
tmax tmin 
z - z ~m i ~ \0,~+ i.f." (I) 

The values of the coefficient B are :  for packing" I -  B = 3.44; I I -  B = 2.16, and I I I -  B = 2.97. With the poros -  
ity taken into account expression (l) will take the form 

ma~ m~n ( ~m~0,66 
t z --~Z Xm ~ (0.64-p 5,885) R -0.8 

qin% t~-g/  el'f" " 

The dependences of the maximum tempera ture  nonuniformity on the ca lo r ime te r  surface of the f i r s t  
ser ies  of different type s of packings on the quantity Rec a re  presented in Fig. 4. The dependences obtained for 
an isolated ca lo r imete r  in the initial section of the jet are  shown by the lines. Analysis of the dependences 
shows that the maximum tempera ture  nonuniformity on the ca lo r imete r  surface in the f i rs t  se r ies  of packings 
increases as the value of the ratio D0/D e decreases and is practically always higher than for an isolated 
sphere with the identical values of D0/D c. 
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UDC 535.214 

The question of the limiting depth of penetration of a laser beam into a target material is of significant 
physical interest, as well as being of practical importance, for example, in increasing the efficiency of laser 
welding. It is known that with decrease in the velocity of beam motion its penetration into the target increases, 
and it can be assumed that the maximum depth is attained with a nonmoving beam. We note that in experiments 
with such a beam under certain conditions, a quite stable cavity has been observed, showing relatively small 
oscillations of its surface [1]. Therefore, it is of interest, as one stage in the investigation of laser welding, 
to study the model of a stationary vapor channel, formed in a liquid by a nonmoving laser beam. It is natural 
to commence with the simplest possible models of mechanical and thermal equilibrium of the cavity, not con- 
sidering plasma phenomena, liquid hydrodynamics, light scattering, etc. 

The condition for cavity stability is the equality of the pressures Pi and P2 (Fig. 1) at each point of the 
surface. In the present study it will be assumed that Pl is composed of the hydrostatie pressure in the liquid, 
the external pressure Pa, and the pressure due to surface tension forces: Pl = d(h - z) + Pa + Grk, while P2 is 
composed of the pressure in the vapor p and the recoil pressure produced by mass transfer through the cavity 
surface. Here d is the specific gravity of the liquid, o- is the surface tension coefficient, k is the channel sur- 
face curvature, and h is its depth. In [2, 3] in a similar formulation of the problem it was assumed that p = 
eonst = Pa' which eliminated any effect of vapor flow dynamics in the cavity on cavity form. 

In a deep and narrow channel, which is characteristic of laser welding techniques, it can be assumed that 
the gasdynamic quantities figuring in the problem are functions solely of distance from the cavity bottom z, 
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while heat  and m a s s  t r a n s f e r  at  the s u r f a c e  can be cons ide red  by d i s t r ibu ted  s o u r c e s .  T h e r e f o r e  fo r  f u r t h e r  
s tudy of the deep pene t r a t i on  m e c h a n i s m  and inves t igat ion of the ro le  of vapor  d y n a m i c s  in cav i ty  f o r m a t i o n  
we will use the equat ions of  q u a s i - o n e - d i m e n s i o n a l  g a s d y n a m i c s  

(pvr2) ' = (2r/sin 0)],~, [(p -~ pv~)r~]'= (2r/sin 0)jp, [P vr~(e ~- v2/2) 4zPvr2]' (1) 

=(2r/sin 0)]5, p = (R /M)pT ,  e ~ cpT ~- ~., 

where  r is the cav i ty  rad ius ;  p, v, T, densi ty ,  ve loci ty ,  and t e m p e r a t u r e  of  the vapor ;  ]m, Jp, Je, m a s s ,  m o -  
mentum,  and ene rgy  flux dens i t i e s  through the phase  sur face ;  M, m o l a r  weight  of  the ma te r i a l ;  X, la tent  heat  
of  evapora t ion ;  and e, in te rna l  e n e r g y  of the vapor .  The p r i m e  denotes  the ope ra t ion  d / d z .  

