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The results of parametric tests of a centrifugal bubble singlet-oxygen generator based on the reaction of chlo-
rine with an alkaline hydrogen peroxide solution have been given. The utilization of chlorine grows with bub-
ble-layer height, whereas the relative content of O2(1∆) remains constant. Growth in centrifugal acceleration
leads to a more efficient utilization of chlorine. A specific oxygen output of more than 1 mmole⋅cm−2⋅sec−1

from the bubble layer for a degree of chlorine utilization of D95% and a singlet-oxygen yield of more than
50% has been attained. It has been shown that a centrifugal bubble singlet-oxygen generator is an efficient
energy source for an oxygen-iodine laser.

The 1∆ state of oxygen is the first electronically excited oxygen state offset by 94.3 kJ/mole in energy from the
ground state 3Σ and having a radiation lifetime of more than 60 min. The singlet-oxygen O2(1∆) is most efficiently
formed in a singlet-oxygen generator (SOG) based on the reaction of chlorine with an alkaline hydrogen peroxide solu-
tion:

Cl2 + HO2
–
 → 2Cl

–
 + H

+
 + O2(1∆) , (1)

H
+
 + HO2

–
 → H2O2 . (2)

The initial concentration of HO2
− ions is virtually equal to the concentration of the alkali, since the equilibrium of the

reaction OH− + H2O2 ↔ HO2
− + H2O is strongly shifted to the right. For a rate constant of reaction (1) of D108 li-

ters/mole/sec and a concentration of the alkali of D1 mole/liter, oxygen is formed at a distance of D10−7 cm from the
surface of the alkaline hydrogen peroxide solution and the time of its diffusion yield from the liquid is D10−8 sec. Be-
cause of the small depth at which oxygen is formed and its low solubility in the alkaline hydrogen peroxide solution,
the flux density of the oxygen released from the alkaline hydrogen peroxide solution is equal to the density of the ad-
sorbed chlorine flux. Once O2(1∆) has been released from the alkaline hydrogen peroxide solution, its loss is deter-
mined mainly by the decomposition in the series of reactions

O2(1∆) + O2(1∆) → O2(1Σ) + O2(3Σ) ,     2.7⋅10
−17

  cm
3 ⁄ sec , (3)

O2(1Σ) + H2O → O2(1∆) + H2O ,     6.7⋅10
−12

  cm
3 ⁄ sec , (4)

O2(1∆) + O2(1∆) → O2(3Σ) + O2(3Σ) ,     1.7⋅10
−17

  cm
3 ⁄ sec . (5)

Here O2(1Σ) is the oxygen in a higher electronically excited state (157 kJ/mole). For example, at an initial O2(1∆)
pressure of 20 mm Hg, its content is halved over a period of D25 msec. An SOG is a typical gas-liquid mass ex-
changer whose end product is the electronically excited oxygen O2(1∆). Furthermore, at its output, there are the resid-
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ual chlorine, O2(3Σ) and O2(1Σ) oxygen, and steam. The content of O2(1∆) in the region of its recording is determined
by the quantum yield in reaction (1) and by the loss in the alkaline hydrogen peroxide solution and in the processes
(3)–(5) in the gas path. In certain cases, e.g., to feed power to a chemical oxygen-iodine laser, it is desirable to have
a high content of O2(1∆) in relation to oxygen (more than 50%), a low content of the residual chlorine (less than
10%), and virtually the total absence of a dispersed liquid phase in the gas flow from the SOG. When the O2(1∆)
flow mixes with the vapor of molecular iodine, the latter dissociates into atoms; thereafter O2(1∆) transfers energy to
the iodine atoms I(2P3 ⁄ 2) + O2(1∆) ↔ I(2P1 ⁄ 2) + O2(3Σ), causing the inverse population to form on the 2P1 ⁄ 2 → → 2P3 ⁄ 2
transition of an iodine atom in the oxygen-iodine laser [1].

