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Modeling High-Pressure Chemical Oxygen-Iodine Lasers

David L. Carroll*
University of lllinois at Urbana—Champaign, Urbana, Illinois 61801

The Blaze II chemical laser model was baselined to existing oxygen-iodine research assessment and device
improvement chemical laser (RADICL) data. Mixing calculations for the RADICL nozzle indicate that higher
iodine flow rates are necessary to maintain a significant fraction of the nominal performance as the helium flow
rate is increased to raise the total pressure of the flow; this agrees with RADICL experimental data. Overall, the
model is in very good qualitative and quantitative agreement with RADICL data as a function of increased He flow
rate over a total pressure range of 70-130 Torr. This was accomplished only after the nominal I} + He — I, + He
rate constant was increased by an order of magnitude. To determine the set of five unknown parameters which
best matched Blaze II model predictions with experimental data, a genetic algorithm technique was implemented
to efficiently search the parameter space. This is the first known application of the genetic algorithm technique
for modeling lasers, chemically reacting flows, and chemical lasers. Different reduced reaction/species sets were
investigated; a 13-reaction, 10-species set gave excellent agreement and an 8-reaction, 8-species set gave very good

agreement with the full reaction set.

Nomenclature
= utilization, iO; /X(CIZ)O
= mole fraction of species i
= molar flow rate of species i, moles/s
= yield, O, (' A)/[total O,]
= titration ratio, X, /Xo,
= diluent ratio, )'c(He)p " / x(Clz)o
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I. Introduction

NUMBER of papers have investigated issues associated

with the operation of chemical oxygen-iodine laser (COIL)
systems.! These include the required O,(* A) generators,?~3 the ra-
tio of I, to O, flow rates (titration) for optimal performance,! the
energy transfer dynamics,” and the power extraction efficiency,’
among others. Crowell and Plummer'® addressed the issue of how
the extracted power is affected by significant increases in the total
pressure of the flow (up to approximately 120 Torr), but their power
results were not in particularly good agreement with data because
they used a premixed model for the laser cavity calculations. No
one has addressed the issues of the extent of mixing, I, dissociation,
small signal gain, power, and system performance when the total
pressure of the flow is increased to levels greater than 120 Torr. If
the total pressure of a COIL device can be increased significantly
while maintaining the device’s nominal performance, then it should
be possible to reduce the size of pressure recovery systems. Typi-
cally, COIL devices have been operated in the total pressure range
of 30-75 Torr; thus, high-pressure COIL devices are considered to
be those having a total pressure in excess of 75 Torr. The effects of
increased total pressure on mixing, kinetics, gain, and power must
be analyzed with a reliable computer model. To accomplish this ob-
jective, the Blaze II laser simulation code!! was modified to model a
slit nozzle laser device with sidewall injection. The model was base-
lined to recent COIL power data!? as a function of total pressure over
the range 70-130 Torr. The baselined model was used to develop
reduced reaction sets for use with more detailed three-dimensional
computational fluid dynamic models. Finally, the baselined model
was used to predict qualitative laser performance trends at higher
pressure COIL operating conditions, approximately 205 Torr total
pressure; no experimental data are available at this high a pressure.
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II. Blaze II Model for a Slit Nozzle
Oxygen-Iodine Laser

The Blaze II code!! was originally written to be as generic a
chemical laser model as possible. Blaze II can treat arbitrary com-
binations of chemical species characterized by as many as 500 re-
actions and 40 species. Blaze II, which contains one-dimensional
fluid dynamic equations whose mixing terms were derived from
the two-dimensional equations that describe the mixing flowfield
in a chemical laser cavity, can be used for axisymmetric and two-
dimensional flows. Lasing may occur on a single atomic transition
or on as many as 10 vibrational bands of a diatomic species. Ro-
tational equilibrium is assumed. The run time is sufficiently short
that extensive parametric studies can be performed in reasonably
short times; a typical hydrogen-fluouride (HF) chemical laser run
takes approximately 70 CPU s on an IBM RS/6000 computer, and
a typical COIL run takes approximately 30 CPU s on the same ma-
chine. Although Blaze II was designed to be a robust code, it had not
been used extensively to predict the performance of a COIL (single
atomic transition) device. To validate the Blaze II model for COIL
calculations, a number of premixed Blaze II calculations at a total
pressure of 73 Torr were compared with calculations from Logicon
Research and Development Associates (RDA) premixed RECOIL
model.!? Blaze ITis capable of performing premixed and mixing cal-
culations, but the RECOIL model only treats premixed flow. These
Blaze I calculations were in very good agreement with the RECOIL
calculations having the same initial conditions for the same device.!*

Unless otherwise specified, all of the calculations made in this
paper used the 33-reaction, 12-species set'® listed in Table 1. All of
the reactions tabulated are one-way reactions. The gain g of a COIL
laser is given by!:10:13

7

= (A (M - L M
8= 12\ Tt

where A = 1.315274 x 10™* cm, A = 5.0 s™!, Ny and Nj are
the number densities of excited atomic iodine I*, and ground state

atomic iodine I, and the Voight line shape function ¢ (v) is given by

$) = 2/ Avp) (t2/7)3[1 — erf(y)lexp(y?) )
where
Avp = (2/A)/2RT0:2/ W = 1.4492 x 10'v/T 3
¥y = (Av /Avp)ViE2 )
Av, = %P lZa,-xi )
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Table 1 Full oxygen—iodine reaction set; 33 reactions, 12 species: I, I*, I, I, *, He, H,0,
0:(1A), 0,45, 0,15, Cly, C, IC

