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Abstract
When the temperature rises during the brazing process, only the brazing material melts because of its low melting point. 
Several analytical approaches have been used to describe filler flow in channels and the progression of erosion grooves. 
However, only a few studies have examined filler-flow behavior in microgrooves during brazing. In this study, a computational 
model was constructed to examine the flow in microgrooves on an extruded material’s surface. The capillary flow of the 
aluminum brazing material was numerically analyzed to investigate the physical properties and surface behavior. Specifi-
cally, the surface-tension flow behavior was analyzed by simulating various cross-sectional shapes of the channel grooves 
and various contact angles of the filler. The effects of various parameters, such as viscosity and boundary conditions, on 
the filler flow were also analyzed. When the cross-sectional area of the channel groove increases, the filler-flow velocity 
increases, and the rate of unsteady fluctuation increases with the increasing filler tip velocity. The driving force of the filler 
flow in the channel groove is considered to be (1) the surface tension, which is based on the filler free-surface curvature, or 
(2) the dynamic change in the shape of the meniscus, which can be unsteady and induced by Rayleigh–Taylor instability. As 
the cross-sectional area of the channel groove increases, the capillary force based on the dynamic change in meniscus shape 
dominates the unsteady change in filler tip velocity, rather than the surface tension based on the filler free-surface curvature 
formed in the groove.

Keywords  Filler flow · Capillary flow · Aluminum brazing · Surface tension · Numerical analysis

1  Introduction

1.1 � Erosion grooves in heat exchangers

Aluminum alloy heat exchangers for automotive applications 
comprise a header that serves as the inlet/outlet for refriger-
ant, flat tubes that serve as the flow path of the refrigerant, 
and corrugated fins that improve heat exchange. These parts 
are generally assembled by brazing, joining the parts using 
a molten filler material. Specifically, after the tubes and 
fins are laminated in layers, the tube ends are inserted into 
the header slot holes, fixed with a jig, and then heated and 
cooled in a furnace to complete the controlled-atmosphere 
brazing process [1–3].

A common aluminum alloy material used for brazing is 
known as a brazing sheet, comprising a core of aluminum 
alloy clad with a thin layer of Al-Si. When the temperature 
rises, only the Al-Si alloy layer melts because of its low 
melting point [4–9], and it flows into the joints to fill the 
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gaps between the parts, where it solidifies upon cooling, 
completing the brazing process.

The aluminum alloy substrate is dissolved by the liquid 
filler to some extent. It is considered an “erosion groove” 
when a large amount of liquid filler flows and dissolves a 
substrate enough to form grooves in it [10–12]. The forma-
tion of erosion grooves is one of the most severe problems 
that can occur in the brazing process, when melting the filler 
causes partial loss of the aluminum base [11, 13–15]. If the 
base material deteriorates and the base is penetrated, the 
product is regarded as defective. Even without penetration, 
the product lifetime is shortened, and the heat exchanger 
may cease to function if refrigerant leaks through a hole in 
one of its parts.

Figures 1 and 2 show an example of erosion grooves on 
an extruded tube inserted into a header component. Before 
brazing, there are linear microgrooves with a depth of 
approximately 10 μm on the surface of the tube, aligned in 
the extrusion direction. During brazing, erosion grooves are 
produced by the selective flow of the header’s molten filler 
through the microgrooves.

Erosion grooves are generally caused near the melting 
point of the filler material, either by the melting of the 
Al alloy matrix or by grain boundary penetration by the 
Al-Si filler. The factors that influence this phenomenon 
include the type of filler material, the type of base metal, 
temperature, and the shape of the groove. The effects of 
various factors (e.g., Si concentration of the brazing sheet 
and temperature) on erosion have been reported for sim-
ple shapes [16, 17].

The degree of erosion has been compared between con-
tinuous filler flow in a channel groove (i.e., a gutter for 

filler flow) and the case where the filler stays in the chan-
nel groove, showing that continuous filler flow results in 
considerably increased erosion. Therefore, it is necessary 
to clarify how the filler flow behaves, to enhance the flow 
characteristics while mitigating the progression of erosion 
grooves [18].

This study focuses on the flow of molten filler in micro-
grooves. To date, few analytical approaches have been used 
to understand filler flow in channels and the progression 
of erosion grooves, and few studies have been conducted 
to elucidate the mechanisms of filler-flow phenomena. In 
this study, an analytical model was developed for examin-
ing flow in microgrooves on the surface of an extruded 
material, and the capillary flow behavior of the aluminum 
brazing material was numerically analyzed.

