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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 shaps,
thermal stresses, heat losses, etc. significantly affect weld
quality and productivity [1-3]. 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 [1-3] including recent contributions and
reviews by, e.g. Glickstein and Friedman [4, 5] 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 shownin 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 foliowing considerations:
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Fi1G. 1. Sketch of hemisphere.

1. 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.

2. 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] hascarried 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
= nEI where n is the arc efficiency, E is the arc voltage
and I 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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A, B, C coefficients [equation (7)] for lead ;
10.69, 9600, —3.0758

¢y specific heat

E arc voltage

hyg, heys  latent heat of vaporization and fusion

I arc current

k thermal conductivity

Am  mass loss

0 total input power

q(r)  heat flux outside cavity

q(6) heat flux over the cavity

Qevaps draa  heat loss due to evaporation and
radiation

R radius of weldment

r, Ar radius and radius increment

Fen characteristic radius

T temperature

Toois Tee  temperatures of boiling and melting

t, At time and time increment

NOMENCLATURE

AV element volume

w evaporation flux.
Greek symbols

é penetration depth

€ total emissivity

n arc efficiency

0, A8 angle and angle increment

p density.
Subscripts

i initial condition

ij node indexes

1 liquid

s solid, surface

0 ambient.

Superscripts

n,n+1/2,n+1 time level index.

2.1. The following heat distributions were studied.

(a) Concentrated heat flux acting uniformily over a
small cavity [cf. Fig. 2, case(a)]. In this case, the heat
inputis considered to act in a concentrated manner,
like a point source, and the resulting flux is assumed
to be distributed uniformly over the small cavity.
This can be considered to be a model of a point heat
source.

(b) Concentrated heat flux acting non-uniformly overa
small cavity [cf. Fig. 2, case (b)]. The flux is assumed
to have a cosine variation over the small cavity
surface with the total power equal to that for the
uniform heat flux of case (a). The heat flux is a
maximum at = 0°,

Distributed heat flux acting over a large flat surface
without a cavity [cf. Fig. 2, case (c)]. The heat flux
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Fi1G. 2. Heat flux distributions (cavity enlarged for clarity).
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varies according to the Gaussian distribution [4]:

q(r) = (3Q/nr%) exp [—3(r/re)’]

wherer,, isa characteristic radius. Over theinterval
0 < r <1y, 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)].Inaddition, 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, 6, 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.

2.5. Theheat 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;. 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 phase change at the constant temperature
T.on- 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 the loss of metal
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.

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
@ = n/2 outside the cavity, r > r;, loses energy by
radiation.

2.9. Initially, the metal is at the ambient temperature

3. MATHEMATICAL MODEL

The governing energy equation and boundary
conditions and the formulation of the phase change
relations are now presented.

HMT 29:2-D

3.1. Governing differential equation and conditions
The two-dimensional heat conduction equation is
written in spherical coordinates as follows

pc, 0T/0t = (1/r*) 8/ar(kr? 0T /or)
+1/(r? sin 6) 8/00(k sin 6 8T /96). (1)
The initial condition is given by
T(r, 6) = T, = constant. )
The adiabatic boundary condition at r = R is
oT/or=0 0<0<mn/2, r=R. 3
On the small cavity of radius r; on the upper surface
—koT/or=q(0) 0<O0<Ln/2, r=r. @

Over the plane surface external to the cavity,

0=mn/2, rn<r<R
we have
kir aT/ao = Q(r)—qrad_qevap,
0=mn/2, r,<r<R (5

The heat inputs g(0) and g(r} are given by:
(a) concentrated uniform flux with a cavity:
q(0) = Q/2nr2, q(r)=0 for r>r. (6a)
(b) concentrated non-uniform flux with a cavity:
q(8) = Qcos O/nrl, q()=0 for r>r, (6b)
(c) distributed flux without a cavity:

q(r) = 3Q/nrk)exp [-3(r/r)*), O<r<R
(6¢)
(d) distributed flux with a cavity:

q(8) = (@/2r}) {1 —exp [~ 3(r/r)’]}. (6d)

(e) distributed flux with a cavity (cosine
distribution):
q(6) = (Q/nr?){1—exp [ —3(r/ren)*]} cos 6.  (6e)
Cases (d) and (e) have
q(r) = 3Q/nr’, exp [—3(r/ra)*). (61)

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

Graa = e[ TH(r, m/2)— T3],

and g.,,, = Why, when T(r,n/2) > T,y W is the
evaporation flux which is obtained from the relation
[8, 13}

logW=A-B/T—1/21og T+C. @)

