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Development of Hybrid Simulation for Supersonic
Chemical Oxygen-Iodine Laser
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A numerical simulation method for a supersonic chemical oxygen—iodine laser is developed. The model is a
combination of a three-dimensional computational fluid dynamics code without kinetics and a detailed one-
dimensional, multiple-leaky-stream-tubes Kinetics code. In the proposed method, the detailed flowfield characteristic
is calculated by solving a full Navier—Stokes equation that does not involve chemical reactions, and the resultant
temperature, velocity, and mixing characteristics are input to the kinetics code as its boundary conditions. A
“nonuniform coefficient” is introduced to transform the fluid-dynamic mixing to the diffusive mixing term of the
kinetics code. As a result, precise predictions of the gain distribution and laser output are given with a reasonable
computational cost. The developed model is applied to the X-wing-type supersonic mixing chemical oxygen—iodine
laser, which we have developed, and the calculated gain and output power are compared with the experimental
results. The excellent agreements of calculated and experimental results show the validity of the developed method.

Nomenclature

rate constant of the gth second order reaction

rate constant of the Ath third order reaction

artificial diffusion coefficient

fitting parameter of the artificial diffusion constant
number density of the ith species

number of primary flow layers and secondary flow layers
photon density

optical power

temperature of the active medium

gas velocity

coordinate lateral to the main flow (parallel to the optical
axis)

vertical coordinate

coordinate to the main-flow direction

nonuniform coefficient

iodine molar fraction
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1. Introduction

HE chemical oxygen—iodine laser (COIL) is a high-power,
efficient chemical laser operating at 1.315 um. Because the
operating wavelength is in the minimum-loss band of the silica
optical fiber, high-power, long-distance fiber delivery of the laser
output is possible and that makes COIL promising for applications
such as mining, civil engineering, nuclear plant dismantlement, and
industrial applications.
The energy source of the COIL is basic hydrogen peroxide (BHP).
The gas-liquid surface reaction between BHP and chlorine gas
produces electronically excited oxygen molecules, O,('A). The
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0,('A) is mixed with inert buffer gas such as nitrogen and
transferred to the laser cavity under a low partial pressure (less than
2 kPa) to avoid collisional deactivation. Then the iodine molecule
carried with inert gas such as nitrogen is injected into the main flow,
and the mixture is supersonically expanded. The iodine is dissociated
by a complex, collisional process involving O, (' A) [1]. The ratio of
I, to O, is approximately 2%. Part of the energy contained in O, (' A)
is used to dissociate the iodine, and the rest is used to excite iodine
atoms via the near-resonant energy transfer reaction

—kf
02(1A) + I(2P3/2) (’i 02(32) + I(2P1/2) (D

where the equilibrium constant k/k, = 0.75exp[403/T]. Lasing
occurs between excited I1(>P, ,2) and ground-state ICP, /2). The
overall efficiency of the COIL is measured by its “chemical
efficiency,” defined as the number of emitted photons divided by the
number of chlorine molecules input. Supersonic expansion of the
laser medium is employed mainly to achieve a high-efficiency
because the gasdynamic cooling of the medium shifts the equilibrium
condition of Eq. (1) to the right-hand side as indicated by
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a change that results in a higher gain and more complete energy
extraction from O, (' A).

In reality, the gasdynamic cooling is only one of the conditions
necessary for achieving high-efficiency operation. Because of the
complex chemistry occurring with a relatively slow mixing process,
the efficient mixing of the primary flow (oxygen) and secondary flow
(iodine) is the key to achieving high-efficiency, and several mixing
schemes have been proposed to date [2-5]. Nevertheless,
experimentally obtained chemical efficiency has been far less than
the theoretical limit, and efforts to achieve a higher chemical
efficiency are one of the main subjects of COIL research studies.