k Rates, cm’/molecule—s
1 0l + 0:('a) - 0('%) + 0:6%) 2.50e-17
2 0lA) + 0(A) - 08T + 0% 1.80e-17
3 0(1) + 0FC%) = 0(lA) 4+ 08%) 3.90e-17
4  0('m) + H0 — A + HO 6.00e-12
5 0:(l®) + Ch - 0lA) + Ch 2.00e-15
6 0('%) + He — O!A) + He 1.00e-17
7 0(1A) + 03T - 08T + 0.,5%) 1.60e-18
8 0'aA) + H0 — 0,6 + H0 4.00e-18
9 OlA) + Ch - 0CT) + 6.00e-18
10 0'A) + He — 0C%) + He 8.00e-21
11 L 4+ 0D - 2L+ 0,4 4.00e-12
12 I + 0l — I + 0:8%) 1.60e-11
13 L + Ola) - bL* + 00D 7.00e-15
14 I + I* — i + I* 3.50e-11
15 L+ 0la) - 21+ 0,63 3.00e-10
16 B 4+ 003 - L 4+ 003 5.00e-11
17 I; + HO0 — I + HO 3.00e-10
18 iy + He — 1, + He 4.00e-12
19 I + Ay - T+ 4+ 0,0 7.80e-11
20 r o+ 00®) — I + 0y(1a) 1.0277e-10* exp(—401.4/T)
21 1 + 0(A) - I + 0.4%) 1.00e-15
22 I + 0837 - I + 045 3.50e-16
23 o+ s — I + 0('%) 1.00e-13
24 o+ 0la) -~ I + 0(!A) 1.10e-13
25 I + I* — I + I 1.60e-14
26 I* 4+ H,O - I + H0 2.10e-12
27 * -+ He — I + He 5.00e-18
28 I* + Cl; — Cl + ICi 5.50e-15
29 I* —+ Clp — I -+ Clp 8.00e-15
30 I* -+ ICI - I -+ Cl 1.50e-11
31 I, + Cl — I + IC1 2.00e-10
32 Cl + IC1 — I + Ch, 8.00e-12
33 I + 21 - I + I 3.60e-30
- flow of I, which is injected perpendicular to the primary flow in
6 the research assessment and device improvement chemical laser
(RADICL) nozzle, must be assumed to penetrate some distance
4 into the nozzle and then be completely turned, Fig. 2. Thus, it is
1, Injectors assumed that the injectors penetrate and block the primary flow
2 / such that the primary flow has a half-width of H; and the sec-
6 e ondary flow has a half-width of H,; note that H; + H, = Y, the
e 0 I > T half-height of the nozzle at any position X. The question of the
> N [ T < initial value of (H,)o for given flow conditions will be addressed
Throat later.
4 Laser; Cavity
III. Mixing Predictions for Research Assessment
% and Device Improvement Chemical Laser Nozzle
Since the high pressure COIL experiments were performed with
0 2 4 6 8 10 12 14 16 18

X (cm)

Fig. 1 RADICL nozzle and laser cavity used for high-pressure exper-
iments and modeling.

R is the universal gas constant (8.3143 x 107 ergs/mole-K), W
is the molecular weight of iodine (126.90447 gm/mole), T is the
temperature in degrees Kelvin, T, is a reference temperature taken
to be 295 K, P is the pressure in Torr, x; is the mole fraction of
species i, and the pressure broadening coefficients «; in MHz/Torr
(referenced to 295 K) are 4.4, 10.5, 7.3, 6.2, 20.6, 3.6, 3.6, and 4.7
forl, I, O,, Cl,, H,0, He, N,, and Ar, respectively.!”

Blaze II was originally written to perform laminar or scheduled
mixing of the primary and secondary streams, from a nozzle array,
which mix inthe laser cavity. In a single slit nozzle such asRADICL,
Fig. 1, the mixing occurs in the nozzle as well as in the cavity.

The general flow geometry of the single-slit nozzle problem is
illustrated in Fig. 2. Blaze II requires parallel flow by the primary
(0,), secondary (I,), and mixed streams; therefore, the secondary

the RADICL nozzle, the modeling investigation focused on that noz-
zle. The geometry of the RADICL nozzle and laser cavity section
are shown in Fig. 1. A schematic of the experimental setup is shown
in Fig. 3. A detailed discussion of the experimental configuration is
given in Ref. 10. Before any mixing calculations can be performed,
the initial conditions for each stream must be specified. Blaze II re-
quires the following inputs for each stream: the total mass flow rate,
the mass fraction of each species, the pressure, the temperature, the
Mach number, the initial height of the stream, and a reference diffu-
sion coefficient. Since Blaze 11 is a quasi-two-dimensional mixing
model, each stream has uniform conditions at each x position, i.e.,
it is not possible to input nonuniform species concentrations in each
stream. To accurately simulate experimental conditions, RADICL
experimental data were tabulated, plotted, and linear least square
fits were used to determine certain input parameters as a function of
the primary and secondary flow rates. This procedure was used to
determine the utilization, the total temperature, and total pressure
of the primary stream, and the total temperature and total pressure
in the iodine heater cell.
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Fig.2 Schematic of the Blaze II slit nozzle mixing model for half of a nozzle.
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Fig.3 Schematic of the RADICL experimental layout.

Since the secondary flow from the iodine heater cell passes

through approximately 6 ft of tubing wrapped with heater tape -

(set at approximately 400 K) before actually entering the secondary
reservoir manifold for the injectors, there will be a drop in temper-
ature. The total temperature in the secondary manifold is approxi-
mated as the average of 400 K and the total temperature in the iodine
cell, ie., (Ti)see = 0.5[(Tiot)cen + 400]. Since there are several
bends in the tubing through which the secondary flow passes from
the iodine cell to the secondary manifold, there will also be a pres-
sure drop. The pressure drop is approximated as being proportional
to the temperature d['Op, i‘e', (Ptot)sec = (Ptol)cell[(Tmt)sec/(Ttol)cell]‘
Based on these values of the secondary total pressure and temper-
ature, an ideal isentropic mass flow can be computed for injectors
having a geometric area of 1.7901 cm?. The ideal calculated mass
flow is significantly larger than the actual experimental flow rate;
this phenomenon is typical for sonic injectors. As a consequence of
the difference between actual and ideal flow rates, a discharge coef-
ficient, C (= M acruar/Midear) 18 calculated and the inljector diameters
are adjusted accordingly, i.e., Dot = Dgeom(Ca)Z. This effective
diameter of the injectors was used as the injector diameter for all
subsequent calculations. For different flow conditions the discharge
coefficient ranged between 0.6 and 0.7, but for most flow conditions
it was approximately 0.65; discharge coefficients in this range are
quite reasonable for sonic orifices.!>16

