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ABSTRACT

We have developed a new diagnostic technique for the time-resolved
measurement of chemical species important in combustion systems. The
method is based on eleétron impact fluorescence from atoms and molecules
in an expanding free jet. Spectra were obtained from the electron impact
of CO, €Oy, CHy, 0o, air, and Ar at different electron energies in a
steady-state system. We have demonstrated the application of the
technique for monitoring transient events by continuously méasuring a
single frequency unique to a particular species during combustion of
spark-ignited methane/oxygen/argon mixtures. Advantages of the technique
are discussed, and include fast temporal response, high sensitivity and

selectivity, simul taneous multi-species detection, and low equipment

costs.



INTRODUCTION

Molecular beam mass spectroscopy (MBMS) has proven to be a valuable
tool for the study of combustion systems. Its application to steady-state
systems has yielded answers to many questions concerning the chemistry of
flames and reacting systemsl_A. Transient systems have also been studied,
but with less success due to inherent problems associated with sampling
and interpretation of results>8,

The limitations of direct sampling MBMS have been discussed by

9

Smith”, and we have provided detailed theoretical modeling and

experimental results of transient combustionlo_lz. During this research
we were able to identify areas important in the study of transient
combustion, and began to develop ideas to improve the detection of
molecules when molecular beam sampling techniques are applied to time
varying combustion events.

We are investigating the coupling of direct sampling with electron
impact fluorescence (EIF). EIF has been used by a number of researchers
to investigate the spectrum of various atoms and molecules cooled in a
supersonic beam13—l6. Their results led us to believe that EIF could be
used to study non-steady combustion with improved species selectivity and
temporal resolution.

In this paper we present spectra of several species of interest
in combustion obtained in steady-state experiments, and time-resolved
records from spark-ignited methane/oxygen/argon mixtures at two different
equivalence ratios. These experiments show the feasibility of the

technique, and we discuss how it can be used to further our understanding

of transient combustion phenomena.
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The three-stage molecular beam system described previously s

modified to allow installation of an electron gﬁn assemb];; freg jet
source, and a window for optical access. A schematic of the apparatus is
shown in Fig. 1. .The components were mounted in.the second stage, pumped
by a Varian 6" oil diffusion ﬁump. The existing molecular beam skimmer
was removed to allpw additional pumping by the NRC 10" o0il diffusion pump
in the first stage. The third stage pump was not uséd. Background and
operating pressures were 3 x 1072 torr and 1073 to 1074 torr,
respectively.

Two different source arrangements were employed. The steady-state
source consisted of a 0.3 cm diameter pyrex tube with a small piéce of
stainless steel foil glued to its end. An orifice was fébricafed by
iﬁdenting the foil with a needle folibwed by grinding with silicon carbide
powder. This method can produce hole diameters as small as 50
micrometers. We have prodﬁced beam; with Mach numbers of >15 usiﬁg argon
at 1.C étm using similar sources]O. |

The second source arrangement, used for the transient combustion
experiments, was a quartz cell with a volume of li.3 cm3. The cell
contained two tungsten electrodes, a gas feed tube, and a quartz sampling
probe.A Tﬁe source was conicél with a 200 micrometer diameter orifice at
its apex. This type of probe, used in our previous molecular beam
studies, has been shown to sample reacting mixtures with no apparent

perturbationsll’lz.



The electron gun assembly was fabricated from stainless steel,
quartz, and unfired ceramic. Electrons, produced by heating a tungsten
filament with a regulated a.c. power supply, were accelerated by applying
a negative voltage to both the filament and a plate behind the filament.
The electrons passed through a 0.4 x 0.9 cm aperture cut into é plate
which was held at ground potential. Focusing or alignment lenses were not
used in these experiments. The electron current was measured with a
Faraday cup located approximately 2.5 cm from the aperture plate. The
spread in the -electron energy and the spatial distribution of the beam
were not determined. Beam currents of up to 1.0 mamp were measured with
no free jet present.

Gas ﬁixtures were prepared by flowing individual gases through
calibrated flowmeters into a mixing tube filled with pyrex spheres.

Argon, methane, nitrogen, and oxvgen were obtained from the Lawrence
Berkeley Laboratory supplies. Carbon dioxide and carbon monoxide were
obtained from the Matheson Corp. All gases were use without further
purification.

