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ABSTRACT

We have carried out diagnostic measurements in a small-scale supersonic chemical oxygen iodine
Iaser (COIL) with transonic mixing, energized by a singlet oxygen jet-generator (JSOG). Using
three diode laser based diagnostic systems for oxygen, water and iodine, we measured the ‘
0, ('A) yield and water vapor fraction at the exit of the JSOG and the gain in the resonator. In
addition the chlorine utilization and gas temperature at the JSOG exit were measured. For
conditions corresponding to the maximum chemical efficiency of the supersonic COIL energized
by the JSOG, the O, ('A) yield, water vapor fraction, chlorine utilization and temperature at the
JSOG exit are 0.65, 0.08, 0.92 and 30 C, respectively. Increase of the basic hydrogen peroxide
temperature results in increase of the water vapor fraction caused by increase of the saturated
water vapor pressure in the generator. As the pressure in the generator rises from 18 to 60 Torr
the yield decreases from 0.65 to 0.48. The dependence of the yield on the generator pressure is
consistent with a rate constant of the O, ('A) energy pooling reaction of 2.7 x 10" cm’s”. The
same rate constant explains the measured variation of the temperature along the flow in the
diagnostic cell. The small signal gain and the temperature at the resonator optical axis are 0.25
%/cm and 280 K, respectively. The enclosed papers describe these measurements. The first is a
summary of the work on all three diagnostic systems whereas the second describes in detail the
work on water and oxygen.
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Chemical Oxygen Iodine Laser investigations in Israel

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

ABSTRACT

‘ We report on diagnostic measurements in a small scale supersonic chemical oxygen iodine laser (COIL) with

| transonic mixing. Using diode laser based diagnostics we measured the O,('A) yield and water vapor fraction at the exit

of a jet type singlet oxygen generator (JSOG) and the gain in the resonator. In addition the chlorine utilization and gas

temperature at the generator exit were measured. For conditions corresponding to the maximum chemical efficiency of

| the supersonic COIL energized by the JSOG the Ox(* A) yield, water vapor fraction, chlorine utilization and temperature at
the generator exit are 0.65, 0.08, 0.92 and 30 C. Small signal gain and temperature at the resonator optical axis are 0.25
%/cm and 280 K, respectively. Dependence of the yield on the generator pressure and variation of the temperature along
the flow in the diagnostic cell are consistent with rate constant of the O,(* A) energy pooling reaction of 2.7 x 10" cm’s™.

Keywords: chemical lasers, supersonic lasers, oxygen, iodine, power lasers.
1. INTRODUCTION

A 5-cm gain length supersonic chemical oxygen iodine laser (COIL) has been developed recently at Ben-Gurion
University for operation at maximum chlorine flow rate of 20 mmole/s [1]. The laser is energized by a jet type singlet
oxygen generator (JSOG), operating without buffer gas and applying simple nozzle geometry and transonic mixing of
iodine and oxygen. Output power of 190 W with chemical efficiency of 18% was obtained for Cl, flow rate of 11.8
mmole/s [1].

To optimize the output power and understand the kinetic and mixing processes in the laser medium it is necessary to
measure the small signal gain and number densities of different species in the flow. This is done using diagnostic
techniques developed by Physical Sciences Inc. [2]. The diagnostics include three separate systems able to monitor water
vapor, ground state oxygen, iodine atoms and temperature. Each system is based on sensitive absorption spectroscopy by
tunable near infrared diode lasers. Using the diagnostics we measured important parameters of the COIL: the yield of
0O,('A) after the chemical generator, water vapor fraction in the flow and the gain in the resonator. In addition the
chiorine utilization and gas temperature at the generator exit are measured.

2. EXPERIMENTAL SETUP

The JSOG used to produce O(*A) is the same as described in (1]. Basic hydrogen peroxide (BHP) is prepared from 3
L 50% wt H,O; + 2.5 L 55% wt KOH (6.5 M HO," and 3.3 M H,O in excess) and kept at -20°C. The jets back pressure
{1] is 1.6 atm which corresponds to BHP flow rate of ~ 0.3 L/s. An exit valve is used to regulate the gas pressure in the
reaction zone of the JSOG. Most of the Cl, reacts with the BHP to produce singlet oxygen. The oxygen flows through the
exit valve to a diagnostic cell which serves as an interface between the generator and an iodine injectors housing. The cell
is 14 cm long in the flow direction with a 5 cm x 1 cm flow cross section. It is equipped with two ports for pressure
measurements, two ports for temperature measurements and three interfaces for optical absorption measurements. These
identical optical interfaces are used for the chlorine, oxygen and water vapor absorption measurements. The location of the
optical axes of the interfaces are 7.5, 11.5 and 15.5 cm downstream of the generator exit, while the temperatures ports are
located at 9.5 and 13.5 cm. The O,('A) yield, water vapor density and Cl, utilization in the jet-type generator are
simultaneously measured in the diagnostic cell.

The iodine-oxygen mixing system, consisting of 10 rectangular supersonic nozzles, is the same as in [1]. The iodine is
injected perpendicular to the primary flow in its transonic section. The laser section starts at the nozzle exit plane (flow
cross section of 5 x 1 cm?), and then the floor and the ceiling of the section diverge at an angle of 8°. The optical
resonator is 28.5 cm long and has 5 cm active length. For the gain diagnostic system we replace the laser mirrors with a
suitable interface for gain diagnostic. The gain was measured at the optical axis of the resonator, 4.5 cm downstream of
the nozzle exit plane.
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The water diagnostic is based on a diode laser system, which scans an individual rovibrational line of the water v;+v3
band in the 1.39-um region. The laser beam is split to signal and reference beams; the signal is passed through a 5 cm
path length in the diagnostic cell and compared with the reference beam. Under our conditions, this system is able to
measure water molecules number densities as low as 101 cm™.

