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PREFACE

R —

This initial Workshop on the Chemical Suppression of Rocket Afterburning
and of Gun Muzzle Flash (unclassified) has a twofold purpose. First it .
addresses the technical questions of: ]

a. Whure are we now in our fundamental understanding of the elementary, 3
rcontrolling processes involved in these phenomena?

e b. What are the technical needs?
¢. How should (could) one proceud?
Second, this workshop enables fluid dynamicists and kineticists,

experimentalists and modelers to meet with each other (in many cases for the

first time) and to focus their collective attention to answer these technical
questions.

Support for this workehop has buer supplied by:

1. The US Army Ballistic Research Laboratory

3 e Ty

2. The Army Research Office

3. The Air Force Office of Scientific Research

g

4. The U5 Army Research, Development and Standardization Group, London

Special thanks are due to L. Watermeier (BRL), R. Singleton (ARO), "
Y.S, Park (AFOSR), and F. Oertel (ERO). -

JOSEPH M. HEIMERL
Ballistic Research Laboratory |
11 June 1986 ‘
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GUN MUZZLE FLASH RESEARCH
AT THE FRAUNHOFER-INSTITUTE EMI-AFB

Guenter Klingenberg

Fraunhofer-Institut fuer Kurzzeitdynamik, Ernst-Mach-Institut,
Abteilung fuer Ballistik (EMI~-AFB), Hauptstrasse 18,
D~ 7858 Weil am Rhein, F.R.G.

ABSTRACT

Gun muzzle flash research in the Fraunhofer-Institut fuer
Kurz:eitdynamik (EMI~AFB) began in the late 1960's. Major activi-
ties were directed oward the study of two-phase reacting muzzle
flows of small~arms weapons. Early work was focused on the gas-
dynamics involved using visualization methods and measuring quanti-
tatively flow parameters. Then, studies were performed on the
generation of gun muzzle flash and on flash inhibition by alkall
salty using spectroscopic methods for determining gas phase temper-
}ture and gas velocity changes. Most recently, the research empha-
sis has shifted to the simulation of relatively well-defined,
reacting gas flows by means of a gas gun. The gas gun is driven by
the combustion of suitably diluted mixtures of hydrogen and oxygen
and thus is capable of simulating the gun muzzle flash phencmena
with particularly simple chemistry. The present paper summarizes
briefly the EMI-AFB activities and presents some results of wmeasure-
ments obtained most recently with the 7.62 mm NATO rifle and the

gas gun simulator.
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1. INTRODUCTION

Our understanding of the chemical and phvsical properties “
that contribute to the phenomenon of gun nuzzle flash ard of flash
inhibition by chemical additives has grown 1~ recent yaars. At the
Fraunhofer-Institut fuer Kurzzeitdynamik (EMI-AFB) rescarch work
on transitional ballisties including muzzie hlast and flash phenc-
mera commenced in the late 1960's. The EMI-AFB research efforts,
partly performed in cooperation with the Franco-German Research
Institute (ISL), St. Louis, France, and the U.S. Army Research
Laboratory (BRL), APG, MD, USA, have borne a share in the eluci-
dation of gun muzzle flash and flash inhibition phenomena. Relevant
EMI-AFB publications in Monographs [1,2], Journals [3-8]), Pro-
ceedings [9-20], and Laboratory Reports [21-47] are listed in the
attached bibliography. The papers listed in references 1 and 2 were
also published as EMI-AFB reports [43,44].

One of the results of the above mentioned reviews [2,20,44]
has been the extension of a hypothesis {15,17,39,40] on the gener-
ation of gun muzzle flash and its inhibition by aikali salt addi- ,)
tives. Basically the novel hypothesis states that the ignition
source for gecondary flash is the temperature of the preceding
intermediate flash [17,44]., This temperature may have two sources,
namely, (a) shock heating as the propellant muzzle effluents pass
through the inner shock disk (Mach disk) which terminates the
highly underexpanded jet flow region [73}, and (b) exothermic com-
bustion reactions initiated farther downstream from the inner shock
disk (Mach disk}. The former is well-known while the latter was
first assumed in reference 5. More recently, a re-evaluation of
experimental data in reference 44 has put new emphasis on the hypo-
thesized combustion reactions in the intermediate flash region and
pointed out the importance of the turbulence observed in gun muzzle
flows [4,5,6]. The assumption [44] was that oxygen from the air,
which is squeezed between the outer blast wave and the muzzle ef-

fluent, is already turbulently entrained cnd carried to the core
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region of the intermediate flash during the formation of this {
A (TW flash thus providing the means for initiating combustion in this
' N area. Furthermore, it was proposed that the inhibition of second-
ary flash by alkali salt additives commences in the intermediate
flash region and thus affects the initial combustion reactions so
that the temperature in the intermediate flash stays below the
“ ignition level required for the initiation of the secondary flash
(17,43,44].

A necassary condition to support the above hypothesi{s is that
the formation of slip lines downstream from the triple points of

A e —

the inner shock bottle of the expanding muzzle flow must be hin-
dered by, or they must be destroyed by the turbulent flow which
prevails in th;q £low region. If the slip line formation is

—m

hindered or destroyed, then mass transport of alr to the core flow
region of the intermediate flash is possible so that combustion may
follow the turbulent mixing of unburnt fuels with the oxygen of

the air.

Qe e -

The above condition was most recently investigated in the
precursor flow of the 7.62 mm rifle [20]. This precursor flow is '
free from the complicating efrects of the projectile and of chemi-

cal reactions because it consists of air that is pushed out of the

gun tube ahead of the projectile {1,5,43]. ¥rom these first inves-
a | tigations, it was found that the formation of the slip line in the
' precursor flow of the 7.62 mm rifle is indeed absent at some

small distance from the inner shock disk (Mach disk) [20]. In view

e e

A

of the similarities that exist between the first precursor flow
and the main propellant gas flow, produced after projectile ejec-
- ticn, it was concluded that slip lines will also be absent in the

main flow [20], The present paper reports on a follow-on study,

R ST N

- performed to examine the slip formation in the propellant gas flow
of the 7.62 mm rifle, As in reference [20], the propellant gas ¢

o

plume is probed by a laser Doppler velocimeter.

.
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In addition to the above investigation in actual gun firings,

N w7

; simulation experiments are currently under way at EMI-AFB to over~ ' -> j
- ¢come the limitations enccountered in real transitional ballistic

5 cycles [1,8,19,43]. A gas gun that permits the generation of

‘ relatively clean, simplified, reacting gas flows with realistic

ballistic gas pressures and temperatures has been developed. The

gas gun is driven by the combustion of suitably diluted mixtures .

of hydrogen and oxygen. Therefore, it is capable of simulating the

oy

gun muzzle flash phenomena with particularly simple gas phase

R S ]

chemistry [8,19]., Some results of the gas gun studies on the
muzzle flash formation and its suppression by alkali salt additives

are also presented. K

2. BACKGROUND

K A
3

7,1 Quasi-Steady Flow Approach

- -

Because of the complexity of real muzzle flows from guns, _
theoretical and experimental analysis of the gas dynamics have 2
often relied on the simplified, quasi-steady flow approach [43,44]. ) "

The inner structure of quasi;stcady jets such as rocket motor e
sxhausts depends upon the nozzle exit gas properties. The expan-
slon ratio is often described in terms of the nozzle exit gas pres- )
sure, p;, to the ambient pressure, p, [5,43]. For example, Figure 1
presents the shadowgraph of a free air jet taken for two different

(3

(¥
pressure ratios [20]. The multiple shock structure at pl/po = 3.7 "
changes to the single shock botile structure for Pl/po > 7. i'

Figure 2 shows schematically the single shock structure of a .h
quasi-steady free jet flow. The highly underexpanded supersonic - o
flow (M > 1) iy terminated laterally by the formation of the barrel e
shock and axially by the Mach disk. The junction of these two -

-
shocks 1s also intercepted by the reflected shock and the slip line. "
The highly underexpanded supersonic jet flow region (M > 1) and fﬁ

v
the decelerated subsonic flow (M< 1), downstream from the Mach disk, X3
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Fig. 1: Steady free air jet flow at p,/p, = 3,7 and 7.1 [20])

REFLEE;‘I’ED
BARREL SHOCK

~
MACH DISK | SLIP LINE
MIGHLY UNGEREXPANDED DECELERATED
— =P JET FLOW REGIDN = =] SUBSONIC FLOW —= = ——= NOZILE AXIS
Z L
| _stip LiNe

L

MEASUREMENT
PLANE

Fig. 2: Schematic of highly underexpanded free jet flow pattern
(pe: muzzle exit pressure, p: ambient pressure)

are both surrounded by a supersonic flow (M> 1) which is separated
from the core flow region either by the barrel shock or by the slip
line. Such slip line formation was experimentally confirmed by
velocity measurements [20]. The radial velocity profile at the
measurement plane of Figure 2 downstream from the Mach disk would
show the discontinuous profile seen in Figure 3. The slip line con-
stitutes a boundary between regions of equal pressure but drasti-

cally different flow velocities with the result that mass transport
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= | Une ! | &% :
g Ld_J v "8
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C e

RADIAL DISTANCE FROM THE NOZZLE AXIS (ARB.UNITS)

Fig. 3: Schematic of typical velocity profile downstream from
the Mach disk of a steady free jet

1s prohibited across this boundary. Thus, no influx of air to the
core flow reglon of a quasi~steady rocket exhaust can occur.
Therefoie, the "intermediate" radiation zone of rocket exhausts
that commences downstream from the Mach disk [28,46] is due only )

to shock heating processes.

2.2 Transient Gun Muzzle Flows

Relative to the case above, highly unsteady gun muzzle exhaust
flows are more complex. Their flow patterns are unique in that the
formation of the outer strong shock or blast wave which surrounds
the muzzle flow field significantly restrains the expanding jet .
flow. For example, Figure 4 shows the axial trajectories of the
visualized 7.62 mm gun muzzle flow discontinuities as obtained
from shadowgraphs [5,43]. Figure 4 shows the motion of the inner -
shock disk (Mach disk) of the two precursors and the main propel-

{
lant gas flow as well as the motion of the blast waves and the . %
motion of the turbulent gas/air interface as obtained from shadow-
graphs [5]. Also, the appropriate X/D = f£(t)- and x = f(t)-laws
for the discontinuities of the main propellant gas flow [5) are
/]
given in Figure 4.
\
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x = £{t) function
U Cmil X/0 « £(t) function S a2

49 Lo i S/AIR xs fl.:‘)‘ funetion
30 INTERFACE —x=

] INNER SHOCK D1§K
291 (MACH DISK)

BLAST WAVE OF MAIN
PROPELLANT GAS FLOW

NATO RIFLE & 3
CALIBER 7,62 mm WITH

AFTER PROJECTILE EJECTION
£eces

o 7.62 x 51 DM 41 AMMUNITION
w
: —_tg
INNER SHOCK D
. IND PRECURSOR R ; 18k
GAS/ALR
JLAST WAVE OF .
gl o NNER SHOCK DISK S e o INTERFACE
§ 0 18T PRECURSO BLAST' WAVE
o4 PROPELLANT FLOW

2 3 & ser88m 1 N % w20 x'nx/o
NORMALIZED AXIA! DISTANCE (D = CALIPER = 7,62 wa)

Fig. 4: Aaxial trajectories of visualized discontinuities of the
7.62 mm gun precursor and main propellant gas flow [5]

~~
3

As can bhe seen, for t<0.4 ms, the motion of the inner shock disk
{Mach disk) of the main propellant gas flow is closely coupled to
the motion of the blast wave. The resulting restraint of the
muzzle effluent flow by the blast wave lasts for a relatively long
time, and it has important consequences., This restraint affects
not only the time-dependent formation of inner shock structures
that bound the highly underexpanded supersonic¢ region but also the

volume between the outer blast wave and the supersonic region [5].

Figure 5 depicts the flow development of the main propellant
gas flow for the situation where the blast wave begins to decouple
from the gas plume. For reference, the primary and intermediat:
flash regions are also marked in this figure. The secondary flash
does not appear because it occurs at a still later stage of the

development, i.e., at times t & 0.8 ms [3,5].
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.{ " Fig., 5: Schematic of 7.62 mm gun muzzle exhaust flow pattern at y
"' t = 0.4 ms after projectile ejection W,
g At t = 0,4 ms (see Figure 5), the triple-point configuration

f known from steady jet studies has just been formed. At earlier

o times the shock bottle configuration is different from the steady

' jet structure and changes significantly with time [5). The re-
straint by the outer blast wave has resulted in the formation of

™
:- the toroidally ring-shaped cloud of gasés which surrounds the

:ﬂ supersonic flow region. In addition, the flow is turkulently con-

- strained at the forward bulge of the propellant gas plume [5,43].
i ; Between the outer turbulent gas/air interface and the blast wave

o8 is a volume of trapped air. This air is turbulently entrained in

) the gas plume and mixed with the constrained flow.

) '
_ x. From previous measurements of flow velocities of the effluent

| of a 7.62 mm rifle there exist indications that the flow dcwnstream

I of the Mach disk is turbulent and constrained. One such measurement

technique is based on labelling flow elements by luminous tracers

12
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produced by laser-induced gas breakdown [4]. A locally confined
plasma blob with a temperature in excess of 10s K is generated in

'a small volume. The blob has a lifetime in excess of 10675 o and is

propagated with the surrounding gas. Two open-shutter cameras
placed orthogonally determine the direction of flow propagation.
(Location within the fiow field is obtained from a shadowgraph
taken simultaneously with the photographs.) Such measurements show
that the flow velocity is greatly diminished in the intermediate
flash region for a relatively long time. During this interval the
blob does not wove at all or only very slowly on twisted trajec-
tories. Sometimes it even moves in an upstream direction. An
example of such a velocity measurément is given in Figure 6,

INNER SHOCK
oise. (o)

P e

- e A, el e o

AXIAL
HORIZONTAL. DOWNSTREAM
- DIRECTION
4 "
; Co
: {b)
x
4
D)
: AXIAL
‘ i
\'I,ELFA(':E_AL DOWNSTREAM

DIRECTION

—

{a): FOCUSED INCIDENT LASER BEAM
(b} : PLANAR PROJECTION OF LOCAL MOTION

N Fig. 6: Open-shutter photographs of the motion of the radiating
plasma blob ingide the 7.62 mm gun muzzle blast field
- taken in two orthogonal planes

The laser pulse was focused on axis and the arrows superimposed on

¢
1
Rl
§
[

the photos show the planar projection of the local gas motion. Such

a flow is indicative of turbulence.

13

¢ V¥ " - ) \ gt . TR R AR ' o IR IR N
DN SRR Li‘«l’o’l.\“t"..‘l!_n,.'_"l:. l.ﬂl..,l!.!et.. \ %) l!ki.l’l.kﬂdl!‘!l!'! _.'-I'.'!I'.,‘tl!‘-l‘. :ﬁ U ﬂq X A Y _._ aa% \-"- ceghot by !:'1 10, , Z ‘l‘

A, nL N




S

Figure 7 shows velocity measurements for a 7.62 mm rifle *aken
125 mm from the muzzle. Both the laser tracer [4], just discussed
above, and the laser velocimeter measurements show good agreement.
The fact that the flow velocity drastically diminishes or even
reverses direction was assumed to be 2ue to heat released by rom~
¢ buscion in the intermediate flash region {4,5]. We see that the

g combustion in the intermediate flash is assumed since 1976. This

3 change of flow velocity has a measured duration of about 0.5 ms )
R allowing time for chemical processes to take place [43,44].

Iy

£ u fmA)

x2125 mm
o 1000+ l INTERMEDIATE
FLASH

800 - )

s=—-1
==>=4

O3 =,
- =1 [:}

800+

P-4

400 <

FLOW VELOCITY

0 : 200 4 I: LASER TRACER METHOD
‘ ' —: LASER DOPPLER VELOCIMETER
o L§ L] L3 v v v L § L]
i Y 08 10 14 18 t(ms)
& TIME AFTER PROJECYILE EMERGENGE

Fig. 7: Axial flow velocity vs. time as measured in the 7.62 mm
gun mazzle blast field at a distance of 125 mm from the

f muzzle by both the laser tracer and the laser Doppler
%‘ velocimeter methods

? .

,l

A sequence of two schlieren pictures of the propellant gas
plume at the muzzle of the 7.62 mm rifle are shown in Figure 8.
) A recognizable single Mach disk and barrel shock structure can be
seen in Figure 8 .even 2.985 ms after shot ejection. The picture,
taken 4.585 ms after shoé ¢iection, shows the subsequent evolution
of the flow into the multiple Mach structure that characterizes
steady-state expansions. These two photos, separated by 1.6 ms in

time, qualitatively correspond to the photographs of the steady-

e T 2 S

state, free-jet taken for different exit pressure ratios shown in

S T %,
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t.= 2,965 ms ‘ t = 4.585 ms
Fig. 8: Schlieren photographs of muzzle flow from the 7.62 mm
rifle at relatively late times

rigure 1. Still evident in the photos of Figure 8 io the great
lateral extent of the constraiqed turbulent propellant gas flow.
The entire turbulant gas ball moves only slowly in the axial direc- .
tion due to the original confinement by the blast wave and the sub- )
sequent high degres of turbulence. We also note the obvious asym- .
mitxy of the turbulent gas ball vhich is evident in the picture at
t ~ 4.585 ms after shot ejection in Figure 8. Apparently, flow
conditions that approach quasi-steady flows are cbtained in gun
nuzzle flows only at very late times in the flow expansion process.

i.3 Flow and Flash Developmeant

The unsteady, reacting gun muzzle exhaust flow involves many
complex procesges. They include [1-5]:
- precursor/propellant £low interactions

- the-formation of arn outer strong blast wave that encapsulates

the subsequent gas plume

= the formation of a highly underexpanded supersonic jet flow at
the muzzle exit that is bounded by time-varyirig inner shock

fronts
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= the interaction batween the restraining outer blast wave and

the pushing gases released at the muzzle. This restraint results

/

in the formation of unique flow features with time-varying
inner shock contours and turbulent flow structures that prevail
_ in the contrained flow region, i.e., between the outer blast
- . wave and the shock-bounded highly underexpanded supersonic jet
' flow region

- the entrainment of air across the turbulent gas plume boundary
or gas/air interface. The eatrained air provides the oxygen re- -
quired for combustion reactions to take place

- gas/particle interactions,since the muzzle effluents corntain
high particle concentrations [6,12,43],as well as possible
condensation/nucleation reactions during the flow expansion

~ possible vaporization and subsequent combustion of flow-borne
particles

- tha occurrence of muzzle flash
- the generation of ovarpressures by the secondary flash )

= flagh inhibition reactions caused by chemical additives which
are routinely added to conventional gun propellants

The assussnment of tha main propellant flow development has led to
the definition of three important flow phases [1,15,43]. These
thres flew dsvelnpmental phases are the

(1) initial phase
(2) interim phase
. {3) unrestrained phase

The initial phase of the flow evolution is determined by the
axpansion of the exiting propellant gas/particle flow into the
rarefied atmosphere of the precursor's underexpanded jet flow
region. The subsequent interim phase is governed by the restraint

_“‘ caused by the presence of hoth the outer blast wave and the depart-
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ing projectile. This foxces the flow to coalesce successively into
(’) lateral inner shocks and into a shock that forms upstream &t the
base of the projectile. As the blast wave decouples from the pro-
pellant gas plume, the unrestrained phase of the flow development
; ) * starts. In addition, the gns plume radiates at distinct locations
‘ in the propellant gas plume forming the phenomenon of gun muzzle
- flaszh [43,44). Pigure 9 displays the consecutive development of
the radiating 7.62 mm gun muzzle blast field.

" SCHEMATIC OF BLAST FIELD
CALIBER 7.62mm RIFLE

) T0M
_ Y
. ’ [} ;nn RACLATION
L\
INTWAL PraE CONKTAANTE &Y LESS SRVERE PROINCTIUE ELEARS THE

BOTH YHE OUTER BLAST  CONSTAANTY SUPEREONIC FLOW ONE
WAVE AND THE PRONCTLE

INTERMEDIATE
PLASH

ONE TRIPLE POINT INNER SHOCK CXTENDED SECONQARY Fi A ™t
CONFIGUNATION TUABULENT GAS BALL
{FULLY DEVELOMID $HODX DISC)

Fig. 9: Consecutive development of the radiating 7.62 mm gun
muzzle blast field

In addition to the three main sequential radiating flow areas,

usually referred to as

(a) primary flash
- (b) intermediate flash
(¢) secondary £flash

W e, o e
s : :
L

there exists radiation during the initial flow evolution and around

¥ >
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the base of the departing projectile, due to the rapid deceleration
of the gas/particle flow [43].

. e e e

L
S~

The primary flash, located at the muzzle, is of small spatial
) * extent and low intensity. It is due to the thermal excitation of
the gas/particle in-bore flow exiting at the muzzle. This region
is separated from the underexpanded supersonic flow portion by an
3 expansion fan (5,43).

" The intermediate flash is a more extensive region of greater -
. radiation intensity commencing farther from the muzzle downstream

behind the inner shock disk after this shock front has fully

developed ([3,5,43]. The radiation in this flow region is initially

excited by the conversion of convection energy into internal

energy of the flow as the gas/particle flow passes the inner shock
disk. Then the presumed exothermic chemical reactions are thought
to be subsequently induced and disturb the flow expansion in this
radiating flow area. The flow disturbance is associated with the

[Py rws

reversal of pressure and velocity gradients. During 0.5 to 1 ms the =
gas/particle flow in this flash region is decelerated to flow velo- )
) cities of u < 100 m/s or even reversed in its direction [4,15,43].
. The long residence time enhances the probability of themical inter-

{ actions to take place.

R The secondary flash is known to commence further downstream
from the normal inner shock disk and develops upstream and down-

stream covering the turbulent gas ball {f no chemical flash suppres-

i

sant is used in the propellant [3,17,43). It is much more extensive
and of much higher intensity than the intermediate flash. It has

been confirmed that the secondary flash is caused by the reignition
ond combustion of fuel-rich gases after they have mixed with the
oxygen from the entrained air. Since common gun propellants are
,_ﬁ stoichiometrically unbalanced, the muzzle effluents provide a mix-
y
{

ture of fuel-rich gases and particles. The specific muzzle flow

e conditions enable the entrainment of air across the turbulent

b
'
1
1)
|
[|
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boundaries of the propellant gas plume. After air is turbulently
" entrained into the fuel-rich muzzle effluent, the local concen-
trations may exceed a level at which the mixture is suitable for
ignition. Among the sources of ignition are shock heating as, for
example, at the radial expansion holes of mechanical muzzle de-
vices, the processes that occur in the intermediate flash yielding
. temperatures above 1400 K, or even early bright burning of tracers
mounted in the base of the projectile. As the local temperature
. exceeds the ignition temperature fast self-sustaining combustion
reactions in the fuel/air mixture can proceed., These combustion
reactions consume fuel-rich gases as well as the flow-borne
particles and have the tendency to turn over to a regime that
exists between deflagration and detonation so that steep pressure
gradients are generated. The magnitude of these overpressures may

exceed that of the preceding gasdynamically generated blast wave.

Although a significant amount of research has been conducted
on muzzle blast and muzzle flash as well ag on its suppression by
(mﬁ mechanical or chemical means, a detailed understanding is still
| lacking. In particular, the chemistry of the reacting flow is not
yet understood in detail.

2.4 Hypothesis

As mentioned above the experimental evidence has led us to the
foliowing hypothesis concerning flash generation and its suppression
by alkali salt additives [44].

1. The blast wave produces a restrained prcpellant/gas flow which

promotes turbulence throughout the gas plume volume,

2. The turbulence is such that slip line formation is hindered or
- that the slip lines are destroyed.

.

3. In the absence of slip lines, oxygen can be turbulently trans-

ported toward the core of the intermediate flash regiocn.
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4, The transport of oxygen then permits combustion processes to

already take place in the intermediate flash region.

S. The heat released by the combustion adds to the shock heating
to raise the temperature in the intermediate flash region so that

the ignition temperature for secondary flash is attained.

If this hypothesis be true,then it is easier tc undexstand
how such small amounts of alkali salts (less than 2 wts) can sup~-
press the secondary flash; namely, the addition of alkali salts
influences the combustion process in such a way that the temper-
ature in the intermediate flash region is lower than that necessary
to ignite the secondary flash.

Crucial to this hyrothesis is the entrainment of oxygen from
the trapped air region (Fig. 5) toward the center of the flow where
ths intermediate flash occurs. This requires the absence of slip
lines. The following sections present the experimental data coﬂ-
cerning muzzle effluent flow and the detection of slip lines.
However, we have also to examine whether sufficient air is trans-
portad to the intermediate flash region so that the temperature is
sensibly changed by combustion reacticns. Therefore, at present we
measure the temperature in the intermediute flash reglon for the
following three cases:

(a) with ambient air
(b) with ambient nitrogen
(c) with ambilent oxygen

1f combustion reactions significantly contribute to the temperature
in the intermediate flash region, then we anticipate that the ob-
served temperatures will be ranked in the following order:

Temperature < Temperature < Temperature

nitrogen alx oxygen

Specially designed intrusive terfiperature gauges are employed to

carry out these measurements. Since these investigations are still




o under way, no results can be presented here. ‘These data will be

70N
s reported later on.
3. FLOW VELOCITY MEASUREMENTS
. Figure 10 presents a schematic of the Diehl laser Doppler
velocimeter, designed by Smeets (ISL) (6,43]).
' ' LASER DOPPLER VELOCIMETER
rTw
| . POLARIZER
- X -
! Amnhm ,L
A =
[] c 1}
- PHOTO ~
I pocils MOCT RS h”__
LASER , . ' .
RN LIGHT PPt -
&, {SPECIAL SINGLE
OPTICAL PIBIR ) POLARIZING
. . BEAMSELITTIR
, L e toezs

@ b GLASS 8LOCK

Fig. 10: Schematic of Diehl laser Doppler velocimeter

Scattered and Doppler-shifted monochromatic radiation from the flow
is delivered by fiber optic cable to a linear polarizer. This polar-
ized beam then traverses the Pockels cell and is split by the beam-
splitter into two linearly polarized beams of equal intensity.

These two beams pass through the two legs of the Michelson inter=-
farometer, are recombined and pass through a second beam-splitter
that is oriented 45° with respect to the first one. Thus, the two
beams that arrive at the photomultipliers have complementary inter-
ferences. (The glass block in the longer leg improves the light
gathering power of the instrument.) The difference of the two photo-
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nultiplier currents is formed and transmitted to a capacitor. The

voltage across this capacitor is amplified and fed to the Pockels ‘)
¢cell. The feedback to the Pockels cell nearly instantaneously cor-

rects for the wavelength shift. Then the resulting voltage is pro-

portional to the velocity which, after calibration, can be read

directly.

Figure 11 shows the first results of the laser velocimetry
measurements$ taken with a 15 mW HeNe laser in the first precursor
of the 7.62 mn rifle,

7.62mm RIFLE
(FIRST PRECURSOR;
‘ DiSTANCE FROM MACH DISK

. !n[m h]m . Glln
! LPSTREAM DOWNSTREAM DQUNSTREAM

FLOW VELOOTY — wim/s)
X L
et
- -
h‘.—ﬁ
——
~eeat
<3
~

Oﬂrw-—P*Tv—v [T [er=r=rrr
0 ) $ 10 0 ]

LATERAL OISTANCE FROM FLOW AXIS sy /mm

Fig. 11: Lateral velocity profiles in the first precursor flow of
the 7.62 mm rifle at selected distances from the inner
shock disk [20)

-

The distances from the inner shock disk (Mach disk) were determined
by differencing the distance of the laser focus volume measured

from the muzzle of the rifle, and the inner shock disk location,
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obtained from shadowgraphs. The distances of the laser focus volume
o

i are: 20 mm, 24 mm, and 26 mm corresponding to 3 mm upstream, | mm
- and 3 mm downstream from the inner shock disk, respectively., All
velocity measurements shown in Figure 11 were taken at a time
200 us before shot ejection. Reference to Figure 4 shows that these
combinations of time and space place the velocity measureménts
« within the first precursor flow, The lateral distance is measured
from the gun axis. The average of at least three measurements are
shown. The "error" bars portray the maximum and minimum velocity
values observed, i.e., they are not true error bars but rather are
a measure of the reproducibility of the data obtained from several
firings. The dashed lines connectinq the average velocity values

are to aid the eye in seeing the trends of the data.

The data taken 3 mm upstream from the inner shock disk provide
a check on the overall procedure. We see that the velocities
measured are supersonic and gradually fall-off with distance from
the axis. Qualitatively, this is just the type of velccity profile
(=L§ one would expect upstream of the inner shock disk and within the
highly underexpanded flow terminated by the barrel shock and the
inner shock disk (Figure 2).

The most important feature in the velocity profile 1 mm down=-
stream from the inner shock disk is the steep gradient observed
between y = 4 mm and y = 5 mm lateral distance. This behavior is
gualitatively similar to the steep velocity gradient obsexved in
steady-state measurements when a slip line is ehcountered (see
Figure 3). Thus, we interpret this velocity profile (in Fig. i1)
as locating the slip line in the first precursor flow of the 7.62 mm

. rifle.

The velocity profile 3 mm downstream from the inner shock disk
is to be contrasted with the profile 1 mm downstream., Specifically,
no steep gradient 1is observed throughout the region defined by the

gun axis and 8 mm perpendicular to this axis. Instead we observe a
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rather smooth transition in velocity from the center line outward.
i We conclude that 3 mm downstream from the inner shock disk slip
! lines are no longer present,

Though the first precurscr and the main propellant gas flow
are qualitatively similar in their respective development, there

are some important differences. They are:

1. the exit pressure ratio associated with the main flow is about
100 times that associated with the first precursor flow:

2. the projectile is present during the main flow development;
and,

3. chemistry is taking place while the main flow develops.

The greater exit pressure ratio of the main flow would tend to
iucrease the shock strengths and therefore the coupling between
the blast wave and the main flow; and, lead to an increace in the
main flow turbulence. The projectile, ir its passage through the
main flow, would also tend to increase the turbulence. Finally,
although we have assumed that chemistry is invelved in the velo- ‘>
city "breakdown" seen in Figure 7, it is not known what the speci~
fic effects of the chemistry are upon the development of the main
flow. Nevertheless, the effects of chemistry are not likely to

lessen the degree of turbulence in the main flow.

We infer then that the neglect of the three properties that
distinguish the first precursor flow development from the main flow
development would not affect the conclusion that at some small
distance downstream from the inner shock disk in the main flow,

slip lines are absent.

The statement, inferred above, is proved by the following

a.
.0
:

results of the laser Doppler velocimetry data taken with a powerful

=2

A

Argon laser in the main propellant gas flow of the 7.62 mm rifle.

Figure 12 shows the data taken upstream in the highly underexpanded

o

jet flow region versus the lateral distance from the flow axis, y.

‘i_ o pr s
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_ 762mm RIFLE
R (D (PROPELLANT GAS FLOW)
" Xs00mm (AXIAL DISTANCE OF MEASURED VOLUME FROM MUZZLE EXIT)

t: TIME AFTER PROJECTILE EJECTION
1 : GCATTER OF THREE FIRINGS

ta05ms t=0.55ms
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R
i Fig. 12: Lateral velocity profiles in the main propellant gas flow

of the 7.62 mm rifle at x = 100 mm from the muzzle and
1 t = 0.5 ms and t = 0.55 ms, respectively

The above velocity profiles'again provide a check on the overall
procedure. The velocities in the highly underexpanded jet flow

, region are supersonic and gradually decrease with the lateral dis-
» tance, y, from the main flow axis. These supersonic data show good
k agreement when compared to the data taken with the laser tracer
method [4], see Figure 7., There is a decrease in velocity (in
Figure 12) as both the jet boundary and the reflected shock pass

the measurement point.
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Figure 13 shows the lateral velocity profiles obtained down-

v

stream from the inner shock disk in the main propellant gas flow )

1% 7.

of the 7.62 mm rifle, i.e., at an axial distance from the muzzle

[ e e T

of x = 110 mm.

7.62mm RIFLE
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t: TIME AFTER PROJECTILE EJECTION "

1% DISTANCE DOWNSYREAM FROM MACH DISK ;
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Fig. 13: Lateral velocity profiles in the main propellant gas flow

of the 7.62 mm rifle at selected distances x* downstream

from the inner shock disk (Mach disk), i.,e., atx*= 14 mm,
8mm, 6 mm, 7.6 mm, 13 mm, and 16 mm, respactively

For distances downstream from the inner shock disk (Mach disk) of

the main propellant gas flow, i.e., for x* §$ 8 mm we observe a steep

gradient between lateral distances of 30 mm S y < 40 mm. This
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behavior is similar to the velocity gradient observed in Figure 11,

; ) i.e., in the precursor flow. It therefore is attributed to the
formation of slip lines. However, for x* > 8 mm, no steep gradient
is observed. Instead we find a rather smooth transition in velocity
from the centerline outward. We conclude that for x*>8 mm slip

lines are no longer present.

Y o e ey e

This is confirmed in Figure 14 which shows the data taken in
i the main propellant gas flow at an axial distance from the muzzle
‘ of the 7.62 mm rifle at x = 120 mm.
7.62mm RIFLE

(PROPELLANT GAS FLOW)
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n®% DISTANCE DOWNSTREAM FROM MACH DISK

1: SCATTER OF THREE FIRINGS

PR TR

ta0ims te0.45m tsl.%ma

W = mm l'-’ﬂm l « 155 mm

1 [[
l I,q"uT;nI]I l l'I‘Iﬂ L[[l[h I IHIII l

g —————

3 L & w6 @ o 0 @0 2 & 60 &

P -

8

o

te0.8%ma ts O.6ms 10065me

u ~178 ¥’ 20mm X"~ 22mm

il 11 I NII:
I ; | r,]‘HH“I; e |

' E'H'w'so'_a'oo‘éo'tb's'o'éodﬁzo*wﬁso 80
LATERAL DISTANCE FROM FLOW AXIS —=— y/mm

FLOW VELOOITY —=  ulmss)
g8 8

o
8

pra—

Fig. 14: Lateral velocity profiles in the main propellant gas flow
of the 7.62 mm rifle at selected distances x* downstream h
from the inner shock disk (Mach dAisk), i.e., at x* = 18 m,
16 mm, 15.5 mm, 17.6 mm, 20 mm, and 23 mm, respectively
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Qualitatively, we find the same behavior as in the first pre-
X cursor flow of the 7.62 mm rifle. Therefore, we conclude that the )
formation of slip lines in the reacting main propellant gas flow is ”
indeed hindered by, or rapidly destroyed by the turbulent flaw so

that they are absent at some distance downstream from the inner

i shock disk. This conclusion is based on the above velocity pro-

files, since discontinuous lateral velocity profiles indicate the d
presence of slip lines (see Fig. 3) while continuous c¢nes show the
absence of slip lines (20]. p

D e o e o iy

Section 3 described the search for slip lines formed down-
stream from the inner shock disk of the first precursor and the
main propellant gas flow of a 7.62 mm rifle. (The normal DM 41
ammunition is used: 9.45 g projectile and 2.95 g K 563 propellant
with 0.8 % KNO3
Since there are sufficient similarities in the gasdynamics between

e e e S

and 0.2 % Na2s04 as chemical flash suppressants.)

the 7.62 mm gun and large caliber weapon firings, it is expected
that the above findings can be scaled up to larger calibers. Thus,

P .

the proposed influx of oxygen into the core region of the inter- .)
s mediate flash as well as the proposed combustion reaction most '

- likely occur in all conventional weapons.

e i,

L As mentioned previously, the next step in the experimental pro-
gram is to measure temperature differences in the intermediate
flash region of the 7.62 mm rifle for firings into ambient air,

e e -

nitrogen, and oxygen. If temperature differences are measured as
expected, then the above hypothesis is fully confirmed. In refer-
ence {7, it has already been shown that the addition of alkali salts
to the propellant charge results in a decrease of temperature in
the intermediate flash region. This has already led to the conclu-
sion that the alkali salts affect significantly chemical reactions
taking place in the intermediate flash region and so prevent the

! ignition of the secondary flash. Therefore, the above experiment is
to obtain the final approval of the hypothesis.
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4. GAS GUN SIMULATION EXPERIMENTS

4.1 Introductory Remarks

In preceding papers [8,19], the importance of adequate simu-
lation experiments has been pointed out in detail. The need to
solve problems such as gun tube wear or muzzle flash and blast
requires a detailed understanding of the physical and chemical
processes that occur during the ballistic cycle of a gun. Such an
understanding is often limited by the harsh environments encaunt~
ered in actual gun firings. On the other hand, these are the very
same experimental data that are required to elucidate the busic
physical and chemical processes needed in the development of pre-
dictive models, The result ils that existing present-uuy models of
both the interior and transitional ballistic rely on idealizations
of the flow. The solutions ohtained from these models and hence
their underlying assumptions are often inadequataly verified by o
experimentation, if at all. To overcome these difficulties vali-

L= dation experiments using simulators‘have been recommended by

Klingenberg and Banks [13]. The simulators permit the genaration
. of well-defined, well-controlled, simplified flows beginning with f‘
‘) single phase, inert flows and progressing in a step-wise fashion

to more complex two-phase, reacting flows, The aim of these efforts

i

is to isolate, identify and understand the important flow phenomena
and thereby enhance the chances of successfully modelling the phy-

sical and chemical events that occur in actual ballistic flows.

