Gain Measurement of 10.6 ym CO, Gasdynamic Laser Driven by
High Temperature Reaction of CO-N,0-H, in Shock Tube*
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Basic study of CO, gasdynamic laser (GDL) was carried out by a conventional pressure driven shock tube
equipped with a supersonic nozzle section. Population inversion of the vibrational levels of CO, in an expanding
flow of mixture produced by high temperature reaction of CO-N,O-H, system behind a shock wave was observed
by measuring 10.6 xm small-signal-gain. The experimental data were compared with those obtained by computer

simulation assuming quasi-one-dimensional steady flow in the nozzle and three vibrational mode model. As a
reservoir condition in the simulation, kinetics of CO, formation in CO-N,0-H, system behind the reflected shock

wave was discussed.
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1. Introduction

The practical operating CO, gasdynamic laser
(GDL) is that driven by the combustion of fuels in
which the required components for the laser media
were produced at temperature and pressure compat-
ible with reasonably efficient operation. In the past
several decades extensive studies of CO, GDL using
chemical combustion have been carried out”. Un-
fortunately neither the mixture ratio of combustion
products nor the reservoir temperature and pressure
are independent of each other for such combustion
driven GDLs.

It has been reported that CO+N,O reaction
creates highly nonequilibrium pumping of vibration-
al levels of CO, and enhances the gain coefficient
due to the direct conversion of chemical energy into
laser radiation?~*. However, such higher gain has
not been obtained in a similar experiment repeated
by the authors® who have also found that the addi-
tion of a small amount of hydrogen to the mixture
increased the gain, which is consistent with the
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shock tube/CO, gasdynamic laser/population inversion/CO-N,0-H, reaction

observations by Kudryavtsev et al®.

It is known that the formation of CO, in CO
-N,O mixture at high temperature is due to the
following two exothermic reactions; direct ex-
change reaction CO+N,0O — CO,+N,+365.3 (k].
mol™') and recombination reaction CQ+O+M -
CO,+M+523 (k]. mol™).
investigated CO—N,0O reaction by measuring infra-

Previously, the authors

red emission of CO, produced behind reflected shock
waves and reported the rate constants for those
reactions™®. Also, it was found that the addition of
a small amount of H, to CO—N,O system had a
serious effect upon the reaction rate measurement
and that CO, formation through exothermic ex-
change reaction CO+OH — CO,+H+104.6 (k].
mol~!) became more important than the two re-
actions described above®.

In the present study, using a shock tube with a
nozzle section, population inversion between vib-
rational energy levels of CO, in an expanding flow
of mixtures produced by the reaction of CO—N,0—
H, system behind a reflected shock wave was ob-
served by measuring 10.6 um small-signal-gain for
the CO,(001)—(100) transition.
compared with those of non-reacting CO, —N, sys-

The gains were

tem at various initial temperatures (75,). Further,
the gains were compared with those of simulations
by assuming quasi-one dimensional steady flow in



Nobuyuki Fujn, Toshihiko TOKUDA, Naoki SAKATSUME, Yoshio NOSAKA and Hajime MIYAMA

the nozzle and three vibrational mode model of CO,
-N, system.

2. Experimental

The shock tube is made of stainless steel of 78
mm inner diameter consisting of a driver section 1.5
m long and a driven section 3.6 m long and is con-
nected to a nozzle section. A two-dimensional
wedge nozzle with 1 mm throat height, 10 deg. half
angle, 78 mm width and 162 mm length is connected
A 58X78mm

square tube 35 cm long and a dump tank are connec-

at the end of the driven section.

ted to the nozzle section. A schematic diagram of
the experimental apparatus used is shown in Fig. 1.

In the experiment, shock wave was generated
by bursting a polyester diaphragm with a plunger
and a secondary thin polyester diaphragm mounted
between the end of the shock tube and the nozzle
was burst by the reflected shock wave to generate
an expansion flow through the nozzle. The incident
shock wave velocity was measured by four piezo-
electric gauges located at intervals of 300 mm and a
time counter. Temperature (7Ts,) and pressure (Fs)
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Fig.2 A schematic of the instrument for gain measure-

ment.

just behind the reflected shock wave were calculated
from the incident shock velocity using the conven-
tional method!®.