The oxygen diagnostic system measures oxygen ground state (O.(°Z)) density and then the density of Ox('A) is
inferred. The measurements are made using a diode laser that scans over a line of the O,(’Z) - O,('Z) transition around
760 nm. Like in the water system the laser beam is split to reference and signal. However, since the absorption is very
weak, the signal beam is passed 21 times through the 5-cm-width diagnostic cell, in a multi-pass Herriott cell
configuration [3]. The beams are then compared by a balanced radiometric detector (BRD) which amplifies the logarithm
of the ratio between the reference and the signal. The diagnostics is calibrated in the beginning and end of every
experimental run by measuring the area under the absorption line in medical-grade oxygen (99.5% minimum) at '
pressures from 1 to 6 Torr. The diagnostic is able to measure oxygen number densities as low as 6 x 10'° cm™. For the
JSOG experiments the error in the yield is estimated to be * 0.05.

The iodine diagnostic system monitors gain for the I*(5p° *Py,, F=3) —> I(5p° *Ps», F = 4) transition at 1315 nm. The
laser frequency is scanned over the I transition in a single pass configuration through the gain region in the resonator.
The gain sensitivity is 107 %/cm.

The chlorine utilization in the JSOG is found from the number density of unreacted Cl, in the diagnostic cell, the
pressure and the temperature. The density of Cl, is determined by measuring the absorption at 340 nm. The chlorine
density measurement system consists of a stabilized tungsten-halogen lamp (power stability is 0.05%), chopper, fiber
optics, 350nm filter and a lock-in amplifier in a conventional, single beam configuration.

3. RESULTS AND DISCUSSION

A. Chlorine utilization

Chlorine utilization vs. residence time of the gas in the generator is plotted in Fig. 1. The residence time is estimated
using the known cross section and length of the reaction zone, the measured chlorine flow at the generator inlet, the
partial CI+0O; gas pressure and gas temperature. The Cl,+0, partial pressure is calculated from the measured gas pressure
in the generator (we neglect gas pressure gradient in the generator) and the water fraction in the generator. The water
fraction is assumed to be the same as the water fraction in the diagnostic cell (see below in section 3 B).

Fig. 1 includes data from many experiments with different chlorine flow rates and generator gas pressures. It is seen
that the utilization is usually higher than 0.9 and slowly increases with residence time. For standard operating conditions
corresponding to maximum laser power in the experiments [1] (11.7 mmole/s of chlorine, 20 Torr in the generator and
residence time of 6 ms) the utilization is 0.92 + 0.01.

The utilization decreases from 0.92 to 0.88 as the chlorine flow rate increases from 11.7 mmole/s to 20 mmole/s
without changing the generator outlet cross section (the opening of the exit valve). This effect can be explained by the
increase of the gas velocity in the generator with chlorine flow rate due to the decrease in boundary layer thickness
resulting from the pressure increase. Velocity increase results in decrease of the gas residence time in the reaction zone,
and hence in decrease of the utilization (see Fig. 1).

B. Water vapor

Water vapor density was measured in the diagnostic cell. The water vapor partial pressure in the generator can be
calculated assuming that the water vapor fraction in the diagnostic cell is the same as in the generator. Fig. 2 shows the
generator total pressure and the water vapor partial pressure in an experimental run in which the generator total pressure
was changed by adjusting the generator exit valve. The relative change in the water vapor partial pressure is much smaller
than the change in the total pressure. In addition, the water vapor pressure tends to stabilize, with time, in some
equilibrium pressure. It is concluded that under steady state conditions the water vapor partial pressure is close to
saturation.

As the BHP bulk temperature was let to rise with time (simply by turning off the cooling), the water vapor pressure in
the generator increased. Comparison between the temperature dependencies of the measured water vapor pressure and
calculated saturated water vapor pressure above BHP (presented in [4]), showed that the "effective” temperature of the jet
surface is six to seven degrees higher than the measured bulk temperature. The temperature of the jets is expected to be
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higher than the bulk temperature because of heat exchange in the gear pump and transport line, and because of the jet
surface reactions.

Fig. 3 summarizes the results of many experimental runs. The water vapor fraction in the flow is plotted against the
generator total pressure, for BHP temperature between —16°C to -18°C (the water vapor partial pressure weakly depends
on the temperature in this range). The accuracy of measurement of each experimental point is much better than the
scattering of the points in the graph. The explanation for the scattering is that during many experiments it was possible to
see, in the diagnostic cell, some amount of liquid being carried by the flowing gas out of the generator. In that instant the
water vapor density (and fraction) was noticed to rise considerably. For standard operating conditions (see section 3A) and
dry diagnostic cell, the water vapor fraction was 0.08 +0.01.

C. Yield

The yield is plotted in Fig. 4 as a function of the generator Cl,+O, partial pressure, which was found as described in
section 3A. In some experiments the ground state oxygen diagnostics was positioned 4 cm upstream of the center of the
diagnostic cell, in the others 4 cm downstream. There is not much difference in these two sets of results. This is in
agreement with energy loss computations (Chi analysis [5]) that take into account the pooling reaction

0,('A) + 0,('A) = O'Z) + O,C%). , m

The figure shows also two calculated curves which were obtained using surface chemistry model (referred also as “well
stirred limit” model) {6] where depletion of Ho; ions near the gas-liquid interface is neglected and only gas-phase losses

of O, ("A) in the pooling reaction (1) are taken into account. The model has two fitting parameters: the chlorine lifetime

in the JSOG, 7, and detachment yield, Y,. The values of T and Y, were chosen to fit the measured utilization and yield at
Cl,+0O; partial pressure of 18 Torr (corresponding to total pressure of 20 Torr). Pressure dependencies of Y are calculated
for two different values of the rate constant k, of O,('A) deactivation. The first value, 2.7 x 10™" cm®/s [7], is the rate
constant of reaction (1), whereas the second value, 6.1 x 10”7 cm®/s [8], is the effective rate constant of O,('A) deactivation
taking into account both reaction (1) and the reaction O,('A) + O,('A)—>  20,(’Z). It is seen that using the lower rate,
2.7 x 10" cm’/s, in the calculations gives better agreement with experimental results. The yield measured for standard
operation conditions (see section 3A) is 0.65 + 0.05.

