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Role of Mixing in the Chemical Oxygen-lodine Laser Reactions
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and
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The thin shear-layer equations are solved for a two-dimensional parallel jet of molecular iodine I, in an
electronically excited, singlet-delta oxygen freestream, O2(14), in an effort to better understand the influence of
mixing on the dissociation of I,. Comparisons of one-dimensional premixed cases with corresponding two-di-
mensional jet-mixed cases of varying jet velocity ratios (and therefore mixing rates) indicate that, counter to
common belief, imperfect mixing, which results in initial regions of high I, concentrations, can lead to faster
dissociation. Although a single jet geometry is used in the study, examination of species concentration profiles
gives some insight into the rationale for designing jet-mixing schemes, in terms of diffusion depths for ground
state and excited species, and jet heights and spacing. Such insights may help to better understand flow systems
in which reactions between excited O, and I, are of prime importance, as they are in the chemical oxygen-iodine

laser.

I. Introduction

Background
HE chemical oxygen-iodine laser (COIL) was first demon-
strated in 1977.! COIL is a chemically pumped laser which
operates on an electronic transition of the iodine atom as
opposed to other chemical lasers that operate on molecular
vibrational or rotational transitions. When mixed with elec-
tronically excited oxygen, O,('A), iodine molecules dissociate
into iodine atoms which are then pumped rapidly into the
(3P, ,») electronic state.
0,('A) + 1GP30)—~ O,C%) + T*(Py ) m
Note that I(2P,,,) will be denoted as I*. Stimulated emission on
the dominant hyperfine transition (F = 3—F = 4) of the IP;,
2)—1(*P;/;) magnetic-dipole transition produces photons at
1.315 um.

Singlet-delta oxygen [O(*A)], an energetic metastable
molecule, can be produced in high number densities by the
reaction of chlorine in a basic, hydrogen-peroxide solution.

H,0, + 2KOH + Cl,—2KCl + 2H,0 + 0,('4) 2)
Transition of the O,('A) molecule directly to the ground state
is spin forbidden giving O,('A) a long radiative lifetime
(3600 s). The primary loss mechanism for O,(1A) is homoge-
neous pooling.

0,('4) + 05('4)—~ 0,('E) + 0Y) 3
The singlet-sigma state of oxygen is rapidly quenched in the
presence of water.

0y('Y) + H,0—0,CL) + H,0 C)
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Once the energy is transferred to the iodine atom, the pri-
mary energy loss mechanisms become energy pooling of
0,('A) and T¥,

0,('8) + I* = O0('Y) + 1 (5)
and quenching of excited iodine by water
I* + H,0—1+ H,0 6)

The first 1977 COIL laser produced 4 mW of output power!;
by the end of 1989, the COIL device described in Ref. 2
demonstrated its design goal of 25 kW. Even with this pro-
gress, accurately predicting the performance of COIL devices
has proven to be difficult. A recent review of the state of
COIL modeling concluded that, although some uncertainties
still exist in the applicable kinetic rate equations and corre-
sponding rates, predicting the dissociation of molecular iodine
I, in an excited oxygen stream O,(1A) is the largest source of
error in modeling the performance of chemical oxygen-iodine
lasers.?> Modeling and experimental experience suggest that
much of the difficulty in modeling these devices is derived, not
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from a lack of understanding of the kinetics, but from errors
in modeling the combined mixing and dissociation problem.3-

Todine Dissociation Chemistry

Originally, the dissociation of I, in an O,(*A) stream was
attributed to a direct energy transfer from O,('Y) (Refs. 6-8).

O('L) + L—=0CL) +1+1 )

0,('Y) is produced by the O,('A) pooling reaction, Eq. (3).
Referring to Fig. 1, which shows the relative energy levels of
the species involved, the mechanism of Eq. (7) seemed plausi-
ble from an energy-level point of view; however, evidence
from the first COIL lasing experiments showed that this mech-
anism was much too slow to account for the measured levels
of dissociation. In particular, when high H,O concentrations
were introduced [which rapidly deplete O,('Y) concentrations
via Eq. (4)] little change in performance was observed.*!? This
realization led to the discovery of an additional dissociation
mechanism, a two-step process in which ground state I,
is pumped to a highly excited vibrational level (v = 43) (de-
noted by I;f ) by a collision with either O,('A), or with I* (Refs.
11-14)

0,(4) + L—0,CL) + 1] ®)
I*+ L—1+1] ©)

A further collision of II with an O,(*A) leads to dissociation at
near gas-kinetic rate.

