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Abstract

:

A novel numerical model was developed to investigate air entrapment in binary droplet impact with solidification microstructure formation under practical plasma spraying conditions. The evolving liquid–gas interface was tracked by the explicit finite difference solution to the Cahn–Hilliard equation, coupled with the Navier–Stokes equations. Another diffuse interface model was invoked to trace solid–liquid and grain–grain boundaries. The model was discretized using an explicit finite difference method on a half-staggered grid. The velocity pressure coupling was decoupled with the projection method. The in-house code was written in Fortran and was run with the aid of the shared memory parallelism, OpenMP. The time duration over which gas compressibility matters was estimated. Typical cases with air entrapment were studied with the model. The effect of droplet porosity on air entrapment was probed into as well: the larger the porosity of a droplet, the bigger the trapped air bubble. The grain growth near the air bubble is skewed. Moreover, a case without air entrapment was also shown herein to stress that air bubbles could be suppressed or even eliminated in plasma spraying by adjusting the landing positions of successive droplets.
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1. Introduction


Air or gas entrapment is a common issue in droplet impact onto solid surfaces [1,2,3,4]. It is caused by gas viscosity on one hand, and the building up of pressure around the impacting center on the other hand. The bottom of a droplet will be dimpled by the stagnation pressure developed around the impacting center as the droplet tries to squeeze the gas beneath out. Nevertheless, a tiny portion of gas remains there thanks to its viscosity.



In plasma spraying, gas entrapment increases coating porosity but reduces heat flux nearby due to the smaller thermal conductivity of gases. Moreover, gas entrapment can probably affect grain growth direction in its vicinity [5,6]. Therefore, it is of great interest to figure out how gas is trapped and how grains grow nearby in droplet impact. For single droplet impact onto solid and flat surfaces, the authors conducted a series of studies, in which gas entrapment was captured using the Cahn–Hilliard based phase field model [7] and grain growth near a gas bubble was investigated [8]. For two or more droplet impacts, the situation becomes tricky, as the combination of impacting conditions of multiple droplets may lead to a number of gas entrapment mechanisms. To the authors’ best knowledge, few groups have incorporated solidification microstructure formation into the modeling of droplet impact; so, the following review on numerical work will be focused on other parts, such as fluid motion or gas entrapment, in binary droplet impact.



Pasandideh-Fard et al. [9] may have been the first to numerically investigate binary droplet impact onto a solid surface. They introduced the second droplet after the first had been completely frozen. Obvious splashing was captured when the second drop interacted with the first while spreading on it. Following their work, Ghafouri-Azar et al. [10], tracking the temperature history of certain points on the surface of the first splat, predicted if remelting occurred when the second impinged. Tong et al. [11], using the volume of fluid (VOF) method, probed into flow details when droplet coalescence occurred. They found the maximum spread factor would be increased if the kinetic energy of the following droplet was raised. Bot et al. [12] identified two types of pores in 3D simulations of ceramic droplet impact: one near the tip of the first splat and the other in the overlapping zone. The first type was confirmed in the authors’ prior work [13], with the grain growth direction nearby predicted as well. This is the unique feature of our model. Recently, successive droplet impacts on a curved solid surface were investigated by Chen et al. [14], who, using the coupled volume of fluid and level set method, performed extensive parameter studies. The coupled model is, however, difficult to code, compared with the conservative level set model introduced by [15]. Interactions of successive Ni20Cr drop impacts under plasma spraying conditions were numerically and experimentally studied by Zhang et al. [16], who found that by optimizing the landing positions of the second impacting drop, the inter-splat pore appearing between two splats could be completely eliminated. The above review binary droplet impact onto only solid surfaces, and the readers are referred to literatures [17,18,19] for binary or multiple droplet impacts onto liquid films.



As pointed out before, incorporating solidification microstructure formation into the modeling of droplet impact is rarely seen in literature. Moreover, given few studies on gas entrapment in binary droplet impact under plasma spraying conditions, it whets our appetite to conduct more numerical investigations into the effect of binary droplet impact on gas entrapment and, especially, solidification microstructure formation. Therefore, a novel yet comprehensive numerical model was developed to that end. The model adopts three phase fields, one for liquid–gas flow, one for liquid–solid phase change, and another for grains of distinct crystalline orientations. The model is built in the diffuse interface framework, free of directly tracking moving boundaries. The rest of the paper is organized as follows: First, the integrated model is described, with numerical procedures being given. Second, fitting parameters and thermophysical quantities are chosen. Third, binary droplet impacts with and without gas entrapment were run. The model was validated with experimental data, showing gratifying agreement. Besides, the time duration over which gas compressibility matters was also estimated.




