
Introduction

Resistance spot welding (RSW), as
shown in Fig. 1, is the most widely used

joining technique for the assembly of
sheet metal components, especially in the
automotive industry. It is characterized by
high operating speeds and suitability for
automation or robotization. During the
process, sheet metal components are
welded together as a result of the heat gen-
erated by electric resistance to current
flow. The RSW process consists of first ap-
plying a force through the electrodes to
clamp the workpieces and reduce the in-
terface resistance and then passing a cur-
rent through all the components shown in
Fig. 1. As a result of the current flow, heat
will be generated due to Joule heating.
Since the welding current remains con-
stant along the components, the location
at which the greatest electrical resistance
exists will generate the greatest heat. As
the resistance of the interface between the
two workpieces is dominant, a great deal
of heat generated at the interface leads to
an incremental rise in temperature of the
weld cap. Therefore, owing to the effects
of the mechanical force and electrical cur-
rent, the weld cap is subjected to signifi-
cant thermal and mechanical excursions.
After a few welding cycles, the weld caps
tend to be mushroomed resulting in the in-
crease of the electrode tip area and thus
the decreases of the holding pressure and
current density (Ref. 1). Consequently,
the current density will become smaller,
which may not be high enough for effec-
tive welding. For this reason, the weld cap
should be replaced or redressed, espe-
cially when welding thin workpieces.

Hence, good cooling of the weld cap is es-
sential in order to prevent it from becom-
ing too hot and too soft. A number of ex-
perimental and modeling studies have
attempted to address and better under-
stand the aforementioned issue (Refs.
2–4). And much experimental research on
electrode cooling water has been carried
out to study the effects of water flow rate
and water temperature (Refs. 5, 6). How-
ever, few detailed descriptions of model-
ing cooling water flow in the weld elec-
trode and improving cooling efficiency
during RSW have been reported. 

In this study, we first focus our atten-
tion on developing a model for the fluid
flow of cooling water in a “conventional”
weld cap and, then, a time-dependent
thermal model is developed to simulate
the transient weld cap cooling process.
Based on the fundamental understanding
of the fluid flow and heat transfer charac-
teristics for the conventional weld cap, a
new cone-fin weld cap design is proposed
and the corresponding mathematical
model is developed aiming at the en-
hancement of the weld cap cooling. The
new cap design is also implemented. Our
modeling results show that in the new cap
design the weld cap temperature is re-
duced, which is indirectly confirmed by
our implementation studies in which the
cap lifetime has been significantly 
extended. 

Mathematical Modeling

Figure 2A illustrates the geometry of
the electrode including a conventional
weld cap mounted on a supporting mem-
ber (shank) with a cooling tube that pro-
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vides cooling water. In this study, the
shank-weld cap joint has been ignored,
and the water supply tube is coaxially lo-
cated relative to the shank wall. This sim-

plification for modeling has negligible ef-
fects on the fluid flow in the cavity of the
cap and the heat transfer between the cap
and the cooling water compared to the ac-

tual setup (Ref. 7). The cooling water en-
ters the cap cavity through the inner tube
and leaves via the annular channel be-
tween the inner and the outer tubes. 

Modeling of Cooling Water Flow

The computational domain for model-
ing the cooling water flow is the cap cavity
in the electrode that is idealized compared
to real electrode caps, as shown in Fig. 2B.
Due to symmetry arising from the pre-
sumed central location of the inlet flow
tube, only one-half of the domain is con-
sidered. The inlet cooling water volume
flow rate is assumed to be 2.46 L/min (0.65
gal/min) at 300 K, leading to about 5.8 m/s
of average inlet velocity. The Reynolds
number (Re) based on the tube diameter
is about 17000 and, hence, the internal
flow falls in the turbulent regime (Ref. 8).
In the calculation, the relative pressure is
used in the fluid flow field and a zero pres-
sure is assumed at the outlet of the tube.
The fluid flow governing differential
equations based on the standard κ-ε  tur-
bulence model are solved using Fluent
software (Ref. 9). 