Improvements in chemical efficiency have been closely related to
the modeling efforts of COIL. The model of COIL developed thus far
is categorized into three types. The first type is a full kinetics model
with no fluid dynamics considered [6,7]. Because the fluid-dynamic
mixing of the primary flow and secondary flow plays a primary role
in the building-up process of the active medium, the prediction of this
type of model is quite inaccurate or qualitative. However, this type of
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simulation has been favored to avoid the complexity of the three-
dimensional fluid dynamics involved in the COIL mixing process.

The second type of simulation is a full Navier—Stokes equation
model with no or limited chemical equations [8,9]. The recent
evolution of the performance of personal computers makes the use of
three-dimensional full Navier—Stokes computational fluid dynamics
(CFD) on them practical. Our recent successful development of what
we call an “X-wing” mixing nozzle [10] greatly owes to this type of
simulation. On the other hand, the calculated results of this type of
simulation only indicate the degree of mixing, and no information is
given for the small-signal gain or expected chemical efficiency.

The third type is a full Navier—Stokes equation CFD with a full
kinetics package [11,12]. This type is much better than the previous
ones, however, it has certain limitations. The combination of the full
Navier—Stokes simulation with a complete set of rate equations is so
computationally costly that one should employ the latest
supercomputer or wait patiently for a few months to complete one
case of calculation.

In this study, we aim to add the capability of laser performance
prediction to the second type of simulation we have been using,
without increasing computational cost considerably. To solve this
problem, we have developed a hybrid simulation model that
combines inert gas, full Navier—Stokes CFD code with one-
dimensional, multiple-leaky-stream-tubes full kinetics code. First,
the flowfield is calculated by the Navier—Stokes code. Then the
resultant temperature, velocity, and mixing characteristics are fed to
the kinetics model as its boundary conditions. The nonuniform
coefficient is introduced to transform fluid-dynamic mixing to the
diffusive mixing term of the kinetics model. This idea is justified
because in a typical COIL flow, more than 70% of the flowing gas is
inert buffer gas and heat release as aresult of chemical reactions has a
minor effect on flowfield. Therefore, the mixing characteristics, the
determinative input parameter to the kinetics model, could be solved
separately. On the other hand, the kinetics model could be quite well
approximated with a leaky-stream-tube model once local temper-
ature, velocity, and degree of mixing, as functions of the position in
the flow are known preliminarily.

We have applied the developed simulation to the recently
developed X-wing-type supersonic mixing COIL. Figure 1 shows a
schematic drawing of the X-wing supersonic mixing nozzle. Thin
wedges are set in an alternating fashion across the flow duct. Because
those wedges resemble the letter X viewed from the side, we call this
component the X-wing. The assembly of wedges primarily functions

X-wing nozzle
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as the supersonic expansion nozzle, but also doubles as a streamwise
vortex generator. The primary flow, coming from the left at a
subsonic velocity, is choked at the apexes of the wedges, and the
alternating configuration of the wedges generates strong streamwise
vortices. The secondary flow is injected at the nozzle exit plane
(NEP) perpendicularly to the main flow. The contact surface between
the primary and secondary flows is immediately enlarged by the
streamwise vortices, a change that should lead to rapid completion of
iodine dissociation. Notably, the streamwise vortex has a much
longer life than the transverse vortex in the supersonic flow, and it is
the most effective factor in enhancing the mixing in the supersonic
stream.

In this paper, we discuss the methodology of the proposed model
and apply the model to the X-wing COIL apparatus. The calculated
small-signal gain and chemical efficiency are compared with the
experimental results to assess the reliability of the code.

