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An analyt ica l  solut ion is found for  the nonlinear  hydrodynamic  p rob l em descr ib ing  the r e a c -  
tion of the cooling liquid which pa r t i a l ly  ab so rbs  radia t ion  f rom a f lash tube, in the case  of 
a s ingle f lash of the l a t t e r .  A method of reducing the p r e s s u r e  in the liquid, in o rde r  to in- 
c r e a s e  the l imit ing load of the f lash tube, is desc r ibed .  

Due to the l imit ing load and life of f lash tubes opera t ing in a cooling liquid which abso rbs  the par t  
of the i r  rad ia t ion  which is ha rmfu l  for  the act ive  e lement  of a l a se r ,  in compar i son  with the s a m e  p a r a m -  
e t e r s  for f lash tubes opera t ing in a med ium which does not p o s s e s s  f i l ter ing p rope r t i e s ,  the poss ibi l i ty  
a r i s e s  of calculat ing the t e m p e r a t u r e  and p r e s s u r e  developed in the liquid by the act ion of the radia t ion  
f rom the f lash tube.  A calculat ion of this na ture  was ca r r i ed  out within the f r a m e w o r k  of l inear  acous t ics  
in [1]. In this p re sen t  pape r ,  the r e s u l t s  a r e  obtained in l inear  approx imat ion  with r e s p e c t  to densi ty and 
in nonlinear  approx ima t ion  with r e s p e c t  to t e m p e r a t u r e  of the liquid, which expands significantly the i r  
r ange  of appl icabi l i ty  in c o m p a r i s o n  with [1]. 

The liquid fills the space  between two coaxial  cyl inders  -- the flash tube ve s se l  and the r e f l ec to r .  
We shall  a s s u m e  that  the f lash tube and r e f l ec to r  have an infinite length along the axis of axial  s y m m e t r y .  
Then,  in view of the s y m m e t r y  of the p rob lem,  all  quanti t ies will depend only on the dis tance to the axis 
of the cyl inders  and the t i m e  (r and t ,  r e spec t ive ly ) .  

We shal l  a s s u m e  that  the re la t ion  

U 

is sa t i s f ied .  Since the p r e s s u r e  in the liquid is smoothed with the veloci ty  of sound, condition (1) shows 
that  the p r e s s u r e  in the l a s e r  is a function only of t ime .  

As will be seen  la te r ,  without violat ing genera l i ty ,  it can be a s sumed  that  the coolant is defined in- 
dependently of the f requency by the absorp t ion  coefficient  over  a ce r ta in  range  of f requencies  of the inc i -  
dent radiat ion,  and in the r ema in ing  spec t r a l  region it is absolute ly  t r a n s p a r e n t .  

Then the p r o c e s s e s  taking p lace  in the liquid a r e  desc r ibed  by the following equations:  

~ T dt 
%=. + s, 
(v,  s) = --KS, 
p (t) = p (p, V), 

where  p(p ,  T) is the equation of s t a te  (assumed to be known). 

The f i r s t  equat ion of s y s t e m  (2) is a consequence of the law of conserva t ion  of energy  - -  (V, q)dt 
= p d e  - -  (p/p2)dp,  and the hydrodynamic  flows in q can be neglected in view of condition (1). 

Sys tem (2), toge ther  with the conditions T(0, r) = T 0, p(0, r) = P0(t = 0 co r responds  to the s t a r t  of 
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the flash), S(t, R 1) = w(t), the conditions of t h e r m a l  exchange at the boundary,  and the condition of con- 
s e rva t i on  of m a s s  f pdV = const defines comple te ly  the s ta te  of the liquid.* 

V 
Because  the t e m p e r a t u r e  of the liquid is much less  than the value at which t h e r m a l  ionizat ion of the 

molecu les  becomes  significant ,  the coeff icient  K can be a s s u m e d  to be independent of the t e m p e r a t u r e .  

But s ince the pr inc ipa l  m e c h a n i s m  of rad ia t ion  absorp t ion  is the absorp t ion  of a quantum by an indi-  
vidual molecule ,  we obtain that K = kp, where  k is constant  for  a g iven coolant quantity.  