Figures 3A and B show, respectively,
the calculated velocity vectors and pres-
sure contours of the cooling water. As
shown, the flow velocity decreases signifi-
cantly near the center of the underside of
the weld cap (at which the maximum tem-
perature occurs), leading to a local high
pressure region and a stagnation flow
there. Hence, the cooling water may not
be able to “sweep” the heat away from the
weld cap. Previous experiments (Ref. 7)
have demonstrated that the temperature
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Fig. 1 — Schematic of the resistance spot welding process. Fig. 2 — Schematic representation of the electrode with conventional weld cap: A —
Geometry of the electrode; B — conventional weld cap and axisymmetrical computa-
tional domain.

Table 1 — Thermophysical Properties and Other Parameters

Nomenclature Symbol Value (unit)

Density of cap ρc 8978 (kg/m3)
Specific heat of cap cpc 381 (J/kg-K)
Thermal conductivity of cap kc 387.6 (W/m-K)
Electric conductivity of cap σe 5.88 × 107 (Ω–1m–1)
Density of cooling water ρl 997.9 (kg/m3)
Density of saturated water ρ′ 958.6 (kg/m3)
Density of saturated steam ρ′′ 0.596 (kg/m3)
Density of superheated steam ρv 0.565 (kg/m3)
Specific heat of cooling water cpl 4176 (J/kg-K)
Specific heat of saturated water c′

p 4214 (J/kg-K)
Specific heat of saturated steam c′′p 2075 (J/kg-K)
Specific heat of superheated steam cpv 2021 (J/kg-K)
Thermal conductivity of cooling water kl 0.608 (W/m-K)
Thermal conductivity of saturated water k′ 0.679 (W/m-K)
Thermal conductivity of saturated steam k′′ 0.025 (W/m-K)
Thermal conductivity of superheated steam kv 0.0265 (W/m-K)
Viscosity of cooling water μl 8.90 × 10–4 (kg/m-s)
Viscosity of saturated water μ′ 2.82 × 10–4 (kg/m-s)
Viscosity of saturated steam μ′′ 1.23 × 10–5 (kg/m-s)
Viscosity of superheated steam μv 1.30 × 10–5 (kg/m-s)
Surface tension of saturated water σ 0.059 (N/m)
Latent heat of evaporation hfg 2.259 × 106 (J/kg)
Cooling water temperature Tl 300 (K)
Saturated water temperature T′ 373.15 (K)
Multiplier in Equation 4 F 27.12
Multiplier in Equation 6 S 0.1
Local vapor volume fraction αlh 0.9
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at the underside of the weld cap can reach
the boiling point of water. The very low
flow velocity near the center of the weld
cap will lead to an excessively high tem-
perature of the weld cap, which may ex-
ceed the burnout point or the boiling cri-
sis point (Ref. 10). As a result, the heat
transfer mechanism between the cooling
water and the weld cap may change from
nucleate boiling to film boiling (Ref. 10).
In the film boiling regime, the surface is
blanketed by a film of vapor, and the heat
transfer from the weld cap surface to the
cooling water is by conduction across the
vapor film, leading to a dramatic decrease
of the heat transfer between the weld cap
and cooling water. As a result, a further el-
evation of the cap temperature and thus a
reduction in the strength of the cap will
occur, which accelerates the softening and
mushrooming of the cap.

Modeling of Weld Cap Temperature

Governing Equation

Figure 2B shows the computational do-
main of the weld cap in a cylindrical coor-
dinate system that is enveloped by the
heating surface, cooling surface, outer
walls, and axis. For heat conduction in the
axisymmetric weld cap, the governing
equation is given by

where ρc is the density, cpc is the specific
heat, and kc is the thermal conductivity of
the cap. S is the source term from the bulk
resistive heat generation by welding cur-
rent (W/m3).

Boundary Conditions

The boundary condition at the interior
cooling surface is given by

where n is the unit outer normal vector
from the wall, Tw is the cap wall tempera-
ture, Tl is the cooling water temperature,
and h is the convective heat transfer coef-
ficient that depends on the flow charac-
teristics of the cooling water. As discussed
previously, boiling of the cooling water
may occur at the inner surface of the cav-
ity, which will lead to a complicated two-
phase flow. Depending upon the charac-
teristics of fluid flow and heat transfer, the
heat transfer coefficient h in Equation 2
can be a combination of forced convection
boiling h1 and natural convection film
boiling h2, which are discussed below. 