2. Mathematical Statement


Let us consider a binary droplet impact under typical plasma spraying conditions, as shown in Figure 1. These two droplets are initially apart horizontally, but are released from the same vertical height. After the droplets collide with the solid surface, pressure will build up at the impacting center, resulting in air entrapment therein. This is one place where air entrapment occurs. It will also take place where the spreading fronts of the two droplets meet. Meanwhile, the interaction of the two spreading fronts is very likely to skew grain growth direction therein. Therefore, the emphasis of the paper is given to the formation of air entrapment in binary droplet impact and the ensuing effect on solidification microstructure formation. The governing equations for this complex phenomenon, having been described in [7,8,13], are reviewed below.



2.1. Mass, Momentum, and Energy Equations


It is assumed that the fluids are incompressible and Newtonian in this paper. Accordingly, the governing equations for this complex gas–liquid flow show up as


      ∇ · u = 0      



(1)






  ρ  ( c )   (    ∂ u   ∂ t   + u · ∇ u  )  = − ∇ p + ∇ ·  σ  + ρ  ( c )   g  + G ∇ c +  S   



(2)






  ρ  ( c )   c P   ( c )   (    ∂ T   ∂ t   + u · ∇ T  )  = ∇ ·  [  k  ( c )  ∇ T  ]  +    ρ l   L l   2    ∂ ϕ   ∂ t    



(3)




where u is velocity, t is time, p is pressure,    σ  = μ  ( c )   [  ∇ u +    (  ∇  u   )   T   ]    is the Newtonian stress tensor, and g is the local gravitational acceleration. The fourth and fifth term on the right-hand side (RHS) of Equation (2) stand for surface tension and a momentum sink that will be elaborated on later, respectively. The second term on the RHS of Equation (3) represents latent heat, with subscript l denoting liquid. Note that   ∂ ϕ / ∂ t   is updated only where   c ≤ 0.5  .




2.2. Equation for an Evolving Gas–Liquid Interface


The Cahn–Hilliard equation is employed in this paper to advect the gas–liquid interface.


    ∂ c   ∂ t   +  u  · ∇ c − M  ∇ 2  G = 0  



(4)




where M is the phase field mobility and   G = δ f / δ c   is the chemical potential, with


  f = ξ γ α    |  ∇ c  |   2  / 2 +  ξ  − 1   γ α  c 2     (  1 − c  )   2  / 4  



(5)




where  ξ  measures interfacial thickness and  γ  is surface tension, with   α = 6  2   . Herein,   c = 1   denotes a gas and   c = 0   a liquid, with the value in between indicating a smooth but finite transition area.




2.3. Solidification Microstructure Formation


The other two order parameters,  ϕ  and  θ , are needed to mimic polycrystalline growth in solidification.  ϕ  distinguishes fluid from solid and  θ  differentiates crystals of distinct orientations. Their kinetic equations are given below [20,21,22].


       τ ϕ   ( φ )    ∂ ϕ   ∂ t   =  [  ϕ − λ u  (  1 −  ϕ 2   )   ]   (  1 −  ϕ 2   )  + ∇ ·  (   Λ  · ∇ ϕ  )        − 2 s  (  1 + ϕ  )   |  ∇ θ  |  −  ε θ 2   (  1 + ϕ  )     |  ∇ θ  |   2       



(6)






      P  τ θ     (  1 + ϕ  )   2    ∂ θ   ∂ t   = ∇ ·  [     (  1 + ϕ  )   2   (   s   |  ∇ θ  |    +  ε θ 2   )  ∇ θ  ]       



(7)




where    τ ϕ   ( φ )    and    τ θ    are interface attachment kinetic times,  λ  is a coupling constant, and   P  (   ε θ   |  ∇ θ  |   )  = 1 +  (  μ /  ε θ  − 1  )   e  − β  ε θ   |  ∇ θ  |      is the inverse mobility function. The reader is referred to literatures [7,8,13] for the explanation of the others.



S in Equation (2) governs flow in a mushy region, taking the form of


      S = − d      (  1 −  F l   )   2     F l    3  + b   u      



(8)




where d is to suppress all other momentum sources when the liquid fraction    F l  =  (  1 − ϕ  )  / 2   vanishes, and b is to avoid division by zero. In this paper, d and b are chosen to be on the order of magnitude of     10  8  ~   10   11     and     10   − 3    , respectively.




