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In the practical design and optimization of APMCs, the pole-pairs number of the PMs and the
thickness of the CS are two important parameters. Besides, the temperature of the PM is key for the
safe operation of APMCs due to demagnetization effect. Through the proposed strategy, Figure 19
presents the relationship between the temperature of the PM and the pole-pairs number of the PMs (p)
at s = 120 r/min. From Figure 19, with the increase of p, the temperature of the PM increases gradually.
Taking the demagnetization effect into account, selecting p as 6 is appropriate. Moreover, by the
proposed strategy, Figure 20 presents the relationship between the temperature of the PM and the
thickness of the CS (lcs) at s = 120 r/min. From Figure 20, with the increase of lcs, the temperature of the
PM decreases gradually. Taking the demagnetization effect into account, selecting lcs ≥6 is appropriate.
However, in order to avoid excessive mass, selecting lcs as 6 is optimal.

Figure 19. The relationship between the temperature of the PM and the pole-pairs number of the PMs.
(s = 120 r/min).

Figure 20. The relationship between the temperature of the PM and the thickness of the CS
(s = 120 r/min).
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7. Conclusions

A thermal analysis strategy is proposed to obtain the temperature results for APMCs,
which combines FEM with LPTN. Firstly, the manufactured prototype of the studied APMC is
built as well as giving its parameters. This proposed strategy is an iterative process considering
some assumptions. Secondly, the magnetic field employing the FEM is offered to obtain the loss
generated on the CS, where the magnetic field of the CS is analyzed. Then, the source nodes are
assigned losses to calculate the matrix of the LPTN model and get the temperature results by adjusting
the conductivity of the CS. Finally, the strategy is verified by experiment results where its relative error
is less than 6.7%. In summary, the strategy developed in this paper can provide constructive references
for operation safety of APMCs.
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Nomenclature

nin rotational speed of the CS module
nout rotational speed of the PM module
s Slip speed (nin − nout)
p pole-pairs number of the PMs
li1 thickness of the iron yoke (CS side)
li2 thickness of the iron yoke (PM side)
lcs thickness of the CS
lg thickness of the air-gap
lh thickness of the PM holder
lp thickness of the PM
r1 inside radius of the CS
r2 outside radius of the CS
rp1 inside radius of the PM
rp2 outside radius of the PM
ra average radius of the PM
Hp coercive force of the PM
σcs conductivity of the CS
R, Ri~j thermal resistance
Pcs loss generated on the CS
T, T0 temperature, ambient temperature
τp length between centers of adjacent PMs
τm length between adjacent PMs
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Appendix A

The conduction thermal resistances can be calculated in detail as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

R1∼2 = li1/2
kst(τp−τm)(rp2−rp1)

+ lcs/2
kcop(τp−τm)(rp2−rp1)

R13∼14 = R20∼21 = li1/2
kstτm(rp2−rp1)

+ lcs/2
kcopτm(rp2−rp1)

R1∼14 = R1∼21 =
(τp−τm)/2+τm/2

kstli1(rp2−rp1)

R7∼8 = R7∼15 =
(τp−τm)/2+τm/2

kstli2(rp2−rp1)

R2∼13 = R2∼20 =
(τp−τm)/2+τm/2

kcoplcs(rp2−rp1)

R4∼11 = R4∼18 =
(τp−τm)/2+τm/2
kal(lh−lp)(rp2−rp1)

R9∼10 = R16∼17 =
lp/2

kalτm(rp2−rp1)

R10∼11 = R17∼18 =
lp/4+(lh−lp)/2
kalτm(rp2−rp1)

R4∼5 =
(lh−lp)/2

kal(τp−τm)(rp2−rp1)
+

lp/4
knd(τp−τm)(rp2−rp1)

R5∼10 = R5∼17 = R6∼9 = R6∼16 =
(τp−τm)

kndlp(rp2−rp1)
+ τm

kallp(rp2−rp1)

R5∼6 =
lp/2

knd(τp−τm)(rp2−rp1)

R6∼7 = li2/2
kst(τp−τm)(rp2−rp1)

+
lp/4

knd(τp−τm)(rp2−rp1)

R8∼9 = R15∼16 = li2/2
kstτm(rp2−rp1)

+
lp/4

kalτm(rp2−rp1)

(A1)

Appendix B

R2~3, R3~4, R3~12, R3~19, R11~12, R12~13, R18~19 and R19~20 can be calculated in detail as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

R2∼3 = lcs/2
kcop(τp−τm)(rp2−rp1)

+
lg/2

hair(τp−τm)(rp2−rp1)

R3∼4 =
lg/2

hair(τp−τm)(rp2−rp1)
+

(lh−lp)/2
kal(τp−τm)(rp2−rp1)

R3∼12 = R3∼19 =
(τp−τm)/2+τm/2

hairlg(rp2−rp1)

R11∼12 = R18∼19 =
lg/2

hairτm(rp2−rp1)
+

(lh−lp)/2
kalτm(rp2−rp1)

R12∼13 = R19∼20 = lcs/2
kcopτm(rp2−rp1)

+
lg/2

hairτm(rp2−rp1)

(A2)

Appendix C

The convection thermal resistances can be calculated in detail as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

R0∼1 = li1/2
kst(τp−τm)(rp2−rp1)

+ 1
ham(τp−τm)(rp2−rp1)

R0∼2 = 1
(1−α)hamπr2lcs/p

R0∼3 = 1
(1−α)hamπ(r2+rp2)lg/2p

R0∼4 = 1
(1−α)hamπrp2(lh−lp)/p

R0∼5 = R0∼6 = 1
(1−α)hamπrp2lp/2p

R0∼7 = li2/2
kst(τp−τm)(rp2−rp1)

+ 1
ham(τp−τm)(rp2−rp1)

R0∼8 = R0∼15 = li2/2
kstτm(rp2−rp1)

+ 1
hamτm(rp2−rp1)

R0∼9 = R0∼10 = R0∼16 = R0∼17 = 1
αhamπrp2lp/2p

R0∼11 = R0∼18 = 1
αhamπrp2(lh−lp)/p

R0∼12 = R0∼19 = 1
αhamπ(r2+rp2)lg/2p

R0∼13 = R0∼20 = 1
αhamπr2lcs/p

R0∼14 = R0∼21 = li1/2
kstτm(rp2−rp1)

+ 1
hamτm(rp2−rp1)

(A3)
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Abstract: Turnouts are key parts of rail roads and are exposed to adverse weather conditions such as
snowfall, snow drifts, low temperatures, or sleet. Effective protection assures good turnout function
and contributes to rail traffic efficiency and safety. Presently, resistance heating (RH) is the most
common system of turnout heating in Europe. In this study, we attempted to implement energy-saving
induction heating (IH) in order to cut costs of operation and electricity. A turnout heating test stand,
including a stock-rail and a switch-rail, was executed in a climatic chamber. Air temperature was
constant at the time of heating. Active power received by both the systems was identical for any
measurement (450 W). Test results enabled an assessment of switch-rail position and variations of
climatic chamber air temperature on growth of turnout temperatures. Effects of heating type on
correct lubrication of the slide plate surface were compared. Dynamics of heating variations and their
impact on effectiveness of snow or ice removal were defined for both heating systems. Turnout’s
readiness for switch-rail shifting and lubrication conditions of turnout’s moving parts were compared.
An in-depth comparative analysis of efficiency of RH and IH turnout heating was undertaken in
the conclusion.

Keywords: energy efficiency; induction heating; resistance heating; turnouts; railway; safety of rail
traffic; stock-rail; switch-rail

1. Introduction

Turnouts are key parts of rail roads and are exposed to adverse weather conditions such as
snowfall, snow drifts, low temperatures, or sleet. A severe winter may block turnouts and disrupt
traffic. Effective protection ensures good operation of turnouts and contributes to rail traffic efficiency
and safety.

Turnouts are normally comprised of a pair of fixed rails (stock-rail) and a pair of switching rails
(switch-rail) that move between the On and Off positions. In the On position, the switch-rail rests
against a stock-rail. In the Off position, the switch-rail is separated from the stock-rail so that the latter
has no effect on a road wheel. It is important for the stock-rail and the switch-rail to be in good contact
in the On position for the purposes of correct turnout operation. A faulty turnout poses the risk of
derailing and grave personal and property losses. Although turnouts are provided with sensors that
warn of defective operations, they can result in substantial train delays and irritation to passengers.
Therefore, it is necessary to periodically heat turnouts in cold climates.

A variety of electric turnout heating systems have been developed, e.g., radiator (e.g., infrared
element) heaters, convection (e.g., forced air), electric turnout heating with resistors, or induction
heating using eddy currents [1].
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Resistance heating (RH) is currently the most common system of turnout heating in Europe
(Figure 1). It is installed in more than 18,000 turnouts in Poland with a total installed electric power of
approximately 120 MW [2]. RH heats for an average 300 h a season. Application of 330 W per running
rail meter provides for sufficiently effective turnout heating during a season. This constitutes a high
demand for electricity in a heating year.

 

Figure 1. Location of a resistance heater “a” along a rail foot.

2. Problem Description

Resistance turnout heating is one of the most expensive, yet most often used methods. Availability
of energy sources has undoubted advantages. Resistance systems of turnout heating, beside low
equipment costs, are characterized by high reliability, which is of huge importance to safety and
continuity of train traffic.

In this study, to reduce energy consumption of turnout heating, laboratory testing of rail heating
with heat insulated heaters in a climatic chamber was undertaken [3,4]. Placement of heat insulation
on a rail is shown in Figure 2. Comparative testing in a climatic chamber was conducted of 60 E1
(UIC-60) rail heating with a 330 W/m resistance heater without heat insulation, with heat conducting
heat insulation, and with two heat insulations: heat conducting and heat insulating. The chamber was
intensively cooled down to −28 ◦C from the initial rail web temperature of +20 ◦C (Figure 3) [5]. When
the chamber without heat insulation was cooled, the web temperature reached 0 ◦C after ca. 150 min.
The web temperatures of rails wrapped with heat conducting and heat insulating heat insulation
were approximately 20 ◦C greater. Thus, the impact of heat insulation on energy efficiency of heating
was substantial. In spite of these efforts, resistance turnout heating generates high operation cost,
maintenance, and electricity consumption.

  
(a) (b) 

Figure 2. Examples of heat insulation mounting: (a) heat insulating and (b) heat conducting [3,4].

For years, attempts have been made to introduce energy-saving induction heating (IH) of turnouts.
Generation of high frequency electricity and its conversion to thermal energy in a ferromagnetic
material that is part of a turnout is the essence of induction [6–9]. Induction heating of turnouts can
raise their temperature by a dozen Centigrades for effective snow melting.
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Figure 3. Characteristics of UIC-60 (60 E1) [UIC—Union internationale des chemins de fer] rail web heating
with a 330 W/m heater: (a) without heat insulation, (b) with heat conducting heat insulation, (c) with
heat conducting and insulating heat insulations, and (d) temperature in the climatic chamber [5].

In most IH solutions, a half bridge voltage inverter receives the energy from a full wave rectifier
connected to single phase mains. Power MOSFETs used in the inverter assure high frequency operation
of the induction heating system. The main factors of success that have contributed to the wide
acceptance of this technology are as follows [8]:

• Generation of heat sources inside the workpiece to be heated over very short times
• Possibility of concentrating them in specified areas of the workpiece as required by the application
• Rational use of electrical energy for heat generation

IH applications use half bridge inverters to feed heating inductors that generate high frequency
electromagnetic fields. An electromagnetic wave penetrates the ferromagnetic material to a depth
dependent on the current frequency [6,8,10].

δ = 503
√
ρ

μ f
(1)

where:

ρ: resistivity [Ωm],
μ: relative magnetic permeability of workpiece material,
f: frequency [Hz].

Depth of the electromagnetic wave penetration δ is connected with active power released as heat
in the workpiece. There is a dependence between the inductor’s external radius re and δ, expressed
with the factor m for the cylindrical inductor [8]:

m =

√
2re

δ
(2)

where:
re: external radius of the inductor’s cylinder.
Assuming constant resistivity and magnetic permeability, slight increments of thermal energy

are demonstrated in m > 4. Adopting the following rail data [1]: ρ = 2.7× 10−7 [Ωm], μ = 100 and the
external radius of the inductor re = 0.001 [m], heating becomes efficient for the frequency f > 5.5 kHz.
This calculation should be treated as an estimate, since constant resistivity and magnetic permeability
are assumed and the complicated rail design is not addressed. Current frequency of 20 kHz is adopted
for purposes of this testing of resistance heating.