For forced convection boiling, the fol-
lowing convective heat transfer coefficient
is considered to be the combination of sin-
gle-phase liquid heat transfer and nucle-
ate boiling heat transfer (Refs. 11, 12)

where T′ is the saturated water tempera-
ture and hc corresponds to the single-
phase liquid heat transfer and is obtained
from the following Dittus-Boelter equa-
tion modified by a multiplier F

where the subscription l is for liquid, Pr is
the Prandtl number, and F is determined
by the Martinelli factor (Ref. 11). The nu-
cleate boiling heat transfer coefficient
hNB, proposed by Forster and Zuber (Ref.
13), is employed in this study and given by

where 

where the superscript “prime” refers to
the saturated water, the “double prime”
superscript refers to vapor phase, p0 is at-
mospheric pressure, σ is the surface ten-
sion, and hfg is the latent heat of evapora-
tion. The multiplier S, defined as the ratio
of the effective superheat to the total su-
perheat of the wall, is a function of the
Reynolds number provided by Bjornard
and Grifith (Ref. 14).

The heat transfer coefficient for film
boiling  in this study is given by 

where hFB is the film boiling heat transfer
coefficient. For natural convection film
boiling on a horizontal plane, Berenson
(Ref. 15) proposed the following 
expression

where
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Fig. 3 — Calculated velocity vector and pressure contour for the cooling water in the conventional weld cap: A — Velocity vector; B — pressure contour (Pa).
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where the subscript v is for vapor and g is
the gravitational acceleration. For natural
convection film boiling in channel with
very low mass flux, Leperriere (Ref. 16)
modified the Berenson’s equation to ob-
tain a correlation as

where α1h is the local vapor volume frac-
tion (Ref. 16). 

Based on the calculated flow charac-
teristics and above discussion, the heat
transfer mechanism along the cooling sur-
faces may involve several different
regimes, including single-phase liquid
heat transfer, nucleate boiling, and film
boiling. Therefore, the heat transfer coef-
ficient h in Equation 1 is regarded to be a
weighted average of heat transfer coeffi-
cients h1 and h2, which can be expressed as

where α1 corresponds to the ratio of forced
convection boiling heat flux to the total heat
flux. Strictly speaking, the heat transfer co-
efficient h can be time and location de-
pendent, and depends on the fluid flow and
heat transfer characteristics. In this study,
we assume α1 = 0.5, an average of the
forced convection boiling and the natural
convection film boiling. Note a constant
temperature Tl of 300 K is assumed for cool-
ing water, which is reasonable because the
high flow rate results in only a few degrees
(K) of temperature increase for fluid core

through the cavity
(Ref. 1). As a result,
the heat transfer in the
internal fluid core is ig-
nored. For heat con-
duction in the weld
cap, various cooling
rates due to the vari-
ous heat transfer coef-
ficients between the
walls and cooling
water are considered
by Equations 2–11. It
is also noted that the
wall temperature Tw
and the heat transfer
coefficient h are cou-
pled, and iterations
are required in the cal-
culation. 

The boundary con-
dition at the heating surface (see Fig. 2B) is
considered as Joule heating flux due to con-
tact resistance at the interface between the
weld cap and workpiece. The contact re-
sistance consists of the constriction resist-
ance and the resistance from possible sur-
face contamination. In general, contact
resistance may vary both spatially and tem-
porally. In this study, the contact resistance
is assumed to be constant, and half of the
power input determined by the experiment
(Ref. 4), 910 W, is used, yielding a heat flux
of q = 7.24 × 107 W/m2. For the outer walls
(see Fig. 2B), the heat loss may consist of
both the natural convection and thermal ra-
diation. However, in this study the natural
convection and radiation heat loss are neg-
ligible as compared to the convective heat
transfer to the cooling water. Hence, the
boundary condition at the outer walls is
simply set as an adiabatic condition (q = 0).

