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The Concepts of High Power CW Gasdynamic Laser§ for
Industrial Application

A brief discussion of different concepts of the existing CW gasdynamic Co, lasers is
nade from the viewpoint of the possibility of adopting them to technological operations
:equiring radiation bęams of high average power. Thręe basic variants are distinguished:

l. CO2-N2 GDL with thermal excitation and selectivę pumping in a stream mixing
irocess; open cycle.

2. CO2-N2 GDL, thermallY excited by combustion and nonselectively pumped during
supersonic expansion; open cycle.

3- CO2-CO-N2 GDL with thermal excitation by combustion and selective pumping;
,rpen cycle.

The fourth concept - of a closed electric-discharge convection laser (EDCL) on
CO2-N2-Hemixtures is Put forward, as a possible proposition opposing the previous
] nes.

I. Introduction. Preliminary selection of gasdynamic laser types

I.1. Industrial applications of lasers

I.1.1. AttemPts to aPPly lasers as new tools for some specific technological operations
e.g. melting, cutting, drilling or welding) are being observed lately. The conditions to be

:ret bY a laser facilitY in order to perform such operations arę, obviously, not so rigorous
's those demanded bY the lasers designed for laboratory or communication pulposes.
The said conditions are restricted, roughly, to some demands concerning the external'-iser characteristics as e.g. the average emitted power, overall efficiency (with account taken
:iPower consumed bY supplying and auxiliary devices) and beam configuration. As to the
:eam shaPe, Possible deviations can be corrected with the use of an appropriate optical
l., stem guiding the beam from the transmitting laser mirror to the worked ńateriat.

ł Instytut Maszyn Przepływowych Polskiej Akademii Nauk, Gdańsk,
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On the other hand, usual demands posed generally on thę production devices can b:
es§ential also for this application of lasers. These arę:

a) low costs of manufacturing and operation (inexpensive commercial gases used as

a working medium),

b) reliability and durability (stability of operation with regard to misadjustment of tbt

optical resonator, insensibility to environmental conditions),

c) possibly small dimensions and defectlessness,

d) unification of elemęnts of radiation producing devicęs.

I.1.2. The above presented requirements, both the specific requirements for lasers and

the general ones, restrict the variety of the laser types which may be employed.

According to the review paper [1], carbon dioxide and neodymium (Nd : glass or Nd :

YAG) lasers fit bęst these purposes. Many modifications of the both types have been tho-

rouglily investigated. Now they have attained a sufficient reliability to be ernployed for pro,

duction purposes. As to the COz lasers, difficulties arise in processing smooth metal surfacgs

because of high reflectivity to the long-wave infraręd radiation (for instance, the coefficient

of reflectivity of aluminium surface amounts to 98 percent at carbon dioxide laser wave-

length ).:|0.6 pm). Therefore, the preliminary stage of operation is performed with a lou

efficiency, till the processed surface is slightly melted. Better results can be obtained in pro-

cessing surfacęs with pretiminarily lowered reflęctivity. Processing with a radiation beam

aided by an oxygen jet has been also employed; however, the use of oxjgen may be disadvan-

tageous for other ręasons.
Gasdynamic lasers and high energy pulse lasers are powerful enough for processing

rretals without auxiliary means. Moreovet, carbon dioxide lasęrs are useful for melting
cutting and drilling ceramic and organic matęrials. Their large advantage from the viewPoint

of manufacturing applications is that gases they exploit and materials they are made of are

inexpensive and available without difficulty, which results in low operational costs, At last.

for gasdynamic lasers there is a possibility of cheap and efficient preparation of the working

medium by combustion.

I.1.3. Main technical data of various types of lasers suitable for industrial purposes

have been presented in Tablę I, after [1, 2]. Lasers are expecially advantageous for opera-

tions requiring certain specific conditions to be fulfilled; these are for instance:

- necessity of restricting the area of heat dissipation within the material,
_ necessity of avoiding the accumulation of electric charges on the processed element

(material),
_ necessity of processing materials in the atmosphere of a definite gas (predetermined

mixture composition and pressure) or in vacuum or for processing materials difficult to

work on by conventional methods.
The last two itęms show the possibility, at least theoretical, for lasers to comPete with

electron or sun furnaces. It is evident directly from Table 1 that if necessity of concentra-

ting very large continuous power densities on a surfacę ofprocessed rnaterial is postulated

as a main requirement, gasdynamic lasęrs are presently the most promising proPosition.
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Howevęr their possible mobility is considerably limited because of large dimensions and
,ś-eights of auxiliary devices.

It must be again pointed out that in lasers designed for manufacturing purposes typi-
;ally optical features of the radiation beam (coherence, single mode or multimode work)

.re of minor importance; the beam shape (dimensions and transverse intensity distribution)

:s thę only important optical param.eter. For instance in a 60 kW laser device (see Table 1)

ihe divergence of multimode radiation beam amountedto 0=22".

Table 1

1,97

Type of
a laser

Ruby
Nd: glass
Nd: YAG

COz

COz

COz

Wavelength
[pm]

Regime of
operation

Typical
power value

tw]

Pulse repeti-
tion rate

Pulse
duration

0.2-5ms
0.5 - 10 ms

l0 - 100 ps

Remarks

small
ions, compact,
economical at
low powers
very large,
high power
big, economi-
cal
economical,
supply and
auxiliary de-
vices of large
dimensions
too low po-
wer for majo-
rity of appli-
cations

o.6943
1.06
1.06

0.4880 and
0.5145

Iong,pulse
long pulse
continuous
work

continuous
work
repeated
pulses
continuous
work-gas-
dynamic

repeated
pulses

105 (peak)
105 (peak)
200

1000

100

60 000
maximum
obtained
power of
CW lasers
20 (peak)

100 s- 1

1 pulse
1eol:

10.6

10.6

l0.6

Some specific fedtures of gasdynamic lasers are wofth mentioning, allowing to attain

ńe output radiation po}vers exceeding the above quoted valuę. As a gasdynamic laser

: gas laser is meant in which popułation inversion in the wolking medium is obtained bęcause

cf different rates of changing,populations of specified energy levels of moleculęs during
:apid expansion of thę working gas. The flow direction is perpendicular to the optical reso-

natol axis; it allows for an additional increase of the output power, approximately in pro-

oortion to the flow velocity of the optically active medium. This increase lesults from raPid
removal of excess enęIgy fIom the lasing region by a strong forced convection. In conventio-

nal lasers the slow Iate of removing excess energy (by diffrrsion to walls) is the main limi-
iation of thę maximum output power available. The removal of wastę energy by a strong

convection is characteristic generally for all high-mass flow lasers (see e.g. [3]). On the

basis of published data one can expect of typical gasdynamic lasers a rise of output power

density per unit volume of the resonator cavity to be 103 through 106 times higher than with
conventional lasers.

i
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I.2. Gasdynamic lasers-discussion of publisheil data

The available data on some gasdynamic lasers constructed tilt now have been Listec
below in a chronological sequence:

1, The CO2-N2 or NzO-N, gasdYnamic laser constructed at United Aircraft Res.
Lab., East Hartford, Connecticut by Bronfin, Boedeker and Cheyer [4]. The popu-
lation inversion was accomplished by injecting co, or Nro into supersonic flow or N, - He
mixture, with nitrogen thermally excited beforę expansion with ńę use of an arc heater
heating it to the temperature of 7o:1000 - 3000.K at atmospheric pressure. The mixture
of working gase§ was next passed through an optical cavity, embraced by mirrors wiń
surfaces Parallel to the stręam direction, at a velocity of about 103 m/s itrłacłr number
Ma:3.4).

For the CO2-N2 mixture output powers higher than 60 W have been obtained from
the cavity of 6 cm3 volume. The substitution of Nro for carbon dioxide resultęd in stimula_
ted emission of radiation at wavelength )":10.8 pm (0001+1000) transition in Nro; no
quantitative data for power havę been reported. Tlpical ńolę fractions łvere: N2 _ 0.4,
CO" - 0.2 and, He - 0.4, Static pressure within the resonator cavity was equal to 50 Tr.
High mirror losses have been observed, causing absorption of the main part of generated
radiation, For instance at T:260OoK the measured values of radiation powers were: the
transmitted powel ą:0.3 W(7 YD, the absorbed power Po:45 W (17 W).It is also worth1.
to mention that thę efficiency of mixing CO, with N, performed by injecting the first com_
ponent into the stream of the other one was high.

2, CO2-N, gasdYnamic lasers of 6 kW and 60 kW output power built at Avco-Everett
Res, Lab. under suPervision of Gerry [5] (for the data ,.. ut*o popularized articles [2.
6, 7]), Their working PrinciPle was based upon supersonic expansion of a thermally excited
mixture in a nozzlę SYstęm, with population inversion in CÓ, obtained as a result of di-
fference in relaxation rates of Co2 (0001) and Co, (1000) vibraiional levels,

Thę necessarY increase of the lower laser level relaxation rate was achievęd by adding
watęr vaPour. ExemPlarY data for the 6 kW laser were: gas mixture delivery 6.5 kg per
second, Ma:4.0, mole fractions:Cor-0,08, Co - 0.002, N2 - O,g1, Hro - dńs,
enelgY conversion efficiencY of the ordęr of 1 percent. Similar device of, larger delivery (14
kg Per second) Produced about 30 kW of output power at the single mode regime (with
unstable oPtical resonator - see [5]) and about 60 kW at the multimode regime. The opti-
cal path length was equal to 0.3 m and gas velocity to about 1300 m/s. Both the dęvices
were combustion driven with carbon oxide or cyanogen CrN, (in thę smaller device)
serving as a fuel.

