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tAn extension to the enthalpy method is developed to study the solidi�
ation of a high-Reynolds-number
ow moving a
ross a solid surfa
e. The 
ompetition between inertia, melting and freezing is investigatedfor the 
ow of molten aluminium a
ross a 
ool solid aluminium surfa
e. The molten aluminium initiallyfreezes due to rapid thermal 
ondu
tion into the solid. If the molten aluminium has suÆ
ient sensibleheat, the 
hill melts ba
k and melting of the original solid follows. If the molten aluminium has insuÆ
ientsensible heat, solidi�
ation 
ontinues until the passing of the trailing edge of the liquid/gas interfa
e orthe 
ow is engulfed. The rate of solidi�
ation may be redu
ed by introdu
ing a de
reasing initial velo
itypro�le, but this results in 
uid 
lumping. The results are interpreted in terms of the re
ast and bellowshape observed during laser per
ussion drilling.1 Introdu
tionLaser per
ussion drilling is used to ma
hine gas turbine 
omponents whi
h are typi
ally made out of super-alloys; these materials 
annot be ma
hined with 
onventional me
hani
al drills. The term per
ussion refersto the repeated operation of the laser in short pulses (10�3s) whi
h are separated by longer time periods(10�2s). The laser builds up energy at a bounded rate and operation in this manner allows for large bursts ofenergy. Per
ussion drilling is favoured over other pro
esses, su
h as spark erosion drilling or laser trepanningdrilling, be
ause it is by far the qui
kest. However, it su�ers from three drawba
ks (i) re
ast of solidi�edmaterial at the wall of the hole, (ii) bellow shape, that is the lo
al in
rease of hole diameter and (iii) tapering,that is the de
rease of hole diameter with depth. Experimental results have also shown that the penetrationdepth is limited.In laser per
ussion drilling, the metal is ablated by a 
ombination of evaporation and melt eje
tion.However, the mass fra
tion extra
ted by evaporation is typi
ally less than a tenth of the total mass loss [1,p. 133℄. The melt eje
tion 
an be split into three di�erent stages, shown in Figure 1. Initially a thin regionof molten metal is formed by the absorption of laser energy at the target surfa
e. This thin molten region atthe base of the hole is known as the melt pool. Eventually, the irradiated surfa
e rea
hes the vaporizationtemperature. A splash o

urs in whi
h the molten metal is pushed radially by the pressure gradients generatedby the sudden expansion of the vapour evaporating from the surfa
e (see the photographs of the early stages ofmelt eje
tion [1, p. 133℄). The high re
oil pressures involved also 
ause signi�
ant variation in the vaporizationtemperature and rapid 
ow of the vapour and air away from the irradiated surfa
e [7℄. The molten metal nowhas a high velo
ity and it 
an es
ape from the hole. However, this lique�ed material 
an resolidify before ites
apes from the hole. The walls of the hole are relatively 
old and large temperature gradients o

ur a
rossthe thin �lm. The solid metal left exposed after the splash now starts to absorb laser energy and so on. Inthis paper, we will be 
on
erned with simulating the solidi�
ation of the thin �lm as it moves along the sidewall of the hole.A series of photographs of a hole ma
hined by laser per
ussion drilling is shown in Figure 2. The numberdenotes the number of pulses used to 
reate the hole. The growth rate of the hole is initially 
onstant butslows in the later photographs. The eleventh hole appears to be not as deep as the tenth, be
ause the meltpool has solidi�ed at the base of the hole in su
h a way as to obs
ure the base. The melt pool has probablysolidi�ed at the base of the hole be
ause the pulse ended before the splash had been 
ompleted. We note1