Temperature distribution and effectiveness of turnout heating can be tested by means of numerical
analysis, experimental testing in a climatic chamber, and on actual facilities. All the methods are
important and can supplement one another in different ways, though one cannot replace another.
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The numerical method allows for analysis of magnetic field distribution in a rail material and selection
of parameters of an effective source of heating. This is very helpful in optimizing the power supply
system, shape, and parameters of an inductor, as well as its arrangement in a turnout space.

Experimental testing helps to analyze temperature distribution across turnout elements in specified
environment conditions generated in the climatic chamber. This testing addresses heating conditions
in 3D space and considers real rail parameters in induction heating, its magnetization characteristic,
resistivity, and magnetic permeability dependent on temperature. It should be noted that a standard
rail contains 9 different elements and exhibits pearlite structure. Practical verification of heating
efficiency is important.

The experimental method of testing in a climatic chamber was adopted for evaluation of induction
heating efficiency, whereas we ignored the analytical method [7,11,12]. Efficiency of induction heating
was compared to that of the universal resistance heating. Induction heating (IH) uses an innovative
technological solution. It consists of installing an inductor in the bottom part of the slide plate,
along which the switch-rail travels. The inductor is the source of heat that melts snow or ice on the
slide plate’s surface and in the space between the switch-rail and stock-rail. This article compared
methods of heating, i.e., RH and IH, in terms of permissible variations of ambient temperature at
which both the systems work effectively, dynamics of temperature changes across turnout elements,
retention of good tribological properties when the switch-rail is moved, and effective ice removal from
the rail surface.

3. Review of Turnout Induction Heating Solutions

Several equipment solutions based on induction heating have been proposed for the purpose of
effective snow removal from turnouts. One of the first is illustrated in Figure 4 [13]. Two parallel rails
R1 and R2 are parts of a magnetic circuit. Heating inductors HI1, HI2, HI3 and HI4 generate a variable
magnetic field penetrating the rails and causing them to heat. The inductors comprise coils C1, C2, C3

or C4 around the cores F1, F2, F3 and F4 supplied from sources of alternating voltage U1, U2, U3, or U4.
The arrows along the inductors show senses of magnetic fluxes at a given moment in time. Correct
operation of the device requires an even number of the inductors. A magnetic flux penetrating the rails
is centered between the paired inductors. Rising numbers of the inductors causes their interactions that
may increase the magnetic flux and, consequently, temperature in the middle section of a heated rail.

Design of all inductors is identical (Figure 5). The bottom surfaces of R1 and R2 are connected
with sections of FA and FB and insulation I. C encompasses sections of FA and FB and is supplied from
U. C produces a variable magnetic flux in sections of FA and FB. Sections of the magnetic cores are
made of a material reducing energy losses due to eddy currents.

 

Figure 4. Diagram of an induction heating device circuit; R: rail, HI: inductor, C: coil, F: inductor core,
and U: supply voltage [13].
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Figure 5. Cross-section of induction heating device; R—rail, HI—inductor, C—coil, F—inductor core,
U—supply voltage, I—insulation [13].

The first attempt at turnout heating with 50 Hz variable magnetic field was conducted in Poland
in 1978/1979 on five turnouts of Poronin station and 26 turnouts of Tarnów West station. Heating rods
in an insulation coating were utilized (Figure 6) [14]. A rod was not in galvanic contact with a stock-rail.
The rods were made of copper wrapped in Teflon tape and placed inside a steel guard. A rod was
supplied with 3–3.3 V and 50 Hz, while currents across a rod reached 350 A. The operating principle of
the method consisted in heating a stock-rail with eddy currents induced therein (Figure 6). Variations
of stock-rail head and web temperatures are shown in Figures 7 and 8. Location of a measurement point
affected final temperature values. Induction heating proved to have the following advantages over
resistance heating: lower electricity consumption, lower operation/maintenance costs, more effective
removal of snow/ice as a rail heats more quickly, low safe voltage, lower temperatures of the heater
(about 65 ◦C), longer life of an induction heater, and slower drying of greases.

 

Figure 6. Temperature measurement points on the stock-rail [14].

 

Figure 7. Temperature on the stock-rail head [14].

In spite of its lower energy consumption compared with RH, this method of induction heating was
not applied in practice to turnouts. The standard of technology failed to guarantee reliable operation
of the system and the solution was abandoned as a result.
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Figure 8. Temperature on the rail web [14].

Development of power electronic equipment has contributed to improved energy efficiency of
electricity conversion and miniaturization of inductors used in the process of induction heating. In the
age of new technologies, the concept of turnout induction heating has resurfaced. A device made by
winding (1) around a substrate plate (2) and causing the latter to induction heat is one such solution
(Figure 9) [15]. The area heated expands by winding around the substrate plate. Thermal conduction
from the substrate plate to the stock-rail and switch-rail prevents ice formation. Coil does not protrude
substantially out of the sleeper and thus does not interfere with maintenance or require dismounting.
The solution is effective at snow and ice melting, however its extensive mechanical design makes
it impracticable.

 

Figure 9. Snow melting system on switch points: 1: winding, 2: substrate plate, 3: power supply and
control system, 4: stock-rail, and 5: switch-rail [15].

The system of induction turnout heating depicted in Figure 10 contains an inductor (1) that can
be sunk, inbuilt, or incorporated into a sleeper or another turnout element [16]. Protruding parts of
the heating system, subject to mechanical damage, are eliminated. The system can operate at high
frequencies of the supply voltage (2). An inductor breakdown requires replacement of a rail fragment
(3) and more faults may arise when movable switch-rails are heated. Figure 10 shows a solution where
the inductor is placed in a duct cut in the rail foot.

 

Figure 10. Diagram of rail heating featuring a duct in the rail foot; 1: inductor, 2: power supply and
control system, and 3: rail foot [16].
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Figure 11 shows a rail heating module consisting of two magnetic field inductors (1), each with
two poles (2) oriented towards a rail to be induction heated. Each inductor consists of a magnetic core
(3) and windings (4). The poles adhere to the rail web surface. Characteristically, a magnetic flux across
one pole has a sense opposite to those of fluxes across the remaining poles. This effect is achieved
by modifying polarity of voltage supplied to winding 2 (Figure 11b) [17,18]. The modified polarity
improves efficiency of rail heating. The magnetic field of the single pole attracts one of the magnetic
fields from one of the other three poles and, as a result, two remaining magnetic fields with the same
polarity are obtained. These two magnetic fields counteract one another and the magnetic fields are
spread across the rail as a result. By this placement of the coils, uniform heating is achieved.

 
(a) (b) 

Figure 11. Rail induction heating module: (a) module design; 1: inductor, 2: poles, 3: magnetic core,
4: winding, and 5: mounting plate; (b) wiring diagram of winding for a single module [17].

Simple design of the induction heater (1), plates of high thermal conductivity, and threaded fixture
to the stock-rail web (2) are characteristics of the device shown in Figure 12 [10]. An extensive heating
surface, low sensitivity to mechanical damage, and easy access to the apparatus when servicing are
advantages of this solution. Unfortunately, it is not clear how the inductor winding is to be mounted.
Simplicity of the solution, the possibility of installing the heater between the switch-rail and stock-rail,
easy installation without interfering with other electric systems of a rail line, and effective and fast
heating of the stock-rail head make this solution particularly interesting.

 

Figure 12. System including a heating plate (1) mounted on the stock-rail web (2) [19].

Another device for melting snow on turnouts by induction heating of the rail web is presented in
Figure 13. It consists of a heater (2) and a clamping system (3). The electromagnetic heater (2) adheres
to the rail web (1). An inductor producing a variable magnetic field (5) and a ferrite protective plate
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(6) are the basic parts of the heater. Placement of a power supply and control system (4) within
the heater (2) is characteristic of this solution. Its simple design, high efficiency, fast snow melting,
and applicability to all turnout models are among its advantages [20].

 

Figure 13. Snow melting device mounted on the stock-rail web; 1: stock-rail web, 2: heater, 3: clamping
system, 4: power supply system, 5: inductor, and 6: protective plate [20].

Figure 14 presents a modern solution of turnout induction heating [21,22]. This setup consists
of an internal coil that generates a magnetic flux in the main core. The heating plate is made of a
material that has poor magnetic properties, causing losses in the magnetic flux. The heat from the
heating plate is distributed to the space between the stock-rail and switch-rail. The heating element
reaches its operating temperature of about 120–135 ◦C within five minutes, melting away snow and
ice very effectively. Because of this rapid warming, it is enough to turn on the heater only when
snowfall has begun. It provides for high energy efficiency saving about 60% costs compared to systems
based on resistance heating. This heating method effectively melts snow between the stock-rail and
switch-rail. It is not known how efficiently ice is melted from the stock-rail head when the switch-rail
is moved away.

Figure 14. Induction heating system installed under the stock-rail foot; 1: heating plate, 2: inductor,
3: fastening grip, and 4: power supply wire [21,22].

The turnout induction heating equipment illustrated in Figures 9–14 are notable for the variety of
novel technological solutions. The authors are not aware of any laboratory test results or practical
implementations of these solutions. Absence of such publications is evidence of the scale of the problem
of effective turnout de-snowing and the consequent safety of rail traffic. Any results for effects of these
systems on rail control systems are not available either.

An original turnout induction heating solution is depicted in Figure 15 [23,24]. Inductor a is
installed in the part of the slide plate c along which the switch-rail travels. The inductor winding is
supplied from a high-frequency voltage generator c. The solution is simple in its design. Heat released
in the process of induction heating increases the slide plate temperature, while temperatures of the
stock-rail and switch-rail, which are in direct contact with the slide plate, rise as well. Such a heating
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system appears energy efficient, since ice or snow should melt rapidly in the space between the
stock-rail and switch-rail and on their heads.

 

Figure 15. Snow melting device as an inductor for induction turnout heating, placed in a turnout slide
plate; (a) inductor, (b) slide plate, and (c) high frequency power supply wire [23,24].

Owing to the original method of inductor attachment and expected high energy efficiency,
this article evaluated heating properties of the device compared to those of universally used
resistance heating.

4. Data and Methodology of Experimental Turnout Heating

Keeping a switch-rail and stock-rail snow-free for the purpose of safe turnout operation is the key
objective of the turnout heating process. Complex design of a turnout, changing position of switch-rail
relative to stock-rail, variable weather conditions, and a heating method in place have decisive impact
on effectiveness of heating. Energy efficiency of turnout heating should be understood as the process
of transforming electricity supplied to a heating device into an effective quantity of thermal energy
capable of removing snow and ice from all crucial parts of a turnout over an adequately short period
of time. At the same time, energy used to this end should be as low as possible. Safety of rail traffic is
the overarching criterion in evaluation of energy efficiency of heating equipment.

Experimental testing of energy efficiency of turnout heating is a long process. The turnout’s
complex design makes precise analysis of its heating difficult. In real conditions, changeable weather
and snow brought by passing trains are some added factors interfering with the analysis. A comparative
analysis of energy efficiency of RH and IH systems based on climatic chamber testing is undertaken in
this paper.

The comparative analysis of IH (Figure 15) and RH (Figure 1) addresses the following conditions,
known from the literature and the authors’ own experience [1,3,4,12,14]:

• Turnout heating should aim for high energy efficiency, associated with total snow or ice melting
in the area between a switch-rail and stock-rail while consuming a minimum of electricity.

• RH exhibits low efficiency of snow or ice melting on the slide plate from the switch’s internal
side. This is caused by the fact that only thermal conductivity of the material is taken advantage
of. In practice, this may mean insufficient heating of a lubricant on the slide plate plane along
which the switch-rail travels. The lubricant maintains good tribological properties at temperatures
above −30 ◦C [25]. However, as the switch-rail travels along an iced slide plate, the lubricant may
wear (vanish) faster from the slide plate surface and friction between the switch-rail and slide
plate surfaces may increase. Not heating the lubricant but melting ice from the slide plate surface
before the switch-rail moves should be the goal.

• IH uniformly heats the entire surface of the slide plate; therefore, lubricant properties remain
identical all along the path of the switch-rail’s travel.
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• IH rapidly melts snow or ice all along the slide plate on the switch-rail’s internal and external
sides. This improves snow melting above the slide plate surface by thermal radiation in a space
delimited by the stock-rail and switch-rail dimensions.

• There is a risk IH will insufficiently melt snow deposits between the slide plates in the space
between the stock-rail and switch-rail. This may be particularly dangerous as the switch-rail shifts
towards the stock-rail, causing insufficient contact between both the parts.

