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Abstract

:

In this study, the thermal characteristics of welding spatters were analyzed to predict the risk of fire spread in the shield metal arc welding. The mean diameters and the distribution shapes of the particles were investigated with the variation of the distribution coefficients using the modified gamma distribution function. To quantify the heat source of the welding spatters, the previous empirical equation for the heat transfer coefficient of Ranz and Marshall was analyzed regarding the particle velocity and surface temperature. The order of magnitude for the convection and the radiation were as performed to the particles and the base metal, respectively. The results, which are only valid for Tp,m = 750 K and Tb,s = 2300 K, show that the radiation term is only 10% for a particle but the convective term is only 6% for the base metal. Finally, the simplified model for the temperature of the welding spatters was obtained and the validation results were within ±13%. The variations of electrical power, droplet size, number of particles, and surface temperature were systematically analyzed with the prediction model. The importance of safety conditions to prevent the fires spread by welding spatter was suggested with electrical power, particle velocity, and numerical density of the particles.
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1. Introduction


Welding can be divided into fusion, pressure, and soldering by applying heat and pressure to the same or different types of metal materials to bond the solids together [1,2,3]. The fusion method uses an electrode and an electrical power source to create a heat source, resulting in the base metal reaching more than melting temperature and bonding together. Fusion types include gas metal arc welding (GMAW) and shield metal arc welding (SMAW) [4,5,6]. The GMAW is an arc welding process that uses a plasma arc between a continuous, consumable filler-metal electrode and the weld pool [7,8]. The SMAW, which is the most widely used in building construction, applies electrical power between the metals, such as carbon steels alloy steels nickel and copper alloys, and the electrode to generate arc heat, heating and binding the welds [9,10,11]. In this process, however, the unbound metals fall off and generate numerous or large particles due to the high temperature of the arc discharge, also known as welding spatters. The spread of these particles can make contact with a combustible material and, if the particles are above the ignition point of the material, can cause a fire. 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 the flammable vapor or liquid [9,10,11,12,13]. In addition, flammable materials, such as foam urethane or sandwich panels, can be ignited by welding spatters due to thermal storage [13,14,15]. In accordance with previous research, particles from 0.1 to 3 mm can be dispersed horizontally from the work from 11 to 15 m, igniting flammable materials [13,14,15,16,17,18]. Previous studies have reviewed major fire accidents caused by welding spatters [19,20] and the thermal characteristics of the particle distributions is one of the most important subjects in fire engineering.



Chol et al. numerically investigated the movement of the metal particles from the GMAW to be 150 A and 300 A [21]. The predictions using the VOF (Volume of Fluid) method for spray velocity, pressure and diameter of particles for the two values of current roughly agree with Kim’s research [17]. However, the heat transfer between electrodes and base metal was not considered. Wang et al. [22] used high-speed photography, laser-shadow imaging, and metallographic analysis to validate the simulation results of the GMAW. The results were in broad agreement with experiments despite the assumptions that no drag effects on the droplet surface. Hu et al. analyzed the fluid flow and heat transfer in the GMAW with arc plasma [7]. The transient distributions of current density, arc temperature, and arc pressure were studied, with the assumption that Gaussian profiles were presented to explain the droplet transfer and deformed weld pool surface for GMAW. However, the thermal characteristics of the SMAW is still slow to progress since the distribution of the welding spatters are affected by welders’ experiences or circumstances [12]. The electrode used in SMAW is thicker and the arc instability relies on the welders’ sensory evaluations unlike the electrode used in GMAW [4]. This causes significant differences for the thermal–fluid characteristics of welding spatters in the fire technology. While the GMAW generates relatively small welding spatters since it is welded to thin electrodes continuously supplied by gas and heat sources such as plasma, the SMAW can generate large particles as it is welded with thick electrodes supplied with fluctuating heat sources [4,5,6]. The previous studies of the GMAW may predict the transfer phenomenon for welding spatters, but only complex computations can obtain numerical results regarding that the phenomenon. These issues would make it difficult to analyze the risk of fire spread. To overcome these difficulties, a simplified method for solving the heat transfer equation must be developed to explain, not only the thermal characteristics of welding spatters but also the distributions of particles in SMAW. In this study, the simplified prediction model of the surface temperature of welding spatters by SMAW is presented in accordance with electrical power, welding speed and a time, using energy conservation equation.




