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Abstract-An analysis of heat transfer during welding has been carried out. The heat transfer mechanisms 
considered include conduction, solid-liquid phase change, liquid-vapor phase change and radiation. The 
penetration depth is calculated for different power levels and distributions and the results are compared 
with experimental data for lead. The contributions and the importance of the different heat transfer modes 

are assessed. 

1. HEAT TRANSFER DURING WELDING 

UNDERSTANDING of the heat transfer during welding is 
of considerable practical significance since pool shape, 
thermal stresses, heat losses, etc. significantly affect weld 
quality and productivity [l-3]. The phenomena are 
complex and unsteady and involve the source of the 
power as well as melting, solidification, vaporization, 
thermal radiation and convection effects. The present 
study emphasizes stationary gas tungsten arc welding. 
Weld modeling calculations have been carried out for 
this process [l-3] including recent contributions and 
reviews by, e.g. Glickstein and Friedman [4, 51 and 
Landram [6]. 

The goal of the present work is the study of the heat 
transfer mechanisms during arc welding. The heat 
transfer modes include conduction, solid-liquid phase 
change, liquid-vapor phase change and radiation. A 
spherical configuration is considered as shown in Fig. 1. 
Convection in the weld pool is neglected [6]. Radial 
and colatitude variations are permitted and azimuthal 
symmetry is assumed. The basic equations and the 
corresponding boundary conditions are expressed in 
finite-difference form. The equations are solved using 
two different methods: an explicit method and an 
Alternating Direction Implicit (ADI) method. Lead 
was chosen for extensive evaluation of the model 
because of the following considerations : 

FIG. 1. Sketch of hemisphere. 

Lead has a low boiling temperature and 
consequently significant loss of material occurs 
during welding. This adds to the complexity of the 
phenomena and broadens the applicability of the 
analysis to include both low and high fusion 
temperature materials. 
The extensive availability of data. 

Subsequent studies will include other metals. 
The computations were carried out for different 

power levels and different heat input distributions. The 
resulting temperature field, fusion boundary pene- 
tration and heat transfer in the various modes are 
presented, and the results are analyzed and compared 
with experimental data. 

Landram [6] has carried out extensive investigations 
for the determination of the fusion boundary energy 
transport during arc welding. He has made tempera- 
ture measurements on the boundary during the welding 
process and has identified fusion boundary transport 
mechanisms by applying an inverse conduction 
method. 

2. PHYSICAL MODEL AND 
MATHEMATICAL. FORMULATION 

The magnitude and distribution of the heat input 
from the welding arc are required for the thermal 
analysis of a weld. Two different distributions for the 
surface heat flux have been considered: one 
corresponds to a concentrated ‘point’ source [7] and 
the other corresponds to a Gaussian distribution [4,5]. 
In this study several distributions, some slight 
modifications of the above, are used. 

The magnitude of the total input, Q, is given by Q 
= +5I where q is the arc efficiency, E is the arc voltage 
and Z is the arc current. This power is assumed to be 
independent of time. The determination of the arc 
efficiency is an essential consideration in analyzing the 
heat transfer during welding. In this study the arc 
efficiency was a parameter which was approximated 
based on the calculations of the fusion boundary power 
using Landram’s data [6]. 
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NOMENCLATURE 

A, B, C coefficients [equation (7)] for lead ; AV element volume 
10.69,9600, - 3.0758 W evaporation flux. 

CP specific heat 
E arc voltage Greek symbols 

h,,, &us latent heat of vaporization and fusion 6 penetration depth 
I arc current E total emissivity 
k thermal conductivity V arc efficiency 
Am mass loss 8, A0 angle and angle increment 

Q total input power P density. 

q(r) heat flux outside cavity 
q(0) heat flux over the cavity Subscripts 

4 svap, qrad heat loss due to evaporation and i initial condition 
radiation i,j node indexes 

R radius of weldment 1 liquid 
r, Ar radius and radius increment S solid, surface 

lCh characteristic radius 00 ambient. 
T temperature 

Tboi,, Tme,, temperatures of boiling and melting Superscripts 
t, At time and time increment n, n + l/2, n + 1 time level index. 