that the seventh and subsequent photographs show the resolidi�ed material on the wall of the hole. Thisresolidi�
ation may be in the form of very thin layers, or more irregular 
lumps. In the last three photographsmolten metal will have es
aped via the bottom exit. There may be variability in the laser 
hara
teristi
s,in parti
ular the radial, azimuthal and temporal intensity pro�le; this makes repeatability of experimentalresults very diÆ
ult, even with an identi
al set-up.In the absen
e of experimental data, it is not possible to say whether or not the superalloys under
onsideration melt and solidify over a range of temperatures. The laser per
ussion drilling of aluminium willbe 
onsidered here; aluminium is known to have a single melting point. Therefore, mushy regions will not be
onsidered.The subje
t of laser per
ussion drilling has been studied by several authors (see [3℄ and referen
es therein).The 
uid is modelled by the in
ompressible Navier-Stokes equations in
luding gravity. These equations are
urrently ex
lusively solved by numeri
al approa
hes, whi
h require extensive 
omputing resour
es [4℄. In[7℄, it was noted that the aspe
t ratio in the melt pool was small. Perturbation methods were employed tosimplify the in
ompressible Navier-Stokes equations taking advantage of this aspe
t ratio. We 
onsider theleading-order solidi�
ation model derived in [7℄, in whi
h only the most signi�
ant physi
al e�e
ts have beenretained. This leading-order problem simpli�es the system of equations for two reasons. (a) The equationsfor 
onservation of mass and momentum are no longer �eld equations to be solved between the interfa
es.The equation for 
onservation of energy is the only �eld equation. (b) A di�erential equation des
ribes theshape of the liquid/gas interfa
e and only the solid/liquid interfa
e remains as a bona �de moving boundary.A re
ent review of a wide range of moving boundary problems and solution te
hniques is given in [5℄.The enthalpy method is used to simulate phase 
hanges due to thermal 
ondu
tion in a �xed domain (see,for example, [2, 5℄). Laser per
ussion drilling involves the 
ow over a solid surfa
e. There are two signi�
antdi�eren
es with the 
onventional te
hnique. (A) The equation for 
onservation of energy in
ludes 
onve
tionterms. (B) The domain of 
omputation expands as the 
ow traverses the solid. In this paper, we des
ribethe implementation of an extension to the enthalpy method in order to deal with these points.The purpose of this paper is to gain a better understanding of the pro
ess of laser per
ussion drilling.The eventual aim is to sele
t parameters to minimize the three drawba
ks asso
iated with laser per
ussiondrilling. The pro
ess depends on the material properties, ambient 
onditions and laser 
hara
teristi
s.The 
ontents of the paper will now be outlined. A mathemati
al model for the solidi�
ation of a high-Reynolds-number 
ow is introdu
ed in Se
tion 2. The governing equations are a 
ombination of the shallowwater equations in the zero gravity limit and a two-phase Stefan problem. Se
tion 3 des
ribes the implemen-tation of the extension to the enthalpy method. Three simulations are undertaken in Se
tion 4. The �rstand se
ond simulations di�er in the size of the initial blob and its temperature gradient. The �rst and thirdsimulations are identi
al apart from the initial 
onditions for velo
ity. This third simulation 
orresponds tothe development of a sho
k. Finally, Se
tion 5 interprets the numeri
al results in terms of laser per
ussiondrilling.2 Mathemati
al ModelThe di�erent parameters in the model depend on laser set-up, the material to be drilled and the lo
altemperature, whi
h for aluminium may vary from 300K to approximately 2500K. For the drilling of aluminiumthe parameters are given in Table 1 (see, for example, [6℄). With a length-s
ale of L � 10�3m and thi
knessd � 10�4m, a typi
al aspe
t ratio is given by Æ = d=L � 0:1. With a typi
al maximum velo
ity given byU � 50ms�1 (see [1, p. 132℄), the dimensionless parameters areRe = �UL� � 5� 104; F r = U2Lg � 3� 105; P e = �
ULk � 5� 102;Br = �U2k(Tv � Tm) � 2� 10�5; We = �U2L� � 7� 103;where g is the a

eleration due to gravity. The order of the parameters motivates us to 
onsider invis
id 
owwith heat 
onve
tion and 
ondu
tion, negle
ting vis
ous boundary layers, surfa
e tension and gravity.2