0,(1A) + [ ~0,CL) + 1 +1 (10)

Pumping to the intermediate state by I¥, Eq. (9), is much
faster than by O,(A1), Eq. (8) (see Table 1). Before the dissoci-
ation process begins no iodine atoms exist; consequently, the
initial rate of dissociation is controlled, perhaps partially by
the relatively slow energy transfer processes of Eq. (7), but
more probably by the two-step process of Eqgs. (8) and (10),
especially in the presence of H,0. As iodine atoms are formed,
they are quickly pumped to the excited state via Eq. (1), and
the rate of dissociation is accelerated by the reaction in Eq.
(9). Thus, the rate controlling steps are handed off from Egs.
(8) and (10) [and, perhaps, Eq. (7)] to Egs.(9) and (10), once
sufficient 1 is available to be pumped via Eq. (1).

Purpose of this Study

The hand off of rate control, discussed in the previous
subsection, could have an influence on laser design. Typically,
because of the relatively short lifetime of 1*, I, is injected into
the subsonic, excited oxygen stream just upstream of nozzles
that accelerate the flow to supersonic as it enters the laser
cavity.? If I, dissociations by direct impact with O,(!L) and
0,(1A) [Egs. (7), (8), and (10)] are the only processes consid-
ered, the most efficient mixing scheme would be to rapidly mix
the oxygen and iodine streams to achieve a uniform mixture.

Table 1 Reduced oxygen-iodine reaction set

Recommended rate
coefficient,

Kinetic process cm3/molecule-s

02(14) + O2(!A) — O2('E) + 02CL) k1 =2.7x10"17
02(1X) + HyO — 02¢%) + HyO k2= 6.7x10-12
I+ 02(lL) — 1+ 1+ 02CY) k3 =4.0x 10-12
L+ 0x('4) — H + 0,¢L) ka=7.0x 10-15
L+I* -~ HB+1 ks=3.8x10-1t

B +05('4) = I+ 1+ 0:(3%)
H+H0 — I+ H,0

I+ O0x(1A) — I'* + 023Y)

I'* + 0:3L) — 1+ 0y(10)

I* + 0x(1A) — I+ 0(1Y)
I* + H,O - I+ H,O

ke =3.0x 10-10
k7=3.0x10~10
kg=17.8x 1011
ko=2.7x 1011
kio=1.1x10-13
ki1 =2.0x10-12
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Fig. 2 Schematic of flow arrangement showing splitter plate and
initial velocity profile for the freestream and jet for the 3/1 jet-mixed
case.

Because of the acceleration of the dissociation process due to
pumping of the intermediate, IT, by I* [Eq. (9)], somewhat
slower mixing schemes, resulting in regions of high I, concen-
trations, may result in faster and more complete dissociation;
at the same time, the flows should be fully mixed once the
iodine is fully dissociated. This being the case, the efficiency
of a particular device depends heavily (perhaps entirely) on the
mixing-scheme design. <

The work reported on here is an attempt to begin to under-
stand the fundamental role that mixing plays in the oxygen-
iodine system. Because complex mixing geometries are both
difficult to model and diagnose, the approach taken in this
study was to investigate a simple mixing geometry. The mixing
geometry selected was a two-dimensional, laminar, parallel jet
with the pressure held constant, as shown schematically in Fig.
2. By varying the ratio of the jet velocity to the freestream
velocity, the convection-enhanced mixing of an O,('A)
““freestream flow’” into an I, ¢‘jet”’ can be adjusted. When the
jet has a higher velocity than the freestream, the imposition of
a constant pressure condition allows for the streamlines in the
freestream to draw in toward the jet causing the O,(*A) to be
drawn in toward the I, jet. Although the mixing geometry is
simplified, the pressure, temperatures, and flow velocities
used in this study are typical of the COIL device described in
Ref. 2, in the subsonic mixing region of the device. The
Reynolds number for the simple-geometry model ranged from
approximately 30 to 200 based on the jet velocity and jet
height. Although these low Reynolds numbers are not usually
associated with turbulent flow, the potential for the inviscid
Kelvin-Helmholtz-type shear-layer rollup at the edges of the
jet exists!’; however, the flow was not allowed to roll up. As
such, the flow could be and was modeled using the thin
shear-layer equations.