Such simulation experiments are currently under way within the
European Community [8]. Table 1 shows a list of such simulation ,
experiments.

These simulators address flow problems with increasing com-
plexity. The compression chamber at Imperial College can consider
two-phase flows but is limited to inert gases or particles, and to

low pressures and low temperatures. The shock tube facility at the

T v

German-F: ench Research Institute (ISL) is used to simulate single
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SIMULATION EXPERIMENTS

235G OO SO S U ) 5 AR

Institute | Facility Maximum | Maximum Flow
Country pressure | Temp. Status Goal
(MPa) {K)
Impeyial® , Tnert
Compression - ——
College Chamber 1-10 Two Phase
(UK)
ipg/gn) :2g:k 15 - 50 3000 Inert Reacting
One Phase | Two Phase
Sy | e, |sso- oo | song
e One Phase | Two Phase
- » 4
em ™ | cas qun [ 350-4s0 | 3000 Reacting
One Phase [Two Phase

*Supported by the U.S. Army through its European Research Office

Table 1: European simulation experiments

phase, inert flows at temperatures characteristic of ballistic
environments, but at pressures that are a factor of six or more
lower that those encountered in ballistic flows. The goal is to
study two-phase (gas/solid) reacting flows. The light gas gun
facility, also at ISL, is being used to simulate single phase,
inert flows at pressures and at temperatures that are characteris-
tic of ballistic flows. The goal here is to investigate particle~
laden flows. The limitation is that only inert gases and particles
can be used. A gas gun facility is used at EMI-AFB to simulate
single phase, reacting flows at temperatures and pressures typical
of an actual gun. The goal is to address both the interior ballisg-
tic and the muzzle flow phenomena for two-phase as well as single

phase flow conditions.

While each of these simulators provide the stepwise increase
in complexity required for the complete understanding of multi-

phase, high temperature, high pressure, reacting flows, only the
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gas gun simulator at EMI-AFB permits the simulation of controllable

.'-'\
('} reactive flows with characteristics similar to those ¢f medium
caliber gun systems.
! 4.2 The Gas Gun Simulator in Closed Bomb Mode
. The EMI-AFB gas gun simulator has been constructed in two
stages. The first stage of construction is the combustion chamber,
shown in Figure 15.
Adaptien for 20- mm Pressure Ports Bresch Nut
and 40~-mm Gun Tubes
\\\ - \/\ 72772
I NN £ O I 1SN RS L iR 777
itk \’.\-.\\\\\' NN W N 1|~ Nov Y eecteical WY
AR = : t ','_V’ZIgmtion Supply
' ' - S -
S iy N O 1 SRS S Gos Intat
— Al N I\\\ N .\\-.‘\ LR
| /T
Solld / Ratainer Optical Windows
o » Gas Gun Chamber with Solid Ratainer for Closed Chamber Combustion Studies
o Fig., 15: Stage 1: Gas gun chamber in closed bomb mode

The gun chamber has a length of 550 mm and a diameter of 7C mm,
resulting in a volume of approximately two liters. The inner cham-
ber wall is protected from high pressure hydrogenation by a steel
sleeve. The chamber is fitted with pressure ports and optical
windows and is pre-pressurized by adding to the chamber first
oxygen, then helium, and finally hydrcgen in 1 :8: 3 mole propor-
tions, respectively. The ignition source consists of releasing

110 J of energy from a 3 kV capacitor bank into four equally
spaced exploding wires placed axially in the chamber. The solid

retainer allows the chamber to be used in a closed bomb mode.

Typical data obtained in the closed bomb mode are shown in
Figure 16. These data are compared to theoretical values, calcu-

lated by J.M, Heimerl of the BRL with the BLAKE code using the

Ny

(=]

31

N T T

D ST KL I MR ST SN RN AR W KA O IO E L e M ?Nﬂ0}:

LAY)



virial equation of stute for the case of (a) helium, (b) Argon, '$
¥ !
and (c) nitrogen as a diluent [19]. ) n
L h
1164 4 GAS MIXTURE : JH, + 0, » [],] -
=
%004  BLAKE CALCATIONS mem {MsHa,Ar ot W; | .'.:
e VIRIAL COUATION OF STATE e
- %04 ¥
f [XPLRIMENTAL DATA —= (M sHe) ' k‘f
3 9
& 00 o KUNGENGERG (1985) -
g 100 1 LILY ';
h
L T .
i ;
h -
i " MaHe, Ar b
[ ]
! 490+ . 3
I‘Q
004 o
b
- ;
. o)
wo- o
W
=T -y T T T 0 ":
o 15 W 4 ® Q
WITIAL CHANBER PRESSURE " el -

« Flg, 16: Final chamber pressure versus initial chamber ;:
pressure [19] ' ,

The experimental results for the closed bomb mode show that realis- &
tic gas pressures of Prax ® 400 MPa can be obtained in the gas gun
chamber, if the gas mixture of 3!«12-0-02 + BHe is pre-pressurized to

about 50 MPa, One sees that at the higher pre-pressures there is a .
noticeable difference in the predicted and measured final chamber z::.
pressure data. This difference is attributed to heat transfer to \%:
the walls [19]. %
§

4.3 Second Stage of Gas Gun . .
The second stage in the construction of this simulator in- E':
cluded a gun tube and a projectile, as shown in Figure 17. The ) "
solid retainer of the first stage (see Fig. €) is replaced by a t“A
blow-out disk which can be scored to rupture at a pre-determined L
pressure, An adaptor permits the mounting of either 20-mm or 40-mm
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F gun tubes. For the studies reported here we used a 1,8 m long,
‘ 20-mm, smooth-bore gun tube fitted with appropriate pressure ports

and optical windows.

Projectile ®-mm Gun Tube Adapler

20-mm Gun Tube

1 222 A
. g N S WP B

L : N 15 CORANOND T , e ‘;: \J;;/

:rmuu Porls or NI N L& \Q\\\\\F\LX\\N%Z

phical Windows th‘r; . 7/

(Blow-out Disk) *

; Fig. 17: 8Stage 2 of gas gun simulator

This configuration permits the study of both intericr and
} transitional ballistics. Since we are dealing with paxticularl§
‘ sinple chemistry, i.e., suitably diluted hydrogen and oxygen, the
' i gun simulator ig expected to be a tool for the reproducible gener-
o ation of muzzle flash and its suppression by alkali salt additives.
| We report here the first results of this qun simulator used in the
| study of muzzle flash,

The test setup used is shown in Figure 18. Pressure ports
along the gas gun (M1to M6), visible and infrared detectors and
& a drum camera for high-speed photography were the diagnostic tools
used in these first experiments,

For the first tests, the exploding wires mentioned above
ignited the gas mixture. Later, "soft" ignition by means of a
single tungsten wire, placed axially in the chamber, was alsc
tested. The voltage pulse applied across this hot wire is shown
in Figure 19. This "soft" ignition yielded the same ballistic per-
formance as the ignition with the exploding wires. The advantage is
that the "soft" ignition does not introduce additional particles
into the gas gun flow.
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GAS GUN TEST SETUP DRUM CAMERA

3ab oETeCTOR ™
{inAc) L/

137 veTecron
(s1)

2ND DETECTOR
(s1)

Fig. 18: Test setup for muzzle flash studies with the gas gun

GAS GUN
HOT WIRE VOLTAGE )
2500 1 '
v |
2000
> 15007
=
at 2228
1000 4
g
(R e RIS K — ———r —
0 40 80 120 160 200
TIME =—= 1/ps

Fig. 19: Hot wire voltage versus time

The £illing procedure also is very important. First, the gases
were filled into the chamber following the procedure used for the
closed bomb mole, i.e., we filled the chamber with oxygen, followed
by helium and hydrogen. However, severe pressure oscillations were

encountered and in two cases we experienced detonation in the gas
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gun chamber [19]. Therefore, in the following experiments, we added

- a hydrcegen/helium premixture to the oxygen. Then no pressure oscil-
lations were found anymore in the pressure versus time recordings.
4.4 Results
. Typical pressure histories, recorded at the pressure ports
M1, M3, M5, and M6, respectively, are shown in Figure 20. Here,
exploding wires and a pre-pressure of 24 MPa was used as well as a
prenixed He/H2 gas mixture. Obviously, in these light gas mixtures,
150 <
. 100
50 1
. 0
.’ 150
i
[
\o 100 4
, g M3
] z
? 504
| TR - .
:
50 4 MS !
L] |
0 T -
00
Mé
50 4
- o T T L) 1
0 S 10 1% 20

TIME —e=t /ms

Fig, 20: 'Typical pressure histories at M1 to M6 N
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a rather steep pressure spike 1s obtained at M6, i.e., at the

muzzle exit of the gas gun.

The pressure histories are changed when we add alkali salts

(2 wtn cho3) to the gas mixture in the gun chamber, Figure 21.

ooin
PROJECTIE
HOTION

Ko N
50 Ml
0 v . . -
100 ]
/\
50
0 : y - .
‘g 00 4 '
}‘ Mi
§ 50
v
E . : v
) 4%\“
0 » . oty
50 Mé

04 hﬂ."‘“====A~

0 5 10 1% 20
TIME = }/my

Fig. 21: Pressure histories at 12 MPa pre-pressure and with
2 wts K,CO, (premixed He/H2 gases)

With cho3 we obtain an earlier and slightly steeper pressure rise
in the chamber pressure. The comparison shown in Figure 22 empha-
sizes that gas mixtures with and without alkali salts have differ-
ent pressure histories. Obviously, as in conventional solid gun

propellants, the "vivacity" of the gasecus propellant increases




GAS GUN (3H;+0,+8He)
CHAMBER PRESSURE AT MI

100
NO SUPRESSANT
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01—
0 S i0 IS 20
TIME == t/ms

Flg. 22: Comparison of chamber pressure histories
{Pre-pressure 24 MPa)
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with the addition of alkali salts.

e n o~

On the other hand, these alkali salts inhibit or suppress

h“} completely the secondary flash of the gas gun. For example,
Figure 23 shows the time integrated photographs of the muzzle
"

flash from the 20-my gas cannon precharged with 24 MPa total pres-
sure. The measured muzzle pressure is approximately 100 MPa (see

- -

Fig. 20). This is about twice the muzzle pressure of conventional
20-mm guns. An approximate scale is shown at the bottom of the

photos in Figure 22. A comparison of the photo taken with no sup-
! pressant and that with 1 wt% K,CO, shows that the secondary flash

2773
(Fig. 23b, Test No. 3, in the middle photo) is suppressed., The photo

-

with 2 wts K2C03 also shows suppression. The line of light observed
on axis at distances beyond 0.8 m is due to particles, most likely

o

h particles of unreacted K2CO3. (The suppressant powder was simply
placed in the bottom of the chamber before pre-pressurization with
the gases.)

A time-resolved, drum camera recording of the unsuppressed

PR D

case is shown in Figure 24, Qualitatively, thig is the typical
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GAS GUN ( JH* 02+ 8M
| i 0027 ) GAS GUN (3Hye 0y + 8He )
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o o) TEST No 2 TEST No.2
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i
g Fig., 23:
9 Timg integrated photographs of Pig. 24:
: the muzzle flash from 20-mm gas gun Drum camera record of un-~
suppressed muzzle flash
K from 20~mm gas gun
i
‘ picture obtained in gun firings [3,43). Though it is difficult to
: tell in the positive, the negative clearly shows that the secondary
. flash commences about 1.7 ms at a distance of about 0.7 m from the
:, muzzle exit, Unfortunately, the camera angle did not permit the
; photographing of the entire 1.5 m distance between the muzzle and
: the projectile "catcher-box"; and sc in the time-resolved photo of
1
Figure 24 the region of the secondary flash (from about 0.7 m to .

1.5 m) was truncated at 1.0 m. In the time integrated photo of -
Figure 23, the initiation of the secondary flash has been masked by
the intensity of the intermediate flash. However, the detector -
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recordings, which are not presented here, have confirmed the find-

ings indicated on the photographs. The reason that the intermediate

flash is relatively so intense lies in the fact that, for the gas

mixture used in the simulator, only about 9 & combustibles remain

after combustion in the chamber. In actual gun firings it is known l
that the amount of combustibles is of the order of 50 % [44].

Thus, we have experimentally determined that mixtures of
hydrogen and oxygen (suitably diluted) are sufficient. to cause

secondary flash. Further it has been demonstrated thizt amounts of

alkali salts similar to those used in actual guns systems are suf-
| ficient to suppress the secondary flash. These experimental results
support the supposition used by modellers [44] that only the .
hydrogen (and possibly the CO) chemistry are needed to describe the

kinetics pertinent to muzzle flash.

e o an A A S

5. SUMMARY AND CONCLUSIONS

The main findings of this investigation can be summarized as
follows:

e e

Quasi-staady state conditions in gun muzzle f£lows are approached
only at very late times in the flow development.

- The formation of the slip line has been shown to be absent in

the reacting gun muzzle flow field at some distance from the
inner shock disk. .

g

- fThe proposed influx of oxygen in the intermediate flash region ;
) appears to be plausible.

v - Specifically, the turbulence may permit oxygen to be entrained
and transported even to the axis of the intermediate flash region

where combustion processes may take place. .

Bl ok
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- These processes are assumed to be necessary in the ignition

sequence leading to the formation of secondary flash. _)

- The gas gun simulator pre-charged with suitably diluted mix-

tures of hydrogen and oxygen permits the genecration of relati-
vely clean, reacting gas flows with realistic ballistic gas

pressures and temperatures.

- The gas éun is capable of simulating the gun muzzle flash
phenomena with particularly simple chemistry.

~ The secondary muzzle flash producel by these hydrogen~oxygen
mixtures is suppressed by the addition of alkali salts, here

K2C03, to the propellant charge.
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:: KINETICS NETWORKS AND MEFF-CODE PREDICTIONS =- A PROGRESS REPORT
¥ by
‘ ) J. M. Heimerl and G. E. Keller

) Interior Balllstics Division, Ballistic Research Laboratory
; Aberdeen Proving Ground, MD 21005-5066

Background

The designers of new weapons systens and sub-systems can test for
the presence or abs..ice of secondary muzzle flash by direct empirical
testing or by recourse to the recently developed muzzle flash prediction
code, MEFF. The development of this model and its more fundamental
assumptions has been previously discussed [1,2]). A key feature of the
MEFF code is the incorporation of a auppression reaction network
composed of elementary Kinetic reactions, which permits the continual
improvement of the code as more and better kinetic data are obtained.
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To construct a reaction network one must know:

a) the identity of the kinetically important chemical species;

b) the reaction network that describes how these species interact;
and :
' c¢) the rate cvefficients that determine how fast these species
interact.

S e e, -

. Because no experiments have besn made that systematically identify

(> the chemical species and measure thair relative abundances, we are

T forced to estimate the species that are important in the suppression of

muzzle flash by potassiun zalts. It has been known that the effluent

from a gun that fires conventional ammunition contains large cquantitles

of hydrogen and carbon monoxide [3=5]. More recently it has been

demonstrated that a gas gun pre-charged with hydrogen and oxygen

(suitably diluted with helium) can operate at pressures and temperatures

characteristic ot a fielded gun [6]. Moreover, it was shown that these

mixtures of hydrogen and oxygen are sufficient to cause secondary muzzle

flash. Thus, the inclusion of the species that correspond to hydrogen

and carbon monoxide combustion are appropriate. In References 1 and 2

{ it is shown that these species are H, O, OH, H,, HO,, H,0, CO and

8 Cg Because air is invelved, N, is also inclu&ed ut only as a
diluent.

e

[T 2,

eS|

) For the selection of the suppressant species we consider K, KO,
' 5 ’ KO,, and KOi by analogy with the sodium inhibition studies of Hynes,
A\ Steinberg and Schofield [7). Support for the inclusion of KO, comes
Y from the recent tenative identification of this species ([8). Since the
- . muzzle effluent is known to be fuel rich the species KH is also
. considered.

o Thus the 14 reactive species shown in Table 1 and the diluent N,
ﬂ form the set of species under current consideration. We wish to stress
¥ here that the selection of species shown in Table 1 is speculative.
| Those chosen to carry the combustion are quite reasonahle. However,
o those selected to carry the suppression mechanism are on much less firm
. ground. This is important because our formulation of the kinetic
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network, as previously discussed [1,2,9]), is more or less mechanical
once the species have been selected.

TABLE 1. LIST OF ACTIVE SPECIES

enthalpy entropy reference
(kcal/mole) (cal/mole/K)

l H 52.10 27.40 a (p. 106)

2 K 21.30 38.30 b

3 0 59.60 38.50 a (p. 132)

4 H 0.00 31.20 b

5 Kﬁ 26.30 47.30 ¢, b

6 KO 17.50 56.90 c, b

7 OH 9.50 43,90 d

8 o] 0.00 49,00 b

9 H 3.50 54.40 e, b

10 H 8 -57.80 45.10 b

11 K H "54050 56.90 c’ b

12 xoz -25.00 62.00 f

13 ¢0 -26,40 47.20 b

14 0o, -94.10 51.10 b

a) J. Phys. & Chem. Ref. Data, Vol. 4, 1975.

b) JANAF Thermochemical Tables, Second Edition, 1971.

°) Js Ch‘mo Th‘mo., Vol. 14, PP. 1103-1113’ 1982, .
d) J. Phys. & Chem. Ref. Data, Vol. 3, p. 443, 1974. )
‘) J. Phy’o Chemo, vol, 87' PP. 3479-3482’ 1983, I
£) Refs. 1 & 2 (see also: BRL Tech. Rep. BRL~-TR-2622, Dec, 1984.)

Current Work

Table 2 shows the network of reactions considered in this report.
It essentially the same as derived in [1,2] with changes being made only
to a few rate coafficients. It is these changes and their effect upon
the MEFF~code predictions that constitute the subject matter for the
remainder of this report.

The rate coeftficient for reaction (27) has been changed from the
derived value of 0.25E-30/T (7] the more recent value of
0.128E~25/T#**(1.28) cm°/molecule“/sec [10].

In addition the rate coefficient for reaction (28) has been
measured using two different experimental technijques. Silver, et al.
{11]) have used a flow reactor to measure the rate coefficlent over the
temperature range 300-700K. Husain and Plane [12) have employed time
resolved atomic resonance spectroscopy to measure this rate coefficient
at 753 and 873K. Figure 1 shows the values of these rate coefficients
for nitrogen as the chaperon plotted against temperature. Since
reaction (28) is thought to be a crucial one in this suppression
network, the difference in the values at high temperatures might prove

important. E.g. at 2000K the difference is approximately a factor of
two.
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~ TABLE 2. NETWORK OF REACTIONS
)
- reaction A B c
1 OH +H, = H.0 + H 0.17E-15 =-1.6 -3298.8
2 H +0, =08 +0 0.20E-06 0.9 -16573.2
3 0 +H =0 +H 0.25E-16 -2.0 ~7551.4
4 H +0, +M =HO, +M 0.55E-29 0.8 0.0
5 H +HS, = OH  + OH 0.25E-09 0.0 -1003.5
) 6 H + HO, =H, + 0y 0.42E-10 0.0 -693.5
7 OH + HO, = H,0 + 0y 0.33E-10 0.0 0.0
8 O  + HO, -off + 0, 0.33E-10 0.0 0.0
9 H +H +M =H, +HNM 0.50E-29 1.0 0.0
10H +H +H =H +H 0.27E-30 0.6 0.0
11 OH + OH = 0"+ Hy0 0.25E-14 -1.1 0.0
12 + KO = KO + O 0.12E-09 0.0 0.0
\ 13 Ko+ H.b » OH + KOH 0.17E-09 0.0 0.0
! 14 H + KO =K + Hy0 0.17E~10 0.0 %% 0.0
y 1SH + Ko =K +0 0.33E-10 0.0 0.0
16 H  + KO, =0  + KOH 0.33E-11 0.0 0.0
y 17 H  + KOy =K +HO 0.33E-10 0.0 0.0
: 18 K+ HOp =0 + KO 0.66E~13 0.0 0.0
: 19 K+ HO, = KO + OH 0.33E-11 0.0 0.0
p 200 + KO =X 4+ 0y 0.33E-11 0.0 0.0
i 210  + KO, = X0 +0 0.17E-11 0.0 0.0
[ 22 H, + KO =H + KOH 0.83E-09 0.0 0.0
v 23 K8+ o = 0  + KOH 0.10E-09 0.0 0.0
i (. 24 KO+ HOp = OH + KO 0.33E-11 0.0 0.0
) 25 KO+ HO, =0, +KO 0.17E-09 0.0 0.0
K 26 OH + KO, =0, + KOH -0.50E-12 0.0 0.0
i 27K +O0H  +M =XlH +M 0.13E-25 1.3 #** 0.0
N 28 K + 0, +M w Ko, + M see text for values used
R 29 KO + K =X “ + KO, 0.178-09 0.0 0.0
' 30H +X0 +M =KOH +M 0.83E-30 1.0 0.0
310 <+ K +M =Ko, +M 0.83E=30 1.0 0.0
. 32K +0 +M =R +M 0.83E-30 1.0 0.0
33K+ K =X +H 0.17E-09 0.0 0.0
340 +® «H +K 0.83E-10 0.0 0.0
350 + K =K + OH 0.83E-10 0.0 0.0
5 36 KH + KO = K + KOH 0.17E-09 0.0 0.0
\ 37 KE + OH = H  + KOH 0.17E-10 0.0 0.0
i 38 Ki + OH w K  + H0 0.17E=09 0.0 0.0
B 39KH +0 =K +HO, 0.17E-09 0.0 0.0
d 0" + KO, = KH + Oy 0.17E-09 0.0 0.0
g 41 +K“+4M =Ki +M 0.83E-30 1.0 0.0
3 42 CO + OH =H +CO, 0.73E-17 =1.5 741.0
. 43¢0 +0 =0  + COy 0.42E-11 0.0 -47800.0
q 44 cO + 332 = OH + CO, 0.25E~09 0.0 -23590.0
K 45 €O, + O =CO +0 0.28E-10 0.0 ~52580.0
g 46 CO; + H =CO + O 0.27E-09 0.0 =26300.0
R 470° +CO +M wCOp +M 0.15E-33 0.0 4540.0
3 48 KO + CO =K + €O, 0.17E-09 0.0 0.0

The rate coefficient
where A in units
C in units

2 o 2

b @ e

™t

') O AN 4,000 : OO A . e
i‘-l-'-'-‘. 0t N el D :’0’. e R A s e 5

= A x Ta*(-B) x exp(C/RT)
of cm-particle-sec
of calorie/mole
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b Table 3 shows the MEFF predictions using the above changes in the

' rate coefficients for three mortar and several artillery cases. The

‘ propellant and its additive (if any) are shown in the first column. The

secorid and third columns, labelled "Husain" and "Silver", respectively,

o show the maximum temperature computed by the MEFF code. Our

! interpretation is associated with each of these computed temperatures.

. "F" means that flash is predicted and "N" means that suppression of the

flash (i.e., no flash) is predicted. Column five shows the field
cbservations where available.

one other series o computations was made using only the two-step
suppression mechanism recommended by Jensen, Jones and Mace [13]. For
these computations the reaction network given in Table 2 was
dramatically reduced. Only reactions (14) and (27) were retained as the
suppression mechanism (See **%* in Table 2) and all other reactions
involving potassium species were deleted from the network. This left 19
. reactions, The rate coefficlents for reactions (14) and (27) were
: taken from ([13], i.e. for reaction (l4): k=l.BE=1ll%exp(-1987/RT)
cn”/molecula/sec and for reaction (27): k=1.5E-27/T cm /moleculez/sec.
The results of these MEFF code computations can be seen in column four,

labelled "Jensen", of Table 3.

TABLE 3. MODEL PREDICTIONS
MAXIMUM TEMPERATURE

HUSAIN SIILVER JENSEN Observation
8l=-nm MORTAR PROPELLANT '>

Nominal M10 from which the = =~=2100=F-=- 2048=F  Flash
suppressant has been removed.

Nominal M10 which contains 1157=N 1159=N 2312=F No Flash
about 1% K.5fi0, suppressant.

Nominal M10 but with 2% 1149=N 1149=N 2189=F No Flash
K,S0, suppressant.

' 155-mm HOWITZER PROPELL*NT

Nominal M30Al from which the ==~2084{mF=~= 2084=F Flash
suppressant has been removed.

Nominal M30A! which cortains 1081=N 1082=N 2175=F Flash
1% K,S0, suppressant.

Nominal M30Al1 but with 2% 1064=N 1064=N 1061=N
K,50, suppressant,

Nominal M30A2 which includes 1095=N 1095=N 21l3=F Occasicnal
2.7% KNO,4 suppressant.

HMX with L-35 polyether binder. 859=N B4 6=\ 859=N
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| Discussion

As can be seen in Table 3, the results of the MEFF computations , e
with the reaction network as shown in Table 2 are not sensitive to ¥ ol
differences in the values of the rate coefficient for reaction (28) {See i
Figure 1}. In fact all of the cases in which there is suppressant added
to the propellant are computed not to flash (See Table 3). This leads
to the suspicion that there is something amiss with the suppression £
network itself, One possibility is the following. r,

For values of those reaction rate coefficients which have not been
measured we had adopted gas kinetic rate coefficients that are
independent of the temperature. More realistic coefficients might be
able to be established by analogy with reactions for which the rate
coefficient has been measured. E.g. the hydrogen analogue of reaction
(19) is reaction (6); and so the value of the rate coefficlient for
reaction (6) could be adopted as the value for reaction (19). These
type of changes have yet to be made.

g

The wholesale substitution of the two-step supprecsion mechanism \
proposed by Jensen and coworkers [13] leads to improved predictions for
the 155~-mm howitzer cases, but this mechanism also leads to incorrect .
predictions in the 8l-mm mortar cases. Since all properties of the MEFF
code except the kinetic suppression mechanism have been held fixed, one
can make the plausable assumption that the differences between the
computed and observed results are due to the change in the kinetic
mechanism., We suggest that the mechanism propesed {13) is in fact a
global one. 1If this is the case then it becomes extremely difficult to
see how one could improve it. On the other hand, the general
methodology of network development employed [1,2] allows for the
evolution and improvement of the network shown in Table 2. -

As stated above, the identity of the alkali-containing species is
crucial in the establishing of the reaction network. We need to know
what species are present during the suppression of muzzle flash.
Because the transient nature of qun muzzle flash makes a species survey
quite difficult, a likely technique would be a mass-spectrometric q
determination of the species present during the inhibition of a suitable
flat flame.
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Flash Simulation with a Global Reaction Model for Transient
Flow from the 84 mm Carl Gustaf Rifle+

By

M.B. Khalil,* E.G. Plett,* and D.H. Gladstone#*

Abstract

The paper begins with a brief review of the state-of-
the-art of previous work on gun flash. Then a description is
given of the approach taken to implement reaction kinetics in
the computations of the flow from the 84 mm Carl Gustaf re-
coilless rifle to determine the effect of secondary f£lash on
the blast nolse signature. The conservation equations are
modified to include conservation of several species which are
allowed to exist in each of the cells of the computaticnal
grid. An Arrhenius model is used to describe the reaction
rate between the species that can burn, with combustibles
considered as one species. This is utilizing a one-step glo-
bal reackion.

Results of computations implementing this approach in a
finite difference code which computes the transient flow for
the breech nozzle of the Carl Gustaf rifle are presented.
Results of the numerical computations show that even such a
simple approach illustrates the important factors regarding
the effaect of secondary £flash on blast nolise. It was found
that the blast noise (peak over~pressure) increases notice-
ably as the amount of combustibles in the breech effluent in-
creases if ignition of a combustible mixture is permitted ac-
cording to the Arrhenius rate equation.

The approach, however, may need to be expanded to in-
clude a wider 1list of species and a more comprehensive list
of chemical reactions. This can be done as an extension of
the present approach. Flux-corrected traansport and turbu-
lence effects should also be incorporated in the code in or-
der to improve the accuracy of the simulation of the real
phenomena.

* Asecor Ltd., P.O0. Box 929, Manotick, Ontario KOA 2NO
Canada :

**Defence Research Establishment Valcartier, Quebec, P.Q.
Canada

+ Based on work supported by DND, Defence Research Establish-

ment, Valcartier under contract 8SD85-00063
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Review of Gun Flash

As the projectile moves in the barrel toward the muzzle,
some of the fuel-rich propellant gas may 1leak through the
clearance between the projectile base and the inner surface
of the barrel.! These propellant gases will mix with the air
in the barrel ahead of the projectile or in front of the muz-
zle and form a combustible mixture that gets ignited at the .
muzzle producing ‘'preflash'. Preflash can also arise from .
forcing out of the air in the barrel (or the gases from a
previous firing) in front of the projectile. This air or
gases are at high temperature and therefore would glow at the L
muzzle. The same phenomenon can be found in the Carl Gustaf
recoilless rifle after the pressure in the combustion chamber
reaches shot-start pressure and the diaphragm closing the re-
coil nozzle breaks. The release of the projectile from the
muzzle allows a sudden burst of high temperature, high pres- !
sure gases to leave the barrel and mix with the ambient air !
and therefore burn in what 1is termed ‘'primary flash',  The )
gases effluent from the muzzle in this case form an undelex- !
panded jet which is then allowed to expand to atmospheric i
pressure while attaining a very high velocity (in the super- :
sonic range in the order of 2000 m/s).? Although the 'projec- b
tile situation is absent in (he breech side of the Carl
Gustaf rifle, which prevents primary flash from taking place, ,
the underexpanded jet still forms in this case with the sub- ‘
sequent increase in velocity upon expansion in the ambient
air, This high velocity stream on either side of the gun
makes way for the formation of a normal shock wave (Mach
disc) which keeps on moving downstream away from the gun. As
the gases pass through the Mach disc, thelr temperature will
rise and thereby glow with radiation in the wvisible range
producing ‘'intermediate flash'.? Following the Mach disc, P
the gases will continue to expand and mix with the atmospher-
ic air. Due to the fact that a large portion of the gas
flowing from the muzzle is made of €O and H, (up to 70%),°
aspecially from the breech of the Carl Gustaf® where unburnt
propellant particals may also exist, it can form a combust-
ible mixture as it mixes with the ambient air. If the temp-
erature of the mixture is near the self ignition temperature,
or some burnt particles are present to initiate combustion, o
the mixture will ignite and produce 'secondary flash', The :
strength of the blast resulting £from the reactions causing S
the previously described flashes is much less than that as- N
sociated with the secondary flash.!'®’'®  Also, the light ac- 3
companying the secondary flash surpasses in its brightness o
the summation of that from the other flashes. Photographs
from firings of the Carl Gustaf show clearly that the glow
from the breech side iIs much brighter and of a larger extent
than that from the muzzle. These photos support, until now,

o r
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the hypothesis that a large portion of the propellant escapes '
unburned with the breech gases and gets ignited outside the .
e
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gun producing this huge glow and strong blast. Figure 1
shows several schematic drawings of the various flashes en-

countered from the muzzle.

There are three main factors affecting secondary flash.
The first relates to chemical factors such as propellant com-
position,”'*'? the presence of flash suppressants'®'iir»i2113
and flame temperature of the propellant. Physical factors
include the thermodynamic condition ¢of the propellant gases
at the muzzle or breech ends (temperature, pressure and vel-
ocity) and the location, extent and strength of the Mach disc
in the flow passage. The third group of factors are those of
mechanical nature such as flash hiders, muzzle extensions,
muzzle brakes, baffles and liners (on the breech side),

The intense brightness of qun flash reveals the prasence
of the gun and leads to identifying its location by the enemy
troops. Also, the bright glow of gun flash at night causes
momentary blindness for the gun c¢rew. The blast noise re-
sulting from gun flash adds to the original blast signature,
and the blast from gun f£lash exceeds all other blasts in its
over-pressure strength, which has a serious conse?uential ef-
fect on the hearing ability of the gun crew,!'!$!¥?¢

Approaches for Preventing Gun Flash

Over the years of development and applications of gquns,
sevaral approaches have been introduced to overcome or elim-
inate gun flash. These approaches are summarized by c¢lassi-
fying them as follows:

Mechanical Devices!“'!®

These are simply attachments of conical or slotted shape
fitted at the muzzle end. At the breech end, liners of vari-
ous shapes and geometry can be utilized. These devices are
used to enhance cooling of the propellant gases as they grad-
uvally mix with the ambient air to bring the temperature of
the mixture below that of self ignition. This delays the
formation of a combustible mixture allowing for the cooling
effect by the diffusion of the ambient air to bring the temp-
erature down. Some mechanical devices would allow the gases
to expand 1in a controlled passage for some distance to pre-
vent the formation of the Mach disc entirely, and thereby
prevent the secondary flash onset which results from the
temperature rise as the gases pass through the Mach disc.

Aqueous Foamg'!7'!%

This is similar in its approach to the mechanical de-
vices. It is carried out by installing a box or a bag at the
muzzle and/or breech ends of the gun after filling the box or
the bag with aqueous foam (similar to shaving cream). This
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was found to eliminate gun flash (including preflash, primary
and intermediate) and reduced the blast noise by ~10 db when

applied to the muzzle end. No such application has been @tww-r v

tempted with reccilless rifles such as the Carl Gustaf, to
date.

Chemical AdditiveslﬂpllplZpl3v19133

This is the most widely used approach for flash suppres-
sion. These additives are, in general, small proportions
(1-6%) of alkali salts (sodium or potassium) mixed with tiLe
propellant charge. The additives that are used on a large
scale are K,50,, KNO and K,C,0,. The complete list of the
additives in ase as flgsh sup%rgsgants and their evaluation
can be found in a report by Heimerl et al.?? from BRL and
EMI-AFB. Several research programs were carried out to in-
vestigate the mechanism of flash suppression by alkali
salts,'®7!31?3 gome of these tests were performed on actual
firings of guns using propellant charge with different addi-
tives at various proportions. Other tests were performed us-
ing a shock tube approach by blending gases from commercial
gas bottles to simulate the mixture from the muzzle and per-
forming some tests to determine the effectiveness of the var-
ious additives in suppressing gun flash, There is a general
agreement among researchers that gaseous KOH is the inhibit~
ing species in potassium salts. Recent studies?®’?' suggest
that alkali salts act as flame supressents by altering the
chemical composition of the fuel-rich muzzle effluent and
thereby increasing the ignition delay time or ignition limit,
This delay is encugh to allow further cooling of the mixture
as it mixes with the ambient air and hence no flash occurs.
This delay may, on the other hand, provide a chemical pathway
that effectively competes with the chain-branching reaction
and thus depletes the pool of radicals. It is believed that
in a fuel-rich H-C-N-O combustion process, the reaction which
promotes secondary flash is the chain branching reaction:??

H+ 0, --->CH+ 0+ 71 ki/mole vl)

Several researchers suggested that flame inhibition occurs
via the reaciion:

KOH + H ---> H,0 + K - 138 kJ/mole (2)
or
KOH + OH ~--> H,0 + KO + 22 kJ/mole (3)
56
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Reactions (2) and (3) were studied carefully by Heimerl
and Klingenberg,*®’ and they concluded that these two reac-
tions are oversimplified explanations of suppression mechan-
isms by KOH., They suggested a further detailed study to be
carried out to identify the real intermediate reactions which
take place during flash inhibition by KOH.

A comparison was done by Heimerl et al.'? of the flash
supressing compounds in terms of their effectiveness as re-
ported by researchers from various establishments. They
found that the effectiveness rasults are at variance from one
report to another. A unification of conditions and test
equipment, however, is needed for a fair basis of comparison.

Firing of guns, the propellant charge of which contains
alkali salts as flash suppressant results in increase in
smoke production.?!'22132 Thig is considered a serious draw-
back of suppressing flash by means of chemical additives, be-
cause smoke will reveal the gun location if the gun is fired
during the day.

Encapsulated Oxanide Coolant??

Brodman et al. introduced, in a U.S. patent, another ap-
proach to suppress secondary flash without adding alkali
3alts to the propellant charge and thereby eliminate smoke
production., Thelr apprcach uses a ‘'novel' propellant with
more energetic nitramine composition and a microencapsulated
oxanide coolant additive to cool the gases effluent from the
weapon., The oxanide is encapsulated with gelatin and the re-
sulting microcapsules are coated with a plastic resin. The
coating is made to survive the ignition conditions in the
combustion chamber of the gun and dacomposes during travel
along the barrel to cool exiting gases and hence eliminate
flash. Test firing of the 7.62 mm Ml14 rifle with 2.4% cool-
ant resulted in complete elimination of secondary flash and
smoke, The idea, however, seems to sult the muzzle side more
than the breech side, unless recoil compensation is accom-
plished with a counter projectile.

Techniques for Prediction of Seaondary Flash

Several techniques have been developed to predict the
onset of gun flash through knowledge of propellant composi-
tion, including suppressant additives, to aid charge design-
ers and reduce the expensive cost of experimental testing.
Some models rely completely on chemical reaction rates (chem-
ical kinetics of the reaction network involved) in their pre-
diction, others need the results of actual experimental. fir-
ings of the same propellant charge (and suppressant). Given
below is a brief overview of the various models developed for
this purpose.