The criteria of optimization of an SOG as a gas-liquid mass exchanger differ qualitatively from those for tra-
ditional chemical-technology apparatuses, since a high content of O2(1∆) must be ensured in addition to the high de-
gree of chlorine absorption. A few SOG types meeting these requirements have been created at present [1–4]. The first
SOG for an oxygen-iodine laser was realized based on a bubble mass exchanger [1]. Under gravity conditions, the
maximum specific load of bubble SOGs mCl is equal to 0.1 mmole/sec of chlorine per 1 cm2 of the bubble layer at
a total pressure above the solution layer of a few mm Hg [5]. Further increase in mCl is accompanied by the decline
of chlorine utilization, a drop in the O2(1∆) fraction, and a strong removal of the solution aerosol [5]. It is common
knowledge that, when a bubble layer is in the field of large centrifugal accelerations (103–104 m/sec2), the diameter of
the bubbles generated substantially diminishes, the velocity of their ascent grows, the mass-transfer rate multiply in-
creases, and the spray removal decreases [6]. This is particularly favorable for O2(1∆) gas generators designed for an
oxygen-iodine laser where a high degree of chlorine utilization with simultaneous preservation of the high O2(1∆) con-
tent must be ensured during the gas–liquid contact. In the present work, we give results of the first tests of a centrifu-
gal bubble singlet-oxygen generator (CBSOG).

Fig. 1. Centrifugal bubble singlet-oxygen generator (the rotating part of the
CBSOG is shown in black): 1) rotating bubbler; 2) shell; 3) channel for feed-
ing chlorine with helium; 4) channel for feeding the alkaline hydrogen perox-
ide solution; 5) holes for discharge of the alkaline hydrogen peroxide solution;
6) outlet pipe; 7) perforated cylinder; 8) chamber in which the parameters of
the gas flow from the CBSOG are recorded; 9 and 10) germanium and silicon
photodetectors; 11 and 12) photodetectors for the reference and probing beams
of the nitrogen laser; 13) nitrogen laser.
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Experimental Setup. A block diagram of the CBSOG is presented in Fig. 1. The CBSOG bubbler consists
of a cylinder 1 with an inside diameter of 93 min and a height of 100 min, placed in shell 2. The revolution of the
rotor is carried out with an electric motor. In the lateral cylinder wall, 550 cylindrical nozzles of length 9 mm and
inside diameter 0.3 mm are arranged in a checkrow manner. The mixture of chlorine with helium was fed to the bub-
bler nozzles via channel 3. The alkaline hydrogen peroxide solution arrived at the interior surface of the rotating bub-
bler via channel 4 and was discharged into the receiving tank via a system of holes 5 and an outlet pipe 6. The
bubble layer could be observed and photographed through a transparent upper cover. In bubbling, chlorine was ab-
sorbed by the solution and oxygen was formed in the process described in Eq. (1). The gas escaping from the bubble
layer arrived at chamber 8, passing through a perforated cylinder 7. The gas temperature and the concentration of the
residual chlorine and the steam were determined in the chamber and oxygen in the O2(1∆) and O2(1Σ) states was re-
corded. The total volume of the gas path from the bubbler surface to the measuring chamber was D480 cm3. The
pressure above the bubble layer was controlled by the cross section of holes in the rotating perforated cylinder 7,
which was also a separator of coarse aerosol. The geometric parameters of the tested CBSOGs are presented in Table
1. The bubble-layer height for each CBSOG was controlled by changing the flow rate of the solution. The gas in the
system was set flowing using an NV3-180 forepump.

