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This p a p e r  examines  high-intensiW xenon-f i l led  radia t ion  sou rces  for  heat  load simulat ion.  A 
ma thema t i ca l  model  of the d i scha rge  is proposed,  and r e su l t s  of a theore t ica l  and an expe r i -  
menta l  invest igat ion a r e  presented .  

One of the main  p r o b l e m s  which one has to r e so lve  in var ious  b ranches  of technology is that of test ing 
objects  under  conditions as c lose  as poss ib le  to the actual  conditions. Many l i t e r a tu r e  r e f e r e n c e s  (a detai led 
b ib l iography is given in [1]) d i scuss  p r o b l e m s  as soc ia t ed  with c rea t ing  fac i l i t ies  to s imula te  conditions of op- 
e ra t ion  of i t ems  of c o n t e m p o r a r y  technology. In some  c a s e s  a key  e lement  of such s imulat ion s y s t e m s  is a 
h igh- in tens i ty  rad ia t ive  s ou rce  (HIRS). A p romis ing  HIPS is the pulsed xenon source  which has high eff ic iency 
in conver t ing e l ec t r i ca l  into rad ia t ive  energy,  is economica l ,  has a l a rge  rad ia t ive  flux densi ty  and high ope r -  
ating stabil i ty.  To cons t ruc t  a h igh-ef f ic iency  HIRS and to p red ic t  i ts  p r o p e r t i e s  re l iab ly  r equ i r e s  theore t ica l  
and expe r imen ta l  invest igat ions.  

The p r e s e n t  p a p e r  gives  some  r e su l t s  of ma thema t i ca l  modeling of the working p r o c e s s  in a HIRS, de- 
t e r m i n e s  the l imit ing c h a r a c t e r i s t i c s ,  and d e s c r i b e s  an expe r imen ta l  invest igation.  It should be noted that in 
n a t u r a l - m o d e l  t he r m a l  endurance t e s t s  an HIRS may  ope ra te  in a hea t e r  s y s t e m  compr i s ing  s e v e r a l  sources  
and r e f l ec to r s .  The invest igat ion and the development  of an HIRS incorpora ted  into a faci l i ty  r equ i re s  the de-  
ve lopment  of a comple te  s y s t e m  for  compute r  design of such fac i l i t ies ,  based  on methods of designing and 
tes t ing of an individual i sola ted HIRS. 

Mathemat ica l  Model of the Discharge .  We a s s u m e  that the p l a s m a  is in a s ta te  of local  thermodynamic  
equi l ibr ium (LTE) .  The s y s t e m  of ene rgy  ba lance  and rad ia t ive  t r a n s f e r  equations desc r ib ing  the physical  
p r o c e s s e s  in the d i scharge  takes  the f o r m  

1 d [zk,(T) dT ] , ~ divF r 0, RZz dz ~ ~-o(T) E i - -  = (1) 

[ 1 du~ ] ,  K~,z - - u ~ ) = 0 ,  1 d z ~- (u~e (2)  
3RZz dz K(,.z dz 

div F r = c i Kvz (u~ e -  uv) dr. (3) 
0 

The boundary  conditions a r e  

z=O, dT _0,  du,~ _0 ,  (4) 
dz dz 

A duv 
z - -  1, T =: T~, uv = RK'vr. dz (5) 

Here  we neglect  convect ion and postula te  that the vol tage E1 is constant  along the arc .  Equations (2) and 
(3) de sc r ibe  rad ia t ive  t r a n s f e r  in the diffusion approximat ion.  According to the data of [2], the constant  A = 
0 .847 .  
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The agreement  of resu l t s  of calculat ions using the mathemat ical  model adopted depends strongly on the 
accuracy  of the mater ia l  functions or, XT, and especiaUy Kvr  ., s i n c e  the main fo rm of energy t rans fe r  in high- 
power  d ischarges  is radiat ive t ransfer ;  a and X T for  a xenon p lasma have been calculated and measured  by 
a number  of authors,  to sufficient accuracy  for  prac t ica l  purposes.  Here we use the resul ts  of [3, 4]. 

