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Abstract: In hard disk drive (HDD) manufacturing, a reflow soldering process (RSP) employs heat
generated at the welding tip (WT) to bond tiny electrical components for assembling an HDD.
Generally, the heat was generated by an electric current applied to the WT. This article reports a
feasibility study of using hot air based on computational fluid dynamics (CFD), a choice to assist
heat generation. First, the WT and hot air tube (HAT) prototypes were designed and created. The
HAT is a device that helps to supply hot air directly to generate heat at the WT. Then, the experiment
was established to measure the temperature (T) supplied by the hot air. The measure results were
employed to validate the CFD results. Next, the prototype HAT was used to investigate the T
generated at the WT by CFD. The comparison revealed that the T measured by the experiment was
in the 106.2 ◦C–133.5 ◦C range and that the CFD was in the 107.3 ◦C–136.6 ◦C range. The maximum
error of the CFD results is 2.3% compared to the experimental results, confirming the credibility of the
CFD results and methodology. The CFD results revealed that the operating conditions, such as WT,
HAT designs, hot air inlet velocity, and inlet temperature, influence the T. Last, examples of suitable
operating conditions for using hot air were presented, which confirmed that hot air is a proper choice
for a low-temperature RPS.

Keywords: computational fluid dynamics; flexible printed circuit; hard disk drive; heat transfer;
multiphysics; reflow soldering process; simulation

1. Introduction

In 2017–2021, Thailand was ranked as the second largest hard disk drive (HDD) ex-
porter globally, with an average value of USD 6,384 million per year, about 223,440 million
baht per year [1,2] (1 USD for 35 THB). It was around 1.39% of Thailand’s export value;
therefore, Thailand is a major HDD manufacturer base, with leading manufacturing tech-
nology that is developed domestically [3]. One of the technologies is a reflow soldering
process (RSP) technology.

Conventionally, the RSP in HDD manufacturing uses heat generated at the welding
tip (WT) by applying an electric current to the WT to melt solder balls for joining a flexible
printed circuit (FPC) with a printed circuit cable (PCC) to assemble a head stack assembly
(HSA) [4–6]. Based on Joule’s heating principle with suitable operating conditions, the
applied current generates a high temperature of about 300 ◦C–500 ◦C at the WT, sufficient
for an HSA assembly. Figure 1 shows the RSP: (a) a location in the HSA and (b) an enlarged
picture focusing on the FPC and PCC. The significant advantage of the RSP using the
applied current is that it can generate a high temperature quickly; for example, from 30 ◦C
to 500 ◦C within 0.7 s, as reported in [4–6]. In contrast, the disadvantages are that it requires
complex and expensive equipment, is unsuitable for melting at a low temperature, and
has product defects due to uneven temperatures at the welding points [5]. Figure 2 shows
a sample of the WT for the RSP: (a) an actual model and (b) a CAD model with mocking
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temperature. The small picture in (b) presents an overview model, while the large one
focusing on the welding points presents the mocking temperature due to the RSP. It was
found from the actual RSP using an applied current led to uneven temperature at the
welding points, as depicted in Figure 2b. The center had a higher temperature than the
border; solder balls were melted only in the middle and not melted at the border, causing
defects in some products. The size of the solder is about 0.1–0.2 mm2, depending on the
product welding points.
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Figure 2. A sample of the WT for the RSP: (a) an actual model and (b) a CAD model with a mocking
temperature for joining the FPC and PCC.

To avoid product defects, the temperature at the WT should be uniform. According
to a literature review on the RSP [7–14], hot air is an interesting way to help distribute a
uniform temperature at the welding points. Based on a forced convection heat transfer
principle, when driving hot air/gas to a solid surface, heat is transferred between a solid
surface and a fluid (air or gas) in motion, helping the temperature in a target surface
distribute widely and evenly [7,8]. The hot-air RSP assists with greater bonding strength
than the vacuum RSP in SAC305, lead-free solder alloy [9]. In addition, hot air is trendy
in a hot-air solder leveling process. For example, in this process, high-pressure hot air is
blown over the surface of a printed circuit board (PCB), removing excessive solder from
its surface [10–12]. Another use for hot air is in a system in package (SiP) process. Forced
convection due to hot gas/air was used in the SiP process for assembling two or more ICs
inside a single package [13,14].