The three stages in the melt eje
tion des
ribed above and shown in Figure 1 are (i) melt-pool formation,(ii) a splash in whi
h the melt pool is a

elerated out of the base of the hole and (iii) the solidi�
ation pro
essin whi
h the hot 
uid is moving a
ross the 
old side wall of the drilled hole. We will not dis
uss (i) and (ii).(iii) On
e the 
uid has moved away from the base of the hole, there is 
ompetition between inertia, meltingand solidi�
ation as a 
uid ring moves up the 
old side wall of the drilled hole. The radius of 
urvature ofthe side wall is so mu
h larger than the melt thi
kness, that we will work in a planar idealization for thesolidi�
ation model as shown in Figure 3. The verti
al dire
tion is perpendi
ular to the side wall while thehorizontal dire
tion is along the side wall parallel to the axis of the hole. The solidi�
ation model derived in[7℄ is stated below.We 
onsider an in
ompressible 
uid 
ontained in the verti
al dire
tion by a bottom de�ned by y =  (x; t)and a top de�ned by y =  (x; t) + H(x; t) as indi
ated in Figure 3, where x and y are the 
oordinates inthe horizontal (along the side wall) and verti
al (perpendi
ular to the side wall) dire
tions and t is time.Solidi�ed material is present in the region y <  (x; t). The horizontal velo
ity is denoted by u(x; t) and thetemperature by �(x; y; t). We transform to dimensionless variables via u = Uû, � = Tm+(Tv�Tm)�̂,  = d ̂,H = dĤ , x = Lx̂, y = dŷ and t = Lt̂=U , where Tv is the vaporization temperature at one atmospherepressure. Hen
eforth, the hats on the non-dimensional variables will be omitted without ambiguity. Theequations in the 
uid are given by�H�t + ��x (uH) = �� �t ; �u�t + u�u�x = 0; (1)���t + u���x + f(u )x � uxyg ���y = D�2��y2 ; (2)at the liquid/gas interfa
e, ���y (x;  +H; t) = 0; (3)at the solid/liquid interfa
e, �f � �t +D ����y� + � = 0; �(x;  ; t) = 0; (4)and in the solid, ���t = D�2��y2 for y <  and � ! �Ta as y ! �1: (5)The initial 
onditions areu(x; 0) = ~u(x); �(x; y; 0) = ~�(x; y); H(x; 0) = ~H(x);  (x; 0) = 0: (6)where we assume ~�(x; y) = �Ta for y < 0, and ~�(x; 0) = 0 and �~�=�y(x; ~H(x)) = 0 for ~H(x) > 0. Thedimensionless 
onstants D, �f and �Ta are de�ned, and typi
al values given in Table 2. The equation for
onservation of momentum in [7℄ has been rewritten as invis
id Burgers' equation as it un
ouples from theother equations in the system. The system of equations (1)-(5) are not in 
onservative form, these equationswill be integrated until a sho
k forms and not beyond.3 Numeri
al Solution3.1 Introdu
tionIn this subse
tion, an algorithm to dis
retize the system of equations (1)-(5) is des
ribed. The equations areupdated expli
itly on ea
h time-step. Equations (1) are solved using a re
onstru
tion-evolution algorithm.Equations (2), (3) and (5) employ the extension to the enthalpy method des
ribed in [7℄. The post pro
essingto obtain the solid/liquid interfa
e uses the Stefan 
ondition (
f. [9℄). These are dis
ussed below.3