The value of KvZ' was calculated [5], accounting for the following radiat ive p roces ses :  photoionization 
of the atoms and f i rs t  ions of Xe, b rehmss t rah lung  p r o c e s s e s  in the atoms and ions of Xe, and the XeI lines, 
broadened by var ious  mechanisms.  The bound-free  absorption coefficient is determined using photoionization 
c r o s s  sections of [6 ] by di rec t  summation over  levels. Bremss t rah lung  p roces se s  in the ions are  accounted 
for  by means of the ~- fac tor  [5, 7],  and here  we used the fact that the quantum defects of the levels are  inde- 
pendent of energy.  The f r e e - f r e e  t ransi t ions in the fields of neutral  atoms,  according to es t imates  we made, 

f give a negligibly smal l  contribution to KvZ in the region examined: frequency v = 0 . 0 2 -  3.1015 Hz, tempera-  
ture  2000-20,000~ p r e s s u r e  5-25 atm. In the d i scre te  spec t rum we considered in detail the f i r s t  t e rms  of 
the spec t ra l  se r ies  fo rmed by transi t ions to the 6s, 6p, 6s ' ,  5d, 5p 6 iS 0 levels. Of the various mechanisms for  
line broadening we took into account the Stark, Doppler, resonance,  and Van der  Waals. 

A numer ica l  solution of the sys tem of equations (1)-(3) was pe r fo rmed  by a t ime-dependent  method [8 ], 
which was chosen to avoid instabili t ies appearing when other methods are  used (Runge-Kut ta ,  A d a m s - K r y l o v ) .  
A f ini te-difference approximation to the equations was wri t ten in implicit  form, and the sys tem of algebraic 
equations obtained was solved by a marching method. 

By solving the sys t em (1)"(3) we found the tempera ture  profile in the plasma,  the potential El, the heat 
flux FT, and the rad ian t  flux F r incident on the wall of the d ischarge  tube, the spectra l  flux Fry,  and the 

! 
spec t ra l  flux F ry  , which passes  through the d ischarge  tube wall, the coolants,  and the outer envelope, account-  
hag for  the actual t r ansmiss ion  curves  of these, and the initial Xe p r e s s u r e  at the given operating efficiency 
7/HIRS of the HIRS. 

Determinat ion of Limiting Charac te r i s t i c s .  In calculating the limiting operating conditions of a continu- 
ous HIRS one must  take into account that there a re  two possible causes of breakdown of operation of a gas-  
d i scharge  tube: the tube wall t empera tu re  can exceed some limit Tli m,  leading to crysta l l iza t ion of the 
quar tz  at a cer ta in  rate,  and the wall mater ia l  can reach  a limiting state of s t r ess ,  i.e,, the tube breaks  up 
under mechanical  s t r e s s e s  al l  m . These s t r e s s e s  are  due to internal p r e s su re  and the nonuniformity of heat- 
ing. 

The equation descr ib ing the thermal  s tate  of the d ischarge  tube wall has the fo rm 

d [~w(Tw~ d T w l  i l dx -~x J + (F~ + Fr ) ~l,K~exp [-- K,~x] d r =  O. (6) 
"o" 

The boundary conditions are  

x O, s (Ti) dTw ,.eft 
dx (7) 

x = hi, ~,w (Tz) dTw _ ~. (Tz - -  Tc) = 0, 
dx (8) 

Beyond the quartz  t ransmiss ion  boundary the radiative energy absorption occurs  in a thin surface layer.  
This is accounted for  in boundary condition (7) by introducing the quantity 

eff i F~ = F  T+ F r.flv. (9) 
vi 

The wall of a cyl indrical  d ischarge  tube is considered as planar.  The admissibi l i ty  of this substitution 
is d iscussed in [9]. The solution of Eq. (6) has the form 

vl 1],, l Tw (x)= O~(F,§ F~)(n§ l) [ _  f ----exp[--K,~x]dv--x -1- 
z0 L J K,., 

0 (10) 

' 7],. \ ~ l / ( n + l )  

+ r o  . Zo . " 

0 0 

263 



Hence it is  easy  to find the tempera ture  T1 on the inner sur face  of the tube. 

