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Highly efficient cw chemical oxygen —iodine laser
with transsonic iodine injection and a nitrogen buffer gas
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I.M. Evdokimov, A.V. Savin

Abstract. Methods of increasing the efficiency of low-
pressure chemical oxygen—iodine lasers (COILs) with trans-
sonic injection of molecular iodine, in which nitrogen is used
as a buffer gas, are studied. A two-layer gas-dynamic model
is used for a parametric analysis of physicochemical processes
occurring in the transsonic iodine injector and in the COIL
resonator, including mixing and generation of radiation. The
3D-RANS computer simulation software is used to study the
flow structures resulting from an injection of iodine-contain-
ing flow into the transsonic zone of the oxygen nozzle.
Experiments with a 10-kW modified laser have resulted in a
chemical efficiency of 31.5 % for a lasing power of 13.5 kW.
The results of experimental studies of the cryosorption COIL
exhaust system are presented.

Keywords: oxygen—iodine laser, singlet oxygen, chemical effi-
ciency, gain, 3D-RANS simulation software.

1. Introduction

A cw chemical oxygen—iodine laser (COIL) is the most
attractive source of laser radiation for a whole range of
applications. A short wavelength and a high optical quality
of the laser medium make it indispensable in cases where
the laser radiation energy must be transported over large
distances with minimum losses. Research on COILs, which
has been going on for over a quarter of a century, is
currently aimed at increasing the efficiency of such lasers
since the fundamental problems of their physics and
technology have already been solved. One of the most
important and not completely exhausted resources for
enhancing the COIL efficiency concerns the modification of
the gas-dynamic processes responsible for the formation of
the active medium.

For example, one of the important limiting factors
determining the COIL efficiency is the singlet oxygen loss
during the dissociation of molecular iodine. At the first
stage, the direct dissociation of the iodine molecule
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L, + 0,('2) — 21 + O,('A) plays the fundamental role.
This stage proceeds quite slowly since the concentration
of sigma oxygen is quite low and the rate constant of the
reaction is also small. After the concentration of iodine
atoms becomes significant, the second (more rapid) dis-
sociation stage sets in, when the iodine atoms play the role
of the transport channel during transfer of energy to
molecular iodine

[+ 0,('A) = 1" + 0,(°%),

I'+L = I+1, (D

I +0,('A) = 21 + 0,(’%).

Traditionally, it is assumed that about 5—6 singlet oxygen
molecules are spent on each iodine molecule during
dissociation of molecular iodine, while according to the
scheme (1), the rapid stage requires just two molecules of
singlet oxygen. The remaining losses occur due to two
reasons. First, before a complete mixing of oxygen and
iodine flows, there exist regions with a high local
concentration of molecular iodine in which singlet oxygen
is completely quenched, e.g., according to the scheme

O,('A) +1— 0,(°%) + 1%, k=77x10"cm? s,
I'+L - +1, k=35x10""em®s7!, ()

IL+N, > L +N,y,, k=9x10""2cm’®s™.

Second, water vapour, which is always present in the active
medium of a laser with a chemical singlet oxygen generator,
actively facilitates the quenching of excited iodine atoms,
and an additional active quenching channel

1+0,('A) = 1" + 0,(°%),

3)

is operative as long as singlet oxygen remains in the flow.
Hence, the faster the mixing of oxygen and iodine flows, the
lower the loss of singlet oxygen and hence the higher the
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COIL efficiency. This is the reason behind the considerable
attention being paid to the problems of mixing during the
preparation of the active medium. However, the gas-
dynamic expansion required for attaining a high gain
and suppression of quenching in channel (3) hampers the
mixing of flows and thus increases the losses in channel (2).
Hence, it is necessary to obtain a correct synchronisation of
the mixing and expansion processes.

If helium is used as the buffer gas, the velocity of the
active medium is quite high, the time required for trans-
porting the medium from the reaction zone to the nozzle
bank is small and hence the losses are comparatively low.
However, the use of helium lowers the effective molecular
weight of the active medium to 9—10 atomic units. The
exhaust of such an active medium requires an enormous
energy expenditure and hence lowers the efficiency of the
laser system as a whole [1]. The quenching problems become
quite significant in the case when nitrogen is used as the
buffer gas instead of helium since the active medium velocity
becomes much lower in this case and accordingly the
medium transportation time becomes longer. Nevertheless,
an enhanced efficiency of the exhaust systems renders
nitrogen-based COILs much more effective.

