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The heat  exchange and behav ior  of s o m e  s t ruc tu ra l  e lements  of the h e a t e r  under natural  o p e r -  
ational conditions of the GDL are  invest igated.  

One of the basic  p rob l em s  de te rmin ing  the worldng c h a r a c t e r i s t i c s  of gasdynamic  l a s e r s  (GDL) is the 
c rea t ion  of an eff icient  and re l iab le  gas  hea te r .  The mos t  d ive rse  types of hea t e r s  a re  cur ren t ly  used in GDL 
se tups ,  fo r  example ,  combust ion chamber s ,  p l a s m a t r o n s ,  shock tubes,  e l ec t r i ca l  explosions in a closed c h a m -  
ber ,  r e s i s t i ve  e lec t r i ca l  hea t e r s  for  d i r ec t  heating,  r egene ra t ive  gas hea t e r s  operat ing on the combustion p rod-  
ucts ,  e tc .  [1-9]. The use of di f ferent  types of hea t e r s  in GDL is descr ibed ,  fo r  example ,  in [10, 11]. 

In what follows, we p r e s e n t  the r e su l t s  of one of the s tages  of the work  on the development  of a r e g e n e r a -  
t ive e l ec t r i ca l  gas  h e a t e r  with a h e a t - s t o r i n g  packing in the f o r m  of spheres  and the resu l t s  of the se lect ion of 
m a t e r i a l s  for  the main e lements  and p a r t s  of the hea t e r  and of invest igat ions of the hea t e r  as pa r t  of a con- 
tinuous gasdynamic  CO 2 l a s e r  a re  d iscussed .  The use  of the se lec ted  gas  hea t e r  in the exper imenta l  GDL setup, 
in pr inc ip le ,  p e r m i t s  p e r f o r m i n g  mul t f fac tor  opt imizat ion of GDL, since in the exper iment ,  it is easy  to g u a ran -  
tee opt imal  values  of p a r a m e t e r s  de te rmin ing  the eff iciency of the GDL (for example ,  the gas t empera tu re ) ,  fo r  
any fixed composi t ion  of the working gas mix tu re .  

1. Calculation of Heat  Exchanger Calculat ions were  p e r f o r m e d  in o rde r  to s e l ec t  the design and the 
s t ruc tu r a l  e lements  of the gas  h e a t e r  for  the following working conditions: composi t ion of the working gas 
mix tu re  (vol. %), (40-90~0) Iq 2 + (0-45%)He + (10-20~0)CO 2 + (0-3%)H20; gas t e m p e r a t u r e  in cyl inders ,  300~ 
gas  p r e s s u r e  in the hea t e r ,  (5-25) �9 105 Pa; m a x i m u m  t e m p e r a t u r e  of the gas  mix ture  at the outlet f r o m  the 
hea t e r ,  1673~ flow ra te  of gas  mix ture  through the hea t e r  (1-6 k g / s e c ) ;  quasicontinuous working reg ime  of 
the hea te r ;  durat ion of the pulse of gas mix tu re  t r ansmi t t ed  through the h e a t e r  with given flow rate ,  (0.3-5) sec;  
pulse repet i t ion  frequency~ 1 p u l s e / h ;  t ime  for  p r epa r ing  the hea t e r  fo r  operat ion,  3 h. 

The solution of the p rob lem of the t e m p e r a t u r e  dis tr ibut ion in the packing and in the gas ,  in genera l ,  p r e -  
sents  se r ious  ma thema t i ca l  diff icul t ies ,  s ince it involves the integrat ion of a s t rongly  nonl inear  sy s t em of p a r -  
t ial  d i f ferent ia l  equations.  In solving this t e m p e r a t u r e  p rob lem,  the following assumpt ions  were  made: 

a) The packing cons is t s  of s epa ra t e  spher i ca l  bodies,  each of which is located under identical h e a t - e x -  
change conditions; 

b) the temperature of the packing is assumed to be constant over the radius and equal to the temperature 
at the lining packing interface; 

e) the packing is separated vertically into several identical sections and it is assumed that the initial 
temperature of the spherical bodies changes abruptly at the boundary of the sections. 