• As the switch-rail touches the stock-rail in RH, energy efficiency improves considerably since
thermal energy losses to the air diminish. Snow and ice in the heated space melt more quickly.

• As the switch-rail touches the stock-rail in RH, temperature of the heating element reaches 200 ◦C.
The rear part of the slide plate between the stock-rail and switch-rail heats rapidly and the
lubricant on the slide plate surface dries ([25] gives the lubricant’s flash point of 110 ◦C). The risk of
escalating friction between moving parts of the turnout and their freezing to one another emerges.

• The stock-rail can be positioned in relation to a sleeper by means of a plastic washer.
This significantly impairs thermal conductivity conditions from the stock-rail to the for both the
heating systems.

In general, an in-depth assessment of advantages and disadvantages of both the systems of
turnout heating should be attempted, considering experimental results and guided by the overarching
criterion of safe rail travel.

In view of the above, the authors have proposed the following assumptions for efficiency
assessment of turnout heating:

1. Figures 7 and 8 imply rail temperature may vary considerably when heated. Depending on sensor
location, temperature on the rail head ranges between (5–12) ◦C after 180 min of heating, while the
web reaches (5–17) ◦C. When tested in a climatic chamber, temperature distribution along the rail
head or web may vary considerably from temperatures measured at specific locations. Therefore,
reading errors of sensors themselves are ignored in analysis of rail heating results and treated as
an acceptable part of measurement inaccuracy.

2. Analysis of both the systems’ heating efficiency may be liable to error as snow is absent from a
turnout in climatic chamber testing. Its melting is the key function of heating systems. To substitute
for snowfall, the turnout was iced prior to heating by spraying the switch-rail and stock-rail with
water, then the instant of total ice melting was observed.

It should be noted that there is no unambiguous method for comparing both the systems of turnout
heating. Taking the above conditions and assumptions into account, the authors have formulated the
following criteria of assessing efficiency of turnout heating:

1. For an open turnout, the part of the slide plate between the switch-rail and stock-rail must be free
from snow and ice; in addition, snow cannot prevent continuing contact of the switch-rail and
stock-rail after the switch-rail changes its position.

2. For a closed turnout—the switch-rail touching the stock-rail—the part of the slide plate between
the switch-rail and the medium section of the turnout must be free from snow and ice. The contact
between heads of the switch-rail and of the stock-rail cannot be iced, either.

3. Moving parts of the turnout are completely free from snow or ice in a relatively short period
of time.

4. Quantity of electricity required to heat a unit distance of rail should be as low as possible.
5. Dynamics of temperature should be maximum possible.

Realizing the foregone conditions is chiefly based on reading temperature variations at designated
points of the turnout and visual verification of the moment ice turns into water on selected turnout
elements from the time the heating begins. Given temperature values, dynamics of its variations,
location of the measurement sensor, and time of the heating, the process of snow melting can
be analyzed.
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5. Design of a Test Stand

A turnout heating test stand was produced in a climatic chamber. Air temperature was constant at
the time of heating. Active power consumed by both the systems was identical for each measurement
and equal to 450 W.

• Classic RH, including a 150 cm long bayonet heater, was mounted on the stock-rail foot on the
switch-rail’s side.

• Induction heating featured three inductors, each mounted on one. Each inductor was supplied
from a shared sinusoidal voltage generator with a total power of 450 W (150 W an inductor) [23]
were applied (Figure 16).

A 150 cm long switch-rail was laid on the slide plate. For the purposes of testing, the switch-rail
was placed in two positions:

• Position a: touching the stock-rail (Figure 17a).
• Position b: 7 cm away from the stock-rail (Figure 17b).

 

Figure 16. Tested fragment of the turnout stock-rail placed in a climatic chamber subject to resistance
heating (RH) and induction heating (IH) [23].

Six PT100 sensors arranged (Figures 16 and 17):

• On the switch-rail foot—T1,
• On the stock-rail foot—T2,
• On the switch-rail head—T3,
• On the stock-rail head—T4,
• In the slide plate part to the side of the stock-rail—T5,
• In the slide plate part to the side of the switch-rail—T6

were used to measure the temperature.

  
(a) (b) 

Figure 17. Arrangement of temperature measurement sensors around the turnout for: (a) the switch-rail
touching the stock-rail; (b) the switch-rail away from the stock-rail [23].
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6. Results and Discussion of Test Results for Resistance and Induction Turnout Heating

Measurement results for the ambient temperature of −30 ◦C are illustrated in Figure 18.
Two positions of the switch-rail in relation to the stock-rail were assumed: in contact and 7 cm
away. For the switch-rail touching the stock-rail in resistance heating, maximum temperature (T1)
increment was 15 ◦C for the switch-rail foot and stock-rail head (Figure 18a). When the switch-rail
was shifted away from the switch-rail in resistance heating, temperature of the stock-rail head (T4)
was approximately −13 ◦C while the temperature (T1) of the switch-rail foot reduced dramatically
(Figure 18c). Temperature of the stock-rail foot (T2) was identical in both cases and its increment was
circa 12 ◦C (Figure 18a,b).

In the case of induction heating, the temperature (T5) rose by 25 ◦C for the slide plate to the side
of the stock-rail and (T6) by approximately 15 ◦C for the part of the slide plate towards the switch-rail
for both switch-rail positions (Figure 18b,d).

The switch-rail’s position has no marked effect on reaching maximum temperatures that are lower
0 ◦C for both the heating systems. Negative temperatures at each turnout point were noted for both
the heating systems. This means they do not operate efficiently at such low temperatures.
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Figure 18. Temperature distribution across a turnout for ambient temperature −30 ◦C at the points:
T1—on the switch-rail foot, T2—on the stock-rail foot, T3—on the switch-rail head, T4—on the stock-rail
head, T5—in the slide plate part to the side of the stock-rail, T6—in the slide plate part to the side of
the switch-rail; (a) resistance heating, the switch-rail touching; (b) induction heating, the switch-rail
touching; (c) resistance heating, the switch-rail away; and (d) induction heating, the switch-rail away.
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Since the heating is inefficient at −30 ◦C, the testing was undertaken for −5 ◦C, the most frequent
annual average in temperate climate (Figure 19). Maximum temperatures of selected turnout parts are
well in excess of 0 ◦C, contributing to melting of snow. For resistance heating and the switch-rail in
contact with the stock-rail, maximum temperature increment was circa 14–15 ◦C for the head (T4) and
foot of the stock-rail (T2), as well as for the switch-rail foot (T1) (Figure 19a). When the switch-rail was
moved away from the stock-rail in resistance heating, temperature (T4) of the stock-rail head rose by ca.
15 ◦C while temperature (T1) of the switch-rail foot fell dramatically to approximately 0 ◦C (Figure 19.).
Temperature (T2) of the stock-rail foot was identical in both cases and increased by 12 ◦C (Figure 19a,c).
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Figure 19. Temperature distribution across a turnout for ambient temperature −5 ◦C for the slide plate
towards the switch-rail (Figure 19b). In the case of induction heating, shifting the at the points: T1—on
the switch-rail foot, T2—on the stock-rail foot, T3—on the switch-rail head, T4—on the stock-rail
head, T5in the slide plate part to the side of the stock-rail, T6—in the slide plate part to the side of
the switch-rail; (a) resistance heating, the switch-rail touching; (b) induction heating, the switch-rail
touching; (c) resistance heating, the switch-rail away; and (d) induction heating, the switch-rail away.

As far as induction heating is concerned, temperature (T5) grew by 22 ◦C for the slide plate from
the side of the stock-rail and (T6) approximately 16 ◦C for the slide plate towards the switch-rail
(Figure 19b). In the case of induction heating, shifting the switch-rail away caused temperature (T5) of
the slide plate from the side of the stock-rail to rise by ca. 25 ◦C (Figure 19d). Temperatures (T2, T4) of
the entire stock-rail are below zero. This was a result of the poor heat conduction between the slide
plate and the switch-rail.
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It can be said the switch-rail’s position and changes of air temperature had no significant impact
on increments of turnout temperatures in the foregoing cases. During heat induction, slight rises of
stock-rail and switch-rail temperatures were observed, as the turnout parts did not have major roles in
the process of snow melting. This indicated thermal energy of induction heating was generated in the
slide plate and was for the most part convected in the area of a stock-rail and switch-rail. This was
evidence of good snow melting conditions and high heating efficiency. Higher stock-rail temperatures
were produced during resistance heating. This caused additional dispersion of thermal energy into the
air without influencing snow melting between the stock-rail and switch-rail. Heating efficiency was
lower for the same electric power, i.e., 450 W for both the heating systems tested.

Snow melting across the slide plate surface was attempted in order to ensure properly lubricate the
slide plate and switch-rail surface. For induction heating, the slide plate temperature was considerably
greater than the melting point, whereas the temperature increment was ca. 5 ◦C in the case of resistance
heating when the switch-rail moved away. This value determined the minimum ambient temperature
at which the switch-rail may traveled along an ice-free slide plate surface.

There was more effective snow melting in the stock-rail and switch-rail space, as well as more
reliable lubrication of moving turnout parts expected in the case of induction heating. In the practice
of resistance heating, lubricant was additionally dried in the vicinity of a heating element due to the
latter’s high temperatures of approximately 200 ◦C. Tribological parameters of a turnout’s moving
parts were impaired.

The turnout with a switch-rail shifted toward and away the stock-rail sprayed with water at
an ambient temperature of −5 ◦C. This was done to compare efficiency of both the heating systems.
When the switch-rail was away from the stock-rail, the turnout began to be heated after the water had
frozen. Ice on the slide plate prevented the switch-rail from moving. During 150 min of resistance
heating, an attempt was undertaken to shift the switch-rail, but to no effect. It remained so solidly
frozen to the slide plate foot that the upward force could have lifted the entire turnout.

Induction heating was applied in the above conditions of a water sprayed turnout. Water drops
began appearing on the slide plate feet after five minutes and it was possible to move the switch-rail.
This means resistance forces to turnout drive reduce quickly and quality of lubrication of the turnout’s
moving parts is improved compared to resistance heating.

Similar testing was conducted for the switch-rail touching the stock-rail. It was only after 90 min
of resistance heating that the switch-rail could be shifted away from the stock-rail due to some ice on
the slide plate inside the turnout. On the other hand, the slide plate, stock-rail head, and switch-rail
head remained iced together after 30 min of induction heating. The switch-rail could be shifted away,
nonetheless. This may suggest greater start-up force in the initial phase of moving the switch-rail away
from the stock-rail.

In general, the switch-rail was more ready to shift and lubrication conditions of moving turnout
parts were better for the induction heating of an iced turnout with the switch-rail moved away from
and moved to the stock-rail than for resistance heating.

Dynamics of temperature variations of selected turnout elements are an important criterion when
evaluating turnout heating. This parameter is closely correlated with a system of turnout heating
control. Greater dynamics also influence effectiveness of heating, expressed as a high capacity for heat
emissions to melt snow.

Based on the temperature distribution across the stock-rail web by means of turnout automatic
controls, it was assumed that the heating element temperature in constant operation should vary within
(+2–+6) ◦C (Figure 20). In Polish weather conditions, the minimum ambient temperature of −10 ◦C
can be assumed at which a heating system is capable of maintaining a turnout snow-free. Snow is
rare at lower temperatures. For the minimum ambient temperature Tam = −10 ◦C and assuming a
maximum temperature of a heated turnout part equal to +6 ◦C, a maximum temperature increment
ΔTmax = 16 ◦C required for the purpose of comparative analysis was adopted.
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Figure 20. Temperature of stock-rail web for the control system in RH at the ambient temperature
T = −1 ◦C; (a) with heat insulations and (b) without heat insulation [3].

Given these assumptions, the dynamics of temperature increment are defined as:

Δτ =
ΔT
Δt

(3)

where: ΔT = T − Tam—temperature increment over the initial value of Tam,

T: measured temperature,
Tam: ambient temperature,
Δt: time interval of temperature increment [min].

Dynamics of temperature increment for the stock-rail web of a turnout installed in the field
was 5/20 [C/min] = 0.25 [C/min] (Figure 20). In turnout testing in a climatic chamber (Figure 18a),
the foot temperature increment for the RH system was 7/23 [C/min] = 0.3 [C/min]. Both the results
were comparable, which validated the correctness of adopting the testing methodology with a
climatic chamber.