The measuring chamber represented a short part of the gas channel of width 50 mm and height 15 mm. The
concentration of the residual chlorine was determined from the attenuation of the probe beam of an N2 laser (wave-
length 337 nm). The spontaneous emissions of O2(1∆) at a wavelength of 1278 nm and O2(1Σ) at a wavelength of 762
nm were recorded respectively by germanium and silicon photodetectors equipped with optical filters. According to the
balance of reactions (3) and (4), the concentration of O2(1Σ) is in proportion to the concentration of O2(1∆) squared
and is in inverse proportion to the concentration of steam; consequently, Nw = KIGe

2  ⁄ ISi. Calibration of measurements
of the residual concentration of chlorine NCl was reduced to measuring the cross section of absorption of emission at
a wavelength of 337 nm by it. The measured cross section of chlorine absorption at this wavelength turned out to be
equal to (2.32 % 0.01)⋅10−19 cm2, which was close to the value obtained in [7]. The coefficient K was determined ear-
lier in investigating a jet SOG [8] where the same measuring chamber was used. Determination of the coefficient K
was reduced to determination of the IGe

2  ⁄ ISi ratio, when the concentration of steam was known. The gas temperature
in the measurement zone was determined by a thermocouple given a thin lubricating silicone coat to diminish the de-
activation of O2(1∆) on its surface. Data on the flow rates of helium and chlorine and on the pressure and temperature
in the measuring chamber were sufficient for determining the partial pressures of helium, steam Pw, oxygen PO, and
the residual chlorine PCl, from which we computed the chlorine utilization U = 1 − PCl/(PCl + PO) and the relative
content of steam Cw = Pw/(PCl + PO). The relative content of O2(1∆) Y, which was in proportion to the IGe

 ⁄ PO ratio,
was evaluated by the lasing efficiency of the oxygen-iodine laser.

Experimental Results. The basic parameters varied in CBSOG tests were the height of the bubble layer, the
arrangement of gas nozzles, the flow rates of the solution and chlorine, the rotational velocity of the bubbler, and the
concentration composition of the alkaline hydrogen peroxide solution and its temperature. The alkaline hydrogen per-
oxide solution was prepared from a 14 M aqueous solution of KOH and 38% hydrogen peroxide in the corresponding
proportions. The order in which the components were introduced into the CBSOG was as follows. Once the bubbler
has been set in rotation, a mixture of helium with chlorine was fed to it; thereafter, nearly within 1 sec, the alkaline
hydrogen peroxide solution was fed to the bubbler surface. As the bubble-layer height grew, the concentration of the
residual chlorine dropped and the signals of the germanium and silicon photodetectors grew (Fig. 2). The bubble layer
was photographed within 4 sec after the activation of the CBSOG, when the values of the bubble-layer thickness and
of the parameters measured reached the steady state.

TABLE 1. Geometric Parameters of the CBSOGs Tested

CBSOG No. S a
1 7.5 6
2 1.33 6
3 6 3
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During the tests of CBSOG-1 and CBSOG-2, the rotational velocity of the bubbler was n = 27 sec−1; for this
velocity, the centrifugal acceleration at the bottom of the bubble layer was equal to 1.34⋅103 m/sec2. Figure 3 presents
the dependence of the chlorine utilization on the bubble-layer height growing with solution flow rate. For example, h
= 8 mm was attained for a flow rate of the alkaline hydrogen peroxide solution of 180 cm3/sec. The change from 3
to 9 mm in h led to a growth from 415 to 440 mm Hg in the gas pressure in front of the bubbler nozzles for
CBSOG-1. The total pressure above the solution surface in CBSOG-1 was 35 mm Hg, whereas the total pressure on
the bubbler surface was equal to 150 mm Hg at h = 9 mm. With such a pressure difference on the nozzles the escape
of the gas on their exit section was nearly critical. It is noteworthy that more than 60% of chlorine was utilized for
h D 3 mm. When h values were low, the efficiency of chlorine utilization for Nb = 2 mole/liter was somewhat lower
than that for Nb = 6 mole/liter but became comparable if h C 10 mm. The relative content of steam dropped with
growth in the layer height, and it was lower for CBSOG-2 (Fig. 4) having a smaller cross section S. The IGe