The penetration of the I, jets into the primary flow of O, must
be estimated in order to calculate H; and H,. The parameter of
significance in the Cohen et al.!” study of jet penetration into a
crossflowing stream is the relative momentum flux of the two flows,
(pv?); / (pv?) o, Where (pu?); is the momentum flux of the injectant
stream, and (pv?)o is the momentum flux of the primary cross-
flow stream. The Mach number of the primary flow upstream of
the I, injectors is approximately 0.645, and the Mach number of
the secondary flow at the exit of the sonic injectors is unity. Know-
ing the Mach number, the gas composition, and the total condi-
tions, the static conditions of the two streams can be determined
at the injectors. From the static conditions, the momentum flux

ratio can be computed and the penetration can be found from the
Cohen et al.l” empirical fit to data;

©

(ov?); ]0'5
(Pv)oo

Htop )
—q =1.51
D (1 4+ cos )

where H,, is the top of the jet penetration height, D is the effective
hole diameter (adjusted for any discharge coefficient), and « is the
angle of injection relative to the channel wall. Since @ = 90 deg
for the RADICL device, (Hyp/D)(1 4 cosa) = (Hyyp/ D) for the
I, injectors. There are two rows of I injectors in the plenum region
of the RADICL nozzle. There are 115 large and 230 small injector
holes on each side (top and bottom) of the nozzle plenum. The large
and small I, injectors have geometric diameters of 0.032 and 0.016
in., respectively. The large holes have a spacing of 0.085 in. between
their centerlines, and the small holes have a spacing of 0.0425 in.
between their centerlines. The centerline of the row of large holes
is 0.12 in. upstream of the centerline of the row of small holes. The
centerline of the row of large injectors is considered to be x = 0 in
the Blaze Il modeling calculations. Equation (6) requires an effective
hole diameter, therefore, the geometric diameters were adjulsted for
a discharge coefficient using the relation Degr = Dgeqm(Ca) 2.

The next question is, how do these penetration heights relate to
the value of (H,), required by Blaze 1?7 Setting (Hz), equal to the
penetration height Hy,, is not realistic because there is primary flow
passing between the individual three-dimensional jets, i.e., each jet
may block flow to a height H,,, but there is no flow blockage be-
tween the jets. In essence, the ratio of (H>)o to the half-height of the
flow channel at x = 0, ¥;, represents the percentage of channel area
blocked to the primary stream. For illustrative purposes, Fig. 4 shows
the jets and their blockage of the primary flow. For generality it will
be assumed that the jets expand by an average factor J.,, when they
enter the lower pressure primary flow. The jets definitely expand, but
the amount of expansion is uncertain. Reference 18 indicates that
an underexpanded jet with a pressure ratio [(Pg)sec/ Ppri] of approx-
imately 6 (the ratio for the RADICL experimental conditions) has
an expansion of approximately unity, i.e., very little expansion. If
we consider simple quasi-one-dimensional fluid dynamic expansion
fora y = 1.67 fluid (y =~ 1.65 for the He/I, secondary jets) from
Mach 1 to a pressure ratio of Py /(Po)sec =~ 1/6, the arearatio A/A*
is As1.32. Since the jet expands three dimensionally, the effective
diameter of the expanded jet goes as the square root of the area ra-
tio, Deyp/D»21.15. Since the jet would expand to this value over the
full penetration height, the average expansion is about 1.075 ~ 1.1.
Thus, Jo, = 1.1 will be used for these Blaze 11 calculations. If
the area between injector centerlines from the nozzle wall to the
nozzle centerline is considered, the area of primary flow just before
the injectors is

Aqvaitabie = SY N
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Fig.4 Schematic of the blockage of the primary crossflow by iodine injectors oriented perpendicular to the primary flow.

where S is the spacing between injector centerlines. The area
blocked by the injectors is

Ablockage = JexpD Htop (8)

Therefore, the fraction of the available primary flow area which is
blocked is

Ablockage _ J exp D Htop
Aava.ilable SY

The spacing between injectors S for the small and large holes is
0.0425 and 0.085 in., respectively. Equation (9) can then be used
to calculate the flow blockage by the small and large injectors as a
function of jet penetration height. Since the flow blockage by the
large holes is greater than that by the small holes, it is reasonable to
assume that the flow which passes around the large injector jets will
manage to pass around the small injector jets. Thus, it is reasonable
to assume that under these flow conditions the large jets represent the
major contributor to the primary flow blockage. Since we are trying
to model a three-dimensional flow with a quasi-two-dimensional
model, we need to determine the initial relative heights- of the par-
allel primary (H,)o and secondary (H,)o streams, Fig. 2. The two-
dimensional equivalent height of the jet penetration (the secondary
flow) is the product of the channel half-height at x = 0, Yy, and the
fraction of the primary flow blocked by the jets B,

(Hy)o = YoB (102)

B =

®

The remainder of the channel half-height represents the primary flow
(H)o = Yo(1 — B) = Yo — (H2)o (10b)

For the RADICL nozzle, Yy = 0.2005 in. and the values for (H;)o
and (H,), are determined from the momentum flux ratio (which
gives the jet penetration height) and Egs. (9) and (10).

Now that reasonable values for (H;)q and (Hs,), are determined
we need to find reasonable values for the flow properties (pres-
sure, temperature, and Mach number) of the primary and secondary
streams at x = 0, Fig 2. There is no experimental data for the in-
jector region and since the actual flow involves complicated three-
dimensional effects (including flow between injector jets), it is not
possible to directly determine the average flow properties of each
stream for input to Blaze IL As such, the pressure and temperature
of the primary and secondary streams were assumed to be equal to
the values appropriate for a premixed (plug flow) calculation. In a
one-dimensional nozzle at a position inj (e.g., the I, injectors),

y+1/2(y—-1)
A 1 2 -1
= 14 M? 11
A Minj[()’+1)( m’)} an

For the RADICL device, as the flow rates are varied, y is approxi-
mately constant (y increases from approximately 1.58 to 1.63 as He

is added). From Eq. (11), since A/ A% = const for a given nozzle
and y = const as He is added to the flow, then Mj,; & const; for the
RADICL nozzle, My = 0.645. The temperature of the premixed
flow is assumed to be approximately the molar temperature average
of the two streams at M = 0.645,