2.4. Gas Compressibility


Mandre and Brenner [23] proposed a dimensionless number   δ =  P 0  /    (   ρ l 4   V 7  R /  μ g   )    1 / 3     to measure gas compressibility, where    P 0    is the ambient gas pressure, V is initial impacting velocity, and R is drop radius. The subscripts l and g denote liquid and gas, respectively. For the cases studied in this paper, computation shows   δ ≪ 1   at the very beginning of impact, indicating a significant compressible effect. However, as the drop spreads, the maximum pressure inside the drop diminishes rapidly, falling to less than 0.1 MPa when the spread factor, defined below, exceeds 2 [24]. During subsequent stages of spreading,   δ ≫ 1  , meaning practically incompressible gas [23].



2.4.1. Compression Started Sometime before Real Contact


	A.

	
Estimate of air layer thickness and of the strength of deceleration



The top of the bubble moves upwards instead of downwards after contact with the substrate, while the dimple is formed before contact with the substrate.    H 0    is the air layer thickness at first contact. Assume compression begins a distance    H *    away from the substrate. Figure 2 shows the dynamics of air entrapment with various lengths involved. The time elapsed from (a) to (b) is of little interest and can be estimated to be    (  ∆ y −  H *   )  / V .   The pressure at the bottom of the droplet in (b) can be approximated as   p ~  μ g  V R /  H 2   , since it is assumed that compression begins for the first time at this height. H is a length scale comparable to H*. Subsequently, the pressure in the gas rapidly accumulates, indicating the beginning of compression.







At the state of compression, the pressure force within the gas film should be comparable to that of the liquid inertia so that the sign of the bottom curvature could be reversed. Hence, according to the lubrication equation within the gas,


      12    μ g   H t  =    (   p x   H 3   )   x       



(9)







Using order of magnitude analysis, the two sides can be approximated as


       μ g   H τ  ~   p  H 3     L 2         



(10)




in which   τ = H / V   is the time scale to approach the substrate. Rearrangement gives


      p ~    μ g  V  L 2     H 3         



(11)







The length scale L in the horizontal direction is found if the fact is considered that the droplet would penetrate a depth of H downwards provided there was no resistance of the air film and also of the substrate. According to a simple geometric analysis in Figure 3,


       R 2  =  L 2  +    (  R − H  )   2       



(12)







Hence, one has, after neglecting higher order terms such as    H 2   ,


      L =   2 R H −  H 2    ~   R H        



(13)







Substitution of Equation (13) into Equation (11) gives the order of magnitude of   p ~  μ g  V R /  H 2   . This pressure force must decelerate the battering liquid, whose inertial force scales as   ~  ρ l  V / τ ~  ρ l   V 2  / H  . It has the unit of   Pa / m  , calling for another length scale, which is   L =   R H     in two dimensions. Thus, the liquid inertia should be on the same order of magnitude as the pressure force within the gas:


       ρ l   V 2     R H    ~    μ g  V R    H 2         



(14)







Thus, the air film thickness scales as


      H ~ R S  t  2 / 3        



(15)




where   S t =  μ g  /  ρ l  V R   is the inverse Stokes number. The subscripts represent liquid and gas, respectively. The strength of deceleration when the drop starts to compress the gas until it is brought to rest is on the scale of


      a ~  V τ  ~  V  H / V   ~    V 2   H       



(16)







	B.

	
Estimate of    H *    and the time for the first stage of compression    t 1   







The sound speed within the gas beneath the droplet is calculated as follows:




       c =    R  g a s   T k   =   289 × 3000 × 1.4     m / s ≈ 1100   m / s       



(17)





The strategy is then to estimate    H *    where compression just begins. Above this height, one has every reason to believe that the downward velocity is reduced but still asymptotically approaching the initial impacting velocity, since the time scale is rather small and the pressure built up thus far below the droplet is not as enormous as in later times. Once the height    H *    is sought, the time duration from the start of compression    H *    to    H 0    is calculated as


       t 1  ~    (   H *  −  H 0   )  / a        



(18)







The height    H *    is found from mass conservation in Figure 4. Writing out the mass flux on each face gives


  V L ~ c  H *   



(19)







Thus,    H *  ~ V L / c   and   L =   R H    ; then, the time duration when air is compressible from    H *    to    H 0    scales as


       t 1  ~    (    V R S  t  1 / 3    c  − R S  t  2 / 3    )  ×   R S  t  2 / 3      V 2      ~   10   − 11     s      



(20)







This value is tiny compared with the time scale for solidification (~1 μs) and for spreading (~0.1 μs) in practical thermal spray conditions. This stage is termed as the first stage of compression.




2.4.2. Compression Completed When the Bubble Recedes


The following is to estimate when the bubble is enclosed by the droplet and the substrate. If this time interval is also found, then adding it to the time interval in Equation (20) will give the total time interval during which gas is compressed.