II. Methodology of Simulation
A. Computational Fluid Dynamics Part

CFD analysis was conducted using a commercial Navier—Stokes
equation solver, PHOENICS 3.5.1. Figure 2 shows the defined
calculation domain of the problem. The directions of the x, y, and z
coordinates are defined as in the figure. The size of the domain
defined is 5 x 25 x 240 mm. The upstream boundary is defined as a
fixed mass flow, and the downstream boundary condition is defined
as a fixed pressure. The pressure defined is set equal to that observed
in the experiments. All the surfaces of the objects inside the domain
are modeled as smooth, nonslipping, and adiabatic. The turbulence
model is not introduced because the Reynolds number of the problem
is less than 500 when the width of the wedges are defined to be the
characteristic length. Different species in the flowing gas are not
taken into account in the CFD part. The gas flowing in the calculation
domain is assumed to be nitrogen. This is justified because more than
95% of the experimental “hot” flow comprises nitrogen and oxygen.
The agreement between the calculated results and the experimentally
deduced temperature and Mach number from the small-signal gain
measurement was good as described in our previous paper [9].

Among the CFD results, the physical quantities used in the
kinetics calculation are flow velocity, temperature, and the mixing of
the primary and secondary flows as functions of position z. Because
the kinetics model is one-dimensional, each quantity must be
reduced to be one-dimensional. In this study, the following approach
has been taken for velocity and temperature. First, the quantities
are taken along the centerline depicted in Fig. 2. Next, each
quantity Q(x) is simply averaged over the x axis to find the average
value Q as

= _ Jo O(x) dx
Q=" 3
where W is the width of the domain.

The degree of mixing is reduced to a one-dimensional function of z
by the following procedure. First, the iodine molar fraction y; (x, y) is
averaged over the x—y plane. Next, the standard deviation of the
x;(x, ) is calculated, and normalized by the average value as

lodine/Nitrogen VG, y) — xiPdxdy 4
Fig. 1 Schematic drawing of X-wing supersonic mixing nozzle. n(Z) o X1 @
] 240 Centerline |
I NEP 1
y
(J%_ z 80 Optical axis [mm]
I

Fig. 2 Calculation domain viewed from side of flow duct.
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Fig. 3 Nonuniform coefficient and its derivative for typical calculation
result.

where y; is the average value of x;(x, y). The resultant quantity 1(z)
is defined as the nonuniform coefficient. In our model, the artificial
diffusion constant, which determines the mixing in the kinetics part,
is considered proportional to the derivative of the nonuniform
coefficient defined before, namely,

*M(z,y.1) _ v(2)kdn(z)

D =
“ 0y? n(z) dz

®)

Figure 3 shows the calculated nonuniform coefficient from a typical
CFD result and its derivative. A low-pass filter was applied to the
derivative to eliminate the spikes and negative values. It is seen that
the derivative is nearly constant from the nozzle exit plane to a
position 80 mm downstream, and then it decreases rapidly. This can
be explained by the fact that the mixing of the X-wing nozzle is
dominated by the streamwise vortices and the CFD calculation
shows that those vortices go off at approximately 80 mm downstream
of the NEP.

B. Kinetics Model Part

Figure 4 shows a schematic drawing of the one-dimensional,
multiple-leaky-stream-tubes kinetics model. The flowfield is divided
into multiple stream tubes of oxygen layers and iodine layers. The
main-flow direction and the perpendicular axis are the same as the
CFD model. Downstream of the iodine injector position, diffusive
mixing of adjacent layers is assumed. The artificial diffusion constant
is set proportional to the derivative of the nonuniform coefficient
calculated in the CFD part. The flow velocity and temperature are
functions of the z coordinate, and given by the CFD results.
Downstream of the iodine injector, a rooftop optical resonator is
placed where the interaction of iodine atoms and photon flux is
calculated. Flowfield is discretized in the z coordinate by a 1 mm
grid, and in the y direction, the width of the duct is divided into
primary layers and secondary layers whose widths are determined
with respect to the molar flow rates. The minimum number of layers
is sought in which the result of calculation is not considerably
affected by the discretization. Both top and bottom boundaries in
Fig. 4 are assumed to be symmetric boundaries. Therefore, layer zero
represents the center of the duct, while the (2n — 1)th layer represents
the top and bottom walls of the flow duct.