In this article, we study the methods of increasing the
efficiency of low-pressure oxygen—iodine lasers [2] with
transsonic injection of molecular iodine and with nitrogen
as buffer gas. A two-layer gas-dynamic model [3] is used for
a parametric analysis of physicochemical processes occur-
ring in the transsonic iodine injector and in the COIL
resonator, including mixing and generation of radiation.
The 3D-RANS computer simulation software [4] is used to
study the flow structures resulting from an injection of
iodine-containing flow into the transsonic zone of the
oxygen nozzle. Experiments with a 10-kW modified laser
[2] have resulted in a chemical efficiency of 31.5% for a
lasing power of about 14 kW. The results of experimental
studies of the cryosorption COIL exhaust system are
presented.

2. Computer simulation of the gas-dynamic
processes occurring in the active medium
of COILs

The specification of conditions imposed on the mixing
process based on the final laser parameters requires a
simplified gas-dynamic model of the active medium,
suitable for a wide-range parametric computer experiment
for simulating the transformation of the active medium
energy into laser energy in situations characteristic of the
nozzle banks of COILs. Such a model must describe the
kinetic processes, gas-dynamic cooling, and mixing. In
familiar models of this kind [5], an attempt is made at
describing mechanical mixing also in the same manner.
Since a rigorous description is impossible, certain a priori
concepts about the mixing mechanism have to be intro-
duced in the model, which makes the obtained results less
objective. At present, when highly effective means have
been developed for three-dimensional simulation of flows
with a complex physics and chemistry, it is possible to solve
two problems independently: (i) the conditions imposed on
the mixing process can be determined using simplified
models, after which (ii) the three-dimensional mechanism of
mixing is studied and the ways of achieving the required
values of parameters are found.

2.1 Simulation of kinetics and mixing using a two-layer
gas-dynamic model of the active medium
To solve the first of the above-mentioned problems, a two-
layer gas-dynamic model was developed to describe the flow
in the nozzle bank and the resonator of a COIL [3]. The
simplest flow scheme used for constructing a mixing model
consists of the two layers being mixed. Each layer is
described by one-dimensional gas-dynamic equations, and
the mixing is simulated by the source terms on the right-
hand side of the transport equations. It is assumed that
pressure is a function of longitudinal coordinate and is
identical for both layers. Under such a formulation, the
mixing rate is treated as an external parameter.

The equations of motion for each layer contain the
action of the pressure forces and momentum exchange
between the layers:

du dp 1-4

,ulcluld—x': —a‘f'm/lzcz 1 (ur — uy), “4)
du dp A

.Uzczuzd—x2 =gy TG T (uy — up), )

where the subscripts 1 and 2 indicate parameters of the first
and second layer, respectively; p is the pressure having the
same value for both layers; u is the velocity; u is the
molecular weight; ¢ is the molar density; A4 is the fraction of
the cross-sectional area occupied by the first layer; and m is
the mixing rate parameter.

The equation of mass conservation contains chemical
transformations and mass exchange between the layers:

dou_, (du 0P ad
dx — "M\ udx " Fdx ' Adx

1 & oy o om 1 -4
+u—12kj(v;;—v;i)]_[ck{"+u—1< y c,»z—c“), (6)
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—:_C'2 —_i'_—_i
“lupdx  Fdx (1 - A)dx
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where ¢;; is the molar density of the jth component of the
mixture in the ith layer; F is the variable area of cross
section of the channel in which the reactive flow being
mixed moves; v are the stoichiometric reaction coefficients
(the subscripts indicate the reaction number and the
mixture component number, while the single and double
primes mark the left and right stoichiometric reaction
coefficients, respectively); k; is the rate constant of the jth
reaction (in m3 mole™' s7!): and n, and n, are, respectively,
the number of reactions and components in the mixture.