II. Modeling

Numerical Framework

The computational model selected for this study was a code
described in detail elsewhere!$!7 and modified for the oxygen-
iodine system (see details of modification in Refs. 5 and 18).
The code numerically integrated the continuity, momentum,
energy, and species equations in thin shear-layer (boundary-
layer) form. The form of these equations was further simpli-
fied by transforming them from the two-dimensional (x-y)
form to compressible stream function (x-y) form via the von
Mises transformation.!®!® This allowed for an explicit, for-
ward-marching solution. Discussions of the numerical stabil-
ity and maximum step size for this explicit formulation, in the
presence of chemical-reaction complications, can be found in
Refs. 5 and 18.
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Thermodynamic and transport properties were computed at
every numerical grid point based on the local temperature,
pressure, and species. Polynomial fits of the enthalpy and
specific heats for each species were used based on Ref. 20;
mixture properties were formed as mass-fraction weighted
sums. The viscosity of each species was calculated and formed
into viscosity for the mixture following the real gas formula-
tion in Ref. 21. The thermal conductivity for each species was
computed using the Eucken approximation,?' and the mixture
conductivity was formed from that of the species in a manner
similar to viscosity. The bimolecular diffusivity was computed
for each species into each of the other species and then into the
mixture following the approach given in Ref. 21. For more
details see Refs. 5 and 16-18.

Chemical Reactions

It is known that more than 50 reactions play a role in a
COIL device; however, sensitivity studies have shown that
most of these reactions have little influence at standard COIL
operating conditions.? These studies identified a reduced set of
11 reactions that essentially duplicate the results of the com-
plete 50-reaction set.’ Only these 11 reactions were used in our
study; Table 1 lists these reactions along with their accepted
empirical rate constants.

Note that each reaction is presented in terms of a forward
rate constant. Where the rate for the reverse reaction is signif-
icant, it is listed as a separate reaction with a corresponding
rate constant. For the system of excited oxygen and water
vapor, the rate for reaction 1 has been measured along with
the total removal of O,(1A) due to pooling [O,(*A) + O,(*A)] to
- all other products. In this reduced set, the rate for reaction 2
has been selected to produce the same overall removal rate. A
limited database does exist for the temperature dependence of
some of these rates; these rates are presented in Table 2; these
temperature dependences were incorporated into the computa-
tions. Details on the use of the Table 1 and Table 2 rates to
compute the change in species in the computations can be
found in Refs. 5 and 18.

Table 2 Available temperature dependent rate data (subscript
numbers on k refer to numbers of reactions in Table 1)

ky = 9.5 X 10728 T3:8 ¢(700/D)
ks = 1.4 x 10~19 ¢(1660/T)

ks =2.33 X 10-8/T

kg = (3.810-8/T) e(-403/D
k1o = 4.0 X 10-24 T3:8 ¢(100/T)
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Fig. 3 Comparison of the streamwise variation in I, dissociation for
the premixed and jet-mixed cases.
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Boundary Conditions

Being an explicit formulation, only the initial conditions
and streamwise pressure distribution were required. As men-
tioned earlier, the pressure was held constant. The initial
geometry and velocities were specified as shown schematically
in Fig. 2; the jet half-height was 0.095 cm and the outermost
streamline for the freestream was at a half-height of 1.59 cm.
The inlet velocity distribution was top-hat shaped as shown in
Fig. 2. The centerline streamline was set at y = 0.0 and the
corresponding stream function was set to zero and symmetry
imposed there by requiring gradients in the stream function
direction to be zero. This gradient condition was also imposed
at the outermost stream function. The y location of the outer-
most stream function was set at the plane normal to the x
direction at the edge (exit) of the splitter plate (x = 0.0) but
was allowed to draw in (or out) as the computation pro-
gressed, as dictated primarily by the momentum transfer to
the freestream flow from the jet. The initial species concentra-
tions in the O, + He stream and the I, + He jet are discussed
subsequently.