3, CO2 gasdYnamic laser built at Lebedev Institute of Physics, Moscow by Konyuk-
hov, Prokhorov and others [8]. Here the population inversion was accomplished by
exPanding the mixturę of CO2, N, and water vapour, laser action arising in an optica1
cavity furnished with flat-concave (R:2 m) goló coated (98\ rcflectivity) mirror set,
with the resonator length equal to 0.34 m and the transmitting ro'i..o, having a 1 mm dia-
meter cęntral hole. ExPeriments have shown indispensability oi water vapour as a catalyst
for the laser action to arise. The amount of Hro needed was equal to 1 - 3%(with N, : Co,ratio equal to 43 :7). The output power was of the order oi sęvęral łyatts-

-/
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4. CO' _ N2 gasdynamic laser constructed at tbe Institute of Fluid-Flow Machines,
polish Academy of Sciences, Gdańsk [9, 10, 11, 12], working principle identical with that

of [a]. Gas delivery: CO2 - 20 Nm3 per hour, N2 _ 48 Nm3/h, Ar _ 6 Nm3/h, static

pressure in the lasing region equal to 13 Tr, Mach number Ma:4.3, optical path length

0.15m.
During experiments with the usę of gold coated steel mirrors for the optical cavitY

(mirror diameter 9 mm, a concave mirror of 1 .7 m radius of curvaturę , a flat transmitting

mirror with a central hole of 2 mm diameter) the output power of 35 W wds measured. The

stagnation temperature of nitrogen was equal to T:1700"K.
5. There is some evidęnce [2, 6] of other gasdynamic lasers existing as well as of theorę-

tical investigations on them being done, but little or no data arę available. Also laser action

in shock wave clriven expansion channels has been reported (see [1 3, 14, 1 5]). Such devices are

suitable for modelling the processes occuring in CW gasdynamic lasęrs.

6. A number of essential data concerning gasdynamic chemical lasers have been Pre-
sented by Cool [l6].

Chemically drivęn gasdynamic lasers or those of discontinuous flow do not introduce

any new ęlęments into the concept of CW gasdynamic laser as presented above (Points 1

through 4). Novel ideas havę been brought by the articlę of:

7. McKenzie [17] of NASA Amęs Research Center who has analysed the possibilitY

of generating coherent radiation in a high velocity flow of CO - N2 - Ar mixturę. PoPulation

inversion is obtained in this laserincarbon monoxide,nitrogenplayingthesamepartasin
CO2_N2 gasdynamic lasęr. Another possibility suggested in the McKenzie paper is to

substitute nitrogen by carbon oxide in the CO'-N, laser. A reduction in the pumping

efficiency (due to thę fact that the disparities between CO2(00on) andCO(u:n) vibrational

energy levels are more marked than between CO, (00on) and N2 @:")\ can be comPensated

here by increasing thę mass flow of the working gas mixture which is easily producable bY

combustion of convęntional fuels.
The idęa of.high mass flow of working medium across the optical cavity gave also waY

to the concept of high power C-W lasers essentially different from the gasdynamic lasers.

lt is the concept of ęlectric-discharge convection laser (EDCL).
Fluid-flow techniques are in these lasers used only for moving a gas in the channel; theY

can also play auxiliary part in establishing most appropriate discharge geomętr!. This is

the situation entirely differęnt than with gasdynamic lasers whęrę fluid-flow techniques

play essential part in creating population inversion of energy levels. For EDCL the electric

discharge, existing in principle within an optical cavity, is the only means of obtaining

such inversion of excitęd moleculęs population. Two distinct attainments havebeenreported
in the fleld of CW EDCL. These are:

8. A closed cycle fluid-flow laser built by Tiffany, Targ and Foster [18] of Sylvania

Electronic System with COr-N"-H mixture as a working fluid. The charactęristic data

of this laser are: optical path length equal to 1 m, flow velocity of tbe ordęr of 30 m/s,

partial pressures of components p"or:Z Tr, pn":6 Tr and plr: 12 Tr, and output power

of the order of 1 kW. Drrring experiments carried out at constant volume flow of helium,

an increa§e in the volume flow of nitrogen or in the electric discharge power resulted in
increasing the laser output power. Similar was thę influence of thę gas delivery being
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enlarged uP to the valuę of 120 m3 per minute. The output power was insensitive to the
changes in gas delivery when beyond the above value.

9. A closed cYcle flow laser designed by Hill of Air Forcę Weapons Lab., Albuquerque
[19,20l; with COr-Nr-He mixture employed as a working -"dio^, its delivery equal
to 14 m3 Per second. Characteristic feature of the laser was tbat the electric discharge was
positioned along the flow channel.

I.3. Basic types of the Coz gasilynamic lasers-introductory remarks

I.3.1. Three basic tYPes of the gasdynamic lasers can be distinguished; each of them
will be discussed in this work. These are:

TYPe I. COr-N" gasdYnamic laser with thermal excitation of nitrogen and selective
PumPing of carbon dioxide by collisions with excited N, molecules. The energy transfer takes
Places when streams of cold CO, are being mixed with streams of nitrogen with vibrational
temPerature ,,frozen" at high level. Two of the facilities mentioned in the foregoing chapter
(items 1 and 4) werę of this twe I2,4, 9]. The main advantage of the type is a large p'r,'p1o-q
efficiencY. OnlY oPen cYcle is possible; cornmercial gases of not very high de$ee or purirl,
can be utitzed.

TYPe II. CO2-N2 gasdYnamic lasęr with thermal excitation of a mixture, followed,
bY suPersonic exPansion in, a nozzlę, Population inversion occuls as a result of different
relaxation rates of vibrational lęvels 00ol and 1000 of carbon dioxide molecules. The faci-
lities described above under 2 and 3 were of this tlpe. The main advantage is an easy wa!.
of Producing large quantities of working medium by combustion of fuels (e.g. carbon
or hYdrocarbons) in oxygen or air. The gasdynamic laser facility of 60 kW power which
bas been largest to date was of this type. Only open cycle is porriUt..

TYPe III. CO"-N"-CO gasdYnamic laser thermally excited by combustion, con_
stituting an extrapolation of the concept formulated in trz1 (see item 7). It combines ad-
vantages of the GDL of type I (selective pumping) and of type II (production of large
amount§ of working medium by combustion).

For the sake of comparison another type of a flow laser will be dęscribed, namelv:

Type IV. Electric-discharge convection laser on Cor-Nr-He mixturę (see Hill
Il9,20], and TiffanY and others t18]). ItS main advantages areiclosed cycle, compactnes
ofa construction.

II. Thermally excited CO2-N2 fluirt mixing gasd5łramic laser

II.1. Schematic arrangement of the facility

Schematic arrangement of the facitity is shown in Fig. II.1. Nitrogęn and carbon
dioxide are continuouslY delivered. to separate plenum chambers to be subsequently ex-
Panded through two nozzle systems into a common channel; here conflow streams of the
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both gases are mixed under constant plessure. Nitrogen fed at pressurepop from an external

cylinder through a regenerative heat exchanger and an arc heater reaches the high tem-

perature 7o, in the plenum chamber. After rapid expansion its pressure drops to the value

p_, translational temperature to the value Tr*the velocity becomes equal to urr_ AtlbLe

same time a "freezing" of nitrogen vibrational temperature occurs because of the low rela-

xation rate of vibrationally excited N, (rr) molecules, the vibrational temperature being

conserved at a level approximately equal to the stagnation tempęrature 7or. Correspondingly

high is the population of excited molecules of nitrogen. Small amounts of argon (a few

percent ofnitrogen flow) can be added, ifnecessary, for protection ofthę arc hęatęr cathode-

rcgenerative
heat exchangers

outLet
to the
ątnuńere

ąrc heąter

pump

Fig. II.1. Schematic diagram of a thermally,excited and selectively pumped CO2 -N2 gasdynamic laser

Carbon dioxide is delivered to the other plenum chamber through a heat exchanger.

Its stagnation parameters are: tempęraturę Tu and plessurepo,. After expansion the tem-

perature drops to thĆvalaep^and velocity raises to the value url.The CO2_N2 milture

formed in the course of constant plessuTe mixing is charactęrized by the following set

of parameters: tempęrature Tm, pressure p. and velocity u-.

Initia1 parameters of COz arę chosen in such a way that immediately ahead of nLozzle

outlets the vibrational ęxcitation of CO2 molecules is negligible. Besides, the efficiencY

of ńę lasęr action is incręased by adding small amount (about 5 - 15 Tr) of water vaPour.

This keeps thę lower laser level CO2 (10"0) population low whereas the upper lasęr levęl

co, (00;1) is populated by way of selęctive energy transfer between vibrationally excited

N" (p) molęcules and unexcited CO2 (u) molecules. Population inversion obtained in this

way between y3 and y1 gloups of carbon dioxidę vibrational ęnergy levels enables thę oc-

curence of a laser action between them, at wavelength ,1:10,6 pm,

Thę flow ahead to the lasing region is exposed to compression up to the PreSSurę of
pa:I ata, making possible to let thę used up gas mixture out to the atmosphere after

passing it through regenerative heat exchangers. Variable diffuser throat as well as a

201
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expansion reqion regioh reqion diffuser
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stalting vessel are required for starting the facility, because the optimum value p. of the
pressure within the lasing region is much lower than 1 atm.

Thermal efficiency of thę facility q":P"lPo - where P.and Poare, respectively, output
radiation Power and the arc heater power - is being increased by applying the regenerative
heat exchangers for Preliminary heating of nitrogen and carboi dioxide. Further heat
Iecovery - from exhaust gases and from water cooled walls of the arc heater and plenum
chamber (in external receivers) - may be considered for larger devices.