Generation of Joule Heat 

The bulk Joule heat generation due to

electric resistance is determined by Ohm’s
law. Hence, the source term in Equation 1
can be derived as

where σe is the electric conductivity of the
material, J is the electric current density,
and E is the magnitude of the electric field.
In order to obtain the electric field, the fol-
lowing Poisson’s equation must be solved.

where φ is the electric potential, and the
two components of the electrical field can
be found via
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Fig. 4 — Weld current vs. time for a typical resistance weld.

Fig. 5 — Calculated transient temperature at the underside center (z = 6
mm, r = 0 mm) and at the tip (z = 14.66 mm, r = 0 mm) of the weld cap:
A — At the underside center; B — at the tip.
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is computed, which is the square root of 
E and E  .

Numerical Procedure

Equations 1 and 13, subjected to all re-
quired boundary conditions, are solved
implicitly with a time step size of 0.005 s.
At each time step, Equations 3–10 are first
solved based on a new wall temperature to
obtain the heat transfer coefficient
through Equation 11. The boundary con-
dition at the interior cooling surface is
then updated using Equation 2. Equations
13 and 14 are also solved to obtain the new
electric field and update the source term S
using Equation 12. And then Equation 1 is
solved to obtain a new distribution of tem-
perature in the weld cap. Next, the calcu-
lation goes back to the first step. This
process is repeated for each time step until
the convergence criteria for wall tempera-
ture are satisfied. 

Results and Discussion

In this study, the welding system is sta-
tionary and the time-dependent welding
process with the given welding current cy-
cles is shown in Fig. 4. In each cycle (2 s),
an electric current of 21 kA is applied dur-
ing the first 0.165 s and then is shut off for
1.835 s (Ref. 4). Thus, the heat flux at the
heating surface and the bulk resistive heat
source are generated periodically. Note
some real welding current features are not
considered in this study. The effect of mul-
tiple weld cycles (representative of the
thermal exposure experienced by the weld
cap when multiple sequential welds are
made robotically in an individual station)
is investigated by repeating this cycle eight
times corresponding to eight welds made
at 2-s intervals (i.e., robot duty cycle is 8).
The thermophysical properties of the weld
cap (copper) and water (Ref. 17) are listed
in Table 1 with other parameters used for
the calculation.

Transient Temperatures

Figure 5A and B show, respectively, the

transient temperature at
the underside center (z = 6
mm, r = 0 mm) and the tip
(z = 14.66 mm, r = 0 mm)
of the weld cap. As shown
in the figures, both the tem-
peratures at the underside
center and the tip of the
weld cap increase rapidly
after the cessation of elec-
tric current, as expected.
The peak temperatures of
the cap tip and the under-
side of the weld cap are
about 985 and 470 K, re-
spectively. The tip temper-
ature decays rapidly after
the electric current is
ceased, while the tempera-
ture at the underside de-
creases slowly. The tip tem-
perature remains “steady”
after about four welding cy-
cles, but it takes about six
welding cycles for the un-
derside of the cap. The pre-
dicted temperature trends for the cap un-
derside are generally in good agreement
with the experimental measurements
(Ref. 7) where water boiling was observed.
Figure 6 shows the temperature contour in
the weld cap at t = 14.165 s for the last
welding cycle. 

As shown in Fig. 5B, under repeated
weld cycles, the transient behavior associ-
ated with each individual weld cycle is su-
perimposed on an increasing background
temperature that quickly approaches an
asymptotic limit (steady state) after sev-
eral welding cycles, especially for the elec-
trode with the high thermal conductivity.
At the asymptotic limit, the heat loss to the
cooling water balances with the heat input
and generation during one cycle. Hence,
the temperature varies periodically in a re-
peated fashion and no further increase in
peak temperature takes place. Thus, the
thermally driven mechanism of cap degra-
dation will not be further enhanced even if
more welds are added to a robot duty
cycle. However, there is approximately 85
K difference in peak temperature between

the first and the eighth weld cycle, which
plays a significant role in accelerating the
weld cap degradation. Thus, while an in-
crease in the number of welds in a duty
cycle will not significantly increase the rate
of cap degradation provided the back-
ground temperature has achieved its as-
ymptotic limit, a decrease in the number
of welds in the duty cycle, which enables a
reduction in the background temperature,
will effectively reduce the rate of weld cap
degradation, and extend the weld cap life.