Let us examine a spherical body with some initial temperature, which is assumed to be constant on the 
given section of the packing. Over the course of the pulse, it is washed by the gas mixture with a constant, for 
the given section, temperature. It is necessary to find the temperature distribution inside the sphere at any 
time and the heat flow rate under the condition that the temperature at any point of the sphere is a function of 
time and of the radius. 

The last condition corresponds to uniform cooling of the sphere along the surface, for which the iso- 
thermal surfaces are concentric spheres (symmetrical problem). A problem formulated in this manner is 
solved in [12]. 
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TABLE 1. Results of Tests  for Thermal Strength 
Specimen Diameter, Test condi- Number of 
material m tions, "K heat ex- Result of tests 

changes 

'Network of cracks A120a 

ZrC 

Siliconized 
graphite 

0,022 

0,026 

0,010 

1773 
(in water) 

1373 
',in water) 

773 
(in water) 

1 

7 

10 

Breakup into 
pieces 

Network and break- 
up are absent 

In solving the s trength problem, the case  of centra l  s y m m e t r y  was examined using the basic equations of 
thermoelas t ic i ty  in spherical  coordinates [13]. 

Maximum s t r e s ses  of 0.9 and 27 k g / m m  2 were  obtained f rom the equations of equilibrium for  graphite 
and aluminum oxide, respect ively.  Comparison of these quantities with the permiss ib le  s t r e s s e s  shows that 
this s t r e s s  level is not dangerous for  graphite,  while f r ac tu re  will occur  in aluminum oxide spheres .  

The aerodynamic problem for  the case of gas flow through a layer  of granulated solid mat te r  (packing) 
was calculated according to [14]. 

2. Experimental .  Reliable operation of the gas hea te r  is in many respec ts  determined by the  reliabil i ty 
of the packing elements and other s t ruc tura l  details,  their  ability to operate for  a long t ime under the condi- 
tions of high t empera tu res  and considerable dynamic and the rmal  loads and in a co r ros ive  medium. 

2.1. Thermal  Strength of Heater  Pa r t s .  Under the working conditions, the initial heat flow with cooling 
of the packing elements by the gas mixture consti tutes 2.4 �9 106 W / m  2. Under such thermal  operational con-  
ditions, the maximum stretching s t r e s se s  (due to tempera ture  drops) appear on the surface of the specimen.  
In this case,  specimens usually f rac ture  with the appearance of a network of cracks  on the surface  (in addi-  
tion, in a single test ,  as a rule,  complete breakup into pieces was not observed).  However, with cyclical  r e -  
petition of the heat  exchange, cracks can grow in the body of the specimens and, as a result ,  the specimen can 
break up completely into pieces.  To check these assumptions,  we per formed labora tory  tests  of specimens,  in 
which the working conditions were simulated, f i r s t  of all, by retaining the values of the initial heat flow and, 
second, the specimens were cooled in order  to crea te  a s t r e s sed  state in the body of the specimen equivalent 
to the working regime.  

Tests per formed by cooling a preheated spec imen in water  with a tempera ture  drop of not less  than 773~ 
satisfy these conditions. The resul ts  of the tests  are  presented in Table 1. 

The experimental  data confirmed the initial assumption concerning the behavior of mater ia ls  under working 
conditions and made it possible to select  the most  stable s t ruc tura l  mater ia l :  s i l iconized graphite.  

2.2. Compatibility of the Heater  Materials  with Carbon and Nitrogen. A thermodynamic  es t imate  of the 
possibil i ty of the occurrence  of react ions in the contact zone of a number  of mater ia ls  used in the hea ter  with 
carbon in an inert  medium and ni trogen showed that for  aluminum oxide, the weight can change due to reduction 
at t empera tures  above 1800~ while nitriding of carbide composit ions can occur  only at t empera tures  above 
2000~ To confi rm these resul ts ,  we per formed experiments ,  whose resul ts  agree sa t is factor i ly  with the 
thermodynamic  es t imates .  The tempera ture  in the contact zone AlzO 3 + CuAlzO 3 + SiC in any medium should 
not exceed 1750~ An increase  in tempera ture  is accompanied by reduction and sublimation of aluminum. 
Zirconium carbide in a medium of technica l -grade  nitrogen is quite capable of working for  a long t ime at t e m -  
pera tures  of 2300~ and above. Graphite, sa turated with sil icon carbide,  pract ical ly  does not interact  with 
technical -grade  nitrogen. 