Tinj = {[(*Thr=0.645)pri + (X Tar=0.645)sec] / (%) 1ot} (12)

where x is the molar flow rate of all gases in stream i, the subscript
priis for the primary O; stream, the subscript sec is for the secondary
I, injectant stream, and the subscript tot represents the entire flow
as a premixed stream. The initial pressure for the calculation at the
injectors is given by

' RT;,
Pay = o [ a3
M; inj Ainj Yiot Wiot
where AmJ is the total flow area at the 1njectors [= 2YoL, = 2

(0.2005 in.)(10.0 in.) = 4.010 in.2, where L, is length of the gain
region, i.e., the nozzle length]. Then, using the continuity and state
equations, the initial Mach number of each stream i (primary and
secondary) can be determined from

.i RT;n
M= = (14)
P Y v Wi

where A; is the flow area of stream i [=2(H;)oL, = (Hi)o
(10.01in.)]. When the primary flow is blocked by the injector jets, its
flow area decreases and the Mach number of the primary increases.
The secondary is subsonic outside of the “shock bottle”*® formed by
the underexpanded injector jet. For all of the RADICL calculations,
it turns out that the Mach number of the primary stream was larger
than that of the secondary.

The reference diffusion coefficients for the primary and secondary
streams must still be determined. Using a gas properties code written
and provided by Driscoll,"” the species composition, pressure, and
temperature of the two streams were used as input to determine
the nominal laminar diffusion coefficients at x = 0; the diffusion
coefficient calculation is based on Ref. 20. One question which arises
is whether or not it is appropriate to use laminar diffusion coefficients
for cases with a total pressure as high as 200 Torr. Calculations of the
Reynolds number for the worst conditions modeled (a flow with a
total pressure of 205 Torr at the end of the laser cavity) indicated that
Re, = 1.4 x 10° which corresponds to an Re; = 5(Re,)} =~ 1900
(Ref.21). These values are well below the critical values of Rey crit &
3.2 x 10° and Res i & 2800 of Ref. 21 for a flat plate. Res ~ 1900
is also less than the value of Res oy & 2300 for a pipe. 2! Therefore,
even for a flow with a total pressure of approximately 200 Torr,
the flow should still be laminar and the use of laminar diffusion
coefficients is appropriate. However, turbulence may become an
issue at flow total pressures of around 300 Torr.
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Because the I, injectors enhance mixing, the nominal laminar
diffusion coefficients are not appropriate for RADICL. A surface
stretching scheme proposed by Driscoll?>? was used to estimate a
diffusion coefficient multiplier (DCM). In Ref. 23, very good agree-
ment with experimental data was obtained using Blaze Il and a DCM
to model the complex mixing processes which occur in chemical
lasers with injector jets. Driscoll?>?* suggests that an appropriate
DCM is

DCM ~ ¢} =1+ (H/L,)* 15)

where v, is a constant reference value of the surface extension ratio,
H is the jet penetration height, and L, is the gas trip (injector) jet
spacing (L, = S, defined earlier). For these modeling calculations,
the jet penetration height is taken to be H = H,,,. There are two sets
of injectors, large and small. Because of the geometry of the prob-
lem (large injectors are twice the diameter of the small injectors, but
there are twice as many small injectors), the DCM for each set of
injectors is the same. The surface stretching mixing enhancement
scheme is represented by an increase in the contact area between
the two streams. Because the primary flow which passes between
the large injector jets should also pass between and over the small
injector jets, it is felt that the enhanced mixing effects of the set of
large injectors should not be significantly improved by the second
set of injectors, i.e., only the large set of injectors will be considered
to enhance the mixing. Multiplying the nominal laminar diffusion
coefficients calculated earlier by the DCM of the large injector jets
gives the necessary reference diffusion coefficients for the primary
and secondary streams. For the flow conditions studied in this pa-
per, the DCM ranged between 1.8 and 3.2; the peak power points
typically had a DCM of 2.8.

Blaze II requires the following inputs for each stream: the total
mass flow rate, the mass fraction of each species, the pressure, the
temperature, the Mach number, the initial height of the stream, and
the reference diffusion coefficient. With the exception of the oxy-
gen yield [which gives the relative mass fractions of O,(*A) and
0,( )] and water vapor in the primary stream at the I, injectors,
all of these initial conditions for Blaze IT are accurately measured ex-
perimentally (mass flow rates) or can be approximately determined
(from the previous discussion). There are experimental values for
the oxygen yield, but unfortunately this yield diagnostic is not very
accurate. Hence, there is a great deal of uncertainty in the oxygen
yield in the plenum of the RADICL nozzle; experimental values
range from 0.22 to 0.55 (Refs. 12, 24, and 25). The amount of water
vapor is believed to be in the range of 0.01-0.10 moles/s (Refs. 12,
24, and 25). Therefore, a study of the effects of changing the yield
and the amount of water vapor was undertaken. The objective of this
investigation was to determine a combination of the yield and water
vapor parameters which best predicted the experimental outcoupled
power of the all of the experimental data. Since there is a broad
range in the yield and H,O parameters, to narrow the range of likely
values of the parameters, three data points were selected for initial
studies: the nominal ¢ = 3 [ is the diluent ratio = J&(He)pﬁ /Xci s
B = 0.016 [ is the titration ratio = Xy, /%o, = %,/ U(Cly)y where
U is the utilization of the Cl, flow rate into the oxygen generator]
case, the ¥ = 6, B = 0.016 case, and the ¥ = 6, 8 = 0.025
case.

First, nominal input conditions were chosen for the nominal ¥ =
3, 8 = 0.016 case and the yield was varied between 0.35 and 0.60
for three different values of the water vapor (0.01, 0.05, and 0.10),
Fig. 5. For a large water vapor flow rate of 0.10 moles/s, it was not
possible to match the experimental power of 4400 Watts with a yield
in the range 0.22-0.55, Fig. 5. For a medium value of water vapor
(0.05 moles/s), the experimental power was approximately matched
with a yield of 0.55. For a low value of water vapor (0.01 moles/s),
the experimental power was approximately matched with a yield
of 0.42. The fact that the nominal power for the ¥ = 3 case can
be obtained by varying either the yield or the water vapor flow rate
indicates that an accurate measurement of either should allow the
other to be determined with modeling predictions. It is important
that future experiments accurately measure at least one of these two
current unknowns; of course, an accurate measurement of both the
yield and the water vapor in the plenum would be best.