Using the resu l t s  of [10], we can wri te  express ions  for  the c i rcumferen t ia l  a| axial a0, and radial  a r 
s t r e s s e s  in the fo rm 

c~,E. 1 ( r 2 - q - R  2 ~ PRz(rZq-b2)  (11) 
'J~ l - - v 1  r ~ \ - b Z ~ - R z .  Tw (r)rdr--}- T w r d r - - T w r Z ,  -}- rZ(b2__R2 ) , 

R R 

b 

b~-TZ_ ~ (12) 
R 

fir(r) = 1 - - V t  r 2 b 2 - - R  z . ( r ) rdr  - -  T w (r) r ~ r a ( b Z _ R z  ) , (13) 
R R 

where R and b are  the inner  and outer  radii  of the envelope. 

With Eqs. (10)-(13) one can solve the problem of determining the limiting cha rac te r i s t i c s  of an HIRS 
( f rom the viewpoint of operabil i ty of the envelope).  Depending on the limiting pa rame te r  (Tli m or  crlim), the 
governing quantity may be the voltage or  the temperature .  At large p r e s s u r e s  the s t r e s se s  due to internal  
p r e s s u r e  are  high. As the wall thickness inc reases  the thermal  s t r e s s  inc reases  and the s t r e s s  due to p r e s -  
sure  decreases .  Therefore ,  at la rge  p r e s s u r e  (p ~ 20 atm) there  is an optimal envelope thickness.  

�9 Experimental  Investigations and Discussion of Results.  Of the la rge  set  of experimental  investigations 

we can single out three basic  types.. 

1) an experimental  check of the computational and theoret ical  models of the working p rocess  in the 

HTRS; 

2) an experimental  check of the elements  and of the HIRS s t ruc ture  as a whole; 

3) a tes t  of mater ia l  specimens  and of s t ruc tura l  e lements  by means of the HIRS facili t ies that have 

been developed. 

The f i r s t  group of investigations is based on a check of agreement  between the design values and the ex- 
per imenta l ly  determined HIRS output pa r am e te r s ,  such as the efficiency, the v o l t - a m p e r e  charac te r i s t i cs ,  
etc.;  the second group is done as an exper imental  check of the suitabili ty of var ious mater ia ls  for  construct ion 
of HIRS components,  and also to check the operabil i ty of the elements  and the HIRS s t ruc ture  as a whole; the 
aim of the third group is to determine the speed of propagat ion of tempera ture  waves in the mater ia l ,  to mea-  

sure  the t empera tu re  field in the specimen,  etc.. 

To conduct the entire set  of experiments  we designed and built  a facil i ty which included the hydraulic 
sys tem,  the e lec t r ica l  supply sys tem,  the control  and automation system,  the measurement  system, and the 

gas sys tem.  

u I J  550 ~ - 

350 , 

150 50 f50 250 / 
Fig, 1. Volt-ampere characteristics of the 

HIRS: I) R=0.6"10 -2m; P0 =300t~ 
(H~S-50); 2) R = 0.35" 10 -2 m; P0 = 300 
tort (HIRS-20); the curves are theory; the 
points are  the experiment.  U is in V, and I 
is in A. 
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Fig. 2. HIRS efficiency: a) R = 0.35.10 -2 

m; b) R = 0 . 8 " 1 0  -2m;  1) p = 5 . 1 0  sN/m2;  
2) 15- 105; 3) 25. 105; the curves  are  
theory;  the points are  experiment.  ~HIRS, 
%; <j), kA/cm 2. 

I 

Fig. 3. The l imi t ing total energy 
f lux on the wal l  and the eff iciency 
of the HIRB as a function of the 
wall thickness and the p lasma 
p r e s s u r e .  R = 0.35" 10 -2 m. The 
numera l s  on the curves  are  the 
p lasma  p r e s s u r e ,  in N /m 2. F~  �9 10 -2 
is in W / c m  2, h is in cm. 