The 10.6 um small-signal-gain measurement
was made at 86 mm (window I) or 162 mm (window
1) down stream from the nozzle throat. A beam of
low power CO, probe laser was directed through the
expansion flow and the amplified beam was reflected
by a diffuse plate and detected by a HgCdTe detec-
tor and the signal was displayed on a digital oscillo-
scope. A schematic diagram of the instrumentation
for gain measurement is shown in Fig. 2.

The experimental conditions are shown in
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Fig.1 A schematic of the shock tube for gasdynamic laser experiment.
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Table 1. Experimental condition
1. Composition
CO, . CO : N,O: N, : He @ H,

a. 5 55 40
b. 5 5 50 40
[ 5 5 50 39 1

2. Reflected shock temperature range 1200—2400 K,
P =4 atm constant

Table 1. The gases used in the experiments were
obtained from commercial suppliers and the purities
of the gases were as follows; CO: 99.9% (O, H, <
100 ppm, H,O < 15 ppm), N,O: 98% (O, < 1.4%,
N, < 0.6%, H,O < 600 ppm), N,: 99.9999%, He:
09.9995%. These gases were used without further
purification.

3. Simulation for Small-signal-gain

The transition between the upper level CO,(001)
and the lower level CO,(100) yields laser radiation
at 10.6 um. The relationship between a population
inversion of vibrational levels and a small signal
gain is expressed as follows?,

G = (/12/47KTLuZ)((gz/gu)Nu_Nz)

where G, is the small-signal-gain, 1 is the wave
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Fig.3 A vibrational kinetic model for CO,-N, system®.
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Table 2. Energy transfer parameters

M a b ¢ d
b {CO,, N,O —262.3 2004 —66.51 —7.971
N, —257.7 1414 —5422 -—8.701
H, —825.8 4043 —6527 —8.347
H,0 —732.8 3987 —6540 —7.780
0,, CO, NO —301.3 2382 =79.05 —7.270
He —261.8 107.1 —31.37 —9.701
k |CO,, N,O —2497.0 11340 —1862  —3.071
N, —2138.0  1025.0 —1762 —3.903
H, —150 -—-10.72
H,0 1129.0 —576.2 9435 —17.08
0,, NO —51.93 1317 —5570 —8.925
Cco —806.8 489.7 —1064  —6.567
He —1554.0 811.7 —1535  —4.637
ky |CO,. N,O —282.0 150.4 —127.7  —6.005
N,, O0,, CO, NO| —282.0 150.4 —127.7  —6.005
H, —41.0  —9.400
H,O —286.3 152.0 —6257 —7.366
He —-476  —9.520
ky -1870.0 8643 —1216  —7.153

log (k)=aT '+ bT -2+ cT-"*+d (in units of cm?® part™'s™!)

1/7.=kXP/kT, 7, relaxation time

length, 7, is the radiative life time, Z is the molecu-
lar collision frequency, N, and N, are the numbers
of molecules per unit volume in the lower and the
upper levels (shown by suffix / and #, respectively)
and also, g and g, are statistical weights of the
levels. When a population inversion exists between
the levels, the small-signal-gain is positive.

The gain was calculated numerically as fol-
lows. For the gas mixture flow expanded from the
nozzle, the fundamental equations for the quasi-one
dimensional, chemically frozen and vibrationally
nonequilibrium flow were assumed.

As the energy transfer processes, the following
equations were used by assuming three vibrational
energy mode model” as shown in Fig.3. In the
model, it is assumed that a near Boltzmann distribu-
tion exits in each mode, and that the v and » modes
are in local equilibrium to be closely coupled.

CO,(010)+M = CO.(000)+M: 7,

CO,(001)+M = CO,(030)+M: =

Nyw =1D)+M=Ny(v =0+M: =

CO,(001)+N,(v=0) = CO(000)+N,(v =1): =,
Here, 7 is the relaxation time for the above energy
transfer process 7, and is related to the rate constant
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Fig.4 An example of steady-state vibrational and tran-
slational temperature distributions through the
nozzle obtained by the numerical simulation. 7T,
T; are the vibrational temperatures of N, and u,
respectively, and 7T, is the combined vibrational

temperature of v, and v,. T is the translational

temperature. The distance is normalized with the
nozzle length d. 75, =1500 K and P, =4.0 atm.

k; via a relation; 1/7, = kP/kT, where % is the
Boltzmann constant. The value of &; is an average
value of the rate constants for collision partners M
In the table, the
coefficients for the temperature polynominal’" of
the rate constants are shown for the collision part-
ners'?, where the coefficient for N,O is assumed to
be the same as that for CO, and those for CO and
NO are assumed to be equal to that for O,. As the

of 1 group shown in Table 2.

