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Modeling of the gain, temperature, and iodine dissociation fraction in
a supersonic chemical oxygen-iodine laser

B. D. Barmashenko, E. Bruins, D. Furman, V. Rybalkin and S. Rosenwaks
Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

ABSTRACT

We report on a simple one-dimensional model developed for the fluid dynamics and chemical kinetics in the chemical
oxygen iodine laser (COIL). Two different I, dissociation mechanisms are tested against the performance of a COIL
device in our laboratory. The two dissociation mechanisms chosen are the celebrated mechanism of Heidner and the
newly suggested mechanism of Heaven. The gain calculated using Heaven’s dissociation mechanism is much lower
than the measured one. Employing Heidner’s mechanism, a surprisingly good agreement is obtained between the
measured and calculated gain and temperature over a wide range of the flow parameters. Other predictions of the
model (larger mixing efficiency and higher temperature with a leak opened downstream of the resonator and gain
decrease along the flow) are also in agreement with the experimental observations.
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1. INTRODUCTION

The chemically driven oxygen iodine laser (COIL) ' is the only known example of a high power chemically driven
electronic transition laser. The laser transition, at 1.315 microns, takes place between the spin-orbit levels of the ground

state configuration of the iodine atom, I(5p5 2P1 n)— I(5p5 2P3/2). The iodine atoms are pumped by a near resonant
energy transfer from oxygen molecules in the excited singlet-delta state, O-(a'A,)

0,(1A)+1(3P3) = 0,C) +1(2Pp) . (1)

Oz(lA) is produced in a chemical generator by the reaction of gaseous chlorine with a basic hydrogen peroxide solution

(BHP). Mixing of the OZ(IA) with I, molecules results in their dissociation to iodine atoms which are subsequently
excited via reaction (1).

To understand the kinetic and mixing processes in COILs and optimize the output power it is necessary to have reliable
models describing the COIL operation and, in particular, the small signal gain, iodine dissociation fraction and gas
temperature in the resonator. One and quasi-two-dimensional models of supersonic COILs accounting for both chemical
reactions and mixing processes were developed in %%, The calculated values of the power and gain are in reasonable
agreement with experimental measurements performed for a small scale supersonic COIL developed in our laboratory >
7 and for the RADICL device, a 5 kW class supersonic COIL, developed at the Air Force Research Laboratory in
Albuguerque, NM ¥ °. More sophisticated three-dimensional (3-D) computational fluid dynamics (CFD) models were
developed in '° ' to take into account non-uniform distribution of the gain and temperature across the flow and, in
particular, the three-dimensional horseshoe structure of the jets injected into the cross flow, shocks and turbulence that
can not be directly modeled using the one and quasi-two-dimensional approaches. These 3-D models, however, are
complex, need very long computation time and to the best of our knowledge are often inapplicable to parametric studies
of the COIL when input parameters are changed continuously over a wide range. At the same time it appears that one-
and quasi-two-dimensional models are able to reproduce most of the essential features of the chemical kinetics, mixing
and hydrodynamics in the active medium of the COIL 56, Although these models give distributions of the small signal
gain, temperature and density of O,('A) only in the flow direction, the computation time is very short and it is possible
to quickly predict performance over a wide range of input parameters (chemical flow rates, position of the mixing point
and stagnation temperature). Since the values of some of the input parameters (the O('A) yield, flow rates of the
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chlorine and water, stagnation temperature in the subsonic section of the flow and mixing efficiency) were previously
known with very low accuracy it was very difficult to compare the results predicted by the aforementioned one-
dimensional models with experimental data.