Fig. 1   Overview of an extru-
sion tube surface before and 
after brazing. Before brazing, 
the surface has a roughness 
of approximately 10 μm; after 
brazing, erosion grooves appear 
where the roughness was large 
before brazing

Fig. 2   Cross section of an eroded extruded tube
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1.2 � Surface tension and contact angle in aluminum 
brazing

In aluminum brazing, molten filler flows into the joints 
between parts by capillary action, and the associated surface 
tension and contact angle are governed by Young’s equation. 
Considering its contact angle, the aluminum filler exhibits 
good wettability, as shown in work on the predicted shape 
of joint filet formation, where a contact angle of 0° was used 
[19–25].

However, obtaining the actual surface tension and 
contact angle of the filler is considered difficult for the 
following three reasons [26–31]. (1) The presence of an 
aluminum oxide film and flux solution is an obstacle to 
evaluating the surface tension. (2) The amounts of Si and 
Cu in an aluminum alloy affect the surface tension of the 
brazing material, and the addition of Bi, Ca, Li, Mg, Pb, 
and Sb has been reported to lower the surface tension 
of the brazing material. (3) The surface tension of an 
aluminum alloy liquid is correlated with temperature: as 
the temperature increases, the surface tension tends to 
decrease (i.e., the higher the temperature, the greater the 
brazing wettability).

1.3 � Capillary flow between flat plates

When two glass plates are placed vertically in a fluid, like 
water, with a gap between them, the fluid rises to the top of 
the plates when the gap is sufficiently narrow but does not 
rise when it is too wide. This capillary phenomenon occurs 
in numerous cases, including filler flow.

The smaller the gap between parts, the greater the 
penetration distance and velocity associated with the 
capillary force (equivalent to the capillary pressure), 
suggesting that the filler-f low behavior also depends 
on the channel geometry, designated as surface-tension 
flow through microgrooves in the present study [29].

2 � Numerical model

2.1 � Computational modeling

To analyze the surface-tension f low behavior of the 
molten brazing material in a microgroove geometry, a 
two-phase fluid comprising air and molten filler mate-
rial was used as the working fluid. In the case of the 
capillary flow in a V-shaped groove, which is the subject 
of this study, the formation of small turbulent eddies 
induced by surface-tension flow, especially in the early 
stages of f low, is the dominant factor in the overall 
unsteady f low. It is necessary to analyze the forma-
tion of the initial turbulent eddies accurately. Herein, a 

high-resolution Smagorinsky-type large eddy simulation 
(LES) was employed. Furthermore, the volume of fluid 
(VOF) method [32–36] was used to capture the capillary 
interface.

To compute the present system, an original compu-
tational fluid dynamics solver was developed using the 
open-source finite volume code from OpenFOAM based 
on the extended form of interFoam. This customized 
solver, named FillerCapillaryFoam, can be used to cal-
culate the capillary flow of molten filler in the surface-
tension model. The computational time for each case 
accompanied by 128-core parallel computing is approxi-
mately 15 h.

The validation of this calculation is currently underway 
using a simple experimental apparatus with a V-shaped 
groove to measure surface-tension flow using micro-PIV, 
and a follow-up report is planned.

2.2 � Basic equations

The governing equations are given below, Eqs. 1, 2, 3, 4, 
5, 6, 7, and 8,

Equation of continuity:

Momentum equation:

Body force calculated from surface tension (CSF 
model):

where � is density, � is the flow velocity vector, � is the vis-
cous stress tensor, P is absolute pressure, and � is the gravi-
tational acceleration vector. The �S term in the equation of 
motion replaces the surface tension with a body force, in 
accordance with the CSF model.

The interface between the phases is simultaneously 
computed using a surface-capturing methodology, 
which employs the volume fraction of one of the phases 
as an indicator function, called the VOF, to identify the 
different fluids. The interface is not defined as a sharp 
boundary. Instead, a transition region is created where 
the f luid is treated as a mixture of the two f luids on 
each side of the interface, which is a discontinuous step 
in reality. The indicator function is equivalent to the 
liquid-phase volume fraction α. When the interface is 

(1)
��

�t
+ ∇ ⋅ (�U) = 0

(2)
��U

�t
+ ∇ ⋅ (�UU)