The partial differential equation governing the flowfield is as
follows.

OM'(z,y,1)

ar = ZCE[T(z,y, NIM/ (z,y, )M*(z, y. 1)

8
+ ZC?I[T(Z, ¥, DIM(z,y, OMP(z,y, )M (z, y, 1)
h

ava
! Mi(z,y. t)H(z)v(Z)]H1 —D, PM'(z,y.1)

9 5 on,(z,1)
dz (2)
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Here, H(z) is the height of the duct in centimeters, and v(z) is the gas
velocity at the position z (cm/s). If i represents the upper state of the
iodine atom, then § = 1; if i represents the ground state of the iodine
atom, then 6 = —1; § = 0O for the other cases. The first two terms of
the right-hand side represent chemical reactions of the second and
third orders, the next two terms represent the gas flow and mixing,
respectively, and the last term represents the change of the iodine
upper and lower states by the stimulated emission.

The fitting of the artificial diffusion constant to the nonuniform
coefficient is conducted as follows. First, n(z) is differentiated,

\ |
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Fig. 4 Schematic drawing of one-dimensional multiple-leaky-stream-tubes kinetics model.
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Fig. 5 Comparison of nonuniform coefficient after fitting of constant k
has been completed.

dn/dz is multiplied by an arbitrary constant k, and substituted to
D,[0°M(z,y, t)/3y?*]in accordance with Eq. (3) to give the diffusion
term. Then, 1(z) is calculated again in the kinetics simulation based
on the diffusive mixing, and the result is compared with the CFD
result. The kinetics simulation is repeated by changing the constant k,
until reasonable agreement of 7(z) between CFD and kinetics
simulation is met. Figure 5 shows the 1(z) calculated by CFD and by
kinetics code as a result of the fitting operation. The method
presented is justified from the comparison of two traces because a
quite good matching is obtained by only changing the constant & in
Eg. ().

The resonator intensity is determined by the following procedure.
First, the temporary photon density increase rate is calculated by the
photon rate equation as follows.

on,(z, ,
e T D BN (NSRS )

N

- Lg} + & [I*](z, y, 1) (7

Here, dn),(z,1)/0t is the change rate of the local photon density
(1/cm? -s), P(z, ) is the intensity of the resonant mode (W/cm?),
o(T) (cm?) is the stimulated emission cross section of the I* — 1
transition, L, is the resonator loss (1/cm), and &, represents the
fraction of the spontaneous emission that adds effectively to the
oscillating mode. Here, ¢, is defined as

D,D, 17
& = Anl2 'E'AZI(MD

®)

where D,, and D, respectively, represent the mirror dimensions of
the flow direction and duct height, L is the resonator length, and
Aji34) is the Einstein’s A-coefficient of the (3—4) hyperfine
sublevels transition. In the second step, the photon increase rate is
averaged as the rule of the rooftop resonator.

on,l(zo —2), 1] 0n,[(zo + 2), 1]
ot - ot
_1 (an’,,[(z() —2),1] N an[(zo + 2), t])

2 dt ot ©)

Here, z represents the center position of the resonator mirror. The
sum of the circulating power in both directions is readily calculated
as P=n,chv.

The differential equation is discretized by the upwind finite
difference method. The upstream boundary condition is given by the
equations

Mi(0. 1) = M}, (10)

The difference equation is explicitly integrated in the time domain
with first-order accuracy.

The rate equation set used in this work is shown in Table 1. It is
based on the U.S. Air Force standard rate equation package [13], and
rates relevant to nitrogen and three-body recombination of iodine are
included.

As apreliminary calculation, the number of layers for both oxygen
and iodine is determined by conducting calculations with different
numbers of layers. Figure 6 shows the small-signal gain of the layer
zero as a function of the position along the flow. As seen in the figure,
the calculated gain distribution is almost unchanged when the
number of layers is five or larger. Therefore, we determined the
number of layers as five.

