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SUMMARY OF PROGRESS 1 November, 1961 - 31 January, 1962

(1 To circumvent the corrosion problems encountered in previous
metal burner systems a new spherical flame apparatus has been designed
and constructed using exclusively glass, teflon and ceramic materials.
The sampling probe has been modified to allow temperature measurements
to be made by the pneumatic probe method thus allowing the direct associ-

ation of temperature and composition measurements.

) The problem of handling and precisely metering small amounts
of corrosive materials has been solved by the construction of a new type
of pressure transducer whose critical parts are constructed of teflon and

glass.,

&)} The scavenger probe studies of atom concentrations have continued.
A newly designed apparatus has been constructed and tested in studies of
oxygen atom concentration in a spherical methane flame. The results

were satisfactory in reproduceability. Quantitative comparison of these
results with equilibrium calculations were frustrated by serious enthalpy

losses through conduction to the flask walls.
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FLAME INHIBITION RESEARCH

I. BACKGROUND MATERIAL

REPORT ORGANIZATION

This report is divided into four sections: I,
Background Material, II. Program Outline, III.
Summary of the program to the beginning of the
reported quarter, and IV. Quarterly Progress.
Only the fourth section contains new material
(although Section Il is updated quarterly). It is
hoped that the background material will aid the
unfamiliar reader in following the program with-
out extensive references. Those who are familiar
with the work may find it profitable to turn
directly to the fourth section (Page 11).

PROGRAM OBJECTIVE

The objective of this program is to obtain a
scientific understanding of the mechanism of
chemical inhibition of flames. Although this
researchis primarily restrictedto the fundamental
aspects of the problem, there are several po-
tentially practical by-products. A quantitative
understanding of flame inhibition should allow the
prediction of the relative effectiveness of in-
hibitors on a flame system from their known
chemical kinetics. Thus, a rational initial choice
of inhibitor should be possible without extensive
empirical studies, (This factor may become of
increasing importance as "exotic" fuels become
common,) It would also seem possible to set an
absolute upper limit for the effect of an inhibitor,
so that their efficiencies can be evaluated.

HISTORICAL SUMMARY

Over the past two decades, a number of
studies have been made on flame inhibition of
hydrocarbon-oxygen flames by halogen-containing
compounds (Refs. 1 and 2)., The experimental
evidence suggests that the effectiveness of these
materials is due to an effect on the chemical re-
actions in such flames. It has been established
that the inhibition is a function of the concentration
of the halogen, and that the order of effectiveness
of the halogens is inverse to the reactivity of the
free atoms, i.e., F<Cl<Br<I. Most practical
extinguishers contain bromine compounds. Iodine
compounds are usually unstable and expensive.

It is generally accepted that the mechanism
for such flame inhibition is the exchange reactions
between the inhibitor and the free radicals that
are responsible for the primary propagation re-
actions in flames. 8Such reactions lead to the
formation of stable molecules and free halogen
atoms, which are much less reactive than the
flame radicals, In hydrocarbon-oxygen flames
theimportant radicals are hydrogen atoms, oxygen
atoms, hydroxyl radicals, and possibly methyl
radicals, Other radicals exist in flames, but
these are probably less important to the flame
propagation. On this hypothesis one would expect
that the following reactions would be important in
flame inhibition:

1) RX+H: -+ HR+ X’
2) RX+OH'+ ROH + X*
3) RX+0""+ RO +X°

Here, Rrepresents a hydrogen or hydrocarbon
radical, and X represents a halogen, Dots in-
dicate unpaired electrons. Reactions of this type
are well known (Ref, 3), but much of the available
data is too fragmentary to allow extrapolation of
the kinetic information from the low-temperature
regime of most laboratory studies to radical re-
actions at the high temperatures encountered in
flames.

1. R. Friedman and J. R. Levy, "Survey of Fundamental Knowledge of Mechanisms by Action of

Flame Extinguishing Agents,
1658, Supplement II, April 1959.

2. W. A. Rosser,

Containing Halogen", Seventh Symposium (International)

"WADC Tech. Report 56-568, Jan. 1957, Supplement I, Sept.

H. Wise, and J. Miller, "Mechanism of Combustion Inhibition by Compounds

on Combustion, pp. 175-82,

Butterworths Scientific Publications, London (195G).

3. E. W. R. Steacie,

Atomic and TFree Radical Reactions, Reinhold Publ. Co., New York

(1954%) (2 volumes).