The first term in the right-hand side of Eqns (6), (7) is of
purely gas-dynamic origin and corresponds to the so-called
impact reversal equation [6], the second term describes
chemical transformations [7] and the third term describes
the mass exchange between the layers. In the absence of
chemical reactions and exchange between the layers, the
equations are transformed into classical one-dimensional
gas-dynamic equations. All the equations are completely
symmetric to transposition of layers.
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The energy equations for both layers have the form
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where [I*] and [I] are the atomic iodine concentrations in
the excited and unexcited states, respectively; h, is the
enthalpy of a unit mass including the enthalpy of its
formation; d(x) is a function equal to unity in the cavity
and zero outside it; J is the intracavity field intensity; and ¢
is the induced emission cross section. The intracavity field
intensity is assumed to be constant in time and in space
within the cavity volume, which is close to reality under
conditions of a multimode stable cavity.

The analysis of the energy flux balance at the output
mirror allows us to compute the output power of a COIL if
the intracavity intensity J is known:

T

Pout:m

JS, (10)

where S is the area of the output aperture; f is the
nonresonant loss coefficient; and t is the transmission
coefficient (transparency) of the output mirror. Under the
intracavity field conditions, the gain of the medium is
defined as

e=onv=o([1]-31)

where AN is the inversion of the active medium. The steady
state condition for the radiant energy density in the cavity
volume leads to the following expression for the trans-
mission coefficient of the output mirror:

- (2—ﬁ){1 3 HOLF(x)a<[I*] - m)dx}l}l. (an

Thus, if the external mixing rate parameter m is known,
the two-layer gas-dynamic model (4)—(9) can be used to
solve the gas-dynamic problem on the motion of reactive
flow being mixed in a channel of a variable cross section
under lasing conditions. In this case, the intracavity field
intensity is also defined as a parameter after which the
transmission coefficient of the output mirror corresponding
to the obtained solution is calculated using relation (11).

Consider the conditions characteristic of a 10-kW laser
[2]. Singlet oxygen is produced as a result of interaction of
gaseous chlorine with basic hydrogen peroxide, and the flow
rate of chlorine is the main dimensional parameter deter-
mining the lasing power. The length of the active medium
along the optical axis of the resonator is B = 37 cm, the
aperture size is 6 x 6 cm, the nozzle expansion ratio is 2: 1,
the oxygen flow pressure in front of the nozzle is 25 Torr,

the primary dilution (ratio of molar flow rate of primary
nitrogen to the molar flow rate of chlorine) D; =2, the
titration ratio (ratio of molar flow rate of molecular iodine
to the molar flow rate of chlorine) is 4 %, the secondary
dilution D, = 1, the relative concentration of water vapour
in the primary flow is w = 0.1, the chlorine utilization
Ut =0.95, and the yield of singlet oxygen is Y =0.6.
The initial conditions are specified for the critical nozzle
cross section, and the transsonic mixing scheme is used.

Figure 1a shows the dependence of the output power on
the mixing rate parameter m and transmission coefficient t
of the output mirror. The nonresonant loss coefficient f was
assumed to be equal to 0.01. For the 10-kW laser considered
in this work, the quantity f does not have a strong influence
on the results, since f is usually much smaller than r.
Calculations show that if the resonator begins directly from
the nozzle edge, an increase in the mixing rate leads to a
monotonic increase in the lasing power. For m =~ 10* s7!
and t = 0.05 — 0.07, the lasing power is about 12 kW. This
is in accord with the experimental results [2]. The threshold
transparency increases with the mixing rate, tending to the
value t = 0.25.
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Figure 1. Dependence of the output power on the mixing rate parameter
m and the the transmission coefficient 7 of the mirrors for the case when
the resonator cavity begins from the nozzle edge (a) and when the cavity
is displaced by 6 cm (b); the numbers on the level lines indicate the power
in watts.
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Figure 1b shows the results of parametric analysis for the
case when the resonator is displaced downstream from the
nozzle edge by 6 cm. One can see that the maximum power
has virtually remained unchanged, but an optimal value of
the mixing rate is attained. This is associated with the energy
loss mechanism. The main loss channel is connected with the
quenching of excited iodine atoms by water molecules,
hence the higher the dissociation rate, the higher the losses
leading to heating of the medium. If the resonator is
displaced downstream, a high mixing rate may even be
harmful since it causes a too early dissociation and addi-
tional losses in channel (3).