III. Results and Discussion of Mixing Studies

Table 3 lists the initial conditions for three jet-mixing cases
with varying ratios of the jet (I, and diluent) velocity to the
freestream (O, and diluent) velocity. At the lower limit, this
ratio was set to 1 so that the mixing between the two streams
was due solely to ‘“unassisted’’ molecular diffusion (i.e., the
concentration gradients are not strained by the streamlines
being drawn toward the jet). For an increasing jet velocity
relative to the freestream velocity, the oxygen stream increases
its momentum near the jet through shear, and its streamlines
draw in toward the iodine jet as dictated by continuity; thus,
the mixing is enhanced by convective transport of the oxygen
toward the higher velocity iodine jet. This transport tends to
increase the concentration gradient for molecular diffusion,
thus enhancing the rate of molecular mixing. Velocity ratios
(jet velocity to freestream velocity) of 1/1 (i.e., no shear), 3/1,
and 6/1 were considered. Three ‘‘premixed’’ cases represent-
ing ideal instantaneous mixing of the oxygen and iodine
streams corresponding to the three jet cases were also run. The
initial conditions for these cases are listed in Table 4.

Finally, H,O was the only source of deactivation of O,(!Y),
I*, and Ill considered in this study. Initially H,O concentra-
tions were set to zero to separate the effect of mixing alone on
I, dissociation from the combined effect of mixing and deacti-
vation losses on dissociation. H,O levels typical of a COIL
device [i.e., introduced in the production of O,(*A) via Eq. (2)]
were then studied under similar flow conditions to see if the
presence of water affected the fundamental roll of mixing in
the reaction.

Water-Free Cases
Streamwise Comparisons

Figure 3 is a comparison of the streamwise variation of the
total (i.c., integrated over the entire transverse plane of the
flowfield) fraction of I, that has been dissociated for the six
water-free cases described earlier (i.e., three jet cases and three
premix cases). An I, dissociation fraction of 1 corresponds to
complete 1, dissociation. Note that initially the rate of dissoci-
ation for all premixed cases is slower than that for the corre-
sponding jet-mixed cases, although the premixed dissociation
fraction eventually overtakes the jet-mixed cases. The early
dissociation advantage is present even when the jet and free-
stream velocities are the same (i.e., a jet-velocity ratio of 1/1);
however, this advantage is amplified by increasing the jet-
velocity ratio. This enhancement is not simply an artifact of
presenting the results as a function of position, as opposed to
“mixing time’’; mixing-time comparisons can be found in
Ref. 5, but can be inferred from Fig. 3 by realizing that in all
cases the ‘‘premix’’ results would collapse onto a single curve
“if plotted vs time fi.e., ¢ = distance (x) divided by velocity].
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Table 3 Initial conditions for jet-mixing cases

Velocity ratio 1/1 3/1 6/1
Freestream
T,K 300.0 300.0 300.0
P, dyn/cm? 2.979 x 10% 3.144 x 10* 3.363 x 104
V, cm/s 6228.4 5900.8 5518.9
Mole fractions
0,(Y) 0.15 0.15 0.15
0,(14) 0.10 0.10 0.10
02(1Y) 0.0 0.0 0.0
He 0.75 0.75 0.75
Jet
T,K 400.0 400.0 400.0
- P, dyn/cm? 2.979 x 10# 3.144 x 104 3.363 x 104
V, cm/s 6228.4 17702.5 31273.8
Mole fractions
I 0.111 0.037 0.02
He 0.889 0.963 0.98

Table 4 Imitial conditions for the one-dimensional, premixed cases

Associated jet case 1/1 3/1 6/1
T,K 400.0 400.0 400.0
P, dyn/cm?2 2.979 x 104 3.144 x 104 3.363 x 104
V, cm/s 6228.4 17702.5 31273.8
Mole fractions
0:¢3Y) 0.1435 0.1322 0.1195
02(14) 0.0957 0.0881 0.0797
0x(1L) 0.0 0.0 0.0
I 0.0048 0.0044 0.0040
He 0.7560 0.7753 0.7968

With this in mind, it can be seen from Fig. 3 that increased
jet-velocity ratios increase the time over which the jet-mixed
cases show an advantage over the premixed cases. Further, the

_global integration over the transverse plane to obtain the
dissociation fraction for the jet-mixed cases masks the true
advantage of mixing in accelerating the dissociation, since the
jet height to freestream height was chosen for the purpose of
a simplified study only. To explore the ‘‘local’”’ advantage of
mixing on I, dissociation, a more detailed view of the mixing
is needed.