We shal l  suppose that  p = P0 + P�94 lPl[ << ~0, and we shal l  take into account  only the f i r s t  nonvanish-  
ing t e r m s  in the expansion with r e s p e c t  to Pi- 

With these  a s sumpt ions ,  the third equation of s y s t e m  (2) is in tegra ted  at once and we obtain 

s = ~ (0 R ,  exp { -  k~o (r - R,)} =-- = (t) g (r). (3) 
f 

Because  K --- kp, and the liquid expands when heated,  the exp re s s ion  for  S is s table  r e l a t ive  to  smal l  
changes of p, and the re fo re ,  the subst i tut ion of kp by l~o 0 cannot introduce a l a rge  e r r o r . ?  

Since the t h e r m a l  conductivity of the liquid is smal l ,  during the en t i re  flash i~<VTt << S, i . e . ,  q ~ S 
(all numer ica l  e s t i m a t e s  will be  made at the end of the paper ) .  

The equation of s ta te  of the liquid, appl icable  for  its change of t e m p e r a t u r e  and densi ty  over  a wide 
range ,  is cons idered  in [2], However ,  for the analys is  conducted below, it is not r equ i r ed  to know the 
spec i f ic  fo rm of the function p(p, T). 

With the s ta ted  a c c u r a c y  of the quantity Cp, ~ and # a r e  functions only of t e m p e r a t u r e ,  i . e . ,  Cp(O, 
T ) ~  Cp(00, T)=- cp{T), e tc .  

Then,  by using the condition for conserva t ion  of m a s s ,  it is easy  to obtain that 

dt ~ (T) dV--  a (T) c)T_ dv = O (4) 
at 

Y V 

Substituting dp/d t ,  found f r o m  Eq. (4) in the f i r s t  equation of s y s t e m  (2), we obtain, finally, 
0T 

t- Ta (r) ~ OT dV = kg (r) w (l) ~ ~ (T) dV. (5)  c p ( r ) ~ -  ~(T) dV -~o -J a(T)-at  
0 Iz Y Y 

Before  solving Eq. (5), we note that  the main  pa r t  of the rad ia t ion  is abso rbed  in a thin l aye r  ~(kp0) - t  
c lose  to the f lash tube.  T h e r e f o r e ,  the t e m p e r a t u r e  in this l aye r  i n c r e a s e s  cons iderably .  In the r e m a i n -  
ing volume,  the t e m p e r a t u r e  changes only sl ightly because  of the a l m o s t  adiabat ic  c o m p r e s s i o n  of the cool-  
ant.  

Moreover ,  by using the t he rm odynamic  identi t ies,  it can be shown that 

Ta 2 
- -  1 _ _ 7 - 1 <  1. 

,o%1t 

F r o m  all  that  has  been  said,  it is c l ea r  that the second t e r m  in the l e f t -hand  side of Eq. (5) in the 
reg ion  of absorp t ion  is much less  than the f i r s t  t e r m .  Discard ing  it, we obtain the equation defining T in 
the reg ion  r --  R 1 < (kp0) -1. 

T t 

( cp (O) dO = kg (r) i ~ (~) d~. (6) 
,3 

In the reg ion  r - -  R 1 >> (kP0) -1, the inequali ty T - -  T o << T O is sa t i s f ied ,  and the re fo re ,  we can put with 
the s ta ted  accu r acy  that  cp(T) -~ cp(T 0) - Cp0 ! c~(T) ~ ~(T0) = s0; and fi(T) ~- fl(T0) =- fi0. Denoting the 

volume of the absorp t ion  l ayer  by Vc; 1/fl 0 ~c~(T)dV by f(t) and 1/fi~ "V~Tc~ (T)(ST/at)dV by F(t) i f ( r ,  t), 

*In view of the translational symmetry along the axis of the cylinders, here and in future we shall under- 
stand by V, the volume arriving per unit length of the axis of axial symmetry. 
?If, over the range of frequencies being filtered, the function k(w) is significant (w is the frequency of the 
radiation), then the expression of the type of Eq. (3) is valid only for the differential S. In order to obtain 
the total energy flow density, it must be integrated with respect to frequency. In the remainder of the 
scheme of calculation, it remains without change. 
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which is  the so lu t ion  of Eq. (6), is  subs t i tu ted  in the in tegra l s ] ,  we obtain  that  Eq. 
>> (kp0) - i ,  in l i nea r  a p p r o x i m a t i o n  with r e s p e c t  to  T --  T 0, has  the f o r m *  

In t eg ra t ing  Eq. 