The thermodynamic es t imates  and the experiments  pe r fo rmed  showed that the mos t  promising mater ia ls  
for  making heaters ,  f rom the point of view of interaction with carbon and nitrogen, are  z i rconium carbide and 
graphite sa turated with sil icon carbide.  

2.3. Compatibility of the Heater  Materials  with the Gas Mixture at Working Tempera tures  under Static 
Condi t ions .  The heaters ,  packing, and lining were tested. Structural  elements made of graphite,  si l iconized 
graphite,  aluminum oxide, tungsten, lightweight chamotte,  lightweight corundum, and others were used. The 
working mixture consis ted of 90% N 2 and 10% CO 2. The working tempera ture  was 1623-2323~ Posit ive r e -  
sults under the given conditions were obtained with s t ruc tura l  elements consisting of si l iconized graphite and 
thermal  insulation mater ia ls  consisting of lightweight corundum. 
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Fig. 1. Diagram of heater :  1) housing; 2) lining; 
3) separat ing pipes; 4) rods -hea te r s ;  5)packing;  
6) grid;  7) graphite  ring; 8) f i l ter ;  9, 13) thermal  
insulation; 10) viewing window; 11) input cu r r en t  
lead; 12) upper cover;  I, II) d i ame te r  of sphere  
0.012 and 0.025 m; III) gas inlet; and, IV) gas outlet.  

2.4. Compatibility of the Worldng Mixture with the Structural Materials of the Heater in the Flow. Speci- 
mens consisting of ~ graphite and siliconized graphite were tested. The temperature of the specimens was 
1800-2000~ the composition of the working mixture was 85~ N 2 + 15% CO 2, the flow rate was 30 m/see, the 
pressure was 20 �9 105 Pa, and the duration of a single test was 300 sec. The ability of the materials to with- 
stand corrosion-erosion was determined from the change in weight of the specimen. The best results on the 
compatibility of the working mixture with the structural materials were obtained in tests of materials con- 
sisting of siliconized graphite. 

The calculations and experiments permitted developing an experimental design of a regenerative electrical 
gas heater with packing consisting of siliconized graphite spheres of lightweight corundum linining, and sili- 
conized graphite heater elements. 

The gas heater permitted solving completely most of the problems arising in the design and operation of 
heater setups for GDL. 

3. Gas Heater Setup. According to its principle of operation, the heater (Fig. I) is a regenerative heater, 
in which the working gas mixture is heated to the required temperature, passing throughthe layer of packing. 
The packing is first heated by an electrical heater consisting of six rods, insulated from the packing by dividing 
pipes. The external casing of the heater consists of a cylindrical, steel, water-cooled housing, which contains 
the inlet and outlet pipes, sockets for the viewing hole, six sockets for introducing current, a lower mounting 
socket ,  and the top cover .  

The housing contains the following: lining, packing, heating rods ,  a base grid,  f i l ter ,  cu r r en t  input leads.  
The packing, heating rods,  separat ing pipes,  and base grids were made of s i l iconized graphite and placed in the 
central  cavity of the the rmal ly  insulated lining. 