We a s s u m e  that  l ight  absorp t ion ,  evapora t ion ,  and condensat ion take p lace  so le ly  on the su r face .  If the 
su r f ace  t e m p e r a t u r e  at  a given point  is equal to TS, then fo r  the m a s s  flux ]m we m a y  use  Knudsen ' s  wel l -  
known e x p r e s s i o n  

]m=]+__] =]// M - p~ vrr (e) 

where  PS is the s a tu r a t ed  vapo r  p r e s s u r e  at  the su r f ace  t e m p e r a t u r e  Ts ,  j+ and j -  a r e  the flux dens i t i es  
d i r ec t ed  into and out of  the cavi ty ,  r e spec t ive ly .  The flux j+ moves  with a t he rma l  ve loc i ty  v+ = ~] 8RTS/~M," 
d i r ec t ed  along the n o r m a l  to the su r face .  Since in Eq. (1) we have only axial  p ro j ec t ions  of the ve loc i t i es ,  then 

]p = ]+v+ cos 0 --  ~lv]- -[-p cos 0. (3) 

The coef f ic ien t  )/ c o n s i d e r s  in s o m e  effec t ive  m a n n e r  the fact  that the flux j_ c a r r i e s  off mo lecu l e s  f r o m  a 
r e l a t ive ly  thin boundary  l a y e r  of vapor  flowing at  a ve loc i ty  which in gene ra l  is l e s s  than the vapor  ve loc i ty  v 
on the flow axis .  We note that  Jm, ]p, and Je a r e  defined by the k inet ics  of the p r o c e s s e s  of  m a t e r i a l  e v a p o r a -  
t ion and condensa t ion  on the phase  boundary .  Unfor tunate ly  the kinet ics  of the phase  t r ans i t i on  a r e  diff icult  to 
r econc i l e  with the o n e - d i m e n s i o n a l  na tu re  of  the p rob lem,  forc ing  the use  of  a r t i f i c i a l  p r o c e d u r e s  (for e x a m -  
ple,  the in t roduct ion  of  ~/). The e n e r g y  flux dens i ty  has the f o r m  

], ~-- ]+ (vU2 + c~r + X) --  j_ (v~_/2 + opt + ~)~ (4) 

where  v- = ~f 8RT/~rM is the t h e r m a l  ve loc i ty  of  molecu les  in the vapor .  

As has a l r e a d y  been  noted, in the given model  the l a s e r  b e a m  is cons ide red  only as  an in tense  s o u r c e  of 
heat ,  which is l i be ra t ed  in a thin su r f a c e  l aye r .  In a long n a r r o w  cavi ty  it can  be a s s u m e d  that  r e m o v a l  of  heat  
into the l iquid o c c u r s  in a rad ia l  d i rec t ion ,  and we may  approx ima te  the t h e r m a l  flux value by  a d i f fe rence  r e -  
la t ionship ~ ( T s -  T ~  ) / r ,  where  Too is the l iquid t e m p e r a t u r e  far  f r o m  the vapo r  channel.  Let  the l a s e r  b e a m  
have a Gauss [an  p o w e r  dens i ty  d is t r ibut ion ,  and the en t i re  incident  e n e r g y  be comple te ly  absorbed .  Then the 
su r f ace  t e m p e r a t u r e  T s can be d e t e r m i n e d  f r o m  the t he rma l  ba lance  equat ion 

q exp [--(r/ro)lcos 0 = a(T  s - To~)/r -{- ]~. (5) 

We comple te  ou r  s y s t e m  of equat ions  with the condit ion fo r  su r f ace  equ i l ib r ium 

d(h - -  z) + ak ~- p~ = ]+v+ ~- j_v_,, (6) 
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where k = sin O/r + (sin O)'/r', and the right side is the total pressure from the vapor side on the liquid. 

In order to completely define the boundary problem it is necessary to specify boundary values for the 

variables. On the bottom of the cavity these values are related to each other by the conservation laws: 

q = OoVo k + • - -  Too)/~,~ (7) 
2ff 

poVo = ]+(/ 'so)  - ] : (To) ,  p s ( ro )  = p(To,~ po),, 

w h e r e  a is  the r a d i u s  of  c u r v a t u r e  of  the s u r f a c e  a t  the bo t tom.  As  in [4] ,  i t  i s  a s s u m e d  h e r e  tha t  the  v a p o r  
in a v e r y  n a r r o w  l a y e r  a t  the s u r f a c e  e n t e r s  the s a t u r a t e d  s t a t e ,  c o r r e s p o n d i n g  to a t e m p e r a t u r e  T 0. In the in -  
f r a s o n i c  flow r e g i m e  s y s t e m  (7) is  c o m p l e t e d  by  a cond i t ion  a t  the channe l  input  

p(h) = p~. (8) 

With s u p e r s o n i c  flow th i s  cond i t ion  i s  r e p l a c e d  by the cond i t ion  r '  (h) ~> A, w h e r e  A is  a s u f f i c i e n t l y  l a r g e  
n u m b e r .  