To achieve high efficacy in the hot-air RSP, computational fluid dynamics (CFD) has
been employed to investigate the complex flow pattern in a reflow oven and heat transfer
mechanism in the SiP assembly [13], to investigate the cooling stage of the RSP [15,16], and
to predict the shape of the ball grid array due to the hot-air RSP [17]. The vital conclusions
from the research in [13–17] revealed the key factors influencing the forced convection heat
transfer due to hot air; for example, hot air velocity, hot air properties, devices releasing
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hot air, operating conditions, etc., which must be investigated for a high efficacy RSP on a
case-by-case basis.

This article reports on the feasibility of using hot air in RSP instead of applied current,
which has limitations in usage for HDD manufacturing based on CFD. Applied current
provided an uneven temperature at the WT; hot air is a possible solution for this by
generating an even temperature at the WT under suitable operating conditions. This article
is a brief report from a project in which the authors collaborate with the HDD factory
owning the problem. First, WT and hot air tube (HAT) prototypes were designed and
created. Then, the measurement was established to measure the temperature at the WT
due to the HAT. Next, CFD was employed to investigate the temperature and airflow in
both prototypes. After that, the measurements and CFD results were compared to validate
the CFD results and methodology credibility. Last, all results were analyzed to study the
feasibility of using hot air in HDD manufacturing and determine suitable designs for HATs
and the operating conditions.

The novel aspects of this research are the proper designs of the WT and HAT, with
operating conditions that were developed and initially presented in this article, including
recommendations for using hot air effectively. Since the CFD used the actual operating con-
ditions from HDD manufacturing, these findings could be applied as essential information
to develop a high-efficacy RSP in a collaborative factory.

2. Forced Convection Heat Transfer

This process may be called forced convection soldering [18] and involves the move-
ment of fluid (liquid or gas) across a surface using external means, such as fans, pumps, or
blowers, to enhance the heat transfer process. In brief, the governing equation of forced
convection heat transfer is based on Newton’s law of cooling, expressed by [18]

q = hA(TF − TS) (1)

where q is the heat transfer rate or heating power (W), A is the surface area (m2), TF is the
undisturbed fluid temperature far from the surface (◦C), TS is the surface temperature (◦C),
and h is the convection heat transfer coefficient (W/m2 K).

In fluid dynamics and heat transfer, the Nusselt number (Nu) is a dimensionless
number representing the ratio of convective to conductive heat transfer across the boundary,
such as the surface of a pipe, plate, or other object submerged in a fluid. The Nu is given by

Nu =
hL
k

(2)

where L is the characteristic length (m) and k is the fluid thermal conductivity (W/m ◦C).
The Nu is generally a function of the Reynold number (Re) and the Prandtl number

(Pr) for the forced convection heat transfer. They are written by [19]

Nu = f (Re, Pr) (3)

Re =
ρvL

µ
(4)

Pr =
cpµ

k
(5)

where ρ is the fluid density (kg/m3), µ is the dynamic viscosity (Pa s), cp is the specific heat
(J/kg ◦C), and v is the fluid velocity.

Using Equations (1)–(5), it can be proved that

q =
kA
L

f
(

ρvL
µ

,
cpµ

k

)
[TF. − TS] (6)
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Equation (6) has no exact expression since all the parameters are related and depend
on the operating conditions. To link with the RSP, Equation (6) implies that the q in the
RSP depends on hot air velocity, the device shape through which hot air flows, and the hot
air temperature. The higher the q, the better the forced convection heat transfer capability.
This equation was used to validate the CFD results that are discussed in Section 4.

3. Methodology

The research methodology flowchart is presented in Figure 3, which includes proto-
types of the WT and HAT, measurements, and the CFD process. The yellow boxes are the
CFD process.

Processes 2024, 12, x FOR PEER REVIEW 4 of 19 
 

 

 .,
p

F S

ckA vL
q f T T

L k





 
= − 

 
  (6) 

Equation (6) has no exact expression since all the parameters are related and depend 

on the operating conditions. To link with the RSP, Equation (6) implies that the q in the 

RSP depends on hot air velocity, the device shape through which hot air flows, and the 

hot air temperature. The higher the q, the better the forced convection heat transfer capa-

bility. This equation was used to validate the CFD results that are discussed in Section 4. 

3. Methodology 

The research methodology flowchart is presented in Figure 3, which includes proto-

types of the WT and HAT, measurements, and the CFD process. The yellow boxes are the 

CFD process. 

 

Figure 3. The research methodology flowchart. 