Combustion was initiated by a spark discharge in mixtures of CHys 09,
and Ar. A 4 uf capacitor, charged to 2.5 kV, was discharged through a h
nu Systems, Inc. 10:1 trigger transformer, with the resulting spark
lasting n 100 usec. A typical mixtures was CH,:0,:Ar = 1:2.6:10.4,
inifially_at a pressure of 6.5 atm.

Light emission orthogonal to the free jet and electron heam was
observed through a quartz window in the vacuum chamber. A McPherson 0.3 m
scanning monochrometer and a Hamamatsu R955 photomultiplier tube were used
to disperse and detect the fluorescence. S1it widths were 0.5 nm in the
steady-state experiments and 1.5 nm in the combhustion experiments. PMT

signals were amplified byba Pacific Photometric 60A-2 amplifier.



Spectra were recorded on a Linear strip chart recorder. Transient signals
were processed using a DEC microcomputer-CAMAC crate system described

10

previously "~ . A typical rum involved digitizing 500 points at a rate of

50kHz.

RESULTS
l. Steady-State Experiments

Steady-state experiments were conducted using pure gases to obtain .a
fluorescence spectrum from Ar, 09, C02,vCO, CHy» and for air. All of
these species pfoduced light in the visible portion of the spectrum, with
the characteristic shape of an expanding free jet easilyvseen in a
darkened room. While the chemical species responsible for the emission is
most likely a.singly charged ion, we will use the pareﬁt coﬁpound'name fer
‘identification pufposes. The origin of the fluorescence will.be discussed
later.

Electron impact fluorescence spectra for these species obtained with
a constant 0.5 nm bandpass and at various electren energies are shown in
Fig. 2 through 7. Spectra of a particular species recorded at different
electron energies showed no significant differences except for the
intensity of the peaks. This was found fer the species studied over a
range of energies from 60 to 390 electron volts.

Plots of a single fluorescence peak intensity as a function of
electron energy were.used to determine the optimal operating conditions.
The plet for the 430.1 nm band arising from CH, is shown in Fig. 8. The
scatter in the data is due mainly to difficulties in maintaining a

constant electron current with changing energy. Our results are in
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agreement with previous experiments on ionization efficiencies™’, and

indicate that energies of'100 to 140 electron volts should be used for the
detection of stable combustion species.

A plot of fluérescence intensity from CH, as a function of electron
beam current is shown in Fig. 9. The data were recorded at 430.1 nm, and
at an electron energy of 140 volts. The data appear linear, suggesting
that only single electron-molecule collisions are responsible for the

observed signal. The slight curvature at lower currents is probably due

to background light and uncertainties in measuring low electron currents.
2. Transient Combustion Fxperiments

The spectra from the six species were examined to determine which
emission line would yield the strongest signal for a particular species
with minimum interference from other species. This wavelength was used in
combustion experiménts to obtain a time-resolved concentration profile for
a single species, A list of the wavelengths used to measure each molecule
is presented in Table I.

The combustion cell for the transient experiments had a constant flow
of reactants. The initial pressure was approximately 0.5 atm, énd no
attempt was made to measure the pressure during combustion. Two
equivalence»ratios were used: 0.7 and 1.1,

Figure 10 shows the long-term fime—resolved fluorescence curves
arising from three combustion species reacting at an equivalence ratio of
0.7: C02, 02, and CHA. Fach curve has been averaged separately over a
number of events: 20 for CO,, 111 for 0y, and 220 for CH,. The spark
igniter, triggered 90 msec after the start of the data recording, produces
a noise spike lasting 1 msec. Growth of the 002, and a decrease in the

CH, and 0y occurs in less than 5 msec. The behavior of these signals show



the purging of the combustioh celivby fresh reactants. The time needgd
for replenishment of the reactants is much longer than the observed
feaction.time;'the gas flow thus does not significantly alter the reaction
kinetics.