III. Experimental Setup

Figure 7 shows the experimental setup. The apparatus consists of a
fuel handling system, a liquid-jet singlet oxygen generator (SOG), an
X-wing nozzle, iodine injectors, a laser cavity, a vacuum pump
system, and measurement devices. The BHP, delivered to the SOG
using atmospheric air pressure, contains 6.5 mol/l of HO; ion; its
temperature is maintained at 255 K. The SOG used in this work is the
same one as discussed in earlier reports on the high-efficiency
supersonic COIL with nitrogen as a buffer gas [14] and high-pressure
subsonic operation [15]. A gas transport duct connects the SOG and
the nozzle section. A buffer gas injector is inserted across the duct to
inject nitrogen gas. As in previous studies [14,15], buffer gas
precooling is employed to enhance output power by assisting the
gasdynamic cooling of the laser medium. An X-wing nozzle is
placed at the end of the transport duct, as shown in Fig. 1. It consists
of 15 wedges, each 5 mm wide, 5 mm high, and 68 mm long. The
alternating wedges are tilted by 12 deg from the horizontal. Iodine
injector holes, 0.6 mm in diameter, are drilled into the top and bottom
walls, at the NEP of the X-wing nozzle. As seen in Fig. 1, holes are
placed between two adjacent wedges.

The optical resonator is 50 cm long and consists of two mirrors
with 5 m curvatures. The sum of the transmission by the two mirrors
is varied from 0.4 to 4%. The gain length is 75 mm and the distance
between the NEP and the optical axis is 80 mm. The height of the
laser duct is 15 mm at the NEP and gradually expands at an angle of
42 deg to compensate for the boundary layer.

The vacuum system consists of a two-stage Roots blower, a steam
ejector, and a water-ring pump. The effective volume flow rate under
the operating conditions is approximately 1000 1/s.

The Cl, and nitrogen gas flows are controlled by digital mass flow
controllers (STEC SEC-4600). The I, flow rate is measured by
absorption spectroscopy (A = 633 nm). The laser output power from
the two mirrors is monitored by two power meters (Coherent: Model
5000 and Ophir: FL250-A).

In all the experiments, the Cl, flow rate was fixed at 20.0 mmol/s.
The chlorine utilization was measured to be 90%, and the yield was
measured to be 70% in our previous study [16]. The primary buffer
flow rate was 50.0 mmol/s, and that of the iodine carrier was
13.8 mmol/s. The I, /0, titration was controlled to be 1.4 + 0.1%.
When the primary buffer was not cooled, the stagnation temperature
was 300 K, however, it went down to 268 K when precooling was
applied.

The small-signal gain of the active medium was measured using a
distributed feedback laser diode (DFB-LD) as a probe beam. Figure 8
shows the block diagram of the measurement setup. A frequency-
modulated DFB-LD beam is split into two parts by a half-mirror and
one half of the beam makes a round trip of the active medium. The
other half of the beam is used to monitor the wavelength. The
wavelength of the probe is tuned to the (3—4) hyperfine transition of
the iodine *P,,, — Py, system, and the wavelength modulation
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Table 1 Rate equation package used in kinetics simulation

0,('A) + 0,('A)

Reaction
— 0,('2) + 0,(%)

O,('A) +1 — 0,C%) +1*
0,(3%) + I — 0,('A) +1
0,('A) + I* - 0,('D) + I
0,('2) + N, - 0,('A)+N,
0,("A) + N, - 0,C%) + N,
I+ N, —-1+N,

I3+ N, - 1L +N,

I* +0,('A) —I1+0,('A)

0,('2) 4+ 0,(%)
0,('A) + 0,(%)

— 0,('A) 4+ 0,(%)
- 0,(%) +0,(%)

I+ 0,(%) ~ 1+ 0,C%)
I +0,(%) L +0,(5)
O,('A) +1 - 0,(2) +1
I*+1 —>1I+1
0,('S) + H,0 - 0,('A) + H,0
0,('A) +H,0 — 0,(%) + H,0
I* + H,0 —1+4H,0