The top ends of the heating rods are  c lamped into the wate r  cooled cu r ren t  input; the i r  lower ends, passing 
through the bearing' grid,  a re  connected with the "ze ro"  graphite ring with graphite  sc rews .  The mounted hea t e r  
was degassed at a packing t empera tu re  of 1373~ and a p r e s s u r e  of 13.3 Pa. F u r th e r  test ing of the hea t e r  was 
connected together  with the gasdynamic l a se r .  
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Fig. 2. D i ag ram  of setup: 1) f e ede r  mixing tank; 2) con-  
necting mainline;  3) shutoff valve;  4) gas hea ter ;  5) 100- 
blade nozzle unit; 6) working chan~el; 7) optical  cavity;  8) 
vacuum sys tem;  9) gas ramp;  10) power  supply s y s t e m  for  
hea ter ;  11) wa te r  cooling sys t em;  12) f i l t e r .  

4. Resul ts  of Tes t s  of the Gas Hea te r  in the GDL Setup. The GDL setup (Fig. 2) consis ts  of a wind tunnel 
with quas is ta t ionary  action with the gas exhausted into an evacuated  volume.  The nozzle block of the GDL con-  

s i s t s  of 100 shaped fiat  nozzle blades with expansion of 20 and a c r i t ica l  sect ion with a height of 0.5 • 10 -3 m 
(the total a r ea  of the c r i t i c s i  sect ion is 2.5 • 10 -3 m2). 

A stable optical  cavity was fo rm ed  by a concave nontransmit t ing  copper  m i r r o r  (d = 0.060 m) and a s e m i -  
t r a n s p a r e n t  output m i r r o r  (d = 0.060 m, t r a n s m i s s i o n  20%). We m e a s u r e d  the t e m p e r a t u r e  of the packing with 
an optical p y r o m e t e r  and t u n g s t e n - r h e n i u m  t h e r m o m e t e r s ,  p laced inside the packing at different  depths (50- 
235) �9 10 -3 m.  We m eas u red  the t e m p e r a t u r e  of the gas mix tu re  with t u n g s t e n - r h e n i u m  t h e r m o m e t e r s  with 
readout  on an osci l lograph.  The p r e s s u r e  was m e a s u r e d  with the help of MDD gauges .  F o r  the t e s t s ,  the hea t e r  
in the GDL setup was opera ted  in a r eg ime  that  guaran teed  heating of the gas mix ture  to the max imum possible  
t e m p e r a t u r e  (i.e., 1250~ The t es t s  of the hea t e r  showed good ag reemen t  between the exper imenta l  r e su l t s  
and the calculat ions.  In the exper iments ,  in which the a v e r a g e  t e m p e r a t u r e  of the packing, m e a s u r e d  by the 
p y r o m e t e r  and seve ra l  t he rmomete r s ,  equaled 1400~ the average  gas  t e m p e r a t u r e  was 1200~ This  is e s -  
sent ial ly the computed value of the gas  t e m p e r a t u r e  - 1250~ 

The low value of the m e a s u r e d  gas t e m p e r a t u r e  compared  with the computed value is explained by the fact  
that the measur ing  thermocouples  were  placed in the nozzle  block at a dis tance of 1.5 m f rom the packing and 
this sect ion was not the rmal ly  insulated f rom the surrounding medium.  

To check the s t rength  cha r ac t e r i s t i c s  of the pacl~ng m a t e r i a l s  exper imenta l ly ,  the computed data for  the 
pe rmi s s ib l e  s t r e s s  levels  in the e lements  were  conf i rmed.  The calculat ions showed that the m a x i m u m  s t r e s s e s  
a r i s ing  in graphi te  spher ica l  e lements  r each  a m a x  = 9 �9 106 N / m  2 and (~max = 270 �9 106 t , l / m  2 in the A1203 
e lements ,  while the p e r m i s s i b l e  s t r e s s e s  fo r  e l ements  made of these  m a t e r i a l s  a re ,  r e spec t ive ly ,  [(r]per = 
11 �9 106 N / m  2 fo r  graphi te  and [a ]per  = 2.9 �9 106 N / m  2 for  A1203. 

F r o m  a compar i son  of the computed quantit ies with the p e r m i s s i b l e  s t r e s s e s ,  it is evident that for  g raph-  
ite this s t r e s s  level should not be dangerous ,  while f rac tu r ing  should be obse rved  in a luminum oxide sph e re s .  
After  seve ra l  tens of hot shots ,  no m i c r o c r a c k s  were  obse rved  on the s i l iconized graphi te  sphe res ,  while the 
A1203 spheres  f rac tu red .  