5000 4—v-r—— —
RADICL Data / °
4400 Watts -
o 4000 o
3 -
g e
§ 3000 s +
£ -
3 -
£ 2000 & "
= T
& —e— H20=0.01 moles/s
= 1000 — e - H20=0.05 moles/s § T
-4 H20=0.10 moles/s
0 :

0.3 0.35 0.4 0.45 0.5 0.55 0.6
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Fig.5 Transmitted power vs yield for three different water vapor flow
rates for the nominal 1/ = 3, 3 = 0.016 case.
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Fig.6 Yield vs ¢ (from Ref. 24) curve adjusted upwards or downwards
so that the value of yield at ¢y = 3 matches the yield which predicts the
nominal power.

Given the range in yield of 0.22-0.55 from an inaccurate diagnos-
tic, a reasonable guess for the yield is 0.40 for the ¢ = 3 case.!22425
The yield changes with ¥ as shown in Fig. 6.1%24 For Blaze II power
calculations, the curve illustrated in Fig. 6 was shifted upwards or
downwards so that the yield at the nominal ¥ = 3 value was the
same as that which matched the nominal power of 4400 W for a
given water vapor flow rate. For example, the curve was shifted
upwards by 0.02 (=0.42 — 0.40) for the 0.01 moles/s water vapor
flow rate case and by 0.15 (=0.55 — 0.40) for the 0.05 moles/s
water vapor flow rate case; the shape of the curve was not altered.
A calculation was then run for the ¢ = 6, 8 = 0.016 case with
a yield of 0.55 and water vapor of 0.05 moles/s to see if Blaze I
agreed with data. Blaze II predicted an increase in power to 5497
W whereas the data showed a very large decrease in power to ap-
proximately 200 W, Fig. 7. Similarly, a calculation was run for the
¥ = 6, B = 0.016 case with a yield of 0.42 and water vapor of
0.01 moles/s to see if Blaze II agreed with data. Blaze II predicted
an increase in power to 4804 W. At this point, not only was Blaze
II not agreeing with the data, it was also predicting the wrong trend
in the power regardless of significantly different values of yield and
water vapor content.

By varying only the yield and water vapor, it was impossible to
produce good agreement with data for different mass flow rates.
Therefore, to obtain better agreement with the data as pressure was
increased, the effects of various assumptions made in determining
the input for Blaze IT were investigated. First, one assumption is that
the injector jets penetrate into the primary flow to a distance H,,
based on Ref. 17 data, where H,,, corresponds to the point where
the species profile of the jets goes to zero. Another possibility is to
define the jet penetration height as the centroid of the species profile,
Hyig. When Hy,g was used instead of Hy,, the predicted power for
the ¢ = 6 case was still greater than the v = 3 case rather than
a significant decrease (not shown). Second, it was assumed that
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Fig. 7 Transmitted power vs 1 as a function of the yield at ¢ = 3, the
water vapor flow rate, and the rate constant kqg: lines denote 8 = 0.016,
and the individual points at ¢/ = 6 are for 3 = 0.025.

the injector jets were expanding by an average factor of 1.1. When
Jexp Was set to as large as a factor of two, the predicted power still
increased from the ¥ = 3 case to the Y = 6 case (not shown). Third,
it was assumed that the secondary injector jets did not significantly
affect the enhanced mixing caused by the primary injectors, i.e., the
DCM was determined from only the primary injectors. To simulate
the effects of further enhanced mixing by the secondary injectors,
the DCM was increased by an arbitrary exponent

DCM = (DCM)PMex 16)

where DCM.,, ranged between 1.0 and 2.0. The effects of enhancing
the mixing beyond the a priori assumption (DCMx, = 1.0) did not
reverse the predicted trend of increased power from the ¥ = 3 case
to the ¥ = 6 case (not shown).

At this point, there are no other obvious assumptions that can
be investigated which might produce agreement with data. It is
possible to argue that the Blaze II quasi-two-dimensional mixing
scheme is inadequate to model the performance of a laser with a
three-dimensional flowfield. However, since the most obvious as-
sumptions which were investigated all dealt with mixing, and since
none of these assumptions when tested produced the experimental
trend of decreasing power from the ¥ = 3 case to the ¥ = 6 case,
it seems unlikely that the quasi-two-dimensional mixing model of
Blaze II could be the only factor preventing the model from giving
reasonable agreement with data. In fact, the Blaze II model has been
extensively used in the past to model the performance of compli-
cated HF mixing lasers as a function of different flow rates with
quite reasonable agreement?*26-28; this suggests that there may be
some other mechanism preventing agreement with the RADICL
data. The problem appears to be related to increased total pressure
by the addition of He. This raises the question of whether a chem-
ical rate constant for a He reaction should be adjusted. The only
rate constant involving He which is significantly large is that for
I; +He — I, +He, rate k13 in Table 1. When the agreed upon COIL
kinetics package in Ref. 29 was consulted, it was found that this
reaction’s rate constant has a low degree of confidence. Therefore,
any adjustments to this rate constant within an order of magnitude
should not be unreasonable. Recent data for this rate constant is
discussed later.

The 0.05 moles/s flow rate, yield = 0.55, Jo,, = 1.1, jet penetra-
tion to Hi,p, DCM.x, = 1.0 conditions were used to investigate the
effects of adjusting the rate constant k13. When k3 was increased
by a factor of 10, the yield was lowered to 0.52 to match the ¢ = 3
power, the slope of the power vs i line was negative and approxi-
mately matched the slope of the data, Fig. 7. When k3 was increased
by a factor of 20, the yield was increased to 0.56 to match the ¢ = 3
power, and the predicted power was zero for the ¥ = 6 case; the
power vs ¥ line was negative and approximately matched the slope
of the data, Fig. 7. When B is increased to 0.025 for the ¥ = 6
case, the data indicated an increase in power to 4600 W. For the
B = 0.025, ¢ = 6 conditions, the predicted power for the 0.52
yield/10 x k3 case was 4608 W, and the predicted power for the

0.56 yield/20 x ki3 case was 2324 W, Fig. 7. It is clear that the
0.52 yield/0.05 H,0/10 x k3 case shows promise for reasonable
agreement with the entire data set. However, this was possible only
by adjusting the rate constant k;g.