= −∇P + ∇ ⋅ � + �g + Fs

(3)Fs = �k∇� = −�∇ ⋅
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advected by the flow, the evolution of the VOF advec-
tion equation, that is, the transport equation of the vol-
ume fraction α, is given by the following conservation 
equation:

VOF transport equation:

where subscript l is the liquid phase, and g is the gas phase.
The LES-VOF equations are derived from Eq.  2 

through a localized volume averaging of the phase-
weighted properties. This process is more commonly 
known as filtering because it removes the microscopic 
scales of motion from the direct calculation. This averag-
ing, in conjunction with the non-linear convection term in 
Eq. 2, produces an additional quantity in the momentum 
equation that cannot be directly calculated. The effect of 

(4)
��

�t
+ ∇ ⋅ (U�) = 0

(5)� = ��l + (1 − �)�g

(6)� = ��l + (1 − �)�g

(7)�eff = � + ��

(8)� = ∇ ⋅

{
�eff

(
∇U + ∇UT −

2

3
I∇ ⋅ U

)}

the subgrid scale on the resolved eddies in Eq. 2 is repre-
sented by the sub grid scale stress because it represents 
the effect of the unresolved small-scale turbulence.

Table 1   Fluid properties

Fluid Kinematic viscosity (m2/s) Density (kg/m3)

Melted filler 6.62249 × 10−6 2490
Air 1.604 × 10−5 1.165

Table 2   Surface tension

Combination Surface tension (kg/s2)

Melted filler + air 941 × 10−3

Table 3   Boundary conditions

Surface condition Velocity boundary condition Pressure 
boundary 
condition

Wall Zero velocity (no slip) Zero gradient
Surface Function with backflow Total pressure

Table 4   Dimensions of flow-channel groove shape

Case no Width hw (μm) Depth hd (μm)

14 10 5
15 50 5
16 80 5
18 100 10
19 10 2
20 100 20

(a)

(b)

Fig. 3   Computational geometry. a Boundary at the bottom of the 
computational domain. b Boundary at the top of the computational 
domain

Fig. 4   Instantaneous shape of the filler meniscus
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Fig. 5   Meniscus shape of a molten filler pool

Fig. 6   Flow in channel groove 
no. 14 ( �

C
 = 15.5°, 31°, 62°, 

and 124°)

2.3 � Calculation conditions

The model comprised (i) a pool of molten filler and (ii) 
a channel groove, and the filler-flow characteristics in 
the channel groove were analyzed. The physical prop-
erties and numerical conditions are listed in Tables 1, 
2, and 3. Table 4 gives the dimensions of the channel 
groove shape. The flow behavior was analyzed for six 
microscale V-shaped channel geometries, with different 
widths hw and depths hd.
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3 � Influence of initial meniscus shape

3.1 � Investigation of flow driving force

Capillary flow is affected by gravity and surface tension. 
The effect of gravity is evaluated using the capillary length 
l0, which is expressed in Eq. 9:

where γ is surface tension, ρ is density, and g is the 
acceleration due to gravity. In the present study, we 
have γ = 0.941 N/m, ρ = 2490 kg/m3, and g = 9.81 m/s2, 
resulting in a capillary length of 6.2 mm. The values of 
these properties are based on our physical measurements. 
The scale of the meniscus is 5 mm in length and width 
and 0.5 mm in depth for large sizes, indicating that this 
phenomenon involves flow in which surface tension is 
dominant.

In the numerical calculations, it was difficult to separate 
the individual phenomena because the formation of the 
meniscus in the brazing pool and the flow of the molten 
filler in the channel groove coincided with the initial con-
ditions. Therefore, we decided to numerically analyze the 
filler flow in the channel groove after the meniscus shape 
becomes stable.

3.2 � Results for the initial meniscus condition

We constructed a heat exchanger’s filler flow model that 
assumes a microscale groove on a tube and a header’s 
melted filler. The model geometry was limited to the 
molten pool and then the meniscus formation behavior 
was numerically calculated (Fig. 3). However, the filler 

(9)l
0
=

√
�

�g

Fig. 7   Filler tip position of a flow in channel groove no. 14 ( �
C
 = 

15.5°, 31°, 62°, and 124°)

Fig. 8   Instantaneous filler flow in the channel grooves. a, b Chan-
nel groove no. 14. c, d Channel groove no. 15. e, f Channel groove 
no. 16. g, h Channel groove no. 18. i, j Channel groove no. 19. k, l 
Channel groove no. 20
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flows as it melts; it is not pooled. Therefore, we aimed 
to calculate the filler f low in a microgroove without 
pooling by studying the instantaneous shape of the filler 
meniscus, as shown in Fig. 4. The pooled box-shaped 
filler forms a stable meniscus shape while changing its 
shape according to the dam-break model. Figure 5 shows 
the meniscus shape of a pool of molten filler. This sta-
ble shape was used as the initial condition to reduce the 
influence of changes in the shape of the meniscus of the 
molten filler on the filler flow in the groove.