3.1. Prototype and Device Design Concepts 

Since forced convection affects heat transfer in the WT, as explained in Equation (6), 

and nonuniform temperature causes product defects. A solution to avoid product defects 

is to design new devices with proper operating conditions to help distribute uniform tem-

perature more evenly in the WT. Previously, hot air was not implemented in the actual 

HDD manufacturing in this factory; hence, the device prototypes used in this feasibility 

study of using hot air were newly designed and invented, as depicted in Figure 4, which 

includes a hot air tube (HAT) made of aluminum and a welding tip (WT) made of Haynes 

230. The HAT functions to release hot air to generate the WT temperature and distribute 

it evenly, while the high temperature at welding points works to melt solder balls for 

Figure 3. The research methodology flowchart.

3.1. Prototype and Device Design Concepts

Since forced convection affects heat transfer in the WT, as explained in Equation (6),
and nonuniform temperature causes product defects. A solution to avoid product defects
is to design new devices with proper operating conditions to help distribute uniform
temperature more evenly in the WT. Previously, hot air was not implemented in the actual
HDD manufacturing in this factory; hence, the device prototypes used in this feasibility
study of using hot air were newly designed and invented, as depicted in Figure 4, which
includes a hot air tube (HAT) made of aluminum and a welding tip (WT) made of Haynes
230. The HAT functions to release hot air to generate the WT temperature and distribute it
evenly, while the high temperature at welding points works to melt solder balls for bonding
the FPC and PCC, as mentioned in Figures 1 and 2. Both devices, the WT and HAT, work
together under the operating conditions. The design concept of the HAT is to separate the
hot air supplied by a hot air generator into two directions and let the hot air from both
directions collide with the WT in the appropriate direction so that a high temperature is
generated and evenly distributed. The red arrows in Figure 4 are the hot air directions
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obeying the mentioned design concept. The top hole is to supply hot air inside. As seen in
Figure 2, the WT temperature is powered by the applied current, while in Figure 4, it is
powered by the hot air. Figure 5 shows solid models with the rough dimensions of (a) the
WT and (b) HAT prototypes.
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3.2. Experiment with Factory Operating Condition

An experiment was established to measure the WT temperature (T) heated by hot air,
as shown in Figure 6. It includes an Optris PI-350 thermal imaging camera (Optris, Berlin,
Germany), a computer with analysis software, a Hakko FM-206 hot air generator (Hakko,
Osaka, Japan), an E-type thermocouple, and prototypes of the WT and HAT. The Optris
PI-350 is a compact thermographic camera with an optical resolution of 282 × 288 pixels,
can measure −20 ◦C–900 ◦C with an accuracy of ±2%, and works with analysis software.
The Hakko FM-206 works as a hot-air generator that can release hot air with a maximum
temperature of 550 ◦C and a maximum flow rate of 6 L/min. The thermocouple is a type
E that can measure the temperature in the −270 ◦C to 870 ◦C range with an accuracy of
±0.5%. A computer with analysis software analyzes the data and records pictures sent
from the Optris PI-350.
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The factory operating condition (FOC) for hot air supplied by the Hakko FM-206 is a
velocity (vi) of 10 m/s and temperature (Ti) of 230 ◦C at the inlet. First, Hakko FM-206’s
flow level was adjusted to release the hot air to the top hole of the HAT, as shown in
Figure 4. The type-E thermocouple and the flow rate equation Q = viA, where Q is the flow
rate (m3/s), vi is hot air velocity at the inlet, and A is the inlet cross section, were used to
adjust the hot air properties vi and Ti to reach the FOC. At the FOC, the WT was heated by
hot air, then the T was captured by the Optris PI-350. Last, the thermal data of T from the
Optris PI-350 was sent to the computer to record the temperature and form the thermal
picture using the analysis software. The experiment was performed at the FOC in only one
case. The experimental results at the FOC are sufficient to validate the CFD results and
research methodology, as later discussed in Section 4.1 of the validation.

