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Abstract 

Energy flux absorbed by the cavity of a paraboloid of revolution subject to a focused high-intensity beam, is 
systematically and quantitatively investigated. The intensity of incident flux is a Gaussian distribution, which is specified 
by the convergence angle, energy distribution parameter at the focal spot, and focal spot location relative to the 
workpiece surface. .4bsorption and scattering within the plasma in the cavity is assumed to be negligible. Using both 
analytical and Monte Carlo methods, and accounting for specular and diffuse reflections, the results find that energies 
absorbed by the cavity exhibit distinct regions for the focal spot lying above the cavity base. On the other hand, if the 
focal spot is below the base, absorbed energy flux is similar to a Gaussian distribution, and the maximum absorption is 
achieved. The effect:< of the beam focusing characteristics on the distribution of absorbed flux are provided. Formations 
of weld defects such as spiking and abnormally expanded fusion zone are proposed. 0 1998 Elsevier Science Ltd. All 
rights reserved. 

Nomenclature 
A area 
A, beam cross-seaion 
F view factor 
f focal spot location = fir,,, as shown in Fig. 1 
h fraction, as found from equations (12) and (15) 
eI transfer factor,as defined in equation (4) 
h cavity depth = h/r,, as shown in Fig. 1. 
P fraction function, as presented in equations (5) and 

(6) 
q incident flux = cjri/Q 
Q beam power 
qW dimensionless energy flux absorbed by cavity wall 
r radial coordinate = i/r, 
rf focal spot size = if/r,,, as shown in Fig. 1 
Rij vector of energy bundle from point i to j 
Rci vector of specularly reflected ray at point j 

* Corresponding author 

rs critical or minimum radius of region II, rs = ?Jr,, 
rg location of the first striking point of energy ray whose 
second specularly striking point is r3 = 1 
r0 dimensional cavity opening radius, as shown in 
Fig. 1 
s distance, defined in equation (3) 
s, r&an fi+ sign(f+ h)(f+ h), as shown in Fig. 1 
W diffuse radiosity. 

Greek syrizbols 
c( absorptivity 
/3 half convergence angle 
/?’ incident angle of an energy ray, as shown in Fig. 1 
E emissivity 
0 cone angle measured from normal line 
pd, ps diffuse and specular reflectivity 
4 circumferential angle on x-y plane 
JJ inclination angle of cavity wall, as shown in Fig. 1. 

Superscript 
^ dimensional quantity 
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Subscripts 
i, j starting and receiving point 
jn first striking point of n times specular reflection 
n normal to cavity or number of contacts 
0 point source or cavity opening 
r reflection. 

1. Introduction 

Welding, drilling, and cutting with a focused high- 
intensity beam (laser, electron beam, or plasma arc) are 
characterized by a deep and narrow vapor-filled cavity. 
In order to understand these processes, two important 
factors, which are the beam focusing characteristics and 
reflections of the beam by the cavity wall, should be taken 
into account. This becomes the objective of the present 
work. 

Adams [l, 21 observed that the maximum joint pen- 
etration was achieved with the beam focused about 2.54 
cm below the surface of a stainless steel in low- and 
high-voltage electron-beam welding. The effects of the 
focusing characteristics specified by the size, convergence 
angle, and location of the focal spot on high-power- 
density-beam welding are theoretically investigated by 
Wei and Chow [3]. 

The abnormally expanded fusion zone, however, was 
not obtained. This defect may result from specular reflec- 
tions of the incident flux. The significant effect of reflec- 
tions on drilling was experimentally examined by Arata 
[4]. In view of reflections by cavity walls, an increase 
in the gap between workpieces resulted in the opening 
diameter of the cavity in the bottom workpiece to be 
larger than the cavity diameter at the bottom surface of 
the top workpiece. 

Absorbed energy by the cavity by accounting for 
reflections is quite different from the incident flux. Using 
a Monte Carlo method [5], Wang and Wei [6] found 
that energy absorbed by the cavity of a paraboloid of 
revolution subject to a collimated parallel beam of Gaus- 
sian and uniform distributions exhibits distinct regions 
determined by a dimensionless critical radius rs. In the 
central region where radii r < rs, the wall is irradiated by 
a direct incident energy-beam ; while for Y > rs, the wall 
experiences the first specularly reflected energy from itself 
in addition to the direct incident energy. A jump which 
can be a hundred time of the incident flux may occur 
near the critical radius. 