3.2 Re
onstru
tion-evolution algorithmInvis
id Burgers' equation is dis
retized asun+1i = uni � �t�x �Fni+1=2 � Fni�1=2� ;where uni is the approximation to u(i�x; n�t), �x is the mesh spa
ing, �t is the time-step,Fni+1=2 = 12(uni )2 + ani+1=22 �1� ani+1=2 �t�x� sni �x; sni = �ni+1=2(r)�uni+1 � uni�x � ;r = uni � uni�1uni+1 � uni ; ani+1=2 = � (uni+1 + uni )=2 uni+1 6= uni ;0 uni+1 = uni ;and the superbee 
ux limiter �ni+1=2(r) = max(min(1; 2r); min(r; 2)). The equation for 
onservation ofmass is dis
retized as Hn+1i = Hni � �t�x � �Fni+1=2 � �Fni�1=2�� ( ni �  n�1i );where Hni is the approximation to H(i�x; n�t),  ni is the approximation to  (i�x; n�t),�Fni+1=2 = uni Hni + �ani+1=22 �1� �ani+1=2 �t�x� �sni �x; �sni = �ni+1=2(�r)�Hni+1 �Hni�x � ;�r = Hni �Hni�1Hni+1 �Hni ; �ani+1=2 = 12(uni+1 + uni ):3.3 Lagrangian-enthalpy method3.3.1 Enthalpy formulationWe de�ne the dimensionless enthalpy, E, byE = � � � < 0 (solid);� + �f � > 0 (liquid);and therefore � = 8<: E E < 0;0 0 < E < �f ;E � �f E > �f : (7)The 
lassi
al formulation of (2) and (5)1 may be written in the form�E�t + ��x (�u�) + ��y ��� ��x (u )� �u�xy� � �D���y� = 0; (8)for (x; y; t) in the solid or liquid, where � is the Heaviside fun
tion� = � 0 � < 0 (solid);1 � > 0 (liquid):The dis
retization of (3), (5)2, (7) and (8) is required in this subse
tion.
4



3.3.2 Lagrangian stepThe solution of the enthalpy formulation is required on a time-dependent domain. Our expli
it dis
retizationmeans that on ea
h time-step the domain of 
omputation is pres
ribed. We 
hose to represent the temperatureand enthalpy on a re
tangular mesh [0; An℄� [�B;C℄, where A, B and C are positive 
onstants and An�1 �An < A. The domain of 
omputation is allowed to expand as the 
uid traverses the solid so that unne
essary
omputations are obviated (see Figure 4).The question of how to dis
retize the adve
tion and 
onve
tion of the 
uid in the region between thesolid/liquid and liquid/gas interfa
es is now addressed. We evaluate the Lagrangian des
ription of motion bysolving ���t + u���x + f(u )x � uxyg ���y = 0;along the bi
hara
teristi
s dxdt = u; dydt = (u )x � uxy; with d�dt = 0:The temperature is 
onstant along the 
uid path. The bi
hara
teristi
 is integrated ba
kwards in time fromthe �xed mesh point (xi; yj) to evaluate the 
uid lo
ation at the previous time-step (xlo
; ylo
). Thebi
hara
teristi
s are dis
retized as followsxlo
 = xi ��t uni ; ylo
 = yj ��t ��(~r)�uni+1 ni+1 � uni  ni�x �� yj �uni � uni�1�x �� ;where �(~r) = max(0; min(1; ~r)) is a slope limiter and ~r = (uni  ni � uni�1 ni�1)=(uni+1 ni+1 � uni  ni ). Thetemperature at (xlo
; ylo
) is evaluated by interpolating (and extrapolating near the interfa
es) the values onthe previous time-step. This value is used to update the temperature at the �xed mesh point (xi; yj).3.3.3 Enthalpy stepThe next step is to apply the one-dimensional enthalpy method [2℄En+1ij = Enij + �t D�y2 ��nij+1 � 2�nij + �nij�1� ;along with �nij = 8<: Enij Enij < 0;0 0 < Enij < �f ;Enij � �f Enij > �f :The far-�eld boundary 
ondition is �ni 0 = �Ta at y = �B where B � 1. The boundary 
ondition at theliquid/gas interfa
e is spe
i�ed by utilizing the ghost 
ells above the free surfa
e.3.4 Solid/liquid interfa
eA 
ell [xi�1=2; xi+1=2)� [yj�1=2; yj+1=2) is undergoing transition from solid to liquid if 0 < En+1ij < �f . Thesolid/liquid interfa
e in a 
ell undergoing transition is updated using n+1i =  ni + D�t2�f "�n+1ij � �n+1ij�1�y + �nij � �nij�1�y � �n+1ij+1 � �n+1ij�y � �nij+1 � �nij�y #+ f�t�x2 ( ni+1 � 2 ni +  ni�1);where the se
ond term on the right-hand side follows from the Stefan 
ondition (4)1 and the third termsmoothes the interfa
e. The smoothing 
oeÆ
ient f is suÆ
iently small that it only operates on interfa
eswhi
h are jagged on the length-s
ale �x.This algorithm to determine the solid/liquid interfa
e was developed on a one-dimensional problem wherean exa
t solution was available for 
omparison. 5