FLAME INHIBITION RESEARCH

II. PROGRAM OUTLINE

The researchprogram will utilize studies of the
detailed microstructure of flames (Ref. 4) with and
without added inhibitor, together with such other
chemical and physical studies as seem necessary to
elucidate the detailed mechanisms of chemical in-
hibition of flames, The relationbetween these stud-
ies can be visualized in Fig, II-1, Followingthis fig-
ure the report will be divided into five major sec-
tions (flame structure studies, simple reaction
studies, analysis, interpretation, and recommenda-
tions of flame inhibition), and eight minor sections
(temperature profiles, composition profiles, aero-
dynamic profiles, and atomic and free-radical com-
positionprofiles). Thisis a long-range program of
modest scale whose completion is expected to take
fromthreeto fiveyears., Therefore, although work
is planned in all of these categories, current work
will usually occupy only a few of these sections.

The number of possible inhibitors and the
number of possible flame systems are both large,
and the number of flame-inhibitor systems which
may be of interest is even larger since it is the
product of these two numbers, The situation can
be represented by a very large '"matrix'" in which
one index of the terms represents the flame
system and the other represents the inhibitor
system.(See Fig. II-2) Since it is impractical
to study such a large number of systems, two
possible approaches suggest themselves: The
synthetic method, in which one would study the
chemistry of inhibitors with radicals, and a sep-
arate study of the uninhibited flame systems.
This is equivalent to studying the initial row and
initial column in the "matrix"., A satisfactory
theory would allow the prediction of the effect of
any inhibitor on any flame from this information.
The other approach is the statistical technique,
which is often used in agriculture. Studies would
be made of a randomized set of these systems
using one of the patterns of experiment design,
such as the Latin square, By studying this
fraction of the systems, a satisfactory theory
should allow the derivation of information suffi-
cent to predict the effect of any specific inhibitor
on any specific flame system.

Both approaches assume that an adequate
theory is developed. Therefore, a judicious
combination of these two approaches seems in
order. Early studies should be aimed at develop-
ing a theory, subsequent studies should be aimed
at making a randomized statistical test of the
efficacy of the theory, and final studies should
be aimed at the accumulation of data. On this
basis we propose to make a very detailed study
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submitted by the Johns Hopkins University Applied Physics Laboratory, in response to

USAEC Request No. 60-286, October 1960.



of the methane-oxygen flame with a simple in-
hibitor (probably HBr) to develop the theory.
This will be follcwed by a randomized test on a
restricted number of systems, and finally by a
systematic study of parameters, The program
is illustrated by Fig.11-2. It is discussed in more
detail in Ref. 4.

FLAME STRUCTURE EXPERIMENTAL STUDIES

It is planned to use flame structure techniques
in this research, on flames both with and with-
out inhibitors. These techniques have been dis-
cussed in the literature (Refs., 5 and 6) and offer
certain advantages for studying chemicalreactions:
1) flames offer a steady-state for study, 2) there
is no wall problem, 3) there are no mixing prob-
lems for studying fast reactions. The disadvan-
tages are: 1) data analysis is complex and, 2)
high precision is required of the data for obtain-
ing kinetic information. These techniques never-
theless offer an excellent method for studying
fast, high-temperature reactions and, in particu-
lar, offer the ideal technique for studying flame
inhibition reactions in situ.

To characterize a flame system, it is nec-
essary to specify at least N+ 1 variables, where
N is the number of molecular species (Ref. 5).
The independent variable usually chosen is dis-
tance through the flame front, while the dependent
variables are composition, temperature, velocity,
or area ratio, Experimentally, it is common to
classify the profiles in four categories according
to the techniques required to measure them.
These are: composition profiles, atomic and free~
radical composition profiles, temperature profiles,
and aerodynamic profiles. An example of such
a set is given in Fig. 1-3,

Composition Profiles

From the chemical standpoint, the most im-
portant information is the concentration profiles,
The most satisfactory technique developed for
making such studies is the microprobe sampling
technique, which is followed by mass spectral
analysis. The technique consists of withdrawing
a sample of gas from the flame using a small,
tapered quartz probe. The probe can be made
small enough so that its effect on the flame is
negligible, and thelow pressure andrapid pressure
drop in such a tapered probe quenches the sample
so that reproducible meaningful samples can be
obtained. Radical concentrations are not obtained
by these techniques and are discussed in the next
section, This technique is discussed in detail
in the literature (Ref, 7).
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Figure 11-3 CHARACTERISTIC PROFILES FOR A METHANE-
OXYGEN FLAME

5. R. M. Fristrom, "Structure of Laminar Flames", Sixth Symposium (International on
Combustion, pp. 96~110, Reinhold Publ. Co., New York (1957).