The t es t s  p e r f o r m e d  showed that e ros ion  of s t ruc tu ra l  m a t e r i a l s ,  operat ing under the conditions of high 
t e m p e r a t u r e s  (T >_ 1700~ high gas flow veloci t ies  (W >- 50 m / s e c ) ,  high t he rma l  s t r e s s e s ,  and high chemica l  
act ivi ty of the working medium,  is an impor tan t  fac tor ,  de termining  to a la rge  extent the working capaci ty  of 
the gas hea te r s ,  which cannot be neglected in designing GDL setups .  The exper imenta l  conf i rmat ion  of the c o m -  
puted aerodynamic  quantit ies is shown in Table 2. 

The underes t imat ion  of the p r e s s u r e  (compared with the computed values) at the hea t e r  outlet  is explained 
by the fact  that  the computed value of Pout de te rmined  the p r e s s u r e  loss  only over  the height of the packing, 
while the exper imenta l  value included, in addition, the p r e s s u r e  loss  in the shutoff valve and at the inlet to the 
packing, since the p r e s s u r e  gauge was placed in f ront  of the cutoff valve.  

L a s e r  radiat ion was genera ted  with l a s e r  beam output onto a t a rge t  in two exper imen t s .  The power  level  
was ~1000 W. Optimizat ion of the l a s e r  energy  was not p e r f o r m e d  in these expe r imen t s .  Af ter  s eve ra l  hot 
shots ,  the m a t e r i a l s  c a r r i e d  away by the gas f r o m  the appara tus  were  r emoved  f r o m  the packing and studied by 
methods of chemical ,  x - r a y ,  and meta l lographic  ana lys i s .  
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TABLE 2. Computed and E x -  
pe r imen ta l  Values of the P r e s -  
s u r e  in the Hea t e r  

Pressure in heater P.10 -5 Pa 
at the inlet at the eut- at the outlet 
(expt.) let (eale.) (expt.) 

7,2 6,0 5,5 
8,5 5,3 4,5 

TABLE 3. Results of Chemical and X-Ray Analysis of Erosion 
Products 

Chemical analysis (wt. %) Phase analysis (vol. %) 

Ctota 1 A, Fe I S~totall O2 C AI~O~ [ S~C sio: 

45--50 13 j I �84 
0,2 20 22--I7 80 5,0 I 8,0 6,0 

The meta l lograph ic  ana lys i s  es tab l i shed  that  the s amp le s  contain th ree  f rac t ions  of mate r ia l :  p ieces  of 
graphi te ;  fine c rumbs  of the lightweight m a t e r i a l ,  and s i l icon oxide p a r t i c l e s .  The par t i c le  s i zes  var ied  f r o m  
f rac t ions  of a m i l l i m e t e r  up to s eve ra l  m i l l i m e t e r s .  The data obtained f r o m  the chemical  and x - r a y  analysis  
a re  p r e s e n t e d  in Table  3. 

During the opera t ion  of the hea t e r ,  e ros ion  of the the rmal ly  insulated lightweight ma te r i a l ,  consist ing of 
a luminum oxide, was a lso  observed .  The appearance  of SiC 2 pa r t i c l e s  is re la ted  with the evapora t ion  of the 
excess  s i l icon f r o m  the packing sphe res  and its oxidation by the components  of the working body. 

The t es t s  that  were  p e r f o r m e d  demons t r a t ed  the p r o m i s e  and the in teres t ing,  fo r  p rac t i ca l  applications,  
poss ib i l i t i e s  of the se lec ted  working scheme  of a gasdynamic  l a s e r  utilizing the rma l  energy  s to rage .  The ex-  
pe r imen ta l  resu l t s  pe rmi t t ed  formula t ing  the r equ i r emen t s  for  fu r the r  improvemen t  of the s t ruc tu ra l  m a t e r i a l s .  
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