II.2. Preliminary selection of parameter values

Main demands decisive of the effectivity and practical utility of the above described
facility call for maximum valuę of following two-parameters:

- efficiency 7",
- sPecific Power g 

" 
|kW lkg, s - t 

] of the output radiation per unit of mass flow, deter-
mining the degree of utilization of tłe working gas mixture

g":P-: --G,
where G [kg/s] - total gas delivery pers second. Besides, the shape of a laser beam should
be imPosed, Values of other pafameters are selected so as to satisfy the above criterial
factors taking account of unavoidable limitations in the design and technology.

The efficiencl 1.is composed of effciencies of separate stages of the heat _ radiation
€nelgy conversion proces: 4":Ęp1włu1tł,.

The individual coefficients are;

- the efficiency 4 o of nittogen heating:

Where 
|tn:P-lPo,

Pn:4,187 Gp(Co l§", Too_ Co|3"o. :oo; 1tw1
is the net power consummed by nitrogen during heating to temperatu rc Tor;?o is deter-
mined with aceount taken of the losses for wall cooling as well as for a gain from heat
recovęry during the preliminary regenerative nitrogen lreatirrg (Co|$ [kca|kg} - the avelagenitrogen specific heat).

- the efficiency ry- of nitrogen ęxcitation p-, determining the fraction of power Ęowhich can bę recovered from ęxcited nitrogen - through 
"o,rpting 

with co" - in form oflaser radiation ęmitted by carbon dioxide molecules:

Ę-:PuOlP*,

htt i'N*r,,=,
Pro:G, "' . n:Ł--- 

=400.' 
'llNz i'^r,,=,,

*'(-'r)
,_""n(-ł

where

Gp [kTV]
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describes virtual (i.e. maximum available) radiation power in the high-temperature plenum

chamber and is expressed intęrms of radiation quanta hv:1,875,10-20 J (for ź:10.6 pm);

N, molecule is regarded as a harmonic oscillator (9r:3350'K), mx.:0.4685,10-25 kg

[*w7 łqs,]

Fig. II.2. Approximate dependence of 7*
and P"JG, * parameters on the tem-
perature in the high-temperature plenum

chamber 3000 3500

rop Fx]

is the mass of N, molecule, Go [kg/s] denotęs mass flow of nitrogen. The dependence of
the ratio PuolG, and effcięncy q- on stagnation temperature 7oo is shown on Fig. II.2.

- the efficiency q, of the virtual power transport from the plenum to the lasing region:

Ęu:PulPoO,

where Ą [kW] denbtes the wirtual power at the entrance to the laser region; account is
taken in 4u of power losses caused by vibrational relaxation of N, (u) and CO1 (v.) excited
molecules during expansion and mixing.

- quantum efficiency of the lasęr action:

\tr:P"lPu

describing the efficiency of changing P, into P" within the lasing region.
The following criterions of a selęction of the parameter values may be established on

the basis of the above presented considerations:
The temperature Zorin the high-temperature plenum ought to be kept possibly high,

because the higher the temperature the larger values of g 
" 

and 4.. However, an optimum
has been estimated (cf. Fig. II.2\ at (7on)"n,=2500'K because of excessive heat losses to
wall cooling at temperaturęs above this level which would, consequently, lead to decrease
of the efficiency 4o,

Pro
,(|| uP
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Although the temperature T,n should, obviously, be as close to
kept for technological reasons at the levęl: (7.o)-*3i300.K,

The initial value of the temperature of a lasing gas (Zo) results

Too as possible, it is

from the following
conditions:

- it should be as low that vibrational excitation of carbon dioxide after expansion
would be negtigible and that the temperature Tmafter mixing be possibly low,

- it should be sufficiently high to keep up to 10 percent admixturę of Hro (with
carbon dioxide refęrręd to as 100fu) in the mixture in gaseous state.

The both above conditions are satisfied when 7o, equals (400-500)'K depending on
the amount of water.

The initial pressurę ofcarbon dioxide ought to be as high as possible in order to obtain
PossiblY high gas velocitY u4 after expansion. However, physical properties of CO, cause
that the increase ofpo, beyond 10 ata does not lead to any significant increase of velocity
u rr. Whence Qlol)olpt 3 10 ata.

The upper limit of the static gas temperature T^in the lasing region can be determined
from the condition of negligibte equilibrium population of the Co2 (l00) vibrational
level. Taking (Ncorlroo1/i[co)* l\ one obtains from the formula:

rys9419:9 : exD ( _0 1 ooo\ [1 _ 
"*" 

/ _ 0ro"o\l [, _ 
"*^ 

( _0 9r! \l [, _ *^ / _ 0.9"\l'
Nco, '\

(Where 06go1:!!J§oK, 916o6:1920'K, 06116:P§Qot1) the valuę (7.L*=30OoK. A more
advantageous coulse ofrelaxation processes at low T^ - leading to higher 4l, _ is another
reason for closing Ę possibly low.

The dependence of T* on the temperatures afterexpansion, Trn and Tr1, of pumping
(Nz) and lasing (CO" +HrO) gases is as follows:

_ _G rcf)rro+ 7c,+ G) CY}T2.'*-@'
where G, IkgA] - carbon dioxide mass flow, Go [kg/s] - water mass flow, c! lkcaUkd -
specific heat C, of COr+H2o mixture, c!e) 1kcal/kd - specific heat io of nitrogen.

Low content of CO, in the mixture leads to predominant influence of ir, on 7.. On
the other hand there is T-<Trrbecaase of Tor<<Too. Hence from the abovąone obtains
T,o=350"K, whereas the ratio Tonf Trn=l.1leads to the pressure ratio:

rp

P-l P o p : (Tz nl To o)"o 
-' 

= 10- 3 
.

Nitrogen velocity after expansion is equal to:

i z*_

' ro= ł Ę, 
* otro r- Tr) 

=21 
50 m l s,

with the assumPtion of isentropic expansion and the following values of parameters Kp:
- 1.4O, Rp: 297 [m2s - 

2deg- 1 
].
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The following premises ought to be considered when selecting the value of pressurepa:

- 1n possibly high so as to have, for a required G, a possibly small channel. Besides,
with higherp. the compression of gas in the diffusęr is facilitated and the channel leaks are

reduced,

- p- sufficientĘ low to assure thatlvibrational relaxation times for N, (u) and CO, (v3)

are longer then the timę ne'ęded for CO'-N2 mixing proces§. On that condition a high
value of efficiency 4u can be reachęd.

- p. sufficiently low so as to have the value of po, (as given by the above formula)
not too high to handle with.

A discussion of above contradicting requirements led to a preliminary selection of the

following values: pmż0.0ż ata, poo=20 ata. Now the temperatare Tu and velocity ur1

can bę estimated from thę following formulas:
rt-1

Tl=Tor(p^f po) "' =100+130'K,

_ lz*,
U rr: ł rc4R{ror- 

Tr,)=720 +800 m/s .

Here isentropic expansion with over-cooling after reaching boundary x:l was assumed

for CO2 and H2O, ,ct was equal to |.28, Rl:l89 [m2s-2deg*1].
The gas mixturę velocity o- just ahead of the mixing region depends o§ u2t, Dzp, Gp

and Gr:a*:(Gou2ołGla)|(Go+Gr),

Taking above given average values and assuming that Gr|Go equa|s to about I|4 one
obtains am=20}0 m/s, This estimation can be used to establish preliminarily the length Z,
of the lasing region in the direction of the working channel axis.

Preliminary values of the parameters:

aro=GlGo, Ual:Ga|G1

and required course ofthe laser action ought to be selected from thę viewpoint ofobtaining
possibly high efficiency qo. In, the assumed approximation the maximum efficiency may
equal to (łr)-*:1. The following premises ought to be taken into account in this case:

1. rntensive pumping by vibrational energy transfer from excited nitrogen molecules

N, (u) to unęxcited carbon dioxidę molecules COr(O) is required to utilizę all the excited Ę
molecules during their flow acro§s the lasing region; for first excited states this reaction
can be described by the equation:

/dN"'t' ='l) - - k nlNr.ł,(, = r) N"o,1oooo; * /c1, Nn,1, = o) N"or(ooo, ) 
.

\ a, /p

It is evident that the above postulate will be fulfilled if:

- the initial reaction time rrlfot pumping is much shorter then time needed by a mole-
cule to pass across the lasing region:

t o1: I l k 1 N co 2@oo q<<'C u 
: L xf Um

rvherę.L" [m] denotes the width of the lasing region,
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- number densitY ffno,(ooor) of ęxcited carbon dioxide molecule§ is maintained at
low level within the whole lasing region (which is important because coefficients k e1 and
kro are nearly eqUal). ThUS -ly'"o,,99o1;(iy'qq,lggog;.

2. Thę laser action (stimulated emission of radiation) has to be intensive enough
to follow the pumping proce§s]

/dN.ortooo,1\_. D ł 
^T\- 

"-' 
):|- 

B^,J. Nco,1ooorl * Bn^fnN.o,rroool) N_, .

Hete B^,, B,^,.f-, f,and i/, are, respectively: the modified Einstein coefficients for stirnul_
ated emission and absorption, Maxwellian distribution functions over rotational degrees of
freedom of COz molecules excited to the lowęr and upper laser levels, and photon number
density.

The following requirements ought to be fulfilled for the above postulatę to be valid:
- thęinitialradiational depopulationtimez1 hastobesmaller than"cel;r1:lf B*f^N.<

śl'E pl,

- because of B-,f^=Br*f^the number density of molecules on the lower laser level
should, within the entire lasing region, be kept much smaller than that of rnolecules on the
upper laser 1evel .ły'g.r,..o 1; i iy'ę6r1 1 9oo; (N69, 

199o 1 1 
.