Recently we reported on diagnostic measurements in a slit nozzle supersonic COIL with transonic mixing, operating
without primary buffer gas and with secondary N, '*. Using diode laser based diagnostics we measured the gain and
temperature in the resonator, the Oz(lA) yield and water vapor fraction in the subsonic section of the flow. In addition,
the chlorine utilization and gas temperature at the generator exit were measured. In the present paper a simple one-
dimensional model of the supersonic COIL with transonic injection of iodine is developed and used to simulate the
experimental results obtained in . This model is similar to the leaky stream tube model developed in >. The input
parameters of the model were taken from the aforementioned measurements . The objective of the present modeling
is to provide for accurate calculations of chemical kinetics processes, rather than gas dynamics in the COIL. That is
why most of the gas dynamics properties of the flow such as spatial distributions of the static pressure, static
temperatures in the “cold” runs without chemical reactions, mixing efficiencies and stagnation pressures and
temperatures, were also taken from the experiment. Calculations of the gain, temperature and iodine dissociation
fraction along the flow as a function of the iodine flow rate, the most important parameter affecting both the gain and
dissociation fraction, were carried out. The changes in iodine flow mainly affect the rates of chemical reactions and gas
temperature and have only weak, indirect (via temperature changes) effect on the flow hydrodynamics. In particular,
the iodine jets penetration into the primary flow (proportional to the momentum of the jet at the sonic injection hole and
hence to the stagnation pressure of the secondary flow) is changed by less than 10-15% (depending on the iodine
injector geometry) over the characteristic range of the iodine flow (0 — 0.4 mmole/s), which means that the iodine flow
has a weak influence on the penetration. Our recent measurements " of the gain distribution across the flow also
confirm that the penetration is almost unaffected by the iodine flow. Indeed, for small values of the penetration
parameter the gain distribution has bimodal structure with two peaks located higher and lower than the flow centerline
and corresponding to the centerlines of the iodine jets. We observed that the peak positions and hence the iodine
penetration, are almost independent of the iodine flow rate.

Comparison between the calculated and experimental dependencies of the gain and temperature on the iodine flow rate
permits to determine which of the proposed kinetic schemes and sets of rate constants for I, dissociation, '® or V7, fits
better to the experimental results. The model was run for different flow rates of chlorine and secondary nitrogen and
different positions of the optical axis along the flow and compared with the experimental results ™.

2. OUTLINE OF THE MODEL
2.1 General assumptions of the model

The model considers a typical configuration of a supersonic COIL ' in which I, premixed with nitrogen (secondary
flow) is injected perpendicularly into the main flow (primary flow) composed of O, [partially excited to OZ(IA)], H,O
and Cl, (see Fig. 1). The injection occurs in the transonic part of the supersonic slit nozzle through injection holes in
each side (top and bottom). After the injection the gas is brought to supersonic velocity via expansion in the nozzle and
flows through the duct with the floor and the ceiling diverging at an angle of 8° towards the optical resonator. As shown
in 2 the perpendicular injection of the jets into the primary flow results in jets bending, merging of each series of single
jets (injected from the same wall) to form a thin plane jet and jet-induced entrainment of some fraction of the primary
gas into the jets. However, unlike our previous models * * the present model does not deal with the form and trajectory
of the I/N, jets. Instead, just as in * and °, an approach based on description of the injection and penetration processes
by parallel streams is used. It is assumed that after the jets’ bending is completed the two parallel streams are formed in
the critical cross section of the nozzle, the O, primary stream and the mixed stream containing the entire I,/N,
secondary flow and fraction a, of the primary flow instantly mixed with the secondary flow (see Fig. 2). In what

follows this initial stage of mixing will be referred to as “premixing”. Then the streams undergo supersonic expansion
accompanied by chemical reactions in the mixed stream and gradual entrainment of the primary flow into the mixed
stream (due to diffusion process). This process continues towards the optical resonator where the fraction of the primary
flow entrained into the secondary stream due to diffusion process is indicated as . The total mixing at the optical
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axis is defined as the sum of a, and S, determined below using the experimentally measured gain spatial profile

across the flow. The model is divided into two main parts:

