  Knaligassysiem

t ""'.- "“"’“‘"""" abstiitzen kann, Bild X0.

e¥ B

LY g Rechnungen bei isothermen und iso-
baren Bedingungen, dic dencn im Motor
TR T4 entsprechen, liefern daun Ziindverzugs-
[T By zitrn, die das Aufireten des Kiopfeny
M 17 Mindsststadssrgle b O,/O,8un erkliren kimnen [29; 55]. Verfeinerte
Puskse: o Pu ol peitli -
P-O.ll::—- 34 W-":iz-_ Rechnungen miissen den zeitlichen Ver
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Zindy = alner

" Aufgrund dieser Tatsachen kann die

lauf von Druck und Temperatur mitbe-
riicksichligen und werden in Kiirze vor-
Licgen [29].
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mbglich
wurde cine Methode entwickelt, die die
Untersuchung der laserinduzierien ther-
mischen Ziindung in einem rylindrischen
GediE konstantea Volumens ertaulit [56;
57} Zur Vermeiduag von experimeniel-
len (Beteiligung cines gocigneten sbsor-
bierenden Teilchens) und rechnerischen

(Beteiligung ciner groBen Anzahl voo wa hal) b Combumivn, £ P42,
oo st oof o el diowe ;S TAT N Wb r
C Zuerst & -Mischungen p i
ity e e G zena R
ui eines ~IR-Lasers -
cingeleitet wird. Das Licht :nrd fokus- r-—r-m-“?’u:aur_ aw.
- 30 daB e ci it &5
Durchmomr vou e 1o i hone Syl R R
stantem FluB {iber den Strahlquerschnitt oy N € Toe
bt . ; frmbigry 2 \ Fllnam, €:
o Reakior ey i Bty S S S
der absorbierten Energic, B Ay 71 -
Der Onon Zeral wied n owet v ™ P2 e
Stellen mit Hitfe von UV-A e Tanic Properisss, ,._',""‘-‘""
sorption verfolgl, wobei eine HgXe- " An—ucf-'n,.tu-".—'-‘#hm&
Lampe und ¢in Monochromaior verwen- pe :.27" - "‘“:m-i-.,-l M- lastinny-
det werden. Io ciner Reibe von Experi- e AT iy o (. 1, Dooferd. snd W
der Mindeun'mdc::j:‘v:m Volumen #9 Hdﬂ‘hﬂgﬁaw
der Zimdquelle, von der Zindd uod _";‘-m-.lnm o gt
von det'z des Aus- lll'rh--w.-f..—lqpl-c_—-r-.s--du_.
mangsgemisches untersucht werden. Ty- mm"‘n:;m
M isve sind j Cuas. I, 193 (1973)
pische MeBergebaine sind in Bild 22 2u- |, Sua @ omn) Propaguing snt
sammen mu;: ciner enl- h—m:ﬂ:{:%m,_-
sprechenden Simulation wi ben. Wm0
Dir Zindvorgang in s verochs: ™ B T
anordoung kana durch die Ldsung der hu.h—..m;a—nmmn
cotsprochenden aeitabhingigen cindi- ™ AL P TP b of o ot oo
mm w“mmm - mh::l ’om!l_&-zml.
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(Universitit Heidelberg [39]) geidet wer- 174" T b= Sewmpn. Pig. Gl &1
dc:n kann. Es stelli sich beraus, dad der ray Do Berwr, 2.6 sat Lioyd,
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€inc thermische Explosion im Zindvoly- P9 fnetews. G- i g iy i
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" HETEROGENE REAKTIONEN BEI

DER VERBRENNUNG VON KOHLE

Kohlen sind organische Fest-
kdrper mit mineralischen Be-
standteilen in unterschied-
lichem Mengen und Verwach-
sungsgraden. Fir ihr Verbren-
nungsverhalten ist von Bedeu-
tung, daB sie bei der Aufhei-
Zung einem Pyrol;_rscvorgang
un . Dabei entstchen
einerseits Koks, andererseits
flichtige Produkie, wiec Koh-
lenwasserstoffe, Kohlenoxide,
Wasserstoff, Schwefel- und
Stickstoffverbindungen. Bei
der Verbrennung einzelner
Kohlekomer mubB man also im
einzelnen folgende Vorginge
unterscheiden: — Entbindung
der fliichtigen Bestandteile
wihrend der Pyrolyse, — Ziin-
dung und Abbrand der flich-
tigen Bestandieile, - Abbrand
des Kokskornes.

Das Zusammenspiel dieser
Einzelprozesse beim Ablauf
der Verbrennung wird it Auf-
salz*® dargestellt und auf seine
Bedeuntung fiir die Bildung von
S0, und NO, aus den Elemen-
ten*s und N des Brennstoffs
cingegangen.