3. Collisional relaxation of CO2(r,1) molęcules ought to be intęnsive enough for in-
equalitY ffco,1rooo1(^Lo,1ooor; to be satisfied. As a first approximation, basecl on the fact
of Prevailing influence of watęr vapour on thę relaxation process, there is (for vr: |);

(dN.o,<rooo1\ _ _,
\- dr- ),=-0,oNco,1too61 

N",o,

whence the following requirernent can be formulated:

trr:lf k,ąN.9.ro47r,

where c,n denotes the relaxation time of the lowęr laser level Co2(10o0).
4. The influence of the collisional relaxation on d.epopulating of Nr(u) and Co2Q3)

levels is to be much smaller then the influence of pumping or laser action. Water
vaPour is assumed to be the main agent causing relaxation; thęre is therefore, in thę first
approximation, (forthe levels Nr(u:1) and COr(00o1)):

(Y) : - kfJ t{*,t,= 1; Ng,.,

(Ę'*) : - k|,) N,o,1ooo,; N*"o,

r,o:Ilk9) N u,oż)x ot,

r,-:llk!ł! Nrr,o)t1.

whence
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Al1 thę inequalities concęrning characteristic times combinę into collective inequalities:

trn(T1((Tol(tuśśTrp, TIKTr-

which form a criterion for a proper selection of the parameter values.
It is easy to show that the ratios

xr- kro . trp kro

Ę:W,' ć:Tł)
depend on temperat,ure T^ only, whereas thę ratio

tpl _ _ kroN:r,zo 
=y,,Mco, 

kro
Trn kplNcor1oool;- "'Muro kot

(where Mg,g:18 and M"o,:M are molecular weights) depends, in the first approximation,
on T^and ło, exclusively. It is evident therefore that when the lattęr ratio can be changed
bY a ProPer alteration of the vahte aor, the former ones remain constant for constant Ę_
Their dependence on temperatule 7. is shown in Fig. II.3.

20T

TrP

Fig. II.3. APProximate dependence of the ratio of relaxation and pumping time§ on temperature ą
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Fig. II.4 illustrates the dependence of relaxation time tn on Tm, q,Ęand d,il(for the above
assumed value of the pressure p^). Ir is worth noticing that, within the frames of the ap
proximation made, the relaxation time ratios are independent of ar, each time beilg
proportionalto dr.

fu4
crn
[s]

h-ilx]"l

\
\\ Tm'400

,\
\

\
..X

\

\l

N W!!!.

N
J for aq-g.j

-- for alr= 0.2
l,

\ rr-200
Fig. II.4. Approximate dependence of relaxation
time of the lower laser level on the a1, ald Tn,

for pn:0,02 atm

p§

,;6
-a05 o./ a/., 0.2 0.?l adt

Now it is evidęnt that the critęrial inequalities cannot be satisfied distinctly i.e. differences
of about one order of magnitude cannot be obtained. A compromise must be sought,aimed
at reaching reasonable value of the effciency 4e. Therefore, taking jinstead: Trrl,Etrl,t,^-
żT1śtośTry one can select the following preliminary valuęs of the parameters ąrp and dil:
a1o=0.20, ao1-0,18. Subsequently, the following values ale obtained:

T,n=0.85, 10-5 s,

T,^ż6.8, 10-5 s,

ro1-6,8, 10-5 s, ą-2.4,10-5 s,

rrr=O.t1 s, ,c,=3.5, 10-a s,

L,=a,1 m,

Water vapour, which is being addeó to the carbon dioxide before it is expanded, ac-
celerates the relaxation of the excited N, and CO, molecules in the mixing as well as lasing
region. Vibrational energy iosses caused by relaxation processes within the mixing region
werę not included into calculations; for that reason the proper value of .L" ought to be
smaller than that given above.
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Designing of the optimumnozz|ę systems is a typical task. Their construction - especial-

ly for t}e pumping gas must allow for a rapid expansion of the gas with friction losses in
boundary layers and losses for separation of flow made as small as possible. Effective
mixing of COz and N2 should take place ahead of the nozz]ę outlęts. Tbe attained efficiency

7, is the unique criterion of proper nozzle construction.
rn order to establish approximate valuęs of the main criterial paramęters it was estimated

that 4u=Q.9, 4t =0.7.In addition, it was assumed that heat losses for cooling of walls are

fully compensated by regenerative heating of nitrogen, so t},at 4e=1.
on ńe basis of the above values it was calculated that:

4.=0.033 , g.:?,_':'o =,, kW/kg,s-1,
Gp l+qp

III. Gasilynamic CO'-CO-N2 ftuial mixing laser excitetl by combustion

[I.1. Schematic arrangement of the faci§ty

Schematic diagram of thę facility is shown in Fig. III.1. Use is made of combustion
of graphite dust in oxygen enriched air as a source of thermal energy. Graphite dust,

oxygen, air and small quantitięs of pure water are supplied continuously to the facility.
A part of graphite dust is fęd to an auxiliary combustion chamber KS2 to be burned

mixinq Lainq
expansion reqion rqion reqion diffuser

regenerative heat
|ecoveru oł kinetic
enepgg tecovery

. outLet
b the
atnnsphere

auxiLiarg
combustion

plenun chamber

| ,,o

exchanqer

compressor

Fig. III.1 . Schematic diagram of a selectively pumped COz - CO - N, gasdynamic laser excited thermally
by combustion

stechionetrically in Or. The resulting carbon dioxide (together with small quantities of C
and 02) is led at pressure1.;, after cooling in a heat exchanger and cooler to a low tempera-
ture F'r, to a low-temperature plenum chamber. Here HrO is added. Next, the CO2-}{2O
mixture is expanded in a nozzlę system to be mixed aftęrwards with a pumping gas in the
mixing lęgion. The rest of graphite dust is burned under pressute pop inside the main

14 Prace INIP z,62-63

ńomber
U2

ł.
I alP heat

vacuum
pumP

cooLinq
water
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combustion chamber KSl in oxygen enriched air, preheated previously within the heat
exchanger to temPeratute T,o. Burning is conducted without sufficięnt oxygen, so tiat
the combustion gases of temperature 7oo contain mainly N2 and co, and only small
quantities of CO2 and Or. This mixture, after expanding to the mixing rąion, serves as
the PrrmPing mędium. Next, afterpassing the lasing region, the gas is compressed in a dif-
fuser uP to a Pressure of po=l ata. It is let out into the atmosphere after cooling in a rege-
nerative heat exchanger. Auxiliary equipment to the facility consists of a compressor for
comPressing the air to the Pressure aboye pg, a graphite dust feeder, a starting vessel,
a vacuum PumP and a gear for the diffuser throat control. Proper corrbustion cond.itions
are necessarY to assure that the number density of solid particles in the working medium
is small; the particle dimensions ought to be less than 0.1ź"=1 pm to prevent radiation
scattering inside the lasing region.

The schematic arrangement of the facility has been designed in a way allowing to restrict
the suPPlY, besides air, to graphite dust and oxygen only, Another arangement is possible
namelY whęre the facility is also supplied with CO". In this way the auxiliary combustion
chamber, the heat exchanger and the CO, cooler could be eliminated. rnstead, the regener-
ative heating of CO2 and air-O, mixture would be necessary. This requirement could be
fulfilled bY heat exchangers placed inside the oultlet pipe of the diffuser (cf. Fig. IV.i).

[I.2. Determination of criterial parameter§

Parameters representing the criterions of efficiency and practical utility of the facility
under considęration cannot be selected until a basic assignment of the facility is detęrmined.
EverY thermallY excited gas laser has its efrciency so low (see Fig. II.2) that a complete
regenerative heat recovery is an economical necessity of large facilitięs. For very large faci-
lities of outPut radiation powel Ą of the order of 100 kW not only heat recovery but
also kinetic energY recover! (by means of a gas turbine or MHD generator) might be des-
irable. In this way economical reasons can lead to a situation where the laser action will
be a bY-Product of the considered thermodynamic cycle whereas conversion of thermal
into mechanical or ęlectric energies will be its main assignment. A question whether the
construction of such a,power station is purposeful will not be considered in tfus paper.
OnlY laser action and its optimization will be discussed with following parameters taken
into account:

- the efficiencY ryl describing the degree in which virtual powel Ąo of the gas inside
the high-temPerature plenum chamber is converted into output radiatión power Ę:
Ęt: P 

" 
l P,o:q,1o; fot dęfinitions of 4, and ry1 (see Chapter II),

- specific powęr per unit mass flow g" [kWkg.s-l] (see Chapter II) characterizing
the degree of utilization of the working gas,

- specific power s, [kwkg,s-l] describing the radiation power output per unit
mass flow of the graphite dust Tn-P"fGn, where Gn [kg/s] is the total dust delivery into
combustion chambers KSl and KS2.

The obvious demand that rlr, g 
" 

and g nbe as large as possible may not always be fęasible
(for instance the increase of g 

" 
can lead to a drop of g 

n or 41, etc,) and, compromise solutions
might be required.
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,l

The lay-out of the gasdynamic laser under discussion is similar to tiat piesented in
Chapter II with two alterations, namely:

- different pumping gas composition (N, - CO mixture witb small quantities of COz
and Or),

- different way of heating the pumping gas: by burning carbon.
For tbis rea§on optimum values of the laser parameters will differ but slightly from those

obtained in Chapter II. The low-temperature plenum chamber is fed with carbon dioxide
from a sepalate gas generator and not from an external vessels. It does not, however,
influence any of the important laser parameters.