I + H,0 S 1,4+ H,0
0,('S) + Cl, ~ 0,('A) £ Cl,
0,('A) + Cl, - 0,03 +Cl,
" +Cl, ~I4cl
0,('2) +1, - 0,C%) +1,
0,('A) + 1, - 0,C%) + 13
I+ 1, —SI+L

I* +Cl, S cl+Ic

I* +ICI -1, +Cl

L +Cl —I+ICl

Cl + ICI SI4cl

L +0,('Y) —I1+14+0,('A)
L+ 0,('A) S1+1+0,0%)
L4141 SL+L
L+ +1 SL41
0,0%) + 1" +1 S 0,08 +1,
N, +I* +1 SN+ L

Rate constant, cm? /s No.
9.5 x 1078738 exp(700/T) 1
2.3 x10°87! 2
3.07 x 1057 exp(402/T) 3
4.0 x 107738 exp(700/T) 4
22x 1071 5

1.4x 1079 6

6.5 x 10717 7

8.8 x 10712 8

1.1 x 1071 9

4.6 x 1077 10

1.6 x 1018 11

4.6x 10714 12

5.0 x 10~ 13

1.0 x 1075 14

1.6 x 10714 15

6.7 x 10712 16

4.0x 107'8 17

2.0x 10712 18

3.0 x 10710 19

4.5x%x 107'® 20

6.0x 10718 21

2.0x 10714 22

1.6 x 10~ 23

7.0x 1071 24

1.4 % 10~ exp(1660,/T) 25
5.5x 10713 26

1.5x 10711 27

2.0x 10710 28

8.0 x 10712 29

4.0x 1072 30

3.0 x 10710 31

3.6 x 1073 32

3.6 x 1073 33

3.7 x 1073 34

42 x 10732 35

width is set sufficiently to measure the full linewidth of the transition.
The position of the probe beam can be varied horizontally over the
width of the optical aperture, =50 mm centered at 80 mm from the
NEP.

IV. Results and Discussion
A. Determination of Iodine/Oxygen Titration
In our experimental setup, measurement of absolute iodine flow
rate maybe inaccurate because of the lack of precise calibration. We
conducted small-signal gain measurements and compared the results
with calculations where the same conditions, varying I, /O, titration
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Fig. 6 Small-signal gain of layer zero as function of position along flow.

as a parameter to find the appropriate I, /O, titration that matches the
simulation results to the measurement results. Figure 9 shows the
result. The lines show the small-signal gain of layer zero as a function
of z. Itis reasonable to compare the measured gain with the calculated
gain of layer zero because gain measurements were conducted along
the centerline of the flow duct. In the calculations, I, /0O, ratio was
varied from 0.8 to 1.2%. Approximate linear dependencies of the
absolute gain as functions of iodine flow rate are observed. The
experimental results are in very good agreement with the calculation
of I,/O, = 1.0% case. From this result, we concluded that our
measurement of iodine flow rate was overestimated. In part, the
discrepancy may come from the fact that the kinetics model did not
incorporate the fluid-dynamic mixing effect. In reality, fluid-
dynamic mixing results in locally higher iodine concentration along
the centerline, and higher gain than the assumption of one-
dimensional diffusive mixing.

LN, bath
Buffer gas"g
lodine lodine carrier
Jet SOG
: Vacuum pump
Mixing tank Q) 1000 /s
ixing tan ﬁ Chs gas
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X-wing nozzle
T Collecting tank
| —
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Fig. 7 Schematic drawing of experimental setup.
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Fig. 8 Block diagram of small-signal gain measurement setup.
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Nevertheless, the calculated buildup position and the trend of the
gain along the centerline are in very good agreement with the
measured results. This fact indicates that the mixing process was
precisely reproduced using the proposed simulation.