The above calculated results indicate
that the underside wall temperature of the
weld cap falls in the range of 300–500 K.
As a result, the heat transfer coefficient h
is in the order of 104 W/m2–K that is about
the average of film boiling and nucleate
boiling. Hence, our assumption of using
α1 = 0.5 appears to be reasonable. How-
ever, it would be worthwhile to study the
effects of the heat transfer coefficient on
temperature cycles of the weld tip and the
underside. Figure 7A and B, respectively,
shows the transient temperature profiles
at the underside center and the tip of the
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Fig. 6 — Temperature contour (K) of the conventional weld cap at a weld time of
14.165 s.

Fig. 7 — Effect of convective heat transfer coefficient on the transient
temperature at the underside center (z = 6 mm, r = 0 mm) and at the
tip (z = 14.66 mm, r = 0 mm) of the weld cap: A — At the underside
center; B — at the tip.
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weld cap between the cases with α1 = 0
and α1 = 0.5 (the case shown in Fig. 5).
When α1 = 0, the heat transfer coefficient
is calculated by Equation 7 and in the
order of 102 W/m2–K, which corresponds
to the formation of a vapor film around
the inner surface of the cap as a result of
the stagnation flow of the cooling water.
With the low heat transfer coefficient, our
modeling results show that the quasi-
steady state would never be achieved. This
suggests that for each weld cycle the heat
input is always larger than the heat re-
moval and, consequently, the peak tem-
perature increases progressively and pro-
motes ever-increasing weld cap
degradation. Note that, as shown in Fig.
7A, B, the differences in corresponding
temperatures between the two cases are
not significant during the first welding
cycle. This is because the response from
the cooling water is slow compared to the
short welding duration of 0.165 s. Note
similar results were also found by Yeung
and Thornton (Ref. 4) that the convective
heat transfer coefficient has little effect on
the peak temperature for the first welding
cycle. However, after the following cool-
ing cycles the weld cap temperature can-
not be restored to its initial condition as α1
= 0, indicating both the background tem-

perature and the peak temperature in-
crease continuously. 

New Weld Caps 

The calculated velocity vectors and
pressure contours are shown in Fig. 9A
and B, respectively. It can be seen that
near the underside of the weld cap, stag-
nation flow has been significantly reduced.
The cooling water sweeps and carries away
the heat transferred from the weld tip.
Hence, the new cap design can effectively
lessen the stagnation of the flow and avoid
the occurrence of film boiling near the
center of the cooling surface. Since boiling
of cooling water near the cap underside is
still inevitable, maintaining the nucleate
boiling might be a good way to improve
the heat transfer by taking advantage of
large latent heat of vaporization. This can
be achieved by roughening the surface of
the cone-fin. The roughened surface
would provide many nucleation sites for
boiling, thereby suppressing film boiling
and dramatically augmenting the heat
transfer.

Figure 8B shows the calculation do-
main for modeling the new weld cap with
a cone-fin of a height of 1 mm and a base
radius of 1 mm, which is enveloped by the

heating surface, cooling surface, outer
walls, fin, and axis. In this model, most
conditions are the same as the conven-
tional design without a fin, but a higher
convective heat transfer coefficient in the
fin area is used. Based on the above dis-
cussion, as there is no stagnation flow near
the cone-fin and a possible nucleate boil-
ing, the value of α1 in Equation 11 is
higher. For simplification, two constant
heat transfer coefficients for the fin hfin
are assumed in the modeling (i.e., 30,000
and 50,000 W/m2–K), which are in the
range of the results obtained from Equa-
tion 3 for the forced convection boiling
heat transfer. Note the selected values of
the convective heat transfer coefficients
are typical for nucleate boiling. It is also
noted the heat transfer coefficient for the
other cooling surface is coupled with wall
temperature and, hence, iterations are re-
quired using the aforementioned method.
Figure 10A, B show, respectively, the tran-
sient temperatures at the underside center
(z = 6 mm, r = 0 mm) and the tip (z =
14.66 mm, r = 0 mm) of the new weld cap.
It is seen that, compared to the case with-
out a cone-fin, the temperatures at the un-
derside of the weld cap are significantly
decreased. The temperature reductions at
the underside of the weld cap for a heat
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Fig. 8 — A schematic representation of the electrode with new weld cap design: A — Geometry of the electrode; B — new weld cap design and axisymmetrical
computational domain.