2. Materials and Methods


2.1. Heat Transfer Phenomenon of Welding Spatters


The thermo–fluid characteristics of the distribution particles, which are generated by welding spatters from the SMAW, depends on electronic power, base metal (material) and electrode (material, welding speed and contact angle between the base metal and electrode) as shown in Figure 1 [17,18]. The dependent variables are summarized as temperature, relative velocity, diameter, and numerical density of particles. Thus, the energy balance for the control volume of the base metal can be expressed as:


  Δ   E ˙   s t   =   E ˙   i n   +   E ˙  g  −   E ˙   o u t    



(1)




where   Δ   E ˙   s t    ,     E ˙  g   ,     E ˙   i n     and     E ˙   o u t     are the stored thermal and mechanical energy, thermal, and mechanical energy generation and thermal and mechanical energy transport across the control surfaces, i.e., the inflow and outflow terms, respectively. The flammable materials, which are continuously heated for a sufficient time as shown in Figure 1, could combust while the base metal maintains its melting temperature. Thus, the first term of Equation (1) can be simply assumed as Equation (2) for the steady state regarding the risk of fire spread.


    E ˙   s t   =  m b   c  b , p     d  T b    d t   ≡ 0  



(2)




where mb, cb,p, Tb, and t denote mass, specific heat, and temperature for the base metal and time, respectively. The thermal and mechanical energy transference to the base metal for the SMAW is mainly produced by electrical power. Thus, Equation (3) can be assumed as,


    E ˙   i n   = η  (  V × I  )   



(3)




where η, V, and I denote that efficiency of the electrical power, voltage, and current, respectively. When the heat source from the electrical power is transferred to the base metal, the surface temperature can be up to the melting temperature during the welding process [5,7]. The base metal can be thought of as at constant temperature since the equilibrium of the heat transfer by convection and radiation maintains the melting temperature of the base metal. The second assumption is very thin control volume of Figure 1 and the heat transfers to the base metal. Thus, the heat generation     E ˙  g    for the base metal can be regarded as:


    E ˙  g  = −  [   h b   A  b , s    (   T  b , s   −  T ∞   )  + σ ε  A  b , s    (   T  b , s  4  −  T  s u r  4   )   ]   



(4)




where hb, Ab,s, Tb,s,    T ∞    and Tsur denote that heat transfer coefficient for the flat plate, surface area, surface temperature for base metal, free stream, and surrounding temperature, respectively. If the surface temperature of the base metal remains constant during the welding process, the heat transfer coefficient hb can be approximated as 10 W/m2-K [23]. The amount of energy released by the particle distribution can be expressed as:


    E ˙   o u t   =   ∑  i = 1  ∞    E  p , i   =   ∑  i = 1  ∞    n i   q  p , i   ″    A i       



(5)




where the subscript i, ni,    q  p , i   ″     and Ai mean that each size of the particles during the welding process, the number of particles, the heat flux, and the surface area for ith particle size. Therefore, Equation (1) can be rearranged as


  η ×  P e  =  [   h b   A  b , s    (   T  b , s   −  T ∞   )  + σ ε  (   T  b , s  4  −  T  s u r  4   )   ]  +   ∑  i = 1  ∞    n i   q  p , i    A i     



(6)




where the left-hand side of Equation (6) explains the electrical power (   P e  = V × I  ) from the electrode to the base metal and the right-hand side explains the heat transfer of base metal and the particles, respectively.




2.2. Momentum Equation for Simplification


The velocity distributions of the heated particles should consider the drag coefficient and the dynamic viscosity of air and density [7,8,14]. As temperature increases, so does the viscosity; meanwhile, the density decreases for the ideal gas. This means that the initial particle velocity decreases since the drag coefficient increases by the Reynolds number [5,14]. However, in the author’s knowledge, the initial velocity depends on the welding conditions such as electrical power, the angle of contact between the electrode and base metal for the specified properties of each material and the thermal time constant of the base metal surface. In addition, the worst case of the fire spread by welding is the maximum velocity for steady state. In this study, the most important objective is the prediction of the fluid and the thermal characteristics of welding spatters which can ignite surrounding flammable materials. Thus, the transient and the velocity variations during the spray time are not considered.