Fluorescence from CO, at shorter times are shown in Fig. 11 and 12.
The equivalence ratio was 0.7 for Fig. 11, and 1.1 for Fig. 12. Both
traces are averaged over 20 events. The large mnoise spike at V1.7 msec
"is due to the light a;sociéfed with the spark discharge. As expected,
there is a significant differénce in the behavior of each curvé, with the
CO2 production slower in the rich coﬁbustion case. Carbon ﬁonoxide
measurements. (not presented) show an inérease followed by a dgcline when
the CO, begins to grow in the lean case. However, for rich combustion CO
grows continuously. Other reactanfs and products beﬁave as ekpected for

this system.

DISCUSSION
1. Species Identification

It should be noted that the fluorescing species is probably not the
parent compound. Some of the spectra reported here have been measured and

analyzed previously. TImportant combustion species such as Ny, N50, COy,

14, while many other species

including CO have been studied by other methodslg. These efforts have

and Hy0 have been studied in supersonic beams

shown that the fluorescing species is usually the singly charged cation of

the parent molecule, with some emission due to cracking of the parent. (for
example, cot and COE from COZ). The situation is similar to mass

spectrometry, where ions formed from neutral species are detected, and



care must be taken to insure that the signal observed is indeed
proportional to the concentration of the parent compound. We have not
attempted to identify the species or state resulting in a particular line.
Rather, we present spectra to show the type of emission resulting from a
particular compound of interest in combustion, and show how a single
species may be monitored in the course of an experiment.

One of the advantages of the free jet expansion is that it cools the
molecules and thus reduces the number of lines present in the spectrum.
The number of lines present for each species offers a simple check for
species interference; by observing one species at several different
wavelengths one can eliminate the possibility of overlapping emission by
different species.

Emission from unfeacting molecules such as argon can be used to
follow changes in the density of molecules in the detection region caused
by combustion-generated differences in the source conditions. This method
has been used successfully in a molecular beam mass spectrometer systemlz,

and should present no additional difficulties here.
2. Transient Combustion

Figures 10, 11, and 12 show that transient combustion events can bhe
followed using electron impact fluorescence. The reaction times observed
are reasonable for mixtures of this type, with an initial pressure of 0.5
atm and a spark ignition source located at one end of the cell.
Combustion in this cell differs from ideal constant-volume combustion
because of the steady_flow of reactants. A theoretical modeling of the
reaction thus would be very difficult. Our goal was to show the
feasibility of using the electron impact fluorescence technique to follow

non-steady combustion.



3. Time Resoiution

An important question to consider is the ultimate temporal resolution
possible while recording a transiént combustion event. There are twé
factors to consider in determining the time resolution possible in our
system: the inherent resolution due to the spread in molecular arrival
times in the free jet expansion, aﬁd the special case of beam overrun in
combustion systems where a temperature gradient exists.

We calculated the spread for a 1.0 usec pulse of argon leaving the
source at various temperatures and -Mach numbers, usiné standard gas
dynamic flow relations for perfect gases. The technique used has been

described in detail previously10

« The disfance to the detection region
was fixed at 3.0 cm. At 300 K and M = 15.0, the hal f-width associa£ed
with molecular arrival times is 5 uséc; For 2000 K and M = 5.0, the
result is 6 usec. While the results do nstlincludé electronic response
times and are for an infinitely fhin detection region, they do indicate
the résolution possible. These values should be compared to those
calculated for a conventional molecular beam, where the heam path is
usually >20 cm. Similar source conditions result in arrival distribution
half-widths of 40 an& 47 usec, respectively.

The short path length aiSO'greatly improves tﬁé ability to make
meaningful measurements in systems‘wi;h'rapid increases in temperature.
Beam overrun, ; term used to describe the effect when moleéules sampled
from a coél sou;ce afe overtaken by.faster molecules sampled from a hotter
source later in the reaction, limits the rate of temperature incre;se

11

which can be tolerated when sampling combustion species” . The rate of

i
temperature increase needed for the critical overrun has been determined

by Smith9 to be inversely proportional to the path length. Our systen,

with a 3 cm. length, bhas a critical temperature rate of 1 x 107 K/sec.



This permits, for example, accurate sampling of atmospheric pressure,

stoichiometric methane/air flamesll.

4, Sensitivity

Another important consideration is the ability of this technique to
monitor low concentrations of molecules. Because we did not attempt to
optimize the experimental apparatus for maximum signal strength,
calculation of the expected radiation flux is useful.