2.1. The following heat distributions were studied. 
(b) Concentrated heat flux acting non-uniformly over a 

(a) Concentrated heat flux acting uniformily over a small cavity [cf. Fig. 2, case(b)]. The flux is assumed 
small cavity [cf. Fig. 2, case (a)]. In this case, the heat to have a cosine variation over the small cavity 
input is considered to act in a concentrated manner, surface with the total power equal to that for the 
like a point source, and the resulting flux is assumed uniform heat flux of case (a). The heat flux is a 
to be distributed uniformly over the small cavity. maximum at 8 = 0”. 
This can be considered to be a model of a point heat (c) Distributed heat flux acting over a large flat surface 
source. without a cavity [cf. Fig. 2, case (c)]. The heat flux 

lllllllllllllllll 
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FIG. 2. Heat flux distributions (cavity enlarged for clarity). 
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varies according to the Gaussian distribution [4] : 

44 = (3Q/dd ev C- 3(7Y~cb)zl 

where rch is a characteristic radius. Over the interval 
0 c r c rch, 95% of the power is transferred. 

(d) Distributed heat flux acting over a large surface 
with a constant value over a small cavity [cf. Fig. 2, 
case(d)]. In addition, outside the cavity the heat flux 
varies according to the Gaussian distribution given 
in case (c). 

(e) Distributed heat flux acting over a large surface 
with a non-uniform distribution over a small cavity 
[cf. Fig. 2, case(e)]. This case considers the heat flux 
to vary with the cosine of the angle within the cavity 
and with a Gaussian distribution outside the cavity. 

2.2. The thermal conductivities of the solid and the 
liquid are different but are independent of the 
temperature. Heat transfer is permitted in the radial, r, 
and colatitude, 0, directions with azimuthal symmetry. 

2.3. Three different power levels were chosen to 
compare with the data of Landram [6]. 

2.4. The metal is considered to undergo a solid-liquid 
phase change. Since lead is a pure metal the phase 
change is assumed to take place with the latent heat 
being absorbed isothermally. 

3.1. Governing differential equation and conditions 
The two-dimensional heat conduction equation is 

written in spherical coordinates as follows 

PC, JTpt = (l/r’) a/ar(kr2 aTJar) 

+ l/(r’ sin 0) a/ae(k sin 0 aT/ae). (1) 
The initial condition is given by 

T(r, 0) = T = constant. (2) 

The adiabatic boundary condition at r = R is 

aT/ai- = 0 0 s 0 Q 1112, r = R. (3) 

On the small cavity of radius ri on the upper surface 

-k aTJar = q(0) 0 < 0 < x/2, r = ri. (4) 

Over the plane surface external to the cavity, 

0 = s/2, ri c r c R 

we have 

2.5. The heat transfer in the liquid phase is assumed to 
occur through conduction. 

2.6. It is assumed that evaporation losses occur from 
the liquid metal surface outside the cavity, r > ri. In this 
paper the term ‘evaporation loss’ is used for the energy 
loss accompanying the phase change of the liquid to the 
vapor when the liquid is below the boiling temperature. 

2.7. At the boiling temperature one assumes that pool 
boiling occurs and that the liquid metal undergoes a 
liquid-vapor phasechange at theconstant temperature 
Tboi,. Losses accompanying this phase change are 
referred to as boiling losses. It is assumed that once the 
boiling temperature is reached the heat is isothermally 
absorbed and that a mass of lead is lost through boiling 
at a rate determined by the heat input and the latent 
heat of vaporization. It is assumed that theloss ofmetal 
causes a spherical cavity to be formed, and the heat 
input is assumed to act on this surface. The calculation 
domain is then extended; i.e. the outer radius of the 
entire hemisphere is increased and the domain is 
remeshed accordingly. 

k/r aT/ae = q(r) - qrnd - qcvapr 

0 = s/2, ri -z r < R. (5) 

The heat inputs q(g) and q(r) are given by : 

(a) concentrated uniform flux with a cavity : 

q(8) = Q/2mf, q(r) = 0 for r > ri. (64 

(b) concentrated non-uniform flux with a cavity : 

q(e) = Q cos e/7$, q(r) = 0 for r > ri. (6b) 

(c) distributed flux without a cavity : 

q(r) = (3Q/a&) exp [ - 3(r/r,,J2], 0 < r < R. 