Analysis of temperature increment across one of temperature measurement points for both the
RH and IH systems was undertaken to evaluate energy efficiency of turnout heating. Temperature
increment ΔT of this point had a considerable impact on effectiveness of snow melting across moving
parts of the turnout and in the space between the stock-rail and the switch-rail. Temperature increment
ΔT defined the difference between a current T and initial temperature Tam= −5 ◦C (Figure 21) and
Tam = −15 ◦C (Figure 22).
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Figure 21. Increment temperature of the stock-rail web (T2) in resistance heating RH for: Ot5—the
switch-rail moved away from the stock-rail and the ambient temperature −5 ◦C; Pt5—switch-rail in
contact with the stock-rail and the ambient temperature −5 ◦C.
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Figure 22. Slide plate increment temperature from the side of stock-rail (T5) in induction heating
IH for: Ot5—the switch-rail moved away from the stock-rail and the ambient temperature −5 ◦C;
Pt5—switch-rail in contact with the stock-rail and the ambient temperature −5 ◦C; Pt15—switch-rail in
contact with the stock-rail and the ambient temperature −15 ◦C.

Temperature variations (T2) of the stock-rail foot for the switch-rail shifted away from (Ot)
and touched (Pt) the stock-rail. Thus, they were selected for resistance heating RH (Figure 21).
The temperature distribution (T2) was limited to the time interval of 50 min, when effective heating of
the stock-rail foot took place. The temperature rose by about 10 ◦C. The ambient temperature at the
time of testing was Tam = −5 ◦C. For Tam < −15 ◦C. The RH system was inefficient, attaining maximum
temperatures below zero.

Dynamics of temperature increment in the adopted time interval were maximum—
i.e., approximately 0.4—for an interval of around 10 min (Figure 23). Temperature increment (T2) and
its dynamics were independent from the position of the switch-rail in relation to the stock-rail.

Temperature increments (T5) of the slide plate towards the stock-rail for the switch-rail shifted
away from (Ot) and touching (Pt) the stock-rail were selected for the induction heating IH (Figure 22).
The testing was conducted for the ambient temperatures Tam = −5 ◦C and Tam = −15 ◦C. The IH system
was assumed to be inefficient for lower ambient temperatures.

The temperature distribution (T5) was limited to the time interval of 35 min. The temperature
increments gained their maximum required value then: ΔTmax = 16 ◦C (Figure 22). The time interval
needed to reach ΔTmax depended on the switch-rail’s position (Ot or Pt) and ambient temperature
Tam. When the switch-rail was in contact with the stock-rail, the heating time approximately doubled.
This was not a major limitation since snow melting in the space between the switch-rail and the
stock-rail was not required in the circumstances. The 10 ◦C lower ambient temperature contributed to
extension of the heating time by several minutes.

Dynamics of temperature increment in the IH were maximum in the range Δτ∈(1–1.4) for
approximately 5 min (Figure 24). Shifting the switch-rail away from the stock-rail or increasing the
ambient temperature contribute to greater dynamics of the temperature increment.

In general, the maximum dynamics of temperature increment in induction heating were
approximately 3–4 times higher than in resistance heating, thus becoming maximum twice as soon.
As a result, the slide plate was faster to reach its temperature set by the IH control system than in the
RH, thereby melting snow more efficiently.
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Figure 23. Dynamics of temperature increment across the stock-rail web (T2) in resistance heating
RH for: Ot5—the switch-rail moved away from the stock-rail and the ambient temperature −5 ◦C;
Pt5—switch-rail in contact with the stock-rail and the ambient temperature −5 ◦C.
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Figure 24. Dynamics of temperature increment across the slide plate from the side of stock-rail (T5) in
induction heating IH for: Pt5—switch-rail in contact with the stock-rail and the ambient temperature
−5 ◦C; Ot5—the switch-rail moved away from the stock-rail and the ambient temperature −5 ◦C;
Pt15—switch-rail in contact with the stock-rail and the ambient temperature −15 ◦C.

Results of the climatic chamber testing also required analysis with regard to their uncertainty.
The uncertainty of the measurements were related to a higher number of possible sources of impact,
i.e., imperfect realization of a measured quantity, incomplete knowledge of impact of external conditions
on the measurement procedure, finite resolution capabilities of measurement equipment, simplifying
approximations, and assumptions adopted for the testing.

Figures 6 and 7 indicate that temperatures across the stock-rail head (T4) varied at the same
instant when the rail was heated. Temperature variations between points 5 and 3 may reach ca. 10 ◦C.
For the purpose of climatic chamber testing, the sensor (T4) was placed 0.5 m from one rail’s end and
1 m from the other end. Rail head temperatures in the remaining positions are unknown. A rail was
considerably longer in real turnouts, which may have added effect on temperature.

The imperfect temperature measurements made the results display slight oscillations (Figures 18
and 19). This could be explained with variable conditions in the climatic chamber. The temperature
varied a little. Figure 25 shows a correlation between temperature in the climatic chamber (Tam) and
temperature of the switch-rail foot (T1) in the time interval of 500 s. As Tam grows, temperature (T1)
increased, and vice versa. Low-amplitude oscillations appeared in a broader time interval.
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Figure 25. Temperature variations: on the switch-rail foot (T1) and in the climatic chamber (Tam).

Temperature changes on the switch-rail foot (T1) exhibited a sudden drop at 33 min (Figure 19a).
This was most likely caused by shifting of measurement wires and loss of precise contact.

Oscillations of a significant amplitude were observed in the initial phase of the measurements.
According to Equation (3), dynamics of temperature variations defined how quickly temperature
increased from the start of the heating process. As the measurement accuracy of 0.1 ◦C was adopted,
the temperature change ΔT (3) was constant, 0.1 ◦C, in the time interval of 110 s. As the time of
heating increased, temperature dynamic variations diminished. Therefore, temperature variability in
the climatic chamber had some impact on the process of oscillations (Figure 25).

7. Conclusions

Experimental testing with an identical electric power supplied to both systems of turnout heating,
suggesting the following conclusions:

• In resistance heating, active energy supplied to a heater is converted into thermal energy emitted
by the heater directly into the space between the switch-rail and the stock-rail. In addition,
the stock-rail is heated, which contributes to energy dispersion, given the absence of any external
heat insulation, and to reduced energy efficiency.

• During induction heating, active energy supplied to an inductor is converted into thermal energy
in the slide plate, from where it penetrates directly into the space between the switch-rail and
stock-rail, contributing to snow melting. Ineffective energy dispersion is minimum.

• Lubrication conditions of moving turnout parts are better in induction heating.
• Dynamics of temperature increment in induction heating are greater, which improves responses

of a workpiece to temperatures set by the control system and contributes to more efficient melting
of snow.

• Maximum temperature increment during induction heating assures continuous operation of the
heating system at lower ambient temperatures than for resistance heating.

It should be said in summary that these results point to a greater heating efficiency of induction
than of resistance heating. An ultimate assessment and comparison of both the system’s heating
efficiency is only possible in field conditions, since sources of thermal energy are positioned elsewhere,
losses of the energy are emitted to the air in different ways, and energy sources for snow melting are
diverse in the RH and IH heating systems under discussion.
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Abstract: The present study explores the entropy generation, flow, and heat transfer characteristics of
a dissipative nanofluid in the presence of transpiration effects at the boundary. The non-isothermal
boundary conditions are taken into consideration to guarantee self-similar solutions. The electrically
conducting nanofluid flow is influenced by a magnetic field of constant strength. The ultrafine particles
(nanoparticles of Fe3O4/CuO) are dispersed in the technological fluid water (H2O). Both the base fluid
and the nanofluid have the same bulk velocity and are assumed to be in thermal equilibrium. Tiwari
and Dass’s idea is used for the mathematical modeling of the problem. Furthermore, the ultrafine
particles are supposed to be spherical, and Maxwell Garnett’s model is used for the effective thermal
conductivity of the nanofluid. Closed-form solutions are derived for boundary layer momentum
and energy equations. These solutions are then utilized to access the entropy generation and
the irreversibility parameter. The relative importance of different sources of entropy generation
in the boundary layer is discussed through various graphs. The effects of space free physical
parameters such as mass suction parameter (S), viscous dissipation parameter (Ec), magnetic heating
parameter (M), and solid volume fraction (φ) of the ultrafine particles on the velocity, Bejan number,
temperature, and entropy generation are elaborated through various graphs. It is found that the
parabolic wall temperature facilitates similarity transformations so that self-similar equations can
be achieved in the presence of viscous dissipation. It is observed that the entropy generation
number is an increasing function of the Eckert number and solid volume fraction. The entropy
production rate in the Fe3O4 −H2O nanofluid is higher than that in the CuO−H2O nanofluid under
the same circumstances.

Keywords: nanofluid; heat transfer; entropy generation; viscous dissipation; magnetic heating

1. Introduction

The Navier-Stokes equations, which are second-order nonlinear partial differential equations,
govern the viscous fluid–fluid flow. The exact solution of the complete Navier–Stokes equations has not
yet been computed. However, closed-form solutions can be established in certain physical circumstances
under reasonable suppositions [1–5]. Exact solutions are important since such solutions can be utilized
to validate asymptotic analytical and numerical solutions. Crane [6] found the closed-form solution of
the simplified Navier-Stokes equations under the boundary layer approximations to analyze the flow
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over a stretched surface. Some researchers determined the closed-form solutions of boundary layer
flow after the pioneering work of Crane with various physical conditions [7–11].

It is essential to examine heat transfer issues in industrial engineering. Recently, heat transfer
analysis has been limited to the first law of thermodynamics, which only concerns energy conservation
during the interactions of the systems and surroundings. It deals solely with the amount of energy
regardless of its quality. Moreover, the first law does not distinguish between heat and work.
It assumes that work and heat are fully interchangeable, but work is high-quality energy and can
be fully converted into heat, while heat is low-quality energy and cannot be fully converted into
work. Heat is an unorganized form of energy. The law of entropy shows that the entropy increase
in the cold object is higher than the decrease of entropy in the hot object. This means that the final
state is more random in the thermodynamic system. This analysis suggests that the heat transfer
phenomenon decreases energy quality or increases the system entropy. To investigate this energy
quality reduction, Bejan [12,13] proposed a method called entropy minimization that is based on
the law of entropy. The law of entropy (second law of thermodynamics) is used to maintain energy
quality [14–20]. In addition to heat transfer, frictional heating and magnetic dissipation also generate
entropy in fluid flow problems [21–25].

Conventional working fluids such as kerosene, gasoline, water, engine oil, and fluid mixtures have
exceptionally poor thermal conductivity, as demonstrated by the vast number of industries dealing with
these conventional working fluids. However, due to their inefficiency in thermal conductivity, they face
several problems. The use of nanoscale elements in base fluids is one of the most important techniques
used to resolve this deficiency. Such a mixture of nanometer-sized particles and a working fluid is
called a nanofluid. In comparison to base liquids, nanofluids possess high thermal conductivity [26–32].
Many researchers firmly agree on the remarkable characteristics of nanofluids. Over the past two
decades, this new type of fluid has attracted the attention of many researchers. Nanofluid studies
have a variety of important applications, such as product provision for cancer, cooling systems,
nuclear power plant cooling, and computer equipment cooling. Hsiao [33] conducted stagnation
nanofluid energy conversion analysis for the conjugate problem of conduction–convection and heat
source/sink. Ma et al. [34] explored the gravitational convection term of heat management in a
shell and tube heat exchanger filled with a Fe3O4 −H2O nanoliquid by utilizing a lattice Boltzmann
scheme. Wakif et al. [35] reported the impacts of thermal radiation and surface roughness on
the complex dynamics of water transporting alumina and copper oxide nanoparticles. Hsiao [36]
reported nanofluid flow for conjugating mixed convection and radiation with interactive physical
characteristics. In a channel with active heaters and coolers, a numerical simulation was introduced by
Ma et al. [37] to examine the impacts of magnetic field on heat transfer in a MgO−Ag−H2O nanoliquid.
Prasad et al. [38] examined the upper-convected Maxwell three-dimensional rotational flow with a
convective boundary condition and zero mass flux for the concentration of nanoparticles. Frictional
heating is the conversion of fluid kinetic energy to heat due to the frictional forces between all the
neighboring fluid layers. Frictional heating is the main factor in the study of heat transfer in boundary
layer flows. Since large velocity gradients exist within the boundary layer, the viscous dissipation
effects cannot be neglected. When there is a viscous dissipation, a term for viscous dissipation is
incorporated into the energy equation [39–46].