Analytic Models

Muzzle Exhaust Flow Field Model (MEFF)

This model was developed by Youscfian,?3'2?" to describe
muzzle exhaust flow field. The model, Figure 2, assumes 1-D
flow of the gas exiting from the muzzle downstream to the
position of the Mach disc. Then the gas expands as it mixes
with the entrained air. Yousefian uses the LAPP® code, a
2-Model which describes the mixing and chemical reaction pro-
cesses downstream of the Mach disc, to compute the properties
of the mixture after the temperature rise it encountered as
it passed the Mach disc. Empirical correlations were used in
MEFF to locate the positiuon of the Mach disc and to estimate
its diameter. The initial reactions network used by
Yousefian in MEFF employed 13 reactlons and 13 atomic and
molecular species.?® However, later on,'® the same number of
species was linked by an 'extended kinetics' reacticn network
of 25 reactions. Presently’? the seaction network includes a
set of 55 reactions, but some of them are deleted from the
network due to their small contribution in cowmparison with
other reactions. Heimerl ot al.’? describe the £inal network
of reactions as single-bond-breaking reactions and gives the
constants for 48 of them as pertaining to gun flash. 1Igni-
tion which leads to flash in the Yousefian model is indicated
by a sharp rise in the temperature of the mixture as the
temperature of the mixture is calculated versus the axial
distance measured from the muzzle ond. Figure 3 shcws a2 sam-
ple of temperature ploks versus distance for various propor-
tions of chemical suppressants,'$ A more recent listing of
the code MEFF together with a User's Manual was prepared by
Keller?® of BRL. This latest version describes in more de-
tail the other programs which MEFF uses to compute the vari-
ous boundary conditions in the field in addition to interior
ballistics in the gun.

Standard Plume Flow Model (SPF)

This model was used at BRL,*? after being developed by
the Aerochem Research laboratories for AFRPL. Therefore, it
is originally a rocket flow ¢ode and not intended to perform
gun flash computations. The version used at BRL starts with
the conditions at the exit plane of the rocket nozzle and
calculates thne size and locations of the Mach disc and barrel
shock. The code BOAT within SPF performs detailed time step-
ping calculations, using detailed chemlstry, of the pressure,
temperature, density, etc. downstream of the Mach disc. SPF
predicts the onret of flash in a similar fashion to MEFF,
i.e. by a sharp rise in the temperature of the mixture. The
code originally has 9 species and 10 equations for their re-
action kinetics which are many less than MEFF., The code also
does not include suppressant chemistry.




The code requires supersonic flow at the nozzle exit
plane and cannot handle the starting of subsonic or sonic
flows. This implies that more development is needed in this
code if it is to be used as a gun flash prediction tool.

Algebraic Models

Carfagno's Model?’

This model has evolvecd after extensive experimental in-
vestigation, using shock tubes, regarding the occurrence of
gun flash under different conditions. Through these experi-
ments,®’? Carfagno developed a set of ignition temperature
limits of air and propellant gas at atmospheric pressure.
Five ptopellants are simulated by allowing the shock tube to
contdain 40-70% combustibles of CO and H,. The muzzle gas
combustibles were simulated from commegcial gas hottles and
then mixed with air and water vapour. The mixture was placed
in a shock tube and subjected to the incident and reflected
waves in order to achieve the required pressure (atmospheric)

and temperature.

Figure 4 shows the ignition temperature results obtained
from these tasts.?’ Using these ignition temperature limits,
Carfagno?’ developed a 1-D model to characterize the flow
process that led to ignition, Figure 5 shows the model de-
veloped by Carfagno in which he assumes that the propellunt
gas expands isentropically to atmospheric pressure, nixes
with ambient alr, passes through the Mach disc where its
temperature {s raised, re-expands to atmospheric pressure and
finally ignites if the mixture temperature exceeds the speci-

fied limits of Figure 4.
Carfagno, May and Einstein Model (CME)

May and Einstein?' found out that their experimental
measurements do not agree with the flow model suggested by
Carfagno, Figure §. They suggested that only the propellant
gag (instead of propellant gas mixture) passes through the
Mach disc in the exhaust plume, They developed a model,
shown {n Figure 6, in which the propellant gas expands to at-
mospheric pressure, passes through the Mach disc &nd re-
expands to atmosphneric pressure where mixing with air takes
place followed by possible ignition. The muzzle exit condi-
tions used by May and Einstein were more correct compared to
those used by Carfagno due to the use of an improved interiocr
ballistics model.

Schmidt's Model!'%2%

Figure 7 shows a schematic drawing of the model devel-
oped and used by Schmidt.!’® He used the same interior bal-
listic model that May/Einstein used to compute the gas condi-
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: tions at the muzzle exit. He allowed for the expansion to
" continue to sonic if the initial exit velocity is subsenic. -
Schmidt utilized ¢the assumption of ths MEFF model of
Yousefian to make the Carfagno/May/Einstein model (CME) more
realistic. The jet plume is approximated as a steady plume .
‘ with shock structure and mixing of the propellant gas streams ;
' processed through the lateral shocks and the Mach disc as in
- MEFF., Mixing of the propellant gas and air is assumed to be
instantaneous, 1D as in the CME model. Schmidt also used i
the ignition temperature criterion developed by Carfagno®’ to
decermine the flash onget of the mixture. Schmidt suggested
that in orvder to account for the transient development of the

e

e

>
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flow, the decay of the muzzle properties should be computed .
o] in an approximate manner and then coupled with the descrip- -
v tions of growth and decay of the propellant gas plume and as- A

) sociated air blast., The model also includes allowance for
the presence of muzzle brakes.

Algebrajc Criterion by Yousefian'®

Due to the complexity of the MEFF model,??'2* vousefian
developed a simpler model using an algebraic criterion. It
predicts the onset of flash based on conditions which lead to
continuous (monotonic) qrowth of the concentration of the mi-
nnr species (H, OH, O and Hon This was done by analyzing
the conaervatlon equations® of the minor species along any
streamline (to justify neglecting the effects of turbulent

oy

e

mixing), From the chemical reaction rates of the minor and o

major species (H,0, CO, H 2! co and KOH), neglecting tur-
bulent and diffugion effe s, gouaafian arrived at a set of N
linear differential equations. Several simplifications were i
made by Yousefian based on analysis of the order of magni- %
tude, to solve the set of linear differential equations, .
From the solution of these linea' differential equations, he )
, gives the algebraic criterion in the form of non-equality re- -
© lating the oxygen concentration in the mixture to the concen- o
N tration of the suppressant in the propellant and the absolute I
‘ temperature of the mixture as follows: A
0
1.0 0]

y 0 = e
Y <X gy 0.714%,q Exp(725071)

where Y = concentration of oxygen (or KOH) in mixture "
.0

Xyg = concentration of suppressant in propellant ' o

f l‘

. Y

T = absolute temperature of mixture 3

. »
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" Flash onset is predicted if the value of Y becomes equal
' to or greater than that of ¥®, Figure 8 (taken from Ref. 15)
. shows a plot of ¥ vs Y° for three different suppressant con-
) centrations.

Yousefian conducted several experiments as well as num-
erical predictions with both MEFF and the algebraic criterion
models. He found that results from the algebraic criterion

y were consistent with predictions of MEFF and with experi-
mental observations.

, Implementing Secondary Flash Predictions Into the
l Computations of JET

JET is a FORTRAN computer code which computes the trans-
ient compressible flow in 2-D cylindrical coordinates. De-
tailed description of the numerical technique used in JET to-
gether with several important features can be found in a pa-
per by Plett et al.'® which describes the usage of JET to
compute the flow resulting from the open end of a shock tube,
The driving conditions for JET, therefore, can be those from
a shock tube code or quasi-steady conditions at the exit sec-
tion of a pipe or a nozzle. The original purpose of develop-
ing JET, however, was to be used with an interior: ballistics
code REGUN developed at DREV'' to provide the driving condi-
tions to computa the breech flow or the muzzle flow of a re-
collless rifle.’’ Application of JET to compute the over-
i pressure at some selected positions i{in the flow passage £rom
y the open ended shock tube showed, in general, satisfactory
agreement with experimental measurements.?? On the other
hand, the application of JET to perform similar computations
for the flow resulting from the breech of the 84 mm Carl
Gustaf rifle did not agree with experimental measurements,’'®
The reason was attributed to the absence of chemical kinetics
in the computations of JET, especially on the breech side
where some propellant particles might escape without burning
inside the combustion chamber of the gur, but ignite on con~
tact with the ambient air, This hypothesis was supported by
visual observation of actual firings of the gun which pro-
duces a huge ball of bright light on the breech side behind
the gun.

—— e . -
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Reviewing the various modelling approaches developed
thus far for secondary flash prediction, as given earlier,
provided basis for our approach to be utilized in the c¢ompu-
tations of JET. The absence of any detailed available exper-
imental data on the secondary flash of the Carl Gustaf rifle
implied that such models requiring experimental results can-
not be used here. These mcdels include Carfagno's, Carfagno/
May/Einstein's and BSchmidt's as well as the algebraic model
developed by Yousefian. Due to the fact that their models,
in addition to requiring experimental testing to be done in
most cases, have the computations end upon predicting whether
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the propellant gases will flash or not. This implies that 0
they cannot be used in the computations of JET to predict the '
effect of secondary flash on the flow characteristics. }

At this point we turned our attention to the nmnodels -
which predict secondary flash numerically such as MEFF or SPF ' }
models. The MEFF code was made available to us. After code 3

was installed on our Network of Apollo Computers, several v -
statements and commands had to be changed or replaced to get
the code operational. Following the success of getting MEFF
operational, it was realized that it requires a very long
time on our mini-computers to perform a complete cycle of
computations. This implies that utilizing MEFF in JET on a
transient basis is very impractical and it will tax our com-
puters for uneccnomically long periods of time. Added to
this i3 the fact that MEFF starts its computations from the
position of the Mach disc, whereas the JET code requires con-
sideration of the entire computational grid extending from
the nozzle,

Bl ey

I R A

The Approach Followed in the Code JET to Account for
Chemical Kinetics

The approach followed to account for chemical kinetics K
in the computations of JET stems from the very basis of de-
riving the finite difference equations used in JET. This was
carried out by allowing for several species to exist in the
computational field. As a first approximation to determine

the validity of the approach, it was decided to consider N
three species only to coexist in the flow field. These spe- v
cies were assumed to be oxygen, inerts (including nitrogen "
and completely burnt propellant gases) and combustibles in y
the propellant gas. It was realized shortly after developing -
the required code that nitrogen should have been considered \)
as a separate species, however, thls is very easy to imple- 4
ment and the source term for nitrogen is zero. A separate @
conservation equation is used for each of the species consid- 0y
ered with a source term. The momentum equations are similar .
to those in the previous version of JET, but the energy equa- ?
tion contains a source term due to the energy released upon oy

combustion of the fuel in the flow field, The finite differ- ;

ence equations are derived for both steps, as described in W
Ref., 35, by applying the conservation principles to a suit- j
able control volume., The source term, for the present devel- bt
opment, was only considered in the second step, but imple- .
menting it in both steps is straightforward, 1f considered -
necessary. The finite difference equations for the first and ﬂ
second steps are given below in the matrix form: 3 !

. ;

ntl/2 _1l,.n n 1 At,.n n
Up,g+1/2 = 2004, 3 * U3 4t * 5 351F 4 = Fy ga)
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a=1- Ar b =1+ Ax c = 1 d = i_:_E:
2r ' 2r ' 1+ Ag ! 1 + %%

P =Pyt o7t Pp

The subscripts O, I, F stand for oxygen, inerts and fuel
(combustibles) repectively.

n+l n At on+l/2 n+l/2
Ui,y = Ui,y * 820Fy, 32172 = Fy 34172

At n+l/2 n+l/2
*Ari2 61,9 ~ b Gyl 4t v 8

Y where S = [ Sy~ x source term array

It should be noted here that subscripts i,j (or full

N subscripts) refer to quantities at the node of the cell

T whereas i,3 *1/2 (or half subscripts) refer to quantities at
‘ the boundaries of the cell.

1 The source terms were calculated using an Arrhenius mod-
el for the rate of reaction between the fuel (combustibles in

. " the propellant gas) and oxidant (oxygen in the atmospheric
alr) assuming one step reaction as follows:

Fuel (Combustibles) + Oxidant =---> Inert Products
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; The combustibles in the propellant gas ccnsist®! mainly
of CO and H,. The lack of information regarding reaction
v kinetics of mi%tures of CO and H together with the desire to
' simplify our first attempt in hgndling the problem suggested
the use of the kinetics of some known fuel 1in our calcula-
tions as a first approximation. We chose CH, due to its sim.
plicity and wide application by several conustion research-
ers at the Imperial College of London University, Londen,
England and at several American Univercities. The rate of
comsumption of the fuel (CH,) given in Arrhenius form by
Khalil et al.'? is as folloWs:

- .~ -

2
Rg, @ ~Mg, p® m, A exp (~-E/RT)

e

where Rfu = rate of reaction of fuel

no o . =

Me, = mixture fraction of fuel

My 2 mixture fraction of oxidant

e e X P

A « Arrhenius constant = 10'° m%/kg ¢ (ref. 39)

E = activation energy

PR R NS

R = universal gas constant, E/R = 1.84 x 10" K
(ref. 39)

e s

T = absolute temperature K

=

Y The source term in the combustibles conservation equa-

| tion is derived on the basis of the above equation. The
gource term for the oxidant conservation equation can be de-
1 rived from the fuel source term and the stoichiometric ratio
) of oxidant/fuel (knowing the chemical composition of the Ffu-
' el). The source term for the inert products is found from
' the combination of the above source terms. The source term
! for the energy equation is calculated from the heat of com-
o . bustion of the fuel and the fuel source term. The heat of
; combustion of CH, as used by Peck'® is 5 x 107 J/kg.

o It can be noted that the effect of turbulence was ne-
q glected for the time being and ideal gas laws were assumed to
-; apply for all the species and any mixtures thersof. The
thermodynamic constants reguired were obtained from thermody-
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namic texts and their values were also assumed to be con-
stant, independent of temperature to simplify, as much as .
pessihle, the approach used in this mcdel. :

The effect of using a suppressant in the propellant l

charge is added in the form of a constant multiplier to the
Arrhenius reaction rate, as follows:

- £ ) 1 -B/
Rg, ==(1 - £.) me p* m A exp ( E/RT)

» constant depends on the effect of suppressant
on the reaction rate

whare fs

The suppressant constant might be introduced inside the

exponential term to reflect the effect of suppressents oa the

K active temperature of the mixture as had been followed in the

. Carfagno model, However, due to lack of any experimental re-

' . sults on suppressants to the Carl Gustaf propellant charges,

o o it was dacided to postpone use of this constant for future
developments. :

The occurrence of flash can be detected in the code JET
if temperature¢ history is kept for some positions, along the
axis for example, and a sudden rise in temperature is en-
countered in ary off these plots.

Results and Discnscion

Four computational runs have been carried out using the
JET_FLASH code for the computations of the breech flow field.
The runs differred only in that oue parameter changed from '
one run to another. This parameter is the proportion of com- .
bustibles in the breech effluent and whether reaction is al- "
lowed or not (whiech in some ways is equivalent to having no
combustibles), The first two runs used 5% and 20% combust- ;
. ibles but the gases were rot allowed to react, which was ac- .
. complished by switching off the reaction kinatics in the
code . The other two rung contained 20 and 50% of the breech
.- affluent as combustilbles and reaction kinetics were switched
on to permit a combustible mixture in any cell in the compu-
tational field, if formed and i{f the temperature of the mix-
ture is sufficient for ignition, to burn. All runs used a 60 X
x 90 grid of 2 cm x 2 om cells and were allowed ¢to perform A "
computations ovar 5 ms real time following reaching shot-
sturt pressure in the combustion chamber. .

Figures 9-11 show the numerical results of over-pressure
versus time for three positions in the computational field of !
the breech of the Carl Gustaf recoillweas rifle, Figure 12
provides a schematic drawing to indicate the three positions »
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with respect to the Carl Gustaf rifle. In each figure three
plots are given, one for 20X%¥ combustibles with reaction Kkin-
etics switched off, and the other two plots are for 20 and
S0% combustibles respectively with reaction kinetics switched
on., The figures show clearly the effect of implementing re-
action kinetics in the numerical computations of the breech
nozzle effluent. At the three positions, the negative pres-

- sure becomes less and less as more combustibles are allowed
to burn in the computational field and the peak over-pressure
increases as well, It should be mentioned here that the re-
gults of 5% and 20X combustibles that were not allowed to ig-
nite by switching off the reaction kinetics, were almost
identical.

Figure 13 shows the contours of pressure in the computa-
tional fileld for the three cases mentioned above, for the
previous figures. It can be seen that the main features of
the pressure contours did not change appreciably upon allow-
ing the combustible mixture to ignite or increage in amount,

f However, the details of the contours vary from one plot of
h one run to another and the maximum pressure experienced with
, the 50% combustibles which were able to ignite was 3207.3 kPa
: wheras the corresponding value for the 20% case was 2978.7
kPa, a difference of about 10%. This is expected due to the
release of the chemical energy which is added to the sansible
energy of the mixture in the cell and thereby increases the
value of pressure as it is computed from the energy utilizing
the ideal gas equation of state but allowing for a co-volume
coefficlent,

Filgure 14 shows a sequence of contour plots of the oxi-
dant density at several times following shot-start pressure
for the 50% combustibles case where i{gnition was permitted.
The figure shows the development of the jet as well as the
diffusion of oxygen from the ambient air into it. The con-
tours up to 1.0 ms indicate also the location of the Mach
disc; but, due to the numerical diffusion implemented in the
code for stability reasons, the position of the Mach disc is
smeared over a broader region in the computational field.
The oxidant contours become monotonically uniform after ~2.0
ms which indicates that the underexpanded jet has begun to
decay. This was confirmed by the fact that the same shape of
contours was obtained for the 20% case with combustion per-
mitted as with the 5% case where no combustion was permitted
in the computational domain.

Flgures 15 and 16 show similar contour plots for the
game test case for inerts and combustlbles, respectively.
Again, the plots show the development of the jet as the in-
erts and combustibles are added to and depleted respectively. .
Most of the changes in the shape and magnitude of the con- o
tours occurs in the first 2.0 mg, The location and extent of
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the Mach disc can be identified in these contour plots up to
2.0 ms then diffusion of the species dominates the entire

computational field.

Examining the Figures 14-16 and comparing the shape of
the contours obtained with three of the 5% and 20X conbust-
ibles with no reaction kinetics and the 20% combustibles
where reaction kinetics was switched on, revealed the fact
that the shape of the contours does ot change appreciably
among them., Figure 17 shows the contours of the density of
oxidant, inerts and combustible at L1 ms fnr the three run 5%
combustibles with no reaction kinetics, 20% and 50% combust-
ibles with reaction kinetics, as a aample of the various cas-
es. It can be seen from the fiyure that only very specific
details that change from one set of contours to another
whereas the main shape remains unchanged. The difference in
the guantitative value for each contour is understood due to
the variaticn in the provortion of the combustibles in the

breach effluent.

Figure 18 shuws the contours of the density of combust-
ibles at &.0 ms for the three tast cases indicated in Figure
17. Figure 18 indicateés that the diffusion of combustibles
in the flow where reaction kinetics were permitted is much
smootiher than the rcase where reaction kinetics was switched
off. This is concluded from the stepping shape of the con-
tours for the case where combustion was not permitted and the
extent of the zero contour in the computational field,

Figure 19 shows the contours of the mass fraction of ox-
idant, inerts and combustibles after 1 ms, for the test case
of 5% combustibles with no reaction kinetics. The figure in-
dicates the smootheness of these fractiols contours; however,
they do not reflect any important features of themselves or
about the flow.

Summary and Conclusions

The paper outlines a simple approach to includ reaction
kinetics in the computations of the transient flow from the
84 mm Carl Gustaf recvilless rifle. The approach includec
implementing a global reaction rate model of the Arrhenius
type to describe the rate of consumption of combustibles in
the computational field. Those species were assumed to exist
simultaneously in the cells of the computational grid. Sep-
arate mass conservation equations were derived for each of
the species with a source term in each of the equations. The
momentum equations do not have a source term, hut the energy
equation containg a source term due to the energy released
upon ignition of the combustibles, The approach is two-
dimensional axisymmetric in nature, except for the reaction
rate model, and computations are performed for each «cell of
the computational field.,
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Results of test runs using the code which implemented
the above mentiocned approach, showed that reaction kinetics
has a considerable effect on the blast noise 1level in the
computations of underexpanded jets, such as the one from fir-
ing of the Carl Gustaf rifle.

It should be noted that several refinements, which can
be easily added were not included in producing the results
given in this paper. These include isolating nitrogen from
inerts as a separate species which equation has no source
term and applying flux-corrected transport technique in the
code to produce sharper shock fronts (where shock waves are
encountered) in the computational grid.

The results obtained thus far show that the approach
works for what it was desired to do, and possible expansion
should be straightforward. Preciseness of the code can be
improved by increasing the number of species to as many as 13
and to use the 13 reactions inlitially used by Yousefian in
MEFF. This would be done while keeping the simple form of
the species conservation equation and by neglecting turbu-
lence at the prasent time. If this is combined with using
flux-corrected -vansport in the code, the results are expect-
ed to be greatl 'y improved; and the versatility of JET will be
truly enhanced. k
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Figure 13a Pressure contours after 1 ms for the test run of 20%
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combustibles (active)

Pmin = 0.0

P 2 3207.3 kPa
max

AP = 100 kPa

IZ LI T2 T2

Figure 13c Pressure contours after 1 ms for the run of 50\
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: Figure 17c Contours of combustibles density at 1.0 ms for various proportions
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| DETAILED HIGH TEMPERATURE OXIDATION
N CHEMISTRY OF THE ALKALI METALS
IN FLAMES
M. Steinberg and K. Schofield

Quantum Institute, UC Santa Barbara
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"y CONCLUSIONS FOR SODIUM

" 1. ONLY A FEW (5-6) OF THE 17 POSSIBLE
« REACTIONS CONTROL THE DISTRIBUTION
BETWEEN Na, NaOz, NaO, NaOH.

2. AT LOWER TEMPERATURES (<2000K) AND IN .
MORE O, RICH FLAMES, SODIUM IS MORE

K EXTENSIVELY IN ITS MOLECULAR FORMS THAN

5 EXPECTED FROM Na + H,0 ALONE.

a

“ 3. NaO., PLAYS A DOMINANT ROLE AS AN

ol ALTERNATE KINETIC ROUTE TO NaOH.
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4, ALTHOUGH MORE STABLE THAN WE REPORTED
PKEVIOUSLY (NOW D(Na-09) 55 kecal mol-1l)
ITS CONCENTRATION IS (DUE TO ITS
REACTIVITY) EXCEPT IN O RICH, LOWER
TEMPERATURE FLAMES.

. 5. NaO IS COUPLED IN EQUILIERIWM TO NaCH
' AND IS UNIMPORTANT IN H-CONTAINING FLAMES. -

6. RATE CONSTANTS ARE ALL CONSISTENT AND OF
| A REASONABLE MAGNITUDE. THE LIMITED DATA
| FOR Li + Op + M AND Li + OH + M ALSO
| ﬁg_szgn CONSISTENT WITH EXPECTED DISSOCATION
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NEAR FUTURE PLANS

1.

3.

PUBLISH REFINED MODELING OF SODIUM OXIDATION
CHEMISTRY == MOST SENSITIVE TO D(Na-Oz) '

COMPLETE THE ANALYSIS OF LITHIUM, ESTABLISH
D(Li-Oa) AND ITS KINETIC ROLE

MEASURE THE CONCENTRATION PROFILES OF K IN
THE 10 FLAMES USING SATURATED LIF
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Spectroscopic measurements in the exhaust flow ot a
7.62 mm rifle using propellants with and without
chemical flash suppressants

X Hans Mach

5 Franco~German Resparch Institute St-Louis (ISL)
:' 687301 Saint-Lovis, France
[ ]
» Abstract
,!'
. This paper describes measurements of gas velocities, gas temperatures and
2' infrared absorption coefficients of some combustion products (CO,, CO, H,N,
) particles) aluny the centerline (1 ¢ x/d ¢ 100) of the muzzle exhaust flow
of a 7.72 mm rvifle, Ammunition with and without chemical muzzle flash
¢ suppresaant have been uged, ‘
)
$ Introdiction
W
?’:. The processnes responsible for the muzzle flash and for its suppression
can only be determined if sufficient measuring results exist. This paper
. relates to experiments which aimed at investigating the behaviour of the
\;: particle phase occurring in the exhaust flow and its interaction with the
'Z{'i essential elements of the combustion gases CO;, CO and H,0. In particular,
gy flow velocities, spectral radiances, spectral absorption coefficients and the
? temperatures in the exhaust flow field vere to be measured. For this purpose
0 we shall limik our investigation to the centerline zone 0 < x/d ¢ 100 during
the firat 0.5 = 6.0 ms when the prujectile has left the muzzle. Some of the
% restlts obtained have been published previously [1, 2],
1
\ 2. Experimentul
B The ammunition without suppressant wes German A/S 300 propellant and with
suppressant we chose French & BSp 85 of about the same composition but with
an alkaii additive of 0.5 K, 70, and 0.07, Na, S0, . Muzzle veloelty was about
¢ 800 m/s. Maximum pressure aud temperature at the muzzle were 60 MPa and
:‘ 1600 K, respectively. In order to messure the flow velocity we used the
i interference laser-Doppler velocimeter type ISL described previously [3].
' This set-up has been successfully tested in earlier measurements probing the
muzzle exhaust flow of the 7.62 mm rifle {4] and a 20 mm gun {5, 6]. In
" particular the measurements using the 20 mm gun yielded both the axial and
b lateral velocity ramponents simultaneously, so that velocity vector projeu-
ﬂ . tions could be ohtalnmd,
‘l
.S The experimental set-up is shown in Fig. la. The slightly focussed beam
‘ of an Ar-ion laser (A = 514.5 mm) is transmitted particularly through the
. flow and measures the light scattered by particles. The light scattered under
" 45° 418 then collected by a lens and transmitted to the velocimeter using
f fiber optics. The velocimeter is basically @ phase-stabilized Micheluon
i interferometer of high sensitivity and luminosity. The Doppler shifted
D scattered light is transtormed into a real-time signal being linearly
i proportional to the particle velocity. The time resolution is less than
‘ 10 ps, the spatial resolutjon in the x-direction 0.4 wm,
;:
i
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In vrder to measure both the gas and solid phase spectral emissjon and
absorption, the experimental apparatus shown in Fig. 1b was used. 1L ronsists
of the source, a calibrated globar and the detection unit, The radiant bheam
from the glohar iy focussed, chopped for ddentification with 22 kHz and
collimated into the Flow, Then it ix focussed on the entrance of two InSh
detectors by means of a beamsplitter. The wavelength selection was periform-
ed by interference tilters. The spectral radiance L) and the optical tirans-
mittance 1y for several wavelonglhs A were weasured at selected wavelwnglhs
that correspond to strong bands of releveant molecules (COy, CO, H Q). Beluwwen
the bandy the ¢ tat innun hackgrannd is due to incandescunt particles. There-
fore, measurrwenty sl the band {eee spectral region lovated on A = 3.4 um
gives information on particvlates. All measurements were made at several
locations between 0.5 and 75 ¢m along the centerline of the flow.

From the transmittance 1 measured along the right line the optical
thickness D w Ao 1/1 {8 oblafned. Therwtfore, for exact determination of
absorption coefficients k = D/L & test section of an accurately known length
% 18 needed. Such a measured distance of 10 em in length has been realized by
guiding the messuring radiation into thin tubes of 13 mm outer diameter

,outgide the test section., These tubes were closed by CaF, windows in the

direction tovwards the measuring path,

3. Results

The wavelength dependence of the absorption coefficient can be written
by the formula
AoV
H ® kg 07) ' (1)

v being the dispersion exponent.

Meusurements have shown [ 2] that v lies in the near infrared region
between 0.7 and 0.8, The absorption coefficient k; measured for a certain
wavelength \; can thus be caleulated for other wavelengths A as well. Small
devlidtions from this behaviour can be explained by the fact that the parti-
cles do not only absorb the incident radiation but they can also scatter it.
Measuring results show that a weasured light extinction is for 80% due o
real absorption and 204 of it are caused by light scattering.

Jol.d Velociey

Fig. 2 shows an equivalent sequente of velocity recovdings vylt). Here,
the steep variations actoss the shock disc are more apparent, The first
velocity 1f{v» covvesponds to the forward motion of the shock disc while the
velocity drop describes the backward motion of the shock. It is interesting
to note that the velocity increases again downstream behind the disc and
decreases below zero because of the interactions occurring in the inter-
wediate flash region [2, 5, 6].
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K The velocity measurements allow two further stalewents.

1) If the back=-running shock disec of the exhaust flovw field passes the
measuring point the shoek dise profile can be scanned. This yirlds the
velocily ratio at both sides of the shack disc. I the pressnre  ratio
{8 also measured, it is possible Lo determine the adigbatic coeflicfiem
k = 1,20, the temperature ratio (max, 2) and the Mach number of the shock

) diac (maxn. 3, under the condition that the Runkine-Hugoniot relatinng ace

valid.

Taking into account that the measured velocities ave related to pavticlen

having a certain inevtiu, the shocek front profile must have a certain

) width which {s a weaswnre for the particle's velaxation time. This relava-

) tion time, and resulting Lrom {t, the particle diameler can thus be

f obtained by scanning the velovivy profile. It {4 remavkuble to note thal

- the relasxation times measured during 2 ms decreased from about 4.5 ps to

20 us corresponding to a decrease of particle size from 1.3 pm te D.3 um

[2). This effect was independent of alkali salt additives in the propel-
lant charvge.

Another result can be obtained from an integration of the measured

-

r
~
—~—

l‘ -

. velocity values. This yields projectile trajectories in a x-t-diagram.
i Fig. 3 shows the result when ammunition contalning alkali walt additives
! is used. Several particle trajwctories a = h are indicated; the hatched

zone repressnting the intermediate flash,

3.2 Measurements of emission and absorption

1
k)
IS Sl Emission
K
L

Taking into account emission/absorption recordings of rounds made with
propellants with and without suppressant (Fig, 4) we see that for x = 7.5 ¢m

U

2 and A = 4,3 pm (G0, ) the second emissinn peak of the prapellant with suppras-
4 sant 48 only sligthly lower than that of the propellant without suppressant,
F The emisgion of the flow species 18 shown in the lower curve whereas the
X transmittance is given by the distance of the two curves at any time divided

by the distance at t = (. Without suppressant, it seems, however, that a

\ strong emission takes place at about 1.3 ms which {s totally lucking in the
B propellant with suppressant. Here, the emission decreases slowly and after
E 3.0 ma nothing can he sesn anvmore.

Y

; At the point x = 15 cm the phenomena are comparable to those described
' above. For A = 4.3 um the emission is again much strongerv than for 3.8 ym, it

even 1increases considerably between 2.0 and 3.0 ms, whereas for 3.8 um the

X maximum is already reachad at L.h we.

[}

& Fig, 5 shaes o series of emissdon/absorption recordings the leneth of
N the measurinyg path being exdctly 10 cm. Measuring wavelength was 4.3 pm (CO,
N vibrational band). Qualitatively, the recordings are identical with that on
: . fig. 4, With the rounds without suppressant the emission begins in about the
Y same way &s in the rounds with suppressant., At a certain moment both reach a
! maximum which, in the experiments without suppressant, increases in height

) proportional to the distance ®. Without suppressant, however, the emission
¥ increases strongly at a given nmoment, when the emission with suppressant
already decreases. Only after some ms it decreases again. Due to strong
turbulence the emissions of course show strong fluctuations. '
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After calibrating the measured eminsjon signals can be transformed into
valuer of radiance. If the emission curves of a number of wavelengths (11 in
thiwn case) are combined, emission spectra for well-defined times and Jora-
tions can be determined. Fig. 6 shows two such IR=gpectra. They are relating
to gas packages moving along two trajectories a and g (from fig. 3) on the
flow axis, with %X as parameter. The wavelengths gshowing the strongest
emission are at 2.7 um (CO,, H,0) and 4.3 ym (CO, "« AL 3.8 um there in @
pinimun which cannot be attributed to any molecule ' A, but corresponds v a
continuvun crealwd by particles,

3. 2.2 Tempnevarure medsvurrmont &

The recovded endssion und sheraption signals can be used to determine the

tempesature. It must, however, be taken futo account that the conmidered flow
field is not homogeneous. Three difivrent methods werw used:
The first method is bused on averaging over the whole dismeter of the flow,
The radilance or the black body temperatuve S) integrated over the diameter,
ag well a8 the transmittance t along rhe diameter, are mearured. Then,
temprrature can be calewlated from the well known formula

- gl + 1A Ml - 1) ¢; is a constant. (2)
A c

It is repressnted in Fig. 7 for two measuring points (x » 7.5 cm and x = 135
cm) using several wavelengths A\ versus time, As can be easily seen Lhe
measuring results are identival for several wavelengths except for Aw 589 nm,
The wavelength L = 58Y nm  (resonance line of Na) leads to temperatures that
are not only considerably higher than the values obtained with the other
wavelengths, but they also do not follow their time curve, This behaviouv
has also been found by other authors, It can be assumed that it is based on
non-equilibrium excitation of Na-atoms (7].

T

Meusuring Nae- or Kereversal temperatures in reucting gases as they occur
in the muzzle flash therefore yields inexact results. Better results can he
obtained for temperstures measured with the other wavelengths. For amnmuni-
tion containing alkali additive & temperstuge maximum of about 1600 K takes
place at x = }5 em 4nd t w 0.6 ms, as can be viewied on fig. 7.

The second method was only used in few cases., It is bLased on weasurements
of the lateral distribution of radiance and optical thickness and achieves a
radial temperature distribution by numerical integral transformation,
described in [2) and [7).

The third method is again an integral method like the first one, however,
it does not use the whole diameter of the flow, but only a section of 10 cm.
The results for rounds with and without suppressant (dashed curves) were
obtrined wt the wavelengths X = 4,3 ym, A =» 4.6 um and X = 2.% um and are

drawn for different medwuring points in fig. 8. Due to the high turbulence of

the flov the measured vuylues shoved great dispersion, especially when no
suppresssnt wars used.

Thue, it was not possible to find different behaviour with and without
suppressant at the temperature maximum and at the locations x = 15 cm aud x
= 20 cm. But at all locutions it was evident that without suppressant
temperature is much longer on & high level than with suppressent. Especially
at the locatjons x > = 30 cm temperature maxima without suppressant are
significantly higher. at x » 50 cm they reach their highest value at a
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temperature of 2700 K. The difference at x = 60 ¢m 8 egually c¢learly
visible. With suppressant more than 2000 K and withoant oenly 500 K are

reached,

3.2.3 Meusurement of the spectral absorption coefficients

From the Lransmittance measurements absorption coefficients ky for the
vavelenvthe 3.8 wm, 4,3 um, 4.6 pm snd 6.3 pm  have been determined which can
be attributed to the pariticulate phase and to €O, , CO and H, N=molirular
bands, renpecihively, However, the absorption coefficients corresponding to
the molecular Vands only result from subtruction of the background cont inuun
when the formula (1) {s applied. They ave indicated on the figure 9 vernus
time for three measuring distances x wund for ammunition with and withour
suppressant.. As can be neen the valuen show great dispersion. This is not
astoniahing taking into account the strong turbulence of the flow., The
sbsorption coetticients of CO, and CO show quite similar behaviour. For short
distances (x = 20 em) we found higher ubsorption-coefficients with suppres-
sants than without, For greater distances just the contrary is true. In anv
case the diffurences are only here clearly visible.

The relation between absorption-coefficients and gus or particle density
has slresdy been net up earlier. According to thia we have about

k
4.3 (3)

kot

For the absorption=coefficients obtained from the particle phase (Fig., Ya) at
the shortest distence X = 15 cm (and also present at x » 20 em) just at the
beginning a strvong maximum {8 observed which is followed by a minimum. The
minimum coincides wilh the temperature maximum (t = 0.6 me). This indicates
that particle concentration and gas density are proportional.

q
Pea, /Pco =02

AL later moments and grester distunces we find curves similar to 4.3 pm
and 4.6 um. That means, without suppressant higher ubsovption=coefficients,
#ud thereby higher particle concentrations n are found. According to earlier
messurements the relation n = 6.9-10 .ky g {em="] 1s valid {2].

We thus have a maximum number density of ny,. = 20007 cen*?,

Fig. 10 shows a x-t-diagrem of the centerline region where are dravn the
movement of the shock disc and the lines for the beginning of notable
absorption, as well as the lines for the beginning and #nding of the emju=
slon. We differ between the end of emission with and without suppressant. In
addition, the beginning of the second emission is shown for ammunition
vithout suppressant. 1{ no suppressant is used it looks us {f the secondary
flash is due to propellant goses having lett the muzzle after 0.8 = 1.8 ms,

In an early wtudy (2] sbuorption measurements were also made for OH-
rotation lines and K-lines in the spectral region at 310 nm in order to
determine OH and K concentrations, respectively . But only at the distance
x ® 35 ¢m notable quantities in the order of magnitude of 100 - 200 prm OH
could be found, the concentiation for rounds without suppressant beiny 4
little higher.
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Conclusions

1.