(5) in the r eg ion  r --  t~ t 

OT %~o Toa~ ~ OT ~oCpo ~ [V -~- f (1)] - -  TF (t) ] dV = O. (7) 
Po Po .~ dt 

V-Vc . . . . . . . . . .  
(7) o v e r  the  vo lume  V -- V c, we obtain the d i f fe ren t ia l  equat ion which def ines  f TdV.  

W-Vc 
Expanding i ts  so lu t ion  in T a y l o r  s e r i e s  and l imi t ing  it to  the f i r s t  non t r iv ia l  t e r m ,  we obtain that  

i 

TdV ,~ ToV 1 a~176 (g) d~ 
;, Oo~o%o iv i f (~)] - -  ToVcz~ 

V--Vc 

Retu rn ing  to  Eq. (4), we obtain,  f inal ly,  
i 

f { } P = Po § d~ F (~) 1 • agT~ 
V 4- f (~) Po~o%o IV @ f (~)] -- ToVag " 

0 

E x p r e s s i o n  (8) can  be  s i m p l i f i e d  somewha t ,  if we t ake  into account  that ,  gene ra l ly ,  

70 C 
Po~oCp ~ << 1 add maxt - {f (t)} <( V 

(8) 

[the l a t t e r  is b e c a u s e  fi (T) v a r i e s  within finite l imi t s  in a sma l l  r e g i o n  V c]. In this  ca se  
t 

?o ~ F (~) d~, P ~  Po @ -~- 
, 3  

0 

Here  To - Y (To). Knowing the  funct ion p(t), it is  not diff icul t  to  d e t e r m i n e  T( r ,  t) and pt(r ,  t). 

T = T  I @ T  O a~ ( p - p ~  
poCpo 

H e r e  T 1 is the  so lu t ion  of Eq. (6), 

Pl = ~ (T) P0 [P (t) - -  p (T, P0)I. 

(9) 

We have  

(i0) 

As F(t) is independent  of V, t hen  the exces s  p r e s s u r e  o r ig ina t ing  in the coolant  is i n v e r s e l y  p r o p o r -  

t iona l  to  the  vo lume  of l iquid.  

If Cp and a depend weakly  on T,  then  it can be a s s u m e d  tha t  Cp ~ Cp0 and a - a0 a l s o  in the  r e g i o n  
V c.  Then  e x p r e s s i o n  (9) g ives  a r e s u l t  which co inc ides  with tha t  obtained in [1] fo r  the c o r r e s p o n d i n g  

cas e. 

In the calculation given, boiling of the coolant has not been taken into account. This is valid if tran- 
sition to the final state is achieved by a path which does not intersect the phase equilibrium curve. If the 
liquid starts to boil and boiling takes place far from the critical point and as P0 z> Pn, but the total volume 
is fixed, then boiling must lead to a significant increase of pressure. The pressure can be determined 

from the formula 

A p ~ u  ~ n(p0--p~) , 
1 - - n  

to  an  o r d e r  of  magn i tude  of  the p r e s s u r e  r i s e ,  w h e r e  n is the  r a t i o  of the  vo lume occupied  by the  gas  phase  
to  the tota l  vo lum e .  This  type  of  s i tua t ion  f requen t ly  is ach ieved  in  an  e x p e r i m e n t  [3]. 

A quant i ta t ive  computa t ion  of  the effect  of boi l ing on the d i s t r ibu t ion  of  p r e s s u r e ,  dens i ty ,  and t e m -  
p e r a t u r e  in the l iquid r e q u i r e s  s e p a r a t e  c o n s i d e r a t i o n  and fal ls  outs ide  the  s c o p e  of this  p r e s e n t  pape r .  