3.3. Computational Fluid Dynamics (CFD)
3.3.1. Models

Four solid models, A–D, shown as transparent models in Figure 7, were created to
determine the proper design of the HAT and the operating conditions for the RSP based
on CFD. Importantly, all the models had nearly the same dimensions but differed in a few
designs (presented as dark colors). The small pictures on the right reveal the different outlet
shapes for releasing the hot air. In (a), model A has an identical shape and dimension to
the prototype shown in Figures 4–6. The outlet of model A in (a) is rectangular, while the
outlet of model B in (b) is also rectangular but has thin top and bottom bars to force hot air
to impact the WT directly (highlighted in orange). Models A and B have inner hollow tubes
with rectangle cross sections for transporting hot air from the Hakko FM-206 to the WT.
Models C and D have inner hollow tubes with circular cross sections. In addition, model D
has the same outlet shape as model B.

Significantly, the CFD results using model A were later employed for comparison with
the experimental results reported in Section 4.1 of the validation, and additional results
using other models were used to determine the suitable model with operating conditions
for a high-efficiency RSP in Section 4.3.
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Figure 7. The HAT designs of models A to D presented in (a–d), respectively.

ANSYS Fluent meshing created mesh models using the four models in Figure 7 as
prototypes. ANSYS Fluent meshing is better than regular meshing because it has an
adaptive refinement capability in complex geometry, is easier to converge, and provides
accurate solutions [20,21]. Since the WT and HAT have symmetry in shape, mesh models
were created in half models by adding surroundings. Figure 8 shows model A’s isometric
mesh viewed as (a) a solid model and (b) a wireframe model. It consists of polyhedrons and
hexahedrons of 1.6 million nodes and 0.4 million elements, sizing 0.07–0.56 mm, generated
by a poly-hexcore method. The maximum aspect ratio is 20, and the maximum skewness is
0.76. The smaller elements are in the hot air flowing in and out of the HAT, while the larger
ones are in the surroundings.
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ANSYS Fluent meshing was also employed in models B, C, and D using the same
setting as model A, but this article reveals only mesh model A in Figure 8 as an example.

To determine a suitable HAT design for the operating conditions, the T generated by
hot air was investigated at 24 welding points (12 upper points and 12 lower points) depicted
in Figure 9, which will be used for help analysis in Section 4, Results and Discussion.



Processes 2024, 12, 2142 8 of 19

Processes 2024, 12, x FOR PEER REVIEW 8 of 19 
 

 

depicted in Figure 9, which will be used for help analysis in Section 4, Results and Discus-

sion. 

 

Figure 9. The points for investigation of the temperature generated at the WT by hot air. 

3.3.2. Boundary Conditions and Material Properties 

Figure 10 reports the boundary conditions defined for the CFD. The inlet was defined 

in the top hole as blue, the outlet was assigned to surroundings marked as pink, and sym-

metry was used in the half-cutting plane marked as yellow. The small picture shows the 

defined boundary conditions viewed on the opposite side. Note that the factory operating 

condition is a hot air velocity at the inlet (vi) of 10 m/s, with a temperature (Ti) of 230 °C. 

Tables 1 and 2 report the essential boundary conditions and material properties employed 

in CFD. Importantly, vi and Ti are parameters that can vary to determine the suitable op-

erating conditions. All data in Table 2 are based on a room temperature of 24 °C. 

Table 1. Boundary conditions. 

Name Boundary Condition 

Inlet 

Outlet 

Turbulent model 

velocity inlet (vi = 10 m/s, Ti = 230 °C) 

Outflow 

k-ε realizable 

Table 2. Material properties. 

Name Property 

WT (Haynes 230) 

density (ρ) 

specific heat (cp) 

thermal conductivity (k) 

8960 kg/m3 

391 J/kg°C 

8.9 W/m°C 

HAT (Aluminum) 

density (ρ) 

specific heat (cp) 

thermal conductivity (k) 

2710 kg/m3 

871 J/kg°C 

202 W/m°C 

Air (Surroundings) 

density (ρ) 

specific heat (cp) 

thermal conductivity (k) 

viscosity (µ) 

1.225 kg/m3 

1006 J/kg°C 

0.0242 W/m°C 

1.789 × 10−5 kg/m·s 

Figure 9. The points for investigation of the temperature generated at the WT by hot air.

3.3.2. Boundary Conditions and Material Properties

Figure 10 reports the boundary conditions defined for the CFD. The inlet was defined
in the top hole as blue, the outlet was assigned to surroundings marked as pink, and
symmetry was used in the half-cutting plane marked as yellow. The small picture shows
the defined boundary conditions viewed on the opposite side. Note that the factory
operating condition is a hot air velocity at the inlet (vi) of 10 m/s, with a temperature (Ti)
of 230 ◦C. Tables 1 and 2 report the essential boundary conditions and material properties
employed in CFD. Importantly, vi and Ti are parameters that can vary to determine the
suitable operating conditions. All data in Table 2 are based on a room temperature of 24 ◦C.
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Table 1. Boundary conditions.