This means that an optimal position of the resonator
relative to the nozzle must be chosen for each nozzle design
determining the mixing rate. A downstream displacement of
the resonator causes a decrease in the optimal mixing rate, a
decrease in the sensitivity to its variation, and an increase in
the threshold transparency. The output laser power becomes
less sensitive to variations in the design and operational
parameters. For example, for an optimal mixing rate
m ~ 4000 s~! in the situation depicted in Fig. 1b, the laser
works at a power level of over 11 kW in the transparency
window 0.04—-0.18 of the mirror.

2.2 Analysis of vortex structures emerging during
transsonic blowing of secondary flow

In order to analyse the mixing mechanism and the ways of
attaining the required mixing rate for transsonic scheme of
iodine supply, we calculated the flows in nozzles with
injecting holes of various configurations.

The three-dimensional nonstationary Navier—Stokes
equations were solved in the computational volume formed
by the symmetry element of the nozzle system of the COIL
(Fig. 2). Calculations were made by using the VICON-C [4]

Nozzle vane

Figure 2. Position of the computational domain in the nozzle slit (a) and
its schematic representation (b).

and CFX-5.5 software. To describe the chemical processes
occurring in the gaseous phase, we used the kinetic scheme
incorporating 34 reactions and 12 components of the
gaseous mixture [2]. Together with the model of laminar
flow of a thermodynamically ideal gas mixture, such a
kinetic scheme has been used as a well-tested instrument for
computer simulation of the gas-dynamics of the active
medium of the COIL [10].

We considered three schemes of transsonic injection of
secondary flow: a single row injector, a double-row injector
with a continuous in-line arrangement of holes, and a
double-row injector with a staggered arrangement of holes.
The results of calculation of the penetration depth /2 of
secondary flow streams into the primary flow are shown in
Fig. 3 for various types of injectors. The same figure also
shows the generalising dependence for a solitary stream
injected into an unbounded entraining stream [9]. For a two-
row injector, the penetration depth differs from the ideal
value due to the interaction of flows from different rows of
the injector. This effect lowers the flow mixing efficiency in
the nozzle and hence leads to a nonequilibrium concen-
tration distribution of components in the resonator resulting
eventually in a nonequilibrium concentration distribution of
components in the resonator (Fig. 4).
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Figure 3. Dependence of the normalised penetration depth / for the
streams being injected into the entraining flow on the ratio of the
secondary (iodine) flow strength (pv?), to the primary (oxygen) flow
strength (puz)l in the case of a one-row injector ( /), two-row injector
with a staggered arrangement of holes (2, 3 correspond to the first and
second row, respectively), and a double-row injector with a continuous
in-line arrangement of holes (4, 5 correspond to the first and second row,
respectively); the straight line (6) describes the penetration depth for a
solitary stream [8] (d is the injector hole diameter).

Consider in detail the mechanism of mixing in the nozzle
channel of a 10-kW laser [2]. The transsonic iodine injector
has two rows of holes arranged in staggered order.

Figure 5 shows the dependence of the iodine concen-
tration dispersion D; (number of iodine atoms per unit vo-
lume in the diatomic molecule as well as in the dissociated
state) normalised along x and z axes, on the coordinate x
along the flow; x = —30 mm corresponds to the point of
iodine injection, x = 0 corresponds to the nozzle exit. The
concentration dispersion (standard deviation from the ave-
rage value) is used as a measure characterising the nonuni-
formity of iodine distribution in any direction. The process
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Figure 4. Relative iodine concentration distribution along the y axis at
the nozzle exit, [I],x is the maximum iodine concentration in the given
section.
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Figure 5. Distribution of normalised dispersion D; of the concentration
of iodine atoms along the flow for the injector described in [2] for the case
of dispersion along the y (solid curve) and z (dashed curve) axes for a
stagnation pressure py) = 88 Torr of the secondary flow.

of mixing along the y axis (at a normalised dispersion level
of 0.15) does not terminate even at a distance of 120 mm
from the the nozzle exit. This leads to an unfinished dis-
sociation and nonequilibrium generation of singlet oxygen.
The concentrations level out much more rapidly along the z
axis and the mixing process is completed near the nozzle exit
since the scale of nonuniformities is much smaller. The
mixing length along this axis is L, ~ 7.5 mm, which cor-
responds to about 10— 11 diameters of the injector holes in
the first row.