The focusing characteristics are closely related to weld 
defects. Konkol et al. [7] observed that as the focal spot 
of an electron-beam was lowered from above to below 
the workpiece surface vertical cross-sections were chan- 
ged from convex to parallel-sided to V-shaped. Spiking 
representing non-uniform in depth was pronounced at 
the bottom of V-shaped fusion zones. Intensity of the 
incident flux was a cause of spiking, as investigated by 

Armstrong [8] and Giedt [9]. The focal location is also 
responsible for shrinkage cavities and the abnormally 
expanded fusion zone at the middle portion of deep pen- 
etration, as proposed and observed by Schiller et al. [lo] 
and Irie et al. [l 11, respectively. 

The present work investigates a cavity of paraboloid 
of revolution irradiated by a focused incident flux of 
Gaussian distributions. Not only the beam focusing 
characteristics, but also specular and diffuse reflections 
by the wall, are accounted for. A more relevant energy 
transport to the workpieces is therefore determined. 

2. System model 

As illustrated in Fig. 1, a focused incident flux on a 
cavity of paraboloid of revolution can be partially 
absorbed and the remainder specularly and diffusely 
reflected. The focal spot from the workpiece surface is 
denoted byf being positive above the surface and negative 
below the surface. The spot size and convergence angle 
of the beam are rf and 28, respectively. Incident flux with 
the focal spot above the cavity base can be considered as 
emitted by a virtual point source S, as illustrated in Fig. 
2(a). When the focal spot lies below the cavity base, 
energy is emitted by an imaged point source S’, as shown 
in Fig. 2(b). The primary assumptions are made as fol- 
lows 

(1) The incident flux is a Gaussian distribution at any 
transverse cross-section [12]. As for a laser-beam, 

1 Energy flux of 
Gaussian distribution 
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Fig. 1. Physical model indicating energy absorbed and reflected 
specularly and diffusely in the cavity of paraboloid of revolution 
produced by a focused beam. 
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(a> (b) 
Fig. 2. Energy emitted by (a) a virtual point source at S, and (b) 
an imaged point source at s’. 

the Gaussian d.istribution is valid for the spatially 
coherent TEMoo model. 

(2) The cavity is idealized by a paraboloid of revolution 
to a first approximation [I 31. 

(3) The cavity is stationary, even though drilling or weld- 
ing is unsteady. This is because the time scale for 
energy redistrib’ution can be estimated to be around 
lo-” s, which is much smaller than 10m3 s for drilling 
a cavity, as mearsured by Miyazaki [ 141. 

(4) The cavity is a specular and diffuse reflector; so as 
to simplify the problem without loss of generality, the 
surface is mode!led by choosing appropriate values of 
specular and diffuse reflectivities. Then the radiative 
properties are lmdependent of direction and wave- 
length of the energy-beam. 

(5) Absorption within the plasma in the cavity is ignored. 
Temperatures and concentrations of electrons in iron 
plasmas during deep welding with a continuous CO, 
laser were measured by Poueyo-Verwaerde et al. [ 151 
and Collur and DebRoy [16] to be as high as 7000 K 
and 9 x 10Z3 particles/m3, respectively. The absorp- 
tion length due to electron-neutral interactions there- 
fore is 0.25 m, while that resulting from electron- 
ionized iron is 0.03 m. As a consequence, 80% f 10% 
of a beam power of 15 kW, and 92% f 5% of 1 kW 
are transmitted. 

(6) Radiation in the plasma is neglected. Emission due 
to free-bound transitions, which are dominant in 
plasmas, was less than 5 x 10’ W/m2 for temperatures 
below 10 000 K and vapor densities around 1O25 par- 
ticles/m3 [ 171. Radiation from the plasma thus is only 
1% of the incident flux. 

(7) Scattering between the incident flux and ultra fine 
particles resulting from either aggregation from the 
vapor or blown off the liquid layer on the cavity wall 

is neglected. Energy losses due to Rayleigh scattering 
are inversely proportional to the fourth power of 
wavelength of the incident flux [18]. The Mie scat- 
tering can also be ignored because energy losses 
reduce with the sixth power of the size of particles 
D91. 