Name Boundary Condition

Inlet
Outlet

Turbulent model

velocity inlet (vi = 10 m/s, Ti = 230 ◦C)
Outflow

k-ε realizable
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Table 2. Material properties.

Name Property

WT (Haynes 230)
density (ρ)

specific heat (cp)
thermal conductivity (k)

8960 kg/m3

391 J/kg◦C
8.9 W/m◦C

HAT (Aluminum)
density (ρ)

specific heat (cp)
thermal conductivity (k)

2710 kg/m3

871 J/kg◦C
202 W/m◦C

Air (Surroundings)

density (ρ)
specific heat (cp)

thermal conductivity (k)
viscosity (µ)

1.225 kg/m3

1006 J/kg◦C
0.0242 W/m◦C

1.789 × 10−5 kg/m·s

3.3.3. Software Calculation and Settings

ANSYS Fluent v2021, a CFD commercial software, was used to investigate the T in a
transient state due to the RSP. In the transient setting, the step size was 0.015 s, covering
0 to 1.5 s, 1.0 s governing 1.5 to 60 s, and the number of iterations was 20 per time step. t
refers to the time from the start of supplying hot air. The turbulent model used realizable
k-ε for convenience. It is better than the standard k-ε [22] and suitable for the WT and HAT
geometries. The benefit of realizable k-ε is that it more accurately predicts the spreading
rate of both planar and round jets. It is also likely to provide superior performance for
flows involving rotation, boundary layers under strong adverse gradients, separation,
and recirculation [22]; therefore, it is popular in industrial simulations. In addition, it
provides accurate results compared to the experimental results after the authors had
checked this in pre-simulation. The convergence absolute criteria for the continuity for
velocities k and ε is 0.0001, and the energy is 10−6. The governing equations of conservation,
turbulent equations for ANSYS Fluent, and forced convection are reported in [23]. After
the calculation was complete, the software reported the T in the transient state for varying
model designs using vi, Ti, and t as parameters. Notably, the CFD process was repeated
until the CFD results were consistent with the experimental results.

4. Results and Discussion

This section includes validation, the effect of vi, Ti, and t, a suitable design for the HAT
with the operating conditions, recommendations, and future work.

4.1. Validation

Figure 11 reveals the T of model A from (a) an experiment and (b) CFD using the
FOC at t of 1.5 s. Note that the FOC is a vi of 10 m/s and a Ti of 230 ◦C. The validation is
separated into qualitative and quantitative validations, explained below.

In a qualitative validation, in (a), the brighter it was, the higher the temperature.
Comparing the figures in (a) and (b), the comparison confirmed that both results were
consistent. The higher T was near the border, while the lower T was in the center.

In a quantitative validation in Figure 11, the experiment also reports that the T was
in the 106.2–133.5 ◦C range, and the CFD reveals that it was in the 107.3–136.6 ◦C range.
The maximum error of the CFD results is 2.3% compared to the experimental results.
Figure 12 shows the T at the t from 0.3 s to 1.5 s for the experiment and CFD: (a) upper
and (b) lower points. The positions in the x-axis are the welding points mentioned in
Figure 9. As expected, both results were also consistent. As the t increased, the T increased.
Comparing Figures 9–12, the T near the border points 1, 2, 3, 10, 11, and 12 were higher
than the T in the center points 4, 5, 6, 7, 8, and 9. As expected, the T decreased from the
border to the center, consistent with Figure 11. The comparison between (a) and (b) found
that the upper points had a higher T than the lower points due to the HAT design, which
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was consistent with what was actually observed in the experiment. The upper points had a
higher T than the lower points but the difference was not greater than 4.5%.
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Accordingly, qualitative and quantitative validations confirm that this research’s CFD
results and methodology are credible and suitable for the next section.