3.5 Code validationA number of analyti
al solutions were employed to validate the 
ode. For example, a generalization of theNeumann solution (see [8, p. 158℄) was used to repla
e the enthalpy method in the 
ode. The propagation ofa molten blob of aluminium at melting point is then simulated using both 
odes. The results are 
omparedto 
he
k the a

ura
y of the enthalpy method against an exa
t solution.4 Results4.1 Introdu
tionWe 
onsider idealizations of stage (iii) of the laser drilling pro
ess (see Figure 1). The problem is initiatedwith a blob of molten aluminium on a solid aluminium surfa
e. The molten aluminium is initially given alinear verti
al temperature pro�le, whereas the solid aluminium has a 
onstant temperature of Ta = 600K.We simulate the propagation, melting and solidi�
ation for three initial 
onditions. We 
hose a uniform mesha
ross the entire domain. Numeri
al results have been obtained for a variety of mesh spa
ings and time-stepsto ensure grid independen
e.4.2 Larger blob with 
onstant initial velo
ityThe �rst simulation 
orresponds to the larger blob of molten aluminium having a 
onstant initial velo
ity.The 
uid will not develop a sho
k with this initial 
ondition. Figures 5 and 6 show �ve snapshots.During the �rst 3� 10�5s, the molten aluminium has 
ooled signi�
antly and some of the original solidhas melted ba
k. Figure 7 shows the time history of the solid/liquid interfa
e at x = 8�10�4m, that is underthe initial 
uid blob. The molten aluminium initially freezes due to rapid thermal 
ondu
tion into the 
oldsolid. This 
hill melts ba
k and melting of the original solid follows due to 
ondu
tion from the hot 
uid.The melting is 
urtailed by the approa
h of the trailing edge of the 
uid. The molten aluminium then beginsto resolidify whi
h terminates abruptly with the passing of the trailing edge of the liquid/gas interfa
e. Theedge e�e
ts in the temperature 
ontours of the 
uid blob (shown in Figure 5) are responsible for the 
hangein the motion of the solid/liquid interfa
e.The 
uid blob at 3� 10�5s has narrowed in width but in
reased in depth. Some of the sensible heat inthe molten metal has been 
onverted into latent heat to in
rease the depth. In Figures 5 and 6, the 
uidblob 
ontinues to narrow, but the 
hange in depth is less rapid. Steep leading and trailing edges of the blobare 
learly visible. (It should be emphasised that Figures 5 and 6 are not drawn on the same horizontal andverti
al s
ales.) The edge e�e
ts seen in the temperature 
ontours are responsible for the narrowing.The molten aluminium 
ools to its melting temperature as the simulation progresses whi
h has two e�e
ts:melting no longer takes pla
e and solidi�
ation is more rapid. A larger per
entage of the molten aluminiumsolidi�es the further that the blob progresses a
ross the solid aluminium surfa
e. Analysis of the solid/liquidinterfa
e in Figure 6 shows that it asymptotes to a growth proportional to px. The entire 
uid blob willeventually solidify. This simulation 
orresponds to a su