2.3. Distribution Model of Welding Spatters


The size distribution of particles produced by the SMAW is approximated by a Deirmenjian modified gamma function distribution, which is the most widely used in poly dispersion systems as denoted below [24,25].


  n ( r ) = a  r α  exp  (  − b  r γ   )   



(7)




where a, b, α and γ are distribution coefficients for the welding spatters. In general, α is an integer and the distribution coefficients are dependent on each other [24]. Since Equation (9) should have three zeros (at r = 0, r =  ∞  and r = rm), the constant b can be determined as   b = α /  (  γ  r m γ   )    at r = rm [24,25]. The relation of the numerical density (number of particles per unit volume) and the normalized distribution of n(r) is defined as n(r) = fexp(r) N [26]. Thus, the coefficient a, the number density N and the normalized modified distribution fexp(r) can be obtained as Equations (8)–(10) [25]:


  a = N × γ  b  ( α + 1 ) / γ   / Γ  (    α + 1  γ   )   



(8)






  N =    ∫ 0 ∞   n ( a ) d a =    ∫ 0 ∞   f ( a ) N d a       = A Γ  (    γ + 1   δ b ( γ + 1 )    )   



(9)






   f  exp   ( r ) = a ′  C 0  ×  r α  exp ( − b  r γ  )  



(10)




where Γ and N are gamma function and number of particles per unit volume. The symbol A in Equation (9) can be determined by the number density N for a’ = a/N and the experimental constant (C0) and substitute f(r) as denoted in Equation (10). Studies have examined the fitting process of the measured distributions [26]. The droplet mean diameter can be obtained from Equation (9) with various methods such as SMD (Sauter Mean Diameter) as shown in Figure 2 [27]. Therefore, as denoted in Equation (11), the summation of volume for each particle should be equal to the volume of particle mean diameter multiplied by the number.


   V  t o t a l   =   ∑  i = 1  ∞    π 6   d  p , i  3  ×  n i  =    π 6   N ¯   d  p , m  3   



(11)




where Vtotal, dp,i, dp,m and    N ¯    means the total volume, the diameter of each particle, the mean diameter of particles and the number of particle mean diameter, respectively. Thus, dp,m and    N ¯    are related with:


   N ¯  =   6  V  t o t a l     π  d  p , m  3     



(12)







Finally,     E ˙   o u t     in Equation (5) can be replaced by:


    E ˙   o u t   =   ∑  i = 1  ∞    n i   q  p , i   ″    A i    =  N ¯  ×   q ¯   p ,  d m    ″    A   d m     



(13)




where     q ¯   p ,  d m    ″     and    A   d m      denote the heat flux and the surface area of the mean diameter, respectively.




2.4. Considering of Heat Transfer Coefficient


The heat transfer from the spray of spherical particles has the conservation of energy equation as denoted in Equation (14) by the convection for the free stream at the particle surface and the radiation with surrounding,


    q ¯   p ,  d m    ″   = h (  T  P , s   −  T ∞  ) + ε σ (  T  P , s  4  −  T  s u r  4  )  



(14)




where h is the heat transfer coefficient. Several researchers have proposed the empirical equation of the convective heat transfer coefficient. In this study, Equation (15) is suggested by Ranz and Marshall [28], which is recently applied to investigation of Song et al. [14] and is analyzed with particle diameter and particle surface temperature as the Reynolds number increases. Table 1 denotes the thermal properties for determining the Reynolds number, the Prandtl number and the heat transfer coefficient when the particle diameters are dp,m = 0.001 m and dp,m = 0.003 m, respectively.


  N  u D  =   h  d  p , m    k  = 2 + 0.6   Re  D  0.5    Pr  1 / 3    



(15)




where NuD, h, ReD and Pr of Equation (15) denote the overall Nusselt number, the conductive heat transfer coefficient, Reynolds number, and Prandtl number. The properties of density (ρ), thermal conductivity (k), specific heat (Cp) and viscosity (μ) for Reynolds number and Prandtl number are considered at film temperature (Tref = (Tp,s+T∞)/2, T∞ = 273 K) [14,29].