2.

During the passage of the combustion guses through the shock disc and the
intermediate flash zone the particle concentration decreases relative tu
the CO und H,0 concentration, but the decrease is especially stroung
yelative to €CO,, This leads Lo the conclusion that a particle pyrolysis
with formation of CO; tLakes place.

The temperdturcs measured at diffevent distances from the muzzle traverss
s maximum which, of course, occurs later {f the distance is greater. When
vaing wmmuniifon wilhout suppressant the muximum temperature (T = 300 K)
firatly decrvases vith langer distances, then it reaches its lowest valuw
at atouwe 20 = 25 uw (T & (300), Aftervards ot x = 50 cm it mounts up to
nearly 2700 K. Theu it decreases slowly., In contrast to this the ammuni=
tion with supyraswant shows at the beginning the vame temperature history,
but. theu decresses much more rapidly after having resched the maximom. At
Xx = 40 cm the maximum becomes lowewt (1200 K) but at x = 50 it ugain
rises, but only up to nearly 2000 K. Aftervards, (x > 50 e¢m) a rapid
decrease follows. If the temperature change {s drawn in a x-t diagram (as
isotherwal distributions Fig, 11 and Fig. 12) ) it van be ovbserved that
without suppressant the temperature decrease after passing through the
maximum continues until a distance of about 24 cm (t = 0.9 ms), but then a
new increase up Lo x = 50 cm (t = 2,4 ms) with tenmperstures of up to 2700
K occurs due to afterburning., Then we find a slow decrease. If ammunition
with suppressant is used the minimum only orcurs after a distance of x =
40 cm (t = 1.8 ms). Afterwards, these is only a relatively short temporal
temperature increase until abtiout 2000 K, followed by a very rapid de-
cTease.

The absorption coefficients and the partial densities of the propellant
gases incl. particles do not vary much when travelling slong the center-
line. The values measured for different distances generally pass through a
maximum with not very different heigth for rounds without and with
suppressant. The difference heing that with suppressant the density
decrease after the manximum occurs much more rapidly.

For the interpretation of the resultas we best look again at an x=t
diagrum(Fig. 13). For all rounds it has been observed thuat gus and
particle wjection at the muzzle takes not place in regular intervalas, but
that in the region between 1.5 ms and 2.0 ma the gus leaves the muzzle
with a maximum absorption cvefficient, i.¢. maximunm density, Later on this
density normully diminishes more und more. For CO,, however, we find in
rounds without suppressant at the distances x > 40 ¢m 8 new increase of
the concentration its maximum being at x = 60 ¢m (t & 6.5 ms). Without
suppressant this caximue 1s not obseived.

In the particrie phose the Qiffecence when using suppressant consists in
the accelaration of concentration decrwase, Just the same happens with the
co, .

Sumnarizing we have to conclude that the observed intensity differences

in rounds with and without alkali suppressants can only be attributed to
changes in temperature. Signiffcant changes of the concentratinn of the
particle phase as well as  of the species CO,, CO and H,0 as being caused by
rounds with und without alkali suppressants could nol bLe detected during the
secondary flash event,
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ABSTRACT

Rate constants have been determined for gas phase reactions of alkali
species which are relavant to flame suppression chemistry by sodium and
potassium compounds, Sources and detection methods for gas phase molecular
alkali species KO, KO,, Na, NaO, und NaOH have been daveloped and applied to
kinetic studies of these species using a high tamperature fast flow reactor.

Rate coustants for the recombination reactions of alkall atoms with
molecular oxygen, K + Oy + M + KOy + M and Na + Oy + M + NaO; + M, have been
measured as a function of temperature from 300 to 700 K. Laser induced
fluorescence is used to moni{tor the disappearance of Na or K as a function of
O; and M. The reactions are studied in their low pressure third order limit
from 1 to 8 torr total pressure with N,, He, and Ar as third bodies.

The reactions of NaOH, NaO, and NaO with HCZ at 300 K are found to
proceed at their gas kinetic limits to form NaCt., Other reactions studies
include: NaOH + H + Na + Hy0, NaCL + H + Na + HCL and both Na and K with
Hy02+ Product analysis for the latter two shows that for Na 0.6 of the
rolcttogl form NaOH + OH with the remainder forming qu + Hao u}th less than
2 % 10°° going to KOH + OH, An upper limit of 3 x 10° S em? g~ 4
established for the resction K + H,0 + KOH + H at 1273 K,

Accurate studies of KOH and NaOH with H and other radicals require a
direct detaction method for these species. Ve propose the utilization of
tunable dicde laser infrared absorption. This method has wide applicability
for direct detection of a number of molecular alkalil specics for laboratory
kinetic studies and for in situ combustion flame diagnostics, possidbly
including muzzle flash simulations., Theoraetical sensitivity estimates are
caleculated for KOH, KO,, KO, NaOH, NaO;, NaO and NaC:t for both high
tsmpera ture, atmospheric pressure and low pressure flew tube conditions., A
direct measurement of KF in our laboratory shcws the basic applicability of
the method.
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1. INTRODUCTION

3 The secondary combustion of CO and Hz rich propellant exhaust gases
from large caliber guns (muzzle flash) and tactical rockets (afterburning) ,
is a basic combustion phenomenon with seriouvsly detrimental characteristics. f

Propellant formulators have long known that these sscondary combustion
processas can be suppressed by the addition of sodium and/or potassium salts
to the propellant mix.

Modeling of secondary combustion in both rocket and muzzle exhaust flowvs

R o m—

g strongly indicates that this suppression takes place via the scavenging of
§ combustion radical chain carriers (H, OH, noz, 0) through interactions with
gss phase alkalil lpccicl.l's Key reactions in this scavenging process ;
include: E
KOH (NaOH) + H » K (Na) + H,0 ()
K(Na) + 02 + M= KOz (NAOZ) + M (2)
KO2 (NcOz) + H + K(Na) + Ho, (3)

Model calculations indicate that reaction (1) is the major chain radical

- e -

scavenging reaction operating under rocket exhaust plume or muzzle flow field
condi:ionll.'5 Model kinetic sansitivity studies also show that reactions (2) and

— -~ .

(3) are capable of regenerating flame radical species, thus countervailing
reaction (1)?

- -

Solid propellants which contain halogen components such as ammonium
perchlorate also produce gaseous HCL as a major exhaust species. Gaseous HC2
can intervene in the degired suppression chemistry by promoting formation of
gaseous alkali chloridae:

.
P A Ay

KOH (NaOH) + HCL =+ KC& (NaC2) + H20 (4)

K02 (NIOZ) + HCL + KRC2 (NaCR) + HO2 (5)

A thorough knowledge of the kinetic rate parameters of reactions 1=5 is
required for accurate computer modeling of the effects of alkali afterburning e

122 ,

LA
-
Dl il {0

- ) NP0 5 [ Wt ; . T - ) P LT TR
o .t‘ ALK o'.‘a’.'n.‘l’-“l'- AN S .'0.5 -.‘.le 'J“ v ¥y, Y (i . AN AU RH N '«' ""-'?' -'I‘. W q'&.‘N A Py X ‘ ‘-: nyn A Rale ol e’ -- M 4‘! "-_




Tt des w

E suppression as & function of propellant formulation and gun or rocket oper-

v ating parameters. Without such models, propallant formulators have a difficult
) time determining the proper trade-off between the desirable secondary combustion
suppression and the undesirable reduced primary combustion and enhanced
corrosion effacts imparted by alkall salt propellant additives.

g The work presented in this report represants advanced axperimental

ﬁ _ afforts to develop the capability to directly measure the required gas phase
. reaction rate puraneters for refractory molecular species such as KOH, NaQH,
% KO, and Na0,. Prior to this work, direct, gas phase, kinetic measursments

Wy involving these species ware largely non-existent.

i’l

3 In order to perform these direct kinetic measurements, two preliminary
problems had to be solved: first, reliable gas phase sources for the relevant
alkali species K, Na, KOH, NaOH, Ko2 and Nno2 had to be devaloped; second,

I
é: reliable and sensitive ways to detect thase species also had to be perfected,
.%‘ - Only after the successful development of both gensration and detection tech-
. niques for these refractory species could specific reaction rate parameters
:Q be determined. Direct detsction matheds for KOH, NaOH, KO, and NaO, remain
;ﬁ unproven, but KF has been directly monitored using tunsble diode laser

?f {nfrared spectroscopy and extension of this technique to the oxide and

. hydroxide compounds appears to ba straightforward.

;ﬁ The following sections of this report will present the development of
:& ' both the gaseous alkali sources and detection techniques as well as the

? rasults of spec{fic reaction rate pnramo(ar measurements.

th .
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2. ALKALI SPECIES SOURCES AND DETECTION METHODS y

2.1 Development of Sources for Alkali Oxide and Hydroxide Species .

Since the determination of reaction rate constauts in the laboratory
depends on the ability to create clean and well defined sources of the
reactants, considerable effort was expended in the development of sources
for K, Na, xoz. Naoz, KOH and NaOH which are suitable for flow reactor
kinetic studies. Although the alkali species K and Na are relatively !
straight-forward to produce from vaporization of the solid, the oxide and
hydroxide species are not readily produced by direct vaporization. The low
vapor pressurss of the solid alkali hydroxides combined with thair chemical

corrosiveness and tendency to form dime:s makes direct vaporization unsuit- i

able as a reactant source. We therefore explored gas phase chemical .?

reactions wheraby the easily vaporized Na or K could be converted quantitively 3
and cleanly into the corresponding oxide or hydraxide.

Nuo2 and KO2 may be formed by the direct recombination of the alkali ?

atom with melecular oxygen §

o

K (Na) 4+ O2 + M- Koz (Naoz) + M, (2) ;

' .

These reactions are relatively rapid compared to other three body procesgses k

and proceed with rate constants greatser than 10-30 cm6n'1 at 300K as determined 5

in one of our publications from this work.6 They can be used as a3 clean source %

of superoxide in flow reactors by prereacting the alkali atom with 0, in a g

separate region with higher 02 concentration to drive the reaction to completion : é

before the products enter the main flow tube, 2

An alternative method for Nao2 formation is the coumbination of bimolecular o

reactions of Na with ozone o

Na + 0, = Na0 + 0, (6) 2

NaO + 0, + NaO, + 0, (7a) {

+ Na + 20, (7v) \

.l
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These reactions have beean studied racently at Acrodyn¢7 and are found to be
raptd vith ke = 3.2 x 10710 en’a™, &, ~ 10710 cuds” and kjallgpn 3.
Although some Na is initially reformed in Reaction 7b, the larger branching
"ratdio for NaO, formation in 7a eventually dominatas so that all Na will be
cenverced to Na0,. This bimolecular source of NaO, may be superior to the
02 rvecombination source in experiments where the presence of minimal amounts

of 02 are desirable.

NaOH may be formed cleanly and quantitatively by reaction of Na with
hydrogan peroxide “
Na + Hzoz + NaOH + OH (8a)
+ NaQ0 + nzo (8b)

Our nonlurtmantls of this reaction rate constant and branching ratio give
values kg = 4.2 x 10711 ene™! and kgp = 2.7 % 1073 cads™l,  Although
Reaction 8 gives a mixture of NaOH and NaO, a pure source of NaOH may be

produced by adding CO. This converts Na0 back to Na via the reaction

NaO + CO -+ Na + CO, (9

After several cycles through Resctions 8 and 9 all the Initial Na is converted
to NaOH. This source and ita application to the reaction of NsOH with HCL is
described in detail in Reference 8.

The analogous reaction for K with Hzo2 was also studied under this
program. In this case, however, the channel forming KOH is considerably less
than the KO channel,

K+ Hzoz + KOH + OH (10a)

+ KO + HZO . (10b)




Attenmpts to observe KOH directly by observation with tunable diode laser

absorption and indirectly by conversion back to K with atomic hydrogen, as

was done successfully in the NaOH studies, indicated no detectable reaction

for 10a. Attempts to detect the OH product using lassr induced fluorescence .
also indicated no reaction although the analogous sxperiment in the Na case
under the same experimental conditions did produce quantitative amounts of
OH from reaction 8a, From the ratio of our OH detection limit and a quanti-
tative measure of the initial K-atom concentration we obtain an upper limit
. ' to the branching ratilo klOaIRIOb ¢ 2 x 103, The overall reaction rate for

- kzo was determined frou the disappearance of K in excess H202 to be
X kg = 1% 10=11 cn3s=l which is somewhat slower than the analogous Na
. reaction.

2,2 Datection Methods For GCas Phass Alkali Species

Although atomic K and Na are readily detectabla in the gas phase using
laser induced fluorescence (LIF), the alkali oxides and hydroxides are much
more difficult to detect sensitively and specifically. Since detection of
these species is an important component for laboratory kinetic studies and
eventually for in situ detection in combustion and atmospheric environments,
we have made the development of detection methods a major emphasis of this
program, These methods may be divided into two categories: {1) chemical
conversion of the alkall oxide or hydroxide into the readily detectable Na or
K atomic species and (2) direct spectroscopic methods using high resolution

i infrared absorption. The chemical conversicn methed has been used for NaOH,
I NaOz and NaO in our published studies from this progrm.‘o9 The direct

spectroscopic detection of KOH using infrared tunable diode laser absorption
E has also been accomplished under this program as described balow. High
resolution infrared absorption shows particular promise for the detection of
other alkali species and is presently under further davelopment at Asrodyne
with Department of Enargy sponsorship., More details on this method and
sensitivity estimates for both sodium and potassium compounds are giviﬁ in
fection 3.
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Detection of NaQH and NaO by chemical conversion to Na is accomplished by
addition of excess atomic hydrogen in the detection region just upstream of
the LIF probe:

NaOH + H + Na + HZO (11)

NaQ + H = Na + QH (12)

The rate constant for rﬁac:ién 11 has been determined in this n:udya to be

kll > 4 x 10712 a3l Although H~atom addition and subsequent Na detection
by LIF would not distinguish between NaOH and NaQ, the latter may be detected
independently by adding CO to the datection region which converts Nu0 to Na
via reaction 9. No reaction was observed between NaOH and CO so that
alternate addicions of H and CO could be used to sp«cifically detect either
alkali species,

The main advantage of the chemical conversion of molacular alkali species
to the corresponding atomic spacies is the extreme sensitivity of LIF detaction
for Na and K, Datection limits of less than 10s atoms cz”3 are achievable due
to the high oscillator strangths of the D-line transitiouns.

2.3 Kinetic Studies of Alkali Species

The sources and detection methods described above have been employed in
the study of a number of resactions during the course of this program. Reaction
rate constants and product branching ratios have been determined using a high
tamperature fast flow reactor which can operate over the range 300 to 1300 K.
The apparatus and methods used have btaen descridbed {n previous
publicltionl.lonll The specific applications to alkali chemistry are
described in detail {n the publicatious resulting from this vork.®=? The
reactions studied and the measured rate constants ara summacvized in Table 1.

The recombination reactions of Na and K with O2

K (Na) + 0, + M+ KO, (NaO,) + M (2)

2
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Table 1. Summury of Measured Reaction Rate Conatants for Alkali Species

Resction T(R) Rate Constant X

LR +0, + N, + Ko, + N, 302-720 (5.4 £ 0.2) % 10"30(1/300)"0+56 * 0.20 6,1 g

A « i

| K +0, + He » KO, + He 296-520 (2.0 £ 0.5) x 10"301/300)70:% * 0.3 8,71 :

YR O+ Ar » KO, + Ar 300 (3.5 ¢ 1) x 107° 6g-1

. ‘71_-, 2_“‘. . 2 'y coh o8 :_,

l _‘\- . . ’;

AN - - .v

(N 40, + N, » NaO, + N, 120-700 (1.9 £ 0.4) x 1073%1/300)71+2 * O3 6yl ’

- .'.‘,"‘ - (- ..' ".'l. . v

Na, ,-')-‘oé + Ha +NaO, + He 310470 (1.4 % 0,3) x 10°3%1/300)70:9 * 0.5 6,1 ;

1‘ . ) B . :{f

e« | -0 6 ~1 1

Na'+ 0y + Ar > NaO, + Ar 324 (1.2 £ 0.3} x 10 ' em' s W

N LR ) '. ".
| -11 3.-1

Na + 3202 /NaOH + OH 108 (4.1 £ 1.8) x 10"11 ms )

SN0+ 8,0 (2.8 £ 1.2) x 10 em?s™? g

, ' "°|

U

(]

. -14 3 -1 'V

K + 4,0, <:KOH + OH 100 <2x10 11 cm” s v

KO+ B0 , (1.0 £ 0.5) x 10 en’s”! 3

'v

K+ H0 = KOH+H 1273 <3x 1078 ends”! b

f

h

NaOK + H = Na+ Hy0 300 > 4 x 10712 ens”? .

¥

NaOH + HCL  + NaCi + Hy0 300 (2.8 £ 0.9) x 10749 em3s™! g

{

NaO + HCL =+ N =10 3471 3

(1 L aCi + OH 300 2,8 x 10 cm™s 0

. i 3

NuCL +H  + Na + HCR 300 5 x 10734 cn3s”! A

. N

NaO, + HCL + Nact + HO, 300 (2.3 ¢ 0.4) x 10740 : em3s™? :

)

3

T
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have been studied over the texperature range 300 to 700 K and with ¥ = NZ’ He
and Ar. The rasulting rate constants (Table 1) are greater than those deduced
from earlier flame studies of Carabetts and Kaskan 12 which were the only ones
svailable for flame suppression modeling at the beginning of this progranm.
Several other u:udicsla’15 have since confirmed this faster rate and it is now
well established that these reactions are sufficiently rapid to be important
in combustion and alkali flame suppression chemistry.

Measurementy of the veaction of sodium hydroxide with atomic hydrogen

NaOH + H + Na + HZD (1)

indicate nh;: this reaction is rapid with a rate constant greater than

4 x 10-12 cnas'l at 300 K. This is an important result for flame suppression
modeling since this reaction is believed to be the main radical scavenging
mechanisn in alkali-sesded flames, Our result for this rate congtant is
considerably greater than that extrapolated from the flame data by Jensen and
Jones '8 who cbtain a valus of 1.8 x 10711 ¢™999/T op 6.6 x 10713 cnde™! at
300 K,

The rate constant for the analogous reaution of potassium hydroxide with
atomic hydrogen

KOH + K =« K + Hzo . (1)
- (-1)
has not yet been determined. Direct detection methods for both KOH, using
infrared diode laser adsorption, and for H-atoms, using resocnance fluorescence
at 121.6 nn, can be implemented on our flow tube. The rate measurement,
however, has been hindered by the lack of a suitable source of gas phase KOH,
The reaction of K with hydrogen peroxide

K + Hzoz « KOH + OH (10a)
- KO + HZO (10b)
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was found to yield mostly KO rather than KOH with klOa/kIOb <2x 1073, The
snalogous Na reactlon yielded nearly 60% NaOH. The other source of KOH which

_ was tried, high tamperature sublimation of solid KOH, also provad unsuitable

i. as a flov tube sourca due to its highly corrosive nature and its tendency to
form KOH dimers. A more suitable source of gas phase KOH needs to be developed
. before this reaction rate can ba directly determined.

An attampt to detearmine the rate of KOH + H through measurement of the

' rate constant for the reverse reactions

K+ uzo =+ KOH + H (11)

also proved unsuccessful. In this expsriment the resonance fluorescence
signal for atonic potassium was monitored as water vapor was added to the

flow reactor. Expsriments at temperatures of 973, 1173 and 1273 K sghowed

no dstectable reaction which establishes an upper limit for this rate constant
of k-l < 3,6 % 10733 cndg=l, In theory an upper limit for kl way be
established by combining k_; with the thermodynamic equilibrium constant

Req ™ Ky /k_y s

q

In this case, combining our upper limit for k-l with K.q implies only that
kl < 2 x 10710 cn3g=l, A lower measurable limit for k_y or a higher
experimental temparature is required to set a more meaningful upper limit
for kl’ Attempts to exteand the experimental temperature rangs to 1500 K,
however, weres thwarted by the large K background fluorescence from the hot
flow tube walls which prevented meaningful measurements of the decay rate

of X with nzo at thase tamparatures.

' The reaction of gas phase NaOH with cha

_ NaOH + HCL -+ NaCi + uzo (&)
3
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vas found to procede essentially at its gas kinetic limit with a rate constant
of 2.8 x 1010 cn3g=! at 308 K. This reaction could be an important process
in flame suppression chenistry of fuels such as perchlorates with a high
halogen content. The reaction may also ba important in upper ftmospheric
chemigtry of meteor-ablated sod{um and was weasured in conjunction with other
programs to study the effects of alkali chemistry on stratocspheric ozone,
Other reactions studiad during thia program8’9 include

IR

Tt e T

NaQ + HCR -+ NaC + OH (13)
NlOz + HCL » NaC + HOz (14)

e “n

..
=

and

BN

NaCi + H = Na + HCZ

which could also participate in perchlorate fuel flame suppression chemistry.

>

ey

K

% Both the Na0 + HCi and NaO, + HCZ reactions were found to proceds at their
4

¢ gas kinetic limits with ko, = 2.8 x 10710 cns™? and kg, = 2.3 % 10710 cmds!
! at 300 K.19 Since thess bimolecular reactions are already in their gas

4] kinetic limits and since they procede 'via an electron jump mechanism, no
2 large temperature dependence is expected and these rate constants should
j .

5 also be applicable to combustion temperatures. The NaCl + H resction is
£

g much slower with “15 ~ 5 x 1014 cmas'l. The successful measurements of
N these reaction rate constants vividly demonstrates the versatility of the
{ fast flow reactor technique for further kinetic studies of alkali oxide and
0 hydroxide species.
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3, TUNABLE DIODE JASER DETECTION OF GASEOUS ALKALI SALTS
IN LABORATORY AND COMBUSTION FLOWS

3.1 Background

Detection of gasecus alkali compounds in either a laboratory flow
apparatus or a hot combustion atream is a difficult proposition. The criteria
for such a device include:

Non=intrusive but in situ
Specificity

Sensitivity, end
Real=-tima detection.

The first criterion insures that the probe does not interfers vwith the
operation of the combustor or parturd the flow so as to bias the results. Tha
device must be specific ss to the exact identity of the detected species since
the downatream effects are dependent on tha molecular structure or the
deposited salt, Validation of combustion models also requires specificity.
Sensitivitias of parts per million are desirabls.

In fact, thers are very faw wvays in which alkeli molecules can de
detected under in situ combustion conditions. Mass spectrometry is intrusive,
sxpensive, and {s extremely difficult to calibrate, Grad sample techniquas
severely perturd the composition and no true measurs of gas phase
concentrations can be mada, Visidle or UV laser induced fluoresceance will not
work because thera are no bound electronic states in alkali halides or
hydroxides, and CARS (Cohersnt Anti-Stokes Raman Spectroscopy) is too
difficult to set up and not neerly sensitive encugh. Photofragment emission
is non-specific and i{s extremely difficult to quantify.

Ve baliaeve infrared adsorption is favored because alkali molecules are
predicted to have large absorption lineatrengths, thus goed for datection with
a tunable dfode laser, Although the vibrational band positions for most
alkali molecules are generally known, the exact positions of the rot‘iional
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lines in these bands are not known at all (except for LiF), and there have
been no direct measuraments of the abdbsorption linestrengths for any alkall
molecule publiihqd to date, These linestrength positions ars crucial toward
the development of an alkall monitor which is capable of rejecting
interferences froq unvanted spacies end for providing sbsoluta concentrations.

e N Sy
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-
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The primary objective of our work io date was to demonstrata the efficacy g

of high resolution infrared tunable d{ode laser sbsorption techniques in ﬁ

detecting an alkal{ halide or alkali hydroxide molecule. The specific "

-E technical questions to be studied included: :
| | !
5 0 The line positions of the rovibrational transitions in the v; bdand %
of an alkali halide or hydroxide "

) Determination of the linestrengths of the located transitions ;
. An assessment of this detection technique applied tolcombultion Q’

conditions. ' t:

5

3.2 Experimental Studies "+

3,2.1 Tunable Diode Laser Apparatus and Methodology By

The {nstrumentation for a tunable diode laser diagnostic is shown in ﬁ
Figure 1, The diode laser itself is housed in a temperaturs=controlled closed N
eycle refrigerator. This asystem {s a commercial system from Spectra-Physics :
‘ (Laser Analytics Division). An off-axis paraboloidal reflector is used to -
S ¢ollect and collimate the multimode laser emission, This emission is ]
mechanically chopped and refocused at the entrance slit of a 0.25 meter ?
monochromator, equipped with a 30 groove/mm grating blazed for 25 uym., The %
single laser mode salectsd by the monochromator is then transmitted by ;
additional reflective optics through the multi-pass analysis region and f
ultimately to a cryogenically cooled infrared detector, A fraction of the 2
),
h
"
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Figure 1, Typical Setup for IR Diode Absorption Experiments

laser beam intensity is aplit off prior to entering the analysis region and is
focused on a second detector, This dual beam (analysies beam and raferance
beam) arrangement permita the direct messurement of fractional absorption in
the analysis region as the laser is tuned across a molecular adsorption
feature, Tha amplified signals from the detectors are fed to lock-in
aoplifiers for synchronous measurement, The lock-in amplifier outputs are
digitized vwith a simultanecus sample and hold A/D system and the data are
transferred to a microcomputer (IBM Parsonal Computer XT, DMA interface) for
ratioing, analysis, and graphical display.

The nultipass cell {s a White calll? of Aerodyne's manufacture, This
type of cell, which has been used in a number of previous experiments at
Asrodyne, easily allows as many as 100 or more optical passes through the
analysis region. A practical limit to the useful number of passes is set by
mirror reflectivity losses which ultimately reduce signal-to=noise. -our
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previous experience suggests that 40 passes {s optimum. For the approximately
10 em flow width of the flowtube axhaust stream, the total multiple pass path

length (40 passes) is approximately 4 meters.

High resolution tuning (lsser linewidth » 10~ om™!) of the laser
vavelength is accomplished by variation of the laser current., A typical laser
node of the recently introduced stripe geometry diode lasers has a current
tuning range of “2 en~?, Atmospheric pressure absorption lines have
linewidths (full width at half maximum) of approximately 0.1 en™!, Thus the
laser will easily tune across the full width of thess droad absorption lines
with complete reasolution of the absorption profile. Wavelength calibration of
the lasers is accomplished by measuremant of the low pressure absorption
spectrum of a well-characterized calibration gas. Tor measurementa in tha 3%0
to 450 em~} region, where many of the molecular alkali species have abdbsorption
bands, the CS; v; band provides a rich source of calibration 1ines,'?

3.2.2 Production of Gas Phase Alkali Compounds

Gas phase alkall species were produced at room temperature in a low
presaure flow tube (P = 2 torr) by heatirg a crucible f£illed with the alkaldl
metals (100-200°C), entraining the gas phase alkali in a flow of helium, and
reaacting the metal with various reagents near the detection zone. Various
alkali compounds were produced in the followirg saquencas:

K¥
K+ F, +KF +F (1)
NaOH
Na + H,0, + NaOH + OH (2)
KOH
K+ N0+ KO+ N, 3 5 (3a)
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+ KOH + CH (3b)

RO + CH 3

; 4

The rate constant and products for Reaction 2 has been measured in our

ko laboratory® as producing a 60% yleld. The equivalent reaction for potassium

. has also been shown in the sama study not to produce KOH, a result that is not
: fully understood, The sequence in Eqs. (3a) and (3b) is expectad to be

h: reasonably efficient; the sodium analog of Eq. (3a) is reasonadbly fest (8 x

% : 10°!7 ca~?! 5! molecule™!), Methane is expected to react with KO to produce

! KOH with a high yleld., Ager and Howard!? report that hydrogen reacta with

NaOs

| Ne 4 H, o NaOH # 8 k=26 x 107 en? nora™ o7 (4a)

+ Na + azo kel x 10-11 cm’ molo'l I-I (4b)

to produce NaOH with high yleld., Wa tried using hydrogen to make KOH bdut
discovered that most of the KO was being converted dack into K, prodadly due

to
KOH + B + M+ K +H0+H ’ (8)

a reaction that becomes efficient at the high concentrations used in this
expariment., The choice of methane was based on the unlikelihood of free
' methyl radicals attacking KOH to produce methanol.

The presence of vapor phase alkali metal was monitored using laser
induced fluorescence at the 5890 A transition in sodium and 4044 A transition
in potassium. Reagents wcri added (fluorine, hydrogen peroxide, and nitrous
oxide) until the fluorescence was extinquished indicating that all the alkali
: netal had reacted, In the case of KOH, a large excess of methane was added
X (*3 x 10! ca?), 1f the chemistry presented in Eqs, (1) = (4) was correact,
the expected yield of alkall compound was -101} cm". Unfortunately, ‘it was
clear that the simple mechanisms that applied to low concentrations in
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pravious flow tube experiments were too limited to explain the chemistry in
our experiment, Large quantities of chemiluminescence could be usually seen,
indicating that impcrtant secondary chemistry vwas taking place., The
significance of this fact will be discussed in the next section,

3,2,3 Results
KF

KF was chocen as the first specias to be detected since {ts vibrational
ovartons spectrum had been detected uping a tunable diode laser in the 408~
433 cm“ r.gion.’° Using second derivative techniques, regions of the
|pcctium ware scanned using a liquid nitroaon'coolod HgCdTe detector, Each
| scan covered a range at least twice that of tha r tational constant to sssure

A observation of a rotational lins. A typical spectrum 4s shown in Figure 2,

I The upper curve shows the absorption spsctrum of carbon disulfide which
provides a calibration for the laser diode, The inset is a second derivative
spactrum in the prasence of KF, The rovidbrational line at 408,073 eo~?
produced approximately a 1,5% absorption, much less than expected, Using a
calculated absorption strength as described in Subsection 3.4, we calculate
that the cencentzation of KF in our detection path was no more than
s x 10!0 cm'ls, three orders of magnitude less than we had initially
Anticipated., The spectrum shown in Figure 2 represents the first unambiguous
datection of a vapor phase alkali halide or hydroxide using a fundamental
vibrational tranaitioen.

NaOi, KOH

The detection of these molecules was hampared by two factors, The first
vas the lover than expected production rates as evidenced by the KF
observations. The second was the uncertainty in the line positions of the v,
vibrational bands, experimental observations of which are tainted by the
presence of dimers. 1n the case of NaOH, Spinar and Margrave heated powdered
NaOH in an absorption cell and using a broad dand light source, observed a
feature at 437 £10 cn~!,2! Acquistn and Abramowitz?? performed similar
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CS2 REFERENCE SPECTRA

e
3
:
} . Second Derivative
n JL I %l = 01
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407.8 438.,0 -1 408.2
Laser Frequency (em °) E

Figure 2. Diode Laser Scan of KF Fundamenital P~Branch Line

measursments in argon matrices. They assigned strong absorption bands at 431
en~! to the NaOH v, band, On the other hand, one expects the NaOH v, band to
be quite similar to those found for the isocelectronic and isobaric NaF whose
gas phase band center is at 329.2 en=t, Absorption spectra were takan at
376, 378, 407.5 424, 44B, 477, and 497 cm'l, the entirs range of the diode.
No featurs assignable to NaOH could be detacted.

Similar problems are presented for KOH as well, Spinar and Margrave
quote a valus of 408 an=! for KOH.21 while a matrix {solation study of
Belyaeva, et a1?? quotes the same value, & surprising result given an expected
matrix shift of 20 to S0 em~!. Laser scans at 396 and 424 em~! in the present
experiment produced noc observable featiures at a sensitivity of 0,5%

absorption,
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E The lack of observable NaOH and KOH spectra is explained by newly

W published snd sxtremely accurate calculations by Bauschlicher, et al,?*
These ab {nftio configuration interaction calculations gi{ve bond distances and
bond strengths for the alkall and alkaline earth hydroxides and fluorides

D vhich agree very closely with cxpcrimcntil evidence and can thus be deemed

K very accurate. Tﬁoy fix the fundamental frequencies of NaOH and KOH at 579
X and 467 en~! respectively, much higher than the previously reported values

" vhich we had used to base our search, They conclude that the NaOi band

v experimental cbservations must be ascribed to dimers or polymers and predict
! that the accuracy of their calculations {s no woruve than 30 em™!,

4 Unfortunately, the funds for this project were expended before new studies
could begin .o corroborate these exciting new rasults.

A
ﬁ 3.3 Estimated Detection Sansitivities for Combustion Agglicat}onl
1; The amnsitivity for datection of a given species by tunnbic diode laser
' absorption depends essentially on two factors: the minimum fractional
@ . absorption measurable by the instrumentation, and molecular patsmeters which
~k determine the absorption strength corresponding to a given species
ﬁ. concentration, Ve briefly examine these issues in this subsection and provide
2 estimates for the detection sensitivities for several molecular alkali
g species.
. f Tunable diode laser systems are capeble of very high sensitivity for
i measurement of small fractional absorptions. This high sensitivity derives
! from the brightnesa of the laser (typically 0,01-0.1 oW single mode source
3} power), high detectivity of the cryogenically cooled detectors (D% > 1019 em
ﬂ: ) Hz0¢3 w=!), and exceptionally low amplitude moise of the lasers (often
3 detector-limited). In our experience, fractional absorptions as low as 0,01%
W can be detected routinely with these lasers for low pressure absorption lines,
" ] and detection of 0.001% absorption has been reported (e.g., Raf, 20) even for
g lines st atmospheric pressure. Detection of these broad lines (0.1 én’l) is
$ nonetheless more difficult than measurement of low pressure lines, because

substantial variation of the laser baseline intensity normally occurs over the
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ublérption linevidth and asccurate neasuremesnt of this slow variation s
difficult even with a dual~beam system. 1n addition, turbulence in the
coubuutton'cg;cum imposes an additional noiss source on the prodba beam and may
result 1n\§o;radod sensitivity, In consideration of thuse factozs, we adopt
0.1% fractional adbsorption as 2 comservative estinate of the detection
sensitivirty of the instrumentation for measurenent. of pressure-broadened lines
in the combustoer exhaust stream. Ve emphasizs, hoﬁiVQr. that an improvement
'by 1 to 2 orders of magnitude in thia lcnoitivlty:ﬁﬁy be potsibdle.

" The absorption strength for molecular nblotpt@fﬁ lines may be calculated
4f the vibrational band strength (the integrated qﬂJérpeion atrangth of the
band) 1s known. I genersl, this parameter is not known for the alkald
spscies, however estimates sre possible’ based on igmplo models of the donding
in these moleculas, The parameter of interast 1is the dipnle moment derivative
along the bond axis, evaluated at the :qutllbriuh atonic separation, The
vidrational band strength, in units of cu~? (STP atn)=! is then?s

2 .
Shand * %:l l‘:‘%la ’ ' (6)
e

where My is the reduced mass in a.m.u. and (du/dR)R. is the dipole
woment derivative in debye A-l

The simple model which wa sdopt to descridbe bonding in the alkall
halfdes, hydroxides, and monmoxides is the "Rittner Model.”2® 1In this model,
the molacule is pictured as baing constituted of a positive and negative ion,
sach of which is polarized by the electirostatic field of the other,
Expressions for the dipole moment and dipola moment derivati{ve may then be
derived on ths basis of classical theory, depending only on the lon
polarfizabilities. For the dipole moment derivative, the resulting expression

1.23
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. vhere e (4.8 debye A!) 1s ths electronic charge. Egqs. (&) and (7) may then
‘- be usad as a basis for estimating the band strengths.