4.2. Effect of vi and Ti on the T of Model A

This section assesses the T for varying the parameters vi, Ti, and t. Using model A and
a vi of 10 m/s, Figure 13 shows the T for varying Ti from 230 ◦C to 700 ◦C at a t of 1.5 s.
These temperatures were the averaged values of T in the upper and lower points, since they
were slightly different (below 8.5% difference, as discussed in Figure 12). As expected, the
higher the Ti, the greater the T, which is consistent with the forced convection heat transfer
principle governed by Equation (6). Similar to Figures 11 and 12, the T at the center was
lower than that at the border. The higher the Ti, the more significant the T difference. Since
the RSP requires a uniform T, the lower Ti is better than the higher Ti.
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Figure 13. The T of model A with a vi of 10 m/s at a t of 1.5 s.

Figure 14 shows the T of model A under the same conditions as in Figure 13 but with a
vi varying from 10 m/s to 20 m/s and a Ti of 230 ◦C at t values of (a) 0.3 s, (b) 0.6 s, (c) 0.9 s,
(d) 1.2 s, and (d) 1.5 s. At all times, the higher the vi, the greater the T, which is consistent
with Equation (6), as expected. Similar to Figures 11–13, the center points in Figure 14
had a lower T than the border. Significantly, the longer the t, the smaller the difference
between the T at the center and that at the border. Accordingly, the melting should use hot
air when the T is steady and even. For example, hot air can be released continuously until
the temperatures in all the welding points are uniform; then the melting begins.
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Extending the hot air supply time in Figure 14e from t values of 1.5 s to 60 s, Figure 15
depicts the T at a t of 60 s as an example. As expected, the T in Figure 15 was more
uniformly distributed than in Figures 2b and 11, confirming that continuously releasing
hot air is better. In this figure, releasing hot air for 60 s at a Ti of 230 ◦C and a vi of 10 m/s
uniformly generated a T of about 224 ◦C, which is suitable for the RSP.
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Figure 15. The T of model A with a Ti of 230 ◦C at a t of 60 s.

If the solder ball is melted at 220 ◦C for some HDD generations, Figure 16 proposes a
solution using model A to achieve 220 ◦C as a candidate solution for a sample requirement
from HDD manufacturing. Figure 16 reveals the T using model A with a vi of 10 m/s at
a t of 1.5 s for Ti values of (a) 230 ◦C, (b) 300 ◦C, (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C, and
(f) 700 ◦C. It was found that the higher the Ti, the faster the T rise, as expected. Since the
requirement we set above was a rapid uniform temperature of 220 ◦C at the WT, cases (a),
(b), (c), and (d) were not a solution; they could not generate the required T or provided T
unevenly. Significantly, both (e) and (f) could generate the temperature quickly, achieving
more than 220 ◦C within 1.5 s; therefore, both might be possible solutions. The Ti of 700 ◦C
generated about a 12% higher T with a broader area than a Ti of 600 ◦C.

However, combining the results in Figures 13–16 implies that using model A with a
very high Ti is not good, since it has a very high contrast between the T at the center and
that at the border for the first 1.5 s, which is improper for the RSP.

In more in-depth analysis, supplying continuous hot air for longer than 60 s to model
A with a vi of 10 m/s and a Ti of 230◦ (FOC) is suitable for the RSP since this FOC allows
the WT to reach 220 ◦C with a uniform temperature. Unfortunately, model A has some
disadvantages since it requires a long time to reach the melting point of solder balls and
needs at least 60 s to have a uniform T. Increasing the vi reduced the time taken to reach the
melting point temperature; however, model A was not supported because it generated an
uneven T for a high vi. Since model A has limited practical applications because of some of
its disadvantages, we had to find an alternative model for the HAT with suitable operating
conditions that were better than model A. This is presented in the next section.
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4.3. Suitable Design for the HAT with Operating Conditions

Figure 17 shows the CFD results of T using (a) model A, (b) model B, (c) model C,
and (d) model D, i.e., employing the models in Figure 7 under the FOC during 60 s. In
all models, as expected, the T increased as the t increased, which was consistent with the
forced convection heat transfer principle.

Comparing the CFD results of model A (prototype) in (a) with model C in (c), both
results had nearly the same trend; however, model C provided a slightly better even T
distribution than model A in the first 20 s from the initiation of hot air. However, after
20 s, both results were almost the same. The difference in the first 20 s may come from the
circular shape inside the HAT in model C, which allowed hot air to flow better than the
square shape in model A. In the fluid dynamics principle, fluid flows in a rectangular cross
section tube have higher shear stress than in a circular cross section tube [24]; consequently,
model C was better than model A. The shear stress due to fluid flowing depends on the
tube shape [25]. The higher the shear stress, the harder the fluid flow in the tube; therefore,
fluid dynamics confirms this result. It might be explained using Equation (6) that a circular
cross section has a better q than a rectangular one. Significantly, the results of models A and
C also imply that if both models are implemented in the RSP, hot air should be supplied
continuously until the T is uniform and constant before melting the solder balls, i.e., at least
longer than 60 s.