4 � Results and discussion

4.1 � Differences in flow characteristics due 
to contact angle ( �

c
= 15.5–124°)

Figure  6 shows the filler-flow behavior in the channel 
grooves when the contact angle �c was 15.5°, 31°, 62°, and 
124°, and Fig. 7 shows the filler tip position in the channel 
grooves for the same angles.

Fig. 9   Flow in channel groove no. 14 (contact-angle comparison �
c
 ). a Filler tip position. b Filler tip velocity

Fig. 10   Flow in channel groove no. 15 (contact-angle comparison �
c
 ). a Filler tip position. b Filler tip velocity
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Considering the filler tip position for �c = 15.5° and 31°, 
the filler fluid movement is reduced for �c = 31° compared 
with that for �c = 15°. At a contact angle of 62°, a small 
amount of filler fluid initially flowed from the pool into the 
channel groove, but the flow in the direction of the empty 
channel stopped almost immediately. At a contact angle of 
124°, the filler did not flow into the channel groove at all, 
and the filler gathered in the pool.

Therefore, to generate filler flow in microgrooves, the 
contact angle of the molten filler with the channel wall 
must be below a certain level for the surface tension act-
ing in the groove to dominate.

To clarify the flow behavior of the filler in the grooves, 
numerical calculations were performed under the conditions 
of �c = 15.5° and 31°.

4.2 � Differences in flow characteristics due 
to contact angle (comparison of �

c
= 15.5° 

and 31°)

Figure 8 shows the instantaneous behavior of the molten 
filler in each microgroove shape, and Figs. 9, 10, 11, 12, 
13, and 14 show comparisons of the time variations of the 

Fig. 11   Flow in channel groove no. 16 (contact-angle comparison �
c
 ). a Filler tip position. b Filler tip velocity

Fig. 12   Flow in channel groove no. 18 (contact-angle comparison θc). a Filler tip position. b Filler tip velocity
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filler tip position and velocity, depending on the contact 
angle, for each cross-sectional groove size.

In all the channel grooves, surface-tension flow was 
observed under �c = 15.5°. The filler f low was also 
observed in channel groove no. 14 at a contact angle 
of 31°, and it was found that the filler fluid velocity 
increased with decreasing contact angle. In the other 
channels (channel nos. 15, 16, 18, 19, and 20), the filler 
flow stopped abruptly at �c = 31°, and the filler tip veloc-
ity became zero. Even in the case of sudden cessation, the 
movement distance before cessation differed depending 
on the channel groove shape. This may be because, when 

the contact angle is small, the surface tension acting on 
the groove is more substantial than that acting on the 
brazing pool, whereas when the contact angle is large, 
the surface tension acting on the brazing pool is more 
substantial. We then examined the surface tension flow’s 
dependence on the channel groove location.

Figure 15 shows enlarged images of the filler tip in 
each channel groove for the �c = 15.5° condition. The 
filler tip has an acute angle near the bottom of the chan-
nel groove, indicating that the filler flowed first at the 
bottom. This indicates that the surface-tension f low 
behavior differs depending on the location in the channel 

Fig. 13   Flow in channel groove no. 19 (contact-angle comparison �
c
 ). a Filler tip position. b Filler tip velocity

Fig. 14   Flow in channel groove no. 20 (contact-angle comparison �
c
 ). a Filler tip position. b Filler tip velocity
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Fig. 15   Enlarged filler tip in the 
channel ( �

c
= 15.5°, t = 0.001 s). 

a Channel groove no. 14. b 
Channel groove no. 15. c Chan-
nel groove no. 16. d Channel 
groove no. 18. e Channel groove 
no. 19. f Channel groove no. 20

Fig. 16   a Filler tip position. b Filler tip velocity (width comparison; �
c
= 15.5°, hd = 5 μm)
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Fig. 17   a Filler tip position. b Filler tip velocity (width comparison; �
c
= 31°, hd = 5 μm)

Fig. 18   a Filler tip position. b Filler tip velocity (depth comparison; �
c
= 15.5°, hw = 10 μm)

groove. In particular, the capillary force increased near 
the bottom of the channel groove.