Figure  1 shows the theoret ical  and experimental  v o l t - a m p e r e  charac te r i s t i c s  of the HIRS-20, with an 
in tere lee t rode  distance of 200 ram, and of the HIRS-50, with an intereleetrode distance of 500 ram. It should 
be noted that the mathemat ica l  model of the d ischarge  takes ra ther  fully into account the p rocesses  occurr ing 
in a xenon discharge  plasma.  Figure  2 shows data on the experimental  and theoret ical  efficiency of the HIRS, 
this being defined as the rat io of the integral  radiat ive flux passing the wall of the d ischarge  tube, the cooler ,  
and the outer  envelope, to the e lec t r ica l  power developed in the HIRS. For  the calculated efficiency we as-  
sumed t r ansmiss ion  curves  for  domest ic  quar tz  with a t ransmiss ion  limit of ~b = 1.25- 10 is sec -1. F r o m  the 
resul ts  presented  it can be seen that for the low-power conditions achieved in the type HIRS-20, the efficiency 
lies in the range 60-70%. To increase  the efficiency one must  design a HIRS with a higher operating voltage. 

Some of the resul ts  on l imi ts  of the e lec t r ica l  power F Z, t r ans fe r r ed  per  unit surface area,  and on the 
HIRS efficiency, a re  shown in Fig. 3. We assumed values of 1600~ and 3.107 N/m 2 for  Tlim and Slim, r e -  
spectively.  It can be seen f rom Fig. 2 that the highest  cha rac te r i s t i c s  cor respond to the small  wall thickness 
(h 1 < 0.1 era). A reduction of the working p r e s s u r e  in the HIRS increases  FZ. Since a p r e s s u r e  reduction 
lowers the HLRS efficiency, the optimal p res su re ,  giving the g rea tes t  radiant  flux, should evidently be p = 
15.105 N/m 2, for  the above values of Tli m and Crli m. When the tube radius is increased  to 0.8 cm, the p r e s -  
sure  optimum is displaced to 5" 105 N/m 2, and here  as before a low wall thickness is preferable ,  and the radi -  
ative output inc reases  by a fac tor  of 1.2 to 1.3 compared  with the R = 0.35 cm case.  

F igure  4 shows experimental  data on the ra te  of specimen surface t empera tu re  increase  for var ious  m a -  
ter ials .  The heating was accomplished ei ther  with one HIRS-20, or  by KI-type infrared lamps, which are  cu r -  
rent ly widely used for  heating of l a r g e - s i z e  mater ia l  specimens and s t ruc tures .  Analysis  of the resul ts  ob- 
tained shows that their  use is p r e f e r r ed  as hea ters  in high-power radiative sources .  
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Fig. 4. Experimental determination of the 
heating rate: a) heating Of the HIRS-2O; b) 
heating with KI infrared lamps; 1) type M2 
copper; 2) type St.45 steel; 3) type 
KhlSN9T steel. T, ~ ~, sec. 

N O T A T I O N  

r, current radius; R, discharge tube radius; z = r /R,  relative radial coordinate; Fr,  integral radiative 
flux; up, radiant energy density; Upe , energy density of equilibrium radiation; c, speed of light; T w, wall 
temperature; kT, thermal conductivity; a, electrical conductivity; K~r., total plasma absorption coefficient; 
9, frequency; kw(T w) = k0(Tw/@) n, thermal conductivity of the walI material (for quartz k 0 = 0.014 W/dog. cm, 
n = 1/3; | = 293~ T1, T2, temperatures on the inner and outer surfaces of the tube; To, cooler temperature; 
Kv, spectral absorption coefficient of the wall material;  Tl, limiting frequency for radiative transmission of 
the wall material; hi, wall thickness; a ,  heat removal coefficient; E, elastic modulus for elongation and com- 
pression; v1, Poisson coefficient; h, Planck constant; (j), current density. 
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