In this research, the exact solutions of transformed nonlinear dimensionless momentum and
energy equations that occur in the magnetohydrodynamic (MHD) boundary layer flow of nanofluid are
obtained. The goal of the work, apart from providing a benchmark solution for numerical simulation,
is the parametric analysis of entropy generation. The work also describes how boundary conditions
facilitate similarity transformations to get self-similar equations. The literature review reveals that
nonsimilar problems are treated as self-similar problems. Furthermore, the entropy generation analysis
exists in literature, but the analysis is limited to the low temperature difference between the boundary
and bulk fluid. The present work is free from such a constraint and is valid for both low and high
temperature differences. In addition, the terms for frictional heating and magnetic dissipation are
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added to the energy equation and the expression for entropy generation. To the best of our knowledge,
no one has reported the exact solutions for nanofluid flow induced by a linearly stretching surface
with a parabolic temperature profile at the boundary. Obtained exact solutions are used for calculating
entropy generation and the Bejan number. Visual representations are used to investigate the effects of
physical parameters on the nanofluid flow, thermal field, entropy generation profile, and Bejan number.

2. Statement of the Problem and Governing Equations

Consider the electrically conducting and dissipative nanofluid flow over a stretching surface as
shown in Figure 1. The nanofluid is supposed to be a mixture of base fluid (water) and nanoparticles
Fe3O4/CuO. The Cartesian coordinate system (X, Y) is chosen in such a way that the X − axis is
taken along the solid boundary and the Y − axis is normal to it. Let Uw(X) = UoX be the velocity
of the stretching boundary and Tw(X) = Tb + CoX2 be the temperature variation at the surface of
the stretching boundary; here, Tb and the subscript w represent the bulk fluid temperature and the
condition at the solid boundary, while Uo and Co represent the dimensional constants. The imposed
magnetic field is constant and of strength Bo. The generalized Ohm’s law in the absence of an electrical

field is
→
j = σn f

(→
q ×→Bo

)
, where σn f and

→
q
(→
U,
→
V
)

show the electrical conductivity of nanofluid and

bulk velocity field of the nanofluid, respectively. The magnetic force j× Bo and magnetic dissipation
→
j .
→
j

σn f
are simplified to −σn f B2

oU and σn f B2
oU2, respectively.

The equations governing the incompressible nanofluid flow for the present problem are

∂U
∂X

+
∂V
∂Y

= 0, (1)

U
∂U
∂X

+ V
∂U
∂Y

= νn f
∂2U
∂Y2 −

σn f B2
oU

ρn f
, (2)

(
U
∂T
∂X

+ V
∂T
∂Y

)
=

(
1
ρCp

)
n f

⎛⎜⎜⎜⎜⎝kn f
∂2T
∂Y2 + μn f

(
∂U
∂Y

)2

+ σn f B2
oU2

⎞⎟⎟⎟⎟⎠ (3)

The imposed boundary conditions are as follows:

U(X, 0) = Uw(X) = UoX, V(X, 0) = Vw, T(X, 0) = Tw(X) = Tb + CoX2

U(X, Y→∞)→ 0, T(X, Y→∞)→ Tb

}
(4)

The governing self-similar equations are obtained from Equations (2) and (3) by using the following
dimensionless variables:

η = Y

√
Uo

νb f
, U = UoX f ′(η), V = −

√
Uoνb f f (η), θ(η) =

T − Tb

T(X, 0) − Tb
(5)

Equations (2) and (3) under the transformation in Equation (5) become

G1

Go
f ′′′ + f f ′′ − f ′2 − G3

Go
M2 f ′ = 0, (6)

G5

G4
θ′′ +

G1

G4
EcPr f ′′ 2 + Pr fθ′ + G3

G4
EcM2Pr f ′2 − 2Prθ f ′ = 0 (7)

The imposed boundary conditions are transformed to

f (0) = − Vw√
Uoνb f

= S, f ′(0) = 1, f ′(η→∞) = 0 (8)
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θ(0) = 1, θ(η→∞) = 0 (9)

where Go = (1−φ) + φ
(
ρs
ρb f

)
, G1 = (1−φ)−2.5, G3 =

σn f
σb f

, G4 = 1 − φ + φ

(
(ρCp)s

(ρCp)b f

)
, G5 =

kn f
kb f

,

and Ec =
U2

w

(Cp)b f (T(X,0)−Tb)
(Eckert number), and the subscripts b f and s are used for base fluid and

nanoparticles, respectively. Pr =
νb f
αb f

(Prandtl number); αb f indicates base fluid thermal diffusivity;

M2 =
σb f B2

o
ρb f U0

; S = − Vw√
Uoνb f

and shows the dimensionless mass-transfer parameter; and νn f , σn f , ρn f , kn f ,

and
(
ρCp

)
n f

are defined in Table 1. The thermophysical properties of CuO, Fe3O4, and working fluid

(H2O) are shown in Table 2.

Figure 1. Physical flow model and coordinate system.

Table 1. Effective thermophysical properties of nanofluid [47–52].

Thermophysical Property of Nanofluid Symbol Defined

Thermal conductivity kn f

kn f =
(ks+2kb f )−2φ(kb f−ks)
(ks+2kb f )+φ(kb f−ks)

kb f

here, φ represents sold volume fraction
of nanoparticles.

Viscosity μn f μn f =
μb f

(1−φ)2.5

Electric conductivity σn f σn f = 1 +
3
(
σs
σb f
−1

)
φ(

σs
σb f

+2
)
−
(
σs
σb f
−1

)
φ
σb f

Heat capacitance
(
ρCp

)
n f

(
ρCp

)
n f

= (1−φ)
(
ρCp

)
b f

+ φ
(
ρcp

)
s

Density ρn f ρn f = (1−φ)ρb f + φρs
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Table 2. Thermophysical properties of CuO, Fe3O4, and working fluid (H2O).

Physical Properties H2O CuO Fe3O4

Cp (J/kgK) 4179 531.8 670

k (W/mK) 0.613 76.5 6.0

ρ
(
kg/m3

)
997.1 6320 5200

σ
(
S×m−1

)
5180 2.7 × 10−8 25,000

Pr (-) 6.8 - -

3. Solution Methodology

3.1. Closed-Form Solution of Momentum Balance Equation

The closed-form exact solution of Equation (6) with associated boundary conditions of Equation (8)
is supposed as follows:

f (η) = C1 + C2e−βη, β > 0 (10)

Using the first two boundary conditions defined in Equation (8), the computed arbitrary constants
C1 and C2 are

C1 = S +
1
β

, C2 = −1
β

(11)

Putting Equation (11) into Equation (10), we get

f (η) = S +
1
β

(
1− e−βη

)
(12)

The above closed-form solution trivially satisfies the far-field boundary condition as defined in
Equation (8) for β > 0. To find β, we insert Equation (12) into Equation (6) and get

G1

Go
β2 − Sβ− 1− G3

Go
M2 = 0 (13)

By solving the above equation, we have

β = Go

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
S +

√
S2 + 4 G1

Go

(
1 + G3

Go
M2

)
2G1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ > 0. (14)

The closed-form solution of the boundary value problem (Equations (6) and (7)) is given by

f (η) = S +
2G1

Go

(
S +

√
S2 + 4 G1

Go

(
1 + G3

Go
M2

))
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1− e−Go(

S+

√
S2+4

G1
Go

(1+
G3
Go

M2)

2G1
)η

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (15)

3.2. Solution of Energy Balance Equation via Laplace Transform

Equation (7) is decoupled from Equation (6) by substituting Equation (12) into Equation (7)
as follows:

G5

G4
θ′′ +

G1

G4
EcPrβ2e−2βη + Pr

(
S +

1
β

(
1− e−βη

))
θ′ + G3

G4
EcM2Pre−2βη − 2Prθe−βη = 0 (16)
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To get rid of exponential coefficients, we define a new variable, ξ, as follows:

ξ =
Pr
β2 e−βη (17)

By utilizing the above transformation, Equation (7) and the related boundary conditions take the
following form:

ξ
d2θ

dξ2 +
dθ
dξ

(
K +

ξ
G

)
+ ξL− 2

θ
G

= 0, (18)

θ

(
Pr
β2

)
= 1, θ(0) = 0 (19)

with

K = 1− Pr(1 + βS)
Gβ2 , L =

Ecβ2

GPr

(
G1

G4
β2 +

G3

G4
M2

)
and G =

G5

G4
. (20)

By employing Laplace transform on Equation (18) and then using Equation (19), we obtain

dΘ(ζ)
dζ

+Θ(ζ)

⎡⎢⎢⎢⎢⎢⎢⎣ζ(2−K) + 3
G

ζ
(
ζ+ 1

G

)
⎤⎥⎥⎥⎥⎥⎥⎦ = L

ζ3
(
ζ+ 1

G

) (21)

where Θ(ζ) is the Laplace transform of the function θ(ξ). Equation (21) is a Leibnitz first-type linear
equation with integrating factor

e

∫ ζ(2−K)+ 3
G

ζ(ζ+ 1
G )

dζ
=

ζ3

(Gζ+ 1)1+K . (22)

Solving Equation (21) by utilizing Equation (22), we have

Θ(ζ) =
L

ζ3(−K − 1)
+ c

(Gζ+ 1)K+1

ζ3 (23)

By taking Laplace inverse of Equation (23), we get

θ(ξ) =
Lξ2

2(−K − 1)
+

c
2G−K−1Γ(−K − 1)

(
ξ2 ∗ ξ−2−Ke(

−ξ
G )

)
(24)

Here, an asterisk (∗) indicates convolution and Γ shows a gamma function. The convolution of
two functions, F(ξ) and G(ξ), is defined as follows:

F(ξ) ∗H(ξ) =

ξ∫
0

F(ξ− ε)H(ε)dε (25)

By taking F(ξ) = ξ2 and H(ξ) = e
−ξ
G ξ−K−2, Equation (24) takes the following form:

θ(ξ) =
Lξ2

2(−K − 1)
+

c
2G−K−1Γ(−K − 1)

ξ∫
0

(ξ− ε)2e
−ε
G ε−K−2dε. (26)
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By employing the transformation ε = ξu, the above equation takes the following form:

θ(ξ) = − Lξ2

2(K + 1)
+

cξ1−K

2G−K−1Γ(−K − 1)

1∫
0

(1− u)2e
−uξ

G u−K−2du. (27)

By utilizing the integral form of Kummer’s confluent hypergeometric function, i.e.,

M1,1
(
−K − 1;−K + 2; −ξG

)
=

Γ(2−K)
2Γ(−1−K)

1∫
0
(1− u)2e

−uξ
G u−K−2d, Equation (27) becomes

θ(ξ) = − Lξ2

2(K + 1)
+

cGK+1ξ1−K

Γ(2−K)
M1,1

(
−K − 1;−K + 2;

−ξ
G

)
. (28)

The boundary condition at the surface of the stretching surface θ(0) = 0 is satisfied identically.
However, the constant of integration c is obtained by using the far-field boundary condition

θ
(
ξ = Pr

β2

)
= 1 and is given by

c =

Γ(2−m)

⎛⎜⎜⎜⎜⎜⎜⎜⎝ 2(K+1)+L
(

Pr
β2

)2

2(K+1)

⎞⎟⎟⎟⎟⎟⎟⎟⎠
GK+1

(
Pr
β2

)1−K
M1,1

(
−1−K ; 2−K ;− Pr

Gβ2

) . (29)

Finally, by inserting Equation (29) into Equation (28) and using the transformation ξ = Pr
β2 e−βη,

we obtain the exact solution of the energy equation:

θ(η) = −1
2

L
(K + 1)

(
Pre−βη
β2

)2

+

(
Pre−βη
β2

)1−K
M1,1

(
−1−K ; 2−K ;−Pre−βη

Gβ2

)(
1 + L

2(1+K)

(
Pr
β2

)2
)

(
Pr
β2

)1−K
M1,1

(
−K − 1 ; 2−K ;− Pr

Gβ2

) . (30)

4. Analysis of Entropy Generation

The rate of entropy generation in the presence of heat dissipation phenomenon with magnetic
heating is given by

.
E
′′′
Gen =

kn f

T2

(
∂T
∂Y

)2

+
μn f

T

(
∂U
∂Y

)2

+
σn f B2

oU2

T
, (31)

Using Equation (6), Equation (31) becomes

.
E
′′′
Gen( .