The fact that filler flow was observed In some chan-
nel grooves and suppressed in others under the same 
contact-angle conditions suggests that the geometry of 
the channel grooves affects the filler flow. Therefore, we 
compared the filler flow of the channel grooves in terms 
of the channel width, depth, and cross-sectional area.

4.3 � Differences in flow due to cross‑sectional 
dimensions

4.3.1 � Differences due to groove width

Figures 16 and 17 show comparisons of the filler tip position 
and filler tip velocity with respect to time, where the depth of the 
cross-sectional groove dimensions and the contact conditions is 
the same, and only the width of the channel groove differs.
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The filler-flow velocity increased with the decreas-
ing width of the channel groove for both contact condi-
tions ( �c = 15.5° or 31°). The surface curvature of the 
filler increased as the channel width decreased, while 
the groove depth was fixed. As the width of the channel 
groove decreased, the capillary force increased, as did the 
filler tip velocity.

4.3.2 � Difference due to groove depth

Figures 18, 19, 20, and 21 show comparisons of the filler tip 
position and velocity, where the width of the cross-sectional 
groove dimensions and the contact conditions is the same, 
and only the depth of the channel groove differs.

For all contact conditions ( �c = 15.5° or 31°) and groove 
widths (hw = 10 or 100 μm), it was found that the filler-flow 
velocity increased with the increasing depth of the chan-
nel groove. Furthermore, the surface curvature of the filler 
fluid increased for the larger groove depths with the same 
groove widths, increasing the filler fluid tip velocity in the 
deeper groove.

4.3.3 � Difference due to groove cross‑sectional area

Figures 22 and 23 show comparisons of the filler tip position 
and velocity for the same contact conditions and the same 
width-to-depth ratio of the cross-sectional groove dimensions, 
and only the cross-sectional area of the channel groove differs.

Fig. 20   a Filler tip position. b Filler tip velocity (depth comparison; �
c
= 31°, hw = 10 μm)

Fig. 19   a Filler tip position. b Filler tip velocity (depth comparison; �
c
= 15.5°, hw = 100 μm)
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The filler-flow velocity increased with a larger cross-
sectional area under all contact conditions. The results for 
the filler tip velocity under a contact angle of 15° show an 
unsteady spike-like increase in velocity for the larger cross-
sectional area.

The driving force of the filler flow is considered to 
be the surface tension based on the initial meniscus 
shape formed when the fluid flows into the groove or 
the dynamic change in the shape of the meniscus formed 
when the fluid flows in the groove. The change in menis-
cus shape at the gas–liquid interface is considered to 
be induced by Rayleigh–Taylor instability, a phenom-
enon in which the curvature of the gas–liquid interface 

changes unstably when the high-density fluid flows into 
the low-density gas [37]. Herein, the scale modeling 
results based on the capillary length indicate that the 
effect of gravity on the brazing fluid is negligible.

The unsteady increase in the filler tip velocity indicates 
that the change in the dynamic meniscus shape is the driv-
ing force for the surface-tension flow in the groove. As 
the cross-sectional area of the channel groove increases, 
the capillary force based on the dynamic change in menis-
cus shape in the flowing state in the groove dominates 
the unsteady change in filler tip velocity, rather than the 
surface tension based on the filler free-surface curvature 
formed in the groove.

Fig. 21   a Filler tip position. b Filler tip velocity (depth comparison; �
c
= 31°, hw = 100 μm)

Fig. 22   a Filler tip position. b Filler tip velocity (size comparison; �
c
= 15°)
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Fig. 23   a Filler tip position. b Filler tip velocity (size comparison; �
c
= 31°)

Fig. 24   Pressure distribution of filler flow ( �
c
= 15.5°; chan-

nel groove no.  14; t = 0, 1.0 × 10−5  s, 1.0 × 10−4  s, 2.0 × 10−4  s, and 
2.0 × 10.−3 s)

Fig. 25   Velocity distribution of filler flow ( �
c
= 15.5°; chan-

nel groove no.  14, t = 0, 1.0 × 10−5  s, 1.0 × 10−4  s, 2.0 × 10−4  s, 
2.0 × 10.−3 s)
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4.4 � Analysis of filler flow

The obtained pressure and velocity distributions of the filler 
were used to examine its flow behavior in channel groove 
no. 14 with a contact angle of �c = 15.5°. Figure 24 shows 
the pressure distribution of the filler flow, and Figs. 25 (hori-
zontal section of channel groove) and 26 (vertical section of 
channel groove) show the velocity distributions.