(64 
(d) distributed flux with a cavity : 

40) = (QP~r?) { I- ew C - 3(~J~dl~. (W 

(e) distributed flux with a cavity (cosine 
distribution) : 

q(0) = (Q/m?){ 1 - exp [ - 3(rJr,,j2]} cos 8. (6e) 

Cases (d) and (e) have 

2.8. The boundary of the solid of radius r = R is 
assumed to be an adiabatic hemisphere which increases 
when a cavity forms due to boiling. The surface at 
0 = ~12 outside the cavity, r > ri, loses energy by 
radiation. 

q(r) = 3Q/d, ev C - 3(r/r,h)21. (60 

The total or integrated power is the same at a given 
power level for all five cases. The value used for rch is 
2 mm [SJ. The values of ri vary with time. The initial 
values are ri = Ar/2 for cases (a) and (b) and ri = r,,, for 
cases (d) and (e). In equation (5) 

&ad = &(‘[~(r, 7$+ T:l, 

2.9. Initially, the metal is at the ambient temperature 
‘I. 

and qcvap = Wh,, when T(r, 7r/2) > T,,,,. W is the 
evaporation flux which is obtained from the relation 
C&131 

3. MATHEMATICAL MODEL log W= A-B/T-11/2logT+C. (7) 

The governing energy equation and boundary The above equation is specified for vacuum conditions 
conditions and the formulation of the phase change but was used for the present study. The constants are 
relations are now presented. specified in the nomenclature. 
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3.2. Interface conditions 
The effect of melting is calculated by the following 

method proposed by Dusinberre [9] and modified by 
Doherty and Lachenbruch (cf. [lo]). Melting begins 
when the temperature, Tcnls, is greater than the melting 
temperature. The energy Q = pc,A V( Talc - T,& is 
then determined. If this quantity is less than the latent 
heat of fusion, pAI%,,,, the temperature 7&i, is reset to 
T&i, and the calculations are repeated. When the sum of 
the Qs exceeds the latent heat, the phase change for the 
zone is assumed to be completed. The temperature of 
the liquid exceeds the fusion temperature by the 
amount AT = (Q-pAlG&/pc,AK The exact melt 
surface boundary condition has been derived by Pate1 
[14] and used by Lazaridis [lS] in finite-difference 
calculations. As noted above the present method uses a 
small finite control volume which is heated until the 
energy absorbed is equal to the latent heat of fusion. 
This energy balance permits variations in the angular 
direction, 6. This method was chosen so that boiling 
could be included both in this analysis and in the 
future analyses for three-dimensional variations with 
a moving heat source; comparisons with other 
investigators are given at the end of Section 4. 

As noted above, boiling in the liquid has also been 
considered. Boiling is assumed to occur when the 
calculated temperature is greater than the boiling 
temperature. The quantity Q = pc,AV(T,,,, - Tboi,) is 
then calculated and the mass Am that is boiled and lost 
to the surroundings is obtained from Q = Amhr,. The 
temperature TFplc is then reset to Tboi,. A new cavity size 
is then calculated according to r:, = r: +3Am/2np 
where rin is the new radius of the small cavity. The outer 
radius R is then increased to a larger value R, according 
to R-ri = R,--rim and the grid arrangement is 
changed accordingly. Temperatures at the new nodal 
points are recalculated based on an energy balance for 
the new control volumes. The calculations are then 
repeated. 

4. NUMERICAL METHOD 

The governing differential equation was written in 
finite-difference form and solved using two different 
numerical methods ; namely an explicit method and an 
Alternating Direction Implicit (ADI) method. The 
explicit method is relatively straightforward but 
requires large amounts of computing time because of 
the stringent Courant stability condition which is 
expressed as At G (pc/2k) (Ar)‘/[ 1+ (Ar)2/(rAt?)2] for 
internal nodes. In this study the minimum time step 
used is 0.001 sand about 3OOc.p.u. min are required on a 
VAX 1 l/750 for 16 s of arc heating. The large computer 
time makes the use of more efficient, implicit or semi- 
implicit methods desirable and therefore the AD1 
method was also used. This method solves the two- 
dimensional problem by solving one direction 
explicitly and the other implicitly in the first half time 
step. This is then reversed in the next time step. If the 

two equations are considered separately, they are only 
conditionally stable, but the combination of the two 
equations is unconditionally stable. The equations for 
the two methods are given in the Appendix. The calcu- 
lation domain is illustrated in Fig. 1. 