Physical similarity of CO and N, molecules justifies tbe assumption of similarity of
the pumping of carbon dioxide by excited N" (0) or CO(o) molecules. Scanty data fL7,
21,22] do not allow for detailed calculations; the results obtained ought to be understood
as ęstimates not wholly justified. For rough calculations it was assumed that:

a) N, - CO mixture consists of molecules each of them capable of carrying the same
quanta of vibrational energy; virtual power containęd insidę thę high-temperature plenum
chambęr is given by the formula as given in Chapter II where G, [ks/sJ must be under-
stood as a total delivery of N, and CO,

b) oxygen and carbon dioxide are understood as impuriti.es accelerating vibrational
relaxation_of nitrogenandcarbon monoxide,anddecreasing in this way the efficiency 4o,

c) collisional relaxation rates for collisions of the pumping gas molecules with mole-
cules of additives are assumed to be equaI to those for nitrogen,

d) pumping of the laser medium by vibrational energ/ transfer from thę pumping
gas is described by the following relations:

21,1

(+) 
"*^,: 

k,t N; 9') N 8) - k l e N *\ N8),

,_ N*, ł!|,)+iv.o ł!!o)
^ol: iy*, -1-tr1o ' '

NN" k,g,)+N 
"ok,S"',. _frlp : fupl,

NN2+Nco

where (cf. [21])

k||o)=trlllNł, ł!f;o)=ll<tf;,l .

The combustion of pure carbon in a mixture of nitrogen and oxygen, in accordance with
the reaction:

n c C + n8) 02 * łlp, N2 -ł l1 ęg, CO 2 + nęo Co + nf;] o 2 ł np, N 2

is described by the following relations:

Po p: Pcor* Pc6 -l P},l, * P9, ,

?!9,:(po,).,KzPa

l4.
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where: Go:Gg*Gg,*Gp"ismassdeliveryof thepumpinggas; a3,:GorlGc,af;rlr:Go,1c*,
are mass fractions of individual components at the inlet to KS1, p, are partia: p...ro..J
of components at the KSl outlet, c!|fr tkcal/kgl"] - averag" ,p..ffi" heat, Q" 

jkcal/kg]

ro,:ro,,(r -##),

n" -##,Ę,l"' ł, * n3, 
#,,?,l",' T,ł:

P-
F;
P*,
p;

1.0

Fig. III.2. Approximate dependence of
temperature Tg, a&d volume fractions
of CO and N2 in the pumping gas on the

2_0 composition of oxitiizer (Ę : 1300. Q"o =*:: :784o kcaUkł, ł":o.95, n?,:t.zs)

- calorific value of the coal used, z7" - combustion efficiency (including losses for
incom,pleteburningandwallcooli"g); Mę6,:44, Męg:28, Mo,:32, Mr,:Ź8molecular
weights.

The requirements concerning combustion in the main combustion chamber KSl
are as follows:

a) small percentage (less than a few percent) of co" and 02 in combustion gases,

J
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b) possibly large content of Nr,
c) possibly high burning temperature ?9, (its value ought to be limited by technologica1

reasons only),

d) graphite dust consumption possibly small.

The postulates a) and b) are brought about as a result of a tendency for obtaining large
efrciencY 41, the postulate c) is related to criteral palameter g" whereas the postulate
d) leads to large specific power gg.

A set of combustion equations can be solved accurately only by means of numerical
meihods. However it is useful to make preliminary calculations based on a simplified,
idealized model of combustion where (in accord with a)) the combustion gases contain
nitrogen and carbon monoxide only, i.e. pcorźpg,ż}.

This model is valid only under the condition that ą3r:GorlGc=1.33 and thattempe-
rature 76o is not very high. The results of calculations based on the idealized model men_
tioned above are shown in Fig. III.2. The following data were assumed for the calculations:
Q":7840 [kcal/kg], 4":o,95, łp:1300"K.

III.3. Preliminary selection of parameter values

Molecular and gasdynamic processes occuring in the presently considered variant
of a gasd5mamic laser and those discussed bęfore (see Chapter II) arą in principle, the same.
For that reason a preliminary selection of parameter values can be executed on the basis
of considerations presented in section II.2, The only material difference is in the values
of the coefficients kl and krn which, in consequence, influences the rate of the laser action
and a choice of optimum contents of H"O in the lasing gas.

Following are preliminary estimates of the optimum parameter values:

ąe=25000K, T,r=13000K, Ęry3000K, ą,=400oK,

Poeł20 ata, Puź10 ata, p^=0.02 ata,

u.=2000 m/s.

From Fig. III.2 there is, for the assuned value of Zoo

o§i=O.ZS , pN,lponż0.43, pcolpooź0.57 ,

whence:

=0.s7kff")

which means that the pumping process runs at a rate equal only to about half of that
characteristic of the gasdynamic laser with pure nitrogen serving as the pumping medium.
In order to keep the ratios of relaxation times (see Chapter II) without change, the value
of ao1 parameter ought to be decreased correspondingty to the decrease of u1o.

213

k,,źk§"(X-+'fr)



214 M. Brunnć, J. Milewski, J. Stańco, A. Zielński

Taking d,*źO.?I, dar=0.10 one obtains:

Trr=I.49, 10-5 s, Tel=!!.g. 10-5 s, T|=4.2. 10-5 s,

T*=I1.9. 10-5 s, zro=0.3 s, To=6.L. 10-a s,

L-.=|.2m.

If preliminary estimates of the values of 4u and 4, effi.ciences are taken after Chapter II,
thespecificpowerperunitmassflowisequaltogc=73 kĘkg.s-1 whichisavalueiden-
tical with that given in Chapter II. The ratio of carbon deliveries to both of the combustion
chambers can be calculated from a formula

(G ó k"2 _d,l e(L + a3, + ą3a I q,R:)

(Gdo", l+MozlMc

§łhere M.:12.0 is atomic weight of carbon. The degree of grapbite dust utilization is
given by:

_ _ (1 + a,o\ (1 + o(3' + fi3_t!2 p io2 L\II/L_ . . - 10u:U"ffi=Z9J kw/kg'S

TV. Gasatynamic CO, -N, laser with mixture expansion antl thermal excitation by combustion

IV.l. Arrangement of the facility

Schematic diagram of the facility is shown in Fig. IY.l. The facility is of a design simi-
lar to that presented in the previous chapter, with some simplifications. The differences
are of two kinds:

a) in design: lack of the low-temperature plenum chamber and tlozĄe system for
expanding the lasing gas, water fęeder installed instead,

b) in course of combustion: a possibly pure mixture of N2 + CO2 (in place of Ę + CO
mixture) should be obtained at the combustion chamber outlet; it can be shown that air
is an oxidizer good enough for this purpose so that the oxygen enrichment is not indispeas_
able in that facility.

The process of pumping the lasing medium before it reaches the lasing region is executed
in a different way than in the variants of gasdynamic lasęr discussed in Chapters II and
III. The pumping gas (Nr) and the lasing gas (COr) form a mixture, which is expanded
from a high-temperature plenum chamber through anozzle into a laser channel. Conditions
inside the chamber - which, simultaneously, is a combustion chamber fed with graphite
dustandair - are characterized. by the pressure popald,temperature 7oo.Ahead of the
nozzf,e outlet small amount of water is added to the mixture. Gasdynamic parameters of
ńe gas in the lasing region are: plessure pw, tempęratute T- and velocity u-.

Populations of energy levels of nitrogen and carbon dioxide molecules bęfore expansion
result from the equilibrium (Boltzmann) distribution for the tenperatare Tgr. Thus for
COl, in Particulat, the v, group of levels is more numerous than the y3 gloup. During tb
expansion, the rates of ręlaxation processęs arę different for each type of co2
vibrations. The ręlaxation of the v, aln.d yl groups is rapid, their temperature fi
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Fig. IV.t. §chematic diagram of a CO2-N2 gasdynamic laser with mixture expansion and thermal
excitation by combustion of C

rather closely the translational temperature of the gas. The COz (v3) and N, (a) groups,
coupled together by the near-resonance process of vibrational energy transfer CO2 (v3)<+

<+N2 (u), ręlax slowly, their vibrational temperature keeping approximately to the value
of high-temperature plenum chambęr Ton. In that way the population inversion of CO2
(00'1) and CO2 (10"0) vibrationally excitęd statęs arises atacertain point along the flow
of working medium. The lasing region is located behind this point. Here the excess of
population of the y3 group (continuously supplemented by energy exchange with the u
group) over the y1 group will be convelted into energy of radiation (ż:10.6 pm). The
lasing region terminates at the point wherę vibrational temperatures of the a and v3 gToups
approach the translational temperature of the gas. Water is added to the working gas in
order to increase relaxation ratęs of CO2 (v2) and CO, (vr) vibrationally excited states;
the watęr feeder outlet is placed directly before the lasing region. Influence of HrO mole-
cules on the laser action is idęntical with that discussed in Chapters II and III.

IV.2. Preliminary selection of parameter values

The con§iderations of section III.2 concerning criterial parameters are valid for the
gasdynamic laser variant under discussion. The formulas concerning carbon combustion
in the high-temperature chamber as well as the formulas allowing for a preliminary estima-
tion of water contents in a gas flow aor:Grro|Gcor,the lasing region length and characteris-
tic tine z, of radiational deactivation by stimulated ęmission, are valid too.