A somewhat more detailed picture of the role of the mixing
is afforded by examining the change in species at the dividing
streamline that originates at the splitter plate. The variation of
the species concentrations at this ‘‘jet-boundary’’ streamline
as a function of downstream position for the 6/1 jet-mixed
case is shown in Fig. 4, with the corresponding premixed case
shown in Fig. 5. A comparison of these figures shows a higher
initial concentration of I, for the jet-mixed case with a corre-
sponding rapid rise in the concentrations of I, I*, and, most
importantly, Iz . The result is a much more rapid rate of
dissociation for the jet-mixed case. The drop off in I; concen-
tration near the 2-cm point occurs because the I, is being
depleted by dissociation. The rate of formation of all of the
excited species in the premixed case shows a more gradual rise;
however, as is the case in the jet-mixed case, as the I* concen-
tration builds the rate of dissociation increases due to a hand
off between the slower dissociation mechanisms, Eqs. (7) or
(8), and (10), and the faster mechanism of Egs. (9) and (10).
All of the jet-mixed cases display a rolloff in the dissociation
rate as O,('A) and 1, are depleted at the jet interface, resulting
in the eventual overtaking of the global dissociation fraction
of Fig. 3 by the premixed cases for the geometry under study.
The downstream location for this crossover in ‘‘dissociation
success’’ for the global dissociation fraction of Fig. 3 is clearly
a function of the jet-to-freestream velocity ratio, and, al-
though not obvious, is geometry dependent (cf., what fol-
lows). Figures 4 and 5 show only the single dividing streamline
at the jet-freestream interface. To gain a fuller understanding
of why the rolloff occurs, it is instructive to take a more

detailed look at the effect of mixing by examining transverse
cuts through the flow at various streamwise locations.

Transverse Comparisons

Figures 6, 7, and 8 show the 6/1-jet-mixed, transverse pro-
files at streamwise locations of 1, 3, and 6 cm from the splitter
plate exit plane, respectively, for the combined iodine mass
fraction, W (I + L,), that includes both atomic and molecular
iodine; the local I, dissociation fraction I, diss.; the total O,
mass fraction W(0;); and the singlet-delta oxygen fraction
0,(1A)/0,, commonly referred to as yield. The local I, dissoci-
ation fraction refers to the fraction of iodine atoms at a
particular location to the total iodine (either I or I,) at that
location, so that a dissociation fraction of 1 corresponds to
complete dissociation. Similarly, the O,('A) fraction is the
ratio of O,('A) to total O, at a particular location. Laser -
““gain’’ is also shown in the figures; it is defined as

gain = o([I*}) — 0.5[1]) 1

where [ ] denotes atomic concentration (number/cm?) and
6=15.7x10""8 cm? is the stimulated emission cross section.
Gain occurs where a population inversion has been achieved
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on atomic iodine indicating that lasing is possible. It can be
shown that based on the equilibrium of the laser pump reac-
tion, Eq. (1), a threshold O,(*A) fraction of 0.15 is required to
produce gain at these conditions.

In Figs. 6-8, the origin for the y coordinate is the centerline
(i.e., half the jet height at the splitter plate) and the initial
boundary between the jet and freestream flows is at y = 0.095
cm; the profiles are displayed out to y =0.8 cm, approx-
imately half of the computational domain, since above y = 0.8
cm the freestream flow remains essentially undisturbed by the
presence of the jet. Finally, it should be noted that the I,
dissociation fraction is not plotted after the total iodine mass
fraction falls below 0.001, since artificially high dissociation
fractions (i.e., greater than 1) can occur in regions where the
iodine concentrations are numerically very small.

Figure 6 shows that the O, and I, streams have only just
begun to mix by the 1-cm location. The I, is only slightly
dissociated in the mixing region ( = 0.15). No dissociation has
occurred in the core of the jet by this point. Note that gain can
only occur where I, has dissociated to create I atoms and
where the O,(1A) fraction is greater than the threshold value of
0.15. The gain profile in Fig. 6 illustrates this point.