The yield slightly increases as the chlorine flow rate increases (without changing the generator outlet cross section). A
possible reason is lower pooling losses, as the decrease in gas residence time more than compensates for the increase in
oxygen density.

D. Temperature

Fig. 5 shows the behavior of the temperature measured in two points along the flow (see section 2). Until the 200%
second the diagnostic cell pressure was changed (at the 40, 80%, 125" second), without changing Cl, flow rate. This was
achieved by injecting N, downstream of the diagnostic cell (through the iodine-oxygen mixing system) and choking the
flow. It is seen that the temperature and the temperature difference increase in the diagnostic cell with the cell pressure.
After the 200" second, when we increased the chlorine flow rate, there was a minor increase in temperature. At the 260"
second we increased the cell pressure again.

Neglecting heat transfer from the gas to the walls of the diagnostic cell and the change of the yield Y along the flow in
the cell (see discussion of Fig. 4), the gas temperature is given by

T=T, +x-kpY?, @

where T; is the temperature at the generator exit,

2 2
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is a modified “chi” factor (definition of the usual “chi” factor is given in [5]), qa is the energy of Ox('A), ¢, =7/2kis the
heat capacity of diatomic gas, Tay = 0.5(T+T;) is the average temperature, no, and n are the oxygen and total flow rates,
respectively, and V is the volume over which the losses are calculated.

Fitting a linear graph to the plot of temperatures as a function of modified chi factor, with T; equal to T as first
iteration gives the slope k;Y? and a better intercept T; (Fig. 6). The points are plotted for different flow rates and
temperature measurement positions using the appropriate values of volume (from the generator exit to the measuring
position) and flow rate. The slope (after several iteration of T) is 1.2 x 10"" cm®s™ °C. Using the measured value of the
yield, 0.65 + 0.05, we get an O,('A) deactivation rate of (2.8 + 0.5) x 10" cm’s™. This value is in agreement with the
pooling reaction rate constant k, = 2.7 x 10" cm®/s rather than with the effective rate constant k, = 6.1x10"7 cm’/s (see
discussion in section IV C).

The temperature at the generator exit is found by extrapolation of the temperatures measured at the two points along’
the flow. For standard conditions it is about 30 C and increases to 50 C as the generator pressure increases to 60 Torr.
The temperature is much higher than the BHP temperature, which means that the gas in the generator is not in thermal
equilibrium with the BHP jets, due to heat release caused by O,('A) deactivation.

E. Gain and temperature in the resonator

Fig. 7 shows dependencies of the gain and temperature in the resonator on iodine flow rate. Maximum gain of
0.34%/cm is achicved for iodine flow rate of 0.27 mmole/s which is higher than the flow rate corresponding to the
maximum power (0.15 mmole/s) [1]. For iodine flow corresponding to the maximum power (0.15 mmole/s) the gain is
0.25%/cm which is in agreement with value estimated in [1]. The temperature strongly increases with iodine flow rate
from 230 K for zero iodine flow to 340 K for 0.4 mmole/s of iodine.

4. CONCLUSIONS

Using diode laser based diagnostics we measured the O('A) yield and water vapor fraction at the exit of the JSOG and
the gain in the resonator. In addition, the chlorine utilization and gas temperature at the generator exit were measured.
For conditions corresponding to the maximum chemical efficiency of the COIL {1] (12 mmole/s of chlorine, 20 Torr in the
generator and BHP temperature of -17 C) the yield, water vapor fraction and utilization are 0.65, 0.08 and 0.92,
respectively. The gas temperature at the generator exit is about 30 C. Absolute error of the yield measurements is
estimated to be * 0.05.

For the above flow conditions, the small signal gain and temperature at the resonator optical axis are 0.25 %/cm and
280 K, respectively (for 1.35 mmole/s of secondary N, and 0.15 mmole/s of iodine corresponding to the maximum
chemical efficiency). As the iodine flow rate increases from 0 to 0.4 mmole/s the temperature increases from 230 K to 340
K.

As the pressure in the generator rises (for constant chlorine flow rate) the yield and water vapor fraction decrease,
whereas chlorine utilization and gas temperature at the generator exit increase. The decrease of the yield is not large:
when the Cl; + O, partial pressure increases from 18 to 60 Torr the yield decreases from 0.65 to 0.48. The dependence of
the yield on the generator pressure is consistent with rate constant of the pooling reaction (2) of 2.7 x 10" cm’®s? [7]. The
same rate constant explains the measured variation of the temperature along the flow in the diagnostic cell.

Increase of the chlorine flow rate (for constant opening of the generator exit valve) results in a weak increase of the
yield and decrease of the chlorine utilization. The generator efficiency defined as the product of the yield and utilization is
almost independent of the chlorine flow.

Increase of the BHP temperature results in increase of the water vapor fraction caused by increase of the saturated
water vapor pressure in the generator, the yield and utilization being independent of the temperature.