An ideatizęd model of combustion will be assumed for preliminary calculations; narnely,
in accord with the postulate b) of the section IV.l it will be as§umed that carbon dioxide

|-o

Yącuum
punp
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and nitrogen are the only products of combustion so that:p coźpo,ż}, o3'=2.6. , Further-
more, the following values are taken: Q"p:7840 kcallkg, ?se=0.80, 7"e=1300.K.
The estimated value of combustion emciency ?"o is lower than tńat given in Chaptil III
because of dissociation of CO2 increasing the losses due to incomplete combustión (dis-
sociation degree of COz at temperatures of about 2500"K can reach t}l). Fig. IV.2
shows the dePendencę of temperature To, and composition of combustion gases on the
oxidizer composition.

0.4 0.5

,xo'

Fig. IV.2. Approximate dependence of tempera-
ture Ęo and (volume) content of COz and Nz
in the working fluid on the composition of oxidizer
(?}p:1300"K, a3':2.67, ł":0.80, Q"p:784o

kcal/kg-heat of combustion of C)

Air has been taken as the opiimum oxidizer for this variant olthe gasdynamic laser.
Therefore, the following preliminary set of optimum values of parameters was assumedj

ąe=2.500"K, T,p=I300oK, ą=300.K,
Pooź2O ata, p^=0.02 ata, u.=2000 m/s,

aRj:o.sos, dlp:Ę,:T#;0.416,

oo,- 9Ł=g.lg.Gco,

Making use of the above data one can obtain from Fig. II.4, the following characteristic
values:

t,,ż0.4I, 10-5 s , tp1=_3.3. 10-5 s , :'t=1.2. 10-5 s,

Tr^=3,3, 10-5 s, Trr=0.08 s,

Ł,=0.34 m.

r"p[x]

t,ź1,7, 10-a s ,
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Nonsęlective pumping of carbon clioxide causes that the efficiency 7, of virtual power

transport from the plenum chamber into the lasing region is worse than that estimated

in Chapter II, referring to selective pumping. However, this value cannot be simply assessed

and numerical calculations of the working gas expansion arę necę§sary to obtain an esti-

mate.
An estimate of virtual power value Ąo can be obtained under assumption that CO2

present inside the plenum cbamber does not carry any useful vibrational energy and is
only a ballast. A corresponding dependence P,o|Gr:f(76n) is shown in Fig. IV.2. One

can obtain, in conclusion, in accord with above presented numerical data g 
":JĄq, [kĘkg

s-17, 0e:9"(1+a,r) (1+a3'+ą?'lafl1l=tztsq, [kWkg,s*1]. It seems probable that

?t,-0,5.
A relatively large value of the coefficient alois worth noticing. As a result, the preciselY

calculated optimum value for the aff] coefficient may be less than the estimated one, for
a drop of Toecaused by the drop of a$; can be more than compensated by an increase of
4,; the valueŚ of g 

" 
and g nwill be correspondingly larger. However, change of the oxidizer

composition (i.e. - enriching the air with oxygen) may not prove useful in view of the ne-

cessity of much more complicated installations.

IV.3. Carbon monoxide as a fuel

Carbon dioxide-nitrogen mixture at temperature of about 2500"K can be obtained

as a result of burning carbon monoxide in a nitrogen-oxygęn mixture. For the idealized co-

mbustion model, as determined previously, and under additional assumptions that: Hrr=

=67 kcallkg,4"pź0.8,7,(ol,*o,)31300"K; 41,1=300'K (where Hsp - total enthalpY

Fig. tV.3. Adiabatic combustion temperature
T{, ald (volume) content of COz and Nz in the
working fluid vs. composition of oxidizer (Ęo:
= 1300oK, oŻ" =2.67,ą : 0.80, Ęp : 67 kcal/kmol

- heat of CO combustion)

Pro, 
)

%p
P",
Pon
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of CO combustion), a dĘendence of temperature Tooand" combustion gases conposition
on the oxidizer comPosition has been calculated. The results are presented in Fig. IV.3.
The Ąofunction ought to be understood as a thęoretical onę because carbon monoxide is
Practieal7Y incombustible at temperaturęs of about 4000"K (because of nearly complete
dissociation of carbon dioxide at this temperatures). An analysis of Fig. IV.3. leads tothe following conclusions:

^ , 
a) the value Ton:2500"K can be obtained for any

0.1+0.5 by way of a proper decreasing (in relation to
temperature of regenerative oxidizer heating,

b) air cannot be used as oxidizer because of too
combustion products,

value of a$; within the range of
assumęd value T,et!O0'K) the

large contents of CO, in resultilg

c) the optimllm oxidizer composition is characteri zed.by the value o$i= t; the corres-
Ponding index of combustion gas content beilg aro=0.2. The value Ąn=2500oK can
be obtained at parameter values as given above.

In conclusion, the following set of optimal values of characteristic parameters for theconsidered vańant of gasdynamic laser is obtained:

Ton=2500oK, ĘtN,*o,1=1300oK, 41co;3300'K,

Popź2Oata, p^=0.02ata, u*=2000mls,

d§?)ott=0.115, aęo)orl=0.572, qe=|l+c§o,"t'l1
ffi=o.,

for which corresponding relaxation times are identical
ąat=0.18, Tt=2.4.10-5 s, L*=0.7 m.

with those calculated in Chapter II:

Values of criterial Paramęters can bę calculated according to the following formulas:

. s ":Ż: ffi=8lq,[kĘkg. 
s-,],

0 co : 0.(I* *J rffi = 
47  a,|kW |kg., -'],

0 o: M.o| M.' 0 co= 11004, [kĘkg. s- 1],

where g"o denotes a carbon dioxide utilization parameter ąca:P"lGco
It is evident that there is no distinct difference in using ęither carbon monoxide or grap_hite dust as a fuel, Each of them secures tbat the §ame coulse of processes leading to thelaser action maY-be executed. Consequently, the technological ,!uroo. or other requi_rements connected with thÓ assignment or u§age will decide ubout 

" 
choice of the particular

method, The combustion of carbon monoxide is simpler to cope with, but the requiredinstallation is more cornPlicated (a generator of carborr -oooid", a vessel for nitrogen)tban in the case of graphite dust burning.
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V. Transverse flow COr-Nr-He electric-discharge conyection laser (closeil cycle)

V.1. Introduction

The gasdynamic laser concepts discussed above can be regarded as promising if sources
ofcontinuous coherent radiation oflarge and very large powers (ofthe order ofhundreds
of kilowatts and more) are considered. However, their low total efficiency (of about 1|)
entails serious problems of economical disposing of vast power§ not utilized in the radiation
generation process. In that instance the design of the gasdynamic laser proper becomes
a problem of secondary importance accompanying, in a way, a more general problem
of constructing a suitable power station of possibly high efficiency.

In this connection searching for more economical solutions of the problem of con-
tinuous radiation generation, whenever possible, seęms purposeful. Thę lasers pumped
in an electric discharge with high velocity flow of a lasing medium in the direction trans-
verse to the optical cavity axis seem to be one of tbe possibilities [19, 20,23l. About ten
times higher total efficiency (of the order of I0/) is their advantagę over the gasdynamic
lasers. However, the power range of these lasers is not extending so far as that of the gas-

dynamic lasers, becausę of limited power range of continuously excited electric discharge.
In practice the electric-discharge convection,lasers (EDCL) may appear more promising
than the gasdynamic ones within the range of output radiation powers from 1 to 10+50
kilowatts.

Y.2. The concept of EDCL facility

The exęcution of the working medium flow through the lasing region cancels the prin-
cipal limitation innposed on the laser power, because even vęry large quantities of waste
energy, not used up in the energy conversion ploce§s, (e,g. electric ęnergy to light) can be
removed by convection if only a propel flow velocity of the working medium is applied.
It can be shown that the ratio of power densitięs (per unit volumę of a laser cavity) for
lasers with transverse flow and conventional ones is given by

(P)rr.* _ D ,o.
(P")"oou )"g

whereD - widthof thelaserregion, ).n- averugefreepathof molecules,Ma -Mach
number. As wident, there are in principle two ways of increasing a laser power: by increasing
the pressure and by increasing the flow velocity.

The concepts ofhigh velocity flow lasers have been considered in the previous chapters
from thę viewpoint of the possibifity of purnping a laser with thę use of fluid flow techniques
only. The concept of thermal excitation comes out at that as an obvious proposition.
However, only open cycle facilities are feasible, the closed cycle being either impossible
(for a GDL with selective pumping) or impractical.

Abandoning the idea of thermal excitation, one can consider the possibility of a closed
cycle, Again the excitation by means of electric discharge seems, at least, the easiest to
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be brought into being. Main advantage of thę closed cycle facility comes from a very lowgas consumption, which allows employing high purity gases in arbittaty compositions
without limitations imPosed by economical aspects. An efrcient cooler is necisary, aswell as a suitable PumP for maintaining circulation. Severę demands concerning t"uiug",
have to be satisfied to Prevent contamination'of the working medium by impurities. How_
ever, a certain degree of contamination is unavoidable (since, for instance, a part of impuri-
ties is being fręęd within the closed installation) and a continuous replacement of a paft
of the gas is necessary.

The onlY Practical męthod of gas excitation is, seemingly, the glow discharge. Thęrmal
excitation with necessary deep expansion and - "orrr.qo"otly - t ign compression of the
PumP is not Promising. Besides, t}re efficięncy of the laser facility with electric excitation
is relatively high (q"=rc71.

Y.3. Schematic arrangement of an EDCL

schematic drawing of an electric-discharge convection laser
Tbe facility consists of:

is shown in Fig. V.l

- a working channel with a lasing region covering an electric (glow) discharge region,
- a heat exchanger (cooler) for removing excess energy from the moving ńr, 

-
- a pump maintaining circulation of thę gas in the closed cycle facility.
The first of the lasers of this kind has bęen built by Tiffany e , oi. Ua];its short characte-

ristjc is as follows: Co2-N2*He mixture as tbe working medium, output radiation
Power of about 1 kW, totat efficiency of about 7\,\engtb,Óf the optical cavity equal to
1 m, pressure in the lasing region p^_18 Tr, working medium velocity a^:30m/s. It isworth noticing that the large output of the devicę is obtained at relativeĘ'!ow p*'and. a_.