6. R. M. Fristrom, C. Grunfelder, and 8. Favin,

Characteristic Frofiles in a Low-Pressure N

Flame", J. Phys. Chem. 64, 1386-92 (1960).

"Methane-Oxygen Flame Structure I -

Laminar, Iean, Premixed Methane-Oxygen



Radical-Atom Concentration Profiles

Logically, atom-radical concentration flame
studies are part of the concentration profile de-
terminations. However, since their study re-
quires special techniques, they are considered
separately,

Radicals and atoms are not susceptible to
conventional sampling techniques because of their
extreme reactivity which transforms them into
stable species before analysis is possible. In
most flame structure studies (Refs. 5 and 7) these
concentrations are considered (usually correctly)
to be negligible compared with the concentrations
of the stable species, and are therefore neglected
in the analysis. This reasonable approximation
is, of course, only a stopgap measure to obtain
information while satisfactory methods are de-
veloped for determining atom and radical con-
centrations, None of the techniques thus far
developed (Refs, 8 through 10) possess the gen-
erality and spatial resolution necessary for the
quantitative interpretation which we wish to make.
Therefore, we are developing a new technique for
studying radical concentration profiles under a
companion flame structure study supported by
ARPA (Task R). This is the scavenger probe
method, which combines the techniques of probe
sampling with those of chemical scavenging, A
sample is taken through a probe, and the radical-
containing gases are mixed rapidly with a large
excess of a suitable ''scavenger' gas which reacts
with the radical to produce a characteristic prod-
uct. Scavenger studies are well known in radio-
chemistry and photochemistry (Ref. 11), and mass
spectrometer studies (Ref. 12) have indicated that
radicals can be sampled successfully through
orifices.

An absclute measurement of concentration can
be made if 1} there is a one-to-one correspondence
between the reaction product and the precursor
radical and, 2) the analytical system (mass spec-
trometer) can be calibrated for the stable re-
action product. This is a significant advantage
since it is notoriously difficult to obtain absolute
radical concentrations. Spatial resolution will be
limited by the probe diameter, and sensitivity
should be as high as the analytical system allows
for stable species. As this technique is developed
it will be used in these studies.

Temperature Profiles

Temperature profiles offer an important tech-
nique for characterizing flame fronts., Three
methods have been used at this Laboratory:
thermocouple traverses, aerodynamic measure-
ments, and pneumatic probe measurements, Their
data are in essential agreement (Ref, 8), although
of varying precision.

The most precise method is that with thermo-
couple traverses in which temperatures are
measuredwithfine (0. 0005") Pt-Pt 10% Rh thermo-
couples coated with silica. Profiles with a pre-
cision of 10°K and excellent spatial reproducibility
are obtained,

Temperature can be determined by usingaero-
dynamic measurements of velocity and area ratio,
deriving the point-by-point density through the
continuity relations, and then applying the perfect
gas law. The results are not of high precisicn
(2-4%), but within their limits, they provide a
reliable measure of the translational temperature
of the gas.

Temperatures can also be measured with a
pneumatic probe (Ref. 13), This device is a
quartz probe similar to those used in the com-
position studies., If gas flows under choking
conditions through two orifices in series, and the
temperature is known at the second orifice, tem-
perature at the inlet orifice of such a probe can
be derived from the relation between ambient
pressure and the pressure between the two orifices.
This technique provides a moderately precise (1-
2%) and reliable method for determining tempera-
ture and has the added advantage that it can be
directly associated with a composition, since it
can also be used for composition sampling,

Aerodynamic Profiles

Flames can be characterized aerodynamically
by two profiles - velocity and area ratio, As
mentioned under temperature measurements,
these can be combined to derive a density pro-
file. The area ratio is simply the geometry of
the stream tubes of flow through the flame front.
In the general case it is necessary to make this
measurement, since stream tube expansionthrough

7. R. M, Fristrom, "Experimental Determination of Local Concentrations in Flames", APL/JHU
CM-978.
8. C. G, James and T. M, Sugden, "Photometric Investigations of Alkali Metals in Hydrogen

Flame Gases I - A General Survey of the Use of Resonance Radiation in the Measurement
of Atomic Concentration", Proc. Roy. Soc. A-227, p. 312 (1955)/

9. W. E. Kaskan, "Hydroxyl Concentrations
Burners", Comb. and Flame 2, 229-L3 (1958).

10. T. Grewer and H. G. Wagner,
(Weue Folge) 20, 371-Th (1959).

in Rich Hydrogen-Air IFlames Held on Porous

"Die Reaktionszone von Flammen", Zeit. fur Phys. Chem.