. van Heek und
H.-l Mﬁhlm, Essen
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1. Enflhrmg

Koblen sind organische FestkSeper
mit mincralischen Bestandicilen in unter-
schiedlichen Menpen und  Verwach-
sungsgraden. Weltweit sind sic beute mit
30% am Primirenergieaulkommen be-
teiligt. Sie diencn zur Erzeugung von Se-
kundirenergieirigern wic Stuom, Gas
oder Keafistoll' sowie von Reduktions-
mittels und Chemierohstoffen [1; 2},
wobri dic Verediung der Kohle zu Gas
und flissigen Produkten in der Zukuafl
sieigende Bodeutung erlavgen wird (3]
Seit jeher ist die Verbrennung in Keaft-
werken, Heizwerken und Einselfeverun-
gen ¢in wichtiger Zweig der Koblenver-
wendung. Thee Grundisge und Technik
waren daber stets Gegenstand von For-
schung und Enlwicklung. Der Stand der
Verbrennung ist in neverer Zeit von ver-
schiedenen Autoren [4; 5] rusammenge-
flﬁlwordm.v

Fiir das Verbrennungsverbalten von
Kohlen ist entacheidend, daB die organi-
sche Substanz beim Aufbeizen einer Py-
rolyse unterliegt. Dabei entstchen einer-
scits Koks, andererseits flichtige Pro-

oxide, Wasserstofl, Schwefel- wad Stick-

soffverbindungen. Der Eatbindungs-

vorgang ist aullerdem die Ursache far

die Hoblraumsirukiur des Kokses In

Anwesenheit von Sauersioff, siso b

Verbrennungsvorgang, sind im As-

whiuf an die Pyrolysm weiterhin

wnterscheiden :

- dic Zindung der Nichtigen Bestand-
teile und des FeststolTes,

- die Verbrenoung  der
Fliichligen und

- die beterogene Verbrennung des Ko-
kin.

In diesem Beitrag wird nach einem kur-

Methoden auf den Ablaul dieser Grund-

prozesse und ibre Bodeutung fiir dic Bil-

mms_ﬁdmn-msam

bindungen cingegangen.

1 Experimentelic Methoden

Zum Studinm der Pyrolyse wnd der
Verbreanung vos Kohle sind folgende
l61l. Methodes gebrinchiich

& Zu den fhesien Methodes gebint die
f, bl der mia den

durch Wigung verfolgt. Der zu untersu-
cheade Fenstoff wird i.a. als Schiittung
von einigen Gramm oder auch als grafe-
mKomcin.uﬂaundgﬁ‘.mSpm-
oder Reaktiousgas umstrdme. Bei der
Verbrennung erfadt man 30 unmitteibar
dic Umsetzung der Koble in gasfGrmige
Produkie.
o In Spilparreakioren orduet man die
Kohle ublicherweise in ciner kicinen
Festachichl au. Dic Probenmengen be-
tragen cinige Gramm uod werden von
inertem oder  reaktivem Gms
durchstrdmi. Der Reaktionsfortachritt
keun durch die ‘Analyse der entsichen-
den Produkigase verfolgt werden.
Thermogravimetrie und Spillgasresk-
Loren kénnen fiir isotherme als anch fir
nicht-isotherme  Temperaturfihrungen
eingesctzt werden. Erstere LBt sich
analysengerit koppeln.
o Zum Swudium vou Verbrennung und
Pyrolyse in Flugstaubeeakioren haben
sich Somden bewihirt, mit denen man an
verschiedenen Stellen des  Reaktions-
rmuny Gase und Festsioffe absaugen
und anhand der Gastoammenscizung
baw. dem Kohlenstoffverlust in Abhiin-
gigkeit von Raum und Zeit Aussagen
iiber dem Verbrennungsablaul bzw. die
Kinetik machen kann. Nachtcilig bei die-
ser Methode ist sicherlich der bibere
Aufwand vor allem bei der Nachuntersu-
chung der Proben, vorteilhaft die Praxis-
ndibe der hierbei benutrien Reaktoren.
@ Zur Untersuchung der Pyrolyse und
der Verbrennung von Einzelkdmern be-
sutzt man viellach dic Drohinetzme-
thade, Bei ibr werden cinzelne auf einem

elektrisch erhitzt. Der Reaktionsfort-
schritt lbt sich @ber cipe Gasanalyse
verfolgen, dic entweder mit schnellen
Anzci ften, 2B, ti Flugzss
senspekirometer, ,on-line™ (8; 9] oder
unter Verwendung anderer Analysenme-
thoden absatzweise durchgeflihrt wird.
Duriber hinaus lassen sich mit Kameras
Zeivdehneraufnshmes herstellen und im
e
fung, dic Zindung wnd
Verbreanungsvorgangs optisch verfol-
geo. Schiefilich sind awch Verbren-
nungersiten dwch Mossung der Kom-
Gbertemperstwr  (Temperaturdifferenz
rwischen Kontt und Drabtoetz) bestimmt
worden.
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