1. The first part of the model calculates the initial conditions in the primary and mixed streams at the critical cross
section of the flow. The primary stream parameters before mixing with the secondary stream are equal to the critical
flow parameters for Mach number equal to unity, the critical pressure of the primary flow being calculated from the
measured stagnation pressure in the subsonic part of the flow. The stagnation pressure of the secondary flow before
injection holes is found from the given flow rates of the iodine, nl,, nitrogen, #N,, and the stagnation temperature 7, of
the secondary flow, taking into account the injection holes discharge coefficient, Cy~ 0.7 — 0.8 '8 The expansion of the
jets is assumed to be adiabatic, but non-isentropic due to shock waves and viscosity. Due to irreversible effects, the
stagnation pressure drops whereas the stagnation temperature remains unchanged for an adiabatic flow, the stagnation
pressure losses P0;; being 0.75- 0.9 '8 The exact value of POy, in this range has a very small effect on the calculated
values of the gain and temperature. Parameters of the secondary stream before the “premixing” (temperature, velocity
and cross section) are found from the given secondary flow rates, nl, and #N,, and the stagnation pressure (corrected by
the loss factor PO;;) and temperature of the secondary flow assuming equal static pressures in the primary and
secondary streams. The secondary stream before the “premixing” is, as mentioned above, assumed to be parallel to the
primary stream.

Flow parameters of the primary and mixed streams just after the “premixing” (see Fig. 1) are found from mass,
momentum and energy conservation conditions assuming that the static pressure after premixing is equal to that before
the “premixing”. The constant static pressure approximation during “premixing” is inaccurate since the pressure in the
supersonic expansion changes rapidly away from the sonic line at the nozzle throat. However, this approximation has a
very small effect on the calculations of the gain and temperature in the supersonic section of the flow because most of
the chemical reactions start downstream of the throat.

2. In the second part of the model the mass flow rates a)m(p)(Z ) of species Z, the temperature T, and the velocity

Uy (the sub indexes “m” and “p” indicate mixed and primary streams, respectively) are calculated by solving the
conservation differential equations, considering the supersonic expansion of the primary and mixed streams, the
entrainment of the primary gas into the mixed layer and the chemical reactions occurring in the mixed layer. The final
conditions of the primary and mixed streams after the “premixing”, as calculated in the first part of the model, serve as
the initial conditions for the differential equations. In order to calculate the dynamical and chemical conditions at every
point until the optical resonator, we assume a spatial dependence of the pressure along the flow. This dependence is
based on the pressures measured at three points in the supersonic section of the flow and the critical pressure, calculated
by the first part of the model. We assume the pressure to change linearly between successive points. In order to take
into account non isentropic effects during the expansion in the slit nozzle (shock waves and boundary layers) we
assumed that, just as for the jet expansion described in the first part of the model, the stagnation pressure in both the
primary and secondary streams drops in the diverging section of the nozzle (from our calculations an exact position of
the pressure drop location has a negligibly small effect on the calculated parameters). Like the loss factor P0;, the
stagnation pressure loss factor P0;; is 0.75- 0.9. It should be noted that with PO, equal to unity the calculated values
of T, are smaller than the measured temperatures.

The above-mentioned first-order differential equations are solved numerically using “odelS5s” Matlab computer
program for stiff differential equations with relative error tolerance of 10°. The output of the program contains the
values of the specific densities, temperature (7,,) and the flow parameters along the flow. The gain g and iodine
dissociation fraction F are given by '°

g= llzaql(zﬁ/z)]m ~0.5[1(2Py2)])- @

and

Proc. SPIE Vol. 4631



F=1- 0, (1)) 00 (12), &)

respectively, where o= 1.29 x1077(300/T,,)'* cm” is the stimulated emission cross section for the strongest transition F
=3 — F =4 between the hyperfine sublevels of the iodine atom and @,,4(I,) is the initial mass flow rate of I, before

injection. Since the pressures at the optical axis are smaller than 2 Torr, Doppler approximation for the gain profile is
used in Eq. (2). Running the program with different values of the input parameters gives the dependence of the gain,
temperature and iodine dissociation fraction on these parameters.