For the initial filler flow at t = 1.0 × 10−5 s , the abso-
lute value of the pressure was high at the pool and in the 
channel groove near the pool and decreased as the filler tip 
approached. The absolute value of the velocity was large 
from the pool to the channel groove.

For times t = 1.0 × 10−5 s and beyond, by which the 
flow had stabilized, the results show that the pressure 
was large near the pool and decreased as the filler tip 
approached. Compared with the pressure in the initial 
flow period, the pressure in the pool area decreased. The 
distribution of velocity vectors indicates that the filler 
flowed in the direction of not only the channel groove 
but also the pool and formed vortices near the boundary 

Fig. 26   Velocity distribution of filler flow in the vertical section of 
the channel ( �

c
= 15.5°; channel groove no. 14; t = 2.0 × 10.−3 s)

Fig. 27   Surface tension 
Fs (no. 14; �

c
= 15.5°; 

t = 0.000000–0.000055 s)
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between the pool and the channel. The filler fluid that 
flowed into the pool was classified into two types of 
behavior: (i) the brazing fluid returned toward the pool 
and merged into the vortex or (ii) it flowed directly into 
the channel groove without vortexing.

The flow of filler into the channel groove changes the 
shape of the meniscus of the filler in the pool, which 
is considered to generate tension in the pool, and the 
filler flowing into the channel groove is pulled into the 
pool, forming a vortex. However, because the tension 
decreases as the filler leaves the pool, the surface ten-
sion between the channel groove and the filler becomes 
dominant in the channel groove farther away from the 
pool, and the filler tip f lows in the direction of the 
empty channel.

4.5 � Force analysis (surface tension and wall shear 
stress)

The relationships among filler tip velocity vt , surface ten-
sion Fs , and wall shear stress �w were examined for channel 

groove no. 14 with a contact angle of �c = 15.5°. Figures 27 
and 28 show the modeling results for Fs , and Figs. 29 and 
30 show those for �w.

The results for Fs show that the surface tension that 
was distributed at the edge of the pool immediately 
after the start of the calculation then accumulated in the 
center of the pool. This was a temporary distribution 
until the meniscus shape in the pool section stabilized, 
and the time variation of the distribution in the pool 
section reached a steady state after t = 3.5 × 10−5 s. In 
contrast, the results for t = 9.55 × 10−3 s to 1.0 × 10−3 s 
show that there was almost no change in the surface-
tension distribution at the pool.

Next, the results for �w show that the absolute value 
of �w was concentrated at the tip of the filler at times 
t = 0 to 5.5 × 10–5 s. However, at times t = 9.55 × 10−3 s to 
1.0 × 10−3 s, the concentrated high-value distribution of 
�w was not observed.

Figure 31 shows the time variations of the velocity 
vt of the filler tip, the wall shear stress �w , and the sur-
face tension Fs . The trends of each variable with time are 

Fig. 28   Surface tension 
Fs (no. 14; �

c
= 15.5°; 

t = 0.000955–0.001000 s)
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similar, with the values decreasing rapidly with time until 
approximately 5.0 × 10−4 s, after which the rate of decrease 
became smaller.

These results suggest that the meniscus change at the 
interface between the molten filler and the ambient gas 
is the dominant driving force for surface-tension flow in 
the early stage of filler flow, and the unsteady surface-
tension flow associated with the dynamic contact-angle 
change formed on the channel wall becomes dominant 
after that.

Figure 32 shows the relationship between filler tip 
velocity and wall shear stress, and Fig.  33 shows the 
relationship between filler tip velocity and surface ten-
sion. Both the wall shear stress and surface tension have 
a direct relationship with filler tip velocity, and the slope 
decreases as the velocity increased. From the previous 
discussion about the time variations of surface ten-
sion and wall shear stress, the unsteady surface-tension 
flow due to the dynamic contact-angle change formed 
between the filler and the channel wall is dominant at 
low velocity, whereas for high velocity, the slope is con-
sidered to have changed because of the additional effect 

of surface-tension flow due to the meniscus change, in 
addition to the effect of dynamic contact-angle change.