The interaction volume is assumed to be a cylinder 0.2 cm long
having the diameter of the electron beam. For mean free paths >>1 cm, the
molecules have a excitation impact area
Ajp = 0.2 (7 /8) (Db)2 nA, cmz, where Dy is the electron beam diameter,
n is the density of molecules, and Aem is the emission cross section.
Dividing by the electron beam cross~sectional area yiélds the fraction of
molecules that will emit: f = 0.2 n Aem' Multiplying by the electron

* . .
beam current I gives the number of emission events per second,

*

»

ol5 -1

We assume an electron beam current of 0.5 mamp, or 3 x 1 sec .

The properties of the expanding free jet are calculated using standard gas

dynamic relationslg. The density of molecules 3 cm downstream of a 125

-3

micrometer source is 3.5 x 1013 cm - when the source gas has a specific

heat ratio of 1.4 and is at 300 X and 1 atm.

2 in the expanding free jet. 1t has an

18

Consider the case of CO

electron impact induced emission cross section for the A2H a > X 2H .

band of approximately 8 x 10'—17 cmz. In the cold free jet v 10% of the

light emitted in this band is at 288 nm. TIf one assumes a collection

efficiency of 10% and a concentration of 100 ppm (0.01%), the rate of



detected photons is 2 x 106 sec_l. For a transient event with a

resolution of 10 usec, 20 photon§ will be detegted in this time period.
Photon counting techniques permit this rate to measured easily.

This calculation can be extended to other species, many of which have
similar cross—-sections. For example, atomic hydrogen, certainly of
interest in combustion, has a cross—section of 10_17 cm2 for the Zp >1s
transition at 20 evzo. Thus it should be possible to measure atomic

hydrogen in transient combustion systems at the 100 ppm level. Signal

averaging may extend the detection limit into the 1-10 ppm range.
4. Implications for Future Work

Future work will center on improving the experimental technique. A
dedicated apparatus will be constructed with improved ion and fluorescence
optics. The néw apparatus will be equipped with multiple windows for
simul taneous detection of two or more species at different wavelengths.
Heated sourées will also be employed to obtain high temperature
calibrations for stable species.

One of our major goals is to extend this technique to measurements of
unstable species. Calculations presented in the the preceding sectibn
indicate that sensitivity should ﬁot be a major problem. However,
obtaining spectra for some of these molecules might be difficult. Several
different approaches to this problem, including low-pressure microwave
discharges, cohtinuous plasma- jets, and low pressure flames will be used
to produce high concentrations of radicals such as OH, O, and H in
relatively simple environments. Coupling electron impact fluorescence
with other, existing diagnostic methods guch as mass spectrometry and

laser-induced fluorescence will also be explored.

10



CONCLUSIONS

We have demonstrated that electron impact fluorescence in a free jef
expansion is a useful diagnostic method for the detection of combustion
species. We have obtained spectra for several stable molecules important
in combustion, and have obtained time-resolved measurements for these
molecules in a spark-ignited mixture of methane, oxygen, apd argon.
Calculations show that this technique is capable of measurements with a
temporal resolution of 10 usec, and with enough sensitivity to measure

species concentrations in the range of 100 ppm.

ACKNOWLEDGMENTS

We thank Ken Hom for his contributions to the experimental design and
operation, and Prof. A.X. Oppenheim for his vital support of this
research. This work was supported by the Director, Office of Fnergy
Research, Office of Basic Fnergy Sciences, Fngineering, Mathematics and
Geosciences Division of the U.S. Department of Fnergy under Contract No.

DE-AC03-76SF00098.

11



1.

2.

4,

5.

6.

9.

10.

11. .

12.

Biordi, J.C.: Progress in Aeronautics and Astronautics Vol. 53,
ATAA, New York, 1977.

Milne, T.A., and Green, F.T.: Advances in Mass Spectrometry,
Elsevier, New York, 1966, Vol. 3, pp. 841-850.

Peeters, J., and Mahnen, G.: Symp. (Int.) Combust., [Proc.], l4th,
841 (1973). -

Bittner, J.D., and Howard, J. B.: Symp. (Int.) Combust., [Proc.],
17th, 254 (1959).