	A.

	
How is the bubble enclosed?







According to [23], the ejection velocity of the liquid sheet U in Figure 5 scales as


      U ~ 0.34 V S  t  − 1 / 3   ~ 4 ×   10  3    m / s      



(21)







The liquid sheet denoted in green in Figure 5 is squeezed before contact with the substrate, since the dimensionless number measuring the relative importance between surface tension and inertial force turns out to be quite small, as shown in Equation (22):


      δ =  σ   μ g  V   S  t  4 / 3   ~   10   − 5        



(22)







Pushed by pressure gradient, the liquid sheet touches the substrate eventually. The exact instant when the liquid sheet is ejected is approximated by [23] as


   t  e j e c t   ~ 7.6 R S  t  2 / 3   / V ~ 3 ×   10   − 11      s   



(23)




  t = 0   is when the undeformed drop would have touched the surface in the absence of air [23]. If time is measured when the bottom surface falls to    H *   , then the sheet is ejected around   5 ×   10   − 11      s    after the first stage of compression.



	B.

	
Estimate of the time for the second stage of compression







As shown in Figure 6, the second stage of compression starts from the appearance of the lamella to the first contact with the substrate, and the time interval in this stage is approximated simply as


   t 2  ~    L 0  − L  U   



(24)







The authors in [25] proposed a theory for the initial contact radius    L 0   


   L 0  = 3.8    (    4  μ g     ρ l  V    )    1 / 3    R b  2 / 3    



(25)




where Rb is the bottom radius immediately before contact. As a first estimate, take Rb as   1 ~ 1000   R  . Calculation and substitution yields


    10   − 10     s ≤  t 2  ≤   10   − 8     S  



(26)







Hence, the total time for gas being compressible is on the order of magnitude of only nanoseconds, which is much faster than a blink of an eye.




2.4.3. Gas Bubble Receding


As mentioned above, gas is actually compressed at the very beginning of impact. Having been compressed, a tiny amount of gas is entrapped beneath the bottom of a droplet, thus forming a cap-like bubble. Then, the bubble will retract, returning to a sphere and rising upwards off the substrate [26]. As the bubble retracts, it is mostly uncompressed [27,28]. As a result, if the time of retracting is estimated and added up to the time scales in the above section, then the extent to which gas compressibility is significant could be determined. Retracting of a gas bubble could be described as follows [26]:


   γ  δ  ( t )    =  C 1   ρ l  v    ( t )   2  +  C 2   μ l    v  ( t )    δ  ( t )     



(27)




where    C 1  = 0.63   and    C 2  = 1.54   are pre-factors of order one,   v  ( t )    is the retracting velocity, and   δ  ( t )    is the characteristic size of the rim. The retracting velocity   v  ( t )    is correlated with the contact radius   L  ( t )    of the gas bubble as follows:


  L  ( t )  =  L 0  −   ∫  0 t  v  ( τ )  d τ =  L 0  −   ∫  0 t    −  C 2   μ l  +    C 2 2   μ l 2  + 4  C 1   ρ l  γ δ  ( τ )      2  C 1  ρ δ  ( τ )    d τ  



(28)




where the horizontal radius    L 0  = 3.8    (  4  μ g  /  ρ l  V  )    1 / 3    R b  2 / 3     [25], with Rb being the bottom radius of curvature of the droplet. The initial radius of the droplet is used for Rb herein. Accordingly, for the cases considered here,    L 0  ~ O  (    10   − 7    )    m. With   L  ( t )  = 0  , meaning the gas bubble is just returned to a sphere, and   δ  ( τ )  ~ O  (    10   − 9    )      m, estimated according to [26], Equation (28) yields the retracing time    t  r e   ~ O  (    10   − 8    )    s, which is small enough compared with the spreading time   ~ O  (    10   − 7    )    s calculated by the present numerical model.



From the discussions above, the time interval when gas compressibility matters adds up to    t 1  +  t  e j e c t   +  t 2  +  t  r e   ~ O  (    10   − 8    )    s  , which is much smaller than the time scale for solidification (~1 μs) and for spreading (~0.1 μs) in practical thermal spray conditions; thus, the effect of gas compressibility elapses quickly and could be safely neglected herein.