Fig. 9 — Calculated velocity vector and pressure contour for the cooling water in the new weld cap: A — Velocity vector; B — pressure contour (Pa).
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Fig. 10 — Effect of heat transfer coefficients of the fin on the transient temperature at the underside center (z = 6 mm, r = 0 mm) and at the tip (z = 14.66 mm,
r = 0 mm) of the weld cap (hfin = 30,000 W/m2–K or 50,000 W/m2–K): A — At the underside center; B — at the tip. 
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Fig. 11 — Effect of fin geometry on the transient temperature at the underside center (z = 6 mm, r = 0 mm) and at the tip (z = 14.66 mm, r = 0 mm) of the
weld cap (H = height, R = base radius): A — At the underside center; B — at the tip. 

transfer coefficient hfin of 30,000 W/m2–K
and 50,000 W/m2–K are 30 and 50 K, re-
spectively. However, the temperature at
the tip of the weld cap is determined by the
heat dissipation rate from the tip and heat
flux onto the tip. The heat flux for each
case is unchanged due to the same weld-
ing current profile and contact resistance.
As shown in Fig. 10B, when a cone fin is
added, the temperature at the tip only has
a slight decrease at the end of each cycle
due to the slow response from heat re-
moval by cooling water compared to the
welding cycle duration (2 s).

Effect of Fin Geometry

The above results indicate the addition
of a cone-fin at the underside of the weld
cap improves the heat transfer signifi-
cantly. To optimize the fin geometry, in ad-
dition to the original fin geometry, two
more fin geometries were studied; one fin-
geometry has a height (H) of 2 mm and a

base radius (R) of 1 mm, and the other has
a height (H) of 1 mm and a radius (R) of 2
mm. The heat transfer coefficient for the
fin is assumed to be 30,000 W/m2–K in
both cases. Figure 11A, B show, respec-
tively, the effects of fin geometry on the
temperatures of the underside center and
the tip of the weld cap. In comparison to
the original fin with 1 mm height and 1 mm
base radius, the fin with higher height (2
mm) further reduces the temperature at
the underside center by about 30 K, while
there is no obvious decrease in tempera-
ture for the case with greater radius (2
mm). This can attribute to the fin effi-
ciency discussed below. However, for all
these cases, the temperature differences
at the tip are insignificant due to the rea-
son discussed in Fig. 10B. These results
suggest that the variation in fin geometry
has little influence on the temperature of
the cap tip.

A theoretical study of a cone-fin, with
a constant base temperature, yields the

following equation for the fin tip temper-
ature (Ref. 18):

where T0 is the temperature of the cone-
fin tip, TB is the temperature of the cone-
fin base, T∞ is the fluid flow temperature,
I1 is the modified first-order Bessel func-
tion of the first kind, and

The fin efficiency is defined as the ratio of
the heat transfer rate for the case with a fin
to the case without a fin. For an ideal cone-
fin, its efficiency is given by
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Figures 12 and 13 show, respectively,
the variations of fin tip temperature and
fin efficiency with respect to the variations
of fin height and fin base radius. A con-
vection heat transfer coefficient h =
30,000 W/m2–K and a thermal conductiv-
ity k = 387.6 W/m–K for the fin are used
in the calculations. The cone-fin base tem-
perature and fluid flow temperature are
taken at 400 and 300 K, respectively. Thus,
trends for the effects of the fin geometry
parameters on local temperature obtained
from the theoretical solution agree with
our modeling results as discussed above. It
appears a fin of larger height has a better
efficiency. However, when the fin height
exceeds a certain range, the heat transfer
enhancement is no longer significant.