^ 
0utput

\| radiation
\. || Deam

Fig,V,l,Schematic diagram ofatransverse flow closed cycle electric-discharge convection laser
(after [18])

In the laser undęr consideration the lasing medium is being pumped directly into
the lasing region. The Processes leading to the creation ofpopulation inversion have notbeen entiręlY exPlained. However, the opinion prevails that for tne mixture ;i;;;b*,
dioxide-nitrogen flowing through the discharge region the basic pumping mechanism is as

<;
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follows: nitrogen molecules are excited directly by collisions with electrons, whereas direct
excitation of CO2 molecules is of secondary importance. Antisyrrmetric vibrations of Co"
(the uPPer laser level) are excited through vibrational 

"o..gy 
transfer by way of near__re§onance reactions of the type:

N2(u : 1) + Cor(0o00) --+ Nr(u :0) + Co 2(0aa D - lE .

The efficiencY of N2 -excitation in the discharge is increased by a considerably large amount
of heliunr added to the mixture. Besides, helium facilitates the laser action because of its
influence on tbe lower laser level relaxation rate.

The geometrY of the discbarge region (which simultaneously plays the part of a lasing
region) of a large outPut electric-discharge convection laser with transverse flow entails
a seParate difficult Problem. It is required that the spreading of the discharge within the
entire volume available be homogeneous. Besides, possibly targe discharge power densities
per unit volume are desirable.

Fig, V,2, SYstem Producing homogeńeous glow discharge with the use of fluid-flow techniques (after

,l - uPstreamstągnationregion,2 - laminarflowscreen, rl70]'r-r"rgeneratol*5 _ anodes, 6 _ nozzleanay,7 _ shock
wave, 8 - discharge channel, 9 - cathode§tructure

Several methods ofsolving the first problem for discharges at pressures exceeding several
tens Torrs are known. The most promising is the methoa utitising fluid flow tecbniques
Put forward bY Hill I19, 20]. "Freezing" of a discharge in a nonstationary state 

"uo 
b"

obtained in a high velocitY flow. Gradients of pressure of the electron gas and ion gas act
the Part of additional electric fields. When the equivalent field intensity for electrons is
very srnall, the equivalent field acting on ions can be very large (e.g, for VPion:15Tr/m
?t|d, n":n'-s'1016 fit-3, Ąg;3250 kv/m). It is evident,] then, that because oi quasineu-
tralitY of thę diŚcharge plasma, fluid flow techniques are liable to control the discharge
geometrY simPlY bY influencing mechanically the spatial distribution of ions. Schematic
arrangement of elements used for obtaining homogeneous discharge distribution within
the laser channel is shown in Fig. V.2. The discharge was generated in the direction of flow
between a set ofPin anodes (each baving its individual load, resistor) and a set ofcathodes
Placed downstream. The discharge homogeneouity was achieved by a combined use of
vortex generators set in front of the anodes and nozzlę system.

It has been shown exPerimentally that rnaximum discharge power .(below the value
at which instability develops) was a linear function of mass flow, its value equal to about
600 kW Per 1 kg/s. This timit value was independent of gas composition changes as well
as of Pressure and flow velocitY. Worth noticing is that pressure changes caused only
field intensitY changes whereas maximum current density remained constant and was
equal to about^:20 mA/cm2).

22I
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A very important palameter is the time constant charucteńzinghomogeneous discharge
lifetime. It has been extablished that for the discharge lengths larger than l":Tc.u^electro-
thermal instabilities always develop, downstream of the coordinate x:l". In the Hill's
experiments U9,201r"wasequal to about 2 ms. Two other parts aIę of great importance
for the EDCL facility. These are thę cooler and the pump. Nevertheless, their design
is a typical engineering problem and therefore it will not bę considęred here.

V.4. Selection of parameter values

The working gas mixture ought to consist of threę componęnts: carbon dioxide, nitrogen
and helium and thę content of each is to be determined. This can be done on the basis
of data concerning convontional lasers. As a rulę thę content of COz is 2 _ 3 times smaller
than that of N2, whereas the content of Hę can reach even 80 percent of the whole volume.
However, studies on the optimum composition of the working mixture for the convec-
tion laser under consideration are still to be performed.

Gas delivery can be determined on thę basis of the output radiation power P" required.
Total discharge power is estimated fust, namely

P-:P"lĘ":Ul [kW],
whereq" can be assumed as equal to about 5-rcft; U and 1are the discharge voltage
and cufrent. Next the required gas delivery is determined G*:P-l p., [kg/s], where p.,
[kWkg,s-1] is a specific input power per unit mass flow (in [20] was equal to 600 kWkg
s*1). The specific output powęI per unit mass flow g":P"lG! can bę estimated on the
basis ofdata taken from [19, 20]

g 
": P 

"l 
G: : 4 

" 
p.1=20 +50 kW/kg, s- 1.

Since the device works in a closed cycle, the last quantity is not as important as it is for
gasdynamic lasers.

The gas temperature Tn ought to be possibly low, because an equilibrium population
of the lower laser level and the CO, (0110) tevel rises rapidly with increasing Tn,It has
been shown BŁ]that for Ę) 800"K population inversion between vibrational energy levels
of carbon dioxide canf,ot be obtained.

Gastemperatureatthęlasingregion ińet T, should be closę to thę room temperature
becausę more complicated cooling systęms (ike for instance coolers with tiquid nitrogen),
are to be avoided.

Heat dissipated in the gas during its passing accross the discharge region causes the gas
temperature to rise. If convection is the only considered way of heat removal (which is
true at high flow velocities), then the total temperaturę risę is equal to

ATn : Tg oor.- Tng : P, f 4,!8G* Ce ['K],
where ą:Pw-P" denotes waste power and:

Co:(Cp)u"' dr.Xr"+(Cp)n,'d51, Xp, * (Cp)co,dco,xco, [kCal/kg' 1'] ,

x, - mole fractions,

(Cr)w":1.250kcal/kg. 1", (C)r,:0.Zą9kcal/kg. 1", (Cn)co,:0.202kcal|kg.t ,

dg":O.!785kglm3, dN,:1.25kglm3, dco,:L977kglm3.



Eventually

^ _Pn 4.18CeATg
er:6x :-1:ł'

where the latter formula can be used for estimating the maximum specific input
Power P"r, For instance: with 7o:300"K, (7r)**:800oK, ?.:0.1, JCg.:0.8,;r*r:0.16,
xco":0.04 one obtains

'r.)^"*=§#P*: 
567 [kWkc . s - 1] 

.

It is worth noticing that the experimentally obtained value of p"t I2ol is close to above
calculated.

The actual value of Ęo., will be lower than that calculated from the formulas for section
V,3, if the flow velocitY is too high for thermodynamic equilibrium to be ęstablished within
the length of the lasing region.

In selecting the values of velocity u and pressure p of the gas flowing across the lasing
region the Premises listed below may be taken into account; however, the optimum choice
is not so unique as in the case of temperature;

a) p and a possibly high to reduce the dimensions of the facility;
b) p and a sufrciently low to secure the glow discharge stability within the flow, electro-

des arrangement and the lasing region geometry being decisive for p-* and al-"* values;
c) o sufficientlY low to keep the pressure rise in the pump lp within economically

reasonable limits; estimates show that a velocity a little U.low tne sound velocity is an
optimum for output radiation powers of the ord.er of several kilowats;

d) P sufficientĘ high to assurę (for a given flow velocity u and lasing region width .L")
a time of particles flight across the lasing region, t,:L,fu,much longer than the characte-
ristic times: tp - for vibrational energy transfer from Co, to N", and to - for the lower
laser region CO, (10'0) relaxation; the above times being equal to [20]:
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lo-7
Pco2tpt [s.Tr] ,

O*rrr: 
.[s.Tr]

(where x; - mole fractions).
As an example, the values of rn,. and trhave been calculated for the Co"-Nr-He

mixture with components ratio equal to l : 2 : 7, at the temperature of 500oK. The obtained
values are:

pco,To1:0.|37 .10-3 [s.Tr] ,

prort,:o.ZŁ, 10- 3 
[s .Tr]

rr:l3.7 ll,s, to:2,4 ps.

8.6T-g z*r(_+)

and for prcta1:100 Tr.

Herc rr<0.2 trr.
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One can take as a bęst estimatę for thę laser of sevęral kW output the value of p of tbe
order of hundreds Torr. However, the final choice of p and u values ought to be con_flrmod
experimentally.

The configuration of the discharge region elements is the most significant factor"
decisive for this region's dimensions as well as for the values of current density 

"l" [Ącm']
and ęlectric field intensity Ą [Vcm], The most efficient configuration of elements has been
proposed by Hitl [20] (see Fig. V.2); it seems reasonable to follow his idęa when desiguing
the discbarge region. Therefore, for the discharge region length L*tbe requirement L*śr.t
(where t"=1-10 ms - see section Y.2) must be satisfied; the current number densir}-

is estimated to amount to 7":/g mAlcm2 independently of p and u values [20]; electric
field intensity (which is a linear function of pressure p) can be determined from the values
of pt,n, j"and L,.In this way only rough estimates may be obtained. It must be emphasized
that experimental investigations are indispensable before making final decisions about
the design of the facility.

The discharge region, being simultaneously the lasing region, forms the most vital
part of the electric-discharge convection laser facility, In the construction of the facili6,
working in a closed c}cle two additional components must be taken into account, namel1-
a coolęr and a pump for working gas circulation (see Fig. V.1).