Comparing models B and D, both results were almost identical and generated a
smaller T than models A and C. Fortunately, both models provided a uniformly distributed
T, which was superior to models A and C. In the heat transfer principle, models B and D
lost some heat to the thin top and bottom bars, while models A and C did not. Comparing
models B and D, model D provided a slightly higher T, since model D has a circular cross
section tube but model B has a rectangular one. It also obeyed Equation (6), since the
circular cross section has a higher q than the rectangular one.
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Figure 17. The CFD results of T using the FOC during 60 s for (a) model A, (b) model B, (c) model C,
and (d) model D.

In deep analysis, Figure 18 presents the T using the FOP for (a) model A at a t of 1.5 s,
(b) model B at a t of 1.5 s, (c) model C at a t of 1.2 s, and (d) model D at a t of 1.5 s. Models
A and C provided the same trend of temperature distribution, but model C required 1.2 s,
while model A needed 1.5 s. As expected, the circular cross section in model C has a better
q than the rectangular cross section in model A.
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In sum, models B and D provided uniformly distributed temperatures during the time;
therefore, both are considered suitable for the RSP. Importantly, Figure 18 supports the
discussion in Figure 17 and the forced convection heat transfer principle, as expected.

Figure 19 reveals the T at a t of 1.5 s for some operating conditions of (a) model B and
(b) model D to find which one of these models is better.
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Figure 19. The WT temperatures at a t of 1.5 s for some operating conditions of (a) model B and
(b) model D.

Comparing the black lines at a vi of 10 m/s and a Ti of 460 ◦C, model B’s T was more
uniform than model D’s. The T difference between model B’s center and border points was
about 3 ◦C. In contrast, model D differed by about 13 ◦C; the center points were clearly at
a higher T than the border points. Significantly, all conditions in (b) provided a strongly
ununiform temperature compared to (a); hence, model B is better than model D in terms
of T uniformity. Importantly, Figure 19 implies that a suitable HAT model with a proper
operating condition can provide uniformly distributed T and that model B is better than
model D. Next, CFD will examine an example of finding suitable operating conditions.

Figure 20 shows the T using model B with a Ti of 490 ◦C during 60 s for (a) a vi of
10 m/s and (b) a vi of 20 m/s. As expected, the T in (b) had a faster increase than that in
(a) because a vi of 20 m/s had a higher q than a vi of 10 m/s. For example, that operating
conditions in (b) increased the T from room temperature to about 375 ◦C within 5 s, while
(a) required about 10 s. In (b), the WT needed about 30 s to reach 450 ◦C, but in (a), it needed
45 s. It is well known that fluid velocity is one factor that influences forced convection heat
transfer capability [26], governed by Equation (6). The higher the fluid velocity, the greater
the q. Therefore, model B with a vi of 20 m/s had a better q than a vi of 10 m/s, reaching
the higher temperature rapidly and obeying Equation (6), as expected. However, when the
supply of the hot air was longer than 60 s, the WT would start to distribute more evenly, as
intended. Accordingly, supplying hot air for a long time, such as longer than 60 s, can help
distribute the T evenly and assist the RSP effectively.
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Figure 20. The T using model B with a Ti of 490 ◦C during 60 s for (a) a vi of 10 m/s and (b) a vi of
20 m/s.

However, the T was uniformly distributed at all times in (a), while in (b) it slightly
fluctuated and was not uniform, especially at the center points. This fluctuation in (b) may
be due to a vi of 20 m/s representing hot air flowing with a high velocity into the WT;
therefore, it had a higher turbulence kinetic energy (TKE). In fluid dynamics [27–29], the
TKE measures the turbulence intensity in a fluid flow. The higher the TKE, the greater the
turbulent intensity. To explain the TKE and link it to the fluid dynamics principle with
Figure 20, Figure 21 reveals the TKE of hot air for (a) a vi of 10 m/s and (b) a vi of 20 m/s.
Clearly, the TKE in (b) was higher than in (a); therefore, a lower vi is better. The high TKE
caused the T fluctuation.
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Figures 17–21 imply that model B, with the operating conditions of a low Ti and slow vi,
was better than others. In summary, hot air is a proper choice to assist the low-temperature
RSP in achieving higher efficacy when employing suitable operating conditions. CFD is a
powerful tool for determining suitable operating conditions.