Figure  34 shows a linear relationship between sur-
face tension and wall shear stress. As the driving force 
from surface tension increased, so did the frictional force 
(wall shear stress), and we could examine the relationship 
quantitatively.

4.6 � Effects of various parameters on filler flow

4.6.1 � Initial shape and gravity

The effects of the initial shape and gravity on filler 
flow were examined. Figure 35 shows the initial shape 
of the filler. Numerical analyses were performed for 
the following cases: (i) the meniscus was considered in 
the initial condition (initial meniscus), (ii) the menis-
cus was not considered in the initial condition (initial 
box shape), and (iii) the meniscus was not considered 
in the initial condition and gravity was zero (initial 
box + zero gravity). The geometry of channel groove 
no. 14 was used.

Fig. 29   Wall shear stress 
�
w
 (no. 14; �

c
= 15.5°; 

t = 0.000000–0.000055 s)
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Fig. 30   Wall shear stress 
�
w
 (no. 14; �

c
= 15.5°; 

t = 0.000955–0.001000 s)

Fig. 31   Velocity v
t
 of the filler tip, wall shear stress �

w
 , and surface 

tension F
s

Fig. 32   Velocity v
t
 of the filler tip and wall shear stress �

w
 (channel 

groove no. 14; �
c
= 15.5°)

Figure 36 shows the instantaneous behavior of the 
filler, and Fig. 37 shows the time evolution of the filler 
tip position. Comparing the three calculated conditions, 
there is almost no difference in the time evolution of the 

filler tip position. This indicates that the effects of the 
initial shape and gravity on the flow behavior of the filler 
tip in the channel groove are negligible.
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4.6.2 � Surface tension

To assess the effect of surface tension on filler flow, a 
numerical analysis was performed with the surface tension 
set to zero. Groove no. 14 was used, and the initial condition 
was calculated without considering the initial meniscus (i.e., 
the initial box shape).

Figure 38 shows the instantaneous filler behavior, and 
Fig. 39 shows the position of the filler tip as it changes with 
time. With zero surface tension, the position of the filler tip 
did not change with time. This indicates that no filler flows 
through the groove when the surface tension is extremely 
low.

4.6.3 � Viscosity

To assess the effect of viscosity on filler flow, numeri-
cal analyses were conducted with kinematic viscosities 
of µ, µ/2, and 2µ (for µ = 6.62249 × 10−6 m2/s). Groove 
no. 14 was used, and the initial condition was calculated 
without considering the initial meniscus (i.e., the initial 
box shape).

Figure  40 shows the instantaneous f iller f low, 
and Fig. 41 shows the time variation of the filler tip 
position. Compared with that for kinematic viscosity 
µ, the movement distance of the filler was approxi-
mately 30% greater with µ/2 and approximately 30% 
less with 2µ. This indicates that viscosity affects the 
filler tip velocity. Notably, the viscosity of the Al-Si 
alloy material decreases as the temperature increases, 

Fig. 33   Velocity v
t
 of the filler tip and surface tension F

s
 (channel 

groove no. 14; �
c
= 15.5°)

Fig. 34   Surface tension F
s
 and wall shear stress �

w
 (channel groove 

no. 14; �
c
= 15.5°)

Fig. 35   Initial shape (initial 
meniscus, initial box shape, 
initial box shape + zero gravity; 
t = 0.000000 s)
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Fig. 36   Instantaneous filler flow 
(initial meniscus, initial box 
shape, initial box shape + zero 
gravity; t = 0.002000 s)

Fig. 37   Filler tip position (initial meniscus, initial box shape, initial 
box shape + zero gravity)

suggesting that the filler-f low rate increases as the 
brazing temperature increases.

4.6.4 � Boundary conditions

To assess the effect of shear stress between the channel wall 
surface and filler fluid, numerical analyses were conducted 

with (no slip) and without (slip) shear stress. Channel groove 
no. 14 was used, and the initial condition was calculated 
without considering the initial meniscus (i.e., the initial box 
shape).

Figure 42 shows the instantaneous behavior of the 
filler, and Fig. 43 shows the time variation of the filler tip 
position. Compared with that in the condition of applied 
shear stress (no slip), the filler tip movement increased 
approximately 36-fold without the applied shear stress 
(slip). This velocity is much higher than the experimental 
values and is presumed to differ from the actual phenom-
enon, which suggests that the effect of shear stress cannot 
be ignored. The no-slip condition, in which shear stress 
exists, is necessary for the numerical analysis of filler 
flow in a groove.