2.5. Boundary Conditions


Given in Figure 1, the boundary conditions deserve more explanation. First, for heat transfer, the whole domain, including the substrate, adopts adiabatic boundaries; second,  ψ  embraces all field variables, except for the velocity components at the axis of symmetry and at the wall, respectively, and for the order parameter  c  at the substrate surface that satisfies   ξ γ α  n  · ∇ c +  f w ′   ( c )  = 0  , where   n   is an outward unit normal.


   f w   ( c )  =  [  − γ cos  θ S   (  4  c 3  − 6  c 2  + 1  )  +  γ  w 1   +  γ  w 2    ]  / 2  



(29)




is the wall free-energy density.    f w   (  c = 0  )  =  γ  w 1     and    f w   (  c = 1  )  =  γ  w 2    , the two determining a static contact angle    θ S    via Young’s equation    γ  w 2   −  γ  w 1   = γ cos  θ S   .




2.6. Numerical Procedures


A finite difference method on a half-staggered grid is utilized to discretize the governing equations. All variables, except the pressure that is stored at the cell center (black), are stored at the cell vertex (white), as shown in Figure 7. TCR is short for thermal contact resistance and is accounted for in the grid points on the substrate and just beneath it, such as nodes A and B. The no slip condition is applied to point A.



In addition, diffusion terms are discretized using the central difference scheme, convection terms using the upwind scheme, and transient terms using the forward Euler scheme. The velocity–pressure coupling is decoupled via the projection method.



Solution steps: The set of equations as below are solved explicitly, except Equation (35). Note that the sequence leaves no effect on final results, the superscript n flags the previous time step and n + 1 the current, and     F  n    contains all the other terms in the NS equations.


       τ ϕ     ϕ  n + 1   −  ϕ n    ∆ t   = f  (   ϕ n   )  + ∇ ·  (   Λ  · ∇  ϕ n   )  − 2 s  (  1 +  ϕ n   )   |  ∇ θ  |  −  ε θ 2   (  1 +  ϕ n   )     |  ∇ θ  |   2       



(30)






       τ θ     (  1 + ϕ  )   2  P  (   ε θ   |  ∇  θ n   |   )     θ  n + 1   −  θ n    ∆ t   = ∇ ·  [     (  1 + ϕ  )   2   (   s   |  ∇  θ n   |    +  ε θ 2   )  ∇  θ n   ]       



(31)






      ρ  c P   (     T  n + 1   −  T n    ∆ t   +  u  · ∇  T n   )  = ∇ ·  (  k ∇  T n   )  +    ρ l   L l   2    ∂ ϕ   ∂ t        



(32)






     c  n + 1   −  c n    ∆ t   +  u  · ∇  c n  − M  ∇ 2   G n  = 0  



(33)






      u  *  −   u  n    ∆ t   =   F  n   



(34)






  ∇ ·  (    ∇  p  n + 1      ρ  n + 1      )  =   ∇ ·   u  *    ∆ t    



(35)






      u   n + 1   −   u  *    ∆ t   = −   ∇  p  n + 1      ρ  n + 1      



(36)







The time step   ∆ t   is chosen according to the following constraints to ensure numerical stability.     ‖ u ‖   max     is the norm of the maximum velocity.


      ∆ t ≤   10   − 4    τ ϕ       



(37)






  ∆ t ≤   ∆ x     ‖ u ‖   m a x      



(38)







Throughout the paper,   ∆ t   is on the order of magnitude of     10   − 12      s   . Besides, computation is facilitated with the aid of the shared-memory parallelism OpenMP.





3. Results and Discussion


Before extensive simulations were run, the model was validated and the mesh size was carefully checked to exclude any side effect. The impacting process with solidification microstructure formation is a complex phenomenon, containing a few length scales, both macroscopic and microscopic. The former is represented by drop diameter or by the width or height of columnar grains, and the latter by solid–liquid interface or grain boundary thickness. For numerical results to be convincing, the smallest macroscopic length scales under consideration should be adequately resolved by grid nodes. In this paper, the smallest macroscopic length scales primarily reside in the height or width of columnar grains, usually on the order of magnitude of     10   − 7      m   . Therefore, the characteristic length scales in the phase field model—that is,  ξ  and     ε ˜  ϕ   —are chosen to be approximately one order of magnitude lower, reaching     10   − 8      m   . Besides,   ξ =   ε ˜  ϕ  = 1.25 ∆ x  , where   ∆ x = 4 ×   10   − 8     m   throughout the paper unless otherwise stated.



The kinetic effect on solidification is dismissed as it is manifested only at the very beginning of solidification. The thermophysical quantities and fitting parameters are listed in Table 1 and Table 2, respectively. Note that, in Table 2,    L c    stands for droplet diameter,    μ e  =    μ g   μ l      for effective viscosity,    d 0    for thermal capillary length, and D for the thermal diffusivity of YSZ. In addition,    a 1  = 0.8839   and    a 2  = 0.6267   [29].