3 The estimated band atrengths for several molecular alkali species are

iﬁ ‘ given in Table 2. For the alkali halides, accurate experimental values are

' availadble for Ry and the dipole moment, u. Thase values are used in Eq. (7)
vhenever possible, To our knowledge only one direct comparison to an
experimental value for the dipole moment derivative is available for the
species in our table, i.e., for Li¥, For LiF, the measured derivative (and
therefore the band strength) are actually larger than the values predicted by
the simple theory. Intersstingly, a much more rigorous quantum mechanical
calculatior of the dipole moment derivative for L1#?7? produces much poorer
agreement with the exparimental value than does the simple Rittner model,

D T @ A~

o e

o e

S ' The band strengths for these species ss astimated in Table 2 ars quite
strong, although not out of line with the vibrational band strengths for more

W
i familiar species. For example, the measured values of Spyng for OO and QO,
i (asyumetric stretch) are 25° cn~2 (STP atm)™! 2 and 2680 cn"? (STP atm)=!,?*
M respectively, Experimental evidence that these alkali species can bde neasured
. by infrared absorption in the gas phase comes from the recent diode laser
; neasurements of Maki and Lovas.2? Maki and Lovas had 1ittle difficulty in
z neasuring the firat overtone spectrum of gas phase KF with a tunable diode
W laser?? over a 36 em path length, The KF fundamental band indicated in Table
2 should be substantially stronger than the ovartone bands which Maki and
g Lovas measured., Measursments of this fundamental transition were performed,
. for the first time, in our laboratory.
g f
R
k!
.!
)
'l
rﬁ
]
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Table 2 = Estimated Dipole Moment Derivatives (Rittner Model) and Infrared
Vibrational Band Strengths for Selected Alkali Halide, Hydroxidc,
and Monoxide Species®

dy
Vo (em=}) g. (A) u.(dcbyo) 4k |Re (dedye/A) shnnd ,
Species (en=2 STP atm™})
7LiF 894.0 1.5639 | 6,2839 6.4 1500
7.94° 2600°
NaF 528.4 1.9259 8.1234 6.0 650
nal%c1 | 36141 2.3609 8.9721 6.8 630
vaok® | sr92% | 1,98 6,94 7.9 1200
NaO 5263% 2,08% 9.8% 4.8 460
Ky 421,39320 | 2,1715 8,5383 6.9 620
k8¢ | 277,38 2,6668 | 10,2384 6.7 " 460 ;
KOH® 4672 2,2118% | 7,7 ¢ 7.4 870
Ko 38435 2,22%8 10,7* 4.8 380

*Unless othervise indicated, experimental values for v, = wg=2uwgeXe,
Rqy and “ are abstracted from the summary of data given in Brumer and
K-rpluu

Obtaéncd from experimental measurement of the v » 1 radiative %itctime A
for “LiF using sn electric-resonance molecular beam tachnique.

R-OH bonds

d Calculated dipole moments obtained from the Rittner model.’? For most )
alkali halides, the Rittner model underpredicts the dipole moment (as p
comparsd with experimental values) by 3% to 15%.%9 -

® Estimated ss the point charge dipole moment, up,. = eRy. The )
tandency of this model &l to overpredict the dipole moment for the alkall
halides by 20% to 30%.°
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Fron the estimated band strengths, the absorption cross section at line
center of individual lines can be obtained, and estimates of the datection
sensitivity follow directly. The line strength (em? molecule™! cm") for
these simple diatomic and linear triatomic molacules, at temperature T i3

=v_h_ /kT

J
“¥T

T(l-.
Q

wheze J is the rotational quantum number of the loLor level in the transition,
B 4s the rotational constant, N, is Loschmidt's number (2,69 x 1019

molecules cm"). and vy is the frequency of the particular P or R branch

line originating from J, The line center absorption cross section for an
atmospheric preasure=brosdened line can be estimated as

5 2

o, " 3%1 en® molecule™ ' (4)

where 0,1 en™! s the approximate linewidth at atmospheric pressurs., Finally,
the minimum detectable concentration ngyp (em™) may be estimated from

T’

-

Al
(T') * B Tt " 0.001

o min

(6)

where we assuma an absorption path length & of 400 cm and a minimum detectable
fractional abasorption of 0,12, At elevated temperatures, excited vibrational
levels (v > 0) become significantly populated {n many cases, which means that
fmin should be replaced in Eqs. (3) and (6) with (nyouer™Nypper)min:’




These population differences can be calculated from thermal Boltzmann
distridutions and related to the total number density of the specles. The
ovcrill'offoct of this is to degrade the minimum detectable concentration,

The estimated line center absorption cross sections snd minimum
detectable concentrations (including vidrational partitioning) for several
molecular alkali species at T = 1200 K are given in Table 3, based on
Eqs. (3) through (6) and the band strangth estimates of Table 2, In additien, ‘
we include estimates for KO, and NaO, detection in the 400 en~! region,
aseuming similar baud strengths as the corresponding monoxide specien,
Potassiun chloride is not included in the table becauses the vibrational
fraquency for KCl ("278 cu™!) is outside the wavelength rangs of commercial
diode lasers.

The strongest IR-active dands of the alkali sulfate species, méasured in
argon or nitrogen matrices, are in the 1100 em~! region.3® Measurement of
thase latter two species may be more difficult, however, bocnui- virtually
nothing is known about the spectroscopy and also the vibrational bands are
likely to be wesk compared with the bands of smaller molecules.

Table 3 ~ Estimated Line Center Absorption Cross Sections and Minimum
Deteactable Concentrations at T = 1200 K, p » 1 atm, for
Tunable Dicde Laser Measurement of Molecular Alkal{ Species
(Multiple Pass Path Length = 400 em, (A1/1)gin = 0.1%)

Specien a° (cm2 molcculc'l) Detectable Concentration, en—?
NaOH 3.8 x 1018 2.4 x 10! (3.9 ppm)

NaCl 1.1 x 10-!¢ 1.0 x 103 (1,6 ppm)

NaO 1.5 x 10-38 6.8 x 10}2 (1.1 ppm)

NaO, (1.5 x 10-18) 5.7 x 1013 (9.3 ppm)

KOH 2,0 x 10-}8 4,4 x 10!% (7.2 ppm)

Ko 8.2 x 10-!° 1.3 x 1043 (2.1 ppm)

KO, (8.2 x 10°19) 1.0 x 10'* (16 ppm)

Na;, §0, ? Probably > 10 ppm

K280, ? Probably > 10 ppm




*]

7 RS
oy e e

The sensitivity estimatas shown In the table indicate that concentrations
of a few ppm of the various chloride, hydroxide, and oxide species should he
readily measurable by diode laser absorption for combustor test conditions.

Ve Teemphasize that avan greater sensitivity (detection of less than
0.1%absorption) should be possible with appropriate attention to the
instrumentation. Also, the technique {s attractive in that only one or two
diode lasers would te required to cover the wavelength tuning range needed for
measurement of these species (350 = 350 cm‘l). permitting measurement of

all of them within a pariod of a few minutes experimental run time. By
conducting suitable calibration experiments {n the diagnostic development
stage the measuremants can be made quantitative, and potential spectroscopic
interferences can bde undststood and avolded,

ectral Interferances

3.4 Preliminary Assessment of S

Any assesament of spectral interferences in s combustion flowstream
starts with the major constituents that ars active in the {nfrared, watar and
carbon dioxide, Fortunately, neither apecies will provide much interfarencae.
WVater absorption lines appesr at irregular spacings 0.? 0 3.0 a~! apart,
greater than the line broadened resolution of 0,1 em™!, Diode laser
absorption should easily be able to resolve alkali and water lines under these
circumstances, Carbon dioxide lines exist, dut are so weak so as to be
unneasurable (9(A) = 102 cm? or over 1 million times weaker than the
expected alkall line strengths). As far as other species go, only the region
above 450 em~! conta’n possible interferences. Both 507 and N0 have fafrly
dense spectra with intensities sufficfent to cause interferences., Although
these spectra are not as sparse as that presented for water, there are gaps of
0.3 ~ 1,0 em™! which present adequate opportunity for observing NaOH and KOM,

Any final selection of spectral region for a real device will have to assess

this prodblem.
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3.5 Conelusions

The result obtained in the exparimental efforta represents the first high
resolution infrared absorption measuremants of an alkall helide or hydroxide
species at the fundamental vibrational trnquoncg. Potassium fluocide
rovidbrational 1lines betweon 408-430 cm™' weva detected at very low KF
concentrations (*1=5 x 10'% an~¥) at lcw pressure. The results agree with
the overtone messuremants of Maki?® at the Nstional Bureau of Standards.
Thus, the detection of such molecules under controlled conditions has besn
denonstratad. In addition, theoretical calculations and a sensitivity
analysis indicate that diode laser absorption measurements can detect 1-10
parts éc: million of such molecules under typical combustion conditions if a
purged multiply pass mirror configuration can dbe installed in the combustor,
Detection of 10'0 to 10! em=? is possidle in low prassure ladoratory kinetic
studies,

The vibrational band locations of NaOH and KOH could not be established
due to what we presume was the incorrect assignment of these transitions in

tht literature, Fortunately, new and accurate ad initio caleulations provide
24

sufficient accuracy to guide future studies.
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“Kinetic studies of recombination reactions of alkali atoms by time-resclved

spectroscopic methods"

by David Husain,
The Department of Physical Chemistry,
The University of Cambridge,
Lensfield Road,
CAMBRIDGE CB2 1EP,
ENGCLAND,

Characterisation of kinetic parameters governing recombination reactions
ot alkali atoms are fundamental to an understanding of the properties of flames

seeded with alkall metalsl-“ and in elucidating the roles of apecies such as
Na and K and their hydroxides, for example, in flame inhibition.5_7 Thus, the
pair of processes
. K+ OH+M ~—p KOH + M (1
~ H+ KOH —> H,0+K (2)
catalyse the overall recombination reactions
HeHeNM —» H, + M (3
H+OH+M —» HO+M (4)

2

The detailed quantification of the extent of such catalysis is dependent on the
individual rate parameters employed for the fundamental procasoes.6’8 Reactions
of the type

Na, K + 0, + M —> Na,KO, + M (5)

are also of special interest in this context in flames and have been the object
of Zlame modelling and rate measurements in those cnvironmcnt;.s’a’g-ll.
years have seen the developrient of experimental techniques permitting direct
characterisation of absolute rate constants for a number of thes: fundameutal .
. processes by time-resolved spectroscopic methods, isolatud from the complexities
of flame environments and related systems where sets of kinetic daca and
thermodynamic data are intimately linked. This paper describes absolute rate
measurements on three classes of reactions: '

Recent
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(1) X + O2 + M — XO2 +M (X = Na, K) (6)
(11) X+OH+M —» XOH +M (X = Na, K, Rb, Cs) N
(I11) X+I1I +M —>» XI +M (X =K, Rb, Cs) (8)

(where M is the third body) obtained in our laboratory by their isolation in
real time with direct spectroscopic monitoring, and direct characterisation of
kb’ k7 and k8, Where possible, rate data are compared with those derived from
diffusion flames, laser-induced fluorescence measursments on flow systems and
from flame modelling.

(I) X+0,+M —) X0, +M

e

The recombination reactions (5) for Na and K in particular, whilst formally
describing atom-radical recomh:uation processes involving oz(xaz;). are inherently
accessible by diract experiment as the oxygen molecule is a stable species. The
reactions batween Na + O2 + M and K + 02 + M (M= He, Nz. 002) vers investigated
by Husain and Planolz 13 by timc-rololvcd atomic resonance absorption spectroscopy
on Na and K at A = 589 nm (Na(3 P ) <« Na(3 31/2)) and A. = 768 nn (K(bzP ) —
K(A 51/2)) folloving the gcncration of these transient atoms by the pulsed
irradiation of Nal and KI vapours at slevated temperatures. These early
inveatigationolz’ls
hithcrtag’ll
employing estimates of rate parameters for Na and K using analogues for H atoms.

were motivated by the low values of ks that had been reported
resulting Na and K in flames, and the recognised limitations in "
The initial experimental system for thoss measurements shown in Figure 1 was
rastricted to limited temperature ranges (724 and 844 K for Na, 753 and 873 K

for K), Nevertheless, abnoluto rate data for k (for Na and K) were accessible.
Briefly, the decay of Na(3 81/2) and K(4 51/2) gcnerat;d in the pulsed mode can
be described by the rate equations (presented for Na(3 81/2))

~d(Na)/de = (kg * kg (Na) (0,) (M) ) (Na) €9

or
=d(1n(Na))/dt = kygee * k5‘°z)(“) = k' (ii)

where k' is the overall first-order decay coefficient for the loss of the alkali
atom and kdiff represents the removal of Na and K by diffusion in the absence of
02 lndlgeigitl charecterisation of tha ¢iffusion coefficients for thess alkali
atoms, “' Alternatively, kdiff can be taken as sn empirical correction for
the removal of Na and K in M alone (M = He, Nz, coz). Equations (i) and (ii)

coupled with the Beer-lambcrst law for the time-resolved regonance absorption:

153

AN AT LR TR VY T

Uy , i WA VA AR ’ LYY e Y ) . o
AR OO R R ) DU o LA A R R e O O N Y S R R




-h"ﬂ..glN.‘ niﬁ‘l&.‘ [ -]
uSOON.u -gﬂoll.lﬁll [ (]

*53059305 TIISUBIL Iy} §8 IOY WY Ly, A IS SI0P $IS1N 6L
PXIOmS 252 wirp PN SINE JXN-1$8) TAINLes A U3

1SS —= T4 510m) 0 685 = ¥ 19°991 10,0308 ummsas Jjuses
S 2m Juow AN IVINGIS “1ON )8 WRLINISILS] BISIRE WD B PRMING
‘oINS W{PeS 230)S PUMAIE )0 ANIIP M 18] SIGEE JIP20-181]) GPRNSE EOfEL)

7 o3
E
£ % L 9 4 $'s L% 1
| | L i 1 I | | ]
B - 4 ez-
..n....u.u.. -1 e1-
T < zr-
dlxu.l -4 e -
S 3
— N T . 3
-] we- =
L
"‘
8 o 9 % >
.
EL| i t 1 ' | | "
i q vz- 3
T 3
= — ¥~
.ouhh.llﬂnl - ‘oﬁn -
.ll...!..n... - -
. - ve-
il ) . T re -

W R = SR, R R N | 3 N e

“opOW _JOyS SBwis, oy
WONSPES SIUBUOESS IO JO UOHENUSLIT POAIOSS I-omp: AQ SOmiusedwa}
POITAN® ¥ (S:C)0N )0 Apais Og3oupy Syl 30§ SAIBIRAOS 8 JO weBeP ROOIG

www..

- T >emis
T )
1
omasmy  — " [ —
o —
we - %lL
ws L "=
{ I ] S o v
=1 o 5
] 1
“ — o Ec , e~ o ——n
- - N -
€

_t.

....m“

i

154

.’ LY N0 1% .
RN

RRx

"
.57

A g CARAA \
ﬁ»&'\*.'h LN ;J.._ﬂ’?.i!,‘ ?, 1\.‘_'&'3‘7‘»%’!’.0‘1.‘!;

e ",lhn ‘y,, Nty

LA

N . L 5 . ), W
h Mot A Ml Al ML XX S O N (Y -’_J.U.‘., ." At Y LA Lo



I, = 1lgexp(-ecl) (iii)

- (¢ = (Na) and (K)), and the first-order decay for the alkali atom
c - cocxp(-k':) (iv)
i R yields k'. Exanples of the firsgt-order decay profiles for Na in the absence

a o " and the presence of 0, are shown in Figure 2. A resume of the third-order
' rate data derived from these sarlier measurements is summarised in Table 1.

g | Table 1

ﬁ: L Comparison of third-order rate constants (kR/cm6 molom.\la"2 l-l) for

v | Na, K40, +M (refs. (12), 13))

2 2
M RG4S, ) (753 = 873 K) Na(a%s, ,) (724 = Bu4 K)
{ He (9.8 £ 1.5) x 1078 171 (o) - (621 x107 (a)
| (1.3 x 10739 cale, T = 784 K)

I X (1.7 2 0.6) x 10727 17t (a) 120.2)x10%° (o)
| (2.2 % 10°° cale. T = 784 K)

co, 4 x 10747 171 () 2 %1079 (a)

&“l ) -
x (5.0 x 1072 cale. T = 784 K)

" ¢ " -33 =34

. Flame Composition 1.02 x 10 (b) 8,2 x 10 (b)

1;‘; (Hy + N, + K,0,

v T = 1420 - 1600 K)

4..

((a), time-resolved atomic resonance absorption, (b) flame measurements)

N Subsequently, the early lppnratu|12'13 was modified with an improved high temp-
‘19 : erature reactor assembly capable of measurement across the temperature range

> . ca. 415 = 1016 X and with computer intorfucing.15’16 First-order decay profiles

N for Na(3281/2) wers anslysed by the form:

’.'°

h Lp = Igexp(-Aexp(~k't)) (v)

Examples of such profiles are shown in Figure 3. Figure 4 shows the variation
of k' for Na wirh (02) and (Nz) for T = 571 and 1016 K, yielding the recombinaticn
rate constants (ks - kn) at these temperatures. Figure 5 summarises the data
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derived from time-resolved atomic resonance absorption measurements for
Na + 0, ¢+ N, with those reported from laser-induced atomic fluorescence

2 2
¥ measurements on a flow system.17 flame modellinga and standard extrapolation

using unimolecular reaction rate theory of Trgo.la'lg It may be stressed that
an empirical extrapolation of the type ln(kR) vs. In(T/K) (Figure 6) across a

2 temperature range of 5he type employed here yields results close to that |
obtained using the Troe theory and, of coursa, independent of it, The Troe
extrapolation in Figure 3 for the data for Na + o2 + Nz can be expressed in

v the form:

-

t_ m . _a

3 ln(kR/cm6 molecule 2 8”3y = - 0.3225(1nT) + 2.1331n(T) - 69.21 (vi)

Y Finally, we may note the development of atomic resonance ionisation

spectroscopy by Kramer at 11.20'21 for the study of Li + o2 + M and Cs + O2 + M,

(II) X+ OH +M —p XOH + M

3 A significant development in recent years for the direct determination of
@ absolute rate data for the recombination of alkali atoms with free radicals has
ﬁ been the construction of a system, initially designed for the measurement of k7
N for the rcac:ionxzz

| R + OH + He =——p KOH + He 3

,'I

:5 and subsequently modified in sach case for the analogous measurements for X =
B Na.23 szA and Cl.25 The system {s necessarily complex involving measurement
é of the decay of the free radical OH, generated by pulsed irradiation in a high
% temperature reactor, using time-resolved molecular resonance fluorescence on

0H(A22+ - xzn. (0,0),A = 307 nm), with repetitive pulsing, pre~trigger
photomultiplier gating and signal averaging. For the specific case of K, the

51 decay of OH is monitored in the presence of axcess potassium atoms derived from
- a heat pipe oven and themselwes monitored in the steady mode by atomic resonance
) fluorescence at A = 404 nm (x(ssz) - K(Azsllz)) using phase sensitive detection,
and in the presance of excess helium buffer gas. Analogous measurements ara

o carried out on other alkali atoms. The decay of OH by diffusion and reaction (7)
) is given by '

N =d(OH)/dt = (kdiff + k7(K)(He))(0H) = k'(OH) (vii)

and the intensity of the time-resolved OH(A - X) resonance fluorescence signals
X are given by the standard form:

]
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1) - ¢(0H(x2n)) ot (k') (viii)

1+ kQ(Q)/Ann

PRI, 2 % ~ e

Figure 7 shows & block diagram of the apparatus for K + OH + He and Figure 8,
examples of the decay of OH in the presence of K and He, These profiles are, in
fact, analysed to the form:

- T

-l ! : "
Ip = 0 + Quexp(-k't) (ix) .
.l
to allow for the effect via 01 of steady scattered light, Figure 9 shows examples ﬁ
4
of the resulting values of k' derived from equations (viii) and (ix) (for (OH)) as Y
a function of (K) for different values of (He), and Figurs 10, the resulting plot ;
of (k' = kditt)/(x) vs. (Ha), the slope of which yields the value of k7 for the ,
temperature of 530 K. There are various constraints restricting measurements of ‘ﬁ
(3
the present type to single temperatures including the physical limitations of the lg..
reactor and photon counting detection system, and the elimination of the role of, ﬁ
say, Kz. in the reactor with OH, For such reasons, the reaction of Li lies :
outside the range of the present experimental system. 3
" (]
. .‘.\‘
Table 2 lists the values of k, for the single temperature measurements ﬁ
derived from this series of investigations.2? %5 ¢
W
(.
Table 2 (X + OF + He) | .
i
ne.
M)
X k7/cm6 molecule 2 5% T/K "
Na 1.07 2 0.2 x 1670 (23) 653 N
- . s,
K 8.6 f1.8x107 (22 530 y
"
Rb 8.8 21.3x1073% (2) 490 o
Cs 10,0 ¥1.5x103 (29) 481 .
2
" N
The unimolecular reactions rate theory of Troe may be applied to such systeus, h'
including Li + OH + He, and incorporating the effect of hindered rotation, to v
calculate the temperature dependence of these proccnlclzz-zs (Table'}}. 3
Extrapolations of this kind are seen to yield better accord with flame datalr? 5:
when particular lccount is taken of the high efficiency (B,) for the collisinnal ’
stabilisation of XOH initially formed, by flame gases luch as HZO. l}
y
159 3
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Table 3

k7/cm6 molecule-z 3-1
Li + OH + He (4.2 2 1,7) x 10747 g71040
Na ¢ OH + He (4.7 ¥ 1.0) x 10726 771:65
K + OH + He (1.5 % 0.4) x 10726 77133
Rb + OH + He (1.5 % 0.4) x 10726 771+57
Cs + OH + He (2.8 2 0,7) x 10726 ¢71:66 .

(I111) X + I + M =p XI + M

. The technique for studying the group of reactions (11) above has been extanded
to the study of reaction (8) for X = K, Rb and Cs by tiwe-resolvad resonance
fiuorzuco;c. on ground ;t;t: atomic iodine, 1(52P3/2). at A -223263 nm
| (X(3p 6a( P3/2)) - 1(5p~( P3/2))) in the vacuum ultra=violet.
for the kinetic study of K + I + He {s shown in Figure 1l1,the principal modification
) to the system given in Figure 7 for OH being the flushing of ‘the optical path of

the iodine atom resonance source with nitrogen, permitting flexibility with vac. u.v.
\ focussing. With such measurements, it is necessary to produce KI in situ by the
. reaction
; K+ CH,I —3 KI +CH, (9)

. The apparatus

K is again derived from a heat pipe oven. Resonance fluorescenca decsy

. measurements on the I atom generated photochemically from the KI produced in
} reaction (9) must be carried out on a time scale short compared with that for
) nucleation as the density of K1 is wall above its equilibrium vapour pressure at
the temperature of the reactor. The expressions for Ir(t)(A = 178.3 nm) are
analogous to those for 1 (t)(OH(A = X)) given in equations (viii) and (ix).
Figure 12 gives oxnmplon of I (tY(A = 178 3 nm) in the presence of K and He, and
N Tigure 13, the variation of k' for I(S 3/2) derived from the analogues of equations
' (viii) and (ix) as a function of (K) at different (He). FPigure l4 shows
(k' - kditf)/(x) vs. (He), the slope of which ylelds ka for K+ I + He. It may be
R shown that the intercapt in Figure 14 cun ba attributed to the rxeaction between

ﬁ 1+ Kz. Similar considerations apply to measuremants of ka for X = Rb and C|.26'2a
The analogous measurements for X = Li and Na lie outside the temperature range
accessible to the present system for reasons similar to those indicated above for

X

@ X + OH + M.
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Table 4 list the results of the single temperature rate measurements of k8
for X = X, Rb and Cs. Table 5 gives the results of molecular dynamic calculations
for ka that have been carried out for the appropriate potential surfaces which are

§ e v e

‘ highly {onic in chnractet.26-28 accounting for the small negative temperature
[ dependences.
Table 4 (X + 1 + He) 3
.{ .
X kelcm6 molecule 2 g~} T/K E
| K (3.04 £ 0,73) x 107! ¢27) 567
K
) Rb (3.34 £ 0.67) x 1073 (28) 540 ;
X
Cs (7.9 ¥ 1.2 x107 (20) 491 y
‘
Table 5 ((26) = (22)) 5
Q
v,
kg (300 < T/K < 2400)/ca’ molecule™? 4”2 .
' Li + I + He 2.7 % 10732 770.09 g
4
Na + I+ He 8.4 x 10732 770:15 )
- - 'f
K +1+He 6.9 21,7 x 1073 77013 i
Rb + T+ He 1.0 2 0.2 x 10730 77018 5
¢
Cs + 1+ He 41 to.8x 1070 g0 )
)
The results of the measurements are of fundamental interest in general terms from %
|
the viewpoint of recombination reactions of alkali atoms, In experimental terms, b
they point the way to future measurements with halogen atoms of closer relevance >
to flames as in the case of Cl. This would requirs the construction of an f
evacuated optical path suitable for atomic rescnance fluorescence measurements %
' deep into the vacuum ultrav-violet, N
%
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N INFLUENCE OF POTASSINM ON OH DECAY RATES IN METHANE-AIR FLAMES

BN M. Slack, J. Cox, M. Grillo, R. Ryan and 0. smith"
= Grumman Corporate Research Center
Bethpage, New York 11714

ABSTRACT

i;,%_ An investigation of the kinetic mechanism, and associated rate
coefficients, by which potassium catalyzes recombination reactions in flames
is in progress. Hydroxyl radical decay rates have bean measured in
atmospheric pressure flat CH,/Air flames (stoichiometry ¢ = 0.9 to 1.2) with
and without the addition of potassium, mole fraction 7 x 1075 to 4 x 10-9,
Axial OH number dens1ty was detern1ned from integrated absorption of the Qp(6)
1ine of the A & (v' »w 0) «X n(v" = 0) transition at 309.28 nm scanned with a
Nd:YAG-pumped, frequency-doubled dye laser. Flame temperatures ranged from
1900 to 2000 K. Addition of potassium, in the form of an 'asrosol of
KoC03 + Ho0, accelerated the OH axial decay from the equilibrium overshoot at
the flame front. Measured OH decay rates increased rapidly on addition of low
potassium mole fractions (<5 x 10'5). then continued to increase slowly at
higher additive levels, For a fixed concentration, the potassium was more
effective with increasing stoichiometry, ‘Potassium emissior at 766.5 nm was
monitored with a diode array spectrometer, was found to be in the square root
region of the curve of growth, and was used to determine the potassium atom
concentration which showed a small decay rate above the flame front,
confirming a catalytic role. Preliminary measurements have been made of the
fnfluence of sodium. Our OH concentration measurements in unseeded CHy/Air ’
flames are in excellent agreement with earlier measurements by Cattolica :
(1982), An initial analysis of our data, using the SANDIA premixed flame code
to compute flame properties, reveals that Jensen's (1982) mechanism
(K+OH+M+KOMH + M, KOH + H »K + Ha0) fails to predict the nonlinear
influence of increasing K concentration, In agreement with the critiques by ]
Heimerl (1983) and Schofield (1984), we conclude that Jensen's mechanism is a
global approximation of a more complex mechanism. We are currently testing
such mechanisms against our measured data.

Department of Chemical Engineering, U.C.L.A., California 90024 '
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: 1. INTRODUCTION

While it 1s observed that the addition of sodium or potassium to f)aues
. reduces the flame speed and increases the overall recombination rates in the
N o post f1ame region, the details of the chemical mechanism and the associated
° EE rate coefficients are in dispute, Jensen et al.1 measured the influence of
. potassium (mole fractions ¢ 10°3) on fuel-rich, atmospheric pressure hydrogen, .
oxygen, and nitrogen flames and concluded the following mechanism

K+OH+M=KH+M (1)
KOH. + H ® Hp0 + K . (2)

P . X

was responsible for their observations of accelerated hydrogen atom decay.
They obtained rate coefficients for reactions 1 and 2 by fitting predicted
i hydrogen decay rates to their measured data. Parallel measurements were made

with sodiumé, Heimer13, in a critique of Jensen's work, questicned the
KX specutative nature of the proposed mechanism and the method of introducing
potassium, i.e. as potassium dipivaloyimethane, ((CHz)3CCO),CHK. The
possibility of the organic radical, to which the potassium is bonded, playing
3 role in hydrogen abstraction was raised by Heimerl, together with
alternative mechanisms.,

ar
- o~ W

PR YR

Hynes, Steinberg and Schofield* have pointed out that Jensen's rate
coefficient for the reaction

[ Na + OH + M = NaOH + M (3)

-

was about 60 times larger than the corresponding recombination of H and OH at
2000 K, and that the backward rate has a pre-exponential term three orders of
magnitude greater than expected from gas kinetic theory. Similar comments

1 apply to Jensen's rate coefficient for reaction 1. Hynes et al, suggest that
: reactions 1 and 3 are globa) simplifications of a more complex set of

) reactions, Their investigation of sodium (mole fraction ¢ 3 x 10'9)
kinetics in oxygen-rich hydrogen flames supports the following mechanism

)

Na + Hy0 = NaOH + H (4)
Na + Oy + M = NaQp + M (5)
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NaO, + H » Nad + OH (6)

K NaOH + O = Na0 + Hy0 (7)

" in which they observe that the algebraic addition of reactions 5, 6, and 7, |
o together with the bimolecular steps of the Hz - 0 cha1n. reduces to reaction }

o 3, An analogous:argument applies to.potassium. Hynes et al, recommend that -

N - the catalytic influence of large concentrations of both sodium and potassium ‘f

) on radical recombination in f1ames requires further ‘study.

F In contrast to the premixed f1ame results 1 Friedman and Levy 5 studied
N opposed Jet‘41ffusion flames (CHy and Op) and obsorved that the addition of

g potassium vapor (mole fraction ¢ 0,06) to the fuel flow did not quench the
flame. Similar quantities of CH3B. successfully quenched the flame. The
failure of large amounts of potassium, at least six times greater than used by

%% Jensen et a1.1. to inhibit the flame {is puzzling anc cannot be readily

}ﬁ explained. Since Jensen's experiments were the only ones in which accelerated
:ﬁ recombination was measured with the addition of high concentrations of

" potassium, 1t {s clearly important that the mechanism and rate coefficients be
3§ tested in an independent experiment.

%ﬁ The objective of our experimental investigation is to elucidate the

3& mechanism and associated rate coefficients, by which potassium accelerates

- recombination in flames. We report here on our initial effort involving

iﬁ quantitative measurements of OH radical concentrations in CHy-Air flames

Qi (¢ » 0.9 to 1.2) seeded with large concentrations of potassium introduced as
E& an aerosol of K,C03 1n water.

;‘; 2. EXPERIMENTAL APPROACH

i

“ﬁ: Flames were stabilized on a 2.54 cm diameter flat-flame burner construc-
‘ ) ted of bundled 1 mm 1.0, tubing, operated at 1 atm pressure and shrouded by a
&5 nitrogen flow; this apparatus is shown in Fig. 1. The OH number density was
ﬁﬁ determined from integrated absorption of the Qy(6) line of the

ﬂ AZ:*(v' =0) « xzn(v" = o) transition at 309,28 nm scanned with a Nd:YAG-

if pumped, frequency doubled dye laser (Quanta-Ray POL-1), Axfal OH number

i

" 171

..'

Wa'y Y '\ A ! APy A, Y Y AR " !
0.; NIt s I A e e e e T W .i\ AN



.

oK

SO = =

Rarteiors

~ KpC03 from a calibrated aerosol generator, By controlling the concentration
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density profiles were obtained by vertical translation of the burner relative
to the laser beam, Our approach is similar to that used by Cattolica® to
monitor OH radical nonequilibrium, and is based on well-documented
methodology7.

Potassium was fed to the burner in the form of an aqueous solution of

of KpC03 in the solution we could introduce known mole percentages of
potassium into the flame. The additional carbon and oxygen atoms entering the
f1ame were a small perturbation to the existing levels of CO, C0p and oxygen, -
and were preferable to the addition of halogen atoms or large organic radicals

as used in previous studies, =3 Complete evaporation of the aerosol 1 mm

atove the burner top was confirmed by monitoring the forward scattering of a

HeNe laser. Potassium emission (4p2P°3/2 - 45251,2) at 766.5 nm was

monitored with .a diode array spectrometer, was found to be in the square root

region of the curve of growth, and was used to determine the potassium atom

concentration. ‘

Methane, oxygen, nitrogen and argon were fed to the burner via calibrated
TYLAN mass flow meters. Total flow rates were maintained close to 8.0
1iters/min, We commenced our investigation with methane-air flames, but in
the majority of experiments argon replaced 50% of the Np, thereby increasing
the flame speed and maintaining a flat stable flame in the presence of
potassium, A coaxial N, shroud was maintained to minimize 0O, diffusion into

the flame,

Temperatures in the flame were measured with platinum-10% rhodium/
platinum thermocouples (uncoated ,125 mm d1ametef. butt welded). Recorded
temperatures were used for data analysis without correction for the partially
cancelling influence of catalytic effects, conduction along the wire, and
radiative loss, Preliminary rotational temperature measurements compare
adequately with the uncorrected thermocouple readings.

3. EXPERIMENTAL RESULTS

A typical measured OH number density profile (in the absence of K) is
shown in Fig, 2. It reaches an equilibrium overshoot peak at the flame front
1 mm above the burner and then decays under the influence of recombination
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=€ reactions. Also shown in Fig, 2 are the earlier results of Cattolica® for

| almost {dentical conditions, and excellent agreement is observed between the

two sets of experimental data.

i Addition of potassium had a small influence on the equilibrium overshoot
2 OH at the flame front, The subsequent OH axial decay rate was accelerated by
¥ the addition of potassium, in the range 0.0007 to 0.04 mole percent, as shown

‘ in Fig. 3. The efficiency of potassium in accelerating the OH decay rate
gi decreased at'higher potassium additive concentrations, as {1llustrated in Fig.
ié; . 3, where 0,0007 mole percent is about half as effective as 0,015 mole
?f percent, For a fixed seeding level the influence of potassium increased with
§ increasing ¢ in the range 0.9 to 1.1, as shown in Fig. 4.
ih Post-flame temperature (typically 1900 to 2000K) increased monotonically
ﬁ? with increasing additive mole percentage. For example, a rise of 62K was
ﬁf measured 8 mm above the burner on addition of 0.04 mole percent K to a ¢ = |
| flame., These observations are consistent with increased overall radical
g@ recombination rates.
% Typical measured potassium number density profiles above the flame front
;S are shown in Fig. 5. The measured potassium concentrations were directly
. proportional to the seeding levels, while the axial profiles (relative
gg dependence on distance above the burner) were independent of seeding level.
Qq The changes in K number density in Fig. 5 are probably due to conversion to
%; KOH and are essentially insignificant since the incremental decrease in OH

number density due to K addition is an order of magnitude greater than the

sg total K number density. Clearly, the reaction mechanism by which potassium
;3 accelerates the OH decay rate is catalytic in nature,
'3 Preliminary results of sodium carbonate addition to a ¢ = 1.1 flame

showed that sodium was as effective as potassium in accelerating OH
o recombination,

X 4, DATA ANALYSIS

Analysis of our data has proceeded in two stages., First, the simple

f“ reduction of the measured OH decays to an empirical rate constant (based on
1$ the observation that the decay is approximately second order in OH

. concentration). Second, flame properties were computed with the SANDIA flame
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code and predicted OH and K concentrations compared with experimental data.

Following the approach of Kaskana. the measured OH concentrations were
plotted as 1/(0OH) versus time and an approximate linear relation was obtained,
1.plying a second order dependence on OH concentration. (Note, for example,
that the recombination of OH and H will mimic a second order OH reaction
because of the fast bimolecular reactions coupling these two radicals). From
the slope of the 1/0H plots we obtained effective decay rate constants «a ,

f and representative results from the ¢ = 1,1 case are shown in Fig. 6, as a

%‘ function of the initial K mole fraction. The nonlinear relationship between
j « and the additive mole fraction is highlighted in Fig. 6; a rises rapidly
: for initial potassium mole fractions up to 1 x 104, beyond which the rate of
increase falls off, suggesting an eventual asymptotic 1imit. Reproducing the
trend in Fig., 6 will be an important test of a detailed kinetic mechanism,
The rate constant « is not a global rate coefficient because the measured OH
decay profiles include the influence of diffusion,

The second stage of data analysis is presently incomplete and only
progress to date will be discussed. We are using the SANDIA flame code 9 4o
compute one dimensional flame properties based on initial oxidizer/fuel/
additive mass flow rates and composition, measured temperature profiles and
measured burner top temperatures. The computations account for diffusion and
: chemical kinetics, the latter using the Warnatz reaction mechanismi0 for a !
] CHa/Air flame and test reaction sets for the potassium chemistry, We have X
‘ begun by testing Jensen's reaction mechanism (see discussion) and Jensen's
inferred rate coefficientsl, Jensen's model and rates fafl to predict our
measured nonlinear influence of potassium as shown in Fig. 6.

s~

5. DISCUSSION

Our measurements to date show that addition of potassium to methane -
flames accelerates the axial decay of OH downstream of the flame front, that
this acceleration is a nonlinear function of potassium concentration (see Fig. )
3), and that potassium 15 least effective for ¢ < 1, These quantitative A
results represent a stringent test of a kinetic mechanism, especially when ‘

b used together with the observations of Jensen et al. and of Hynes et al. \

The nonlinear influence of potassium in the present work contrasts with
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the linear influence on H observed by Jensen over a small concentration range
in fuel rich hydrogen flames. Furthermore, our preliminary finding that Na
and K are about equally effective in accelerating OH decay rates in a fuel
rich fiame contrasts with Jensen's result that Na is a factor of 3 more
efficient than K in catalyzing H atom decay.