11. R. H. Schuler, "Scavenger Methods for Free Radical Detection in Hydrocarbon Radiolysis"”,

J. Chem. Phys. 62, 37-k1 (1958).

12, S. Foner and R. Hudson,

"The Detection of Atoms and Free Radicals in Flames by Mass

Spectrometric Techniques”, J. Chem. Phys. 21, 1374-82 (1953).



the flame is appreciable. With a symmetrical
flame, such as the spherical flame, it is un-
necessary to make this measurement, since it
can be obtained directly from the geometry of the
position determinations, Direct aerodynamic
measurements are made by introducing MgO
particles as a tracer and photographically visu-
alizing their paths through the flame front, using
a Zr flashbulb for the stream tube measurements
and a pulsed electronic flashlamp for the direct
velocity measurements (Ref, 14),

SIMPLE REACTION STUDIES

Flame systems have relatively complex chem-
istry (see Table I) which makes the identification
of the dominant reactions difficult, For this
reason it is desirable to supplement the flame
studies with studies of the individual reactions
with simplified chemistry. A second reason for
doing so is that these studies will be made at
lower temperature, thus enabling more precise
estimates to be made of the activation energy.

The activation energy of most flame reactions
lies below 10 kilocalories per mole, so that at
flame temperatures the rate is a very insensitive
function of the activation energy. On the other
hand for this very reason, flame studies allow
an accurate determination of the steric factor and
may ultimately allow a determination of its tem-
perature dependence - a problem which has
plagued chemical kineticists for many years.

The techniques we propose to use are the
conventional discharge tube-mixing techniques,
with the addition of direct measurement of radical
concentrations using the scavenger probe technique
being developed. This work has been summarized
by Steacie (Ref. 3) to 1954. More recent work
has been carried out by a number of authors
(Ref. 15).

DATA ANALYSIS

To make quantitative interpretation of flame
structure information it is necessary to analyze
the data, An analysis consists of calculating the
actual flux profiles and rate of species and heat
production profiles by quantitatively accounting
for the effects of molecular diffusion and thermal

Table I

Methane-Oxygen Flame Reaction Kinetic Constants

Activation|Frequency
Reaction El(lizg} {igﬁﬁz;fmle'l

mole~t) sec-1)
CH4 + OH » CH3 + HpO 8.5 2
CHy+0 -+ CH3 +OH 8 2*
CH3 + 05 + OH + HyCO 0 1
H,CO + OH ~ HCO + Ho0 O 2
HCO + OH ~+CO + K90 0 2
CO+0OH + COg +H 7 0.3
H+Hy0 -+ OH +Hy 25 1
OH + Hy + HpO +H 18 5
O+Hy -+~ OH+H 10 1
OH + OH » HyO0 + O 10 1
0+0+M +09+M 0 -
H+ 02 + OH+O 18 5

* The value given is an estimate, normal for this
type of reaction,

conductivity, This step is necessary to avoid
false impressions of the rate processes involved
(Fig.11-3), since in many flames the effects of
diffusion and thermal conduction are large,

This analysis is based on the flame equations
consisting of conservation laws and the differential
equations of transport and chemical kinetics.
They have been formulated in generality by
Hirschfelder (Ref. 16) and adapted for flame
structure analysis by Westenberg (Refs. 17 and
18).

Thermodynamic Information

The thermodynamic functions of interest are
enthalpies, and heat capacities, Thisinformation
is generally available for almost all of the species

13. ¢C.

. R. M. Fristrom, W.

Gunfelder, Jr., "Instruments for -the Measurement of Local Flame Temperatures in
High-Velocity Streams", APL/JHU CM-T768 (1953).

H. Avery, R. Prescott, and A. Mattuck, "Flame Zone Studies by the

Particle-Track Technigue I - Apparatus and Technique", J. Chem. Phys. 22 106-9 (1954).

15. Symposium on Some Fundemental Aspects of Atomic Reactions, Can., J. of Chem., Vol. 38,

Octover (1960), pp. 16k3-2032.

6. J. 0. Hirschfelder, C. F.

17. R. M.

Fristrom and A. A, Westenberg, '"Flame

Curtiss, and R. B. Bird, Molecular Theory of Gases and
Liquids, John Wiley and Sons, New York, pp. 756-83, (1954)

Zone Studies IV - Microstructure and

Material Transport in a Laminar Propane-Air Flame Front", Comb. and Flame 1, 217-8

(1957) .



found in flame inhibition studies over the tem-~
perature range of interest, Several standard
reference sources are available (such as Ref.
18) which provide data of sufficient accuracy for
our purposes.