The parameters found in this paper are very useful for parametric studies related to high power COILs and for
predicting the output power and gain.
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Fig. 1: Chlorine utilization vs. residence time. The data points are from many experiments with different chlorine flow
rates (10 to 20 mmole/s) and generator gas pressures (15 to 80 Torr).
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Fig. 2: Total and water vapor pressures in the generator, plotted against time. The data is from a single experimental
run with chlorine flow rate of ~10 mmole/s. Changing the generator outlet cross section changed the total pressure.
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Fig. 3: Water vapor fraction vs. generator gas pressure, for chlorine flow rates between 10 and 12 mmole/s. The graph
includes data from experimental runs where liquid droplets were carried out into the diagnostics duct which explains large
scattering of the experimental points.
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different energy pooling reaction rates. The detachment yield Y, and the chlorine lifetime were set so that the calculations
will match the measurements at ~18 Torr (corresponding to total pressure of 20 Torr).
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Fig. 5: Upstream and downstream temperatures (degrees Celsius) in a typical experimental run. The diagnostics cell
pressure (Torr) was manually changed by choking the flow downstream the cell. At the 200" second the chiorine flow rate
(mmole/s) was increased. note that the temperature was not significantly increased.
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Diode-laser based absorption spectroscopy diagnostics of a jet-type O5('A)
generator for chemical oxygen-iodine lasers

D. Furman, B. D. Barmashenko and S. Rosenwaks

Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

| ABSTRACT

Using diode laser based diagnostics, O,('A) yield and water vapor fraction were
measured at the exit of a jet-type singlet oxygen generator (JSOG), for a chemical
oxygen-iodine laser (COIL). Chlorine utilization and gas temperature at the generator exit
were ialso measured, simultaneously. For conditions corresponding to the maximum chemical
efliciency of the supersonic COIL energized by the JSOG, the 0, ('A) yield, water vapor
fraction, chlorine utilization and temperature at the generator exit are 0.65, 0.08 and 0.92 and
30 C, respectively. Increase of the basic hydrogen peroxide temperature results in increase of
the water vapor fraction caused by increase of the saturated water vapor pressure in the
generator. As the pressure in the generator rises from 18 to 60 Torr the yield decreases from
0.65 to 0.48. Dependence of the yield on the generator pressure is consistent with a rate
constant of the O, ('A) energy pooling reaction of 2.7 x 1077 cm’s™. The same raté constant

_explains the measured variation of the temperature along the {low in the diagnostic cell.

Keywords: chemical lasers, semiconductor lasers, oxygen, iodine, power lasers.




I. INTRODUCTION
The chemical oxygen-iodine laser (COIL) emiits at 1.315 microns on the transition
between the spin-orbit levels of the ground state configuration of the iodine atom,
, ](Sp5 2P1,'2) - I(Sp5 2 P3/2) (17 - [3]. The upper level is populated by near-resonant energy

transfer from an O, ('A) molecule:
0,('A)+1(*P,,) = 0,2y +1(’D,,). (N

0,('A)is produced in a chemical gencrator by the reaction of gaseous chlorine with
HO,™ ions which are obtained in a basic hydrogen peroxide solution (BHP). Mixing of
0,('A) with 1, molecules results in their dissociation to iodine atoms which are subsequently
excited via reaction (1). O, ('A)is deactivated in the volume between _the generator exit and

mixing point due to the energy pooling reaction
0,('8)+0,('8) = 0,(’2)+ 0,('z) @)
followed by fast quenching of 02(] X) by waler:
0,('2)+H,0-0,('4) +H,0. 3)
As shown in [2] - [5] the laser power strongly depends on the yield of O, ('A)
¥=[0,(M) U0, ()] + [0, (D)) “
The power also depends on the water vapor fraction in the flow, chlorine utilization and
temperature (which rises along the flow due to heat release in reactions (2) and (3)).
Generally, the power rises with yield and utilization and falls when the water vapor fraction

and temperature increase. To predict the COIL performance and understand the processes in

the laser active medium it is important to measure the exact values of the above parameters at




the exit of the O, ('A) chemical generator and their depgndcncies on the flow conditions in the
generator.

While the chlorine utilization can be accurately measured using absorption of a probing
UV beam [6], it is not as easy to measure yield and water vapor fraction. Usually,
0, ('A) density is measured by monitoring O, ('A)emission at 1.27 pm with a calibrated
intrinsic Ge detector [7]. However, this detector is diflicult to calibrate and the resufts exhibit
low abvsolute accuracy in fl}e yield. Another possible method, recently employed in [8], is
direct measurement of OZ(IA) and 02(32) using spontaneous Raman imaging. Water
vapor density was usually evaluated usiﬁg an indirect method based on a rapid quenching of
02(] 2) (formed in reaction (2)) by water molecules (reaction (3)) [9].
| Recently, Physical Sciences Inc. [10] develope'd two diagnostic systems to monitor
directly water vapor and ground state oxygen (and hence infer O, ( ! A)). Each system is based
on sensitive absorption spectroscopy by tunable near infrared and red diode lasers scanning a
single rovibrational fine of H,O and a single rotational-electronic line of 02(32). These
diagnostics were used before to measure yield of O, (] A) produced by disc fype generator in
RADICL, a 5 kW class supersonic COIL [11].

In the present paper we report on application of the diode-laser based diagnostics to
measure Q,('A) yield and water vapor fraction at the exit of jet type, singlet oxygen
generator (JSOG) for COIL. In tl_]iS type of ISOG, first described in [12], the chlorine flow
interacts with liquid jets of BHP moving in the opposile direction. Higﬁ jet velocities (10-20
m/s) reduce depletion of IO,” ions at the gas-liquid interface. As a result the JSOG can
produce O, ('A) with yield greater than 0.5 at high oxygen pressures (up to 30 Torr) in the
generator [12]. 'foday, the jet type generators are widely used in COILs in many labora‘ton'es;v
[13], [14], [15] and is one of the most promising generators of O, ('A) for COIL.

In addition to the O, ('A) yield and water vapor fraction, the chlorine utilization and gas
temperature at the generator exit are measured. All the measurements are done for wide rémge
of the generator pressures, chlorine flow rates and BIP temperatures. Comparison betweén
the experimental data and results predicted by simple model of the JSOG enables us to

estimate the rate constant of O, ('A) gas phase self-quenching.