3.1. Model Validation


The model was validated against the experimental outcome, which was conducted by Aziz and Chandra [33]. The experiment is about molten Tin drop impact, with drop diameter 2.7 mm and impacting velocity 1 m/s. Phase change is not considered. Numerically, a grid of 101 × 71 (half domain) points is employed. The uniform spatial step in both directions is   ∆ x = ∆ y = 5 ×   10   − 5      m   . The contact angle is set to 140°. The evolving liquid–gas interface is tracked by the Cahn–Hilliard model. The phase field mobility, a crucial parameter controlling contact line motion, is tuned to be   5 ×   10   − 8      m 3  ·  s / kg   , about four times less than that predicated by    ξ 2  / 16  μ e   . There are 27 cells per drop radius, resulting in a Cahn number of 1/27 if   ξ = ∆ x  . The numerical outcome is shown in Figure 8, with column (b) representing drop contour and column (c) displaying pressure distribution. Overall, the agreement between the numerical and experimental outcomes is satisfying when it comes to drop profile.



Figure 9 compares the spread factor evolution, displaying reasonable agreement during both spreading and retraction phases. The spread factor is defined as the ratio of the changing drop diameter in the x direction to the initial drop diameter.




3.2. Typical Binary Droplet Impact under Plasma Spraying Conditions


In this section, a typical binary droplet impact under plasma spraying conditions is investigated numerically. The focus is on simultaneous binary drop impact, namely, the two droplets are released at the same time. The droplet diameter is set to 4.8 μm. Initially, the droplet temperature, together with that of the surrounding gas, is prescribed to 3000 K, a little higher than the melting point of YSZ. Besides, the substrate is preheated to 423 K to promote the formation of pancake-like splats; 423 K is the temperature to which the substrate in our previous physical experiments was heated [34]. The droplet collides at 200 m/s with the substrate, whose surface has been seeded with super critical nuclei with a density of 75/500, with the numerator denoting the number of nuclei and the denominator the dimensionless horizontal length of the computational domain. At the beginning, the two droplets are 500 × Δx apart horizontally, but with the same vertical height. The thermal contact resistance equals     10   − 8        m 2  · K / W  , meaning perfect contact between the drop and the substrate. The numerical outcome is shown below in Figure 10.



Compared with single droplet impact, binary droplet impact has a couple of salient features. One is the extra gas entrapment that occurs where the spreading fronts of the two droplets meet, as observed at 0.06 μs. Its formation is similar to the gas entrapment at the impacting center, which is due to gas viscosity. When the spreading fronts encounter each other, the gas in between fails to escape wholly, leaving a portion trapped. The flow around them is directed upwards because of mass conservation. It is of interest to note the variation of the contour of the entrapped gas. At 0.06 μs, because of the violent kinetic energy, the interfacial curvature is large. Nevertheless, as time goes on, surface tension restores the interface to a rounded shape at 0.2 μs. The other characteristic lies in the skewing of grain boundary near the entrapped gas, as demonstrated by the curved grain boundary in black at 1.5 μs. The skewing is probably caused by fluid motion, since the effect of anisotropic crystal growth of a small    ε 4    has been ruled out. The squeezed jet, after 0.2 μs, is dragged downward, impinging obliquely onto the grains nearby. Therefore, the grain boundary is curved.



Figure 11 gives the temperature distribution at particular instants, with black contours denoting the droplet. It is clear that on account of air entrapment, the heat flux nearby is reduced, as demonstrated by the heat wave crests at 0.3 μs—one in the air and the other in the substrate. Thanks to a larger thermal diffusivity, the cusp in the substrate has been smoothed out by 1.5 μs.




3.3. Effect of Droplet Porosity


As seen in the last section, an air bubble is liable to form around the spreading front when two droplets impact simultaneously. The role of the air bubble is twofold: on one hand, it increases the porosity of coatings, which is not desired or unwanted; on the other hand, it decreases the thermal conductivity of coatings, which in turn helps improve their performance in thermal cycling experiments. Therefore, the air bubble, albeit being mostly unwanted, has a role to play. In this section, one of the droplets was made hollow to see whether air entrapment can be mitigated or even eliminated. Hollow droplets can be obtained via spray dried agglomerates, and porous powder particles form hollow droplets after going through the high energy plasma jet [35,36,37]. Hollow droplets are not uncommon in thermal spray [38], and numerical studies of hollow droplet impact can be found in [39,40].



Initial conditions are the same as in the last section, except that the right droplet has a circular void within, which is concentric with and has half the diameter of the bigger one. The void is filled with air. The numerical outcome is given in Figure 12.