It should  be  noted that  f o r m u l a s  (8)-(10) r e m a i n  val id,  even if  Iplt ~ P0 in the r e g i o n  V c.  Actua l ly ,  
in  this  r e g i o n  the l imi t a t ion  of Iptl << P0 for  a g iven  f lash  ene rgy  is the  l imi ta t ion  on the  quant i ty  K, while 
for  the  magni tude  of  the p r e s s u r e  only the  tota l  quant i ty  of  a b s o r b e d  e n e r g y  is impor t an t ,  a n d t h e r e f o r e ,  in  
z e r o  a p p r o x i m a t i o n  p g e n e r a l l y  is independent  of K. In i ts  t u rn ,  Eq.  (6), which def ines  T in the r e g i o n  Vc, 

* F r o m  the ex i s t ence  of  the  r e g i ~  r - -  R 1 >> (kP0) -1, i t  fol lows that  V -> V c. This  inequal i ty  was used  in  
the  d e r i v a t i o n  of Eq. (7). 

184 



shows that in the stated region the liquid can be assumed to be heated up isobar ical !y .  However, the lat ter  
is conditioned by the proper t ies  of the liquid and not by the sma l lne s s  of Pl in compar ison  with P0. 

Let us c a r r y  out numer ica l  es t imates ,  choosing an aqueous solution of a dye [4] as the coolant, and 
assuming that a ,  fi, and Cp a re  independent of the t empera tu re .  We have (see, for example [5, 6]) Cp 
= 1 c a l / g . d e g ;  p = 1 g/cm3; ~ = 0.6 W / m - d e g ;  a0 = 2.1 -10 -4 l i te r /deg;  /3o 4.9"10-5 t i t e r / a tm .  

The condition iplL << P0 applies a constraint  on the flash energy density W << (P0Cp0/C~0K~), where 77 
is the emiss ion  efficiency of the flash tube in the fi l tered par t  of the spec t rum (usually 77 ~ 0.1). 

Choosing K = 100 cm -1, we obtain W << 2 "102 J / c m  2 and T << 5. 103~ 

a~~ % O, 1. 
Po~0Cpo << Po~o%o 

In order  to avoid boiling, the pa r ame te r s  of the sys tem must  be chosen so that the inequality 

2 
R~--R[ a~ �9 Tc--T~ (II) 

2R1 K < 70 ~ Pc - -  Po 

is sat isf ied.  

In the case considered,  condition (11) is satisfied when R 2 -- R 1 ~ 0.1 cm (R I >> R 2 -- R1). For  this 
gap thickness and W = 30 J / c m  2, we obtain f rom formula (9) that p --  P0 = 30 atm. A commerc ia l - type  
flash tube withstands this p r e s s u r e  without dis tor t ion [7]. Moreover ,  it exerts  a compensating effect on 
the internal p r e s s u r e  in the flash tube. This should inc rease  the limiting loads and the life of flash tubes 
in accordance  with the resul ts  of [1]. 

We approximate  the function w(t) by the relat ion w0exp (--t/v) (w 0 = const). With this approximation, 
the t empera tu re  of the liquid at the s ta r t  of the flash increases  more  rapidly than in actual cases ,  for 
which w(0) = 0. A typical  value of r for flash tubes is 5 .10  -a sec [8]. For  this value of r we obtain that 
the flow of energy in the liquid, due to thermal  conductivity, is equal to the flow of radiant energy during 
~5~.  Therefore ,  it is pe rmiss ib le  to neglect the t h e r m a l  conductivity of the liquid in calculations,  during 
the entire flash. 

T 

n 

Ri 

R2 
T 

P 
P 
q 
S 
c v, Cp 

Cg 

13 
~4 

,On 

Ts 
Pc 
W 

T --- Cp/Cv. 

NOTATION 

Is the duration of flash; 

is the velocity of sound in the liquid; 

is the external radius of flash-tube container; 

is the internal radius of reflector; 

is the temperature of liquid; 

is the pressure of liquid; 

Is the density of liquid; 

is the energy flux density; 

is the Poynting's vector in the filtered range of frequencies; 

are the specific heats; 

~s the specific internal energy; 

~s the coefficient of volume expansion, 
is the i so thermal  compress ibi l i ty ;  
is the coefficient of thermal  conductivity; 
is the density of gas phase; 
is the cr i t ical  t empera tu re  of liquid; 
~s the cr i t ical  p re s su re ;  
is the energy density of flash; 

I. 

2. 
3. 
4. 
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