E
′′′
Gen

)
o

= Ns = G5
θ′2

(θ+Λ)2︸���������︷︷���������︸
NH

+
G1PrEc f ′′ 2

(θ+Λ)︸��������︷︷��������︸
NF

+ G3
PrM2Ec f ′2

(θ+Λ)︸��������︷︷��������︸
NM

. (32)

Here,
( .
E
′′′
Gen

)
o
=

kb f Uo
νb f

indicates characteristic entropy generation; Ns indicates entropy production

rate in dimensionless form; Λ =
Tb

Tw−Tb
shows the temperature parameter; and NH, NF, and NM

represent the dimensionless form of entropy generation due to heat transfer, viscous dissipation, and
magnetic heating, respectively.
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By utilizing the obtained exact solutions, the three sources of entropy generation stated above
take the following forms:

NH =
1

(Pr)e f f
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NF =

Ec Pr
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and

NH =

M2Ec Pr
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4.1. Bejan Number

To compare the spatial distribution of entropy generation in a flow field due to various sources,
an irreversibility ratio parameter known as Bejan number (Be) is defined as given below

Be =

kn f

T2

(
∂T
∂Y

)2 ⇒ (Entropy generation due to heat trans f er)(
kn f

T2

(
∂T
∂Y

)2
+
μn f
T

(
∂U
∂Y

)2
+
σn f B2

oU2

T

)
⇒ (Total entropy generation)

(36)

After the utilization of similarity variables, Equation (36) takes the following form:

Be =
G5

θ′2
(θ+Λ)2 ⇒ NH(

G5
θ′2

(θ+Λ)2 +
G1PrEc f ′′ 2

(θ+Λ)
+ G3

PrM2Ec f ′2
(θ+Λ)

)
⇒ (NH + NF + NM)

(37)
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5. Results and Discussion

The nondimensional complicated differential equations (momentum and energy equations) are
solved by taking into consideration the exponential form solution and the Laplace transform. The exact
expressions are obtained for entropy generation via heat transfer, magnetic heating, and frictional
heating. The dimensionless entropy production (Ns), velocity f ′(η), and temperature θ(η) are plotted
against η by taking various values of relevant parameters. The Bejan number (Be) profile is also plotted
against the similarity variable η by considering different values of the relevant embedded parameters.
All the figures are plotted by taking water as a base fluid. Nanoparticles of Fe3O4/CuO are dispersed
in H2O.

Figure 2a demonstrates the impact of mass suction (S) on the velocity of Fe3O4 −H2O and
CuO −H2O nanoliquids. The decrement in motion is seen for both Fe3O4 −H2O and CuO −H2O
nanoliquids with increasing (S). For a fixed value of (S), the velocity of the CuO−H2O nanoliquid is
higher than the velocity of the Fe3O4 −H2O nanoliquid. Furthermore, the velocity of both nanoliquids
satisfies the boundary condition at η→∞ asymptotically. Figure 2b demonstrates the influence
of the magnetic parameter

(
M2

)
on f ′(η). It is seen that f ′(η) reduces as M2 increases. It is a

well-known fact that the Lorentz force acts as a decelerating force for fluid flow and varies directly
as M2 increases. Due to this fact, f ′(η) varies inversely with M2. Furthermore, the velocity of the
Fe3O4 −H2O nanoliquid is lower than the velocity of the CuO−H2O nanoliquid, and this is because of
the low density of Fe3O4 −H2O compared to CuO−H2O. Figure 3a shows the variation of temperature
θ(η) with S by taking M = 1, φ = 0.1, Ec = 0.5, and Pr = 6.8. The temperature drop is observed
with increasing values of S. The width of the thermal boundary layer (TBL) of the Fe3O4 −H2O
nanoliquid is greater than that of the CuO −H2O nanoliquid. Furthermore, the difference in TBL
thickness reduces as S increases. The effects of M2 on temperature θ(η) are presented in Figure 3b.
It is seen that θ(η) is augmented as M2 increases. The rising behavior of temperature is because of
magnetic heating. The effective thermal conductivity of nanoliquids is directly related to the solid
volume fraction of nanoparticles (φ), and this augments the temperature of nanoliquids, as shown in
Figure 3c. Furthermore, the width of TBL is smaller for base fluid H2O and larger for Fe3O4 −H2O.
This is due to the low thermal conductivity of water and the high effective thermal conductivity of
the Fe3O4 −H2O nanoliquid. Figure 3d reveals the influence of the Eckert number (Ec) on θ(η). It is
found that increasing Ec leads to a rising temperature. The dissipation function implies that frictional
heating varies directly with velocity gradients, and the velocity gradients are high in the vicinity of
stretching surface. Due to this fact, the temperature shoots up suddenly, resulting in a higher Eckert
number in the vicinity of the stretching plate, as shown in Figure 3d.

 
(a) (b) 

η

f'
(η
)

Fe3O4-water
CuO-water

M = 1.0, φ = 0.1

S = 0.0, 1.0, 2.0

η

f'
(η
)

Fe3O4-water
CuO-water

S = 1.0, φ = 0.1

M = 0.0, 1.0, 2.0

Figure 2. Variation of the velocity profile f ′(η) with (a) S and (b) M.
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Figure 3. Variation of the temperature profile θ(η) with (a) S, (b) M, (c) φ,and (d) Ec.

Figure 4a portrays the effects of the Eckert number (Ec) on the entropy generation number (Ns).
As seen from the plot, Ns is directly related to the Eckert number. This happens since frictional heating
increases with the increasing Eckert number. The entropy generation in the Fe3O4 −H2O nanoliquid
than that in the CuO−H2O nanoliquid. Furthermore, the surface of the solid boundary is the region
where maximum entropy is generated. The features of mass suction (S) on Ns are revealed in Figure 4b.
As S increases, entropy generation rises at the solid wall and its vicinity, but the opposite trend is
observed to start at a certain distance away from the boundary. Furthermore, entropy generation
is higher in the Fe3O4 −H2O nanoliquid at the solid boundary and its neighborhood as compared
to the CuO −H2O nanoliquid, but the trend becomes the opposite at a certain distance from the
boundary. The nature of entropy generation (Ns) with disparate values of the solid volume fraction of
nanoparticles (φ) is shown in Figure 4c. From this plot, it can be seen that Ns increases as φ increases.
This increase in Ns is due to the boost of heat transfer with increasing φ. It is well known that the
magnetic force is nonconservative. The entropy generation is directly related to the nonconservative
forces, and this fact is depicted in Figure 4d. The variations of Ns with temperature difference function
(Λ) are presented in Figure 4e. The Ns decreases with increasing values of Λ. Figure 5a shows that
the Bejan number (Be) has a maximum value at the surface of the stretching boundary for a nonzero
suction parameter (S). In the case of an impermeable stretching boundary, the entropy generation
in the Fe3O4 −H2O nanoliquid is due to dissipative forces (viscous and magnetic) near and on the
boundary, which are high in comparison to those of the CuO−H2O nanoliquid. An opposite trend
is observed to start at a certain vertical distance from the stretching surface. In the case of S > 0,
the entropy generation on the stretching surface and inside the boundary layer due to magnetic and
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viscous heating is more dominant in the Fe3O4 −H2O nanoliquid as compared to the CuO −H2O
nanoliquid. It is noticed from Figure 5b that Be is directly related to the solid volume fraction (φ) in
the region away from the stretching boundary. In the vicinity of an elastic boundary, the opposite
trend is observed. From Figure 5c, it can be seen that the Bejan number diminishes as Λ increases.
Furthermore, the entropy generation by nonconservative forces (viscous and magnetic) is higher in the
Fe3O4 −H2O nanoliquid than in the CuO−H2O nanoliquid.

  
(a) (b) 

 
(c) (d) 

η

Ns

Fe3O4-water
CuO-water

S = 1.0, φ = 0.1,M = 1.0, Pr = 6.8,Λ=1.0

Ec = 0.5, 1.0, 1.5

η

N
s

Fe3O4-water
CuO-water

M = 1.0, φ = 0.1, Ec = 0.5, Pr = 6.8

S = 0.0, 1.0, 2.0

η

Ns

water
Fe3O4-water
CuO-water

S = 1.0,Ec = 0.5, Pr = 6.8,Λ=1.0,M = 1.0

φ = 0.0, 0.1, 0.2

η

N
s

Fe3O4-water
CuO-water

S = 1.0, φ = 0.1,Ec = 0.5, Pr = 6.8,Λ=1.0

M = 0.0, 1.0, 2.0

Figure 4. Cont.
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Figure 4. Variation of entropy generation profile Ns(η) with (a) Ec, (b) S, (c) φ, (d) M, and (e) Λ.
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6. Concluding Remarks

In this study, we investigated flow, heat transfer, and entropy production in a dissipative nanofluid
flow under the influence of a magnetic field. The following findings can be drawn from the exact results:

• The decrement in motion is seen for both Fe3O4 −H2O and CuO−H2O nanofluids with increasing
S and M2.

• The velocity of the CuO−H2O nanofluid is higher than that of the Fe3O4 −H2O nanofluid.
• The temperature θ(η) is observed to decrease with increasing values of S.
• The temperature θ(η) increases as M2, φ, and Ec increase.
• The thermal boundary layer (TBL) width of the Fe3O4 −H2O nanoliquid is greater than that of

the CuO−H2O nanoliquid.
• The entropy generation number (Ns) is directly related to the Eckert number (Ec) and solid

volume fraction (φ).
• Entropy generation (Ns) by nonconservative forces is higher in the Fe3O4 −H2O nanoliquid than

in the CuO−H2O nanoliquid.
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Nomenclature

Co
(
KL−2

)
Dimensional constant

Be (Dimensionless) Bejan number
B0

(
MT−2I−1

)
The applied magnetic field. (“I” shows electric current)(

Cp
)
b f

(
L2T−2K−1

)
Specific heat at a constant pressure of a base fluid(

Cp
)
n f

(
L2T−2K−1

)
Specific heat at a constant pressure of nanofluid

Ec (Dimensionless) Eckert number
f (η) (Dimensionless) Velocity normal to the solid surface
f ′(η) (Dimensionless) Velocity along the solid surface
→
j L−2I Current density

kn f
(
MLT−3K−1

)
Thermal conductivity of nanofluid

kb f
(
MLT−3K−1

)
Thermal conductivity of the base fluid

ks
(
MLT−3K−1

)
Thermal conductivity of nanoparticle

M2 (Dimensionless) Magnetic parameter
NH (Dimensionless) Entropy generation due to heat transfer
NF (Dimensionless) Entropy generation due to viscous dissipation
NM (Dimensionless) Entropy generation due to the magnetic field
Ns (Dimensionless) Entropy generation number
Pr (Dimensionless) Prandtl number
S (Dimensionless) Mass transfer parameter
.
E
′′′
Gen

(
ML−1K−1T−3

)
Rate of volumetric entropy generation( .

E
′′′
Gen

)
o

(
ML−1K−1T−3

)
Characteristic entropy generation

T (K) The temperature inside the boundary layer
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Tw(x) (K) The temperature at the solid boundary
Tb (K) The temperature of fluid outside the thermal boundary layer
Uw(x)

(
LT−1

)
The velocity of a stretching sheet

U
(
LT−1

)
Velocity component along the surface of the solid body

Uo (T−1) Constant
V

(
LT−1

)
Velocity component normal to the surface of the solid body

Vw
(
LT−1

)
Normal velocity component at the boundary

X, Y (L) Cartesian coordinates

Greek Symbols

η (Dimensionless) Similarity variable
μb f

(
ML−1T−1

)
Dynamic viscosity of a base fluid

μn f
(
ML−1T−1

)
Dynamic viscosity of nanofluid

νn f (L2T−1) Kinematic viscosity of nanofluid
ρn f

(
ML−3

)
Nanofluid density

ρb f
(
ML−3

)
The density of a base fluid

ρs
(
ML−3

)
Density of nanoparticles

σn f
(
M−1L−3T3I2

)
Electric conductivity

σb f
(
M−1L−3T3I2

)
The electric conductivity of a base fluid

σs
(
M−1L−3T3I2

)
The electric conductivity of nanoparticle

θ(η) (Dimensionless) Temperature
φ (Dimensionless) The solid volume fraction of nanoparticles
Λ (Dimensionless) Temperature difference parameter
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Abstract: To predict the fire risk of spatter generated during shielded metal arc welding, the thermal
characteristics of welding spatter were analyzed according to different welding times and electrical
powers supplied to the electrode. An experimental apparatus for controlling the contact angle between
the electrode and base metal as well as the feed rate was prepared. Moreover, the correlations among
the volume, maximum diameter, scattering velocity, maximum number, and maximum temperature
of the welding spatter were derived using welding power from 984–2067 W and welding times
of 30 s, 50 s, and 70 s. It was found that the volume, maximum diameter, and maximum number
of welding spatters increased proportionally as the welding time and electrical power increased,
but the scattering velocity decreased as the particle diameter increased regardless of the welding
time and electrical power. When the measured maximum temperature of the welding spatter was
compared with an empirical formula, the accuracy of the results was confirmed to be within ±7%
of the experimental constant C = 112.414 × P−0.5045

e . Results of this study indicate quantitatively
predicting the thermal characteristics of welding spatter is possible for minimizing the risk of fire
spread when the electrode type and welding power is known.