Testing of reaction mechanisms against our data base has been
initiated. The failure of Jensen's mechanisms to reproduce our observed
nonlinear influence on K suggest his mechanism may be a global simplification
of a more complex reaction set and that the simplification only applies over a
1imited experimental parameter space. It will be important to test Jensen's
mechanism for ¢ = 0.9, the case in which we observe K to be least effective as

an O4 scavenger,

Further work 1s recommended in the areas of (a) kinetic reaction model
testing and (b) flame experiments, in order to drive out a viable reaction
mechanism and a reasonable estimate of the associated rate coefficients. In
addition to our measurements of OH and K, we believe it is assential to
monitor intermediates (such as KO, K0p, Kp, KOH and KH) in order to obtain
more direct evidence for the chemical pathways by which potassium influences
recombination reactions in flames. We plan to conduct a spectroscopic survey
of flames heavily seeded with p-tassium (mole fraction » 10'3) using a Fourier
Transform IR spectrometer, a visible/UV grating spectrometer, and laser«
induced fluorescence excitation. A complete parallel set of experiments with
sodium should also be conducted. In the area of reaction mechanism testing,
we plan to test both the Hynes, Steinberg and Schofield model? and the
comprehensive reaction set of Heimerl, Keller and KHngenberg11 against our
experimental data base, making full use of recent rate coefficient
measurementsl2=14, An acceptable mechanism will have to reproduce the
observed dependence on additive concentration and on stoichiometry.
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iy THE FEASIBILITY OF A CARS TECHNIQUE FOR THE
s STUDY OF MUZZLE FLASH

-4:; J. A. Vanderhoff, R. B. Poterson and A. J. Kotlar
< US Army Balliatic Research Laboratory

B . INTRODUCTION

ol Muzzle flash is observed during firing of large and small

caliber guna. It typically appeara as a bright flash of light
outaide the muzzle and is sssociated with the release of rich
e conbuastion producta from the barrel of the gun. Controlling and
B . lupprgi.inq thia phenomenon is of major practical concern since
o the.ono;gy release is sufficlent to produce blast waves &nd
large visible/therral aignatures, both being of use in locating
E:; t.h-l popition of Q:h; fun}. '

o ' Past studies lave indicated the existance of three separate
| regiona of the flulh. They are, in order of increasing distance
W from the muzzle, primary, internediate, and aecondary. Luminos-
? ity from these three regions arises primarily from glowing par-

ticulates and aodium emisaion. Thus the apectrum associated with

muzzle flash displays line emission s wall as & broad back-

-~

ﬂé ground emisaion chearecteriatic of bleckbody radistion. Primary
t flash occurs st the barrel exit end ias a result of the hot

}l luminous combustion products leaving the muzzle after the bullet
.ﬂ uncorks. Subsequent rapid expansion of the combustion geases

2 quenches much of the remsining gas phase resctiona thua pro-
*g ducing & dark region following the primary flash. As the process
ﬁ | continues, over expanasion leads to a shock being generated i(n
.? . the form of a Mach diak downatream of the auzzle. This shock

’$ structure reheats the incompletaly reacted combuastion productas
g and initiates new combustion. As & rc-Qit. a second luminous
o4
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region developa downatream 0of the Mach disk and is called tha

intermediate flash. The propellant st\yBchicmetry ias such that

sajor products include CO and H2, thus as oxygen from the atmoa-

phere ia entreined with the growing flow field, a third coabus-

tion region, the secondary flaah develops. It is much larger

than the previous two aud accounts for the major portion of

snergy releaas ocourring outside the gun barroi? )

1

8§

‘ The study of muzzle flash ia motivated by the deaire to
!

]

control and suppreas the secondary flash. It haa been obsarved

that small amounta (1-2%) of an alkali matal salt edded to the

X propallant will supprass the flaah, but tha mechanisas asaoci-

# ated with the suppression are well underatood. For exaaple, it i
Q is still unclear whether these metal salts act thermally or

ﬁ chemically, and if the latter, whether the process occurs

% - heterogeneacusly (i.e, on the aurface of a particle) or homogen-

woualy in the gas phase. A recent ltudishnl shed somne light on

:a this subject, but much work remaina to be done.

i When muzzle flaah ia considered in the context of study-
ing the condition leading to its suppreasion, the relevant

R mechanisas involved muat be gusased at. The reasson for this is

a lack of information on the conditions presant within the dev-

esloping muzzle flow field. High luminosity, extreme tamperature

"

and denaity gradienta, high concentrations of particulates and

-
e

the tranaient nature of the event are responbsible for prevent-

Pl - -
e

ing nany of the traditionally accepted diagnoatic techniques
[ ”
from being appliceble. Williens and Powell and Ledermen et al.

have used leser Raman aspectroscopy to investigate the muzzle

-~ -
™ "

&y
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blast region of a 20 mm gun. Both studies used downloaded
" rounds which achieved muzzle velocities in the neighbecrhood nf
(y“ 400 m/a. Williama and Powell locked at the region from 0.32 to
1.3 cm dovwnatream of the barrel exit for times up to 3 ma after
. bullet exit. Laser induced particulate incandeacence pravented

any temperature measurements £from being determined. Relative

denaities for N2 and CO were meassured; howesver, these relative
N values depe nd on an assumed gas temperature. Lederman et al.
g made noanuroueﬂtl at a poaition 8 cm downatream of tha barrel
) exit for a time frame of 0.33 to 2 ma. Over this region they
obtained an essentially conatant temperaturs of about 13%00K.

The lack of a time dependent temperature caused the authors

co e L -
on ey W e~

to doubt tha measurenents however they could not asubatantiate

g
alternate explanationa, Petrow and Harxis have looked st the

SV

nuzzle flaah region of a 7.62 mam rifle uaing coharent anti-

Stokes Raman apectroscopy (CARS). They searched for a CARS asig-

nal of the H2 molecule in the muzzle flash region. Due to in-

e

adequate triggering only one noiay H2 spectrum was obtainaed

-

in several hundred shots, which iadicated CARS sapectra could

ba observed. Enmisaion spectra and sodium and potassiun line

#
'5 reversal techniquea have been used with -ucc..:L§L obtain temp-
5 erature messurements ¢f the varioua flash regiona. These teach-
.‘ niques are applicabls where the probe region is luminous and
k also, for spatial raesolution,depend on the validity of Abel-
g inveraion data analyais (i.e. a symmetric tempersture distri-

' bution and a uniform alkali metal concentration).

o =

CARS appears to be well suited for obtaining temperature

COW WS

profiles in the muzzle flash region. It is non-intrusive in

-

185

C LA

L)
¥
1

) LS »
FMALASAIE SN N Y AR A RO R DGOl i 3 NS S S S TN U o o0 S, 04



- P

msly
=P

-

s oo

o e
T -

Rl

,-

the senase that thex is no physical probe placed in the flow
region. Since the CARS signal emerges as & collinated beam o
high signal to noise ratio is possible. A high degree of spatial
and temporal resolution can also be obtained. The CARS technique
relies on the ability of high energy lasers to pass through the
neasurenent field, hence its applicability is limited to systens
of relatively high light transaisaion.

Typical aoclid propellants burn rich and the major gas pro-
ducts of combustion are approximately 40x CO, 17%x H2, 16X H20,
id4x CO2 and 11x NZ? CO hes been selected as the molecule to be
probed in the muzzle flow field. There are ssveral obvious
reasons for this choice. Diatomnic spectroscopy ias anplo; than
triatomic thus eliminating H20 and CO02 aa candidatea. N2 ia
preasent in ambient air which can result in problenms ;hen vaing
collinear geometry for generating CARS aignals. CO and H2 still
reanain as candidatea. CO is present in larger concentrations
and thare exists more efficient dyes for producing the Stokes
baam appropriete for CO than for the H2 Stokes beam., One further
point ashould be made with reference to the H2 molecule. H2 haa
a large rotational constant thus the individual rotational lines
within the vibrational Q- branch are wall resclved. This pernits
a simpler computation as well as peraitting lower temperatures
to be fitted more precisely. This wall resolved atructure has a
drawback however; which arises when taking aingle ahot data. The
shot-to-ahot fluctuation of the rlye laser can introduce sarious
errors into the results unless it is monitered with each laser
shot. Thia moritoring adds to the experimental complexity and

consequently CO ia deened the choice molecule.
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In this paper we report data on the feasibility of using
CARS to study muzzle flash. CARS spectra (broadhand) for the CO
' aolecule have been obtained on & flat flame burner and in the

' internediate flaah region of an N-14 rifle. These apectra have

been fitted to determine temperaturea. Muzzle flash temperatures
‘ have alsc bean derived frosm emission spectra to compare with the
. CARS reaultas. Apertured light tranamission data at various times
! "and positions in the flow field are obtained in order to asseas

the effects of beam attenuation and ateering. Major problema that

sesem to be present whan using CARS as a probe of the muzzle flow

R P

field are discuased.

EXPERIMENTAL DESCRIPTION

— -

The experimantal spparatus consisted of e aodii}od M-14

>

-

rifle, having a nominal muzzle dianeter of 7,62 mam -ﬁd & shert-
ened barrel length of 4351.% mam. Thia previously used barrel
length has been incorporated here so that a better compariaen

2,10, N
with past studies 'cah be made. The rifle is held in a fixture

-~ -o

and attached to a large metal box of dimenaions 0.6x1.0x1.4 m,

=

Deaign features of this box included a retractible flat flanme

burner for generating hot CO, & vent for gas removal, and a

nitrogen line for purging. In addition, plexiglass windows ware
incorporated into the deaign to provide optical access to the

interior regions of the box. However, for CARS signal generation,

e e g

simple access ports were provided through the plexiglaas because

of the high power of the laser pulses., For trapping bullets

Ca P‘J\?.\'
during each experiment, s bulletpwas used on the opposite side

B R N RV

of the box from the rifle. Standard ball emmunition with WC-846
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deterred surface coated propellsnt has been uaed for all the

data reported hera. Table 1. liats tha cheanical compoaition of
thia propellant. The nominal maas of propellant in sach round was
2.99 gn. When used in the buirol with the dimensions apecified
obevo.ithtu gave a muzzle v‘loetty of approximately 8195 a/a!'

TABLE 1. WC-846 PROPELLANT SPECIFICATIONS

Ingredienta Percentage(x)
Nitrocelluloase 87.01
Nitroglycerin 9.71
Diphenylamnine 0.90
Pinitrotoluene ¢.71
Moisture & Volatilea 0.4%
Residual solvent 0.29
Calcium carbonate 0.46
Sodium sulfate 0.07

The experimental set up for collesting light aslasion and
trananission data is shown in Fig. 1. Onﬁ‘ﬁa-ﬂq lnupf'sann in
poaitioned juat in front of the nuzzlc'Uxig nné vhan thia beam
is interrupted by the bullet and flow field a trigaer pulse is
produced by a photodiode. This trigger provides the source of
timing for all the muzzle flash experiments. When taking light
transaisaion data a se~ond He-Ne laser is directed through the
flow field at specified downatream locationa from the barrel
exit and a photodinde monitora the intenaity of the beam. Laaar
path and barrel axia are perpaendicular. This photodioda ocutput
is fed into a digital ocscillcacope and the first mentioned
photodioide provides the trigger aweep. An effort was made to
insure that tha detector behaved ina linear fashion to the amount
of light received. The photodicdes have an active ci- :ular area

of about 0.8 aquare cm thus for beam steering studies a small

aperture {a inserted in front of the photodiode and the nominal
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1.0 mn dianeter He-Ne laser beam ia focusaed to dianeters lesa
than or equal to the aperture aize., For some of the 1light
emisasion astudies an unapertured photodiode was used;
when apectral i{ntenaity as & function of wavelength was deaired,
the monochromator - reticon aystes used to detect CARS aignalas
vas enployed. This monochromator had a 1/4 m focal length and a
100 micron entrance slit. A 1200 groove/mm grating in thias aya-
ten which included an intenaified micro channql plate reticon
detector had a FWHM resolution of about 12 em-1. For CARS data
a 2400 groove/mm grating gave a FWHN resolution of about 6 cm-1l.
CARS apeactra for CO wers obtained during gun firing and on
a porous plug flat flame burner using the exparimental setup
shown in Fig. 2. Thia arrangement, along with the triggof&ng
ayaten deacribed later, provided the opportunity of }ocording
single shot CARS signals during the experiment. A co-linear
phase matching acheme was enployed with pump beam and Stokes
beam wavelengtha of 932 and 600 nn, respectively. The latter
value was the centar of the broadband dye laser emission which
had & bandwidth of approximately 4 na. This bandwidth permitted
data to be obtained from the ground and the vibrationally excited
levels of the CO molacule thus yielding vibratiocnal temperature
inforaation on the molecules in the probe volume. A pravious
study on CO in a diffuaion £1¢1J2h.od a binary dye mixture of
Rhodanine 640(R-640) and Kiton Red (KR) for the dye laser. Our
choice of dyea was aimilar with approxinate percentagea by
weight of 70X R-640 and 30x XR. Exact dye mixture concentrationa
were adjusted during laser operation to 'peak" the output while

obaerving CARS asignals of hot CO from a burner. A flat flane
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burner having a 6 cm dianmeter aintered bronze porous plug with
water cooling coils imbedded in the sintered material vas uased.
Rich mixtures of CO and 02 resulted in flamesa with ample hot CO
molecules for probing with CARS. The top of the burner is cen-
tered 3 mm below the been waist of the overlapped purp and Stokea
beeams. From this poaition final tuning and alignment ia acconm- -
plished. CO CARS aspectra from this burner are also analyzed to
insure the proper operation of the experimnental syatem and
analysia procedure.
The optical train conaisted of a Quantal model YG-481C
Nd:YAG laser with frequency doubling, an in-house consatructed
longitudinelly pumped broadband dye laser and vcriou, anti-
refluction coated optics to direct and combine the horizontally
polarized CARS signal generating beama aas shown in Fig. 2. The
$32 nwm radiation vas seplirated from the 1064 nm fundamental left
1 oever from doubling by dichreic mirroras. The 832 nm ocutput was
reasured as about 350 millijoules par pulae. Of thias, a beanm-
; Aplitter directad 60% to pump the dye laser which produced a
Stokes bean energy of 30 millijoules per pulse. The remaining
40X was used for the CARS pump beam. The path lengths of both
the Stokes bean and pump beamn were matched for temporel over-
lap and then the two baams werwe combined into one with a dichroic
Rider. A pair of 30.5 cn focal length lenses were employed to

direct the CARS generating beams into the probe volume and then

: to recollimate the emerging radistion which included the CARS

signal. Also shown in Fig. 2 are the details of the CARS signal

acquisition syastem. After the collecting lens recollimated the

energing laser beams sand CARS signel, a blue glass filter atten-
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S

uatead most of the 3532 and 600 nm radistion from the signal train

&,

leaving the CARS signal at 478 nm. Firther rejection was achieved

e T8 O

=

by spatial aseparation witha rutile prism. By the time the light

reached the monochromator, oriented such that the long axis of

O O

the 100 nicron entrance alit was horizontal, the CARS beam was

R P

sufficiently isclated that only it paased into the monochromator.

3 The CARS probe volure was aexperimentally determined by
Y

; tranalating a 1 am thick glasa alide through the interaction

[}

a region while monitoring the non-resonant CARS signal. A plot of

the peak haeight of the CARS aignal versus position is ahown on

g Fig. 3. Spatial reasclution is commonly defined as the position
E at which the signal drops to 1/a of its maximunm vclu;. Using

T this criterion the interaction length, determined from Fig. 3,
% is 0.5% em. The diametars of the focuased beana are about 0,008
3 em thus the probe volume approximates a cylinder 0.5% om in

s length and 0.00% en in diameter.

§ Although the datails of the timing circuitry will be pre-
; sented in the next section, the operation of the detection aya-
2 tem requires some explanation here, The gun firing mechanisnm

g consisted of a solenoid uctusted trigger. From the time the

i& ' solencid is energized to the time the bullet exits the barrel,
% approximately 20 ms elapsed. At the same time the trigger se-

$ ‘ qucﬁc. is begun, the control unit of the ONA receives & signal
% initiating o Lime interval of 33 ma during which the detection
§ elenents of the reticon are active. Also during thia time inter-
; vel, & shutter is opened for approximately 100 ma. 1In thia way,
ﬁ( detection of CARS apectra originating from a single laser pulae
Sy

0
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Figura 3. The spatial resolution of the focuasad CARS aignal as X
shown by the interaction length.

194

LS O WA 8 I 3 3 S A AN ) I Y . . O ' " URR
KRS A M "l‘.lﬂ‘-s'-'! n'li"t_c AT ‘»Ou’k‘a.n\ ac‘ AN VE n..uh'o‘- 2, "r‘.'.. A ,l’ A o e NG S P W ¥ 0 W T 0 AT, 00V T Y

4




waa achieved.
EXPERIMENTAL TIMING
Therae were two major design constraints in developing the

laser control circuitry. The first was associated with the need

to have the laser pulsing continously (at 8.9 Hz) while adjusting
the aystem for maximum asignal generation. The second conatraint
involved synchronizing & single laser pulse withthe firing of the
gun for acquiring data. Thias latter conatraint meant precisely

triggering the laser (within a few microseconds) from a repeat-

able source. We chose the interuption of a He-Na laser bean
positioned in front of “he gun barrel as the trigger source of
the laaer. '

A schematic diagram of the timing system is aho;n in Fig. 4.
The hardware used to fulfill the experimental requiremants
proved to be an integration of a apecially built one-shot control
circuit with the commercial lasar control unit. During pre-
firing optical adjuatments, the laser ran at s set interrnal fre-
quancy of 8.9 Hz. However, when a single laser pulse was to be
aynchronized with the gun firing, the cone-shot circuit asaumaed

control of the experiment. The following sequence of events des-

cribes tha Seorution of the systen.

» Normally the laser operates at a repatition rate of 10 Hz;
howaver, due to aging of the powver aupply ayatem it now takes
longer to charge the capacitor bank when oparsting at full
power thus we had to lower the repetition rate.
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CARS aignal geaneration was firat optimized wiith the laser
pulaing at 8.9 Hz. At the time the experiment was to be init-

iated the operator sctuated & puash button which signalled the i

Pt ona~ahot circuit to amsume control of the experiment on receipt E
of the next laser charge order. Upon receiving the order, the s
nicro-relay (see Fig. 4) waa de-energized thus inhibiting the §,
laser from firing on ita own. The reason for this is that whan i
the micro-relay is closed, the rotary switch of the laser control .:
unit was grounded thuas llloéing the end-of-charge order to ﬁ
trigger the laser. When the relay waa open, the awitch flcated Q

X high preventing the end-of-charge from being ected upen. Houoyor, A
vhan this order waa issued by the laser control unit, the one- é
shot circuit sensed its presence and isaued a gun firing order %

Q by energizing the aolid state relay, triggering the OMA, and &

l opening the shutter. Approximately 20 ma later, the bullet ener- E
ged from the barrel interupting the He-Ne laser besm. The re- 3

, aulting output pulse from the photodetector through an *
appropriate delay triggered the laser by bringing the rotary %
switch on the laser control unit to near ground potential 3
through the optical isolator. It should be noted that the logic !
for the one-shot circuit was built from CMOS chips operating on %
e 1% volt powar supply. This choice was dictated by the require- v

. ments of extremely high noise immunity and compatibility with :
the logic of the laser control unit. . %

We ahould point out that the procedure describad above Q

triggers the flash lamps of tiw Nd:YAG leser. The actual lasing #

g processa occura 200 microseconds later when the laser oscillator fd'
is Q-switched. Thus if data at times less than 200 microseconda ﬁ
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vere required, then a nodified triggering procedure would be
needed. The data reportad here, however, has been independently
timed by monitoring a portion of the 532 nm radiation reflected
from the blue glaas filter. Thua the data recorded reflects the
true time interval between the interuption of the He-Ne laser

and the detected CARS aignal. An upper limit of approximately

10 micrcseconda is the associated overall jitter that exists for
the timing system used.

The characteristic times of the experiment include those
associated with the data acquisition system and the muzzle flow
field. The laser system operastad at a free running time-between-
pulses of 115 ms (8.9Hz). From when the trigger sclenocid was X
energized to when a bullet eamerged from the barrel waa about
20 ms. The muzzle flow field developed on time scales of the
order of 5 ms while the primary and intermediate flashes occurred
in the firat millisecond after the bullet leaves the barrel,
Through the use of the variable delay unit that tranamitted the
laser fire order to the opto-isclator, the data acquisition ,
time could be varied from near zero (time bullet uncorks) to be-
yond 10 ma., Thus the laser timing allowed virtually all times '
of interest in the developing muzzle flow field to be studied.

RESULTS AND DIS CUSSION

Our studiea begsn by measuring the light emisaion primarily
secondary flash, with a photodiode whan firing into ambient -air.
Fig. 5 displays the temporal profilea of the light observed 18
cn downstream of the muzzle exit for four ahots. These dual

oacilloscope traces were trigger ed by the braaking of a He-Ne
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::' Figure 5. Light enission from the muzzle flash of a 7.62 an
] rifle uaing atandard ball amnunition. The measurement

/ point ia 18 cm downstream of the muzzle exit. The

4 herizontal time scale is 3500 microseconds per division
-, . and the vertical acale is intenaity in arbitrery unitas.
(J All four ahots are takan undar identical conditionas.
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f laser beam positioned at the muzzle exit. The bottom traces re-

present the detected Hea-Ne laser light where the high velue in-

dicateas total blockage of the beam and the low value full trans-
mission. The top traces are the muzzle flash light emissicn.

Light enission beginas asbout 1.2 ma after bullet exit and lasta

P

for about 1 ms however; es can readily be cbaesrved, there is
aubstantial shot to shot variations. This vaeriation ia indicative
of the irreproducible turbulent nature of secondary flash which

becomnes problematic in that we can only obtain a single CARS

— - -

data point per rifle shot. To properly asseas the data in thia
region it is necessary to censtruct a probability distribution

function which would be axtremely time conauming. Since the

- - >

. 13
intermediate flash is less turbulent and current ideas suggast

it is the controlling region, in the context of muzzle flaah
suppression, we decided to begin the measuraments here.

Purging the maetal box shown on Fig. 1 with nitrogen aup-

L e e e e o s e

pressed the secondary flaah as ia demonatrated by Fig. 6. The
photograph was takaen under self light conditions as the rifle

fired into & nitrogen atmoaphere. Here, only the primary and

e e e e

intermediate flaahes appear together with the gas dynamic pro-

| cesses aasociated with thenm

N It waa deemed desirable to verify the CARS experimental
technique and CO temperature analysis prior to making any muzzle
flaah temperature measurements. From previous results a temp-

) erature arocund 1900Kaand a CO concentration around 40% was ex-

pected in thu intermediate flash region of the M-14 rifle. To

obtain steady atate conditions similar to these parametera a rich

C0/02 mixture (q» s 2.93) was burned on a flat flame burner and
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Figure 6, Self-light photograph of the primary and intermediate N
flash. The distance from the primary to intermediate
flash ia esbout 10 cm.
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probed initially by a spontanecus Raman technique deacribed

g oluowhereﬁ$8y fitting the Stokes Q-branch Raman spectrum for CO

g a4 temperature of 1783K with an esatimated total error of 4% was

g obtained. Using this temperature in the NASA-L.wi:s;hcrmochomicel .
a aquilibrium calculation results in a value of 0,63 for the mole

f fraction of CO present in the burnt gaa region of this flane.

! Next the CARS apparatus was used to obtain apectra for CO employ-

? ing the sanme burner with identical flame conditions. The measure-

ﬁ ment point for both techniquea was S5 am above the burner surface

a on center. Q-branch CARS apectra for CO obtained from thias flame 3reg.
}: on Figa. 7 and 8., An accumulation of 50 laser shots produced tha

3 apectrum of Fig. 7 while Fig. 8 resulted from a -1ng+. laser

? shot. Tha reascn for comparing single and multiple ahot apectra

ﬁ is to find out if there are any fluctuationas in the CARS signal

; that waah out when aultiple spectra ars sumnmed. Compering Fig. 7

f; with Fig. 8 and also other aingle shot spectra (not shown) it

9 was concluded that fluctuations would be a negligible effect.

5 The aquares represent the data points and the line is a leaat

§ aquares fit to the data. More information on the CARS equations

. fe Iy

and the least squares fitting procedure i6 given elsewhere. The
reculta of the fits show there is excellent agreement between
single and multiple shot data; morecver, the temperatures ob-
tained from the Raman technique agree, within experimental error,
‘. with those obtained by CARS,

Having s&tlfied ourselves that the CARS technique waa
behaving properly we next recorded CARS aspectra of CO in the

intermediate muzzle flash region. Figs. 9 and 10 display two
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SINGLE SHOT CO CARS: T=1709(37) {
RAMAN: T=1785
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MUZZLE FLASH CO CARS
?:: t=0.88ms T-1306(69)K
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600 °
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380 -
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W 250

2 200 -

R 150 r r T
476 477 478

O WAVELENGTH / nm

v T

' ki

T
4738 480

’,': Figure 9. CO CARS spectrum in the intermediete fiash region of
a 7.62 mm rifle fired into @ nitrogen atmoaphare. The

. neasurement poaition is 12.5 emn downatream of the barrel

Rl exit 0.88ms after the bullet exit.
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Figure 10. Sanme as Fig.9 excapt the time is 0.73 ma aiter
bullet exit,
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Wl such apectra for a downatream poaition of 12.5 cm paat the end of
the barrel on centerline. Both spectre are taken at similer times
(!

b after the bullet exit (0.88 end 0.78 ma) nonet .ess the temper-

atures obtained from the fits are drastically different (1306 and

o 420K) and lower than what was expected. Other mnmuzzle flash
|'|‘

1* . spectra (not shown) have also been obtained at various tinmas

G'y'

:5 betwean 0.6 and 3.0 me after bullet exit and thesa too appear to

be cold. That is , there is no indication of a hot band occurring

.$ as one can readily cbserve for the flame apectra of Figa. 7 and
I"
ﬁ 8. In order to obtain a rough idea of what the temperature is

in the intermediate flash region of our asystem some emiasion

§: apactroscopy waa performed. An intermediate flaah emission spec-
L }

.é trum is shown on Fig.11. This apectrum ia pleced together from
¥

shots taken for different monochromator settings since the

monochromator-reaticon system could only capture a fraction of

)

?g the spectral region on any one shot. The only emisasion cones

R from blackbody and sodium line emission. Using Wien’a radiation
}é law & temperature of 1700:200K is obtmined as a rough estimate

?j of the intermediate flash characteristic temperature. This

A% temparature ia in line with previous atudies and indicatea

;Q problems with the CARS meaaurementa.

$, While the experiment was set up for emission atudies an

< enission spectrum for the secondary flash was obtained and ia

& shown on Fig. 12. Here the Reasurement position waa 40 cm down-
'% atream of the barrel exit. The firinga took place in ambient air.
:k Again the spectrum is pieced together snd & resulting rough

; eatimeate of temperature in thim region is 22003:400K from Wien’s

radiation law. In addition to the blackbody emission there
are
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Figure 11. The time integrated emission spectrum of the inter-

Ny "n A

nediate flaah region obtained by iiring into a nitrogen
atwnoaphere. The measurement position was 12.5 cna down-
stream of the barrel exit.
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line emission peaks from sodium and calcium hydroxidae.
Now that we are fairly cartain that the terperature in the

intermediate flash region isa aubatantially higher than the CARS

]
- e -
- e

data indiceates an explanation for this difference must ba addre-

flasin .
ased. The intenaity of the CARS signal for muzzisAis noticed to

0
L I,

]

o

be much leas than for the single shot flame data and is lesa than
intuitively expected. From this obaservation it was thought that
beam steering might be cauvaing the CARS signal to appear ocutaide
the acceptance angle of the entrance alit of the monochromator.
To teat this hypothesis light trananission experiments were per-
formed and the date is shown on Fig. 13. For theae tests several
monochromateor entrance slita were used as apertures ’nd nounted
in both horizontal and vertical orientations. As for the CARS
Reasurenents, a downatream position of 12.5 cmn was chosen for
satudy and the He-Ne laser light transmiasaion as a function of
time and aperture size recorded. For all ceases (a - d) there is
naximum trenamission at £t = O and the light ia essentially
blocked or steered completely off the photodiode at 0.17 ma. A
ahedowgraph of the flow field taken at 0,25 ms after bullet exit,
shown on Fig. 14, helps to understand what is heppening in

Fig. 13, From Fig. 14 it is evident that the blockage and steer-
ing of the He-Ne laser beam cccurring from 0.17 to 0.35 ms ia
caused by the precursor blast wave and the paasage of the

bullet. When the 300 micron slit is used another loss of He-Na
light aignal due to 'asam steering occurs around 0.43 ma. This
time corresponds to the passage of the inner shock disk. When

thg 100 micron alit is used much more loss of He-Ne aignal is

U . N . AR . ,
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I | | 1.
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Figure 13. He-Nea laser light transmniasion as a function of
time after bullet exit. The measurement poaition waa
12.3 cn downatream of the barrel exit: & - no aperture
b - 300 micron alit oriented horizontal, ¢ - 300 micron
slit oriented vertical end d - 100 micron siit oriented

vertical.
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Figure 14. Shedovwgraph of the nuzzle flow field 0.2% ma after
bullet exit.
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: observed and ia presant for moat times of interest. This test was h(
repeated at a downatrean location of 24.5 cm to see iIf the effect ';

would be diminished due to expanaion. The results are displayed g

on Fig. 1.%5. Being firther downatream the bullet alone causes the

initial losa of signal at around 0.3% ma then the blast wave

. reaults in signal loas after about 0.55 ma. The situation appears W
worse hera than at the 12.5 om location. It should be pointaed out g
that at the 24.5 cm position the firing took place in ambient ;_
alr rather than a nitrogen atmosphere and this allowved secondary j&
flaah to occur. This saecondary flash providea more temperature ﬁ’

gradients and turbulence which can add to the steering effects.

These apertured light transwission studies explain why a

IS ),

weak CO CARS aignal ia observed whaen using 100 micron entrance

alits and alaso suggest a reason why low aporadic tenperaturaes

o |

are obtained. Bean ateering occurs upon passage of a light bean

=
-
A

through non-perpendicular index of refraction gradienta which

are preaent in the muzzle flow field. The anount of ateering ]
is dependent on waveleangth and CARS ia generated by light beams %j
of asubstantially different wavelength. A wavelangth dependent $
ateering effect can result in the CARS beama not being over- %
lappad at the poaition of interest and thus different CO 3»
temperatures are then possible. ﬁj
CONCLUSION q
- The study of muzzle flaah is a difficult taak due to the f;
presance of high luminosity, high particulate loadings and ex- ?E
trema density and temperature changes. Thess effectas cause indaex t:

of refraction gradients in the muzzle flow field which provides

- W

a mechaniam for wavelangth depandent beam steering. Thia mech-
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15, He-Ne laser light transmisaion as a function of
tine after bullet exit. The measurement position was
24.5 cn dovwnstream of the barrel exit; & - no sperture,
b - 50 nmnicron x 50 aicron square aperture, ¢ - 100
micron x 100 micron agquare aperture, d - 200 micron x
200 micron square sperture and @ - 300 micron aslit
oriented horizontal.
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" aniam makes CARS unattractive as a aimple , reliable technique

N for muzr<le flaah studies., Furthermore acaling up to larger guns
o will magnify the problem because of longer required diatances

A between the interaction region and detector.
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1 ARDEC Laboratory Flash Studies ~f
i '
: J.K. Salo and A.J. Bracuti O
iﬁ Aray Research, Development and Engineering Center
Dover, New Jersey 07801-5001 "
)
Abstract ﬁ
f ’ Flash intensity measurements had been made of several aglkali and non-alkali ,&
salt additives to determine their efficacy as potcntial flagh suppressants., ﬁ:
b
[ Vo
The results of these experiments showad that ammonium bicarbonate and potassium 5;
'l‘( .
bicarbonate were among the most effect flash reducers. Therefore, additional ﬁ
lgboratory scale firings were made to tast these salts vs K3504, the standard %‘
additive. The rasults of these tests showed NH4HCO3 to be better than KHCOj or E::
' 0
KyS04s A simplified computer simulation of each of these firings was used to rﬁ
determine the point in the comhustion gas flow when the salt vaporized and reacted. if
These simulations suggested that flash suppressants reacted with the combustion E(.
. - ' N
gaseg outaide the gun, $f
0
Experimental ;f
At

Laboratory test firings were conducted in the ARDEC erosion testar which

'. L. '_'— x

is a modified 200 cmd closed bomb vented with a 22.86 cm (9.0 in) barrel having

» h...

4 0.95 cm (0.375 in) bore (Fig. 1)« This shorten<d barrel modification was

e

used to insure that secondary flash would occur every time unsuppressed propellant

was fired (1], A pressure transducer positioned inside the 200 cm3 chamber was
calibraced to display pressure versus tima, To control pressure, a rupture

disc was inserted hetween the barrel and the chamber,

Secondary muzzle flash was measured with a silicon diode detector which k&
. reproducad the spectral response of the human eye. These spectra traces }
revealed flash onset time; paak intensity; integrated intensity; and, termination §§
o]
‘ time. Typical traces for flash suppressed and unsuppressed propelling charges ;k
'.’
are presented in Figure 2. ;ﬁ
P
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All propelling charges were fabricated by sealing the propellant in
polyethylene bags. To best emulate an artillery propelling charge,
50g of M30 (Table 1) triple base propellant was used. (Radford Lot No. 69531).
This loading density (0.25 g/cm) was selected to maintain an average peak
pressure of 172 MPa (25,000 psi). 1In order to compare the various flash
suppressants, 8% by weight (4g) of the additive was placed in front of each of
the bagged propelling charges (1].

To simulatec mortar=~like propelling charges, M0 (Table 2) and ball powder
(Table 3) propellants wers sealad in polyathylene bags [2). In the first
case, 20g of MI0 flake propellant (Radford No. 89233) was placed in polyethylene
bags (0.10 g/cm3 loading deusity) to achieve an average peak pressure of 58
MPa (8400 psi)e In the second case, two setsa of propalling charges were fabricated,
In one set each charge coptained 22g (loading density 0.11 g/cmd) of ball
powder (0lin Lot No, 3640.5) which yielded a peak pressure of 58 MPa, while in
the other set each charge contained 28g of ball powder (loading density 0,14
g/cmd) in order to achieve a peak pressure of 85 MPa., Flash suppressants
were mixed with the propellant inside the polyethylene bag in cotncentration of
4% and BX by weight, The candidate flash suppressants for these tests were
potassium bicarbonate (KHCO3) and ammonium bicarbonate (NH4HCO3). Relative
intensity values were obtained by normalizing with flash Iintensity values

obtained from unsuppressed propelling charges.
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) Results

il The alkali and non-alkali candidate flash suppressants which were tested
e vith M30 propellant gave the following results:
-t
[3
:i Suppressant Flash Smoke
} None 100 Yes
. KN3 2 Yes
o K250, 80 Yes
M K2C05 46 Yas
X - KHCO3 1 Yes
» KNO3 46 Yes
! KOX 3 Yes
. 0XA 25 No
) Slurper 20 No
A (NHg) 2C03 17 No
5 NH4HCO3 11 No
¥ NH,NO; 43 No
i (NH4 250, ' 34 No
. TAG C1 100 Yes
{3 TAG NOy 100 No
W TAG PIC 100 No
,‘:u GAC . 100 No
W] Oxamide 87 No

The results of the firings with the M10 propellant and Ball Powder are
given below:

{n
A
‘Q: 20g MIO at 58 MPa
&l Additive Wt., g Intensity
y NH,HCO4 KHCO4 K50y, 1 lrar
;'1 - — --- 196 + 27 1.00
¥
ﬁ 1.6 —-—— — 40 :.t 13 0.20
|
| — 1.6 —_ "13 + 30 0.58
.i
K -— -— 1.6 96 + 18 0.50
iy
::: 0.8 — ——— 74 i’_ 17 0.38
o
0
d
i
oM
W
»
A
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22g Ball Powder at 58 MPa

Additive Wt., g Intensity
M HCOy KHCO4 Xo80y 1 Irel.
— ——— ——— 146 4 35 1.00
' 1.76 —— e 21 + 12 0,14
—— 1.76 —— 89 + 29 0.61 ‘
— —— 1.76 73 + 23 0. 50
o 28g Ball Powder at 85 MPa
Additive Wt,, g Intensity
NHGHCOy KHCOy 2504 1 Lral 1
—— — ——— 285 + 33 1.00 »
2.24 ——— — 97 + 28 0.34
— 2,24 — 205 + 30 0. 72 ’-'
———— -— . .24 296 + 34 1,04 :
1,12 - ———— 160 * 24 0.56
——— 1,12 —— 240 + 31 0.86 -
: Simylation

The experimental firings of M30 propellant* and the additive NH,HCO3, KHCO3

and K250, were simulated with the uge of interior ballistic (3] and thermochemical

computer codes(4,5), The temperatures of the theoretical combustion gases were

traced from ignition in the chamber to their reactions with oxygen in the i

atmosphere. All simulations ignored shaeck heaiing effects., Each firing was

simulated in two ways., The first simulation assumed the additive salt vaporized ' g

and reacted with the propellant in the chamber, while the second simulation assumed

the salt vaporized and reacted with the exparded product gases in the atwosphere.
The firing was first simulated in the Baer-Frankle interior ballistic )

code, where the projectile weight was that of the rupture disc and the resistance

*410 firings are currently being simulated Y
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3 at shot start was the pressure at which the disc ruptures. The thermochemical
X properties of the M30 propellant and those with 8% salt added were calculated
4! from the Blake code. From the resulting muzzle temperature and pressure it was
) possible to calculate the temperature and gas composition when expanded

" isentropically to 1/2 atmosphere. The combustion of these gases when reacted

with 07 then give the flash temperature at one atmosphere. The second type

;g ) simulation used the muzzle conditions of the M30 propellant alone and determined
ig the flash temperature by reacting the salt with the combustion gases and oxygen
l at 1/2 stmosphere.

aa The results of these simulationg are given below:

ﬁ; M30 + additive ‘Mechaniam 1 Mechanism 2 leat

* e 2119 2119 100

ﬁ: NH4HCO3 2020 1813 11

N .