(8) The effects of the refraction on the energy-beam are 
ignored. This is especially relevant for an Nd : YAG 
laser because the refractive index decreases with 1’ 
v51. 

Then, the distribution of the incident flux is proposed 
to be 

q =$exp[-3 ; ] 
n 0 

(1) 

where constant 3 is chosen such that 95% of incident 
energy is included in solid angle /?, the area of the spheri- 
cal cap having the solid angle as the convergence angle 
yields 

A, = 
I 

‘(2nssinp)sd/3’ = 2~s*(l -co@). (2) 
0 

In equation (2), the distance between the virtual or 
imaged point source and a point located at z = zi on the 
cavity wall is 

S = & 
[ 
& +Sign(f+h)(f+h--Zi) 

1 
(3) 

where the function sign (f+h) = (f+h)/lf+hl = + 1 or 
- 1 denotes the focal spot lying above or below the cavity 
base, respectively. 

3. Monte Carlo method 

The Monte Carlo method was used here to trace energy 
bundles and determine what fraction of the emitted 
energy has been absorbed and reflected by a surface or 
escaped from the system through an opening. 

If N, rays are imaged to leave dAi, all with energy EJN, 
where ci is the mean hemispherical emissivity of surface 
dAi, the sum of energies of the rays absorbed by surface 
dA, will be the transfer factor, Ej, and can be expressed 
as: [5] 

(4) 

where Ni and N,, represent, respectively, the total number 
of energy bundles emitted by surface dAi, and the number 
of energy bundles emitted by surface dA,, which are 
eventually absorbed at surface dA,. For perfectly diffuse 
reflection, the fractional functions to determine the cir- 
cumferential and cone angles of the emitted and reflected 
energy bundles yield, respectively : 
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Ps = sin20 (5) 

P4, = g, PO, = sin28,. (6) 

To determine if an energy bundle is absorbed or reflected, 
it is necessary to generate a random number. Provided 
that the random number is less than or equal to the 
absorptivity, the energy is completely absorbed. Other- 
wise, the remainder are all reflected. 

If the position vector R, between the receiving point j 
and starting point i on the cavity is known, the specularly 
reflected ray Rl, after striking point j can be described by 
the law of coplanarity and the law of reflection as : 

Rtj = (nj x R,,) x nj - (n, - R,,)n,. (7) 

Hence, a trace of the specularly reflected component of 
the incident energy-beam would be accomplished. 

The surface of the cavity is divided into N, ring- 
elements. In view of the curvature of the cavity, each 
ring-element is further divided into N, subdivisions. A 
random generator with a cycle 23’ - 1 generates photo 
numbers Nb. Convergence was tested by changing ring- 
elements, subdivisions and photo numbers. Choosing 
N, = 100-200 ; N,, = lOOG2000 ; and N, = 20, a relative 
deviation of energy flux absorbed was found to be less 
than 1% near the axisymmetric axis and 18% near the 
cavity opening where the incident flux is lowest. The 
deviation reduces to 10% near Y = 1 by using sub- 
divisions N, = 30 and 40. 

4. Analytical method 

For the focal spot above the cavity base, an integral 
equation for radiant exchange in the cavity is given by 

s 

W(r,) dFcdA,--drq, 

where the first term on the right-hand side represents the 
radiation directly arriving at dAj from outside the cavity 
through its opening, the second integral term gives the 
diffuse irradiation received by dA, from all the elements 
on the cavity, the last summation term is the energy 
received by the element dA, which has undergone only 
specular reflections on the surface before reaching dA,. 
In equation (S), the angle of an incident ray (see Fig. 1) 
impinging on a surface element at r, is 

5 p;=tan~‘--- 
I I s0 - hr,f 

while inclination angle of a surface at rj is 

$, = tan-‘]2hrj]. 