4.4. Recommendations and Future Work

A critical disadvantage of using hot air is that it is improper for the high-temperature
RSP, such as melting the solder balls at temperatures greater than 500 ◦C. The WT requires
a long time and continuous high-temperature hot air flow to achieve high temperatures;
therefore, using hot air for the high-temperature RSP is wasteful of energy. In addition,
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hot air with temperatures that are too high may disturb neighbor machines, causing
malfunctions, and harm operators who operate the RSP with carelessness, leading to
accidents. Accordingly, the authors recommend implementing low-temperature (below
500 ◦C) and low-velocity (not faster than 10 m/s) hot air and including a proper HAT
design and suitable operating conditions to generate uniformly distributed temperatures
in the WT for the low-temperature RSP to avoid product defects and increase efficacy.

However, if necessary, a high-temperature RSP may be suitable using a combination
of supplied hot air and electric current. Referring to Figure 2, a big advantage of the RSP
using an electric current is that it can rapidly generate a high temperature. Significantly,
the highest temperature is mainly in the center points. In contrast, considering Figure 11,
the transient hot air can generate a high temperature at the border points. Accordingly,
merging Figure 2 with Figure 11, using an electric current and transient hot air to the WT
and HAT in suitable operating conditions, which have been well-designed and studied,
may melt the solder balls at a high temperature effectively, avoiding product defects. Since
the RSP temperature induced by the electric current is based on transient thermal-electric
analysis [4,5] and the RSP temperature sourced by hot air is based on CFD, developing an
RSP regarding transient thermal-electric analysis and CFD as multiphysics constitutes our
future work.

5. Conclusions

This article presents a feasibility study of using hot air to generate a T distributed
uniformly in the RSP, one of the HDD manufacturing processes, instead of using applied
current, which is conventional in the RSP but provides an ununiform T. First, the samples
of the WT and HAT prototypes were designed and invented. The experiment was set in a
laboratory to measure the T using the invented prototypes under the FOC, a vi of 10 m/s,
and a Ti of 230 ◦C. Then, CFD was employed to investigate the T under the FOC and some
vi and Ti operating conditions. After comparing the CFD and experimental results under
the FOC, the comparison revealed the consistency between both results, confirming the
credibility of the CFD results and the research methodology. The CFD results also indicated
that the prototypes with the OPC provided ununiformly distributed T in the first 1.5 s from
supplying hot air, which was unsuitable for the RSP. However, if hot air was continuously
released for longer than 60 s, the T was more uniformly distributed than if released for
short durations. In addition, if hot air was released with a hotter Ti or faster vi, the T was
also more ununiformly distributed. The hotter the Ti, the more ununiformly distributed T;
the faster the vi, the more ununiformly distributed T, making the prototype with the FOC
unsuitable for the RSP. Accordingly, the prototype was suitable for supplying continuous
hot air with a low vi and Ti. It was unsuitable for supplying hot air with a high Ti, fast
vi, and transient time. Next, three additional models of the HAT were proposed to find
a suitable design for the HAT with appropriate operating conditions. As expected, the
CFD results revealed a difference in the uniformity of the T distribution depending on the
models, obeying the forced convection heat transfer principle. Adding thin top and bottom
bars to the HAT prototype in model B as a proper model improved the uniformity of the T
distribution compared to the other models and was significantly superior to the prototype
and consistent with the fluid dynamics principle. Lastly, the CFD results confirmed that
employing the proper HAT model using hot air with a low Ti and a slow vi in the actual
RSP was reasonably feasible to increase efficiency. The novel aspects of this research are
the proper designs for the HAT with operating conditions that were practically employed
in the actual RSP. Remarkably, hot air is a proper choice to assist the RSP in achieving a
higher efficacy.
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Nomenclature
CFD computational fluid dynamics
FOC factory operating condition
Q flow rate (m3/s)
HSA head stack assembly
q heat transfer rate (W)
HAT hot air tube
vi hot air velocity at the inlet (m/s)
RSP reflow soldering process
Ti temperature of hot air at the inlet (◦C)
t time of supplying hot air (s)
TKE turbulence kinetic energy (J/kg)
WT welding tip
T WT temperature (◦C)
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