At 0.03 μs, when the spreading process just begins, the counter flow in the hollow drop has emerged due to the smaller dynamic pressure within the void. The uprising flow resembles a spring that is suddenly freed after being fully loaded. As the dynamic pressure of the air within the void is weak, the stagnation pressure transformed from it is hardly able to drain the air beneath the drop as much as that transformed from a dense drop. As time proceeds to 0.08 μs, the shell of the hollow drop breaks up, and solidification has started.



Compared with Figure 10, Figure 12 gives a distinct final splat morphology, as seen at 1.3 μs, where air entrapment has been eliminated but the two splats are not connected, separated by an air gap. If subsequent droplets continue impinging, air entrapment can still form. Another feature deserving some remarks is the more curved top surface of the right splat. The formation of the concave top surface may date back to 0.15 μs, when the contour of the entrapped air bubble loses its symmetry because of the energetic left droplet and of the sluggish right one. Though the air bubble is complete at 0.15 μs, the thin film encompassing the bubble soon ruptures. This is due to the imbalance between inertial force and surface tension force. Subsequently, the rising jet is gradually pulled back by surface tension, resulting in a rounded and thick edge eventually.



Besides, there is a noticeable difference in final solidification microstructure. On account of air entrapment beneath the hollow droplet, as at 0.2 μs and 0.3 μs, the grain boundaries nearby bend towards the liquid. Thus, the boundary deviates from vertical and prefers an oblique path. The rest of the grains exhibits columnar structures driven by the vertical thermodynamic force.



From this simple comparative study, it is found that symmetry is lost when one droplet is hollow with the rest of the conditions being the same. Can the degree of symmetry be controlled by adjusting void size? Figure 13 shows the outcome with a smaller void in the hollow droplet. The void diameter, however, is decreased by a factor of 2.



As expected from Figure 13, as the void becomes small, the degree of symmetry recovers somewhat and the concave top surface is smoothed a bit. The final solidification microstructure in general is columnar-structured, except in the lower right corner where the grain boundary is bent due to air entrapment at 0.2 μs and 0.3 μs.



In summary, if two droplets are both dense, air entrapment is most likely to occur in the vicinity of the spreading front. Though a tiny portion of air is destined to be trapped around the impacting point, its amount may not be considerable thanks to the enormous stagnation pressure building up there. If a droplet is partially filled with air, the entrapped air will relocate from where the two droplets meet to the bottom of the hollow droplet. Moreover, the splats are not bridged, leaving a gap in between.




3.4. Sequential Droplet Impact with Well Bonding


In real plasma spraying, air entrapment or voids are unavoidable when a multitude of droplets come down, spreading and interacting with one another. It is, however, of theoretical relevance to investigate under which conditions the void is likely to be suppressed when binary droplets impact, sequentially. In other words, the two droplets do not impinge at the same time, but with some time interval.



Initially, the two droplets are 600 × Δx apart, with the second being introduced at 0.7 μs when the first has been solidified completely. This simplifies the problem, since the first is motionless while the second is spreading on the substrate. Besides, the readers are referred to Section 3.2 for other numerical configurations. The numerical outcome is given in Figure 14.



Since the first droplet has been frozen when the second is introduced, the impacting process can be seen as a single droplet impact in irregular computational domains, with the contour of the first splat constituting the irregular domain boundaries. At 0.8 μs, a slit can be observed between the two droplets. At this moment, the two droplets are not connected. Nevertheless, with the spreading front coming down, the two make contact, with air entrapment thus taking place, as demonstrated at 0.9 μs. As the unsolidified liquid continues descending, the air bubble diminishes to a minimum as seen at 1.5 μs. The final splat morphology is very much like that in Figure 10, but air entrapment has been eliminated greatly.



As for solidification microstructure, most of the grains are columnar. Due to the air bubble, the yellow grain beneath it stops growing early, while the left (light brown) grain grows over the bubble and is linked to the right (dark brown) one eventually.



Next, restriction on the set-in time of the second droplet is relaxed. Figure 15 provides the numerical outcomes for different set-in times of the second droplet. In the left column, the second droplet is brought in at 0.15 μs, when the first just finishes its spreading process, with only a small portion being solidified. Moreover, air entrapment occurs beneath the spreading front of the first droplet at 0.15 μs. Its formation may differ from those occurring around the impacting center and near the converging zone of two spreading front as in Section 3.2. Because of a large portion still being liquid, the two droplets merge when they come together, as shown at 0.25 μs. Note that some amount of air has been trapped by then. The undulation is smoothed out by surface tension and gravity. However, the final solidification microstructures around the contact area of the two, although slightly curved, are not affected too much by fluid motion nearby. The situation is nearly the same for the right column; hence, no more explanation is required.