essful attempt to drill a hole of 4mm.4.3 Smaller blob with 
onstant initial velo
ityThis se
ond simulation 
onsiders a smaller blob of molten aluminium but with a larger temperature gradient.The initial 
ondition for velo
ity is un
hanged. This 
hoi
e 
orresponds to laser drilling at higher intensity,ex
ept that a smaller drop would be a

elerated to a greater speed by the splash.During the �rst 3� 10�5s, the behaviour is similar to Figure 5 with a 
hill formation whi
h melts ba
kand then resolidi�
ation. The 
uid blob narrows in width and in
reases in depth. After 3�10�5s, the moltenaluminium has 
ooled to a greater extent than in the simulation of a larger blob. Signi�
ant solidi�
ationhas taken pla
e in 
omparison to Figure 5.After 6 � 10�5s, the molten aluminium has 
ooled to its melting temperature and almost 
ompletelysolidi�ed. This represents an unsu

essful attempt to drill a hole of 4mm.6



4.4 Larger blob with de
reasing initial velo
ityThe third simulation is identi
al to the �rst apart from the initial 
ondition for velo
ity. The initial velo
ityhas a (
onstant) negative gradient, and, as a result, the 
uid will develop a sho
k after 10�4s. The velo
ityafter the splash is 
ontrolled by the radial laser intensity pro�le.We 
ompare the results in Figures 5 and 9. The e�e
t of the 
hange of initial velo
ity is a furthernarrowing in width and in
rease in depth. The molten aluminium in Figure 9 has 
ooled to a lesser extentafter 3� 10�5s. This simulation 
orresponds to the least solidi�ed aluminium after 6� 10�5s.The in
rease in depth 
ontinues until the aspe
t ratio is no longer small. This represents a possibleme
hanism for the 
lumps of re
ast observed in Figure 2. Unfortunately, the simulation is terminated after8�10�5s; the simpli�ed model (1)-(5) be
omes invalid when the aspe
t ratio of the molten aluminium rea
hesorder one. This simulation 
orresponds to a su

essful attempt to drill a hole of 4mm. The side wall of thedrilled hole remains mostly free of re
ast; this is a high quality result.5 Con
lusionsWe 
on
lude by o�ering physi
al explanations for some of the drawba
ks asso
iated with the laser per
ussiondrilling pro
ess.(i) re
ast. In the absen
e of sho
ks, the resolidi�
ation along the wall of the drilled hole will be in the form ofthin layers. The thi
kness of this layer in
reases with in
reasing hole depth. As a result, a smaller proportionof the molten metal es
apes the deeper that the hole is drilled. This re
e
ts the observation that the speedof drilling redu
es with depth. Moreover, the penetration depth is limited as a result of the molten metalfrom the base of the hole entirely solidifying against the wall of the hole.A negative gradient in the initial 
ondition for velo
ity will result in a sho
k developing after a �nite time. The
lumping pro
ess prior to sho
k formation minimizes the solidi�
ation of the molten aluminium. However,this pro
ess appears to be asso
iated with the large 
lumps of re
ast observed.(ii) bellow shape. A lo
al in
rease in hole diameter has been shown to result from melting of the originallysolid wall of the hole by rapid thermal 
ondu
tion from the hot liquid.(iii) tapering Tapering is not present in our simulations. This is to be expe
ted as it is known to be asso
iatedwith the fo
al length of the laser.The optimal initial velo
ity is 
learly a gentle negative gradient. This must be a
hieved by a