Now that the Blaze II model is in rough agreement with three
data points, how well does it agree with other data for different flow
rate combinations? In fact, the yield/H,O/k;g multiplier parame-
ter set of 0.56/0.05/10 does not produce particularly good overall
agreement with data. The question then becomes, what combination
of these three parameters would provide good overall agreement?
Thus began an extensive search for a parameter set which mini-
mized the differences between the predicted powers and the data
as a function of the flow rates. If the parameters are descretized
into increments, with reasonable yields running between 0.20 and
0.60 (in 0.01 increments), water vapor flow rates of 0.01 to 0.10
moles/s (in 0.01 increments), and a k;s multiplier somewhere be-
tween 1 and probably 20 (in increments of 1), the parameter space
has around 10,000 possible permutations. If we also consider the
possibility that Jex, could run between 1.0 and 2.0 and that there
could be mixing enhancement from the secondary jets such that
DCM,,,, runs from 1.0 to 2.0, we are left with five parameters hav-
ing some 1,000,000 possible permutations. To say the least, the task
of searching this parameter space for a global or local minimum is
daunting.

To tackle this problem, two significant additions were made to the
Blaze II model. First, to facilitate the ease of making many calcu-
lations, a subroutine was added to the Blaze I model which creates
the required COIL input deck automatically; previous calculations
were a little tedious because a change in ¥ and/or 8 was entered into
a Microsoft Excel worksheet and all of the resulting flow rates were
then manually typed into the normal Blaze II input deck (this also
caused a number of calculations to be rerun due to the inevitable typ-
ing errors). The gas properties code used to compute the reference
diffusion coefficients is now part of this new subroutine so that these
coefficients and the DCM are automatically computed. The primary
inputs to this subroutine are the five unknown parameters: the yield
at ¥ = 3, the primary flow rate of H,O vapor, the multiplier for
ki3, the jet expansion factor Jey,, and the DCM exponent DCMey,.
Other inputs which can be altered depending on which experimen-
tal conditions are to be modeled are v, 8, and the initial Cl, flow
rate. All of the power calculations were made for a 92% reflective
outcoupler, a 99.5% total reflector, and each mirror was assumed
to have a 0.25% absorption/scattering loss. Distributed loss was not
included in any of these calculations. The secondary flow rate of
He was adjusted during the experiments to maintain approximately
the same jet penetration. This increase in the secondary flow rate of
He is approximated in the model as a simple function of the diluent
ratio based on experimental data. Unless otherwise noted,

sec He flow rate = 0.65 + 0.10(¢» — 3) moles/s an

This relation is approximately the same as a least squares fit to data.
Second, and perhaps most importantly, once the Blaze II model
was automated for many calculations based on the five parameters,
a genetic algorithm®®3! technique was coded and implemented to
search the parameter space and minimize the differences between
the predicted and experimental powers. One efficient algorithm that
is robust enough to search for a global minimum given this highly
nonlinear chemical laser mode! in this highly multimodal phase
space (many local minimum) is the genetic algorithm.?! To min-
imize required computer time while retaining a broad range of
flow rates, five data points were chosen as a representative sam-
ple of the entire data set ( = 3,8 = 0.016;¢ = 6,8 =
0016;¢ = 6,8 = 0.025;¢ = 1033,8 = 0.0317;¢ =
9.64, = 0.0418). Approximately 4 days of continuous running
on an IBM RS/6000 computer was required to find a minimum
for these five data points. Since it would take too much computer
time to find a global minimum for the entire data set (43 data
points), the best result found for the five data points is probably
not the global minimum, but it is believed to be reasonably close.
This is the first known application of the genetic algorithm tech-
nique for modeling lasers, chemically reacting flows, and chemical
lasers.
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Fig. 8 Transmitted power as a function of v} for different values of 3;
Blaze IT parameters are a yield of 0.53 at p = 3, 0.08 H,O0, 12 X ki3,
Jexp = 1.1, and DCMeyp = 1.0.

The parameters which gave the best overall agreement with the
data were a yield at ¢ = 3 of 0.53, a water vapor flow rate of 0.08
moles/s, a kyg multiplier of 12, Jop, = 1.1, and DCM,,, = 1.0.
It is very interesting that despite the flexibility of the algorithm to
find values of Jex, and Deyp between 1.0 and 2.0, that the algorithm
found the initial a priori assumed values of 1.1 and 1.0, respectively,
to give the best overall agreement. In fact, the combination of the
first three parameters 0.53/0.08/12 is not very far removed from the
previously determined rough estimate of 0.52/0.05/10. Nontheless,
the genetic algorithm found a parameter set which was a better
match than any which were determined by earlier personal search
attempts.

The best overall agreement with data was obtained with a k13 mul-
tiplier of 12. Using an experimental technique outlined in Refs. 9
and 32, Heaven® recently measured the rate of vibrational relax-
ation of I, in the presence of He from v” = 23 — v/ = 22 to be
1.8 x 10719 cc/molecule-s. Using an I, relaxation simulation model
provided by Heaven,® the I} + He deactivation rate ki should be
in the range of 1.1 x 10711-2.3 x 10~!! under typical laser cavity
flow conditions (5 Torr and 150 K); this is a factor of approxi-
mately 36 above the original assumed rate of 4 x 10712, Although
Heaven’s data indicate a rate which is about a factor of 2 smaller
than the factor of 12 increase deduced in this study, there is defi-
nitely agreement that the nominal I3 4+ He deactivation rate is too
slow. As a possible explanation of the discrepancy between the re-
sults of this study and Heaven’s data, it has been suggested that
the It + O;(*A) — 2I + 0,(*T) dissociation reaction k;s may
be too fast.®® If this dissociation reaction were slowed down by
roughly a factor of 2 in conjunction with a factor of 6 increase in
the I} 4+ He deactivation rate, the effects may be similar to those of
increasing the I} 4+ He deactivation rate by a factor of 12. From
Ref. 29 the nominal ks dissociation reaction rate has a low to
medium degree of confidence; as such, this reaction is currently
being investigated.