Figure 3 denotes the previous investigations on the correlation between the critical temperature (for ignition of flammable materials) (Tp,c) and one particle size (dp,c). As shown in the figure, Urban [30] et al. experimentally analyzed the fire spread in power grass blend according to particle size (marked with triangle). Song [14] and Hadden [31] applied the Frank–Kamenetskii equation on polyurethane foam and Powder cellulose to analyze the critical of fire spread, respectively (marked with rectangular and circle). In author’s knowledge, the critical temperature of combustible materials may vary depending on the particle distribution of welding spatters. In addition, the ignition boundary could be affected by the particle velocity as well as the particle diameter due to the heat transfer of the particle [14,30,31]. Therefore, in this study, the lowest temperature boundary of J. Song et al. [14] is assumed with the critical temperature for fire spread as denoted in Equation (16), which is derived from curve-fitting, and the effects of particle diameter on the heat transfer are investigated.


   d  p , c   = 1.65 ×   10   32    T  p , c   − 11.32    



(16)







Figure 4 shows results of the overall Nusselt number and the heat transfer coefficient of particles as the Reynolds number increases when Tref = 525 K and 1315 K, dp,m = 1 mm and 3 mm, respectively. As shown in the figure, the overall Nusselt number increases proportionally with the Reynolds number regardless of the particle diameter and temperature. However, for the fixed values of dp,m and the Reynolds number, as the particle temperature increases, the heat transfer coefficient increases due to the increase in viscosity and the decrease in density. In addition, for the fixed values of Tref and the Reynolds number, as the particle diameter decreases, the heat transfer coefficient inversely increases proportionally to the particle diameter.




2.5. The Order of Magnitude for Particle and Base Metal


The governing equation of Equation (6) cannot be derived analytically due to the radiation term of particle as denoted in Equation (14). To predict the particle temperature with simple equation, the quantities of heat amount are compared with the method of the order of magnitude for the base metal and particle diameter, respectively [32]. Since the base metal can be welded when the melting temperature reaches about ~2327 K while the particle temperature can ignite the flammable materials more than ~750 K as referred to in [14]. The interest region of temperature can divide into ~750 K for particle and ~2327 K for base metal.



Figure 5 shows the comparative results of the radiative and the convective heat transfer for one particle at dp,m = 3 mm and up,m = 10 m/s. Thus, the heat transfer coefficient, h can be obtained from the Reynolds number (    Re  D  = ρ  u  p , m    d  p , m   / μ  ) in Equation (15) [14,15]. The radiative term more rapidly increases than the convective term as particle temperature increases; the radiative term is higher than the convective term at 2240 K. The risk of fire spread by welding particles, however, is about Tp,s = 750 K at dp,m = 3 mm. The radiative term is only 10% and the convective term is more dominant at Tp,s = 750 K. Therefore, the assumption that the convective heat transfer for the particles are mainly an influence on the particle’s temperature is a reasonable one. Thus, Equation (14) can be simplified as below,


    q ¯   p ,  d m    ″   ≡ − h (  T  P , s   −  T ∞  )  



(17)







Figure 6 shows the comparative results of the radiative and the convective heat transfer for the base metal at using ε = 0.3, σ = 5.67 × 10−3 W/m2·K4 and dp,m = 3 mm. Since the heat transfer coefficient is hb,s = 10 W/m2-Ks for the plate [23], the convective term is less than the radiative term and more than Tp,s = 700 K. Contrary to the heat transfer of one particle, the surface temperature of the base metal is more than 2300 K and the convective term is only 6%. Thus, the radiative term is mainly an influence on the surface temperature of the base metal. Equation (4) can therefore be simplified as follows,


    q ˙  g  ″   =     E ˙  g     A  b , s     ≡ σ ε  (   T  b , s  4  −  T  s u r  4   )   



(18)








2.6. Model Equation for Surface Temperature of the Particles


From the analysis of the heat transfer for the particle and base metal, Equation (6) for the energy balance in the SMAW can be rearranged as Equation (19) using with Equations (3), (17) and (18) for the steady state condition.


  η ×  P e  = σ ε  A  b , s    (   T  b , s  4  −  T  s u r  4   )  +  N ¯  h  A  P , s   (  T  P , s   −  T ∞  )  



(19)







Equation (19) explains that the electric power supplied during the welding is equal to the sum of the radiant heat from the base metal and the convection heat from the particles. Finally, the predictions of particles can be obtained as Equation (20) for    T  s u r   =  T ∞    and   η = 1  :


   T  P , s   =  T ∞  +    P e  − σ ε  A  b , s    (   T  b , s  4  −  T  s u r  4   )     N ¯  h  A  P , s      



(20)







From the results of the heat transfer with this distribution model of the particles, the overall calculation process can be presented as shown in Figure 7.