II. EXPERIMENTAL SETUP
The experimental setup (Fig. 1) is similar to that used in {16] and [17]. The JSOG (1}
used to produce O, ('A)is the same as described in [17]. The BHP is prepared from 3 L 50%
wt H,0, +2.5L 55% wt KOH (6.5 M HO, ™ and 3.3 M H,0; in excess) and kept at 20°C
The jets back pressme [17] is 1.6 atm, which corresponds to BHP flow rate of ~ 0.3 L/s. An
exit valve {2} is used to regulate the gas pressure in the JSOG reaction zone. Most of the
chlorine reacts with the BIHP to produce singlet oxygen. The oxygen flows through the exit to

the diagnostic cell {3}, which serves as an interface between the generator and the iodine

injector housing. The cell is 14 cm long in the flow direction with a 5 x 1 cm* flow cross

section. It is equipped with two ports for pressure measurements, two ports for temperature
measurements and three interfaces for optical absorption measurements. These identical
optical interfaces are used for the chlorine, oxygen and water vapor absorption measurements.
The location of the optical axes of the interfaces are 7.5, 1 1.5 and 15.5 cm downstream of the
generator exit, while the tempcratures ports are located at 9.5 and 135 cm. The
iodine-oxygen mixing system {4} is located downstream of the diagnostic cell and is the same
as described in [17]. In the present study this system is used in some experimental runs to
regulate the choking of the flow (see section 111D), rather than to mix iodine, by varying the

secondary nitrogen flow rate. The pumps provide a volumetric flow rate of 450 L/s.

II1I. MEASUREMENTS AND ERRORS

To find the Cl, utilization, the water vapor fraction and the O, ('A) yield, one has to

measure the following parameters: total pressure, temperature, chlorine density, water vapor

density and ground state oxygen density. Below in this section we describe the measurements

of these parameters and estimate the errors (all the errors are standard deviations). The waler
and ground state oxygen are monitored by two special diagnostic syst.ems developed by
Physical Sciences Inc. [10] and described below (sections I1I B and C) in more detail. The
chlorine flow rate is controlled and measured by a mass-flow controller (Tylan, model

FC-280), limited to a maximum flow rate of 22 mmole/s.

(X




A.  Pressure and temperature

The pressure in the generator and in the diagnostic cell is measured as described in (17}
The pressure gauges are routinely checked against a calibrated gauge, which is used solely for
this purpose. The pressure gradient in the cell is found to be negligibly small. The accuracy of
the pressure measurement is +0.1 Torr. The projected error is +0.004 in the yield and
negligible (compared to other sources o.f errors) in the water vapor fraction and chlorine
utilization.

The temperature sensors, positioned at the center of the flow cross section at the
temperature port locations, are glass coated, thin film, platinum resistor probes (RTD devices,
RS catalog #237-1607). The area of the gas/sensor interface is 2 mm” which is 100 times
larger than the cross section of the sensor leads. As shown below (see Fig. 9) the sensor
exhibits stable temperature for stable flow conditions, although the diagnostic cell (which is in
direct contact with the sensor leads) heats up. That means that only the gas temperature
rather than the leads or the wall of the duct affects the sénsor. The temperature gradient in the
diagnostics cell is large and one needs the temperature at the location of the optical absorption
probe in order to calculate partial pressure from density.

The temperature in the cell is assumed to have a constant gradient and is linearly

extrapolated from the two locations of temperature measurement to the location of the optical
i

probe. The extrapolated temperature accuracy is estimated to be better than 5 K and the

projected error is negligible in the yield, water vapor fraction and utilization.

B. Chlorine partial pressure and utilization
The chlorine utilization in the JSOG is found from the number deusity of unreacted Cl, in
the diagnostic cell {3}, the pressure and the temperature. The dens:ity of Clyis determined by
measuring the absorption at 350 nm. The chlorine density measurement system consists of a
stabilized tungsten-halogen lamp, chopper, fiber optics, 350+5 nm filter and a lock-in amplifier
in a single beam configuration. Making sure that the signal level is the same at the beginning
and end of the experimental run validates the results (if the windows get dirty during the

experiment the results are erroneous).
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The system was calibrated by measuring the absorption cross section in pure chlorine
flow. The measured cross section is within 10% deviation from the value published elsewhere
[18]. The main errors in chlorine partial pressure are due to changes of radiation from the
stabilized lamp, +0.5%, which corresponds to +0.1 Torr, and the accuracy of the pressure
gauge (used in the calibration), +0.1 Torr. The projected chlorine error in the O, ('A) yield is
+0.008. The main contribution Lo the error in the utilization comes from the lamp (the total
pressufe was measured by the same gauge used for the system calibration) so the estimated

total error in the utilization is +0.01.

C. Water vapor partial pressure and fraction

The water diagnostic is based on a diode laser system which scans an individual
rovibrational line of the water v + v; band in the 1.39-pum region. The laser beam is split to
signal and reference beams. The signal beam is passed through a 5-cm-width diagnostic cell
and compared with the reference beam. Under our conditions this system is able to measure
water molecule number densities as low as 10'S cm” The main error in H,O density
measurements is duc to the somewhat arbitrary way one sets the profile integration borders in
the provided software. Reasonable seltings give density deviations of about 5% which
corresponds to +£0.05 Torr. The projected H,0 density error in the O, ('A) yield is + 0.002.
The total error in the water vapor fraction is +0.005 (up to +0.01 for high water content

conditions).