As the flow progresses downstream (Figs. 7 and 8), the I in
the jet diffuses outward whereas the O, in the jet diffuses
inward, aided by convective transport as the O, is drawn
toward the faster-moving jet flow. Although the O, concentra-
tion on the jet centerline increases rapidly, the O,('A) fraction
actually drops to zero in the jet core. The I, which diffuses
into the O,('A)-rich freestream is dissociated rapidly; however,
the largest concentration of I, remains in the jet core even at
x =6 cm and nearly one half of the I, in the core remains
undissociated. Note the location of the gain regions; contrary
to what one might expect, the gain region moves outward
toward the O, freestream as the jet expands, even though most
of the I atom concentration is in the jet core. It now seems
clear that the dropoff in the rate of dissociation in the stream-
wise direction for theé jet-mixed cases in Fig. 3 occurs because
the I, in the jet core becomes isolated from the O,(*A) in the
freestream by a layer of completely dissociated iodine atoms.
0,('A) attempting to penetrate this layer is deactivated due to
pumping of the I atoms via the reaction of Eq. (1), which
accounts for the gain profile in this region. The dissociation
rate becomes limited by the rate of transport of I, into the
0,('A) stream. These observations will be referred to again
with regard to design considerations.
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Effect of Water Quenching

To investigate the role that H,O has on the dissociation
process, 2% H,0 vapor (molar percentage of the O,) was
added to the initial conditions for the jet-mixed and associated
premixed cases. For the jet-mixed case, the H,O vapor was
added to the O, stream only, as physically realistic because
H,O0 vapor is introduced by the O,(!A) generator via Eq. (2).
The integrated effect of H,O on the I, dissociation fraction for
both these cases is seen in Fig. 9. As expected, the H,O
interferes with the dissociation process [by quenching O,('Y)
and I*, the initiators, and I}L , the intermediate] resulting in
slower dissociation rates for both the premixed and jet-mixed
cases. The H,O appears to have a more detrimental effect in
the jet-mixed case; however, this may be due to the higher
concentration of H,O in the freestream than is the case for the
premix (i.e., H,O is spread over a larger volume in the pre-
mixed case). Elimination of H,O from the O, flow has always
been recognized as important to COIL performance; however,
this is usually attributed to the fast quenching rate for I*, the
lasing species. Figure 9 shows that H,O plays an important
role in retarding the I, dissociation process as well. Beyond
these observations, little change in the conclusions drawn
from the water-free cases appears justified. Thus, the funda-
mental role of mixing in the dissociation process remains the
same as that which can be gleaned from the water-free analysis.

IV. Conclusions

Although this is far from an exhaustive study of the role of
mixing in two-path chemical processes, it points out that the
roll is critical. Ideas expressed openly in the literature, for
example, that instantaneous mixing (i.e., near-premixed con-
ditions) are synonymous with maximum I, dissociation effi-
ciency*!? can be misleading. As has been shown here, less
well-mixed, higher-concentration iodine regions, concomitant
with the imposition of mixing, lead to a more rapid handoff
of the rate-controlling step from the slow O,(1Y) and 0,('A)
mechanisms to the faster I* to I mechanism.

The critical role of properly designing the jet-mixing geome-
try is also made clear; once atomic iodine is present in suffi-
cient quantity, energy from the oxygen is stripped as it pene-
trates the atomic-iodine region. Thus, although oxygen and
molecular iodine continue to mix in the core of the jet the
oxygen is in the triplet-sigma ground state and cannot partici-
pate in further dissociation or pumping processes. Knowledge
of these critical diffusion depths for effective penetration of
excited oxygen could directly contribute to sizing of the jet
height. Additionally, mixing heights of the iodine jet into the

oxygen stream could directly influence the design of the num-

ber of jets and their space that would lead to early and com-
plete dissociation. Computations similar to those presented
here, but over an expanded parameter range might prove of
sufficient detail to construct a set of design guidelines. Pres-
sure gradients in the streamwise direction could also be im-
posed, with essentially no additional numerical complexity,
that could simulate the proximity to the entrance of a super-
sonic nozzle as well as tracking the reactions as the flow is
accelerated to supersonic speeds to enter the lasing cavity. This
could aid in placing the streamwise location of the jets but,
more importantly, would give the proper temperature effects
caused by the expansion. Additional studies that include lasing
would also be of interest.
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