The program was compared with analytical 
solutions in the absence of phase change, and excellent 
agreement was obtained. Comparison was also made 
between the explicit and the implicit solutions. The 
maximum difference between the results is 3% at the 
initial stage of the computation and decreases to about 
0.05% at later times. Comparison ofthe explicit method 
with the AD1 method showed excellent agreement for 
the completion of fusion. However, for the case of ice 
melting with small temperature differences in the 
system, the AD1 method does not give good results for 
predicting the beginning of melting. This is caused by 
the simultaneous implicit half time step approach 
(noted above) which may produce temperatures that 
are above the melting temperature at several nodal 
points simultaneously. This problem does not arise 
from the present work because large temperature 
differences are characteristic to the process. 

Time step and mesh sensitivity analyses were 
undertaken. The temperature distribution away from 
the cavity showed little dependence on mesh size for 
values of Ar (mm) equal to 1.1206,0.7620 and 0.6145. 
Near the cavity the temperature was dependent on the 
mesh size which resulted in a maximum variation of 6%. 
For time steps, At, of0.003 sand less there is virtually no 
variation. It is also noted that Hsu and Rubinsky [ll] 
checked the results by utilizing the temperatures in the 
solid to obtain the weld penetration by an inverse 
method. The agreement between the two results was 
very good. In addition, comparisons were made with 
other reported results for the interface location as a 
function of time. In a symmetrical square geometry, 
results for the interface location along the diagonal and 
along the adiabatic surface are presented by Rao and 
Sastri [16]. These also include the results of Lazaridis 
[15], Crowley [17], and Rathjen and Jiji [18]. The 
present method gave results that were in very good 
agreement with their studies. 

5. RESULTS AND DISCUSSION 

The fusion boundary penetration depth, tempera- 
ture distribution and energy distribution were 
determined for different power levels and power 
distributions. Representative results are presented and 
discussed. 

5.1. Fusion boundary penetration 
Numerical results for the fusion boundary penetra- 

tion depth are shown in Fig. 3(a) at 8 = 8.18” for three 
different power levels. The calculations are for case(b) ; 
i.e. a concentrated heat flux acting non-uniformly over 
a small cavity. Landram’s data [6] at 6 = 0 are also 
presented on the figure. It is seen that at the low power 
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Q (WI Landram Cak. (7) _--- 
325 0 0 (0.7) 
650 l 0 (0.7) 

2000 A A (0.85) 

I I h I Ii 11 1 ” ” ’ “1 I 

2 4 6 6 IO 12 14 16 
TimeCsecl 

FIG. 3(a). Penetration depth. Data at 0 = 0”. Calculation at 0 = 8.18”. Case (I$, concentrated cosine variation 
over small cavity. 

Width (mm) 

FIG. 3(b). Penetration location. Q = 650 W, q = 0.7. Case (b), 
concentrated cosine variation over small cavity. 

levels of 325 and 650 W* there is reasonable agreement 
between the calculations and the experimental data. 
This is not true at the high power level of 2000 W. 

One can observe a significant increase of the 
penetration with respect to the power level. Note that 
the computed values are not supposed to pass through 
zero because of the presence of an initial cavity. With 
respect to the experimental data close to the origin, 
difficulties exist in obtaining data during the early stage 
of the process by the inverse conduction method. 

* For this case the loci of the interface are shown in Fig. 3(b) 
at several times as melting progresses. 

The agreement of the computational results with the 
experimental data is certainly reasonable in view of the 
difficulties mentioned and the simplifying assumptions 
that the analysis is based on. The most important 
simplification is probably that of constant power as a 
function of time. However, at the end of the welding 
period the agreement between the experimental and the 
theoretical penetration is good, differing by less than 
1 mm for the lower power levels. At the 2000 W power 
level the experimental penetration depth exhibits a 
significantly larger slope than the computed depth. 
This may be due to a considerable increase in con- 
vective effects in the liquid phase at very large power 
levels. 

5.2. Fusion boundary penetration for deferent power 
distributions 

The effect of power distribution on the fusion 
boundary penetration was examined for different 
power levels. Figures 4(a)-(c) show the variation of the 
penetration depth for different power distributions. 
Both the concentrated and distributed powers with a 
cavity give reasonable agreement with the experi- 
mental data especially at larger times. 