(9) 

(10) 

The total view factor of the emitted radiation from dA, 
that reaches dA, by both direct and specular inter- 
reflections is [20] 

dFw-,A>,, = (11) 

In equation (1 l), the fraction f0 representing a diffuse 
view factor dFdA,++ is derived to be 

i 

h2(r,2 -r;)‘[2(r,2 -r;)’ 

fo= l- 
+3(r~+rf)h2(rf-r~)Z+hh4(rf-r~)4] 

~{[(r,-r,)2+h2(r~-r~)213[(r~+r,)2 

+h2(r,2-rf)2]3) l 

2r,h2 

*&mydr~~ 
(12) 

For the axisymmetric system, coordinates of three suc- 
cessive points are determined from the law of coplanarity 
and the law of reflection, which gives 

4h2r’ m+l +2r,+, fr, 
r m+z = 

4h2r,r,,+, - 1 ’ 
m> 1. (13) 

Solving simultaneous equations (13) for m = 1, 2, . , n, 
locations of points 1, 2, and n + 2 are found to be related 

by 

r2 = R,(r,, r,+2). (14) 

Replacing coordinate r, in equation (12) by r2 from equa- 
tion (14), a relation between r,, r,+2, and rj is obtained. 
Furthermore, r, and r,+2 are substituted by r, and rI, 
respectively. The fractions f, of emitted radiation from 
dAj striking dA, after making n contacts with cavity sur- 
face yield [20] 

+h’(R,‘-r:)‘]‘} J 

(15) 

An incident ray striking a location (r2, hri) from the 
source (0, sO) can be considered as an energy ray emitted 
from the location (- r,, hrf) on the cavity wall along the 
straight line between these points. The relation between 
r, and r2 yields 

so 
rl =hy2. (16) 

Substituting equation (16) into equation (14), and replac- 
ing r2 and r,,+2 by r,,, and rj, respectively, one can get 

or rj” = Un(rj). (17) 

Once receiving point rj is selected, the first impinging 
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point rj,, of incident ray arriving at rj after n specular 
reflections, is determined by equation (17). The 
unknowns qj,, $,,,, &, and dAj,/dA, can be evaluated. 

4.1. Asymptotic solution 

It is difficult to derive a general formulation of equation 
(8). For simplicity without loss of relevancy, equation (8) 
by taking n = 1 reduces to 

In equation (18) the fraction is 

f h*(R: -r,‘)*[2(R: -r:)* 

+h’(R: -r:)‘]‘} J 

(19) 

where function R, obtained from equation (14) is 

R,(r,,r,) = [T +/ET” 

-[-~+~~)‘+(‘-~~rlr3~]l’r’. (20) 

The quantities q,,, Pi,, I),~, and dA,,/dA, on the right-hand 
side of equation (18), respectively, yield 

qj, = ierp[ -3($fr] (21) 

(22) 

tij, = tan-’ 12hr,, 1 (23) 

dAj, r,,J1+(2hrj?dr,, 
dA, - r,dmF q 

(24) 

where area A,, in equation(21) is determined from equa- 
tions (2) and (3) by replacing zj by zj, corresponding to 
radius rj,. From equation (17), we get 

r,, = U,(r,) = f 

I 

(-p+Jpw”3 

+(-P-&q3p3- & 1 
112 

f -(-P+JpF1’3 I 
r,(l-4hs,) 112 - 

2h2 (-p+~~1:3+(-p-~p~“3-& II 
(25) 

where 

pzJo+l_ r,?(l -4hs0)* 

6h5 432h6 32h4 

qzE”+& 
3h3 

(26) 

(27) 

Specular irradiation in equation (18) have two terms 
because of two roots of r,l from equation (25). Two 
energy bundles therefore reach the receiving point rj after 
one specular reflection. 

4.2. Determination of distinct absorption regions 

Energy absorption in the cavity is primarily determined 
by the first several specular reflections. Combing equation 
(16) with equation (13) in which m is taken to be 1, the 
first two striking points of an energy bundle are related 

by 

4h’r: + 2r2 + $ sign(f+ h) 
r3 = 

4hs, sign(f i h) - 1 . (28) 

A result of equation (28) is plotted in Fig. 3. For the 

1.0 

0.8 
S,=23 h=3 f= 0 __ 

So=21 h=3 f=-4 __._.. 

0. 

L.2 

0. 

0. 