B. Effect of Buffer Gas Precooling

Calculated gain and laser output power were compared with the
experimental results for both room temperature and precooled buffer
gases to see if the simulation could reproduce the effect of buffer gas
precooling. First, the small-signal gains were compared. Figure 10
shows the results. The calculation conditions were set at the same
values as the experimental conditions, except that the I, /O, ratio was
set at 1.0%. By the buffer gas precooling, it was experimentally
observed that the buildup of the gain shifts upstream and the absolute
value of the small-signal gain was enhanced by approximately 20%
at the optical axis position. The calculated profile of the small-signal
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Fig. 10 Comparison of gain buildup for measured and calculated
results.
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Fig. 11 Comparison of experimentally obtained laser output and
model calculation.

gain at the layer zero is in very good agreement with the observations
along the centerline as observed.

Next, laser output was calculated and compared with the
experimental results. The experimentally obtained maximum
chemical efficiency for precooled and room temperature cases were
32.9 and 28.4%, respectively, when total mirror transmittance was
1.32%. We have tried to make a Rigrod curve by varying mirror
transmittance and estimating the loss of the resonator, however, it
was unsuccessful because the loss of the mirrors was not constant due
to the damages of the mirror surfaces caused by the lasing operations.
Nevertheless, it was deduced in the range of 0.1-0.4% per round trip
from the measured data. We could only compare the experimentally
obtained maximum chemical efficiency with calculations in which
the loss of the optical resonator was varied as a parameter. Figure 11
shows the results. The solid lines represent the results for precooled
buffer gas, and dashed lines represent the results for room
temperature buffer gas. The loss of the resonator was varied as 0.1,
0.2, and 0.3% per round trip. For the precooled case, the experimental
result coincides with the calculated result of 0.18% loss. For the room
temperature case, experimentally obtained output power coincides
with the calculated results of 0.26% loss. Both cases are in reasonable
agreement with the experimentally deduced loss with mirror
transmittance variation. Because the chemical efficiency was
reproduced for both precooled and room temperature buffer gases



96 ENDO, MASUDA, AND UCHIYAMA

AA

—3 mm Standard(0 mm)

Fig. 12 Position shift of iodine injectors.

T T T T T T T T
lodine injector
g a0k NEP-3 mm
> '\. ———- NEP+0 mm
Ko}
& |
()] -
C
X
1S
kS
o 20r
o
(o))
L 4
a
ol
|
|
|
0 1 1 1 1 1

0.08 0.12

Distance from NEP [m]

0 0.04

Fig. 13 Comparison of calculated degree of mixing for standard and
upstream iodine injectors.

with a reasonable assumption of optical resonator loss, the accuracy
of the proposed model is verified again with those comparisons.

C. Varying Mixing Efficiency

It was observed that changing the position of the iodine injectors
with respect to the X-wing nozzle results in a significant change in
mixing characteristics. To check if the model reproduces the
phenomenon that would occur, we conducted both experiments and
calculations with shifted iodine injector positions. In the standard
setup, the iodine injectors were placed just beneath the X-wing
nozzle tips. We have set back the iodine injectors by 3 mm as shown
inFig. 12, and conducted experiments and calculations. Visually, the
disappearance of the yellow fluorescence caused by the I,(B — X)
transition shifts upstream by the shift of the iodine injectors. The fast
disappearance of the I,(B — X) fluorescence is a sign of the fast
completion of mixing. In the CFD calculations, the fast completion
of mixing was observed as expected. This change was mainly due to
the deeper penetration of the iodine jet to the center of the duct by
changing the position of the injectors to the place where the z-
direction momentum of the main flow is smaller. As a result, the
calculated nonuniform coefficient was changed. Figure 13 shows the
comparison of the derivative of the nonuniform coefficient, namely,
the degree of mixing for the standard case and shifted case. In the
shifted configuration, the degree of mixing at the most critical section
of gain buildup is higher than that in the standard case. That should
result in a positive effect on laser performance.