One can conclude that the distributed flux without a 
cavity is not a suitable simulation of the power 
distribution for lead because these calculations yield a 
wide liquid metal pool of small depth which is contrary 
to the experimental evidence. It is also likely that the 
cosine power distribution in the cavity is better than the 
uniform distribution despite the fact that this statement 
seems to slightly contradict the results that are shown in 
Fig. 4(a). This statement is based on the result that the 
cosine power distribution gives a penetration depth 
which is deeper in the vertical direction than in the 
horizontal direction (an elongated pool shape) which is 
in agreement with all the experimental evidence. 
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RG. 4(a). Penetration depth. Q = 650 W, q = 0.7. Data at 0 = 0”. Calculations cl at B = 8.18” and c2 at 
0 = 57.27”. 
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FIG. 4(b). Penetration depth. Q = 325 W, fl = 0.7. Angular variation for concentrated flux conditions (a) and (b). 
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FIG. 4(c). Penetration depth. Q = 325 W, VJ = 0.7. Angular variation for distributed &IX conditions(d) and(e). 
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FIG. S(a). Energy contributions. Q = 650 W, q = 0.7. Case(b) concentrated cosine variation over small cavity. 

The results for the fusion boundary penetration 
suggest that it is likely that for lead (and for other low 
fusion temperature materials) that the arc quickly 
forms a cavity as a consquence of the very high local 
temperature and the associated loss of mass. The arc 
predominantly affects the bottom of the cavity thereby 
leading to a deep cavity. It is emphasized that this 
conclusion is considered to be valid for low fusion 
temperature materials and a dilIerent behavior is 
anticipated when high fusion temperature materials are 
investigated which are accompanied by little mass loss. 

5.3. Energy balance during the welding process 
An energy balance was made at different power levels 

and distributions and is shown in Figs. 5(a) and(b). The 
contributions are defined as follows : 

(a) Energy in the solid phase 

Qs- ’ 
SIC 

/x&r- 7J dV 
0 v.w 1 dt 

where V,(t) is the volume of the solid phase. 

(b) Energy in the liquid phase 

P~PLV- W dV 1 dt 

where V,(t) is the volume of the liquid phase. 

(c) Latent heat of fusion 

1200 

- Solid 
---- Liquid 
. . . . . . . . Melting 
-- Rodiotion 

- --- Evoporotion 
o o o o Boiling 

Time (set) 

FIG. S(b). Energy contributions. Q = 2ooO W. q = 0.85. Case (b), concentrated cosine variation over small 
cavity. 
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where A,,,(t) is the area of the fusion boundary and s(t) 
is the penetration depth. 

(d) Energy loss due to radiation 

Qrnd = ’ S[S EU( T4 - Tf) dA dt 
0 A. 1 

where A, is the area of the flat surface 0 = 42 outside 
the small cavity. 

(e) Energy loss due to evaporation 

where W is the rate of evaporation. This loss occurs at 
the liquid surface when the temperature is below the 
boiling temperature. 

(f) Energy loss due to boiling 

Q,, = 

where Am is the mass loss due to boiling. 
From Figs. 5(a) and (b) it is seen that the dominant 

contribution is the accumulation of the energy in the 
solid. At 650 W the other quantities are negligible. For 
the high power input of Q = 2000 W, boiling and the 
energy content in the liquid are also important [cf. Fig. 
5(b)]. At higher power levels boiling is expected to be 
considerably more important for low fusion and low 
boiling temperature materials. The energy in the liquid 
is related to the superheat above the melting 
temperature. At high power inputs the liquid is at 
temperatures significantly greater than the fusion 
temperature. It is also noted that at this condition the 
large temperature differences that are present probably 
cause increased fluid motion to occur in the liquid due 
to buoyancy and surface tension. 

The radiation loss increases with increasing power 
levels but the contribution is very small in comparison 
to the other modes. The energy contribution related to 
the latent heat of fusion is numerically the same for the 
same depth of penetration. This contribution is also 
small. 

The energy loss from evaporation as calculated from 
equation (6e) is also small. This contribution is sensitive 
to the power distribution and this will be presented 
later. 

The strong dominance of the energy content in the 
solid phase as compared to the other modes explains 
why many simplified theoretical analyses, based only 
on conduction in the solid, sometimes provide reason- 
able approximate results for the welding process. 

The energy loss by evaporation is shown in Fig. 6(a) 
for four different power distributions at Q = 650 W. 
The loss is largest for the concentrated flux acting 
uniformly over a small cavity, case (a). This is because 
this case results in the highest surface temperature 
(0 = n/2) which yields the largest rate of evaporation. 