Sloane, T.M. and Ratcliffe, J.W.: Paper 82-48 Western States Section
of the Combustion Institute, 1982.

Rnuth, E.L.: Fngine Fmissions; Pollutant Formation and Neasurement,.
Springer and Patterson, Eds., Plenum Press, New York, 1973, p. 3109.

Young, W.S., Wong, Y.G., Rodgers, W.F., and Knuth, F.L.: "Technology
Utilization Ideas for the 70°s and Beyond'", American Astronautical
Society, Tarzania, CA, 1971.

Milne, T.A., Descroziers, R.E., and Reed, T.B.: SERI/TP-622-1139,
Sept., 1980.

Smith, 0.I.: "Molecular Beam Sampling from Combustion Systems"
Paper 82-49 Western States Section of the Combustion Institute, 1982.

Lucas, D., Peterson, R., Hurlbut, F.C., and Oppenhein, A.k.: J.
Phys. Chem. 88, 4548 (1984).

Peterson, R., Lucas, D., Hurlbut, F.C., and Oppenheim, A.K.: J. ~
Phys. Chem. 88, 4746 (1984).

TLucas, D., Peterson, R., Brown, N.J., and Oppenheim, A.K.: "Molecular
Beam Mass Spectrometer Sampling of Flash Ignited Combustion" to be
published in Symp. (Int.) Combust., [Proc.], 20th.

12



13.
14.

15.
. 16'

17.
18.

19.

20.

‘Carrington, A., and Tuckett, R.P.: Chem. Phys. Lett. 74, 19 (1980).

Miller, T.A.: Science 223, 545 (1984).

Hernandez, S.P., Dagdian, P.J., Doering, J.P.: Chem Phys. Lett. 91,
409 (1982). ’ :

Miller, T.A., Zegarski, B.R., Sears, T.J., and Bondybey, V.F.: J.
Phys. Chem. 84, 3154 (1980).

Kieffer, L.J., and Dunn, G.H.: Rev. Mod. Phys. 38, 1 (1966).

*Ajello, J.M.: J. Chem. Phys. 55, 3158 (1971).

Ashkenas, H., and Sherman, F.S.: Rarefied Gas Dynamics, J.E. Leeuw,
FEd.,  Academic Press, N.Y., p. 84 (1966).

Moiseiwitch, B.L., and Smith, S.J.: Rev. Mod. Phys., 40, 238 (1968).

13



TARLE I

Optimum electron impact fluorescence wavelengths for combustion species

Species

Ar

Co

Co,

cH,

Wavelength

(nm)
419.1
391.0
401.5
' 2'35.3

430.1

558.4

14

Relative Intensity

36

11
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10.

11.

12.

Figure Captions

Schematic diagram of the electron beam assembly and

spark-ignited combustion cell.

Electron impact fluorescence spectrum
nominal electron energy of 120 volts.

Flectron impact fluorescence spectrum
nomninal electron energy of 390 volts.

Flectron impact fluorescence spectrum
nominal electron energy of 290 volts.

Flectron impact fluorescence spectrum
nominal electron energy of 120 volts,

Electron impact fluorescence spectrum
nominal electron energy of 140 volts.

Flectron impact fluorescence spectrum
nominal electron energy of 120 volts.

of

of

of

of

of

of

pure CO recorded at a

pure CO, recorded at a

pure 0, recorded at a

pure Ar recorded at a

pure CHA recorded at a

air recorded at a

Fluorescence intensity at 430.1 nm as a function of electron

~ energy using pure CH4 in the free jet.

Fluorescence intensity as a function of electron beam current
for a free jet of CHy, and an electron energy of 140 volts.

Time-resolved fluorescence from €0y, 09, and CH;, in a spark-
ignited mixture of OZ/CHA/Ar at an equivalence ratio of 0.7.

Time-resolved fluorescence from C02 at an equivalence ratio of

0.7.

Time-resolved fluorescence from 002 at an equivalence ratio of

1.1.