4. Concluding Remarks


With an aim at delving into air entrapment in binary droplet impact with solidification microstructure formation in plasma spraying, a complex numerical model was established. The model consists of two diffuse interface sub-models to capture liquid–gas and solid–liquid (solid–solid) boundaries, respectively. An explicit finite difference method on a half-staggered grid was employed to solve the pressure–velocity coupling. The major findings are below.



	
When two droplets—initially separated by less than the maximum spread diameter as if one droplet impinged—impact simultaneously onto a solid surface, air would be trapped near the spread front and the grain boundary nearby curved towards the liquid.



	
If one of the droplets is hollow, then air entrapment may not take place near the spreading front, since the liquid jet of higher kinetic energy—obviously from the dense droplet—when coming close to the less energetic one, may push the oncoming liquid backwards, thus leaving a concave surface on the splat formed by the hollow droplet.



	
Air entrapment can be eliminated if the second droplet is introduced when the first is completely solidified. In the parameters used herein, the horizontal distance between the two droplets should be around 90% of the maximum spread diameter as if one droplet impacted.
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Figure 1. Problem schematic with boundary conditions defined. (a) is the initial configuration and (b) is of some time later. 
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Figure 2. Dynamics of air entrapment: (a) Initially, the droplet resides   ∆ y   away from the substrate; (b) compression just begins; (c) the first contact. L0 is the initial contact radius, different from L. 
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Figure 3. Estimate of the horizontal length scale L. The red denotes the contour of the drop and the blue signifies that of the substrate. 
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Figure 4. Estimate of height    H *   . The sound speed in the gas is denoted by c. The solid green line denotes the drop bottom. The solid and dashed green lines constitute a control volume. 
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Figure 5. Enclosure of the bubble. (a) marks the appearance of the lamella and (b) shows when the lamella touches the substrate for the first time. 
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Figure 6. The second stage of compression. 
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Figure 7. A half-staggered grid. ψ stores other variables such as temperature, and u and v are velocity components in the horizontal and the vertical directions, respectively. 
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Figure 8. Validation of the model. The experimental photographs are taken from Aziz et al. Reprinted with permission from Ref. [29] Copyright Phys. Rev. E 1998, where (a) is of experimental results, (b) is of drop profile and (c) is of pressure distribution, measured in Pa. 
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Figure 9. Spread factor evolution for the Tin drop impact. The standard error is shown as well. 
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Figure 10. Typical binary droplet impact under plasma spraying conditions. In the left column, red denotes solid, green gas, and blue liquid. In the right column, blue signifies fluid while the others represent crystals of distinct orientations. 
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Figure 11. Temperature distribution at particular instants. 
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Figure 12. Air entrapment suppression in binary droplet impact with one being hollow. 






Figure 12. Air entrapment suppression in binary droplet impact with one being hollow.



[image: Coatings 12 01990 g012]







[image: Coatings 12 01990 g013 550] 





Figure 13. Effect of void size in the hollow droplet. 
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Figure 14. Sequential droplet impact with well bonding. 
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Figure 15. Effect of the set-in time of the second droplet. 
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Table 1. Thermophysical quantities used in simulations.
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	YSZ
	Air
	Substrate





	Density (     kg / m   3   )
	5890 [30]
	   1  . 18    
	8400



	Specific heat (  J / kg · K  )
	713 [31]
	1006
	575



	Thermal conductivity (  W / m · K  )
	2.32 [31]
	0.0263
	18.8



	Viscosity (  mPa · s  )
	27.8 [29]
	0.0185
	-



	Surface tension (N/m)
	0.43 [31]
	-
	-



	Latent heat of fusion (  kJ / kg  )
	  707   [31]
	-
	-



	Melting point (K)
	2923
	-
	-



	Anisotropic strength    ε 4   
	0.01
	-
	-



	Contact angle
	120°
	-
	-
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Table 2. Fitting parameters in the phase field model.
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	Parameter
	Value
	Parameter
	Value





	  ξ  
	   1.25 ∆ x   
	     ε ˜  ϕ  = s   
	   1.25 ∆ x   



	   C n = ξ /  L c    
	   0.0104   
	    τ θ    
	     τ ˜  ϕ    



	  M  
	   ξ 2  / 16  μ e    [32]
	    ε θ    
	   ~   10   − 3     ε ˜  ϕ    



	  λ  
	   a 1    ε ˜  ϕ  /  d 0    [29]
	  μ  
	     10  3    



	     τ ˜  ϕ    
	   a 2  λ   ε ˜  ϕ 2  / D   [29]
	  β  
	     10  5    
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