The energy loss by boiling is shown in Fig. 6(b) for 
four different power distributions at Q = 650 W. This 
loss is largest for the concentrated flux acting non- 
uniformly over a small cavity, case (b). Note that this 
case yields the highest temperature within the cavity 
(at ~9 = 0) which results in the largest boiling loss. 
Comparing the cases ofdistributed heat flux acting on a 
large surface the boiling loss is greater for the non- 
uniform [case (e)] than for the uniform [case (d)] 
distribution over a small cavity. The temperature at the 
bottomofthecavityislargerforcase(e)thanforcase(d). 
It is noted that once boiling begins the temperature is 
assumed to remain at the saturation temperature. 

The energy in the liquid phase is shown in Fig. 6(c) for 
four different power distributions at Q = 650 W. These 
results are consistent with the variations of the 
penetration depth in Fig. 4(a); i.e. the largest depths 
have the largest energies in the liquid region. The results 
show that the distributed heat fluxes, cases (d) and (e) 
yield more energy in the liquid phase than the 
concentrated heat fluxes, cases (a) and (b), respectively. 
Furthermore, the results for both non-uniform dis- 
tributions over the small cavity; i.e. cases (b) and (c), 
yield more energy in the liquid phase than the uniform 
distributions, cases (a) and (d), respectively. This is 
consistent with the results of Figs. 6(a) and (b) which 
show that the largest total energy loss from both 
evaporation and boiling corresponds, in turn, to the 
smallest energy in the liquid phase. Furthermore, it is 
emphasized that the losses are largest for case (a) [cf. 
Fig. 6(a)]. 

5.4. Mass loss due to boiling and evaporation 
The mass loss due to boiling and evaporation is 

shown in Fig. 7 for the concentrated heat flux acting 
non-uniformly over a small cavity, case (b). The losses 
increase for increases in the power level. 

At 2000 W the boiling mass loss is approx. 100 times 
greater than the evaporation loss. At this high power 
level a rapid increase of the liquid temperature occurs 
leading to significant boiling loss. The results at 650 W 
are similar but now the boiling mass loss is about 10 
times the evaporation mass loss. At the low power level 
of 325 W a significant proportion of the liquid never 
reaches the boiling temperature and therefore the 
evaporation loss now exceeds that resulting from 
boiling. It is noted that only the mass change due to 
boiling was included in the calculation of the cavity. 
The loss due to surface evaporation is significant at low 
power levels, but in that case the total loss of mass is not 
significant. 

Recall that at the lower power level the energy loss 
due to evaporation was greater than that due to boiling 
but both were still negligible with respect to the total 
energy balance [cf. Fig. 5(a)]. At the higher power level 
the energy loss due to boiling is very important and 
cannot be neglected. It is again emphasized that these 
results are only applicable to low boiling temperature 
and low fusion materials. 
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FIG. 6(a). Evaporation energy loss. Q = 650 W, q = 0.7. 
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FIG. 6(b). Boiling energy loss. Q = 650 W, q = 0.7. 
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FIG. 6(c). Energy in liquid. Q = 650 W, q = 0.7. 
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FIG. 7. Mass loss. Case(b), concentrated cosine variation over 
small cavity. Initial mass = 0.164 kg. 

6. CONCLUSIONS 

A study has been made for the heating of a material 
which experiences a change of phase. Gas tungsten arc 
welding of lead, a low boiling temperature and low 

. fusion material is considered. The finite-difference 
program applicable to spherical coordinates, is two- 
dimensional with azimuthal symmetry and includes 
the effects of conduction, radiation, evaporation and 
boiling. 

The calculated penetration depths are in good 
agreement with the experimental data at later times for 
325 and 650 W power levels. At the large power level of 
2000 W the experimental penetration speed is larger 
than the calculated speed. This may be due to fluid 
motion which is not included in this analysis. 

For all the cases studied the energy content in the 
solid represents the largest contribution. At the high 
power level of 2000 W boiling is next in importance. At 
the low power levels the boiling, as well as evaporation 
energies are very small. The concentrated heat flux 
acting non-uniformly over a small cavity produced 
reasonable agreement with the experimental data for 
the penetration depth at all power levels. 

Different power distributions were investigated and 
it was concluded that for low fusion temperature 
materials it is likely that the arc forms a cavity at the 
early stage of the process. 

The arc predominantly affects the bottom of the 
cavity which leads to a deep pool; i.e. the maximum 

dimension is in the vertical direction as observed 
experimentally. 

Heat balances were carried out and it was shown that 
the relative importance of different heat transfer modes 
depends strongly on the power level and distribution. 
However, the heat content of the solid phase remains 
dominant and this explains the relative success of some 
simplified analytical models in predicting fusion 
boundary penetration in the welding process. 