 ⁄ PO ratio
proportional to Y was independent of the bubble-layer height for CBSOG-1 and CBSOG-2 (Fig. 5). To additionally
check this statement we measured the dependence of the chemical efficiency of the oxygen-iodine laser fed with oxy-
gen from CBSOG-1 on the bubble-layer height. A detailed description of the oxygen-iodine laser with CBSOG-1 has
been given in [9, 10]. By its chemical efficiency we mean the ratio of the photons emitted by the laser to the number
of chlorine molecules introduced into the SOG. In laser experiments, CBSOG-1 operated under conditions where the
utilization of chlorine, the content of steam, and the IGe

 ⁄ PO ratio were measured (Figs. 3–5). The laser tests showed
(Fig. 6) that the efficiency of the oxygen-iodine laser increased with bubble-layer height in proportion to the chlorine
utilization (see Fig. 3). This is possible if the parameter Y changes with increase in h only slightly. A chemical effi-

Fig. 2. Time dependence of the concentration of chlorine (1) and of the signals
from the silicon (2) and germanium (3) photodetectors.

Fig. 3. Chlorine utilization vs. bubble-layer height (n = 27 sec−1, MCl = 37
mmole/sec, and MHe = 95 mmole/sec): 1) CBSOG-1, NH = 7.5 mole/liter, Nb
= 6 mole/liter, and t = −20oC; 2) CBSOG-2, NH = 7.5 mole/liter, Nb = 6
mole/liter, and t = −20oC; 3) CBSOG-2, NH = 11 mole/liter, Nb = 2 mole/liter,
and t = −15oC.
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ciency of 25% of the oxygen-iodine laser in analogous small-scale units is attained when the relative content of
O2(1∆) is more than 50% [11, 12].

The rate of chlorine absorption during the chemical reaction (1) is determined not only by the concentration
Nb but also by the diffusion of the reacting components in the solution. Reduction in the concentration Nb with simul-
taneous increase in the temperature of the alkaline hydrogen peroxide solution must lead to a growth in the mobility
of the components in the solution. The concentration Nb was reduced by successive addition of distilled water to the
initial solution with NH = 7.5 mole/liter and Nb = 6 mole/liter. The alkaline hydrogen peroxide solutions with lower
values of Nb and NH were prepared at elevated initial temperature to avoid ice formation. As is clear from Fig. 7, the
chlorine utilization virtually remains constant with a decrease from 6 to 2 mole/liter in Nb, if the temperature of the
solution is simultaneously increased. In these tests, the IGe

 ⁄ PO ratio was independent of the composition of the alka-
line hydrogen peroxide solution and had the same scale as that in Fig. 5. The relative content of steam grew from 7
to 28% with a change from −21 and −5.3oC in the initial temperature of the alkaline hydrogen peroxide solution; this
was not strange, since the pressure of the saturated steam above the bubble layer increased.

Fig. 4. Relative content of steam with change in the layer height (n = 27 sec−1,
MCl = 37 mmole/sec, MHe = 95 mmole/sec, NH = 7.5 mole/liter, Nb = 6
mole/liter, and t = −20oC): 1) CBSOG-1; 2) CBSOG-2.

Fig. 5. Ratio IGe
 ⁄ PO vs. bubble-layer height (n = 27 sec−1, MCl = 37

mmole/sec, MHe = 95 mmole/sec, NH = 7.5 mole/liter, Nb = 6 mole/liter, and t
= −20oC): 1) CBSOG-1; 2) CBSOG-2.

Fig. 6. Chemical efficiency of the oxygen-iodine laser vs. height of the bubble
layer.
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In testing CBSOG-3 with a closer packing of feed nozzles, the rotational velocity of the bubbler was in-
creased to 46 sec−1, for which the centrifugal acceleration on the bubbler surface was 3.88⋅103 m/sec2. The efficiency
of chlorine utilization for the closer packing of the nozzles and higher rotational velocity of the bubbler is presented
in Fig. 8. It is seen that the increase in the rotational velocity has led to a growth in the chlorine utilization for the
same height of the bubble layer even for the higher flow rate of chlorine and the closer packing of the nozzles than
those in CBSOG-1 and CBSOG-2. Also, it is noteworthy that the chlorine utilization was virtually the same for MCl
= 37 and 56 mmole/sec. The value of the IGe