15



0£€6-21¥8 19X

dwnd uoisnyjiq

ﬁ

~unb uou109|3

M
/_
/_\
< 1N
/
v 7
/NI
A/ IAAS,

dno Aepeued

|82 uolIsNqwo9

(//
' 7

16

7

\

19}11ubj

wwol




[R2- R AR 2 BT

006

z ‘9814

(Wu) HIODNIT IAVM

010} %

00¢

A® Ocl
010

il

T

(‘'N°V) ALISNILMI

17



8G/1-£498 18X

005

€ 814

(Wu) HIONIT IAVM
00y 00§

A® 06€

00

('N'V) ALISNILNI

18



6G/1-€58 18X

(Wu) HIODNIT IAVM

00§

A® 06¢
¢O

010} 7%

('N°'VY) ALISN3LNI

19



09/1-£98 18X

00S

(Wu) HIDNIT IAVM

o]0} %

00€

M

A® 021
1y

(‘'N'V) ALISNILNI

20



19/1-£48

00§

19X

(Wu) HIDNIT IAVM

010} %

‘814

00€

"

pemisiper

el

A® OVl
*HO

('N'V) ALISN3ILNI

21



2¢9/(1-£68 18X

00§

(wu) HLONIT IAVM

0¥

00€

A202!I

div

(-

"

e

('N'V) ALISNILNI

22



£€9/1-€498 18X

8

001/S1710A

‘814

00t 0L¢ Or'¢c Ol°¢ 08°1 OS°'T O02'I 060 090 OE0 000

ANVHLIN

¢ ¢

r'

00°0

10579

100°¢

0s°¢

00°t

10S°€

00°Y

10S°f

<00°S

CNY) ALISNIINI

23



we

INTENSITY A.U)

2.00
1.80
1,60
1,40
1.20
1.00
0.80
0.60

0.40

0.20

0.00

ra,

L .

METHANE
L 140 VOLTS '4‘
| | o

™ -

—

L

[ - A | I

- 0.00 005 0.10 0.15 020 0.25 0.30 0.35 0.40 0.45 0.5

CURRENT (MAMP)

- XBL 853-1764

Fig. 9



SIGNAL

. : CARBON DIOXIDE

L '-'%".. .’
.t .

= =% ‘.‘:'\ ! W

. OO LA w.. -

o ., ¢ Mfvy .

: T
- . Wt

:l}.'-..‘,Q PYs

o
"L A A 2 A A A A i A 3
S 0. .

L o o’
- “yo R R TOL - o c.V""""‘.’"' g

. s . e . - 0-.... -,\‘ 3(.._.. e L P ST S .‘.-.,.

.o ~.~..‘ '\:;’.?; . .ﬁ .... -~ Soge TS e o e
*

- cklh ...‘. ,

i e TR OXYGEN

=
.
-
*
™0 n A 2 A 4. A 3 i A —
5 . . - L.
.
. °. . r} * ., ¢
e - . v 2 s .7 .7 et
= . L4 . .. . « - oo
“e. . s s ° . .. " oo e
: .. E A S X S Ol LY
P . .. o4t A T A T e SR
(XN . e L e, o . A T .. %o,
- ., B LA T AT SR S T i AT R T e PR
- . & % e F ke c*. .%s . S . Fd .o % bl ‘. ’
-« * - . 'e® 9. 6 o . o . ~ ee Y
L4 * * e . e . - - d
‘ LR SRR .. .t - .
L . S T, ., Lf e
e Tsee € o0, . .
.
. 0 . .
. .
- .
- e
.
e . 4 i A, L A A A n |

0.00 0.25 0.50 0.75 1.00 1.25 1,50 1.75 2.00 2.25 2.

TIME (SEO

Fig. 10

25



99/1-€68 18X

- (O3SW> 3NWIL

000t 006 O00°8 O0O0°L O0°® O0°S O0°y OO°€E OO OO°t 0OO0°0

L]

’{‘l’.{‘

3GIX01a NOFHVYD -

26

C°N V> ALISN3INI



£9/1-£58 19X

000t 006 00°6 00°L

21 814

(Q3SW> 3NWIL

006 00°s 00 OO°€E 0O0°¢ 0O0°t 00°0

3dIX01d NOgdVvD -

; .
....\..._(!\\ oA ngcs
A ]
w
~ 2%
AT
»\{e&% i

L L -]

<N °V> ALISN3LINI

27



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.
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