The above equation is specified for vacuum conditions
but was used for the present study. The constants are
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. [10]). Melting begins
when the temperature, T,,,., is greater than the melting
temperature. The energy Q = pc, AV(T,,\c— Ty is
then determined. If this quantity is less than the latent
heat of fusion, pAV hg,,, the temperature T, is reset to
T, 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 = (@~ pAVhe,)/pc,AV. The exact melt
surface boundary condition has been derived by Patel
[14] and used by Lazaridis [15] 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 @ = pc, AV(T,,) — Thop) 18
then calculated and the mass Am that is boiled and lost
to the surroundings is obtained from Q = Amhy,. The
temperature T,,,. is then reset to Ty,;;. A new cavity size
is then calculated according to rd =r?+3Am/2np
where r,, is the new radius of the small cavity. The outer
radius Risthenincreased to alarger value R, according
to R—r;=R,—r;,, and the grid arrangement is
changed accordingly. Temperatures at the new nodal
points are recalculated based on an energy balance for
the new contro! 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 < (pc/2k)(Ar)%/[1 +(Ar)2/(rA6)*] for
internal nodes. In this study the minimum time step
usedis 0.001sand about 300¢.p.u.minarerequiredona
VAX11/750for 16 s of arc heating. The large computer
time makes the use of more efficient, implicit or semi-
implicit methods desirable and therefore the ADI
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
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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
0.059; at later times. Comparison of the explicit method
with the ADI method showed excellent agreement for
the completion of fusion. However, for the case of ice
melting with small temperature differences in the
system, the ADI 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, 0f0.003 s and less there is virtually no
variation. It is also noted that Hsu and Rubinsky [11]
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 = 8.18° 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 & = O are also
presented on the figure. It is seen that at the low power
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FiG. 3(a). Penetration depth. Data at § = 0°. Calculation at § = 8.18°. Case (b), concentrated cosine variation
over small cavity.
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FiG. 3(b). Penetration location. @ = 650 W, n = 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 different 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 areshownin
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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FIG. 4(b). Penetration depth. @ = 325 W, = 0.7. Angular variation for concentrated flux conditions (a) and (b).
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FIG. 4(c). Penetration depth. @ = 325 W, n = 0.7. Angular variation for distributed flux conditions (d) and (e).
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FiG. 5(a). Energy contributions. Q = 650 W, n = 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 consequence 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 different 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

Anenergy balance was made at different power levels
and distributions and is shown in Figs. 5(a) and (b). The
contributions are defined as follows:

Time (sec)

(a) Energy in the solid phase

-]
[}

[I pcp,(T—T,')dV:I dt
Valt)

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

(b) Energy in the liquid phase

QL = J‘ [J‘ pcPL(T— T;‘u:) dV] de
oLJVL®

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

(c) Latent heat of fusion

Ql’ul = J.
0

[ j p(d5/dt)hy,, dA] dt
Afus

1600 7, T T
Solid
-~~~ Liquid
seeenes Melting
— — Radiation
1200 - —-— Evaporation
oo oo Boiling
> 8007
o
®
o
w

4007

Time (sec)

Fi1G. 5(b). Energy contributions. Q = 2000 W. n = 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 4(¢)
is the penetration depth.
(d) Energy loss due to radiation

Qraa = JI ,:f eo(T*—TH dA] dt
olLJa

where A, is the area of the flat surface 8 = =/2 outside
the small cavity.
(e) Energy loss due to evaporation

o J[[

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

Oy = f! Ambh,, dt
0

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 @ = 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 @ = 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
(8 = n/2) which yields the largest rate of evaporation.
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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 8 = 0) which results in the largest boiling loss.
Comparing the cases of distributed heat flux actingona
large surface the boiling loss is greater for the non-
uniform [case (¢)] than for the uniform [case (d)]
distribution over a small cavity. The temperature at the
bottom of the cavity is larger for case (e) than for case(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 @ = 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 theliquid 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(c). Energy in liquid. Q = 650 W, n = 0.7.
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F1G. 7. Mass loss. Case (b), concentrated cosine variation over
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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
325and 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 Ar
P c=—kis1p, ,<r+ ) /(rAr)2
For the explicit method the finite-difference relation reduces to
pC, . A6
d=<| =2 —| k; j+1j28in| 0+ —
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For the ADI method the finite-difference form reduces to: 2
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ETUDE DU TRANSFERT THERMIQUE PENDANT LE SOUDAGE A L’ARC

Résumé—On analyse le transfert de chaleur pendant le soudage. Les mécanismes de transfert thermique
considérés incluent la conduction, le changement de phase solide-liquide, le changement de phase liquide—
vapeur et le rayonnement. La profondeur de pénétration est calculée pour différents niveaux de puissance et
plusieurs distributions et les résultats sont comparés aux données expérimenatles pour le plomb. La
contribution et 'importance des différents modes de transfert thermique sont précisées.

UNTERSUCHUNG DES WARMETRANSPORTS BEIM LICHTBOGENSCHWEISSEN

Zusammenfassung—Es sind Berechnungen des Wirmeiibergangs beim LichtbogenschweiBen durchgefiihrt

worden. Neben der Wirmeleitung wurde der Wérmetransport beim Phasenwechsel fest-fliissig, beim

Phasenwechsel (fliissig-gasformig) und bei der Strahlung beriicksichtigt. Die Einbrenntiefe wird fiir

unterschiedliche Energiedichten und -verteilungen berechnet und die Ergebnisse mit experimentellen Daten

von Blei verglichen. Die unterschiedlichen Wirmetransport-Mechanismen werden hinsichtlich ihres Beitrags
und ihrer Bedeutung zum Gesamteffekt bewertet.

WCCNEJOBAHME TEIIJIOOBMEHA TPU AVI'OBOW CBAPKE

Amsoramms—IIpopeneH aHaIH3 Temoo6MeHa IPH AYroBoi cBapke. PaccMOTpeHbl MEXaHH3MBI TeIulone-

peHoca, BKJIOYas KOHAYKLMIO, (a30Bbie NEPEXOabl TBEPAOE TENO—KHAKOCTb, XHAKOCTb—NAP H H3Nyye-

Hue. [ayOMHa NPOHHKHOBEHHMS pACCUMTHIBAETCA [UIN PadMYHbLIX JHEPreTHYECKHX YPOBHEH M

pacnpezesieHHil, a pe3ybTATH PacYeTOB CPABHHBAIOTCSA C JAHHBIMH JKCIICPHMEHTOB, NIPOBEACHHBIX CO
CBHHIOM. OLICHHBAIOTCA BK/IA/Ibl H BAXHOCTb Pa3IHYHBIX PEXHMOB TeILTOOGMeHa.