 ⁄ PO ratio was also independent of h in these tests and was coincident
for MCl = 37 and 56 mmole/sec. The chemical efficiency of the oxygen-iodine laser operated with CBSOG-3 for
MCl = 56 mmole/sec amounted to D25% [9]. For the flow rates MCl = 56 mmole/sec and MHe = 95 mmole/sec, the
pressure above the bubble layer in CBSOG-3 was equal to 50 mm Hg. A unit load of total gas flow rate of 3
mmole/cm2/sec and a chlorine rate mCl = 1.13 mmole/cm2/sec and a reduced velocity of the gas at the exit from the
bubble layer of 11 m/sec were attained in this regime.

Discussion of Results. From the correlations obtained in [13, 14] for centrifugal bubble apparatuses, it follows
that in the bubbling of a Cl2:He mixture of composition D1:2 through an alkaline hydrogen-peroxide-solution layer of
height D10 mm, bubbles with r C 2 mm and V C 2.6 m/sec for n = 27 sec−1 (CBSOG-1 and CBSOG-2) and with
r C 1.2 mm and V C 3 m/sec for n = 46 sec−1 (CBSOG-3) are formed. Thus, if we have a bubble regime of bubbling,
much of the chlorine (more than 60%) is absorbed for h comparable to the bubble diameter in the tests carried out.
However, it must not be ruled out that a jet regime of bubbling rather than a bubble one is possible even under the
conditions of high centrifugal acceleration for small bubble-layer heights and a sonic velocity of gas outflow from the
nozzles. In any case such a degree of chlorine utilization for small h points to the high rate of mass transfer on the

Fig. 7. Utilization of chlorine (1) and content of steam (2) vs. concentration of
alkali. On the right-hand ordinate axis, the initial temperature of the solution
(3) (CBSOG-2, n = 27 sec−1, h = 7–8 mm, MCl = 37 mmole/sec, and MHe =
95 mmole/sec).

Fig. 8. Chlorine utilization vs. bubble-layer height for CBSOG-3 (n = 46
sec−1, NH = 7.5 mole/liter, Nb = 6 mole/ liter, and MHe = 95 mmole/sec): 1)
MCl = 37 and 2) 56 mmole/sec.
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initial portion of dispersion of the gas into the layer of the alkaline hydrogen peroxide solution. A weak dependence
of the efficiency of chlorine absorption on the concentration of the alkali in the alkaline hydrogen peroxide solution
enables us to assume that chlorine is absorbed in the regime of the reaction of pseudofirst order and of rapid hydro-
dynamic renewal of the reaction surface, and the resistance to mass transfer in the gas phase is insignificant. The
CBSOG tests carried out and measurements of the efficiency of the oxygen-iodine laser have shown that the content
of O2(1∆) is weakly dependent on h within 4–10 mm. The time of residence of the gas in the bubble layer is, appar-
ently, so short that the processes (3)–(5) occurring in it have no time to substantially reduce its concentration. For
lower Nb values, the chlorine molecules must penetrate more deeply into the solution; the formation of O2(1∆) in the
process (1) must occur at larger distances from the liquid surface, and the time of its passage into the gas phase must
be longer. The fact that the IGe

 ⁄ PO ratio is independent of Nb that shows the change in the time residence of O2(1∆)
in the solution is much smaller than its lifetime in it of 2⋅10−6 sec. The efficiency (25%) of the chemical oxygen-io-
dine laser fed by oxygen from the CBSOG has turned out to be a quantity comparable to the efficiency obtained in
other works in which the fraction of singlet oxygen is Y > 50% [11, 12]. From this comparison it may be inferred that
the CBSOG generates oxygen in which more than 50% of it is in the O2(1∆) state. Since no aerosol was visually ob-
served at the CBSOG outlet, we may assume that all large droplets removed by the gas from the bubble layer return
to it again or arrive at the rotating perforated cylinder. The droplets deposited on the perforated cylinder may be
thrown into the bubble layer again or be capable of serving as a source of ultradisperse aerosol removed by the gas
flow. The growth in the partial pressure of steam due to the evaporating ultradisperse aerosol is determined by its vol-
ume fraction in the gas flow. A strong dependence of the content of steam in the measuring chamber on the initial
temperature of the alkaline hydrogen  peroxide solution (Fig. 7) suggests that the contribution due to the vaporization
inside the bubble layer is substantially higher than that due to the volume fraction of the aerosol. This is also sup-
ported by the higher relative content of steam in the case of larger S where the partial pressure of oxygen together
with the residual chlorine above the bubble layer is lower.