The agreement between data and Blaze II with the 0.53/0.08/
12/1.1/1.0 parameter set is illustrated in Figs. 8 and 9. Figure 8
shows excellent agreement between data and Blaze II as a function
of ¢ for three different values of 8. The model not only predicts the
power very well, but also the upward and downward trends. Figure
9 shows the predicted power as a function of 8 for ¢ = 10; at first
glance it appears that the agreement with data is reasonable but not
nearly as good as in Fig. 8. However, there are subtleties which must
be noted. First, the dashed curve in Fig. 9 is for the case where ¥ is
exactly equal to 10 and the (Cly)q flow rate is exactly 0.50 moles/s.
In fact, the data have a number of subtle variations (typically no
greater than 5%, but occasionally as large as 25%) in the flow rates
of primary He, (Cly)y, I, and secondary He. When these small
variations are used in computing the initial conditions for Blaze
11, the solid curve shows significantly better agreement with data,
Fig. 9 (consider the 8 = 0.0317 and 0.0418 points as well as those in
between); this demonstrates the ability of Blaze Il to track significant
changes in performance due to seemingly minor variations in flow
conditions. There are also significant variations in the pressure and
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Fig. 9 Transmitted power as a function of 3 for ¢y ~ 10; Blaze n
parameters are a yield of 0.53 at ¢ = 3, 0.08 H;0, 12 X k18, Jexp = 1.1,
and DCMe,; = 1.0.

temperature of the primary and secondary flows (not shown); it
is quite possible that these variations, which were not included in
the calculation of the initial conditions, may account for the three
unexplained peaks which are approximately 20% higher than data,
Fig. 9; i.e., if the pressure and temperature variations were included
in the calculation of the initial conditions, then the peaks may drop
into better agreement with the data. It is important to note that the
deduced parameter set was optimized for only 5 of the 43 data points
and that the same parameter set gave very good agreement with the
other 38 data points which have significant flow rate variations.
Regardless of any minor discrepancies, Figs. 8 and 9 suggest that
Blaze I can now be used with some degree of confidence to make
realistic qualitative predictions of COIL performance trends for the
RADICL nozzle.

Mixing COIL calculations for the RADICL nozzle indicate that
higher iodine flow rates are necessary to obtain a significant fraction
of the nominal performance as ¥ is increased to raise the total pres-
sure of the flow, Fig. 8; this agrees with RADICL experimental data.
The current experimental setup for RADICL limits the maximum
1, flow rate to approximately 20 mmoles/s (Ref. 12), which corre-
sponds to a value of B of approximately 8 = 0.050 for the nominal
(Cly)o flow rate of 0.50 moles/s. The predicted performance as a
function of ¢ for § = 0.050 is shown in Fig. 8. The peak power
of 3271 W occurs at a diluent ratio of ¥ = 12. The trend appears
to be a decrease in the maximum power obtainable as the dilu-
ent ratio () increases. Nontheless, the ¥ = 12, 8 = 0.050 case
corresponds to a generator total pressure of 142 Torr which is sig-
nificantly greater than the nominal ¥ = 3, = 0.016 generator
total pressure of 72 Torr and the predicted power level is still 74%
of the nominal power. For the maximum experimentally obtainable
value of 8 = 0.050 with the existing hardware, the predicted power
dropped to zero (not shown) when ¢ was raised to 20. Since we wish
to operate at as high a total pressure as possible, the next question
is how can the performance of the existing hardware be improved
at higher generator total pressures?

Calculations (not shown) at a total pressure of 205 Torr (¢ = 20)
were run to determine qualitative trends which should improve
high-pressure performance. These calculations indicated that for
the ¢+ = 20 case a significant reduction in the secondary He flow
rate (worse penetration and mixing) led to higher power; why?
This result is believed to be a consequence of the very high He
concentrations at ¢ = 20; the cumulative concentrations of mixing
with the ¢ = 20 core flow and the secondary He deactivates I}
too rapidly to permit sufficient gain build up. For the ¥ = 20 case,
when the secondary He flow rate is reduced and, consequently, the
penetration and mixing rates are also reduced, the gain can build up
sufficiently for lasing, albeit in a restricted region of the lasing cav-
ity (because of reduced penetration and mixing). These calculations
indicate that it should be possible to obtain lasing at a total pressure
of at least 205 Torr; however the predicted power level is still lower
than desired (approximately half of the nominal 4400 W), so the
question of how to improve this performance remains.
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Table 2 Reduced oxygen-iodine reaction set; 13 reactions, 10 species: I, I*, I, I;*, He,
H209 02(1 A)a 02(3 2)3 02(1 2)9 C]2

k Rates, cc/molecule—s
1 0lA) + Ol > Ol + 0C®) 2.50e-17

da Oy + H,0 > 0.40%) + H0 6.70e-12

11 I + 0%y - 21 + 083 4.00e-12

13 I, + 0olA) - I* + 0,403 7.00e-15

14 L + P - I + L* 3.50e-11

15 L* + 0,0A) - 21 + Oy 3.00e-10

16 I* + 008 - I +  0:,8%) 5.00e-11

17 I* + HO0 - L + HO 3.00e-10

18 IL* + He — L + He 4.00e-12

19 I + 0a) > I* + 001 7.80e-11

20 I* + 04 — I +  0('A)  1.0277e-10%exp(—401.4/T)

23 I* + 0A) > I + 0('® 1.00e-13

26 I* + H0 - I +  HO 2.10e-12

Table 3 Reduced oxygen—iodine reaction set; 8 reactions, 8 species: I, I*, I, I,*, He, H,0,