urate 
ontrolof the radial laser intensity pro�le during the splash. Freezing of the 
uid to the side wall of the drilled holewould de
rease in this 
ase and, as a result, the speed of drilling would in
rease.Referen
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tions with Materials, Springer-Verlag, Berlin, 1995.[2℄ C. M. Elliott and J. R. O
kendon, Weak and Variational Methods for Moving Boundary Problems,Pitman Books Limited, London, 1982.[3℄ R. K. Ganesh and A. Faghri, A generalized thermal modeling for laser drilling pro
ess{I. mathemati
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Symbol De�nition Value� density 2:7� 103 kg m �3Lf latent heat of fusion 3:6� 105J kg�1k thermal 
ondu
tivity 2:3� 102 W m�1K�1
 spe
i�
 heat 
apa
ity 9:0� 102 J kg�1K�1Tm melting temperature 9:3� 102KTv vaporization temperature 2:5� 103 K� vis
osity 2:7� 10�3 Pa s� surfa
e tension 1 kg s�2Table 1: Physi
al data for drilling aluminium

Symbol De�nition Typi
al ValueÆ d=L 0:1D k=�
ULÆ2 0:2�f Lf=
(Tv � Tm) 0:3�Ta (Ta � Tm)=(Tv � Tm) �0:2Table 2: Dimensionless parameters for a typi
al laser per
ussion drilling pro
ess
9



Laser Laser Laser(i) (ii) (iii)

SolidLiquidGas SolidLiquidGas Solid
LiquidGas -�

Figure 1: A s
hemati
 of the three stages in laser per
ussion drilling (i) melt-pool formation at the base ofthe drilled hole, (ii) splashing of the melt pool away from the axis of the drilled hole and (iii) solidi�
ationof the molten metal as it moves along the side wall. The �lled arrows represent 
uid motion and the un�lledarrows laser energy.
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1 2 3 4 5 6 7 8 9

10 11 12 13 14 15

Figure 2: A series of photographs of holes produ
ed by laser per
ussion drilling. The number of pulses toprodu
e ea
h hole is indi
ated (Courtesy of Eldim BV).
y

x
y =  (x; t) +H(x; t)

y =  (x; t)x = XL(t) x = XU (t)6 ��	
SolidLiquidGas y

x
Solid
LiquidGas -�

Figure 3: On the left the planar representation of solidi�
ation and on the right its interpretation on a drilledhole. The horizontal dire
tion is denoted by x and the verti
al dire
tion by y. The in
ompressible 
uid is inthe region XL(t) < x < XU (t) and  (x; t) < y <  (x; t) +H(x; t), and the solid is in the region y <  (x; t).
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Figure 5: Propagation and solidi�
ation of a molten drop of aluminium with the data in Table 1, dimensionalu(x; 0) = 50ms�1 and Ta = 600K at times t = 0 (top), t = 3� 10�5s (middle) and t = 6� 10�5s (bottom).Temperature 
ontours are shown alongside the solid/liquid and liquid/gas interfa
es.
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Figure 6: Propagation and solidi�
ation of a molten drop of aluminium with the data in Table 1, dimensionalu(x; 0) = 50ms�1 and Ta = 600K at times t = 8 � 10�5s (top) and t = 1 � 10�4s (bottom). Temperature
ontours are shown alongside the solid/liquid and liquid/gas interfa
es.
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Figure 7: History of the lo
ation x = 8� 10�4m for the problem des
ribed in Figure 5.
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Figure 8: Propagation and solidi�
ation of a molten drop of aluminium with the data in Table 1, dimensionalu(x; 0) = 50ms�1 and Ta = 600K at times t = 0 (top), t = 3� 10�5s (middle) and t = 6� 10�5s (bottom).Temperature 
ontours are shown alongside the solid/liquid and liquid/gas interfa
es.
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Figure 9: Propagation and solidi�
ation of a molten drop of aluminium with the data in Table 1 and Ta =600K at times t = 0 (top), t = 3 � 10�5s (middle), t = 6 � 10�5s (bottom) and t = 8 � 10�5s (bottom).The dimensional u(x; 0) = 40ms�1+(1�x=1mm)� 10ms�1. Temperature 
ontours are shown alongside thesolid/liquid and liquid/gas interfa
es at t = 0 and t = 3� 10�5s.
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