A better simulation of the welding process would 
include fluid motion as this transport is likely to be 
significant especially at larger power levels. The scope 
of the work is presently being extended to high fusion 
temperature materials. 
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APPENDIX 

Fortheexplicit method thefinitedifference relation reduces to 

Ty,;’ = T;,,+E.(A+B+C+D) 

where 

At 
E= 

pC,r’ sin 6 * AT * AB 

A= ki,,+l,Z(~,,+i-T;,i).sin O+F *WA0 
( ) 

B= k,,,_,,,(~,j_l-~.j).sin 0-F 
( ) 

- ArlA9 

AT 2 

( ) 

A0 
C= k,_,,,,,(T;_,.,-T;.,). r-1 Sin@& 

AT = 
D= ki+llz.i(rl+l.i-T’l,). r+ 1 

( ) 

A0 
sin 0.~ 

For the ADI method the finite-difference form reduces to : 

(Lr direction’, implicit) 

oTl_‘i’f+bT” +1/2+c~n+1/2 - 
1.1 i+1., - d 

a=-k ,-1,2,, 
( )i 

r- f ’ (rAr)’ 

b= ~+[lr,_,,,,(r- $~/@I’ 

r+ f 

2 
+ki+lll.j 

( >I/ (rdr)’ 

c= -k i+l/z,j 
( )I 

r+ q ’ (rW2 

+k,,,-,,,sin(8-~)]/(rA@‘sin0}~~,, 

(rAO)* sin 0 

(rA@*sin0. 

(‘0 direction’ implicit) 

o~‘!!ti +bT'!?'+cT?t' -d r,,l 4, a.,+, - 

where 

(rAf3)‘sin 0 

d= 12 -b,+l,z,j(r+$) 

+ki-~,‘.j(r-~~]/(rA?‘} 

x T;,~1~2+ki-1,2,,~~~~~ r-f 
* 

( )I 
(rAr)* 

(rAr)‘. 

ETUDE DU TRANSFERT THERMIQUE PENDANT LE SOUDAGE A L’ARC 

R&nne-On analyse le transfert de chaleur pendant le soudage. Les mecanismes de transfert thermique 
consider& incluent la conduction, le changement de phase solide-liquide, le changement de phase liquids 
vapeur et le rayonnement. La profondeur de penetration est calculb pour differents niveaux de puissance et 
plusieurs distributions et les resultats sont compares aux donn&es exp&nenatles pour le plomb. La 

contribution et l’importancc des differents modes de transfert thermique sont precides. 

UNTERSUCHUNG DES WARMETRANSPORTS BEIM LICHTBOGENSCHWEISSEN 

Zusammenfassung-Es sind Berechnungen des Wlrmeiibergangs beim Lichtbogenschweigen durchgefiihrt 
worden. Neben der Wiirmeleitung wurde der Wiirmetransport beim Phasenwechsel fest-fliissig, beim 
Phasenwechsel (fliissig-gasfiirmig) und bei der Strahlung berticksichtigt. Die Einbrenntiefe wird fur 
unterschiedliche Energiedichten und -verteilungen berechnet und die Ergebnisse mit experimentellen Daten 
von Blei verglichen. Die unterschiedlichen Wiirmetransport-Mechanismen werden hinsichtlich ihres Beitrags 

und ihrer Bedeutung zum Gesamteffekt bewertet. 

RCCJIEAOBAHHE TEI-IJIOOPMEHA I-IPW AYFOBOn CBAPKE 

AFIIpo!ieneu aHann rennoo6Mena npu nyroaoil caapre. PaamoTperrbl MexamisMbr rennone- 
peeoca, nsnroqaa ronnyrnmo, +asosbre nepexonbr ~eepnoe Tern--mmmCTb, xcmmcrb-nap H mnyue- 

HHC. hy6EHa npoHHnHoBeHHs paCcwiTbrnaeTCn n~~ll pa!mmib~x WeprmreCrHx ypoBHeii w 

paCII~~~CHHfi,a pK3yJlbTaTbl paCWTOB cpaBHHBaIOTCn C ~LHHblIMH 3XCnepHMeHTOB,npOBeL,eHHbIX CO 

CBHHIIOM.OUeHHBaIOTCCRBKJla&WHBa~HOCTb pa3nHqH~X~xaMOBTe~OO6MeHa. 