D. Oxygen ground state density
The oxygen diagnostic system measures oxygen ground state (O,('L)) density. It is based
on a diode laser that scans an R5RS5 line of the 02(32)—902(12) electronic-rotationai
transition. The frequency of the transition measured by the manufacturer of the diagnostic
systems (Physical Sciences Inc.) is 13136.206 cm™' (wavelength of 761.2 nm), the accuracy of
the measurement being + 0.02 e [21]. Like in the water system the laser beam is split to
reference and signal. "However, since the absorption is very weak, the signal beam is passed

21 times through the 5-cm-width diagnostic cell, in a multi-pass Herriott cell configuration




[22]. The beams are then compared by a balanced ratiometric detector (BRD) which amplifies
the logarithm of the ratio between the reference and the signal. The diagnostic is calibrated in
the beginning and end of every experimental run by measuring the area under the absorption
line for medical-grade oxygen (99.5% minimum) at pressures from 1 to 6 Torr. The
calibration curve is always very linear and the offset is smaller than the accuracy of the
pressure gauge (0.1 Torr), but the calibration constant (the slope of the curve) can vary up to
10% when comparing the “bcginning’-’ and “end” calibrations. The reason for that is the
inherent non-linearity of the logarithmic output of the BRD. The oplical signal changes during
the experiment because of droplets on the windows, and the manufacturer-supplied correction
factor is unable to completely correct the non-linearity. In addition, there is a temperature
correction factor that comes from the changing gas temperature in the calibration and
experimental runs. This factor corrects for the dependence of the absorbing (oxygen ground
state) rotational level (j = 5) population on the temperntl‘lr'e. The error in the ground state
density caused by the change of the signal is up to 10% and is much larger than from other
sources, such as absorption line arca and temperature. The projected error in the O, ('A) yield

is about £ 0.035.

L. VYield
The yield of O, ('A)is inferred assuming that whatever is not chlorine, water or ground

state oxygen, is O, ('A):
Y =1-Po/(P=P.~Py), &)

where P is static pressure, P, P. and P,, are the partial pressures of ground state oxygen,
chlorine and water, respectively. This assumption is justified by the fast quenching of O,('T)
molecules by I,0 (reaction (3), 6.7 x 107'? em’ /s [3]) , ihe very fast quasi-resonant energy
transfer from vibrationally excited 0,('Z, v) to H,O bending vibration (~10™2 cm?/s [19], [20],
followed by very fagt V-T sellrefaxation of H,0) and the high content of H;0 in the flow

about 10%, see section IVB). Taking into account all the above projected errors, the total
g




error in the yicld is estimated to be about £0.05. This value is the sum of the projected errors
of each factor in Eq. (5) given in sections I1I A -D. The main source of error is the change in
the level of the oxygen signal beam due to droplets falling on the cell windows, and the
non-linearity of thG BRD with respect to this signal level. It is possible to reduce this error by

making shorter experimental runs or avoiding the droplets in some way.

IV. RESULTS AND DISCUSSION

A. Chlorine utilization

Chlorine utilization vs. residence time of the gas in the generator is plotted in Fig. 2. The
residence time is estimated using the known cross section and length of the reaction zone, the
measured chlorine flow at the generator inlet, the partial Cl;+O, gas pressure and the gas
temperature. The Cl, + O, partial pressure is calculated from the measured gas pressure in the
generator (we neglect gas pressure gradient in the generator) and the water fraction in the
generator. The water fraction is assumed to be the same as the water fraction in the diagnostic
cell (see below in section 1V B).

Fig. 2 includes data from many experiments with different chlorine flow rates and
generator gas pressures. It is seen that the utilization is usually higher than 0.9 and slowly
increases with the residence time. For standard operating conditions corresponding to
maximum laser power in experiments [17] (11.7 mmole/s of chlorine, 20 Torr in the generator
and residence time of 6 ms) the utilization is 0.92 £ 0.01.

Fig. 3 shows that utilization decreases as the chlorine flow rate increases without
changing the generator outlet cross section (the opening of the exit valve). This effect can be
explaiﬁed by the increase of the gas velocity in the generator with chlorine flow rate due to the
decrease in boundary layer thickness resulling from the pressure increase. The velocity
increase results in a decrease of the gas residence time; in the reaction zone, and hence in

decrease of the utilization (see Fig. 2).

e«

am




B.  Water vapor

Water vapor density was measured in the diagnostic cell. The water vapor partial
pressure in the generator can be calculated assuming that the water vapor fraction in the
diagnostic cell is the same as in the generator. Fig. 4 shows the generator total pressure and
the partial water vapor pressure in a typical experimental run in which the generator total
pressure was changed by adjusting the generator exit valve. The relative change in the water
vapor partial pressure is much smaller than the change in the total pressure. In addition, the
water vapor pressure tends to stabilize, with time, in some equilibrium pressure. It is
concluded that in steady state conditions, the water vapor partial pressure is close to
saturation.

Fig. 5 shows the effect of BIHP temperature on the partial water vapor pressure in the
generator. As the BIIP bulk temperature was allowed to rise with time (simply by turning off
the cooling), the water vapor pressure in the generator incren‘;ccl. Comparison between these
results and theoretical temperature dependence of saturéted water vapor pressure above BHP
(presented in [23]), shows that the "effective” temperature of the jet surface is six to seven
degrees higher than the measured bulk temperature. The temperature of the jets is expected to
be higher than the bulk temperature because of heat exchange in the gear pump and transport
line, and because of the jet surface reactions.

Fig. 6 summarizes the results of many experimental runs. The water vapor fraction in the
flow is plotted against the generator total pressure for BHP temperature between —16°C to
-18°C (the partial water vapor weakly depends on thé temperature in this range). The accuracy
of measurement of each experimental point is much better than the scattering of the points in ;
the graph (see section III C). The explanation for the scattering is that during ma‘ny‘
experiments it was possible to see, in the diagnostic cell, some amount of liquid being carried
out by the flowing gas out of the generator. In that instant the water vapor density (and
fraction) was noticed to rise considerably. For standard operating conditions (see section IV

A) and a dry diagnostic¢ cell, the water vapor fraction was 0.08 + 0.01.
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C. Yield