Implementation Studies

During the normal welding process,
the tip area of the weld cap will grow by
mushrooming and consequently the cur-
rent density and pressure will decrease. To
maintain the effective RSW process and
weld quality, a schedule of electrode re-
dressing should be set up. With other vari-
ables held constant, 60-Hz, single-phase
AC at different levels was used to examine
the aforementioned weld caps. The cap
material used was Class II Cr-Cu alloy
with a 4-mm tip diameter. It is assumed
that the electrode should be redressed as
the diameter of the electrode tip increases
to 1.3 times the starting diameter (Ref. 1).
Thus, the weld numbers of the electrode
before its redressing were obtained. Ex-
tensive experiments have been conducted
and only one representative result is pre-

sented here. As shown
in Fig. 14, it can be
seen that the new
cone-fin design in-
creases the weld num-
ber significantly. At
the same current
level, the weld num-
ber for the new cone-
fin cap is much larger
than that for a con-
ventional weld cap.
For both kinds of weld
caps, the weld num-
bers increase with
welding current in a
nearly linear relation-
ship. This is because
the weld time and
hold time can be
shortened for each
welding cycle at a
higher current level.
Although the temper-
atures of the under-
side and the tip of the
weld cap were not
measured for direct comparison with
modeling predictions, apparently the new
cone-fin design and our modeling predic-
tions are generally correct for improving
the weld cap cooling and extending the life
of the weld cap.

Conclusions

In this paper, models that include cool-
ing water flow impinging onto the under-
side of the cap, heat generated by resist-
ance to the flow of electric current in the
weld cap, as well as heat transfer between
the weld cap and the cooling water were de-
veloped. It was found that the conventional
configuration of the weld cap results in
stagnation of the fluid flow, leading to poor
film boiling heat transfer at the underside

of the weld cap. A new cone-fin design at
the underside of the weld cap was proposed
to enhance the heat transfer. The fin effec-
tively suppresses the film boiling and thus
reduces the risk of reaching the burnout
temperature. A roughened fin surface is
also suggested to provide nucleation sites
that can enhance the heat transfer between
the cap and the cooling water due to nucle-
ate boiling. As a result, the new cone-fin re-
duces the temperature at the underside of
the weld cap, enables the tip temperature
to quickly approach an asymptotic limit,
and prevents the mushrooming of the weld
cap. The implementation studies confirm
that the new cone-fin design can extend the
life of the weld cap significantly. The math-
ematical modeling provides an invaluable
guidance in the design of the weld cap for
the RSW process.
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Fig. 14 — Weld number vs. welding current of different weld caps.

Fig. 12 — Effects of fin height on the fin tip temperature and the fin effi-
ciency (h = 30,000 W/m2–K, k = 387.6 W/m–K, TB = 400 K, T∞ =  300
K, fin base radius R = 0.001 m).

Fig. 13 — Effects of fin base radius on the fin tip temperature and the fin ef-
ficiency (h = 30,000 W/m2–K, k = 387.6 W/m–K, TB = 400 K, T∞ = 300
K, fin height H = 0.001m).
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Nomenclature 

cp specific heat at constant pressure,
J/kg–K

d tube diameter, m
E magnitude of the electric field, V/m
F multiplier in Equation 4
g gravitational acceleration, m/s2

H height of fin, m 
h effective heat transfer coefficient,

W/m2–K
hFB film boiling heat transfer coeffi-

cient, W/m2–K
hc convective heat transfer coefficient,

W/m2–K
hNB nucleate boiling heat transfer coef-

ficient, W/m2–K 
hfg latent heat of evaporation, J/kg
I electric current, A 
I0, I1 Bessel functions
J electric current density, A/m2

k thermal conductivity, W/m–K
n unit outer normal vector from the

wall
p pressure, Pa
Pr Prandtl number
q heat flux, W/m2

r–z cylindrical coordinate system
R base radius of fin, m 
Re Reynolds number
S source term in Equation 1, or multi-

plier in Equation 6
T temperature, K

Greek

α1 ratio of forced convection boiling

heat flux to the total heat flux
α1h local vapor volume fraction 
μ dynamic viscosity of liquid, kg/m-s
φ electric potential, V
σ surface tension, N/m
σe electric conductivity, ⏐–1m–1

ρ density, kg/m3

Superscript and Subscript

' saturated liquid
" saturated steam
l liquid
v gas
w wall 
c cap
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