0. 

r, 
Fig. 3. Relation between locations of the first and second striking 
point of energy ray for the focal spot above and below the cavity 
base. 
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focal spot above the cavity base, an increase in the radius 
of the first striking point (r2) from 0 to r& reduces the 
extrapolated radius of the second striking point (rj) from 
infinity to unity. This indicates that the incident ray after 
the first specular reflection is escaped through the cavity 
opening to surroundings. A further increase in radius r2 
causes a rapid decrease in r3. The minimum radius of the 
second striking point is found and defined as a dimen- 
sionless critical radius r) = rs. The region 0 < rj < r, does 
not experience incident rays after the first specular reflec- 
tion. Therefore, the critical radius divides energy flux 
absorbed into two regions. Region I where 0 < rj < rs, 
experiences only the direct incident rays and diffuse 
irradiation. Aside from being exposed to the same 
irradiation as region I, region II where rs < r3 < 1 receive 
the second specular reflection from incident rays. The 
critical radius is obtained by setting dr,/dr, = 0. This 
gives 

_ 

r, = 
2J3(12hs, - 1 +Jl + 12hs,) 

9h(J1+12hs,- l)i”(4hS, - 1) 
(29) 

which shows that the critical radius is only a function of 
the cavity depth and distance between the virtual point 
source and cavity base. Radii of the second striking point 
remain relatively constant near the critical radius for a 
wide range of r2. Hence, most of the incident rays reach 
the neighborhood of the critical radius after the first 
specular reflection. Energy flux absorbed increases so 
abruptly that a jump occurs near the critical radius. 

For a focal location below the cavity base, all locations 
0 < r1 < 1 experience the second specular reflection. Only 
region II exists. The second striking points are mostly 
near the cavity base. 

5. Results and discussion 

In this work, energy absorbed by the cavity wall is 
governed by the dimensionless control parameters : the 
location (f) and the size (rr) of the focal spot, the con- 
vergence angle (28) of the energy-beam, depth (h), 
absorptivity (a), and specular reflectivity (p,) of the 
cavity. Given a convergence angle and focal spot 
location, the focal spot size is chosen to satisfy relevant 
values of the dimensionless energy distribution parameter 
around l-l .5 on the workpiece surface [3]. 

The variations in the critical radius with the location 
of the virtual point source for different cavity depths and 
convergence angles, as predicted by the Monte Carlo 
method and asymptotic solution from equation (29), are 
shown in Fig. 4. The computed results are confirmed by 
good agreement between two methods. Equation (29) 
can therefore be used to determine region I or II. Inter- 
estingly, the effect of convergence angle on the critical 
radius is insignificant. Decreasing rates of region I 

Monte Carlo method 
0.4 t 

Equation (29) ~ 

0.3 

P 

0.2 

0.0 I , I , I , 
0’ 15 20 25 

so 
Fig. 4. Dimensionless critical radius vs distance between virtual 
point source and cavity base for different convergence angles 
and cavity depths, as predicted by Monte Carlo and asymptotic 
solutions. 

become small as the distance between the virtual point 
source and cavity base is greater than 10. The critical 
radius is then determined by the cavity depth. 

Absorbed energy fluxes calculated by Monte Carlo 
method and asymptotic solution from equation (18) are 
also presented in Fig. 5. Typical values of dimensionless 
parameters are f = 0, rf = 1, /l = 0.05, h = 3, tl = 0.5, 
pS = 0.3. It is seen that the asymptotic solution agree well 
with the Monte Carlo solution. The energy flux absorbed 

9.5 - 

7.6 - 

5.7 - 

CF 

3.8 - 

--Monte Carlo method 

-------Asymptotic solution 

----Incident flux 

0.0 1 I I I 
0.0 0.2 0.4 0.6 

r 
Fig. 5. Distribution of dimensionless absorbed energy per unit 
area of cavity wall by comparing Monte Carlo result with asymp- 
totic solution from equation (18); incident flux is also shown 
(f = 0, r, = 1, B = 0.05, h = 3, c( = 0.5, ps = 0.3). 
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are apparently different from incident flux. A jump of 
absorption takes place in the case of a focused beam. 