0:('4), 0,3%)
k Rates, cc/molecule—s
13 I, + O0A) - L*  +  0,3% 7.00e-15
14 I + I* — I + I* 3.50e-11
15 I* + 0:(1A) - 21 + 0,C%) 3.00e-10
17 I* + H,0 - Iz + H;O 3.00e-10
18 I* + He — I + He 4.00e-12
19 I + A - IF 4 0P 7.80e-11
20 I* + 00T -~ I +  0('A)  1.0277e-10*exp(—401.4/T)
26 I* + H,O — I + H,0 2.10e-12
One possible way of improving performance is to shift the lo- 0008 A== T e
cation of the mirrors to more efficiently utilize the available gain 00074 LA TR o
curves. Calculations (not shown) indicate that substantial increases pal S
in power can be obtained for a variety of flow conditions by moving 0.006 /e 3
the leading edge of the mirror upstream and/or increasing the total 4
mirror (or aperture) size. 'g 0.005 /
Another possible way of improving performance at higher pres- S 000 1
sures may be to add different thickness spacer plates between the 5 '/
I, injectors and the nozzle throat. Calculations (not shown) indicate O 0.003 £
that the addition of the spacer plate enables the gain to build up in / —— 33 reactions, 12 species
the subsonic portion of the nozzle, so that there is sufficient gain 0.002 / j_f__jéie‘:gggzgs’gls%;ﬁi“
in the cavity region to lase. It appears that it should be possible 0.001 F—et-n -
to obtain a significant fraction of the baseline ¥ = 3, 8 = 0.016
power of 4400 W with ¢ = 20, 8 = 0.050 flow conditions with 0 : : p
20

an appropriate choice of secondary He flow rate, spacer plate size,
mirror location, and mirror size.

IV. Effects of Reduced Sets of Reactions and Species

To reduce the required computational time for two- and three-
dimensional computational fluid dynamics (CFD) simulations, two
reduced kinetic mechanisms were determined. The full 33-reaction,
12-species COIL kinetics package'? is given in Table 1. Several
reduced reaction/species sets were investigated. The two reduced
mechanisms which showed the best agreement with the full mecha-
nism were a 13-reaction, 10-species set, Table 2, and an 8-reaction,
8-species set, Table 3. The 8-reaction, 8-species set was obtained by
eliminating all O,(! Z) reactions and removing Cl, from the flow.
These three reaction sets were run for the nominal mixing case,
¥ = 3, B = 0.016. Figure 10 shows that the gain curves of the
two reduced mechanisms are in very good agreement with the full
mechanism. The resulting power calculation from the 13-reaction,
10-species set was 1% higher than the full set. The resulting power
calculation from the 8-reaction, 8-species set was 8% higher than the
full set. For the purposes of reducing the computation time required
by slow CFD codes, the 8-reaction, 8-species set is recommended
because it quite adequately models the kinetics of the RADICL
nozzle at nominal conditions. For relatively fast CFD codes (for ex-
ample, those employing parabolized Navier—Stokes techniques), the
13-reaction, 10-species set is recommended because it retains the
species Oo('¥) and Cl, and the reactions associated with O,(*2).

10
X (cm)
Fig. 10 Predicted gain vs distance for three different reaction/species

sets; Blaze II parameters are a yield of 0.53 at ¢ = 3 (8 = 0.016 case),
0.08 H20, 12 X k13, Jexp = 1.1, and DCMexp = 1.0.

V. Concluding Remarks

The Blaze II chemical laser model was used to model chemi-
cal oxygen-iodine laser (COIL) performance at high pressure. First,
this model was verified against the existing premixed RECOIL code
which has been used in the past to model low-pressure COIL perfor-
mance. The primary advantage to the Blaze Il model is that it will
perform mixing calculations; this is critical because mixing changes
dramatically as the pressure in the device is increased and flow rates
are altered.

The Blaze II chemical laser model was modified to perform
mixing calculations for single slit nozzle geometries with side wall
injection such as the oxygen—iodine RADICL nozzle. These mod-
ifications include the ability to compute mixing beginning in the
subsonic portion of a subsonic/supersonic nozzle. Jet penetration is
based on the momentum flux ratio of the secondary injectors to the
primary oxygen flow. Blaze II was baselined to existing RADICL
data. To obtain good agreement with power as a function of dilu-
ent ratio () data, the I} + He — I, + He rate constant (kig of
Table 1) was increased by an order of magnitude (a factor of 12
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best matched the data). Mixing COIL calculations for the RADICL
nozzle indicated that higher jodine flow rates are necessary to obtain
a significant fraction of the nominal performance as v is increased
to raise the total pressure of the flow; this agrees with RADICL
experimental data.

A significant performance increase for most RADICL flow con-
ditions should be obtainable if the mirror leading edge is moved
upstream from its present location and the mirror aperture is made
larger. Calculations indicate that it should be possible to obtain a
significant fraction of the baseline = 3, 8 = 0.016 power of
4400 W with ¢ = 20, B = 0.050 flow conditions with an appro-
priate choice of secondary He flow rate, spacer plate size, mirror
location, and mirror size.

A genetic algorithm technique was implemented to determine a
set of unknown parameters (yield, water vapor flow rate, rate con-
stant k;g, jet expansion factor, and the DCM) which best matched
Blaze IT model predictions with experimental data. This is the first
known application of the genetic algorithm technique for model-
ing lasers, chemically reacting flows, and chemical lasers. Now that
these unknown parameters are established for the RADICL device,
it may be possible to implement this genetic algorithm technique as a
system design tool to optimize the RADICL performance as a func-
tion of any of the flow rates, mirror location, mirror size, spacer plate
size, nozzle configuration, injector sizes, and other possible factors.
This modeling procedure could possibly be used as a method to
guide experiments to enhance the performance of the RADICL de-
vice at high pressure. For other chemical laser devices (COIL or
HF), it may be possible to use the Blaze II model linked with a
genetic algorithm driver as a system design tool to guide experi-
ments for optimal performance as a function of flow rates, nozzle
configuration, mirror position, etc.

Three-dimensional Navier—Stokes calculations are essential for
understanding the details of the fluid mechanics, three-dimensional
mixing and chemistry which occur in these extremely complex
chemical laser devices. To reduce the number of equations that
a three-dimensional Navier—Stokes model must solve, different
reduced reaction/species sets were investigated. A 13-reaction, 10-
species set was found that gave excellent agreement, and an 8-
reaction, 8-species set gave very good agreement with the full
reaction set. To minimize required computer time, the 8-reaction, 8-
species set is recommended for use in slow CFD codes. For relatively
fast CFD codes, the 13-reaction, 10-species set is recommended
because it retains the species O,('Z) and Cl, and the reactions
associated with O,(1 T).
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