3. Results


To obtain the particle temperature of Equation (20), the main parameters, such as particle mean diameter (dp,m), the number of particle mean diameter (   N ¯   ), the electric power (VI) and particle velocity (up), should be determined. However, only several simulation results have presented these parameters for a specified condition. Therefore, reliability of the predictions can be obtained from the correlations between the unknown terms, investigated by experiments.



3.1. Validation of the Presented Model Equation


Results of the particle temperature are compared to the previous simulation of Urban [5] at 22 kW ε = 0.3, σ = 5.67 × 10−3 W/m2 K4 and uarc = 0.0025 m/s to validate the accuracy of the prediction model in Equation (20). The surrounding and free stream temperature of 300 K, the particle velocity (up,m) of 17.4 m/s, the base metal area (Ab,s) of 0.04 m2 and the total volume (Vtotal) of 2.5 × 10−5 m3 are assumed. As particle diameter (dp,m) increases, the convective heat transfer coefficient of particle (h) increases with root mean square of dp,m by Equation (15) while the number of particle mean diameter (   N ¯   ) decreases with third square of dp,m by Equation (12). These induce the particle temperature (Tp,m) to increase and the comparisons between prediction and the previous result are in agreement within ±13% for dp,m = 1, 4, and 7 mm as shown in Figure 8. However, to predict more accurate the particle temperature using the model presented in this study, the relationship between the electric power, the speed of the welding electrode and the surface area of the base metal should be determined in the steady state.




3.2. Analysis on the Distribution Characteristics of Welding Spatters


Figure 9 presents that the effects of the normalized distribution f(r) on the change of the distribution coefficient γ from 3 to 9 when fixed value of α = 2. The mean diameters of the particles are in the range of 1.6–6.05 mm as γ decreases. The critical of the particle diameter(dp,c) which has the risk of igniting the flammable materials is assumed to be 3 mm by some studies [14], then the distributions from γ = 3 to γ = 6 can cause the fire spread. This result explains that the distribution coefficients are important engineering parameters and the distribution characteristics of the welding spatters significantly influence on the risk of the fire spread.



Figure 10 denotes that the effects of normalized distribution f(r) on change of the distribution coefficient α from 1 to 7 for γ = 4. The mean diameters of the particles are in the range of 3–4.9 mm, as denoted in Table 1 with the distribution coefficients. In particular, the distribution configurations are sharply shifted to the right when compared to Figure 9. It means that all the distribution features assumed to be greater than 3 mm in particle size could spread the fire. In this study, the distributions of particles are analyzed with the working conditions such as electrical power, particle velocity, and diameter.




3.3. Analysis on the Thermal Characteristics of Welding Spatters


Figure 11 shows that effects of the particle temperature (Tp,m), the number of particle mean diameter (   N ¯   ) and the critical of particle temperature (Tp,c) on the particle mean diameter (dp,m) change when reaching an electric power (Pe) of 22 kW, the particles velocities (up,m) of 17.4 m/s, the base metal temperature (Tb,s) of 2370 K (melting temperature of steel [14]), the base metal area (Ab,s) of 0.04 m2 and the total volume of the electrode (Vtotal) of 2.5 × 10−5 m3 for the 4 mm electrode’s diameter. The dp,m is obtained from the droplet distribution coefficients of α and γ in Table 1. The other distribution coefficients a and b can be obtained from Equations (7) and (8). As shown in the table, the particle mean diameter (dp,m) increases in accordance with α and γ. It causes the particle temperature (Tp,m) increases as presented in Figure 11 since the number of particle mean diameter (   N ¯   ) of Equation (12) more rapidly decreases compared to the increase of the convective heat transfer coefficient (h) of Equation (15). In particular, if Tp,c, which has the risk of igniting the flammable materials assumed with the previous results using Equation (17) (red line in the figure), the fire spread can exist at dp,m > 3.4 mm. Moreover, the ‘no ignition’ of dp,m is 1.6–3.4 mm for α = 2 and γ = 3–9 and 3–3.4 mm for γ = 2 and α = 1–7. It means that the distribution characteristics is important to estimate the critical of the ignition by the welding spatters. It is a noticeable result that the ‘no ignition’ can be affected by the distribution coefficients