For focal spots above and below the cavity base, dis- 
tributions of dimensionless energy absorbed per unit area 
of the wall for different spot sizes are shown in Fig. 6. 
Focal locations of -4 and 0 represent the focal spot 
below and above the cavity base (h = 3), respectively. In 
the case of focal lo8cation f = 0 energy flux absorbed 
jumps at r = 0.08 and 0.07, respectively, for different spot 
sizes. The location of the jump can be predicted from 
equation (29). On the other hand, the maximum energy 
flux absorbed occurs for the focal location f = - 4 at the 
axisymmetric axis and several ten times higher than that 
induced by focal location f = 0. This is attributed to a 
great amount of specularly reflective rays arriving at the 
cavity base after the .lirst specular reflection and a focus- 
ing effect of the image source. A decrease in the focal 
spot size enhances a.bsorption in regions I and II. This 
is because incident flux with a small spot size is more 
concentrated than that with a large one when the beam 
is focused. 

The variations of .the focal spot location with energy 
flux absorbed are shown in Fig. 7. The focal locations 
are chosen to be 20, -2, -4 and -26. Focal locations 
of -4 and -26 represent focal spots below the cavity 
base, while -2 and 20 represent those above the cavity 
base. Focal locations are chosen such that distances of 
the focal spot from the cavity base are the same between 
-2 and -4, and 20 and -26, respectively. As the dis- 
tance between the focal spot and cavity base decreases, 
energy flux absorbed increases in regions I and II. The 
critical radius indicating the location of the jump 
increases as the focal spot is descended toward the cavity 

50 

II rf =I.0 - 
rf = 1 .5 ---- 

40 

r 
Fig. 6. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for (different spot sizes with focal locations 
above and below cavity base (p = 0.05, h = 3, c( = 0.5, ps = 0.3). 

52- 
f zz - 2 Fj __________. 

f= -4- 
f= 20 -_---. 
f= -2--- 

I I I 

0.0 0.2 0.4 0.6 

Fig. 7. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for different focal locations (rf = 1, B = 0.05, 
h = 3, G( = 0.5, ps = 0.3). 

base. For the focal spot below the cavity base, the jump 
disappears, while the maximum absorption occurs at the 
axisymmetric axis. 

The fusion zone becomes V-shaped for the focal spot 
lying below the cavity base, as observed by Adams [ 1,2], 
Konkol et al. [7], and Schiller et al. [lo]. Spiking was 
associated with the V-shaped fusion zone as the focal 
spot was further lowered below the workpiece surface. 
The present work reveals that on slightly lowering the 
focal spot from above to below the cavity base, the 
absorbed flux readily increases by several hundred times 
near the axisymmetric axis. The cavity base therefore 
suffers strong melting. This leads to the cavity base lying 
below the focal spot again-and a subsequent decrease 
in energy absorbed and depth of cavity. The process is 
cyclically repeated. The free surface of the cavity base 
can also spontaneously oscillate. Hence, it is proposed 
that slight relative upward and downward oscillations 
between the focal spot and the free surface near the cavity 
base can be responsible for spiking. 

Distributions of energy flux absorbed for different con- 
vergence angles are shown in Fig. 8. The energy beam 
becomes concentrated by reducing the convergence angle. 
As a result, a decrease in the convergence angle enhances 
energy absorption. The flux absorbed for the focal spot 
below the cavity base is still much higher than that above 
the base. 

Distributions of energy flux absorbed by different cav- 
ity depths and focal locations are shown in Fig. 9. A 
deep cavity enhances absorption as a consequence of the 
increase in the amount of specular reflections and diffuse 
irradiation. Absorption varies more significantly with the 
focal spot being from below (above) to above (below) 
the cavity base for a deep cavity. Interestingly, two jumps 



P.S. Wei, C.Y. Ho/M. J. Heat Transfer 41 (1998) 3299-3308 3306 

18- 

p=0.50 -----. 
p=o.o5 __ 

0.0 0.2 0.4 0.6 
r 

Fig. 8. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for different convergence angles with focal 
locations above and below cavity base (rt = 1, h = 3, CI = 0.5, 
ps = 0.3). 

95 

76 

57 
c? 