2.2 Chemical reaction schemes

The model uses two different sets of chemical reactions suggested in '® 1. The first set of reactions is based on the
mechanism of iodine dissociation suggested by Heidner et al. ', This set of reactions was adopted in the standard
kinetics package 2> *! which is used for most computational simulations of COIL devices. Heidner’s mechanism
assumes that vibrationally excited I,(X) is the immediate precursor to atomic iodine in COIL systems and hence that the
dissociation is a two step process requiring at least two O('A) molecules to dissociate one T, .

Recent kinetic measurements and modeling studies carried out by Heaven et al. " indicate that these assumptions are
invalid, and that electronically excited I,(A’) is the I atom precursor. Heaven et al. 7 suggested a new model of iodine
dissociation where both I,(A’) and vibrationally excited I,(X) are significant dissociation intermediates. This model

requires at least three 0,("A) molecules to dissociate one L. The second set of reactions used in our calculations is based
on Heaven’s mechanism of iodine dissociation.

3. CALCULATED RESULTS AND COMPARISON WITH EXPERIMENTAL
MEASUREMENTS

3.1 Input parameters of the model

The input parameters of the model were measured in the experiment described in '. Those parameters are the flow rates
of the different species of primary and secondary flows, the temperature and pressure of both flows in the subsonic part
and the pressure at three different points downstream of the supersonic nozzle exit plane. The cross-sections of the
primary flow in the subsonic part (5 cm®) and of the secondary flow in the sonic part (0.2 cm® and 0.34 cm? for
transonic injectors No. 1 and 2, respectively, described in detail in '*), are fixed parameters.

There are three unknown parameters (explained in section 2.1) of the model: (1) the mixing parameter, & p>» or the total

mixing efficiency 7. = a, + B, (2) the losses in stagnation pressure of the secondary flow when injected into the

primary flow, P0;;, and (3) the losses in stagnation pressure of the flows during the supersonic expansion, P0;,. The
values of P0;; and P0;, are established in the following way: (a) the temperature of the gas mixture at the optical axis in
the “cold runs”, i. e., in the absence of iodine flow, is found by extrapolating the measured temperatures to nl,
corresponding to zero gain as described in '*; (b) then, values for P0;; and P0;, are selected by which the calculated
temperature of the mixed flow at the optical axis, for zero zl,, is equal to the extrapolated temperature. The previous
procedure is based on the assumption that the iodine flow rate, which is very small compared to the total flow rate, does
not affect the flow dynamics but has a strong effect on the chemical kinetics and hence the pressure losses for any nl,
are the same as in the “cold runs”. The parameter a,is chosen to give the best fit to the experimental results. In

section 3.3 we estimate the parameter «,, from experimental measurements of the gain spatial profile across the flow

and compare it to the result obtained for &, from the model. The input parameters of the model are shown in Table 1.
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3.2 Comparison of calculated and experimental results

Figs. 3 and 4 show calculated dependencies of g, T,, and F on nl, for Heidner’s and Heaven’s mechanisms of iodine
dissociation, respectively, for run 1 (Table 1) with #nCl, = 20 mmole/s and the first position of the optical axis located 5
cm downstream of the injection point. The same figures show experimental dependencies of g and T, on nl, obtained in
. It should be mentioned that F is not measured during the experiment and therefore only the calculated results for F
are presented. It is seen (Fig. 3) that a good agreement is obtained between the calculated and experimental results for
the dissociation mechanism of Heidner. For the model including the dissociation mechanism of Heaven (Fig. 4) the gain
obtained is much smaller than that measured in the same run. The reason for that is that the calculated values of F for
Heaven’s model are much smaller than for Heidner’s model, e. g., for nl, = 0.33 mmole/s, corresponding to the
maximum measured gain, the values of F are 0.4 and 0.76, for these models, respectively. Calculations show that good
fit between the experimental and calculated results for Heaven’s dissociation mechanism could not be obtained for other
values (between 0 and 1) of the unknown input parameters of the model. In the remainder of this section we will use
only the model which includes Heidner’s mechanism.