Transport Coefficient Studies

Transport coefficient informationis necessary
for the quantitative interpretation of flame struc-
ture data. The required data are the binary
diffusion coefficients for the species being studied
and the thermal conductivities of the mixtures,
The multicomponent diffusion coefficients neces-
sary for the interpretation of such systems are
a complex function of all of the binary diffusion
coefficients (Ref.19). To avoid this problem it
is usual to choose systems in which one species
can be considered dominant; in this case, the
true multicomponent diffusion coefficients can be
accurately approximated by aset of binary diffusion
coefficient of the individual species with the
dominant species. The general case, with no
single dominant species, could also be handled,
but only at the expense of an order of magnitude
increase in the necessary diffusion coefficient
information (in the general multicomponent case,
it is necessary to know the diffusion coefficients
of all of the possible pairs of species) (Ref. 20).

The principal problem is to obtain precise,
reliable data at sufficiently high temperatures to
be useful in the flame studies. A new technique
has been developed at APL which allows such
measurements (Ref. 21). Diffusion coefficient

ta are available for the methane-oxygen system
(Ref. 22).

The problem of thermal conductivities of
mixtures is in a less satisfactory state, but
fortunately this information is unnecessary for
kinetic studies. An analogous '"point source"
technique is being developed at APL under Task
R for making such measurements (Ref, 23).

INTERPRETATION

The interpretation of this information on
flame structure consists of deriving chemical
kinetic information and information on flame
processes (Refs. 24 through 26), The analysis

provides data on rates and fluxes of enthalpy and
the various molecular species. Such a description
is unambiguous and complete, but if the infor-
mation is to be useful on other systems it is
necessary to deduce the detailed reaction scheme
and derive the appropriate kinetic constants,
activation energies and steric factors, Thisstep
is largely an art, since in areal system all
possible reactions occur to some extent, What
is cJesired is to provide a description of the
dominant reactions. For this reason there may
be several interpretations with varying levels of
sophistication and complexity, For flame in-
hibition work what is usually desired is the
simplest possible interpretation consistent with a
quantitative description,

Chemical Kinetic Information

Once a mechanism is assigned, the derivation
of chemical kinetic data from flame structure and
simple reaction rate information is straight-
forward. The choice of mechanism is largely a
subjective process. We will not discuss the
process other than to point out that a useful be-
ginning is often a systematic collection of the
possible reactions. The data which we have
available from flame structure and simple re-
action studies are: temperature, concentrations,
and rates. The constants which are of interest
are: the activation energy E, the steric factor P,
and the temperature dependence of the steric
factor n. In most kinetic studies, and probably
in our initial work, the precision is not sufficient
toallow separation of the temperature dependence
factor from the exponential dependence of the
activation energy. Flame studies, however, do
offer information in a temperature regime which
may ultimately allow such a separation to be
made. If this is possible, it will represent an
important addition to kinetic information. The
relation of the exponential and power dependence
of the reaction rate on temperature is best visu-
alized by expanding the Arrhenius exponential
factor as a series:

= = n
By= R =X X 2P 1 B
<X X; —9- P{Tn-z-E/RT

-E/RT
n-3/2
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Since the species are interrelated, a number of
cross checks should be possible on the derived
kinetic constants, so that there will be a reason-
able assurance of the essential correctness of the
derived mechanism,

Simplified Theory

The goal of these studies is to provide a
description of flame inhibition which is relatively
simple and yet still will yield quantitative pre-
dictions, This may not always be possible, but
it appears that in the case of the methane-oxygen
flame a start can be made. The goal of such a
simplified theory would be to enable quantitative
predictions to be made of the effect of inhibitor
on flame reactions (and hence burning velocity)
with a precision of 20 per cent. In a sense this
simply represents the limit of interpretations,
since all mechanisms represent abstractions of
the true system,

RECOMMENDATIONS OF FLAME INHIBITION

Asg a result of this work it is hoped that it
will be possible to make some practical recom-
mendations on flame inhibition. It is hardly
possible to predict in advance what such recom-
mendations will be, but it seems reasonable to
expect that they will include recommendations of
specific inhibitors for specific flame systems.

23. R. E. Walker, N. deHasss, and A. A. Westenberg, "New Method of Measuring Gas Thermal

Conductivity", Phys. of Fluids 3, 482 (1960).