Figure 12 explains that the effects of the particle temperature (Tp,m) and the convective heat transfer coefficient of particle (h) on the particle velocity (up) change when reaching an electric power (Pe) 22 kW, the base metal temperature (Tb,s) 2370 K, the base metal area (Ab,s) 0.04 m2 and the total volume of the electrode (Vtotal) 2.5 × 10−5 m3. The particle temperature (Tp,m) of Equation (20) decreases as the particle velocity (up,m) increases since the convective heat transfer coefficient (h) increases in accordance with the Reynolds number (ReD =ρup,m dp,m/μ) of Equation (15) for each particle mean diameter (dp,m = 1 mm, 4 mm, and 7 mm). As shown in the figure, the Tp,m is higher temperature as dp,m increases for the fixed value of and the total volume of the electrode (Vtotal) and the electric power (Pe) in order to converge on the energy equilibrium. Moreover, the critical temperature of dp,m = 1 mm, 4 mm, and 7 mm can be approximated with 700 K, 750 K and 800 K from Equation (17). Thus, it is possible to predict that dp,m = 1 mm satisfies ‘no ignition’ due to Tp,m < 700 K, whereas dp,m = 4 mm and 7 mm are ‘ignition’ due to the minimum values of Tp,m > 750 K. However, the maximum particle diameter can be determined by the distribution coefficients α and γ (as explained in Figure 4 and Figure 5). Therefore, the fire risk of the welding spatters should consider the maximum welding particle diameter and particle temperature.



Figure 13 shows that effects of the electrical power (Pe) and the particle mean diameter (dp,m) on the particle temperature (Tp,m) of Equation (20) change when reaching the particle velocity (up,m) of 17.4 m/s. Despite the dependence between Ab,s and Pe, no correlation has been suggested. In this study, the linear fit result of Ab,s from the comparison of Urban [30] are assumed with Ab,s = 0.0004 × Pe. As shown in this figure, the number of particles (   N ¯   ) decreases as particle mean diameter (dp,m) increases since the total volume (Vtotal) of Equation (12) maintains constant. This causes the surface temperature of particles increase since the overall convective heat transfer coefficient of particles decrease. This means that as more particles are particulate, cooling effects by convection heat improves. Moreover, dp,m, which satisfies the critical temperature of the particle (Tp,c), decreases as Pe increases. The critical of dp,m and    N ¯    for preventing fire spread by welding spatters are investigated with dp,m < 13 mm and    N ¯    > 3 at 2.2 kW, dp,m < 5.5 mm and    N ¯    > 25 at 8.8 kW, dp,m < 4.0 mm and    N ¯    > 70 at 15.4 kW, dp,m < 2.8 mm and    N ¯    > 104 at 22 kW, respectively. However, the exact prediction requires the relations between the electrical power and base metal area as well as the particle mean diameter. Therefore, the results of the surface temperature are only for the analytical results of particle distributions.





4. Conclusions


In this study, a theoretical investigation of the welding spatters by the SMAW is performed. To analyze the fire spread by welding spatters, the critical of particle temperature, which have the risk of igniting the flammable materials, is opted from the previous investigation of Song et al. [14]. The results of this study are summarized as:



Heat transfer equation of the welding spatters are derived from the energy conservation equation. The order of magnitude is performed for the base metal and the particles to present a simplified model. The simulation results of I. U. James are compared to the model equation to validate the accuracy. The prediction and the previous results agree within ±13%. The welding conditions for preventing the fire spread by welding spatters are analyzed with the prediction results with the electrode total volume of 2.5 × 10−5 m3 and the base metal temperature of 2300 K.



The effects of a fire spread on the particles mean diameter in accordance with the distribution coefficients of the welding spatters are investigated with using by a Deirmenjian modified gamma function distribution. The prediction values of the particle temperature linearly increase as the particle mean diameter increases when reaching an electrical power of 22 kW, the particle velocity of 17.4 m/s and the base metal area of 0.04 m2. The ‘no ignition’ region of particle mean diameter exists more widely when the distribution coefficients of α = 2 and γ = 3–9 than γ = 2 and α = 1–7. These results validate that not only the particle mean diameter, but the distribution coefficients with the number of particles are significantly influence on the fire spread by welding spatters.



Each particle temperature, which has the particle mean diameter of 1 mm, 4 mm, and 7 mm, is predicted in accordance with the variation of particle velocities when the base metal area is 0.04 m2 and electrical power is 22 kW. The surface area increases as dp,m and the velocity increases, resulting in an increase in the convection heat transfer coefficient. In particular, dp,m = 4 mm and dp,m = 7 mm for the particle velocity from 1 m/s to 20 m/s were expected to reach an ignition temperature of more than 750 K.