38 

19 

0 
C 

/ 
h= 
h= 

lf= o--- 
0 f=_l2 -__-. 
3 f= O_-. 
3 f= -4 . . . . . . . . 

h= 
h= 

Fig. 9. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for different focal locations and cavity depths 
(If = 1, /I = 0.05, a = 0.5, ps = 0.3). 

occur at a cavity depth h = 11. The second jump results 
from a third specular reflection. Therefore, energy 
absorbed is further increased. Irie et al. [ll] proposed 
that the locally expanded fusion zone occurs near the 
middle of the depth. This defect may be a result of the 
jump due to the second or third specular reflections. 

Figure 10 shows the effect of different specular reflec- 
tivities on energy flux absorbed. The extent of the jump 
is enhanced by increasing the specular reflectivity irres- 
pective of focal locations above or below the cavity base. 
An increase in absorptivity increases energy absorption, 

24 1, 

r 
Fig. 10. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for different specular reflectivities with focal 
locations above and below cavity base (rr = 1, /3 = 0.05, h = 3, 
c( = 0.5). 

70 

56 

42 
c? 

28 

14 

? 

o( E.7 _____. 

a =.5 ~ 

I 0.2 0.4 0.6 
r 

Fig. 11. Distribution of dimensionless absorbed energy per unit 
area of cavity wall for different absorptivities with focal locations 
above and below cavity base (rt = 1, jI = 0.05, h = 3, ps = 0.3). 

as shown in Fig. 11. The maximum energy fluxes 
absorbed for absorptivity of 0.7 is approximately 1.4 
times greater than that of 0.5. 

The effects of the beam focusing characteristics on 
energy absorption are summarized in Table 1. 

6. Conclusions 

The Monte Carlo results are confirmed by asymptotic 
solutions. Conclusions can be drawn as follows : 
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f> 

f< 

(1) 

(2) 

(3) 

(4) 

(5) 

Table 1 
Effects of focusing parameters 

Flux Flux 
absorbed absorbed 

Parameter Reg. I Reg. II rs 

-h f 
B f 1’ t 
rr 1 1 1 
h t t 1 

-h f 
i 

None 
B None i 

0 
0 

rf None 0 
h None t 0 

_ 

When the focal spot is above the cavity base, the 
energy flux absorbed by the cavity wall exhibits dis- 
tinct regions. Region I, 0 < r < r, ; and region II 
for rs < r < 1. In region I, the energy absorbed is 
primarily the incident ray which after the first specu- 
lar reflection escapes through the cavity opening to 
surroundings. In region II, energy absorbed addition- 
ally includes the second specular reflection. Any 
location in region II will be subject to the second 
strike from two different rays. As most of the second 
specularly reflected rays strike near the critical radius, 
absorbed energy exhibits a jump. A second jump can 
also occur for a deep and narrow cavity. 
When the focal spot is below the cavity base, region 
I disappears and absorption increases significantly. 
Absorption exhibits a sudden increase near the axi- 
symmetric axis as the focal spot changes from above 
to below the cavity base. This variation is enhanced 
by increasing thi: cavity depth. Adjusting the focal 
spot below the cavity base is the most important way 
to increase energy absorption. 
The critical radius is a function of the cavity depth 
and distance between the virtual point source and 
cavity base. Influence of the convergence angle, how- 
ever, is insignific,ant. For a large displacement of the 
point source from the cavity base, the critical radius 
remains relatively constant. The critical radius is 
therefore determined by the cavity depth. 
Energy absorbed is increased by reducing the dis- 
tance between the focal spot and the cavity base, spot 
size, and convergence angle, and increasing the cavity 
depth, irrespective of the focal spot above or below 
the cavity base. 
The occurrence of spiking in welding is proposed to 
be relative upward and downward motions between 
the focal spot and cavity base. Since region I changes 
instantaneously from zero to maximum and vice 

(6) 

versa, and the associated difference in energy flux 
absorbed by several hundred times, strong and per- 
iodic melting occurs at the cavity base. On the other 
hand, the abnormally expanded fusion zone at the 
middle portion of penetration can be a result of the 
first or second jump of energy flux absorbed. 
The effects of the beam focusing characteristics and 
radiative properties of the cavity wall on absorption 
are crucial for a relevant determination of energy 
transport to the workpieces. This work can also be 
applied for a design of solar collectors. 
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