2h. R. M. Fristrom, A. A. Westenberg, and W. H. Avery, "Etude du Mechanisme de la Reaction
Propane-Air par 1' Analyse de Profils de Fronte de Flamme", de 1' Institut Francais du
Petrole et Annales de Combustibles Liquids,

25. A, A. Westenberg and R. M. Fristrom, "Methane-Oxygen Flame Structure IV - Chemical

26.

Kinetic Considerations”, J. Phys. Chem. to be published Feb. 1961.

R. M. Fristrom and A. A, Westenberg, "Experimental Chemical Kinetics from Methane.Oxygen
Lamiggr Flame Structure", Presented at the Eighth Symposium (International) on
Combustion, Sept. 1960.




FLAME INHIBITION RESEARCH

III. SUMMARY OF PREVIOUS WORK

SUMMARY OF WORK PRIOR TO 1 NOV. 1960

The work prior to the initiation of this con-
tract (on 1 November 1960) consisted of a survey
of the possibilities of applying flame structure
data to flame inhibition studies, and a suggested
program for such studies. This work was sum-
marized in a proposal submitted to the U, 8.
Army Engineering Research and Development
Laboratory in October 1960(Ref. 4, on page 2).

SUMMARY OF PROGRESS, 1 NOV. 1960 -
31 JAN, 1961

(1) A flat flame burner was set up for flame
inhibition studies. The previously studied meth-
ane flame (CH4 - 0.078, Oy - 0.92; pressure

0.05 atm) was successfully stabilized with added
inhibitor (HBr) up to concentrations of 0,0035
mole fraction,

(2) Using the uninhibited flame, two flame com-
position profiles were run on the new time-of-
flight mass spectrometer. A third run was made
on an inhibited flame to test the sensitivity of
the instrument for HBr. From these test runs
it was concluded that the instrument requires the
addition of a trap current regulator to allow
quantitative work and a forepump trap to shorten
the HBr pump-out time. These items have been
ordered, and the inhibitor studies have been
temporarily transferred to the CEC magnetic-
deflection spectrometer,

(3) A computing machine routine for the auto-
matic reduction of flame structure data has been
developed.

(4) A report on the flame inhibition program was
presented 15 November 1960 at the meeting on
"Inhibition of Ignition and Flames with Chemicals, "
This meeting was sponsored by the Committee
on Fire Research of the National Academy of
Sciences, National Research Council,

SUMMARY OF PROGRESS, 1 FEB. -
~30 APR. 1961

(1) A spherical flame apparatus was set up for
inhibition studies on the system (CHy - 0.09,
Oy - 0.179, Ar - 0,727, pressure 0.05 atm).

Composition profiles were measured for both the
inhibited and uninhibited flames with the same
total mass flow. In addition to measuring the
concentrations of the species which were stable
to sampling, an attempt was made to measure
hydrogen-atom concentration profiles using a new
device, ''the scavenger sampling probe." Qual-

.18~ . . N
oief-
olar
z onf
=
3
& otor
go.osL
0.06}-
[LEGEND THy-0p-4 ¥PHERicAL]
004 —— UNNHANTED FLAME
- INHIBITED FLAME ‘(a)
oozt Gy O G0y Ko
AR I
[+ :
0 Ol 02 03 04 05 06 07 08 09 10 &I 12 13 L4 15
DISTANCE Z {em)
2500
—
2000 /
1500 /

T (°K)

1000

[

(b)

0

0.5 T Lo 1.5 0 2.5 0 15

Figure lll-1

Z{em)

THE EFFECT OF ADDED HBr ON THE CHARAC-
TERISTIC PROFILES OF A STOICHIONETRIC
METHANE FLAME. COMPOSITION OF THE MAJOR
SPECIES (mole froctions) AND TEMPERATURE IS
PLOTTED AGAINST DISTANCE, Z (em.).

MOLE FRACTION

3

sxl0?

sx1pt

=)
pe” |
PG i e —
4 rd o~ Vet X Ty
/
ol ol "
[Sd
b Rl -
=
HEy
RN O Sy N R e VAP PSS Ny Sy i
x

X 1

L\ LEGEND CH,-0,-A SPHERIC —

ammnem UNINHIBITED FLAKE i
H

OH2 | o m e INHIBITED FLAKE S

\ A K oCH,
i —
a © o0 «x o
’AD-\
4 ) 1 ) S SR | 1

0’

1

e
DISTANCE Z (em )

Figure 11-2  THE EFFECT OF ADDED HBr ON THE CONCEN-

TRATIONS OF INTERMEDIATE SPECIES IN A
STOICHIOMETRIC METHANE FLAME,



itative consideration of these results yields the
following information;