?& KHCO3 . 2106 1847 1

B K2S04 2129 1847 80

ﬁ. The results suggest that suppressant efficiency is minimized if the salt

i. reacts with the combustion gases in the chamber and that the greatest benefit

J? from a salt additive would occur if it reacts in the atmosphere.

o Conclusions

% From tne experimental relative flash intensities of 11, 1, and B0 for NH4HCO4,
o KHCO3, and K804 respectively, it would appear as if mosz of the salt did react
;5 ocutside of the gun, This would account for the significant reduction in flash
%& - cauged by the bicarbonates, but it would not, however, explain the higher flash
' %E intensity observed with K;80,. Potassium sulfate has a boiling point of 1962°K,
;1 * which is considerabiy higher than the 373° and 3139 for the ammonium and

;. potassium bicarbonate salts. It is possible that in the l0msec the propellant
-r burns in the bomb, the potassium sulfate does not completely vaporize to react
ﬁ% with the combustion gases, while the bicarbonate salts will vaporize due to

g: thelr considerably lower boiling points.
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Table 1

M30 Composition and Physics-Chemico Properties

Component Composition 2
Nitrocellulose (12.6%) 28,00
Nitroglycerin 22.50
Nitroguanidine 47,70
Ethyl-Centralite 1.50
Graphite . «10
Cryolite 0.30
Ethanol (residual) 0,30 )

Water (residual) 0.00

Properties*

Tf(K°) 2990,
Cp J/mol-K° 43,9
1°J/mol~K® .
CO (mol/kg) 11.9
Hy 5
H30 10
N2 11
€Oz 3
Total (Mol/kg) 43
M (g/g-mol) 22

*Calculated by Blake Thermodynamic Gun Code.

—
o
~
[ ]
We O O o o
-

Iable 2
Mi0 Propellant Composition and Physico=Chemico
Properties at 0.10 g7cm5 Loading Density
Component Composition %

Nitrocellulose (13,15%N) 98.00
K250y 1.00
DPA 1.00
Properties#
Ty (X°) 3181
1(J/g) 1048
M, (g/g~mol) 23,25 X
CO (Mole fraction) 0,42
H20 0, 26
NO7 0.14
OH 0.01

*Calculated with NASA-lewis Thermochemical Code.

\
]

\
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¢
“ Table 3
‘ Ball Powder Composition and Physico-Chemico
" Properties at 0,11 Loading Density
:": Component Composition %
:'\
N Nitrocelluloss (13,15%N) 97.941
- Nitroglycerin 0.501
, DPA 1,005
N KNO3 0.050
% DNT 0.201
K - DBP 0.301
M)
h Properties*
o T¢ (K9) 3184
;:;‘ 1°(3/8) 1062 -
] M, (g/g=mol) 24,93
0 CO (Mole fraction) 0.42
Y, Hy 0.10
o N» 0.12
}:‘ - *Calculated by NASA-Lewis Thermochemical Code.
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Figure 1: Sketch of Erosion/Flash Apparatus

NO SUPPRESSANT

SUPPRESSANT

.

Figure 2: Light Intensity vs Time for Typical Unsuppressed and Flash
Suppressed 50g M-30 Propelling Charges in ARDC Erosion Tester.
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INTRODUCTION

This paper reviews the equipment and instrumentation available
at RARDE (Fort Halstead) for the study of gun in-bore and muzzle
flows, blast and flash. €fo far the research programme of the
Guns and Rockets Group at RARDE has been aimed at developing
“theoretical and experimental tools for the analysis of the
unsteady flows of the propellant gases, The problems of
secondary flash and its suppression by chemical means has not as
yet been specifically addressed. However in the near future
initial studies on the behaviour of chemical flash suppressants 8

are proposed, !

§ ==

PR AT S N ™ o)

—%he main experimental facilities reviewed in this éaper are:

a) High Enthalpy Blast Simulator (HEBSIM) i_
b) Ballistic Simulator with specialist ﬁ
instrumentation. o
00
c) Laser Doppler Anemometor k
.
HIGH ENTHALPY BLAST SIMULATOR )
\
Figure 1 is a Elgure 1 %
schematic c ' !
representation of opper 0
the RARDE  High diaphragm (1mm) (ﬁ:r:l.nqcaoaz: Pressure :;
Enthalpy Blast . ' ca 4000 psi (Ny)
simulator (HEBSIM) L Bora 1.8 r
which provides the Bore 1 3 Piston l N
opportunity for I
studying simulated ~ 4
muzzle flows under f )
varying conditions ' J
with inert gases, 18 _Jl,i 7.8 )
| 11 ) N
The simulator c ﬂ
breech chamber ' .
initially contains Py
high pressure "
nitrogen gas HIGH ENTHALPY BLAST SIMULATOR 2
separated from the \
A
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drive piston by a

. Flgure 2 double bursting
i - diaphragm. During
: . - setting~up the
: o ' pressure  between

* the diaphragms is
W maintained at
0 about 50% of the
o breech pressure to
prevent diaphragm
rupture. Upon
dumping of the
inter~diaphragm
pressure, the two
diaphragms rupture
and the resulting
gas flow drives
the piston aleng
< the compressor
chamber.
Compression waves
form ahead of the
piston and
coalesce to form a
ﬁﬂﬁ? shock wave which
compression compresses and
heats the working
gas. THis shock
; wave 1is reflected
: Piston Nozzle from. the closed
end of the tube to
K"- produce a further
\rlﬂcc Barre! Secondary ::;;z :': :u r fi-.‘n §: g

"

.
.
Nl

.
.
»t

.

. - -3

oun) bumany

’
"l
'

- 2

- -
- o

i e
o

o B

g resch plate diaphragm

W Working pressure of the

g redervol ;;m::‘;m section working gas. It

K is reflected again

‘ at the piston

' SCHEMATIC VIEW OF TUNNEL AND WAVE SYSTEM which is still

A noving forward.
Several shock

reflections take
place as the piston rapidly decelerates. 7The piston mass is
selected so that it does not overshoot and oscillate and thereby
produce rarefaction and compression waves in the nozzle.

o~

As the pressure in the compressor barrel builds up a point |is

reached at which the 1 mm copper diaphragm separating the .
working gas from the exit nozzle ruptures to develop a high

enthalpy flow in the working section. A diagram of the wave
trajectories is shown in figure 2.

P

-,

The temperature generated in the working gas is a function of
| its initial pressure (see Table 1) At lower working gas
! |'ressures the temperature increases at the expense - of the

f running time.
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TABLE ]
HEBSIM OPENRTLNG CONDITIONS

(Oxygen f{re~ nitrogen) .
‘ Breech Pressure 2,000 psi 4,000 psi
Barrel Pressure 1uY psi 15 psi
Stagnation Pressure 1,700 psi 3,500 psi
Stagnation Temp. 500 K 1,500 X
Running time ca 8 ms > 1 ms

The current HEBSIM research programme can be divided into four
main areas:

1) Blasy Flows

. The study of blast flows from guns and mortars and in
particular the effect of reflection and confinement in
enclosed spaces are being investigated. Here the
detailed flow is being wused 1in support of a
computational model.

2) Muzzle Brakes

As an aid to muzzle brake development measurements of
their efficiency, blade stresses and propagation of
blast waves are being studied.

3) Suppression of Blast

Work on the suppression of blast is being undertaken
by the Intermediate Ballistics Division of RARDE.
Although the primary aim of this work is to reduce
blast from ‘LAW’ type weapons, it is to be extended to
include guns and mortars. The action of the
suppressor reduces blast in two ways: First the
reduction in the rate of release of energy in the form
of high pressure gases directly reduces the level of
blast. Secondly, the delay in releasing the high
pressure gases causes a reduction in the temperature
of the released gases (due to thermal losses in the
suppressor).

Sabot Separation

The HEBSIM facility provides a visual support ¢to the
computational work on the reverse flow over and
. separation of sabots.

RARDE BALLISTIC SIMULATOR

. Figure 3 is a schematic representation of the RARDE ballistic
simulator or blow-out gun (Ref 1). The driver section is based

..—on a 30 mm RARDEN gun charge which can generate up to 407 MPa in

the high pressure drive chamber. The 21 mm diameter working

tube section is stressed to a working pressure of 228 MPa. The

working section consists of a series of connected 1 m lengths of

tube. At each connection a smooth transition from one section

to the next is provided by an adaptor which also contains
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provision ror instrumentatilou. UNIEe Vesskl ldd bewll Uusdynba wv
accept a range of charge loadings and the following charge

configuration:
Figure 3
BALLISTIC SIMULATOR
//SQM:
I’ -
n b Flash .
- Drive chambcr) determination
Percussion (407MPa max T { 20ne

igniter -— L .

| /// Working section

/ (228MPa max)

Wear determination
one

l) Brass Cased

The vessel can accept propellant contained in a
conventional 30 mm brass RARDEN case. The projectile
is not included and the case is capped with a
consumable disc.  The RARDEN case contains a
percussion primer which is used for the initiation.
In this mode the effect of wear/flash reducing
additives to the charge can be studied.

2) Stub Case

In order to study the effect of wear/flash reducing
additives when added to the combustible cartridge case
material, a stub cased RARDEN ammunition with a
combustible forward end can also be fired. Again the
ammunition  does not have a projectile and is
percussion fired.

3) Bulk lLoaded

In addition to case obturation as used in 1 and 2
above, the vessel has provision for obturation sealing
rings and can therefore be fired using non-cased
propellant. With this option the percussion firing
mechanism 18 replaced with an electric vent tube
initiation system. '

The rupture pressure of the copper burst disc can be varied by
varying its thickness from 2 to 10 nm

Ta e oa

x -%
S ¥
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Flash suppression by additives to either tne propei.an. wv.
combustible cartridge case will be studied concurrently with
weay assessment, The main prcocblem with addition of the
additives to the combustible cartridge case is that the majority
of the materials to be assessed are water soluble and their
addition 1is not commensurate with the current UK practice of
forming these cases from aqueous slurries, However we are
investigating the possibility of manufacture by reaction
injection moulding which could overcome this problem. It |is
intended to commence this work using additives such as sodium
and potassium salts, talc and titanium dioxide,

It 1Is proposed that using this simulator vessel flash will be
studied jointly along with erosion and two phase flow studies,
Erosion will be assessed by the rate of removal of metal from
the surface of the wear assessment zone. Flash will be assessed
at the muzzle end using high speed temperature measuring
techniques avallable within the Internal Ballistics Branch at
RARDE, Laser Doppler anemonmetry, heat flux gauges and pressure
measurement will also be used to characterise the flow of hot
yas in the simulator. The development of high speed gas
sanpling techniques is also under consideration.

INSTRUMENTATION

In addition to the normal ballistic instrumentation techniques
of pressure and high speed photographic methods RARDE have been

__developing the techniques of single beam Laser Doppler

anemometry to study particle velocities both within and outside
of the gun barrel. Modifications have been made to the
eguipment  to additionally allow measurements of the transient
temperatures in the region of muzzle flash.

Laser Doppler Anemometry

The problems associated with measurement of velocity fields
behind the projectile in a gun barrel using laser Doppler
anemometry techniques was dinitially investigated for the
Internal Ballistic Division of RARDE in 1980. The original
incentive was to obtain an increased understanding of the
mechanisms of gun barrel erosion and in particular to understand
the mechanism by which powder additives reduce the heat transfer
in gun barrels.

The Laser Doppler Anemometer chosen for this application was the
single beam system developed by the Institute, Saint Louis (Ref
2). In this system a Michelson interferometer is used to measure
the Doppler shift in the light from a single focused laser beam
scattered by moving particles in the flow. A schematic diagram
of the electro-optics is given in figure 4, The laser 1light
scattered from the particles in the flow is collected and fed to
the interferometer by fibre optics. After passing through a
Pockels cell two modes of linear polarisation are separated and
passed through different path lengths in a Michelson
interferometer. The two beams recombine and polarisation modes
are mixed by a second polarising beam splitter. The two
photomultipliers measure the complenentary light power signals:




Pl = PoCos?(nL/A)
P2 = PoSin?2(nL/A)

where A is the
vavelength, Po is
the incident 1light
power to the
interferometer and L
the difference in

optical path
lengths.

If A is gradually
changed the

photomultipliers see
a series of light
and dark fringes,

the two signals
always being in
antiphase. In
practice

variations are

produced by the
Doppler shift of
light scattered from
particles in the

flow. It is
possible, though
inconvenient to

is also provided,
The use of a 4.5
.smooth bore gun.

luminosity effects
charge levels,

S A0

monitor Pl and P2 during a firing and convert these signals to a
measurement of A and thus particle velocity.
interferometer incorporates a feedback system with the signals
Pl and P2 being fed to a difference circuit.

The signal difference is amplified and fed to the Pockels cell
in the input of the interferometer.
Pl and P2 egual to each other by monitoring a constant value of
arrangement generates a Pockels cell
voltage directly proportional to the change in scattered light
wavelength and hence to the particle velocity.

the ratio L/A . This

In practice the 4.5 watt arqgon ion laser and the laser Doppler
anemometer are housed remotely from the gun and connected to it

by fibre optic cables. Additional protection from ground shock

watt laser did permit some measurement of .
~: = ~——in-~bore velocities using sapphire windows in the wall of a 30 mm

However the high optical
necessitated the gun being fired at reduced
Further improvements have been made with the
effects of luminosity being reduced by the introduction of an
Etalon narrow band filter. .

Figure 4

Amphtiet

Flow
~

Photemuitiphorny

fefiscion

ASHIMATIC DIAQRAM OF YHY_LDA §VSTEM

Instead the

The net effect is to keep

density and

More successful were the measurement made in the exhaust region
of the gun and in the region of muzzle flash.
particle velocity profile across a plane 53 mm downstream of a
pressure vessel exit has been established (Fig 5).

In particular the
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Transient Temperature

Measurements Flgure 8
By removing the phase .
shifting optics from wiosy =
the input to the Laser A o
Doppler Anemometer . ’u
interferometer the . N S P SR
photomultipliers can ;o “l' - ey
be made to observe AT BT
equal intensities of e l/‘ ",
light (Ref 3). By l Y,
inserting different . ooy
optical filters in Y LT PP
" front of the I A VO

photomultiplier AI D R
windows, high speed, l . o
two colour l. s T et
measurements of Dzl
temperature are

——on .o possible. The
23:5::;223: to the YELOZITY T 108 Y_PADIAL_POSITIONS i) 83mm
temperature at the L] ot LINLE O
focal point of the

collection optics

The black body radiative power emitted in wavelength dA and
centred en A ia: .
Ey ™ w8
exp (how/KkT)=1
where Ej is the radiated energy at the given frequency
b is the frequency

T 1is the absolute Temperature
C,c.k:h are constants

For finite wavelengths this reduces to:

EpdA = w® L dA

exp{phw)=l
where B is the constant c/kT
Thus the ratio of powers due to 2 equal band wavelengths is:
R = rwy 8 exp(phw,)~1
. (Wa) ?"—%T%F"ﬁ =T

or for k<<hw

8 , ]
R n(.x‘,;'ei_l)@:lxp(ph(w2 - v )) ::
f 2 .l
U
In practice the optical filters used were 488 nm and 514.5 nm. o
The ratio of black body emitted powers reduces to: g
o
.‘l
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R = Bexp(-C"/T)

where corstants = 1,30265 and C° = 1519. The measurement of -
this ratio (R) for the two quoted wavelengths over the 500 to ;
5000 K temperature range will yield a temperature of:

’ T = 1519
; Tn(1.30265/R)

It is observed .that there is a good range in the ratios even A
though the wavelengths used are relatively close together, For
the temperatures of interest the selection of wavelengths
centred around 488 and 514.5 nm gives a usable range from 500 to

: 5000 K (Figure 6).
. 1

T -

> - - -

Fl!uro )

THEORETICAL RELATIONSHIP (R) FOR 488nm /5§ 14.8nm

L TWO COLOUR TEMPERATURE MEASUREMENT h
1.0 1
L- i
' T 08 For black body emitter by
:] o
% y .
§ 0.8+ i
3
g 0.44 J
4 )
0.24 Py
; | $.
0.0 L — Y Y T T Y T T v A %
0 1000 ~000 3000 4000 5000 k
Temperature (K) .
i
n
9,
The photocurrents, typically a few microamps, are passed through By
a load resistor and the voltage across the resistor monitored. y
The electronic circuit (Figure 7) is used with the standard
photcmultipliers., A variable load resistor for each X
photocurrent is placed across the inputs of an amplifier. a
2

In practice the measured ratio varies from that predicted by a i
constant multiplying factor which is a function of the following .

experimental conditions:
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- D 1 The
transmission
J characteristics
. of the optical
' filters used.

Flgure 7
OE———

CIRCUIT FOR HIGH SPEED TEMPERATURE MEASUREMENT

Bive filter

2) The values of L

the load R i il e

resistors. *

3) The quantum -

efficiency of ' !

each LA m '
. photomultipliier )i R23 ¢

over the Green filer

wavelength range
defined by the
* filters.

The system was therefore calibrated at 2 single poinrt (1775 K).
. This temperature was obtained from a c¢alibrated tungsten
d filament lamp.

The system has been used in practice. Figure 8 shows a recording
obtained from a small charge firing in a 30 mm smooth bore,
short barrel gun. In addition to the temperature measurement
the light 1level at 514.5 nm ‘s plotted. The reccrding is seen
to slow-up in its response as the light level reduces.

Figure 8 !
L]

TEMPERATURE MEASUREMENTS IN GUN MUZZLE FLASH-

107
1*3600
- Light lavel too fow for tatioing
8
| 3 Temperature me—s . 2800 g
! [
t X 8 8
: § 2000 g A
(]
4 ] ‘
1200
v Light level
Q-
/ =400 Y
“ ° T T T T T T T 1 '
H 3 4 [}

Tima lrum trigger (ms) -




Aﬁ CONCLUSIONS

o In the past, flash and flash suppression has not been studied as
.;\ a specific research topic but has been examined on a project by
i project basis. In particular tank guns and mortars have
' attracted some work. It is now the intention of the Internal
Ballistics Branch at RARDE to take a more active interest in

] " t

ﬁ this subject, although available resources will be low.

]
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1, INTRODUCTION

This paper presents a summary and review of the Plume Technology Group's
work in flame suppression over the last five years or so. Much of the
work has been published previously and is referenced accordingly.

One feature of chemically propelled rockets which has critical
importance in the control of secondary combustion is that the gases
expelled at high velocity from the nozzle of a rocket motor are usually
fuel-rich. There are several reasons for this: high specific impulse is
favoured by low molecular weight of cambustion products, and Hy has the
lowest molacular weight of all; fuel-rich solid propellants offer
advantages in manufacture and stability; and lower-oxidiser cambustion
products are less likely to cause nozzle erosion, The disadvantage in
the exhaust context is that the unburned fuel, the sum of the mole
fractions of hydrogen and carbon monoxide sometimes exceeding 0.5, may
burn upon mixing turbulently with ambient air and produce a substantial
elavation of temperature in the exhaust plume, giving rise to
comunications problems and greatly increased signature, (This external
burning is called "secondary combustion" in the U.K. but "afterburning"
in the U.S.A.) It may, on the other hand, fail to undergo rapid
oxidation because ignition does not take place. Factors determining
whether or not such secondary cambustion occurs include not only the
velocity and altitude of the missile, the motor thrust level, the
pressure, tamperature and fuel index at the nozzle exit, the presence of
a base recirculation region, but also the presence or absence of certain
combustion-inhibiting additives, of which potassium is an important
example, Substantial experimental evidence exists that derivatives of
potassiurg gre capable of suppressing combustion in exhausts of rocket
motors, 4¢3,

The purpose of this paper is to describe the application of the latest
version 4 of the rocket exhaust plume program REP3 to predicting whether
or not secondary combustion occurs in the exhaust of a particular rocket
motor with small proportions of potassium additive incorporated in its
s0lid propellant. The REP3 model has been successful in accounting for
a variety of experimental observations on exhausts whose secondary
combustion is unsuppressed, /6, ‘Me method used stems from coupling
together a two-equation turbulence model, /., and a detailed treatment of
non-equilibrium chemistry, 8, The model is used here to demonstrate the
signature reductions arising from the suppression of secondary
cambustion but its application in determining the precise amount of
additive necessary for flame suppression in this especially challenging
borderline region of marginal canbustion has focussal attention on sone
of its inherent weaknesses. Fundamental deficiencies in its treatment
of interactions between turbulence and chemical rate fluctuations have
been recognised, 9, A new procedure, 10, REX, has been formulated which
is intended, when fully developed, to provide a more realistic
description of such turbulence influences on chemical reactions in the
near-nozzle regions vhare turbulence-chemistry processes may critically
influence plume cambustion,
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2. QEMISTRY OF FLAME SUPPRESSION

Secondary cambustion of expelled fuel-rich products - principally OO and
Hy -~ is a major cause of high exhaust signature and camunications
problems, Secondary combustion takes place when the sequence of chain
branching chemical reactions

H+ 0 >W + 0O
- O+Hy>CH + H

and the chain propagation react.on
OH + Hy 3 HgO + H

produces active free radicals like, H, OH and O faster than these
radicals can ba removed by the chain termination processes of mixing and
guch slow chemical recanbination aided by energy-removing collision
partners M, as

H+H+M3Hy + M
and

H+GH +M 9 HO + M

The burning of carbon monoxide, which takes place concurrently with that
of hydrogen, tends to propagate the cambustion segjuence rather than to
result in net production or removal of radicals because the principal
reaction controlling the oxidation of

QO+ CEH >0 +H
simply replaces one active radical by another.

The removal of flame radicals may be accelerated if an appropriate
catalyst is present in the exhaust, If acceleration ls sufficient
secondary combustion may be prevented altogether; the excess fuel then

simply mixes with the ambient air ard is eventually oxidised very slowly
at high dilution.

Potassium campounds have been demonstrated experimentally 3 to be
effective suppressors of exhaust secondary cambustion for double base
propellant motors for a considerable range of thrust 1ev§li (200N - 12

. kN). The mechanism of the effect has been interpreted 11/12 in terme of
the kinetics of the radical-removing reactions.

K+OH+M > KOH+M
KH+H % K+ HO

This mechanism has been shown to be effective 1l in explaining the

accelerated ramoval of hydrogsen atoms observed when Eotassium was added
to fuel-rich flames at concentrations [Klec of 3 x 1014 - 3 x 1015
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molecule an~3 (mole fractions between 10=4 and 10~3) as potassium
dipivaloylmethane. Thermochemical data available 13-15 strongly
suggests that potassium containing species such ag KH, KO and KOy are
present at concentrations too small (five or six orders of magnitude
smaller than [K]) in these fuel rich flames to significantly influence
the kinetics of the radical recombination processes, The mechanism
adopted here consists of the two reactions above with the rate
coefficients and uncertainty factors of Ref 11,

Other potential inhibitors of secondary canbustion have been considered,
but potagsium appears to ba as useful as any. Sodium gives rise to a
mechanism analagous to reactions (7) and (8), 16, but weight for weight
pr bably offers inferior prospects. The alkaline earths 1:/17, iron

/18, cobalt 19 and molybdenum and tungsten 1/20 have also received
detailed attention. One important requirement of a suppressing additive
is that it should produce active gas phase species in the exhaust rather
than condensed products. This is a condition that several otherwise

" suitable additives my not meet. It is to the advantage of the

potassium additives that the free metal and hydroxide produced in the
exhaust have adequately high vapour pressures 13,

The set of reversible chemical reactions and rate coefficients used for
the exhaust plume (and nozzle) calculations is shown in Table 1,
Reactions (1) to (17) constitutes a basic combustion mechanism for
hydrogen and carbon monoxide, HO; reaction being included because they
may be expacted to play some part in influaencing onset of secondary
conbustion under borderline conditions. To this basic set are added the
reactions of K, KOH and KO;. Laad is treated as being present in the
form of chemically inert particles that follow gas streamlines, Rate
coefficients and uncertainty factors for reactions (1) to (17) are taken
from Ref 8 and thermochemical data for the apecies involved from

Ref (13). FPFor Reactions (18) and (19), rate coefficients are taken from
Ref (11) and thermochemical data again fram Ref (13)., Far the species
K-Oy a bond energy of 170225 kJ mol~l has been_assumed 14 giving

Keq20 = 7.0 x 10°24 axp (19500/T) ml nolecule™l, Rate coefficients of
reaction (20) are taken from ref (21).

3. APPLICATION OF REP MODEL TO SEOCONDARY COMBUSTION SUPPRESSION

Previously a comprehensive study was made 9 of the predicted axtent of
secondary combustion in the initially fuel-rich exhaust of a particular
double base propellant rocket motor with ah axisymmetric (single nozzle)
exhaust and a negligible basa recirculation region. The present section
is designed to provide an update of the current best estimates for these
predictions using the latest version of REP3. The computational
procedure employed in predicting rocket exhaust plume properties is
sumarised in Pigure ). Calculations were made for zero rocket velocity
and ambient pressure and temperature of 100kN m~2 (approximately one
atmospherae) and 28BK respectively. The nozzle exit conditions of the
double-base solid propellant rocket motor used in the present study are
shown in Table 2, In the calculations of these conditions, chemical
equilibrium was assumed to be established in the cambustion chamber, but
appropriate allowance was made for nonequilibrium effects in the nozzle.
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The concentrations of the major species Hpz, 0O, 03, H20 and N3 do not
vary significantly with the proportion of potassium-containing additive
in the propellant. Those of the minor species do change with additive
level; the higher this level, the greater the rate of recombination in
the nozzle of the free radicals present, Slight variations of exit
tempaerature and prassure with the additive level are also apparent.

Exhaust structures (distributions in space of temperatures, velocities,
pressures, species concentrations and turbulence properties are
calculated by the computar program REP3 (Rocket Exhaust Program) which
allows for turbulent mixing of the nozzle-effluent and ambient-air
streams, for the many chemical reactions occuring, and for gas dynamic
features of shocks. The REP3 coda incorporates a two-eguation
turbulence modal and uses an implicit numerical technique to solve the
fully coupled turbulent boundary-layer and chemical rate equations., The
values used for the empirical turbulence modelling constants in Ref (9)
usad in the present work are given in Table 3. The two turbulance
variablas for which transport equations were solved wara the turbulent
kinetic enargy k and the eddy energy dissipation rate §. The eddy
vi.scogit{ coaefficlient u, governing the local mixing rate, is given by
 Cpkée~+ and the lenﬁh lcgle 1_characteristic of the energy-containing
eddes is cbtalned from Cpkl:5¢~l (whera s is the density and Cp is a
turbulence model constant)

Full descriptions of the REP3 program have been given elsewhere 22,23
and will not be repeatel hare. Certain deficiencies in the'
incorporation of the chemical reactions into the REP3 computer program
have also been identified and described elsawhere 24, The latest
version of REP34 has been demonstrated to ovarcome these deficiencies 25
and has now been appliad to the prediction of the onset of secondary
combastion, It is, howaver, worth noting sane Lrportant assumptions
implicit in the formulation of REP3,

(1) The flow is assumed to be quasi-gteady: the average motion is
steady and the governing equations are time-averaged.,

(2) The flow is treated as locally incompressible.

(3) Turbulent density fluctuations are neglected,

(4) The Reynolds stresses are taken to be expressible in tarms of mean
velocity gradients via introduction of the eddy viscositym; the
oconservation equations for energy and species concentration are
closed by appropriate gradient approximations.

(5) It is assumaxd that no detailed explicit account need be taken of
molecular transport as a rate-determining process.

(6) The laminar viscocity is taken to be small by camparison with the
turbulence eddy viscocity; the latter is expressed in terms of the
two variables k and &, for which conservation equations are solved,

(7) Coupling of fluid dynamic and chemical effects is assumed to be
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} accomplished legitimately by canbining local time-mean values,
(8) The flow is treated as adiabatic.
(9) Turbulence is taken to be locally isotropic.

Same of these assumptions, such as (6), may readily be justified as

acceptable for a wide variety of free turbulent flowfields., Others suth

as (5) may be argued to be reasonable in thre present context, although -
not in many others. Still other assumptions - notably (3) and (7) are

likely sources of significant errar. Substantial attention to (7) will

be given later, .

3.1  [Klnin required for flame suppression

From the exhaust structure calculated by REP3 the centre-line

distribution of temperature is used as a criterion of secondary

combuetion, In Figure 2, line 1 the marked continuous rise in

temperature with increasing axial distance x, which occurs before

falloff at larger x is indicative that secondary cambustion is present

(The spatial fluctuations in temperature close to the nozzle exit, due

to shock structure are readily distinquishable from this rise). 1In

{ chemical terms, the rate of chaln branching exceeds that of chain

termination sufficiently for rapid heat-releasing oxidation of hydrogen

and carbon monoxide to take place, Lines 2 and 3 of Fig 2.are axial

¢ tawerature profiles calculated for different levels of potassium

§ additive incorporated in the propellant but inputs otherwise identical
to those used to produce line 1 ; line 2 corresponds to the presence of

\ : secondary combustion but line 3 (for the highest level of potassium) to

;. its absence.

§
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Because onset or suppression ¢f secondary canbustion under borderline
¥ conditions depends on the outcome of a delicately poised compatition
between chain-branching and chain-termination steps, the sensitivity of
; [Klmin, the predictad minimum weight percent of potassium in the
) propellant required for secondary combustion to be suppressed, to a wide
P range of input quantities is hardly surprising, Uncertainties in these
input quantities for the present mndel procedure lead to substantial
' uncertainties in predictions of [Klmin. In particular a more precise
. characterisation of turbulence model constants remains a clear need in
. the context of secondary combustion suppression. However, the
y previously reported sensitivity of [Klmin to KO; chemistry has X
disappeared with the present calculations. This stems from the changed .
value of the thermochemical stability of KO; described earlier, :
Similarly brief checks have indicated no sensitivity to KO chemistry. g
For the conditions described above the current best estimate for [Klmin
would be 1,78, to which would be attached a factor of uncertainty as
large a8 5, Far the rocket motor considerad the measured minimum weight
percent of potassium in the propellant required for suppression of
secondary combustion is approximately 0.3, This discrepancy between
best values fram theory and experiment does not in itself immediately
cast doubt on the model formulation because the uncertainties in the
predictions imposed by these in the inputs are so large, However, with

P =l
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the practical demands for nore precise predictions of secondary
combustion onset a oritical examination of assuamption (7) in the
formulation, relating to the influence of turbulent fluctuatimn on the
chenical reactions, is given below in section 4.

3.2 signature Implications ~ Infrared Radiation

The effect of flame suppression on 007 infrared radiation emissions at

spectral wavalengths 4,1-4,9xm is illustrated in Figure 3 For the first

case (secondary combustion present), propellant was taken to contain

typical trace levels of sodium and potassium at 50 ppm. For the second

caga (secondary carbustion suppressed), the propellant differed only in

Lt that it contained 2% by weight potassium. Radiation levals correspond
to small elements of the exhaust, along lines of sight passing through
the flame, as a function of the axial distance from the nozzle exit.
The radiation level in this wavebard for the whole exhaust was about a
factor of 40 lower when secondary caombustion was suppressad, Most of
tha reduction was the result of lowared temperatures and reduced plume
size, although local (0, coicentrations dropped by factors between 2 and
3 when combustion was pravented,

3,3 Signature Implications =~ Sodium Resonance-Doublet Radiation

Flgure 4 presents relative intensities of sodium rescnance-doublet
enissions as functions of spectral wavelangths for the unsuppresgsed and
suppressad exhaust flames considered in the pravious section., The peak
intensities are raduced by factors of well over 1000 when secondary
cambustion is suppressed, The peaks of potassium resonance-line
doublets also fell, by factors of about 1000, in epite of the fact that
the supprassed flame contained much higher concentrations of potassium.

3.4 Signature Implications - Microwave Attenuation

Metallised propellant ingredients are considered to be the major source
of free electrons in rocket exhausts, Nevertheless, raising propellant
masa fractions of potassium to levels resulting in combustion
suppression reduces elactron concentrations, As a consequence, both
attenuation and scattering of microwave radiations are significantly
reduced. Figure 5 illustrates the predicted effects on the attenuntion
of a microwave beam transmitted through the exhaust of the motor
discussed in Section 3.1. Most of the reduwtion arises from lowerad
erliaectrm concentrations, although some is due to a change in pluma
shape.

4, KINETIC SCALES OF TURBULENCE AND CHEMISTRY

When the description of a flame turbulence field is fomulated in terms
- of k and €, the tractable set of equations of wide applisability that
results enables much useful information to be generated /, A penalty
paid for the convenience and tractability of this description, however,
is that physical insight is lost into the nature of contributions from
addies of different scales . In order to regain some such insight for a
rocket exhaust, one should consider the likely shape of the wave number
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i distribution of eddy energy in this flame This shape (cf. Refs. [26, 27])
' is shown in Fig. 6, the ordinate E(k) being in arbitrary units. Also,
[ the eddy energy dissipstion functicn is proportional to k2E(K).