Experiments aimed at studying the injection of a circular
stream in an entraining flow reveal [2] that the stream being
injected assumes a horse-shoe shape with two vortices. A
similar effect is also observed during transsonic injection of
iodine. For a small secondary flow rate and hence a small
penetration depth parameter, ‘underpenetration’ of the
stream is observed and a nonequilibrium iodine concen-
tration is preserved in the entire computational domain
(Fig. 6b).

Indeed, the first row stream forms a classical horse-shoe
pattern (frame 2) corresponding to a pair of longitudinal
vortices. The flow field of such a vortex pair disrupts the
streams in the second row (frames 4 and 5). Two isolated
vortex filaments are formed from the second row stream
instead of a horse-shoe structure, their movement com-
pletely following the vortex field of the first stream (frames
6). This leads to the formation of a unified structure which
looks like a localised region of high iodine concentration
after attenuation of the vortex flow. Due to the interaction
between the streams, a uniformity of concentrations cannot
be provided even by increasing the penetration parameter.

An analysis of the mixing mechanism and three-dimen-
sional structure of flows formed upon transsonic injection of
the secondary flow leads to the formulation of a number of
requirements which must be satisfied during the develop-
ment of efficient mixing schemes in a COIL. The main
requirements are as follows:

(1) The vortex structure must cover the entire cross
section of the flow. Interaction between the injected streams
must not lead to the formation of localised structures.

(ii)) The characteristic molecular diffusion times must
match the times of movement of vortex structures, as well as
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Figure 6. Sequential arrangement of frames with the water vapour concentration distribution over the nozzle cross sections under a secondary flow
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= 160 Torr (a) and py(;) = 88 Torr (b) in front of the injector: (1) blowing through the first row holes, (3) blowing through the second

row holes, (5—7) supersonic expansion, (8) supersonic flow region at a distance of 60 mm from the nozzle exit.
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Figure 7. Scheme of a modernised transsonic iodine injector (two
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The modernised gas-dynamic scheme of a transsonic
secondary flow injector developed in accordance with these
requirements contains one row of holes (Fig. 7).

Figure 8 shows a series of transverse flow cross sections
of the active medium, starting from the point of injection of
iodine. The vortex structure is formed in such a way that a
sequence of plane layers separated by a distance equal to the
spacing between the injector holes is formed near the nozzle
exit. Subsequent levelling out of concentrations occurs
because of molecular diffusion. Thus, the mixing process
can be divided into two stages. At the first stage, concen-
tration equalisation takes place along the direction of
injection at scales of the order of transverse cross-section
of the oxygen nozzle. This process is associated with the
formation of vortex structures and is mainly of nonviscous
origin. Its characteristic time can be estimated as 7, =
b/(2uy), where b is the transverse size of the nozzle and
uyr 1s the effective transverse velocity of the streams being
injected. The second stage is mainly associated with dif-
fusion and its characteristic time 1, is proportional to
(%a)2 /v, where a is the spacing between the injector holes
and v is the kinematic viscosity. The proportions and
absolute size of the nozzle apparatus are chosen in such
a way that these characteristic times match with one another
and with the convective time t, ~ L/uy,, where u, is the
characteristic velocity of longitudinal motion of the medium
being injected.

Figure 9 shows the distribution of the reduced y-dis-
persion D; of the concentration of iodine atoms in the
direction of the flow. At a distance of 15 mm from the
nozzle edge, the reduced dispersion becomes less than 15 %
while at a distance of 40 mm it falls below 5 %. This leads to
the formation of a homogeneous active medium with a high

Figure 9. Distribution of the reduced dispersion D; (along the y axis ) of
the concentration of iodine atoms along the flow for the modernised
mixing scheme (x = 0 corresponds to the nozzle exit), pyy = 256 Torr.