(a) The addition of this amount of inhibitor
(X(HBr) = 0. 0015) appreciably lowers the
rate of reaction of the major species
(CHy, Og, and CO). =

(b) Peak concentrations of the intermediate
gpecies (OCHy, CO, and Hy) are changed
and shifted relative to the major species,
When data on diffusion and temperature
become available, a quantitative interpre-
tation may yield H, OH, and CHj radical
concentration data,

{c) The apparent concentration of H atoms
was depressed almost five-fold by the
addition of HBr even in the equilibrium
region,

(d) HBr was the only bromine-containing
compound detected (X(Brg)<10-%),

These latter two resuits are probably artifacts
of the techniques. They may, however, yield
useful information and provide a guide for sub-
sequent work.

(2) A series of computer calculations were made
of the adiabatic temperatures and compositions
of the equilibrium burned gases of some CH, -
Og - Ar mixtures and of the effect of adding
small amounts of HBr. A routine developed by
the U, S. Naval Ordnance Test Station was used
on the APL computer to determine these flame
properties. One of the most interesting points
developed was that the HBr is almost completely
dissociated and that bromine atoms are the
commonest inhibitor species in the burned gases.

SUMMARY OF PROGRESS, 1 MAY -
31 JULY 1961

(1) A set of composition and temperature pro-
files was determined for a flat methane-oxygen
flame (CHy - 0.078, Oy - 0.92, P = 0.05 atm)
with and without added HBr. Corrosion was so
severe that the burner assembly became unusable,
A new teflon-glass<ceramic system including
traps to protect the pumps has been designed
and is being fabricated.

(2) A program to measure the high-temperature
diffusion coefficients for the analysis of the in-
hibited flames has been started. The apparatus
has been activated and tested at 300°K and 500°K
on the well-known He-Ng system. Measurements
have been started on the Ar-H, system.

(3) Scavenger probe studies of radical concen-
trations in flames have been continued,  The
use of chlorinated hydrocarbons as scavenger
for H atoms has been shown to be proportional
to H, but the scavenging efficiency was found to
be only 10%. Studies of oxygen-atom concen-
trationusingNOg as a scavenger have been made.
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The efficienty of scavenging appears to be high
and may approach 100%.

SUMMARY OF PROGRESS 1 AUG. - o
—3TOCT. 1% o
0 -ATOM PROFILE FOR FLAME

(1) A temperature profile was measured on the A
spherical stoichiometric methane-oxygen-argon o tr
flame system whose composition structure was g o
reported in TG 331-2, (See pp 9) P a

206

g a
(2) The diffusion coefficient of the system A-H, 3 | L Cﬁﬂkfi’.};‘{.ﬁﬁ"

(tract) was measured at atmospheric pressure 4

over the range 300 - 1070°K, (See pp 12) \
. T

(3) An analysis was made of the effect of added
HBr on the fluxes and rates on the stoichiometric
methane flame, (See pp 14). This indicated that
a significant fraction of the reaction occurred on
the surface of the ball.
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FLAME INHIBITION RESEARCH
IV. REPORT OFf PROGRESS

1 NOVEMBER 1961 -~ 31 JANUARY 1962
CORROSION RESISTANT BURNER SYSTEM

W. E. Wilson, J. T. O'Donovan, and R. M. PFristrom

Previous inhibition studies of flame structure (see pp 8-10)
were unsatisfactory because of corrosion problems. Bromine atoms formed
in the flame attacked stainless steel parts of the burner forming ferric
bromide which distilled throughout the system contaminating it. 1In
addition it was found that corrosion of the hydrobromic acid orifice
inlet resulted in irreproducible flow rates.

To avoid these problems a new spherical burner system (see
Fig. IV-1) has been designed and constructed using exclusively glass,
teflon and ceramic parts. All gaskets, "0" rings and entry ports are
of teflon, and in addition a potassium hydroxide trap is used to protect
the pumps and pump oils.

The system also will incorporate a critical orifice flow metering
system featuring an all teflon pressure transducer for handling corrosive
inhibitors.

Temperature measurements will be made by means of a pneumatic
probe1 which utilizes the sampling probe as its first orifice. This will
allow direct association of the temperature with the composition measure-

ments. The principle of these temperature measurements is that if two

L. See Reference 13 - Page 5.
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orifices are introduced in series both operating under choking continuium
flow the pressure between the two orifices is a function of the temperature
above the two orifices (it is assumed that specific heat and molecular
weight are unchanged and any changes due to Reynolds number are accommo-
dated by calibration). Successful opemation of such a system using a
microprobe inlet requires a8 minimum volume to avoid excessive delay in
reaching pressure equilibrium. To accomplish this a minimum volume

Zimmerli style mercury manometer has been designed and constructed.