In Fig. 3 the dashed lines are the gain and temperature calculated for large diffusion and as can be seen there is only a
slight difference from the results calculated for small diffusion, the total mixing efficiency 7,,, being the same for both
cases. Therefore, from now on we will restrict ourselves to the case of small diffusion, which gives a slightly better fit.

Fig. 5 shows the gain and temperature as calculated for the second position of the optical axis, 9 cm downstream of the
injection point, for the same conditions as in Figs. 3 and 4. As there are no sufficient experimental results for these
conditions, only the calculated results are shown. Comparison between Fig. 5 and 3 shows that the gain decreases as the
optical axis is moved downstream from the first position and the temperatures increase due to higher losses. This trend
is also observed experimentally in ™.

Figs. 6 and 7 show that there is a good agreement between the calculated and experimental results for smaller values of
nCl, (runs 2 and 3, Table 1). Fig. 8 shows the calculated and experimental results for an opened leak downstream of the
cavity. As explained in '°, opening of the leak results in smaller pumping rate and Mach number in the cavity. It should
be noted that to reach an agreement between the calculated and measured values of the gain we assumed (see Table 1)
that the mixing efficiency 7, for opened leak (~ 0.8) is larger than for closed leak (~ 0.5). This assumption is in good
agreement with both estimates of 7, using experimental measurements of the gain spatial profile across the flow
presented below in section 3.3 and the conclusions of Ref. 14. The reason for larger mixing for opened leak is that the
Mach number is smaller in this case, resulting in a larger time for mixing. It is worth noting that the values of the static
pressure for opened leak are about 1.5 times larger than for closed leak due to higher back pressure introduced by the
leak. Measurements of the pressure in the supersonic section of the flow show that the pressure decreases
monotonically along the flow which means that there are no jumps in pressure caused by strong shock waves and only
weak oblique shock waves may be present in the flow. These shock waves are therefore not taken into account in our
one-dimensional model. Comparison between Fig. 8 and 3, 6 and 7 shows that the values of 7,, and F for opened leak
are higher than for closed leak, which is due to longer residence time of the flow between the injection point and the
optical axis.

3.3 Estimate of the mixing parameter

To estimate the value of 7,,,, experiments were carried out where the gain was measured as a function of the height y
perpendicular to the direction of flow . Fig. 9 shows the dependencies g(y) for the cases of closed and opened leak
and the same flow conditions as in runs 1 and 4 (Table 1), respectively. It is seen that for the opened leak the gain is

distributed more homogeneously along y than for closed leak.

Tmix can be defined as
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Mmix P C)

where H is the height of the flow duct and g, is the maximum value of the gain. Expression (4) does not take into
account that the gain decreases near the walls not only because of the incomplete mixing but also due to increase in the
gas temperature as a result of the heat transfer from the walls and wall deactivation of I*. The later two processes occur
in the thin boundary layers near the walls, hence Eq. (4) is a good approximation for 7, . The values of 7,
estimated using Eq. (4) are 0.46 and 0.73 for closed and opened leak, respectively. These values are in excellent

agreement with the values of 7, used in the model, 0.48 (run 1) and 0.76 (run 4) for closed and opened leak,
respectively.

4. SUMMARY

We tested the one-dimensional model presented in this paper against the performance of the COIL device in our
laboratory. The celebrated Heidner’s mechanism of iodine dissociation gives good agreement between the experimental
and calculated results. The gain calculated using the newly suggested Heaven’s dissociation mechanism is much lower
than measured experimentally. It is shown that the rate of I, dissociation for Heaven’s mechanism is smaller than that
calculated using Heidner’s mechanism, A possible reason is that the rate constants for Heaven’s mechanism, obtained in
17 by fitting the calculated to the experimentally measured times of iodine dissociation, are not accurate enough. It is
worth noting that the set of rate constants given in '’ are suggested to model the flow tube results of Heidner et al. 1,
This set, as noted in 7, is not unique and may not model conditions of experiments with the supersonic COIL, lying
outside the range of the data for which it was derived. Although good results are obtained for Heidner’s mechanism, it
suffers from inconsistencies, as discussed in '’. It is very important therefore to measure experimentally the iodine
dissociation fraction in order to decide which dissociation mechanism is closer to reality. But this is not an easy task as

the absorption of I, molecules in the supersonic portion of the flow is very small, in particular when the gain length is
short, as in our laser (5 cm).