Finally, the effects of the particle mean diameter (dp,m) and electrical power (Pe) on the particle temperature are investigated with the assumption that the base metal temperature were linearly proportional to the size of the electric power. it was predicted that the particle temperature would increase proportionally to the size of the particle mean diameter (dp,m) and the electric power and the number of particle mean diameter (   N ¯   ) decrease. In addition, the critical of particle diameter(dp,c) and the number of particle mean diameter (   N ¯   ) for preventing the fire spread by welding spatters are investigated with dp,m < 13 mm and    N ¯    > 3 at 2.2 kW, dp,m < 5.5 mm and    N ¯    > 25 at 8.8 kW, dp,m < 4.0 mm and    N ¯    > 70 at 15.4 kW, dp,m < 2.8 mm and    N ¯    > 104 at 22 kW, respectively.



These results confirm that the simplified model presented in this study could predict the fire spread of the welding spatters depending on the distribution of particles, the particle mean diameter, the number of particles, the particle velocity, and the electrical power.
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Figure 1. The schematic diagram of welding spatters by the SMAW and the assumptions for temperature of the particles and the base metal. 






Figure 1. The schematic diagram of welding spatters by the SMAW and the assumptions for temperature of the particles and the base metal.



[image: Energies 13 02266 g001]







[image: Energies 13 02266 g002 550] 





Figure 2. The schematic diagram of the analytic method for distribution of the particles. 
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Figure 3. Investigation of the particle diameter and temperature criteria from previous results [14,30,31]. 
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Figure 4. The Nusselt number and heat transfer coefficient with the particle diameter and temperature. 
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Figure 5. Comparison of the convection and the radiation of the particle. 
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Figure 6. Comparison of the convection and the radiation of the base metal. 
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Figure 7. Calculation process of the prediction model. 
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Figure 8. Comparison of the particle temperature of the prediction model with previous results. 
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Figure 9. The results of the distribution of the particles for α = 2 and γ = 3, 4, 5, 6, 7, 8, and 9. 






Figure 9. The results of the distribution of the particles for α = 2 and γ = 3, 4, 5, 6, 7, 8, and 9.



[image: Energies 13 02266 g009]







[image: Energies 13 02266 g010 550] 





Figure 10. The results of the distribution of the particles for γ = 4 and α = 1, 2, 3, 4, 5, 6, and 7. 
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Figure 11. The effects of particle temperature, particle number, and the critical on the particle mean diameter (for ignition of flammable materials). 
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Figure 12. The effects of particle temperature and convective heat transfer coefficient on the particle velocity for dp,m = 1, 4, and 7 mm. 






Figure 12. The effects of particle temperature and convective heat transfer coefficient on the particle velocity for dp,m = 1, 4, and 7 mm.



[image: Energies 13 02266 g012]







[image: Energies 13 02266 g013 550] 





Figure 13. The effects of particle temperature and particle number on the particle mean diameter for Pe = 2.2 kW, 8.8 kW, 15.4 kW and 22 kW. 
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Table 1. Results of the coefficients of the distribution function.
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Fixed Value

	
a

	
b

	
α

	
γ

	
dp,m






	
α = 2

	
0.0090

	
0.0030

	
2.0000

	
3.0000

	
6.0571




	
0.0418

	
0.0030

	
2.0000

	
4.0000

	
3.5930




	
0.1029

	
0.0030

	
2.0000

	
5.0000

	
2.6606




	
0.1854

	
0.0030

	
2.0000

	
6.0000

	
2.1926




	
0.2808

	
0.0030

	
2.0000

	
7.0000

	
1.9173




	
0.3821

	
0.0030

	
2.0000

	
8.0000

	
1.7382




	
0.4845

	
0.0030

	
2.0000

	
9.0000

	
1.6134




	
γ = 2

	
0.0124

	
0.0030

	
1.0000

	
4.0000

	
3.0214




	
0.0042

	
0.0030

	
2.0000

	
4.0000

	
3.5930




	
0.0012

	
0.0030

	
3.0000

	
4.0000

	
3.9764




	
0.0003

	
0.0030

	
4.0000

	
4.0000

	
4.2729




	
0.0001

	
0.0030

	
5.0000

	
4.0000

	
4.5180




	
0.0000

	
0.0030

	
6.0000

	
4.0000

	
4.7287




	
0.0000

	
0.0030

	
7.0000

	
4.0000

	
4.9145
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