gain. Figure 10 shows the distribution of the small-signal
gain K, averaged along the optical axis of the resonator for
two types of transsonic injectors. One can see that the
modified injector creates an active medium with a much
higher gain.
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Figure 10. Averaged gain distribution for a small-signal gain in a
modernised injector (solid curve) and the injector described in [2] (dashed
curve).
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Figure 8. Distribution of the water vapour concentration over the nozzle
cross sections of a modernised iodine injector for pressure py) = 256 Torr: (1) blowing; (4—6) supersonic expansion; (9) supersonic flow region at a
distance of 60 mm from the nozzle exit.
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Thus, the results of computer simulation show that for a
proper organisation of the gas-dynamic process of flow
mixing and active medium preparation, the small-signal gain
can be increased significantly. The quantity K, is an indirect
indicator of the quality of the active medium. Apparently,
the energy parameters of the laser must also improve
substantially in this case.

3. Experimental studies of the parameters
of a COIL with a modernised nozzle bank

The modified design of the nozzle bank (Fig. 11) for a 10-
kW COIL [2] was developed using the results of computer
simulation of mixing. The nozzle elements are made of a
copper alloy and plastic, and the temperature of the nozzles
was maintained automatically at a level of 70—80°C.

I

Figure 11. Nozzle bank with a modernised iodine injector.

The experimentally measured value of the small-signal
gain averaged along the optical axis of the resonator is
0.5m~!, which is 1.6 times higher than for the basic
configuration [2] (Fig. 12). A stable supersonic flow with
a Mach number equal to about 2.3 is established in the
resonator (without energy extraction from the flow). In the
lasing mode, the value of Mach number increases to 2.4 and
a static pressure equal to 1.8 Torr is established.
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Figure 12. Experimental time dependences of the gain for a modernised
iodine injector (/) and the injector described in [2] (2).
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Figure 13. Experimental time dependences of the laser radiation power
for a modernised iodine injector ( /) and the injector described in [2] (2).

In experiments on lasing with a stable resonator (the
transmission coefficient of the output mirror 7 =0.1), an
output power of 13.5 kW was achieved for an iodine flow
rate of 10—12 mmole s™' and a chlorine flow rate of
470 mmole s~! (Fig. 13), which corresponds to a chemical
efficiency of 31.5 %.

4. Features of the cryosorption systems used for
the exhaust of gases from a COIL

The use of cryosorption technique made it possible to solve
the problem of exhaust of the discharged active medium of
a COIL irrespective of the external pressure. Unlike the
traditional application of this technique, the values of the
specific flow rate of the adsorbed gas as well as the pressure
are quite high under the conditions of operation of laser
systems. The microgeometrical parameters of the adsorbent
as well as its geometrical structure at all intermediate stages
exert a certain influence on the adsorption rate. The method
used for supplying the gas being adsorbed with minimum
pressure losses and the method of removal of the heat of
adsorption are critically important factors. Hence it is
expedient to use the empirical dynamic adsorbability o
(measured in m3 kg™ s7') for the main parameter of the
adsorbent.

Figure 14 shows the experimental cryoadsorption pump
having the form of a hermetically sealed vessel with
aluminium heat exchanger and pipeline for liquid nitrogen.
The space between the heat exchanger surfaces is filled by
the adsorbent (13 kg of NaX type zeolite). Such a con-
struction ensures a low flow resistance for the gas being
adsorbed and an effective removal of the released heat of
adsorption. Atmospheric air was used as the gas being
adsorbed in the experiments.

The pneumo-hydraulic circuit of the cryopump is shown
in Fig. 15. The data acquisition system records the time
dependence of pressure in the pump cavity at a frequency of
100 Hz. The pump cavity is preliminarily evacuated to a
pressure of less than 1 Torr at room temperature. After
holding in vacuum for several hours (during which the
adsorbent surface is completely purged from gases), liquid
nitrogen is supplied to the heat exchanger. The adsorbent
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Figure 14. A model cryosorption pump: general view (a) and sectional
view (b).
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Figure 15. Pneumo-hydraulic circuit of the model cryopump: (/)
nitrogen gas cylinder; (2, 3) Dewar flasks; (4) the cryopump; P1 is the
pressure gauge; M1 is the compound pressure and vacuum gauge; R1 is
the reducer; EV1, EV2 are the electronic valves; Tf1 is the throttling flow
washer; VP1 is the vacuum pump.

temperature is monitored continuously. As soon as it attains
a value of about 100 K, the valve EVI is opened and the
atmospheric air enters the pump cavity through the throt-
tling flow nozzle Tf1. Filling of cavity with air is monitored
by a control system working in the regime 5 s for let-in with
pauses of 5s.