The b o u n d a r y  p r o b l e m  de f ined  by  Eqs .  ( 1 ) - ( 8 )  was s o l v e d  n u m e r i c a l l y  with a BESM-6  c o m p u t e r  f o r  a 
n u m b e r  of  m a t e r i a l s  o v e r  a wide  r a n g e  of  e x t e r n a l  m e d i u m  and l a s e r  b e a m  p a r a m e t e r s .  C a l c u l a t i o n s  showed 
tha t  d i r e c t  s u b s t i t u t i o n  of p a r a m e t e r s  c h a r a c t e r i s t i c  of  l a s e r  we ld ing  p r o c e s s e s  p r o d u c e d  an u n s a t i s f a c t o r y  
r e s u l t .  The v a p o r  f low c o n d e n s e s  so i n t e n s e l y ,  even  n e a r  the bo t tom,  tha t  i t s  v e l o c i t y  f a l l s  to z e r o  a t  a dep th  
much  l e s s  than r0, i . e . ,  one of the o r i g i n a l  a s s u m p t i o n s  is  not  fu l f i l l ed  ( h  >> r0) .  I t  was found that  the m o d e l  
i s  not  c o n t r a d i c t o r y  fo r  fu sed  d i e l e c t r i c s  a t  e x t e r n a l  p r e s s u r e s  which  e n s u r e  an i n f r a s o n i c  f low r e g i m e  wi thin  
the channe l .  F i g u r e  2 p r e s e n t s  the  c a v i t y  f o r m  c h a r a c t e r i s t i c  of  th i s  c a s e ,  whi le  F ig .  3 shows  the d i s t r i b u t i o n  
of g a s d y n a m i c  p a r a m e t e r s  o v e r  c a v i t y  dep th  (1, v a p o r  ve loc i t y ;  2, v a p o r  dens i t y ;  3, t e m p e r a t u r e ;  p N = 0.45 
k g / m  3, VN = 480 m / s e c ;  T N = 1070~ The p a r a m e t e r s  u s e d  fo r  the c a l c u l a t i o n s  w e r e  the fo l lowing:  

q = 0,24 MW/cm 2, r 0 = I n m ,  Pa = t .0 MPa, 

k = t ,9 kl /g ,  • = 2W/(m.degK) ,  7 = 0.01. 

We note  tha t  in a s i g n i f i c a n t  p o r t i o n  of  the channe l  (above  po in t  A in F ig .  2) t h e r m a l  b a l a n e e  i s  m a i n t a i n e d  by  
v a p o r  c o n d e n s a t i o n  on the wa l l s .  In c o n s t r a s t  to [2, 3],  w h e r e  due to the i m p o s s i b i l i t y  of v a p o r  c o n s e n a t i o n  
r ( h )  ~ r 0 a l w a y s ,  h e r e  the c a v i t y  r a d i u s  a t  the input  is  d e t e r m i n e d  by  flow d y n a m i c s  and can  be  g r e a t e r  than 
the b e a m  r a d i u s .  F low  b r e a k i n g  and p r e s s u r e  g rowth  a r e  e x p l a i n e d  both by  g e o m e t r i c  e x p a n s i o n  of  the  channe l  
and  m a s s  r e m o v a l  f r o m  the flow. 