The yield is plotted in Fig. 7 as a function of the generator Cl; + O, partial pressure,
which was found as described in section IV A. In some experiments the ground state oxygen
diagnostic was positioned 4 cm upstream of the center of the diagnostic cell, in the others 4
cm downstream. There is not much difference between these two sets of results. This is in
agreement with energy loss computations (Chi analysis [24]) that take into account the
pooling reaction (2). The figure shows also two calculated curves which were obtained using
a surface chemistry model (referred to also as “well stirred limit” model) [25] where depletion
of HOJ ions near the gas-liquid interface is neglected and only gas-phase losses of O, ('A)in
the pooling reaction (2) are taken into account. The model, described in more detail in
Appendix A, has two fitting parameters: the chlorine lifetime in the JSOG, t, and detachment
yield, YOA The values of t and Yy were chosen to fit the measured utilization and yield at Cl, +
O, partial pressure of 18 Torr (corresponding to the flow stati;: pressure of 20 Torr). Pressure
dependencies of Y are calculated for two difTerenf values of the rate constant k, of
0, ('A) deactivation. The first value, 2.7 x 1077 cm"./s [26], is the rate constant of reaction
(2), whereas the second value, 6.1 x 107" cm?/s [27], is the effective rate constant ofO, ('A)
deactivation  taking into  account both reaction (1) and the reaction
Oz(]A)+ QZ(IA)—é 202(32). It is seen that using the lower rate 2.7 x 1077 cm/s in the
calculations gives a better agreement with experimental results. The yield measured for
standard operating conditions (see section IV A) is 0.65 4 0.05.

Fig. 8 shows how the yield increases when the chlorine flow rate is increased without
changing the generator outlet cross section. The yield increases as a result of lower pooling
losses, as the decrease in gas residence time (see discussion of Fig. 3 in section IV A) moref

than compensates for the increase in oxygen density.

D. Temperature

Fig. 9 shows the behavior of the temperature measured in two points along the {low (see

>

section 1II A). Until the 200" second the diagnostic cell pressure was changed (at the 40",

80", 125" seconds) without changing Cl, flow rate. This was achieved by injecting N,
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* downstream of the diagnostic cell (through the iodine-oxygen mixing system {4}) and choking
the flow. It is seen that the temperature and the temperature difference increase in the
diagnostic cell with the cell pressure. After the 200™ second, when we increased the chlorine
flow rate, there was a minor increase in temperature. At the 260" second we increased the cell
pressure again.

Neglecting heat transfer from the gas to the walls of the diagnostic cell and the change of

the yield Y along the flow in the cell (see discussion of Fig. 7), the gas temperature is givén by
T=T, +xck, Y7, - ©

where T; is the temperature at the generator exit,

4 p 0o,V
Xr = A( ) & ) (M

C r kTA\v n 3

is a modified “chi” factor (definition of the usual “chi” factor is given in [24]), qa is the energy
of 0,('A), c, = 7/2 k is the heat capacity of a diatomic gas, Tav = 0.5(T+T;) is the average
temperature, no; and n are the ofcygen and total flow rates, respectively, and V is the volume
over which the losses are calculated. Eq. (6) is valid only if the densities of O,('Z)and
vibrationally excited 0,(’%) and O, (‘A) are negligibly small. As shown in section 111 D, for
our conditions this assumption is correct.

Fitting a linea.r graph to the plot of te;nperatures as a function of the modified chi factor,
with T; equal T as a first iteration, gives the slope kpY?> and a better value of T;. Fig. 10 shows
the result after several iterations, when both of the values T; and kpY” converged. The points
are plotted for different flow rates and temperature measurement positions using thé
appropriate values of volume (from the generator exit to the measuring position) and flow
rate. The slope (after several iterations of T;) is 12 x 10" em® s °C. Using the measured
value of the yield (it changes little with flow rate, see Fig. 8), 0.65 + 0.05, we .get

0, ('A) deactivation rate of (2.8 £0.5)-10"" cm’ s'. This value is in agreement with a pooling
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reaction rate constant k, = 2.7 x 10" cm’/s rather than with the effective rate constant k, =
6.1x10"7 em™/s (see discussion in section IV C). The agreement remains good if we take into

accourit the temperature dependence of the pooling rate constant [26], [28]
kp =9.5 x 1072 *exp(700/T) (8)

For the average temperature of 330 K Eq. (8) yields kp = 2.9 x 10”7 em” s which is close to
(2.8+0.5)10" cm’ 57" Effects of heat transfer are estimated to be negligibly small.

Fig. 11 shows the results of another experiment where the gcnerator"pressure was
increased (without changing the flow) by changing the generator outlet cross section. The gas
residence time and density increase with the pressure, causing higher O, ('A) losses in the
generator, which, in turn, raised the temperature of the gas exiting the generator into the
diagnostic cell. The decrease in yield causes a decrease of ler;lperalure difference Letween the
downstream and upstream measurement positions. Extfapolated temperature at the generator
exit is also shown in Fig. 11. The exit gas temperature for standard conditions is about 30 C
and increases as the generator pressure increases. The temperature is much higher than the
BHP temperature. From the modified chi analysis we estimate that about half of this
difference is due to heat release caused by O, (v'/_\) deactivation in the generator in the volume
between the BHP jets and the gencrator exit valve. The other half is due to heat release in the
volume éccupied by the jets, which may mean that the gas in the generator is not in thermal
equilibrium with the BHP jets (contrary to the assumption made in [13], [29]).

We applied the modified chi analysis for the volume and temperature difference between
the upstream andh downstream temperature measurement positions in order to determine thef‘
yield as a function of the generétor 0, + Cl; pressure. Fig. 12 shows the yield for two reaction
rates, together with the measured yield (which was already presented in Fig. 8). The smaller
reaction rate of 2.7 x 10" cm’/s makes these sets of measurements (temperature and yield)

much more consistent..
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V. CONCLUSIONS
Using diode-laser based absorption spectroscopy diagnostics we measured the
0, ('A) yield and water vapor fraction at the exit of a jet type O, ('A) generator for COILs.
In addition, the chlorine utilization and gas temperature at the generator exit were measured.