Conclusions. In the range of the CBSOG regimes investigated, a more than 90% utilization of chlorine occurs
for a bubble-layer thickness of 6–10 mm. The content of O2(1∆) is weakly dependent on the height of the bubble
layer and the composition of the alkaline hydrogen peroxide solution. The high chemical efficiency of the oxygen-io-
dine laser fed by oxygen from the CBSOG enables us to assume that the relative fraction of O2(1∆) at its outlet ex-
ceeds 50%. In the tests carried out, no removal of the droplets of the alkaline hydrogen peroxide solution is visually
observed. The content of steam in the gas flow at the CBSOG outlet is mainly determined by the process of evapo-
ration inside the bubble layer, i.e., by its certain average temperature. Compaction of the feed nozzles with simultane-
ous increase in the centrifugal acceleration enables us to raise the unit chlorine load to 1.13 mmole/cm2/sec with
preservation of the degree of chlorine utilization of more than 90% and a content of O2(1∆) of higher than 50%. The
specific oxygen output of more than 1 mmole/cm2/sec attained under the conditions of stable CBSOG operation with-
out spray removal is one order of magnitude higher than the outlet of bubble SOGs [5] operating under gravity con-
ditions. The high chemical efficiency of the CBSOG-based oxygen-iodine laser shows that it is a promising high-yield
source of singlet oxygen.

This work was carried out with financial support from the European Office of Aerospace Research and De-
velopment EOARD (project 057003) and with administrative support from the International Scientific-Technical Center
(grant No. 3380P) and the Russian Foundation for Basic Research (grant 05-08-014585a).

NOTATION

a, distance between the bubbler nozzles, mm; Cw, relative content of steam; h, bubble-layer height, mm; IGe,
output signal of the germanium photodetector, rel. units; ISi, output signal of the silicon photodetector, rel. units; K,
calibration factor; MCl, flow rate of chlorine, mmole/sec; MHe, flow rate of helium, mmole/sec; mCl, flow rate of chlo-
rine per 1 cm2 of the bubbler, mmole/cm2/sec; n, rotational velocity of the bubbler, sec−1; NH, concentration of hydro-
gen peroxide in the alkaline hydrogen peroxide solution, mole/liter; Nb, concentration of alkali in the alkaline hydro-
gen peroxide solution, mole/liter; NCl, concentration of chlorine in chamber 8, mole/cm3; Nw, concentration of steam
in chamber 8, mole/cm3; PO, PCl, and Pw, partial pressures of oxygen, chlorine, and steam in chamber 8, mm Hg; r,
bubble radius, mm; S, cross-sectional area of holes for passage of the gas in the perforated cylinder, cm2; t, initial
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temperature of the alkaline hydrogen peroxide solution, oC; V, velocity of ascent of a bubble, m/sec; U, chlorine utili-
zation; Y = [O2(1∆)]/([O2(1∆)] + [O2(3Σ)]), relative content of O2(1∆); Ylos, loss of the relative content of O2(1∆) in
the resonator of the oxygen-iodine laser by dissociation of molecular iodine, quenching, and removal of the threshold
fraction from the resonator; ε = 100Uη(Y − Ylos), chemical efficiency of the oxygen-iodine laser, %; η, optical effi-
ciency of the resonator of the oxygen-iodine laser; τ, running time from the beginning of the startup of the CBSOG,
sec. Subscripts: b, alkali; w, water; los, loss.
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