Keywords: shielded metal arc welding; welding spatter; electrode; electrical power; welding time

1. Introduction

Fire risks in construction sites may occur when flammable gases, liquids, or substances reach their
ignition points owing to the scattered welding spatter [1–6]. Shielded metal arc welding (SMAW),
a method of joining metals by generating an arc and heating the weld metal zone by applying electrical
power between the base metal and electrode, has been widely used in industrial sites since the method
of SMAW is applied to almost all repairing of cast iron in air or steel under water [7–10]. However,
it involves the risk of fire spreading to nearby combustibles caused by high temperatures because
the scattered welding spatters are larger comparable to those of gas metal arc welding (GMAW),
which uses plasma [11,12]. Especially, the fire hazards from the SMAW at building construction sites
can occur when welding spatters make contact with the inward of a pipe or other enclosed space filled
with flammable vapor or liquid [12–19]. In addition, the polarity of electrode can cause changes in
welding spatter diameter and number [7,19–23]. From the viewpoint of fire technology, analyzing the
thermal characteristics of welding spatter is one of the widely used methods to predict fire spread,
where related research has already been conducted.

Hagiwara et al. [24,25] conducted an experimental study on the particle size distribution of
welding spatter according to the electrical power supplied to the electrode. They found that 90% of the
particles had diameters of less than 1 mm and analyzed the fire spread phenomenon in combustibles,
such as benzene, acetone, and urethane foam. This study, however, appears to have limitations in
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quantitatively analyzing the thermal characteristics of welding spatter crucial to fire risks, which are
caused by the electrical power and depend on the particle size.

Hagimoto et al. [19] calculated the particle size according to the electrode diameter when the same
electrical power was supplied to the electrode and found that approximately 80% of the particles were
scattered to a distance of 0.5 m, 15% to 0.5–1.0 m, and 5% to more than 1 m. They reported that fire can
spread to combustibles (urethane foam etc.) when large particles of diameters 0.9–3.0 mm are scattered
to a distance of more than 3.5 m.

Brandi et al. [26] analyzed the correlation between the material properties of the electrode core
and fire risks using standard mineral dressing techniques. They found that the porosity and density
of the welding spatter varied according to the electrical power and stressed the importance of the
electrode physical properties for satisfying the ignition requirements of combustibles.

Results from previous studies show that the conditions of fire spread to combustibles during
welding vary due to the varying thermal characteristics of welding spatter depending on the electrical
power [18,26,27]. Therefore, Shin and You [27] calculated the particle size distribution and mean particle
size of welding spatter by assuming a steady-state maximum temperature of the welding spatter for
igniting combustibles and proposed an equation for predicting the mean particle temperature based
on the energy conservation relationship. According to them, predicting the maximum temperature
of the welding spatter is possible when the electrical power, total volume, mean size, and scattering
velocity of the particles are known. As these parameters (except the electrical power) vary depending
on the electrical power, it is necessary to analyze the relationships among the main factors according to
the experimental conditions. This is necessary for the quantitative analysis of the risk of fire spread
due to scattered particles. Therefore, in this study, we propose a method for predicting fire risks by
quantitatively deriving the thermal characteristics of welding spatter according to the welding time
and electrical power.

2. Material and Methods

2.1. Theoretical Approach

Figure 1 shows the schematic of the total volume of the welding spatter during welding. The total
mass of the welding spatter (Δmp,total) can be calculated according to Equation (1) after measuring the
mass melted on the base metal (Δmb,p) and is dependent on the welding time (Δt) and electrical power
(Pe). The core inside the electrode is made of steel (ρiron = 7860 kg/m3) and the coating outside the
electrode contains sodium silicate (ρSodium Silicate = 2400 kg/m3). However, it is possible to calculate the
volume of a single particle (ΔVi) using the relationship ΔVi = Δmi/ρi only when the mixed ratios of
materials are given for each welding spatter.

Δmp,total = Δmel − Δmb,p (1)

where Δmel, Δmb,p, and Δmp,total are the masses of the electrode and solidified weld metal attached
to the base metal and total mass of scattered particles, respectively. In a previous study, the mean
particle temperature was predicted by assuming the steady-state condition of the initial temperature of
welding spatter as the maximum value for the ignition combustibles, as shown in Equation (2) [27].

TP,s = T∞ +
Pe − σεAb,s

(
T4

s,b − T4
sur

)
NhAP,s

(2)

where Tp,s, T∞, Tsur, Pe, σ, ε, Ab,s, Ts,b, N, h, and Ap,s are the mean particle temperature, surrounding
temperature, surface temperature, electrical power (Pe), Stefan–Boltzmann constant, emissivity,
surface area and surface temperature of base metal, average number of particles, convective heat
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transfer coefficient, and surface area of particle, respectively. The mean particle size, dp,m, and convective
heat transfer coefficient, h, can be obtained using Equations (3) and (4), respectively [14,27,28].

N =
6Vp,total

πd3
p,m

(3)

NuD =
hdp,m

k
= 2 + 0.6Re0.5

D Pr1/3 (4)

where Vp,total, dp,m, NuD, k, Re, and Pr are the total volume of particles, mean diameter of particles,
Nusselt number, thermal conductivity, Reynolds number (ReD = ρup,mdp,m/μ), and Prandtl number
(Pr = Cpμ/k)), respectively. Therefore, the temperature distribution prediction shown in Equation (2) is
possible when Vp,total, dp,m, and up,m can be calculated using Equations (3) and (4). As the total volume,
mean diameter, and scattering velocity of particles vary according to the welding time and electrical
power, the functional relationship given by Equation (5) must be also determined [14,27].

N, dm, h ∼ f (Pe, Δt) (5)

Figure 1. Schematic of welding spatter in shielded metal arc welding (SMAW) and assumptions for
energy balance between particles and base metal.

2.2. Experimental Apparatus

Figure 2 shows the semi-automated SMAW experimental apparatus, which was constructed by
maintaining perpendicularity between the electrode and base metal constant (welding angle θ = 90◦)
and specifying the maximum feed rate of the welding torch as 7 mm/s. This made it possible to analyze
the size and scattering velocity of the particles. As shown in the figure, welding spatters were scattered
under different welding times (Δt) and electrical power (Pe), and the scattering velocity and mean
temperature of the welding spatters were measured using a high-speed camera (model: phantom Miro
M/R/LC310, USA) and a thermal imaging camera (model: Fluke Tix501). The scattering velocity and
mean temperature of the welding spatter were measured using a high-speed camera (model: phantom
LC310) and a thermal imaging camera (model: Fluke Tix501). The particle size distribution was
determined using Image J software after collecting all welding spatter in a 50 × 46 × 64 cm3 acrylic box.
Table 1 lists the specifications of the experimental apparatus and the experimental conditions for the
average values of three times results are denoted in Table 2.
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Figure 2. Schematic and images of experimental apparatus for welding spatter analysis.

Table 1. Specifications of experiment apparatus.

Equipment Specification

Welding machine
Output current (20~220) A, Rated input voltage 220 V, Electric power

(0~2.5) kW
Rated duty cycle 60%, Model: Rolwal MMA-200E

Thermal imaging camera
Infrared resolution 640 × 480, Temp. measurement range −20 to

650 ◦C, Accuracy ±2 ◦C or 2%, Frame rate 60 Hz, Model:
Fluke Tix 501

High-speed camera

Resolution 640 × 480, Sampling rate 10,000 fps, Model: phantom
Miro M/R/LC310

Lens: Nikon 105 mm, 2× converter
Band-pass filter: Φ 50 mm, 810 nm/12 nm, CN code 90022000

Electronic energy meter 230 AC, 60 Hz, 16 A/3680 W (Model: KEM2500)
Precision balance Max. load weight 320 g, Accuracy 0.1 mg, Model: PX224KR

Electrode

High titanium oxide type electrode (AWS E-6013)
Core: Iron (65–75%), Coating: Titanium dioxide (10–15%), Feldspar

(5–10%),
Mn (1–5%), Sodium silicate (1–5%), Limestone (1–5%), Mica (1–5%)

Table 2. Experimental conditions to study the effects of thermal characteristics of welding spatter on
the welding time and electrical power.

Test Number
Welding Time,

Δt (s)
Welding

Current (A)
Welding

Voltage (V)
Electrical Power,

Pe (W)

Case #1 30
80 12 984Case #2 50

Case #3 70

Case #4 30
100 13 1337.3Case #5 50

Case #6 70

Case #7 30
130 14 1802.0Case #8 50

Case #9 70

Case #10 30
150 17 2067.5Case #11 50

Case #12 70

Welding polarity: DC-, Contact angle: 90◦, Arc length: 5 mm, Base metal: Mild steel (SS400); Electrode diameter,
del: 4.0 mm, Material properties of electrode given in Table 1.
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3. Results and Discussion

3.1. Volume of Welding Spatter

Figure 3 shows the variation of the measured reduction rate (urate) of the electrode length according
to the electrical power (Pe) in the case of welding times (Δt) of 30 s, 50 s, and 70 s. It is seen that as Pe

increased, urate also increased proportionally as the mass of the electrode welded to the base metal
(Δmb,p) increased. When Pe was constant, a constant value of urate was calculated, which was consistent
with that obtained using Equation (6) within ±4% for the average values urate regardless of Δt.

urate = a1 + b1 × Pe (6)

 
Figure 3. Electrode feed rate depending on the electrical power for welding time = 30 s, 50 s, and 70 s.

Here, a1 and b1 are experimental constants. It is estimated that a1 = 0.989 mm/s and
b1 = 0.157×10−2 W-mm/s are obtained according to the base metal and electrode specifications listed in
Table 1, and the electrical power ranges between 984 and 2067 W.

Figure 4 shows the variation in the measured mass loss of the electrode (Δmel) and the mass
welded to the base metal (Δmb,p) according to the electrical power (Pe) for the welding times (Δt) of
30 s, 50 s, and 70 s. In this figure, the symbols enclosed in brackets represent Δmel, which increased
proportionally to urate. When Δt increased keeping Pe constant, Δmel increased in proportion to urate.
Therefore, when Equation (6) and the electrode density measured using a load cell (ρ = 4726 kg/m3) are
applied, Δmel is given by Equation (7) expressed by the dotted line, which agrees with the measured
value within an error range of approximately ±5%.

Δmel = urate × Δt×
(
π
4

d2
el

)
× ρel (7)

where del is the electrode diameter is used as the reference value of 4.0 mm. Notably in the figure,
the measured value of Δmb,p increased in proportion to the magnitudes of Δt and Pe, as shown by the
closed symbol value. In addition, 88.6% Δmel was found to be welded to the base metal on average.
This result indicates that approximately 11.4% Δmel was responsible for generating welding spatter
when Pe was supplied to the electrode. The energy transmitted to the electrode can be simplified
through the assumption shown in Equation (8).

σεAb,s
(
T4

s,b − T4
sur

)
≡ 0.886Pe (8)
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Figure 4. Experimental variation of Δmel and Δmb,p according to Pe for Δt = 30 s, 50 s, and 70 s.

Figure 5a shows the variation of the total mass of the particles scattered from the electrode
(Δmp,total) using Equation (1), mass reduction of the electrode (Δmel), and mass welded to the base metal
(Δmb,p) for the welding times (Δt) of 30 s, 50 s, and 70 s according to the electrical power. The result of
curve-fitting the calculated values of Δmp,total with increasing electrical power (Pe) under the same Δt
values is shown in Equation (9).

mp,total = a2 · Pb2
e (9)

 
 

(a) mp,total vs. Pe (=VI) (b) Curve-fit results of a2 with working time 

Figure 5. Effects of electrical power on the total mass of welding particles at welding times of 30 s, 50 s,
and 70 s.

It was found that a2 is related to Δt as shown in Figure 5b, and this tendency is shown in Equation
(10) when b2 is constant at 1.28944.

a2 = 2.9× 10−5g + 1.23× 10−6g/s× Δt (10)

Figure 6 shows the density values (ρi) of a single scattered welding particle measured by
calculating the mass (mp,i) and volume (ΔVp,i) of the particle using diameters (dp,i) of 1.736, 2.023,
2.294, and 2.352 mm. Because the electrode contains various metal components, as shown in Table 1,
ρi may vary depending on the material composition inside the shield and core [26,29]. In particular,
the mass proportions of metals that constitute each particle must be determined to obtain the total
volume of scattered welding spatter (ΔVp,total), but limitations exist in analyzing the density when
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measuring each mixed component for at least 1000 small particles with a diameter of 0.1 mm or
less. Therefore, we attempted to analyze the thermal characteristics of welding spatter by assuming
ρp,total ≡ ρel (4726 kg/m3) and calculating ΔVp,total as shown in Equation (11).