The agreement obtained between the measured and calculated results over a wide range of the flow parameters is
surprisingly good. Other predictions of the model (larger mixing efficiency and higher temperature with a leak opened

downstream of the resonator and gain decrease along the flow) are also in agreement with the experimental
observations.
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Table 1. Input parameters of the model for different runs. The values are taken from the measurements of Ref. 14,
except P0;,;, P0;; and 1, which are fitting parameters

Run No. Nozzle nClg nNz Leak Dsub *, Pres *, Y P OL 7 P OL 2 Nmix
(Fig. No) type [mmole/s] | [mmole/s] [Torr] | [Torr]
1(3) No. 2 20.1 8.7 closed [ 16.9 1.4 052 | 0.75 | 0.75 0.48
2(6) No. 2 15.1 7.1 closed | 12.7 1.1 0.56 | 0.75 | 0.85 0.51
3 No. 2 11.8 5.1 closed 8.5 1 0.6 0.9 0.9 0.6
4(8) No.1 11.7 3 opened | 8.7 1.4 0.5 0.75 [ 0.75 0.76

*Pressure measured in the subsonic section of the flow.
** Pressure measured at the optical axis of the resonator.
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Fig. 4 Calculated (using Heaven’s model) and measured gain g, temperature 7, and iodine dissociation fraction F for
the same conditions as in Fig. 3 (run No. 1, Table 1)
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Fig. 5 Calculated (using Heidner’s model) gain g, temperature T,, and iodine dissociation fraction F at the second

position of the cavity optical axis (9 cm downstream of the injection point) for the same conditions as in Fig. 3 (run No.
1, Table 1)
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Fig. 6 Calculated (using Heidner’s model) and measured gain g, temperature 7,, and iodine dissociation fraction F at the
first position of the cavity optical axis (5 cm downstream of the injection point) as a function of the iodine flow rate.
The chlorine and secondary nitrogen flow rates are 15.1 and 7.1 mmole/s, respectively, the leak downstream of the
cavity is closed (run No. 2, Table 1)
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Fig. 7 Calculated (using Heidner’s model) and measured gain g, temperature 7,, and iodine dissociation fraction F at the
first position of the cavity optical axis (5 cm downstream of the injection point) as a function of the iodine flow rate.
The chlorine and secondary nitrogen flow rates are 11.8 and 5.1 mmole/s, respectively, the leak downstream of the
cavity is closed (run No. 3, Table 1)
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Fig. 8 Calculated (using Heidner’s model) and measured gain g, temperature 7,, and iodine dissociation fraction F at the
first position of the cavity optical axis (5 cm downstream of the injection point) as a function of the iodine flow rate.
The chlorine and secondary nitrogen flow rates are 11.7 and 3 mmole/s, respectively, the leak downstream of the cavity
is opened (run No. 4, Table 1).

84 Proc. SPIE Vol. 4631



1.2

14 —o— closed leak
—s— opened leak
E
£ 0.8+
ot
£
S
_50.6-
S
g
50.4-
2
0.2 1
0 T rtryv 11 rrrmrr1rrrrrrirI1ftr1rirrrJrrryrrrrrrrrrrrrrrr 1t o1 1m 11T
-0.8 -0.6 -05 0.3 0.2 0.0 0.1 0.3 0.4 0.6
y [cm]

Fig. 9 Measured gain distribution in the y direction across the flow for closed and opened leak.
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