reservoir condition, the “quasi-equilibrium” condi-
tion obtained by numerical calculation for reaction
system behind the reflected shock wave was used.
The Runge-Kutta-Gill method was used to solve
these equations'”. Steady state vibrational temper-

- ature and number density distributions were calcu-
lated and small-signal-gain was obtained by using
above equations. An example of the temperature
distribution is shown in Fig. 4.

h — 74 —
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Fig.5 Comparison of profiles of 10.6 gm small signal

gain.
a) CO,-N, (mixture a), T3, =1774 K, P,,=3.9 atm,
b) CO-N,O (mixture b), T3, =1748 K, P,; =4.1 atm,
¢) CO-N,O-H, (mixture c¢), T5,=1748 K, P,,=4.1 atm,
I, is about 12 divisions.

4. Results and Discussion

In the experiment, the population inversion of
CO, vibrational levels in the nozzle flow was studied
by measurement of small-signal-gain using 10.6 ym
CO, probe laser. The gain was obtained from the
equation (L +AI)/I, = exp(G,L), where I, is in-
cident radiation intensity of CO, probe paser, A is
the change in the beam intensity after traversing the
nozzle flow, and L is the optical path length through
the flow.

Typical profiles of the amplified probe laser
radiation intensity through nozzle flow for the
mixtures heated behind the reflected shock waves
are shown in Fig.5. The intensity I of the probe
laser increased abruptly by AZ for CO, —N, mixture
as shown in Fig.5(a), but the intensity increased
very slowly for CO—N,O mixture as shown in Fig.
5(b). However, the addition of H, to CO—N,0Q
mixture makes the rise time of gain profile very fast

REBfRERE
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This is partly due to the
acceleration of CO, formation by H,

as shown in Fig. 5(c).
—0, reaction
as reported elsewhere®,

Stationary values of the small-signal-gain G,
for the three mixtures were plotted against the
reflected shock temperature (75,). The temperature
dependences of G, obtained at window I and II of
the nozzle (86 and 162 mm from the nozzle throat,
respectively) for CO—N,O mixture and CO—N,O—
H, mixture are compared with that for CO,—N,
mixture as shown in Figs. 6 and 7. The comparison
shows that values of G, of mixture (¢} at window I
are larger than those of mixture (b), (at constant
pressure P, = 4.0+0.2 atm). This was due to the
difference of CO, formation rate with and without

H, in CO—N,0O mixture as described previously.
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Fig.6 Temperature (7;,) dependence of small-signal
-gain measured at window I, P,y =4.0+0.2 atm.
(O : mixture a, J: mixture b, A : mixture C)
0.5 T
0.4
£ 03
3 A
A a (e}
0.2 © 2. .°
A AM O
o} 8 # ‘PA r'S
01t A AL
0 A I L
1000 1500 2000 2500
Tso/K
Fig.7 Temperature (75) dependence of small-signal

-gain measured at window II, P, =4.0+0.2 atm.
(O : mixture a, A : mixture C)
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The G, values of mixture (c¢) at window I do not
exceed the values of mixture (a). However, the
value of G, of mixture (¢) at window II seems to be
larger than that of mixture (a) at about 75, = 1500
K.

Simulation of small-signal-gain was carried
out for CO,-N, mixture at first. Temperature and
pressure dependences of the calculated gain agreed
well with the experimental values® and they were
almost the same as those reported by other re-
searchers?. In order to simulate the gain for the
reaction system CO+N,O+H, numerically, it is
necessary to know the reaction processes behind the
shock wave. The mechanism of the high-
temperature reaction of CO—N,O—H, system was
studied in the previous work and the rates of the
main reactions were already checked”~®. Calcula-
tion of reaction behind the shock wave was perfor-
med by using the reaction mechanism in Table 3. In
this calculation, differential equations for reactions
(1)—(12) and their reverse reactions were solved
numerically, coupled with a heat balance equation
and gas flow equations for the reflected shock wave.
An example of the calculated concentration profiles
of main species and the calculated temperature and
pressure changes are shown in Fig. 8. It is shown
that quasi-equilibrium is attained at about 300 usec
after the arrival of shock wave in this case. Also,
the calculated changes of temperature and pressure
were about 500 K and 1.5 atm at 300 usec, respectiv-

ely. Calculated values of mole percent of main

Table 3. Reaction Scheme and Rate Paramcters*)