Reference is conveniently made to various arbitrary length scales of

turbulence in the following paragraphs. The length scale Ly is that of

the largest, energy-absorbing, eddies, which is of the same order as the

exhaust half width, Next largest is the length _scale 1 of the

enargy~-containing eddies, identified with Cpkl:5/e. The length-scale

. 1, is that of eidies toward the high wave number end of the inertial

subrange but well to the low k side of the dissipating range, whereas lg

' is associated with the very smallest eddies in the dissipating range and
is given by 1g = (y3/¢)1/3126,27]). The rumerical values for wave

numbers corresponding to these scales shown in Fig. 6, and values for

the other quantities used below, are given for the position

(x = 0.5m, rw0) in an exhaust with a structure calculated for

CL = 1.57, Tq = 1335°K, 0.5% by weight of potassium in the propellant,

and KO; amitted, Here Lo = 0.06 m, 1 = 5 x 103 m, 1y = 3 x 10~ m, and

1g = 1'% 1075 m, Other local progerties,take the valugs

kow 5.7 % 104 me a=2, €= 2.6 x 108 m2 83, /0 = 1,1 m2 5~1, and

ym 1,3 x 104 m2 g1, No special significance attaches to the

selection of the particular input quantities and position: Any other

location in that part of an exhaust relevant to secondary cambustion

would have been equally suitable,

Intrinsic characteristic times may be associated with creation of eddies
of different sizes., The time t; for formation of eddies of size Lj will
be=L8/u (ctf., Q.Z;GRQEIZS]: with u = 2 x 103 ms=1 and Ly = 0.06 m, ¢

3 x 10~5s, The time t; for the creation_of eddies of size ) is
similarly 21/u', which, with 1 » 5 x 103 m and u' = 200 m s~1, gives

ty & 2 x 1058, The velocity uy ?.ﬁsog}gtﬂ with motion of eddi=: in the
inartial subrange is a[2/3 k1.8 2/3k=5/3)1/2 (asee, e.g., Ref [27]), and
the characteristic time t3 Tor formation of eddias of length scale ly,
given by ly/uy, is greater than 1 x 1075s. The craation of eddies
containing the bulk of the turbulence kinetic enerygy, «nd the creation
of eddies in the inertial subrange thus have associated with them rather
similar characteristic times. A significant loss of physical realium
therefora accomnpanies the lack of separate allowance for these
processes, which is implied by the formulation of the flcwflield
description in the REP model. In particular, the need for a more
realistic treatment of the formation of energy-absorbing ediies is
clear, especially for thcse near-field reglons of the exhaust whers eddy
g;'e:tion daminates over convective transport in detarmining loczl values

It is instructive to canpare t] - t3 witn the charucteristic timesa t4
associated with chemica. reactions in the exhaust, The latter vary
greatly with the reaction type. For a fast bimclacular exchange:
reaction, the relaxation time (i.e., the time for significant prrgress
toward the position of equilibrium or balance of the reactron) may be
<10~7 8. Fuor a slow three-body radical recambination like Reaction
(3), this time may be in excess of 10~2 g, In any one rucket exhaust, :
values of t; anywhera betwenn these rough limits are likely to be 4
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!
encountered. Far an exhaust with borderline secondary canbustion, d::
comparison between tj - t3 and t4 for the key chain-branching '
Reaction (8) in Table 1 is especially reveallng. At (x = 0.,5m, r = Q) i
in the exhaugt under consideration, {0;] is predicted to be 4.7 x 1017 -
molecula mi=1, T = 1200°K, andfs2 x 10713 ml molecule~ls-l, Time t4 A,
for this reaction, given by t4 (&4 [021)-1, is therefore about 10-5 s, i,
of the same order as t; - t3. Errors in prediction of secondary %
combustion onset must therefore inevitably arise both from inadequacies !
in the description of development of macroscopic eddies and from the ¥
. lack of an appropriats treatment of scalar fluctuations and their )
interactions, <
by
- 5. THE REX CODE )
Ny
The REX code incorporates a new plume structure model 10 which attempts ,:::
’ to renedy the deficiancies described in section 4 with regard to the it
need to deacribe adequately the processss of large eddy formation and ‘
the influence of turbulence imduced fluctuation in concentrations amd A
temperature on the chemical rate processes, To allow for fluctuations Lo
in a wholly Eulerian analysis for a complex multi-step chemical
_ mechanism involves a formidable extension to previous studies 29-32,
_ The turbulence~chemistry plume model used in REX circumvents ‘:\;
‘ difficulties associated with a wholly Eulerian analysis by incorporating -
] a tima - ewlution Lagrangian description of conditions o
within representative shear-layer eddies, The turbulence-chemistry ?“.
analysis is based on a Lagrangian-Fulerian model developed at RARDE from 2
the ESCIMO diffusion flame theory 33 proposed by Professor D.B. !
! Spalding, Imperial College, lLondon. Eddy-fold structured <
. represantaticns of plume turbulance ars computed with detailed =
‘ descriptions of chemical processes evolving within individual folds. .
The analysis is applied only to near-nozzle regions whare W
turbulance=chamistry processes may critically influence plume ::."
combustion. Much of the code development work is now complate but it Y
contains many assumptions ard approximations which require further 2
nunerical investigation and mathematical analysis. As calculations are W
performed for more camplax and progressively more realistic conditions, N
tha merits of the method will become quantifiable., Ultimately, success X
will be determined by detailed camparison of REX/REP3 plume predictions
with experimental measurements of flame suppression. '.
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NOMENCLATURE

Cor C1
E(k)

k

K

K

Lo, l,1x,1s

OW2ARC

congtants in turbulence model

(energy in turbulence eddy energy spectrum at wavae
numbers between k and k + dk/dk

turbulent kinetic energy

equilibrium constant of ith reaction

wave number in turbulence eddy energy spectm'm
length acales of turbulence

radial coordinate (=0 on exhaust axis)

mean axial flow velocity

RMS fluctuating part of axial velocity component
axial coordinate (=0 at nozzle exit)

oddy energy dissipation rate

rate coafficient of ith chemical reaction

alddy viscosity coefficient

laminar kinematic viscosity

density
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TABLE 1

Chemical Reactlons and Rate Coctflclents

' Reaction Forward Rate Coefficient® Uncertainty Facto

1 0+0+ H+0,+ 4 3 x 10"3" exp(900/T) 10

2 O+ H+M=0H+M 1 x 10723 771 30

3 Hot Hot Mo Hy o N 3 x 10730 17} . 30

N Ho# O + M+ H0 + M 1 x 10725 172 10 )
- Co + 0+ M= Co2 + M 7 x 10"33 exp(=2200/T) 30

6 OK + Hy + Hy0 + H 1.9 x 107" 113 exp(~1825/7) 2

7 O+ H, +OH +H 3 x 10-1“ T exp(-4480/T) 1.6
8 H+ 0, + OH +0 2.4 x 10719 exp(-6250/7) 1.5
9 €O + OH = CO, + H 2.8 x 1077 7" 3 exp(330/7) 3
10 OH + ON =+ H,0 + 0 1 x 107" exp(-550/7) 3
" H o+ 0, + M= HO, + M 2 x 10732 ¢.45(500/T) 10
12 H + HO2 + DH + OH 4 x 10'10 exp(=950/T) 5
13 H o+ HO, » Hy + 0, 4 x 107" exp(-350/T) - 5
14 Hy + HO, =+ H,0 + OH 1% 10712 exp(=9400/T) 10
15 CO + KO, = CO, + OH 2.5 x 1070 exp(-11900/T) 10
16 0 + HO, = OH + 0, B x 107" axp(-500/T) 30
17 OH + HO, » 0, + Hy0 5x 107" 30
18 KOH + H > K + H,0 1.8 x 10" exp(-100n/7) 10
19 K+ OH + M= KOH + M 1.5 x 19;§7 Tl 10
20 K+ 0, + 1Ko, + H 3% 1070 7 10
21 KO, + H, = KOH + OH 5 X 10712 exp(=10000/T) 100
22 KO, + O4 » KOH + 0, 2 x 107" exp (-2000/7 30
23 K + HO, + KO, + H 1 x 107" exp(-1000/7) 30

% |n mi-molecule-second units. The sources of rate coefficients and uncertainty

factors are given in the text. .
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TABLE 3 Constants for the k/e¢ Turbulence Mudel

CD s 0.09 oy = 1.
C1 = 104“ OM 1.
Cz = 1.92 o = 1.
C01 = 2.8 o, = 1.
ng = 1.92
3
LI
L
{
)
'l
i
)
1]
l
h
L
.
4
\J
o
,t
(]
4
L
‘ "
‘l
‘I
|
Ly
\J
.
t
254
N
e
;.
A I AW R RV I R 20 1) A b\ L e e W Y R R R Y A A N R T I I T L L AL L T T LT L T T T e !l,,




,'.:e Fia, |

PROPELLANT COMPOSITION
| WORKING PRESSURE
THERMOCHEMISTRY
. NOZZLE GEOMETRY

. CHAMBER AND
b NOZZLE CODES

e NOZZLE EXIT
CONDITIONS

\ EXHAUST :
. * STRUCTURE CODES

W EXHAUST STRUCTURE

APPLICATION CODES

INFRARED VISIBLE MICROWAVE ATTENUATION
RADIATION RADIATION AND SCATTERING

R

...
A

i FIG.1 COMPUTATIONAL PROCEDURE

255

UNCLASSIFIED

O S T A N G AT G AR AL LR RE SIS AT HV S W OGO IC MNP A KA LAY 0 S L L




. FI1G. 2

o 2000

T. Kelvins

1500

) 1000

’|| 5 00 -

_ 04 08 12 16

X, metres

el FIG, 2 AXIAL TEMPERATURE PROF!ILES FOR DIFFERENT LEVELS OF POTASSIUM
W IN THE PROPELLANT: Cy = 1,44, KO INCLUDED; EXIT TEMPERATURE
W APPROXIMATELY 1320 K, CURVE 1; 0.4 PER CENT BY WEIGHT OF

X POTASS|UM IN PROPELLANT: CURVE 2; 1.0 PER CENT: CURVE 3; 1.7
PER CENT,
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FIG. 3
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FIG.3 VARIATION OF RELATIVE RADIATION EMISSIONS FROM CO3
IN THE INFRARED WAVEBAND 4.1 = 4.9 pym WITH AXIAL
DISTANCE FOR UNSUPPRESSED AND SUPPRESSED
SECONDARY COMBUSTION CONDITIONS,
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FIG.S

1.0F
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ATTENUATION (SCALED RELATIVE LOG UNITS)
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FIG.5 VARIATION OF MICROWAVE BEAM ATTENUATION WITH
ASPECT ANGLE FOR UNSUPPRESSED AND SUPPRESSED
SECONDARY COMBUSTION CONDITIONS. LOG UNITS REFER
TO THE ORIGINAL ATTENUATION UNITS OF db
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TYPICAL SHAPES OF WAVENUMBER DEPENDENCE OF E(k) AND k% E(k) IN
A ROCKET EXHAUST FLAME. THE CURVES ARE DRAWN TO CORRESPOND TO
THE POSITION (x = 0.5 m, r = 0) FOR THE EXHAUST STRUCTURE
CALCULATED WITH Cq = 1,57, EXIT TEMPERATURE 1320 K, 0.5 PER
CENT BY WEIGHT OF POTASSIUM IN THE PROPELLANT AND KO, OMITTED.
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' " Introduction

B . There have been numerous experimental and theoretical studies on the

= secondary f1amé'6f rocket exhaust gasesf"** The secondary flame is
a
y produced by the ignition of ‘Wes fuel rich exhaust gas accompanied with
; the diffusiona) mixing process of the oxygen in the air. The nature of the

g A

secondai§31§‘$ery dependent on the chemical cumposition of the propellant

; used and:fﬂéfgﬁys1ca1 geometry of the exhaust nozzle.

3 The secondary flame is eliminated by the addition of a small amount

' of -potassium compounds. The suppression of the secondary flame is affected

by the amount of the additives, chemical compositions of the propellants,

and aerodynamic mixing process of the exhaust gases with the surrounding

air. In this study, the physicochemical processes of the suppression of
the secondary flame have been studied experimentally in order to elucidate

the role of potassium compounds in the exhaust gases.

C = > o ae ww o

Experimental

N The propellants tested in this study were duuble-base propellants
consisting of nitrocellulose (NC) and nitroglycerin (NG). Two types of
double-base propellants were formulated: Tow-energy and high-energy
propellants. The energy contained in the unit mass of propellant was
altered by changing the mixing ratio of NC/NG, The detailed chemical
compositions of the propellants tested in this study are shown in Table 1,

’ The chemical additives used were KNO, and K550, Each additive was
mixe¢ within the 10Q energy and high~energy propellants.

A micro-rocket moto: was used to evaluate the nature of the combustion

process of the gas exhaused from the nozzle. The size of the propellant

grain was 120 mm in outer diameter and 140 mm in length, The geometry of

- e -

the internal cross-section was five-pointed star geometry in order to
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gain a nutral burning, In order to determine the effect of the concent-
ration on the plume suppression two types of propellant grains were arranged

along the motor axis: a low-energy or a high-energy propellant grain was

¥,

positioned at tfie rear end of the motor and a KNO3 added propellant grain or
2 Kzso4 added propellant grain was positioned at the fore end of the motor.

Since all the additives genereted by the combustion of the KNO3 or K4SO4 added

e e e~

propeilant grain flowed out with the combustion gases of both propellant
grains, the concentration of the additives in the combustion gas exhaused

from the nozzle was adjusted with changing the length of the grains. The

o - -

concentration was simpley determined as

where ¢ is the averaged concentration of the potassium compound in the

1 ., -

combustion gas, °K is the concentration of the potassium compound contained

within the propellant grain, A is the burning area, p is the density, r is -

the burning rate, and the subscripts 0 and K are the propellants without Y

and with potassium compound, respectively. ‘Thetrerfial arrangement of "

themicro-racket motor-fS shown in Fig. - i

In order to examine the aerodynamic effect on the plume suppression ;

| E the expansion ratio of the exhaused nozzle was altered. The temperature a
of the combustion gas at the exit of the nozzle was altered by changing :

the expansion ratio. The pressure in the rocket motor was also altered | t

either by changing the length of the propellant grain or by changing the

nozzle throat-area. )
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SUPPRESSION IN PREMIXED H,/0O,/N, FLAMES SEEDED WITH HBr 'l\' ;
T. SINGH + DAVID . IvEAavER v
ABSTRACT \
‘The inhibition effects of HBr in H2-air flames have been studied theoretically, Experimental work is in s
progress. The effect of HBr addition on the laminar buming velocity, peak mole fractions for H and OH, the v
rate of fue! and oxidizer decay, the rate of production of product species and the rate of temperature rise has .
been studied, s
X 1. Introduction .
Various substances have been added to propellants in an effort to reduce or \
) eliminate afterbuming, and on an empirical basis alkali metal salts such as K,S0O, and 3
KNO;, have been found to be effective when used as suppressant additives. Tailoring of ::
propellants has, therefore, been done largely by empirical variation of additives in 3
extremely costly testing . This approach is critically limited by the lack of fundamental .
knowledge of the underlying chemical mechanisms controlling the suppression process. A .
programis currently in ﬂrogrcss at the US Air Force Rocket Propulsion Laboratory to N
study the inhibtion mechanism of Hy/Oo/N, flames seeded with HBr,KCl, and KOH., This "
paper describes the work done so far (both theoretical and experimental) for Hy/O5/N, 5
flames seeded with HBr. The primary reason for the use of Hbr is to caliberate both our v
theoretical model and the experimental data with those of other workers (ref. 1-4) reported
in the literature. ¢
\
A number of studies have been rep, 1~ on the inhibition of hydrogen-air and ,
hydrocarbon-air flames seeded with HBr and other halogen compounds (ref, 1-4). For an "
organic halide additive, the important primary reaction is probably the formation of (.
halogen acid HX )
RX +H =R + HX ;
For CHABras an additive, this reaction would be: l‘
CH,Br + H = CH; + HBr ¥
5]
When HBr is the inhibiting species, the primary effect of the addition of the inhibitor is to l‘.,
remove flame radicals through the following reaction: ) Ry
H(OH,0) + HBR = H, (H,0,0H) + Br :.
The reaction with hydrogen atoms predominate in fuel-rich flames. This reaction alone was "
found insufficient to explain the observed changes in flame velocity (1,2). Dixon-Lewis et Py
al. (1,2) proposed the following series of reactions for the inhibiting effect of HBr, ::
H+HBr=Br +H, R16) .
, Br+ HBr = H + Br, RI17D :
Br+Br+M=Br+M “(R18) o
H +Br + M = HBr + M R19) .
Br +HO, = HBr + O, (R20) , f
hY
W\
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‘The net result of the above inhibiting cycle is recombination of two H atoms into a
relatively unreactive H, molecule. This recombination is catalyzed by the presence of HBr.
Hydrogen atoms removed in this manner are unavailable for chain branching reactions with
O, molecules through the reaction:

H+0,=0+0H

The validity of the the above inhibition reaction scheme is based on the observed
changes in burning velccities and flammability limits No comparisons have been reported -
between the the experimental temperature and composition profiles and the corresponding F <
computed profiles using the above reaction mechanism. One of the objectives of this study
is to validate the inhibition reaction mechanism by comparing the computed temperature and
composition profiles with those obtained experimentally. The experimental work is still in
progress.

2. Experimental Facility

N
- The experimental arrangement for this study is shown in Figure 1. The flat flame
7 burner, constructed by McKeanna Products, Inc,, has a 6 cm diameter sintered porous disk
i through which the premixed samples of H,-O,-N,-HBr flow. A 0.5 cm thick coaxial shroud
yow ring can provide a2 Nj flow or a Hy/O4/N; shield flame. The bumner is mounted on a
e motorized, x-y-2 platform. Flow conditions and table position can be monitored by
+ cemputer for each data series,
.| .
o d Several AFRPL laser sources are available for this study. Each source can be
j coupled into the focusing lens optical systemn via quartz prisms, The Lambda Physik eximer
k, larer system (Model EMG 201 MSC) provides radiation at 308nrmt that can also be —-«:u to
pump a dye laser (Model FL2002). The Quanta Ray Yag - pumped dye laser syste:
o (Model DCR-1A/PDL - 1) is equipped with a WEX (wavelength extender) system
W providing tunable radiution for probing Ol radicals. A Coherent Radiation argon - ion laser
1 (Innova -18) 15 also available. The source rudiation is focussed through the centerline of the X
L bumer using a fused silica lens. Raman and Rayleigh scattering and laser - induced
¥ Muorescence technigues are used to oblain concentration and temperiture megsuremeniy on
e, the major specics und OH radical.
: ('., ..
¥, The scattered radiation is collected by  lens system and imaged onto the entunce
"ogd slitof a 0.75 meter spectrometer ( Spex Industries Model number 1702). The signals were
o M measured vsing a cooled photontultiplicr tube (RCA Model C31034A). A reference signal
' was provided to monitor laser intensity by a photodic-ie. Output signals from the
A photomultiplier and photodiode were processed by either an EGG/Ortec photon counting
; system or an EGG/PAR boxcar averager (Model 4420). Some post processing of the signal _
; was done with a EGG/PAR signal processor (Model 4402). All data was recorded on a .
, PDP/11 - 73 computer system and subsequentiy transfered to a VAX 750/785 computer
‘. system for analysis.
) The basic gas handling system provided for dilution of the oxygen, hydrogen, and
HBr flows separately with any percentage of nitrogen. The mixed H,/N,, O./N,, and
P> HBr/N, gases were the delivered to the bumner after mixing at a point well upstream.All gas

, flows were monitored continuously by measuring( approximately 2 percent accura-y) the
‘ differential pressure across a linear gas flow clement.

o 3, Theoretical! Work

K 266

PR T P AL N L N I A e R UL T SIL I PR T U T T S T . e

R ~ . . AL
v’e‘a -.lu n"? ‘,’“.'AQ“




"ltl,.l,\ 40

-~

Two computational models were used for calculating the temperature profile,
composition profile and flame velocity (based on a given set of kinetic mechanisms) in the
premixed flat flame.

The first model was developed by Coffee and Heimerl of the Ballistic Research
Laboratory (ref. 1). This model is based on a general program for solving a set of N non-
linear partial differential equations or at most second order on a finite interval . The spatial
discretization is accomplished by finite element collocation methods based on B-splines
(ref. 5). An initial solution is assumed (between the unuurned composition and the
equilibrium solution) and the differential equations are intsgrated in time until the species
concentrations and temperature profiles converge. The details of the numerical procedares
are discussed in ref, 6 and 7.

The ARBRL computer prograiis gave satisfacory results for Hy/Op/N, flames. The
calculated composition and temperature profiles and flame velocity gave good agraement
with those reported in the literature (ref. 8 and 9). However, as the kinetic mechanism was
modified to include the suppression reactions due to the presence of HBr, KOH etc. , the
solution with ABRBL code did not converge for several conditions at different
concentrations of suppressants.

The second computational model was developed by Kee, Grear.Smooke and Miller
of the Sandia National Laboratories (ref. 10). This program computes the composition and
temperature profiles and burning velocity in steady lamunar one-dimensional premixed
flames. The program accounts for finite rate chemical kinetics and molecular transport.
Finite difference approximations are made to discretize the governing conservation
equations on a non-uniform grid from the cold boundry to the hot boundry. The Newton
method is used for solving the boundry value problem . Global convergence of this
algorithm is aided by invoking the time integration procedures when the Newton method
has convergence difficulties(ref. 10).

4, Chemical Kinetic Mechanism

A Tilteen step reaction mechanism (Table 1) s used for simulating the base
Hy/O4/N4 flames. This mechanism has becn shown to give agreement between the
computed results and the corresponding experimentul data (ref. 9). The associated
thermodynamic data and transport data have been compiled (ref. 5) and a sensiivity
analysis has been published for H,/O,/N4 flames (ref. 11). A five step reaction mechanism
as proposed by Dixon-Lewis et. al. (ref. 1 and 2) is added to the 15 step reaction
mechanism for simulating the inhibtion effects. The rate constants for these reactions are
taken from ref. 1 and the backward rate constants are calculated from the forward rate
constants and the equilibrium constants (based on the associated thermodynamic data).

Table 1
Reaction Mechanism for Hy/O5/No/HBr

Reaction A-Preexp  B-TempExp E- ActEnrg*
. OH+1H=H,O+H C.117E10 1.3C 3626.0
2. H+0;=0H+ O 0.142E15 0.0 16393.
3. O+H;=OH+H 0.180E1! 1.0 8902.0
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4, H+ 03+ H; =HO, + H;
5. H+ HO; = OH + OH

6. H+HO;=0+H,0

7. H+H02-H2+02

8 OH + HO; »H,0+ 0,
9. O+HO;=OH + 0O,

100 H+H+M=H; +M
11, H+H+H2-H2+H2
12, H+H+HzOIH2+Hzo
13, H+OH+M=H,0+M
14 H+O+M=OH+M
15. OH+ OH= 0+ H,0
16. H+ HBr=Br + H,

17. Br+ HBr=H + Br,

18, Br+Br+ M=Br; + M

19. H+Br+ M=HBr+ M
20. Br + HO, = HBr + O,

C.102E19  -0.7 0.0
0.140E15 0.0 1073.0
0.103E14 0.0 1073.0
0.125E14 0.0 0.0
0.750E13 0.0 0.0
0.140E14 0.0 1073.0
0.100E19  -1.0 0.0
0.920E17  -0.6 0.0
0.600E20  -1.25 0.0
0.160E23  -2.0 0.0
0.620E17  -0.60 0.0
0.575E13 0.0 775.0
0.530E14 0.0 2970.0
0.270E15 0.0 44110.0
0.130E18  -0.71 0.00
0.977E18  -0.71 0.00
0.340E13 0.0 0.0

*Rats coefficients are expressed as kmATB exp(-E/RT) in cm-mole-sec units

5. Comparison of Burning Velocity for Two Codes

Both Sandia Code and the ARBRL code were used for calculating the burning
velocities, composition and temperature profiles for 6 different ratios of H,/O,/N; and for
varying amounts of HBr as additive. The results for laminar burning velocity are

summarized in Table 2.

Table 2

Laminar Buming velocity, em/Sec

[lz.'O:lNz HBr Mole Ratio

4/1/4/0.0
44/.11/.444/.06
.44/.11/.44/.01
.436/,105/.435/.02
.427/,107/.426/.04

4/1/5/0.0

.396/.099/.495/.01
.392/.098/.490/.02
388/ .097/.485/.03
.384/.096/.480/.04

2.25/1/ 5100
27/.12/.60/.01
.267/.119/.594/.02
.384/.096/.583/.04

N X e K IR A
St lestatn! DURFOGHSMAKRMIN RALI S MR Mt NNy

ARBRL Code Sundia Code

252.0 264.7
N.C.* 217.8
N.C. 194.1
N.C. 156.7
N.C. 109.1
199.5 190.0
N.C. 158.9
N.C. 120.7
N.C. 83.2
N.C. 63.2
171.9 181.0
142.0 147.8
N.C. 119.3
N.C. 80.7
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1/1/3/00 94.6 922

.198/.198/.594/.01 71.3 59.2
.196/.196/.588/.02 57.6 43,2
192/.192/.576/.04 41.1 323
1.8/ 1/ 4/ 0.0 178.9 185.9
; .262/.146/.582/.01 147.6 148.3
. .259/.144/.577/.02 125.8 121.3
s .254/.141/.565/.04 93.9 82.7
60% H2 - 40% Air
.. .60/.084/.316/0.0 176.1 167.1
- .594/.0832/.314/.01 N.C. 109.1
3 .588/.0823/.310/.02 N.C. 64.4
A .576/.0806/.303/.04 11.5 219

* - No Convergence

! Both codes used the same set of chemical kinetic mechanisms, rate constant data,
thermodynamic data and the transport data for the above calculations. Both codes require
the user to specify a set of numerical parameters such as tolerance for the termination of
iteration, number of grid points, and other similar factors,

Some difficulties were encountered for obtaining convergence with the Sandia

| Code. Initially a solution was obtained for a given ratio of Hy/O4/N, ( with HBr mole

i fraction equal to .005) flame. These computations generally required between 20 minutes

' to 3 hours of CPU time on a FPS164 MAX processor attached to a VAX 750. The mole
fraction of HBr was then changed in steps of .005. Each successive run used the solution
of the previous run as its initial guess.These computations typically required 30 second:s to
50 minutes of CPU time on the FPS164 processor. If the changes in mole fraction of HBr
exceeded 0,005 from one run to the next one , convergence was not obtained despite

. considerable computational time (up to 10 hours of CPU time on theFPS164 processor for
] SO runs).

From Table 2, it is seen that the computed burning velocity from the two codes
agree closely with euch other, The experimental values of burning velocities have high
uncertainy of the order of + 20% . The computed burning velocity decreases as the
percentage of HBr increases in a given fuel air mixture as expected.

Table 2 also shows that the burning velocity for fuel lean flames is less than the
corresponding burning velocity for fuel rich flames. For cxamglc the fuel rich flame with
Hy/O, ratio of 4/1 (100% fuel rich) has a burning velocity of 264.7 cm/s. The
¢ corresponding fuel lean flame witl. Hy/O, ratio of 1/1 (100% fuel lean ) has a burning
' velocity of 92.Z cmvs. Thus fuel lean flames are somewhat inhibited as compared to fuel
rich flames even without the presence of HBr.

Dixon-Lewis et. al. (1) have reported calculated burning velocity, temperature and
composition profile for 60% Hj - 40% air flames inhibited with 4% HBr. The results for

the bumning velocity and peak temperature are shown in Table 3,

Table 3
n
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Ratio of Buming Velocity, cm/sec Peak Temperature, °K

H,/O,/N;/HBr Dixon-Lewis(l) This Work  Dixon-Lewis This Work
0.6/.084/.316/0.0 163.0 167. 0 1644.0 1626.0
.576/.0806/.3034/.04 17.0 21.0 1585.0 1580.0

This shows good agreement between the results of Dixon-Lewis and this work, The
change in temperature is small as the fraction of HBr changes from 0.0 t0 0.04 in the
unburned mixture, The reduction in buming velocity is,therefore, primarily controlled by
chemical inhibition mechanisms, which become activated as the fraction of HBr increases
in the unburned mixture.

6. Peak OH , Peak H Mole Fraction and Burning Velocity

Figures 2 and 3 show the variation of computed OH peak mole fraction vs the
change in HBr mole fiaction for two fuel rich and two fuel lean flames. Figures 4 and 5
show the corresponding peak H mole fraction, Figures 2- 5 show that the peak mole
fraction for H and OH decrease as the % of HBr increases in the unburned mixture, This
trend is similar to that of buminﬁ velocity which decreases 2s the mole fraction of HBr
increases, This is consistent with the inhibition mechanism (ref. 1-4) used for these
computations. The net result of the inhibtion cycle is the recombination of twe”H atoms into
a relatively unreactive H, molecule. This recombination is catalyzed by the presence ¢f HBr
. H&drogcn atoms removed in this manner are unavailable for chain branching reactions
with O, via the familiar reaction: .

H +02 = O +OH
This leads to the reduction of H and OH mole fraction in the flame reaction zone .

7. Composition and Temperature Profiles

The computed mole fraction for Ha und HaO (two of the major species) are shown
in Figure 6 for a 60% 15-40% Air flames with and without 4% HBr.Figure 7 shows the
corresponding computed temperature profiles for a 60% H, - 40% Air flame inhibited with
4% HBr and the corresponding uninhibited flame as a function of distance above the
burner surface. Adiabatic flames are assumed for the solution of the energy equation. From
Figures 6-7 it is seen that the rate of temperature rise, the rate of Hj (fuel) decay and the
rate of H,0 production are lower for the inhibited flames as compared to those for the
uninhibited flames. Approximately 90% of the temperaure rise for the unseeded flame takes

lace over a distance of about .05 ¢m (from .125 em to .175 ¢m above the burner surface).

e same change of temperature for the flame seeded with 4% HBr requires a distance of
about .15 cm or approximatey three times the the distance as compared to the uninhibited
flame. Thus, the primary flame zone (reaction zone) is stretched for the inhibited flames.

This trend may be related to the the suppression of the afterburning in the rocket
exhaust due to thepresence of similarly acting inhibitors. The exhaust gases from the nozzle
of a rocket exhaust usually contain significant proportions of unburned fuel, This fuel
mixes turbulently with the ambient air as the jet expands . Afterbuming occurs where the
local temperature and the local air-fuel ratio reach the auto-ignition limit, The exhast gases
containing the sutpprcssant would require a longer distance (time) to reach the same level of
temperature rise for auto-ignition (afterbuming) . A longer distance from the nozzle 6f a
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2, rocket exhaust would also contain a larger amount of entrained air leading to the decrease
W of local temperature due to dilution effect. The auto-ignition temperatures are, therefore, not
oy reached and the afterburning is suppressed.

I 8. Reaction Br + HO; = HBr + O,

:E; Westbrook (3,4) did not include the reaction Br +HO, = HBr + Oy in the

fe§ mechanism for hydrocarbon flames inhibited with HBr. Dixon-Lewis (1,2) found it

B necessary to include this reaction (R20) into their mechanism in order to observe the

. reduction in burning velocity (for a fuel rich Hy-0,-N, flame seeded with .027% HBr)

“ while at the same time maintaining reasonable values for the rate constants for the reactions
',:. (R18) and (R19). The calculated bumning velocity changes by 5-6% if the reaction R20 is
K not included as may be seen from table 3.

”

H Table 3

. Ratio of Burning Velocity cm/s

,.: H,0/0.,/N,/HBr R20 included R20 excluded

*

5 1.8/1/4/0.0 185.5 185.5

N 0.262/.146/.582/.01 148.3 155.8

' 0.259/.144/.577/.02 121.3 128.0

v 0.2565/.1425/,571/.03 104.0 110.5

¢

;:: No significant difference in the calculated tem%mturc and composition profiles when

* reaction R20 was included in the reaction set. This reaction was included for all the

N computations reported in this study,

9.Post Processor Analysis

;:; A post analysis of some of the computed results has been done by using a post

W processor program (ref. 12).This program computes the sign and magnitude of three terms
.‘:: (net convective Nux out of a dilferential element, net chemical formation rite und the net

W diffusion tlux) in the one-dimensional , steady state species conservation equation at

specified points in the grid. The mass flux due to chemical reactions and diffusion flux are
: computed from the flame code output (which ulso gives composition profiles) . The
\ convective term is calculated by fitting 3 adjacent Y(k)'s (mass fraction of kth species) with
! a cubic spline , evaluating the derivative at the mid point. The chemical term is of special
B interest. The contributions of the individual reactions to the formation and destruction of the
o kth species within an element are calculated. The relative contributions of individual
reactions are expressed in non-dimensional form. The non-dimensional numbers represent
the ratio of the formation/destruction rate for the kth species due to each reaction (one

N direction at a time) to the "total rate". The "total rate" consists of the sum of the absolute
::: values of the following:
'8
" ¥ » L] )
::: - The chemical formation rate summed over all reactions that form the kth species
|
'y
. - The chemical destruction rate summed over all reactions that destroy the kth
W species
]
,‘: - The net convective rate
h
" - The net diffusion rate
)
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This normalizing factor has no physical significance, The non-dimensional ratio helps to
illustrate the relative importance of various reactions in the formation/destruction of kth
species in a given element (zone or grid point). The program also calculates the ratio of
forward rates to the backward rates for each reaction in a given zone. Finally, the program

ints out any reactions that were never found to be important in the flame. These could
ikely be deleted from the mechanism.

A post processor analysis was done for 60% H,-40% air flames seeded with
19%,2%,3% and 4% HBr , The following reactions were never found to be important:

E C i. B Il II I
60% H,-40% Air - 1% HBr -
- 2% HBr 8,14
- 3% HBr 8,9,10,11,13,14
- 4% HBr 8,9,10,11,13,14

These conclusions were verified by eliminating reactions 8-11,13 and 14 from the reaction
mechanism given in table 1. The computaticns were repeated for 60% 1,-40% air flames
seeded with 3% and 4% HBr using the modified 14 step reaction mechanism. There was

no significant difference in the results computed with 20 step reaction mechanism and 14
step reaction mechanism:

20 step mechanism 14 step'mechanism

60% H,-40% air - 3% HBr
- 4% HBr 21.9 213

The composition and temperature profiles for the two cases (14 step and 20 step
reaction mechanism) were similur.It is seen that a shorter mechanism consisting of 14
reactions is uble o model the flame structure for 60% H-40%¢ air Names seeded with 3-44¢
HBr satisfuctorily, Reactions 8-11,13 and 14 involve primarily the reactions of species
H,OH and O .For flames seeded with high concentrations of HBr, the mole fraction of H
and Ol is lower ay compuared to those for the uninhibited flames. The dominant inhibition
reaction 16 (H + HBr = H, + Br) is close to equilibrium above 1000K. This reaction
decreuses the amount of H available for the main chain branching reaction

H+0,=0H+0

This leads to a reduction in the average concentration of H, OH and O in a given element of
the flames. Thus the contributions of reaction 8-11, 13 and 14 become insignificant.

The processor analysis for 60% H,-40% air flames showed that the reaction 16 was

close to equilibrium above 1000K and reactions 1 and 3 were equilibrated above 1550 K
for flames seeded with 1% to 4% HBr.

10. Summary and Conclusions:
*The inhibtion effect of HBr in hydrogen-air flames has been modelled. A fifteen

step kinetic reaction mechanism was used for computing the structure of base hydrogen-air
flames, Five additional reactions of HBr were used to simulate the inhubtion effects.
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*The laminar buming velocity and peak mole fractions of H and OH decrease as
the mole fraction of HBr increases in the unbumt fuel air mixture. This trend was exhibited
by both fuel-rich and fuel-lean flames.

*The laminar buming velocity for fuel-rich flames is higher than the corresponding

. ';-'}‘ burning velocity for fuel-lean flames
B
A *A simplified reaction mechanism consiting of fourteen reactions gives results
1 similar to those obtained with twenty step reaction mechanism for 60% hydrogen 40% air
N flames seeded with 3 to 49 HBr in the unburnt mixture. )
" *The primary flame zone for hydrogen-air flames seeded with HBr is longer
h (stretched) as compared to that for hydrocfen-air flames having no HBr. The rate of
- . temperaure rise, the rates of fuel and oxidant decay and the rates of production for product
o species are lower for flames seeded with HBr,
P
. *These results will be compared with the experimental data., which is expected
" within the next month. One set of experimental data for temperature is shown in Fig, 8.
P
:;:
bl (
i
3
0
oo

-
ry

xa.‘- i

Y
w’

o 273

OU5 QO0EIBL0IIOUCINT O JOCCLIHLO (OO OO0 NI N X VNNV S RV (0 0 0 £ D N Lt e 0 M




LR

JLReferences:

1. G. Dixon-Lewis, "Mechanisms of Inhibtion of Hydrogen-Air Flames by HBr and its
?;l;;'s;ice to the general problem of Flame inhibtion ", Combustion and Flame 36: 1-14

2, G, Dixon-Lewis and R. Simpson, " Aspects of Flame Inhibtion by Halogen
Co;xﬁolun{dgs;s. 16th Symposium (International) on Combustion/ The Combustion Institute,
p. , . .

3. Charles K. Westbrook, "Inhibtion of Hydrocarbon Oxidation in Laminar Flames and
Detonations by Haloganated Compounds”, 19th Symposium (International) on
Combustion/The Combustion Institute, pp. 127-141,.1982,

4, Charles K. Westbrook, * Flame Inhibtion by CF3Br", Preprint UCRL-88180,
Lawrence Livermore National Laboratory, Sept. 1982,

5. T.P. Coffee and J.M. Heimerl, Report ARBRL-TR-02457, U.S, Army Ballistic
Research Laboratory, Aberdeen Proving Ground MD, Jan, 1983.

6. N.K. Madsen and R.F. Sincovec, "PDECOL: General Collocation Software for Partial
llbgir;f;rential Equations", Preprint UCRL-78263 (rev, 1), Lawrence Livermore Laboratory,

7. C. DeBoor, SIAM, J. Num. Anal,, 14, 441(1977).

8. G. Dixon-Lewis," Kinetic Mechanism, Structure, and Properties of Premixed Flames in
l(-igac;rgo)gcn-Oxygen-Niu'ogen Mixtures", Proceedings, Royal Soc. of London, 292, 45-99
9. ).D. Eversole and T. Singh, " Suppression in Premixed H2/O2/N2 Laminar Flames",

}\S%s‘)tcm States Section Combustion Institute Meeting, paper no WSS/Ci 84-52, April

10. R.J. Kee, J.F. Grear, M.D. Smooke, and J.A. Miller, "A Fortran Program for
Modelling Steady Laminar One-Dimensional Premixed Flames'' Sandia Report SAND8S-
8240, Dec. 1985.

11. T.P. Coffee and J.M. Heimerl, Report ARBRL-TR-02457, US Army Ballistic
Research Laboratory, Aberdeen Proving Ground MD, Jan, 1983,

12. Owen I Smith, UCLA, Post processor program, Personal Communication, Jan. 1986,

274

ST LA LS A RS £ 00 LS A S 0 A S A SO T

.l\ o

0.. SN l'o o vé

. —— W A ——

A



» e

51 P e T, §

s

N e s

‘;‘

il
.‘;1
>
Ig‘.

1)
O O DD KD N 06

YAG LASER DYELASER }—_plWEX .__k\
EXCIMER LASER DYELASER }[\
ARGON LASER gL
LENS BURNER
2" ‘ D
SPECTROMETER
| b -
[Jj bil.aN
DL MD
PMT
SIGNAL BOXCAR
COMPUTER PROCESSOR AVERAGER

FIGURE 1. EXPERIMENTAL ARRANGEMENT

275

RS R

3o e YT A S A A R G

MR

h



0100 §

H2/02/N2 1.8/1/4

men wemem  H2/02/N2 1/173

go.mo 4 o
= e T
o} T
¢ “hua,
K —
i ""."'n.
o

0001 | | | —

0.00 0.01 0.02 0.03 0.04

MOLE FRACTION OF HBr ADDED "

FIGURE 2. Computed peak mole fraction of OH as a function of HBr added. Values are
given for a flame with a mole ratio for H2/O2/N2 of 1/1/3 compared to those
with a mole ratio of 1.8/1/4
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FIGURE 3. Com . ted peak mole fraction of OH as a function of HBr added. Values are
given for a flame with a mole ratio for H2/02/N2 of 4/1/4 compared to those
' with a mole ratio of 7.1/1/3.76.
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FIGURE 5. Peak mole fraction as a function of HBr added. Computed values for a flame with
a H2/02/N2 mole ratio of 1/1/3 compared with a H2/O2/N2 mole ratio of 1.8/1/4.
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ratio is 0.6/0.084/7.1,
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