5 � Conclusions

This study is aimed at clarifying the surface-tension flow 
mechanism of molten filler, and a numerical study of the 
surface-tension flow in microgrooves was conducted. 
Specifically, the surface-tension flow behavior was ana-
lyzed by simulating various cross-sectional shapes of the 
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Fig. 39   Filler tip position (with and without surface tension)

Fig. 38   Instantaneous filler 
flow (with and without surface 
tension)

Fig. 40   Instantaneous 
filler flow (kinematic vis-
cosities µ, µ/2, and 2µ for 
µ = 6.62249 × 10−6 m.2/s)

channel grooves and various contact angles of the filler. 
The effects of various parameters, such as viscosity and 
boundary conditions, on the filler flow were also ana-
lyzed. The results obtained from this study are summa-
rized below.

1)	 In a microgroove, when the contact angle of the filler 
fluid is below a specific value, the surface tension acting 
on the groove becomes dominant, and filler flow occurs. 
The filler-flow velocity increases as the contact angle of 
the filler decreases

2)	 The filler velocity increases as the channel groove 
width decreases or the channel groove depth 
increases. In other words, the capillary force that 
dominates the filler surface-tension f low in the 
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rather than the surface tension based on the filler free-
surface curvature formed in the groove

4)	 The filler fluid flow behavior is classified into two 
types: (i) the filler f luid merges into the vortex 
formed by the backflow of filler toward the pool, 
and (ii) the filler fluid flows directly into the chan-
nel groove without vortexing. The filler flow into the 
channel groove generates an interfacial tension based 
on the change in the shape of the filler fluid meniscus 
in the pool. This tension generates a pulling force 
in the direction of the pool, causing the filler fluid 
to flow back into the pool and form vortices. How-
ever, because the tension in the pool decreases with 
increasing distance from the pool, the surface ten-
sion acting on the filler fluid in the channel becomes 
dominant in the channel groove farther away from the 
pool, and the filler tip flows in the direction of the 
empty channel

5)	 The unsteady filler flow behavior was analyzed. The 
change in meniscus shape at the interface between 
the filler and ambient gas acts as the dominant driv-
ing force in the surface-tension f low during the 

Fig. 41   Filler tip position (kinematic viscosities µ, µ/2, and 2µ for 
µ = 6.62249 × 10−6 m.2/s)

Fig. 42   Instantaneous filler flow 
(no slip vs. slip)

Fig. 43   Time variation of filler tip position (no slip vs. slip)

groove is highly dependent on the groove width and 
depth. The surface curvature of the filler increases 
with decreasing groove width or increasing groove 
depth, and the increased capillary force promotes the 
surface-tension flow of the filler in the groove

3)	 When the cross-sectional area of the channel groove 
increases, the filler-f low velocity increases, and 
the rate of unsteady fluctuation increases with the 
increasing filler tip velocity. The driving force of the 
filler flow in the channel groove is considered to be 
(i) the surface tension, which is based on the filler 
free-surface curvature, or (ii) the dynamic change in 
the shape of the meniscus, which can be unsteady 
and induced by Rayleigh–Taylor instability. As the 
cross-sectional area of the channel groove increases, 
the capillary force based on the dynamic change in 
the meniscus shape of the flowing filler in the groove 
dominates the unsteady change in filler tip velocity, 
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initial stage. Then, unsteady surface-tension flow 
associated with the dynamic contact-angle change 
becomes dominant. At low velocity, unsteady sur-
face-tension flow associated with the dynamic con-
tact-angle change is dominant, but at high velocity, 
the effect of surface-tension flow due to the change 
in meniscus shape is added to the effect of the 
dynamic contact-angle change

6)	 A linear relationship has been clarified between surface 
tension and wall shear stress. Additionally, the fluid friction 
force based on the wall shear stress becomes the dominant 
driving force owing to the increase in surface tension.

Future developments in erosion estimation require 
numerical models incorporating the filler temperature and 
groove decomposition.

Nomenclature  t : Time; U: Mixture velocity; P: Mixture pressure; �
: Volume fraction of the liquid phase; �: Density of the mixture; �: Vis-
cosity coefficient of mixture; �eff: Effective viscosity of the mixture; 
�′: Turbulent viscosity of the mixture; g: Acceleration due to gravity; 
�: Viscous stress tensor; Fs: Force source term due to surface tension; 
n: Unit vector of the interface; k: Interfacial curvature; �: Interfacial 
surface tension
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