All the measurements were done for wide range of generator pressures, chlorine flow rates

and BHP temperatures.

For conditions corresponding to the maximum chemical efficiency of the strpcrs?11ic COIL
[17] (12 mmole/s of chlorine, 20 Torr in the generator and BHP temperature of ;17 C) the
yield, water vapor fraction and utilization are 0.65, 0.08 and 0.92, respectively. The gas
temperature at the generator exit is about 30 C. The absolute error of the yield measurements
is estimated to be + 0.05.

As the pressure in the generator increases (for constant chlorine flow rate) the yield and
water vapor fraction decrease, whereas the chlorine utilization and gas temperature at the
generator exit increase. When the Cl, + O, partial prcs.sure increases from 18 to 60 Torr the
yield decreases from 0.65 to 0.48, i. e. the decrease of the yield is not large. The dependence
of the yield on the generator pressure is consistent with rate constant of the pooling reaction
(2) of 2.7 x 10”7 em’s” [26]. The same rate constant explains the measured variation of the
temperature along the flow in the diagnostic cell.

Increase of the chlorine flow rate (for constant opening of the generator exit valve) results
in a weak increase of the yield and decrease of the chlorine utilization. The generator
efficiency, defined as the product of the yield and utilizalion, is almost independent of the
chlorine flow in this range.

| Increasing the‘BH_P temperature results in an increase of the water vapor fraction caused
by an increase of the saturated water vapor pressure in the generator, the yield and utilizétion
being independent of the temperature.

The parameters of the JSOG exit found here are very useful for parametric studies related

to high power COILs and for predicting the output power and gain.
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APPENDIX A. SURFACE CHEMISTRY MODEL OF JSOG
(WELL-STIRRED LIMIT)

This model, presented in [25], assumes negligibly small depletion of HO7 ions near the
gas-liquid interface and takes into account only gas-phase losses of 0,('A) in the pooling
reaction (2). The chlorine utilization 17 is given by

n=1-exp(- /1), (A1)

Where tes = lgea/ Uy is the gas residence time in the JSOG reaction zone and t is the chlorine

lifetime in the JSOG. The change of [O('A)] is given by
d[Oo("A))/dt = (Yo[ClyJo/)exp(-t/7) - k[0 AT, (A2)

where t = x/Ug, Y is detachment yield and [ClyJo is initial number density of Cl,. Approximate

solution of Eq. (A2) is given by [25]
1V/Y=1/Yo + ) kJO2('A)] tren, (A3)

where

) =14+ (1 +0/2) /[ In(1 - )]
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FIGURE CAPTIONS

Fig. 1: The experimental setup. (1) jet type singlet oxygen generator, (2) exit valve, (3)
diagnostic cell, (4) iodine mixing system (supersonic grid nozzle).

Fig. 2: Chlorine utilization vs. residence time for different chlorine flow rates (10 to 20
mmole/s) and generator gas pressures (15 to 80 Torr).

Fig. 3: Chlorine utilization in the generator vs. chlorine flow rate for constant outlet
cross-section. The residence time (hence the utilization) increases when flow rate decreases
because of boundary layers effects.

Iig. 4: Gas and water vapor pressures in the generator as a function of time. The data is
of a typical experimental run with chlorine flow rate of ~10 mmole/s. The generator gas
pressure was changed by changing the generator outlet cross section.

Iig. 5: BHP temperature and water vapor pressure in t“he generator as a function of time.
The data is from a single experimental run with chlorine flow rate of ~10 mmole/s. The BHP
temperature starts to decrease when the cooling is turned off.

Fig. 6: Water vapor fraction vs. generator gas pressure for chlorine flow rates between 10
and 12 mmole/s. The graph includes data from experimental runs where liquid droplets where
carried out into the diagnostics duct.

Fig. 7: Yield vs. generator gas pressure for two different positions of the oxygen
diagnostics (upstream and downstream) and chlorine flow rate of 12 mmole/s. The lines
represenf calculations of surface reaction model with two different energy pooling reaction
rates. The detachment yield ¥, and the chilorine lifctime where set so the calculations will
match the measurements at ~18 Torr.

Fiig. 8: Yield vs. chlorine flow rate in two experimental runs with different, constar;t
generator outlet cross section during each run. The upper trace is for low generator pressure
(e. g. 18 Torr at 12 mmole/s), the lower trace is for high generator pressure (e. g. 24 Torr at

12 mmole/s). The residence time decreases when the flow rate increases (hence the increase
of the yield) because of boundary layers effects.
| Fig. 9: Upstream and downstream temperatures (degrees Celsius) in a typical

experimental run. The diagnostics cell pressure was manually changed by choking the flow




20

downstream of the cell. At the 200"

second the chlorine flow rate (hence the cell pressure)
was increased, note that the témperature was not significantly increased.

Lig. 10: Downstream and upstream temperatures (degrees Celsius) as a function of
modiﬁed chi factor. The points represent data extracted from Fig. 9 experimental rin for both
low and high chlorine flow rate regions. The linear fit slope gives the pooling reaction
constant multiplied by the yield squared.

Fig. 11: Upstream, downstream and generator exit temperatures as a function of the
generator pressure for a constant chlorine flow rate. The generator exit temperature was
linearly extrapolated from the upstreﬁm and downstream temperatures using the known
distances of the temperature sensors from the generator exit. The lefimost set of points was
acquired for lower diagnostics cell pressure (hence the lower diagnostics cell temperature).

Fig. 12: Measured yield (Fig. 7) plotted together with yield calculated from the
temperature differences between upstream and downstream temperatures. The temperature
data is the same as in Fig. 11. The yield was calculated using modified chi analysis, using the
known volume between the upstream and downstream temperature measurement locations,
for two different pooling reaction rates. It is clear that the smaller reaction rate gives a better

consistency between the temperature measurements and the yield measurements.
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