A s h a r p  change  in the  g a s d y n a m i e  q u a n t i t i e s  n e a r  the  b o t t o m  is  c h a r a c t e r i s t i c .  Th i s  is  a c o n s e q u e n c e  of 
the d i f f i c u l t i e s  of r e c o n c i l i n g  a l l  v a r i a b l e  b o u n d a r y  v a l u e s  wi th in  the f r a m e w o r k  of a o n e - d i m e n s i o n a l  m o d e l  f o r  
a r e g i o n  w h e r e  the f low is  s i g n i f i c a n t l y  t w o - d i m e n s i o n a l .  I t  is  th i s  c h a r a c t e r  of the f low wi th in  th is  r e g i o n  
which d e t e r m i n e s  the p r e s e n c e  of c r i t i c a l  p a r a m e t e r s  in the g iven  mode l .  F i g u r e  4 p r e s e n t s  the c a l c u l a t e d  d e -  
pendenee  of c a v i t y  dep th  in the i n f r a s o n i c  f low r e g i m e  upon p o w e r  d e n s i t y  ( cu rve  1) and  t h e r m a l  c ondu c t i v i t y  
of the t a r g e t  m a t e r i a l  ( cu rve  2) .  A l s o  shown a r e  the c r i t i c a l  v a l u e s  found f o r  q and x .  A t  q < q ,  and • > x .  
wi th in  the f r a m e w o r k  of  the m o d e l  u s e d  i t  was  not  p o s s i b l e  to f ind s o l u t i o n s  d e s c r i b i n g  a s t a t i o n a r y  deep  c a v -  
e rn .  We s t r e s s  tha t  the e x i s t e n c e  of s o l u t i o n s  d e s c r i b e d  such  a c a v i t y  in the  i n f r a s o n i c  r e g i m e  i s  d e t e r m i n e d  
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by the vapor flow near the bottom of the cavity. However, if such a solution does exist, the details of the flow 
in this region will prove to have a weak effect on the main vapor flow characteristics far from the bottom, as 
has been confirmed by calculation. 

Numerical study of the model in the supersonic vapor flow regime revealed that no set of external 
parameters could be found which would provide a cavity with h/r 0 > 1. General analysis of the results for both 
supersonic and infrasonic regimes indicated the great sensitivity of the entire gasdynamic picture to the 
method of defining surface temperature TS, which will require more accurate calculation of heat transfer 
from the surface. 

The numerical studies of the proposed model performed, which considered vapor gasdynamics in the 
quasi-one-dimensional approximation as well as heat loss into the liquid, revealed the following. The model 
predicts daggerlike melting for materials with sufficiently low thermal conductivity and external pressures 
ensuring slow escape of the vapor from the cavity. Within the cavity significant regions may exist where 
equilibrium is maintained not by evaporation, as in [2, 3], but by condensation of vapor on the wall. The chan- 
nel width is then greater than the diameter of the light beam, and the greater part of the beam energy remains 
in the liquid. To describe deep penetration of a laser beam into metals, it is obviously necessary to consider 
the multipath character of vapor flow in the cavity, i.e., to solve the two-dimensional problem. 
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Although the problem of the design of axisymmetric bodies for minimum drag is practically solved, the 
optimization of three-dimensional aerodynamic shapes still requires detailed analysis. Many years of experi- 
ence on the design of optimal spatial configurations using some exact solutions [I-5] and approximate specifi- 
cation of aerodynamic load on the body surface [ 5-12] revealed the need for systemization of experimental re- 
sults. The first numerical computations of the flow around linear forms [ 12] only emphasized the need for con- 
ducting parametric experiments on detailed flow characteristics around three-dimensional bodies. The effect 
of aspect ratio and midsection of a star-shaped body with sharp and blunt leading edges on its drag is con- 
sidered here as a supplement to the computed results [11, 15] and experimental data [16]. It is shown experi- 
meantally that, as revealed by numerical optimization [1 I, 15], there is a strong dependence of relative drag 
reduction of stars on their aspect ratio. It is also shown that even for asymmetric star-shaped bodies [17] the 
critical parameter is the ratio of the circle inscribed at the midsection and the circle circumscribed near it. 
Slightly blunt leading edges have practically no effect on the general nature of the relations. Besides, a com- 
parison is made, on the basis of approximations, with experimental and exact computational results [18 ]. 

1. One of the features of star-shaped configurations is that among their many types there are some for 
which it is possible to obtain an exact solution for the inviscid flow field, taking into consideration all complex 

Novosibirsk.  Krasnoya r sk .  Moscow. Trans la ted  f rom Zhurnal  pr i ladnoi  Mekhaniki i Tekhnicheskoi  F iz -  
iki, No. 1, pp. 51-57, J a n u a r y - F e b r u a r y ,  1983. Original  a r t i c le  submit ted  March 18, 1982. 

44 0021-8944/83/2401-0044507.50 �9 1983 Plenum Publishing Corpora t ion  