No. Reaction logA B E/K] Ref.
(1) N;O+CO =N, +CO0, 10.99 0 730 (8]
2) N,O +M=N, +O +M 1521 0 257.7 (15)
3) N,O+0 =N, +0O, 14.00 0 1172 (14)
(4) N,O+0 =NO +NO 13.84 0 1113 (14)
(5) NO,+0 =NO +0, 13.30 0 4.6 (16)
(6) CO +O0 +M=CO, +M 15.20 0 300 (8
(7) NO +0 +M=NO, +M 14.95 0 —75 (16)
8 H, +0 =0OH +H 718 20 316 (13)
(9) H, +OH —H,0+H 800 16 138 (13)
0, +H =0H +0 17.08 —0.9 69.1 (13)
) N,O+H =N, +0OH 14.20 0 628 (17)
19 CO +OH =C0,+H 6.64 15 —3.1(13)

%) k=AT®exp(—E/RT) (in units of cm* mol~! and s7)
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Fig.8 An example of calculated concentration profiles
and temperature and pressure profiles for CO-N,O
-H, system. T75,=1500 K, P,y =4.0 atm.
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Fig.9 Calculated concentrations of species and temper-

ature and pressure at f=300 gs for CO-N,O-H,
system. T3, =1500 K, P,y =4.0 atm.

species in the mixture and also temperature and
pressure changes at 300 # sec on various tempera-
ture for mixture (c) are shown in Fig. 9. It is found
that the reaction does not proceed enough within
300 u sec below about 1300 K under the present
experimental conditions. Accordingly, the low G,
values of mixture (c) below 1300K shown in Figs. 6
and 7 were explained by the calculation of reaction.
Simulations of G, for mixture (c) were perfor-
med by using the values at 300 ysec as reservoir
condition and the typical results are shown in Fig. 9.
Temperature dependence of (, obtained by the
simulation were compared with experimental
values. The numerically simulated values agreed
well with the experimental values at the window
and II, as shown in Figs. 10 and 11, respectively.

05 T v

0 "t
1000 1500 2000 2500
Tso/K
Fig. 10 A comparison between the experimental and calc-

ulated dependence of the small-signal-gain on T,
for CO-N,0O-H; system at window 1.
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Fig.11 A comparison between the experimental and calc-
ulated dependence of the small-signal-gain on T,
for CO-N,0-H, system at window II.
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Fig.12 Comparison of the calculated distribution of gains
along nozzle axis.
CO:(%) H.0(%) T(K)

line  mixture

(1) CO,-N, 5 0 1500
(2) CO,-N,-H,0O 5 1 1500
(3) CO,-N,-H,0 5 1 2000
(4) CO-N,O-H, ~3.5 ~1 2000

In order to evaluate the characteristics of the
CO, gasdynamic laser using the reaction of CO—
N,O—-H, mixture, i) effect of H,O addition to
CO,—N, mixture and ii) effect of the temperature
rise due to the reaction on gains were calculated.
The calculated values of small-signal-gain distribu-
tion by various models were compared as shown in
Fig. 12, where reservoir condition of each model is
described in the figure caption. The distribution of
gain for CO—N,O— H, mixture is shown by line 4 in
the figure. From the comparison of the value for
CO,—N, (line 1) with that for CO, —N,—H,O (line
2), it is obvious that H,O addition to CO,—N, sys-
tem causes a marked increase of small-signal-gain.
This seems to be mainly due to the increase of
relaxation of the lower vibrational levels of CO, by
H,0". From the comparison of the value of line 1
with that for CO, —N,—H,0O mixture (line 3), it is
found that temperature rise has small negative
effect on small-signal-gain, but it was found that
the value of line 3 is larger than the value of line 1
at nozzle end (X/d = 1.0). This tendency agreed
with the experimental one as shown in Fig. 11.

5. Conclusion

Higher smali-signal-gain was not obtained for
CO-N,O system compared with that for CO,—N;
system. However, addition of H, to the former
system increased appreciably the small-signal-gain.
This phenomenon can be explained by the chemical
kinetics of CO—N,O—H, system and also by the
effect of H,O produced on the relaxation of the CO,
lower vibrational levels. However, it is not found
that chemical non-equilibrium pumping suggested
by Kudryavtsev et al¥* occurred by the reaction in
shock tube.
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