As for the cooler, its design is a typical task, Its parameters can be selected uniquely,
assuring - fot a given set of p, G* , To and Ęo. a drop of the gas temperature equal to.

A laser facility of several kW output is not big enough to justify using a diffuser (at

the lasing region output) for partial gas compression. In this case the entire required pressure
rise lp ought to be performed by a proper pump. The compression can be estimated as

follows:

AP:Po-p,

wherę r (isentropic exponent) and R
of the working gas:

o rc- l uz, 
-1ń-'- 2" R7ź'

(gas constant) refer to the assumed composition

R"" drr" xr" Ry, d1, xp, , RaordrorXao,

"-"-1 
- 

"*; 
- ąo, I

R : Rfi" dH" xu" * Rrq, d*, x*, ł R66 ,dcorXcor[m27s? 1"1 ,

R
rc:-l"ł

RH":2080m'l"' . Io, Rx,:297 m? lr' . !", R66,:194m'l"' . !"

Kur:t.66 , Kylr:t,4o, rcęgr:1.30 ,

VI. Concluiling remarks

It seems purposeful to summarize the results of calculations and discussions given
in the foregoing chapters, in order to assess the validity ofconclusions concerning practical
usefulness of individual modifications of the large output laser facilities in question.
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The first concept (see Chapter II) has been based upon a most idealized model of a ther_
rnally excited gasdynamic laser; therefore basic estimates and calculatiou results can be
recognized as correct. Thermal excitation and non-equilibrium expansion ofpure nitrogen
are not difficult to calculate, selective pumping of CO2 by vibrationally exciied N, is aiso
well understood as well as the influence of HrO oo 

"oilirionul 
deactivation or bo, 1a1and N, (u) may be calculated. Only tbe process of mixing the §treams of pumping and tasing

gases cannot be fullY described in terms of mathematical analysis, ńis, however, may be
regarded as a matter of secondary importance.

On the contlalY, the second concept (cf. Chapter III) is not so clear because the course
of the Process of carbon dioxide pumping by vibrational energy transfer frorn excited CO
molecules is not known as well as it is for COz-Ę collisions. Since literature data are
§carce and PartiallY contradicting, the fonnulas describing them must be regarded as rough
estimates, requiring additional experimental substantiation.

For the third concePt (Chapter IY) the degree to which the analysis and estimates of
course of Processes is trustworthy is the §ame as for the first concept. However, the para_
meter 4! which aPPears in concluding formulas cannot be evaluated without deiailed
numerical calculations. Thus the discussion on the third concept lacks ntmgligą| valuesof main parameters, which is its obvious deficiency.

The concePt of electric-discharge convection laser is the one where 1ittle theoretical
calculations can be made. On the other band, plenty of experimental data are available
and the feasibility of such a laser seems entirely proved.

The usefutness of the abóve discussed four variants of high power laser facilities ought
to be evaluated from various viewpoints. The following conctusions come as a result:

1. The first and fourth variants are more advantageous than the others within the out-
put power tange P"- 1+10 kW. For higher powers (P">LN kW) the two combustion
driven laser facilities are more suitable.

2. Tbe overall efficiency 11" and compactnes§ of tbe fourth (EDCL) variaut are better
than those of the first one. However, its efrciency depends mucb more than that of tbe
first one on the design correctnes§ and proper working conditions. rn genera1, the EDCL
facility is more demanding and difficult in design than the fluid mixing GDL.

On the other hand., a VerY high (theoretical) efficiency of the latter can be achieved
(much beYond that of EDCL) if a hieb degree of regenerative heat recovery is employed.
It is doubtful, however, if such a mode of operation is economically justified for ouiput
radiation powers not exceedins 10 kW.

3, The third variant would be better than the second one if onJy 4,ż0.25; moreover,
its design is simPler. Regenerative heat recovery (or gas stream kinetic energy recovely)
is undersiood as necessary for each of tbe high power lasęr facilities discussed. aboveif P.> 10 kW.A comparison of calculated values of criterial parameters:

- for EDCL facility:

g"=(20+ 50)kĘkg. s-1, ą"=(5+IO)ft ,

- for fluid mixing GDL facility:

15 Pracc IMP z.62-63

S"=73kWlkl9.§-1, l"ż3.3%,
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- for combustion driven GDL facility:

g"='t3kWlkg.s-1, geżz93kW/kg.s-1

§hows that for the flrst and second variants specific power pel unit mass flow of the working
gas is larger, but simultaneously their overall efrciency (without regenerative heat recoveryl
is lower. However some uncertainty is introduced because the results for EDCL were
taken from experimental data Il9, 20] whęreas the othęr ones come from theoretica_l
calculations without experimental proof. As for experimental data, those concerning the
largest GDL facility built up to now 1of 60 kW output) [5], with design similar to that
of the third variant, are not as good as above presenied theoretical ones, Namely:

g"=4.3kĘkg,s-1, Ę"=I%.

In the authors' opinion this is not the upper limit of parameters attainable. This limit
for future design should rather be outlined on the basis of the theoretica!data presented
above.
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Koncepcje laserów gazodynamicznych o działaniu ciągłym tlla zastosowań przemysłowych

streszczenie

Omawia się zwięźle różne koncepcje istniejących laserów gazodylamicznych CO2 o działaniu
ciągłym, biorąc pod uwagę możliwość zastosowania ich w operacjach technologicznych wymagających
dużej wartości mocy ńązki promieniowania. Wyróżnia się trzy podstawowe warianty tych laserów:

1. CO2 - N2 CW-GDL o wzbudzaniu termicznym i pompowaniu selektywnym w procesie mieszania
strug; obieg otwarty.

2. CO2 - N2 CW-GDL o wzbudzaniu termicznym w procesie spalania i pompowaniu nieselektyw-
nym podczas ekspansji mieszaniny; obieg otwarty.

3. CO2-CO-N2CW-GDL o wzbudzaniu termicznym i selektywnym pompowaniu; obieg
otwarty.

Czu,arta koncepcja - wzblózanlego wyładowaniem lasera COz - Nz - He z przepĘwem poptzecz-
nym je§t sformułowana jako konkurencyjna w stosunku do wymienionych wyżej laserów gazodynamicz-
nych.

Die Konzeption der gasd;łramischen Laser mit Dauerbetrieb fiir Industriezwecke

Z u s a mmenf as sullg

Es wird kurz frber verschiedene Konzeptionen existięrender gasdynamischer CO2-Laser mit
Dauerbetrieb berichtet. Dabei wird auf ihle Anwe-ndungsmóglichkeit in technologischen Operatioaen,
die einen groBen Leistungswert des Lichtstrahlbtindels voraussetzen eingegangen.

Drei grundsiitzliche Varianten dieser Laser werden erfaBt:
1. Der COz-N2 - Lasermitthermischer Erregung und selektivem Pumpen im Mischvorgang

des Gasstrahls; Offener Zyklus.
, 2. Der COz-Ne - Laser mit thermischer Erregung im VerbrennungsprozeB mit nichtselektivem

Pumpen wóhręnd der Gemischekspansion; Offener Zyklus.
3. Der CO2 - CO - N2 - Laser mit thermischer Erregung und selektivem Pumpen; Offener Zyklus.
Eine vierte Konzeption, des durch Entladung erręgten CO2-N2-He - Laser mit Querstrómung

wurde als konkurrierend fiir die in 1 - 3 besprochenen Laser formuliert.

łIgeu.raso4uHaMlrtlecKnx JIa3epoB rrertpepblBHor-o AeficTBIrfl

AJIfl ilpoMbIIIlJIeHHoro npllMeaelilfl

PesIo14e

Kparxo o6cyxgarorcx pa3n6tlur,Ie trAeu cytr{ecTByloqD( ra3oAEEaMItqecKEx Jla"llepoB CO2 re-
trpepllBlłoro AeiIcTBEą, c yqeToM Bo3MoxI{ocTI4 fix IIpI6{eEęEffi B TexEoJlorĘIecKax ofiepaĘrx, Tpe_
6yonp< grraqrłrerrrroń BeJItrlIEEbI MotrIEocTIł lryq(a lrcfiysenrrl. Pasfilryarorcs TpE ocHoBEbIx BaptrauTa
3Tn fia:iepoB:

1. Co2-N2-ra3oAlfilaMlłqecruŻłasepHetrpepllBuoro geficrrrłx c TepMtrqecr<(M sog6yxAelłEeNl
ł ce.nexrrłlrłoź EaKaw(oż B qpor1ecce cMeIII![BaIłtrfi crpyż; orxplrTrlż xonryp,

2. CO2-N2-ra3o4rnałEvecrałŻ;rasep rłetrpepblBlloro Aęftcrcur c T€pMEqecKmI ros6yxgeroterrł
B trpouecce cropźrffE I n c secefleKTuBHoń HaKa.r](oft no apevx paclmpeEtr cMecd; oTKpbT.rrrź ronryp.

3. Co2-Co-N"-raaOgrrrralłułeCruŻ rra:ep EerrpepblBlroro geźcrsfir c TepMullęctc6llf Bos§yxAe-
ĘueM u cerIeKTffBEoż llaKasKofr; orxprr:rrrź KoIITyp.

Iłerreprał rłgeł aosdlT r,4aevoro pa3p.fi,qKoż łasepa CO2-N2-He c rlotrepęqgblM TeIIeEueM
cIMTaeTc' xonrylrrpyroqeŻ tro oTHomeHulo K BbIItre[epeqEcJIeHEbIM ra3o.@aMFIecKEM JIa3epaM.
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