The dynamic adsorption of the used active medium of
the COIL is described by the differential equation

dp RT . om,
A
a- v TPy

(12)

where p is the pressure in the pump cavity; 7 is the zeolite
temperature; V is the pump volume; M is the molar flow
rate of the gas; o = C(1 —f)(21t,ung)’l/2 is the dynamic
adsorption coefficient (measured in m3 kg~' s™!) [10]; C is
an empirical factor depending on the microgeometrical
characteristics of the adsorbent; f'is the saturation factor of
the adsorbent surface; j, is the molecular mass of the gas
being adsorbed; and m, is the zeolite mass. The first and

second terms in Eqn (12) describe isothermal compression
and dynamic adsorption, respectively.

The isothermal model can be used for describing the gas
state in the cryoadsorption pump cavity only if the rate of
heating of the medium as a result of adiabatic compression
is much lower than the rate of gas cooling through the
transfer of heat to the cold adsorbent. This condition can be
described by the expression

M
= -1
V<(V ) R T

Sl

where the left-hand side contains the specific molar flow
rate of the gas per unit volume of the pump cavity; a, is the
thermal diffusivity of the gas; y is the specific heat ratio; and
d, is the characteristic size of the porous adsorbent
structure. According to another important condition, a
rapid distribution of the heat of adsorption and the heat of
adiabatic compression is required in the bulk of the
adsorbent. This prevents an increase in the temperature
of the adsorbent surface. This means that

M« Tps a
7 < o & (14)
where ¢, and a are the thermal diffusivity and specific heat
of the adsorbent; p, is its packed density; and ¢, is the heat
of adsorption (J mole™!). It can be shown that conditions
(13) and (14) are satisfied approximately under conditions
typical for the COIL exhaust gas system. This allows us to
use the isothermal model for describing the state of the
gaseous medium in the cryoadsorption pump cavity.

Figure 16 shows the results of the experiment. For a
zeolite temperature of 110 K and an air flow rate of
0.23 mole s™!, the pressure growth rate is about
2.5 Torr s!. Approximation of the experimental data by
the solution of Eqn (12) for f— 0 leads to a value
9.8 x 107° for the constant C.

The obtained data make it possible to estimate the
parameters of the cryosorption pumps for the COIL
exhaust. These parameters (especially the adsorbent mass)

p/Torr
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Figure 16. Time dependences of pressure in the cryosorption pump
cavity for M =0.23 moles™' and T=110 K [curves (I) and (2)
correspond to experiment and theory, respectively].
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depend on the recovered pressure of the active medium
discharged at the outlet of the supersonic diffuser. The
continuous operation of a 10-kW COIL with transsonic
iodine injection [2] for 5s under a maximum recovered
pressure of 12 Torr and a total flow rate of about
1.7 mole s~ for the discharged medium requires a cryo-
sorption pump containing about 100 kg of the zeolite NaX
at a temperature not exceeding 110 K.

5. Conclusions

We have considered the methods for increasing the
efficiency of a COIL [2] containing nitrogen as a buffer
gas. A two-layer gas-dynamic model is used for a para-
metric analysis of physicochemical processes occurring in
the transsonic iodine injector and in the COIL cavity,
including mixing and generation of radiation. The con-
ditions imposed on the mixing process from the point of
view of transformation of chemical energy into the energy
of optical radiation are formulated. The 3D-RANS
computer simulation software is used to study the flow
structures resulting from an injection of iodine-containing
flow in the transsonic zone of the oxygen nozzle. The gas-
dynamic features of these flows are analysed and the
methods for constructing an effective mixing scheme are
formulated. Experiments with a 10-kW modified laser have
resulted in a chemical efficiency of 31.5% for a lasing
power of 13.5 kW. The results of experimental studies of
the cryosorption exhaust system of the 10-kW COIL are
presented. The dynamic adsorption ability is measured
under the conditions of operation of such lasers.
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