Figure 14 shows a comparison of the experimentally measured
and calculated small-signal gains. For calculations, I,/O, was set at
1.0%. In the experimental result, the small-signal gain at 55 mm from
NEP was approximately 30% higher than in the standard case, and
the peak position of the gain shifted upstream. As discussed earlier,
the shift of the gain peak can be explained by the fast completion of
the mixing. On the other hand, the higher peak value is not solely
explained by the fast completion of the mixing. The simulation
results indicated “layer zero” in the figure and also showed the shift
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Fig. 14 Comparison of gain buildup for measured and calculated
results.
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Fig. 15 Predicted laser output for both iodine injector positions.

of the peak position, however, the peak value was not different to that
in the standard case. It is interesting to examine the gain buildup of
layer one as seen in the figure. It is higher than layer zero, and the
profile is in very good agreement with the measured gain. The
explanation of this fact is as follows: because the hydrodynamic
mixing is stronger in the shifted case, the uniformity of the local
iodine concentration along the centerline was less than in the
standard case. Hence, the measured gain on the centerline is more
affected by the nonuniformity of the iodine concentration than in the
standard case, which results in a 30% higher peak gain at the front
edge of the optical aperture. As the flow becomes uniform
downstream, the discrepancy decreases as seen in the figure.

The laser oscillation experiments for the shifted iodine injectors
have not been conducted yet with the best mirrors, because they were
damaged. Nevertheless, an output power approximately 5% higher
than that in the standard case was obtained, under the same optical
resonator conditions. The result of laser oscillation simulation is
shown in Fig. 15. The solid line represents the result for the shifted
iodine injector, whereas the dashed line represents the result for
the standard case. The cavity loss was assumed to be 0.2%. The
model predicts that the chemical efficiency with the nozzle shift by
3 mm should obtain an output 5% higher than that in the standard
case. That is again in very good agreement with the experimental
observation.
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V. Conclusions

A hybrid simulation for supersonic chemical oxygen—iodine lasers
has been proposed and the validity of the proposed method was
checked by comparing the calculated results with the experimental
results. The model comprises a three-dimensional Navier—Stokes
equation solver without implementing a kinetics model and a
detailed kinetics simulation with a multiple-leaky-stream-tubes
model. In the past, most COIL simulations were detailed rate-
equation models with no fluid dynamics treatment or detailed fluid
dynamics models with limited or no kinetics involved, due to the
limitation of computational resources. In the proposed method, the
flowfield of the supersonic COIL was precisely modeled using a full
Navier—Stokes equation, and the resultant temperature, velocity, and
mixing characteristics information was fed as boundary conditions of
the kinetics model. As a result, accurate predictions of the gain and
laser output were possible with a reasonable computational cost. The
developed model was applied to the X-wing-type supersonic mixing
COIL we have developed. To reduce the fluid-dynamic mixing to the
one-dimensional diffusive mixing term used in the kinetics part, a
nonuniform coefficient was defined and its derivative was used to
define the artificial diffusion constant in the kinetics model. The
predicted small-signal gain along the flow well reproduced the
experimentally measured values. The prediction of the gain
enhancement by the buffer gas precooling quantitatively agreed with
the observed results for both the magnitude and change in the
functional shape of gain along the flow. The predicted laser output by
the proposed simulation under the assumption of the 0.2% cavity loss
matched the experimental result. When the iodine injector was
shifted 3 mm upstream, the rapid completion of the mixing was
evident by the observation of the iodine (B — X) fluorescence. The
phenomenon was verified by CFD and the reason for this mixing
enhancement was understood as the deeper penetration of the iodine
jetin the main flow. The proposed model successfully reproduced the
observed change in magnitude and the profile of the gain along the
flow. In conclusion, the excellent agreements of experimental and
calculated results showed the reliability of the developed simulation
method.
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