ΔVp,total =
Δmp,total

ρel
=

(2.9× 10−5 + 1.23× 10−6 × Δt) × Pe
b2

ρel
(11)

 

Figure 6. Measured value of one particle density using dp = 1.73–2.35 mm.

3.2. Diameter and Number of Welding Spatters

Figure 7 shows the fraction (Ni/Ntotal) of the number of particles, which is the ratio of particles
with diameter (Ni) to the total number of scattered particles (Ntotal), according to Pe at Δt = 30 s, 50 s,
and 70 s. As mentioned before, the particle size distribution was determined using Image J software
after collecting welding spatter in a 50 × 46 × 64 cm3 acrylic space, and it was analyzed by excluding the
diameters of 0.3 mm or less due to the resolution. It was found that the mean particle diameter (dp,m)
was approximately 0.3 mm regardless of Δt and Pe, which is similar to the results of previous studies
(dp,m < 0.5 mm) [9,11]. Therefore, the mean number of particles (N) can be calculated using Equation
(4). The main purpose of this study was to predict fire risks according to the thermal characteristics of
scattered particles; however, the mean number of particles (N) was expressed using the maximum
number of particles (Nmax) to analyze the thermal characteristics according to the maximum particle
diameter (dp,max) generated during welding.

  
(a) Particle number fraction vs. particle diameter (b) Particle mean diameter vs. electrical power 

Figure 7. Results of the (a) fraction of particle number, and (b) particle mean diameter when Pe = 984,
1337, 1802, and 2067 W and Δt = 30 s, 50 s, and 70 s.
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As the maximum particle size, dp,max, is still undetermined, it is necessary to analyze dp,max

according to Δt and Pe to solve Equation (12).

Nmax =
6Vtotal

πd3
p,max

, N = Nmax
(
dp,max/dp,m

)3
(12)

Figure 8 shows the results of analyzing the maximum diameter of scattered particles (dp,max)
according to the electrical power (Pe) at Δt = 30 s, 50 s, and 70 s. Each measured value represents the
average of the maximum diameter obtained in three repeated experiments. Apparently, the size of
the particles scattered from the electrode increased as Δt increased under a constant Pe because the
temperature around the weld zone of the base metal increased. In addition, under the same Δt, the size
of scattered particles increased in proportion to the melted mass of the electrode as Pe increased as
shown in Equation (13).

dp,max = a3 × Pe
b3 (13)

where a3 and b3 are experimental constants. When b3 = 0.4825, a3 can be calculated by Equation (14)
and plotted in Figure 8b.

a3 = 2.194× 10−2 + 9.38× 10−4 × Δt (14)

  

(a) Maximum particle diameter vs. electrical 
power (b) The experiment coefficient of a3 vs. Welding time 

Figure 8. Effects of electrical power on the distribution of the particles and the max diameter of the
particles at welding time = 30 s, 50 s, and 70 s.

3.3. Velocity of Welding Spatter

Figure 9a shows the results of measuring the mean particle velocity according to the particle
diameter under an electrical power of 984 W using a high-speed camera (model: phantom LC310) and
particle tracking velocimetry (PTV). It is observed that the scattering velocity showed a tendency to
decrease as the particle diameter increased under the experimental conditions of the welding time
(Δt) and electrical power (Pe), as shown in Table 2. The correlation between the maximum diameter
of scattered particles (dp,max) and the scattering velocity (up,max) was analyzed, as shown in Figure 9b.
up,max decreased as dp,max increased with a difference of less than ±10% depending on the values of Δt
and Pe, and the relationship shown in Equation (15) was found.

up,max = 1.3× d−1.004
p,max (15)
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(a) Velocity contour of welding particle  (b) Particle velocity vs. particle diameter 

Figure 9. Results of the particle velocity according to the particle diameter.

3.4. Thermal Characteristics of Welding Spatter

Using the results of the total volume of particles (Vp,total), maximum number of particles (Nmax),
particle diameter (dp,max), and scattering velocity (up,max) according to the Δt and Pe obtained in
Section 3.1 to determine the convective heat transfer coefficient shown in Equation (4), Equation (16)
can be formed.

hmax =
(
2 + 0.6Re0.5

d,maxPr1/3
)
k(Tre f )/dp,max, (16)

where Red,max is the Reynolds number (Red,max = ρpup,maxdp,max/μ) considering the maximum particle
diameter (dp,max). In particular, the thermal conductivity (k), specific heat (Cp), viscosity (μ), and
density (ρ) of air vary depending on the reference temperature (Tref = (Tp,s + T∞)/2), as shown in
Figure 10a. In this study, these can be calculated using Equations (17)–(20) based on the data given by
this study [30].

k(Trep) = −7.16×10−3 + 1.72×10−4 ×T−2.45×10−7 ×T2 + 2.29×10−10 ×T3 −9.81×10−14 ×T4 + 1.63×10−17 ×T5 (17)

cp(Trep) = 1.05− 2.89× 10−4 × T + 6.83× 10−7 × T2 − 3.4× 10−10 × T3 + 2.25× 10−14 × T4 + 1.55× 10−17 × T5 (18)

μ(Trep) = 4.26× 10−6 + 4.93× 10−8 × T + −1.33× 10−11 × T2 + 2.36× 10−15 × T3 (19)

ρ(Trep) = 374.074× T−1.0114 (20)

  
(a) Heat transfer coefficient vs. reference 

temperature  
(b) Thermophysical properties ( , , k, cp) vs. 

reference temperature  

Figure 10. Effects of the heat transfer coefficient of the maximum particle dimeter and velocity according
to thermophysical properties (ρ, μ, k, cp).
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Figure 10a shows the results of analyzing the convective heat transfer coefficient, h, according to
Tref when dp,max = 0.1, 0.3, 1.0, and 3.0 mm. h decreased as dp,max increased while the scattering velocity
(up,max) decreased to 13.12, 4.35, 1.30, and 0.43 m/s at different dp,max values obtained by Equation (15).
Therefore, Equation (2), for calculating the mean particle temperature considering the welding time
and electrical power, can be expressed as in Equation (21).

TP,s = T∞ +
0.13Pe

NmaxhmaxAP,maxrratio
, (21)

where Nmax, hmax, Ap,max, and rratio are the total number of particles, heat transfer coefficient, surface area
of a particle, and a constant calculated by replacing dp,m with dp,max, respectively, when welding particles
are at their maximum size. In particular, the mean number of particles (N) used in Equation (3) and
the mean surface area (Ap,m) are related as N = Nmax(d_p,m/d_p,max)−3 and Ap,m = Ap,max(d_p,m/d_p,max)2,
whereas the convective heat transfer coefficient (h) for determining the temperature of the welding
spatter is given by h = hmax × (d_p,m/d_p,max)−0.5 × (up,m/up,max) 0.5. Therefore, rratio is related as,

rratio ∼
(

up,m

up,max

)0.5( dp,m

dp,max

)−1.5

, (22)

where, up,m/up,max represents the ratio of the mean velocity to the maximum velocity. As it varies
depending on the diameter, it can be expressed as Equation (23).

(
up,m

up,max

)0.5

= C
(

dp,m

dp,max

)0.5

, (23)

where C is the experimental constant which may vary depending on the velocity difference. Because k,
Cp, μ, and ρ used to obtain the convective heat transfer coefficient are functions of Tp,s as shown in
Equations (17)–(20), it is necessary to solve Equation (13) for the maximum particle size, Equation (15)
for the maximum velocity, Equation (16) for the convective heat transfer coefficient, and Equation (23)
to perform iterative calculations for predicting the maximum temperature of the welding spatter.

Figure 11a shows the results of maximum temperature (Tp,max) measured by capturing the welding
spatter images accumulated on the acrylic collection plate at 60 fps for 70 s using a thermal imaging
camera (Model: Fluck Ti520) at Δt = 70 s and Pe = 1337 W. As shown in the figure, the approximate
maximum and mean particles were 432 ◦C and 347 ◦C, respectively.

  
(a) Temperature contour of a welding particle  (b) Particle temperature vs. supply power  

Figure 11. The results of temperature contour and the comparison of the prediction with experiment
values of C.
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Figure 11b shows the results calculated using the maximum particle temperature measurements
and Equation (21) under the experimental conditions of Δt and Pe shown in Table 2. The experimental
values agreed with the mean values with a difference of up to ±10% depending on Δt, and the
temperature tended to increase as Pe increased. It should be noted that the maximum difference
due to the time change was small (within ±2C) as shown in Equation (21) when C was constant,
but the increasing tendency of the temperature in proportion to Pe was found to be consistent with
the experimental values. However, when the values of C were 1, 2, 3, and 4, the slope at which the
maximum particle temperature increased over the increase in Pe was smaller than the experimental
value. This appears to be due to different values of C when the difference between the mean and
maximum scattering velocities of the welding spatter increased along with Pe. At each Pe, the value of
C can be obtained using Equations (24) and (25).

C1 = 309.67× P−0.6876
e (24)

C2 = 112.414× P−0.5045
e (25)

C1 is a constant calculated by performing iterative calculations using Equations (17)–(20) for
predicting the maximum particle temperature, whereas C2 is calculated using the values of the density,
thermal conductivity, viscosity coefficient, and specific heat at room temperature (298 K). Therefore,
the maximum particle temperature can be predicted within an error range of approximately 5% using
the equation to solve C2.

Figure 12 shows the results of calculating the maximum temperature and diameter of the welding
particles when the welding time (Δt) ranged from 30–70 s and Pe from 984–2067.5 W. “Fire hazard
region” means the possibility of fire spreading to combustible materials such as polyurethan foam as
mentioned in Ref [14,15,27], and “No ignition region” means the minimized conditions of fire spread.
Based on previous studies, it can be confirmed that the maximum welding time and electrical power
are 10 s and 1150 W, respectively, when the minimum particle size of welding spatter for the risk of fire
spread is 0.9 mm, and the minimum temperature is 350 ◦C [19]. Therefore, the results of this study
indicate that it is possible to calculate the electrical power for minimizing the risk of fire due to welding
spatter when the electrode type and welding time are known.

 

Figure 12. Predicted results of the maximum diameter and temperature of the welding particle
depending on the electrical power and welding time.

4. Summary

In this study, the volume, maximum diameter, scattering velocity, and maximum number of
welding spatter for shielded metal arc welding (SMAW) were analyzed according to the electrical
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power and welding time. When the electrical power was varied for welding times of 30 s, 50 s, and 70 s,
the following results were derived.

First, when the mass of the electrode and scattered particles was calculated, an empirical formula
was derived, which showed an increase in the mass of scattered particles when the electrical power
increased at a constant welding time. In particular, the mass of scattered welding spatter represented
approximately 11.45% of the total mass of the consumed electrode on average. The densities of the
scattered particles were found to vary between 4876–7572 kg/m3 depending on the volume fraction of
the core and coating composition of the electrode as referred by manufacturer.

Second, it was found that the mean diameter of welding spatter was approximately 0.3 mm,
which was constant regardless of the welding time and electrical power. The maximum particle size,
which has an important impact on fire risks, however, showed a tendency to increase in proportion to
the welding time and electrical power. An empirical formula considering the maximum particle size
was also derived to predict the temperature of the scattered welding spatter.

Third, the scattering velocity differed with differences of up to ±91% according to the welding
time and electrical power. This appears to be due to the fact that materials with significantly different
densities were mixed, which affected the momentum of the welding spatter while they were generated
from the electrode. However, the scattering velocity decreased as the particle diameter increased.

Fourth, empirical formulas for the volume, maximum diameter, and scattering velocity of the
welding spatter according to the welding time and electrical power were derived and compared
with the maximum temperature measurements during the welding process. Results showed a good
agreement between the compared values within an error range of approximately 10%. After verifying
this accuracy, the case in which the minimum temperature of welding spatter was 350 ◦C or higher
and the particle size was 0.9 mm was analyzed. It was found that fire risks can be minimized when a
maximum welding time of 10 s and maximum electrical power of 1150 W are used. It should be noted
that the maximum temperature of the welding spatter increased in proportion to the electrical power
regardless of the welding time. The results of this study are expected to be used as important data for
quantitatively presenting measures to minimize the fire risk of welding spatter.
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