-13 -
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PRESSURE TRANSDUCER

J. T. O'Donovan, W. E. Wilson, and R. M. Fristrom

One problem often encountered in flame inhibition studies is
that of accurate flow control of a corrosive inhibitor. A standard flow
system consists of a pressure regulator and a flow control device such as
a critical orifice.1 Since there are no corrosion resistant pressure
regulators of sufficient accuracy available it was necessary to develop
one for these studies.

The technique used was to pressurize the corrosive gas with a
non-corrosive gas whose pressure could be regulated by standard methods.
In one application of the pressure transducer (Fig. IV-2a), nitrogen, in
the aluminum section, is used to transmit the desired pressure, through
a slack teflon diaphragm to hydrogen bromide, in the glass section. As
the hydrogen bromide flows out through the critical orifice (sapphire
mounted in teflon) nitrogen flows in and the diaphragm moves to maintain
a constant pressure.

A working model (Fig. IV-2b) has been constructed and tested.
It appears to maintain a sufficiently stable pressure to give accurate
flow control. The system has been checked on the mass spectrometer and
has no internal or external leaks. It should permit the easy handling of
corrosive gases.

It will also be used for expensive materials such as isotopic
species. Since it may be heated it will also be suitable for meterinug

solids or liquids which can be volililized below 500°F.

1. J. W. Andersen and R. Friedman, Rev. Sci. Inst. 20,61 (1949).
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F1G. IV-2a SCHEMATIC DIAGRAM OF CORROSION RESISTANT
CRITICAL ORIFICE FLOWMETER

(1) Adjustable constant pressure source of non-corrosive
gas.

(2) Manometer for determining pressure,

(3) Transducer Base Plate (see Fig. 2b).

(4) Slack teflon diaphram (0,003"),

(5) Corrosion resistant reservoir. This is the cover of a
large dessicator (Pyrex No, 3120) With appropriate
modification any size could be used.

(6) Three way 6mm. stopcock,

(7) Critical orifice (saphire watchmakers jewel mounted in
teflon plug).

(8) Regulated corrosive gas flow.

(9) Reservoir of corrosive gas for filling transducer.

FIG., IV-2b PICTURE OF CORROSION RESISTANT PRESSURE
TRANSDUCER
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THE CONCENTRATIONS OF ATOMIC AND FREE RADICAL SPECIES IN FLAMES

R. M. Fristrom, and C. Grunfelder

Free radical and atomic species are important in flame reactions
and therefore a method called "the scavenger probe" technique has been
developed for measuring the concentration of these species.,

Earlier studies (see pp 8-10) were promising and indicated
a number of avenues for improvement. During the past quarter the apparatus
was reconstructed to incorporate the following improvements: (1) The
probe wus watercooled over its entire length excluding only the inlet
nozzle, (2) provision was made for cleaning the probe in situ, (3) the
probe was oriented vertically sd that captured dust particles would not
lodge in the nozzle area, (4) provision was made for making blank runs
using a scavenger by-pass inlet and a silver “"spoiler" to destroy the
atoms. (Metering of the scavenger gas was improved by incorporating a 1°
taper stainless steel needle valve in the inlet line).

Operation of the system on the spherical flame burner was satis-
factory. The results were reproducible within 2% from day to day (see

Fig. IV-3) and were independent of NO, flow rate and sampling pressure

2
level (from 50-300 microns). After cleaning, the system could be used
for several days. .
A study was made of the oxygen atom profile of a twentieth
atmosphere methane-oxygen flame (see Fig. IV~3). The profile was repro-

ducible, of the correct order of magnitude and of the expected shape.

It was not possible to make a direct comparison of the results with

-17 -
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equilibrium calculations because conduction losses lowered the flame
temperature more rapidly than the relatively slow three-body recombination
of oxygen could follow. Hence, equilibrium was not reached in the sampling
region.

In spite of this problem it appears that the technique is sound
since reproducible results were obtained under differing conditions with
different apparatus. However, the final proof will have to await studies
on a flame which is in true equilibrium or in an electric discharge where
comparison can be made using other established techniques such as gas phase

titration and Wrede gauges 1.

1. K. R. Jennings, "The Production, Detection, and Estimation of Atoms in
the Gaseous Phase'", Quarterly Reviews l§’237 (1961).
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