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Abstract:



In recent years, physics-based computer models have been increasingly applied to design the drop-on-demand (DOD) inkjet devices. The initial design stage for these devices often requires a fast turnaround time of computer models, because it usually involves a massive screening of a large number of design parameters. Thus, in the present study, a 1D model is developed to achieve the fast prediction of droplet ejection process from DOD devices, including the droplet breakup and coalescence. A popular 1D slender-jet method (Egger, 1994) is adopted in this study. The fluid dynamics in the nozzle region is described by a 2D axisymmetric unsteady Poiseuille flow model. Droplet formation and nozzle fluid dynamics are coupled, and hence solved together, to simulate the inkjet droplet ejection. The arbitrary Lagrangian–Eulerian method is employed to solve the governing equations. Numerical methods have been proposed to handle the breakup and coalescence of droplets. The proposed methods are implemented in an in-house developed MATLAB code. A series of validation examples have been carried out to evaluate the accuracy and the robustness of the proposed 1D model. Finally, a case study of the inkjet droplet ejection with different Ohnesorge number (Oh) is presented to demonstrate the capability of the proposed 1D model for DOD inkjet process. Our study has shown that 1D model can significantly reduce the computational time (usually less than one minute) yet with acceptable accuracy, which makes it very useful to explore the large parameter space of inkjet devices in a short amount of time.
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1. Introduction


Inkjet technologies have advanced significantly since the first commercialization in 1970s, with focus in text and graphic printing. The dramatic expansion of printing material [1] makes it not only a term describing graphic printing, but also a term covering a range of technologies which involve the ejection of droplets from a printhead onto a substrate. Due to its ability to precisely deliver picoliter-scale volumes of liquid at high speed and low cost, inkjet technologies have already extended beyond the traditional printing area into a wide variety of emerging applications, such as additive manufacturing [2], electronic device prototyping [3], pharmaceutics [4], tissue engineering [5] and spray cooling of electronics [6]. Generally speaking, inkjet devices are classified as one of two kinds: continuous inkjet (CIJ) and drop-on-demand (DOD) inkjet, which are distinguished by the form of the ejected liquid. The schematic of these two systems are shown in Figure 1. A CIJ device ejects a continuous stream of liquid, whereas a DOD device ejects droplets at a regular time interval, and is controlled by electronic signals. Further, depending on the actuation of the driving pulse, there are two major varieties of DOD inkjets: piezoelectric inkjet (PIJ) and thermal inkjet (TIJ) [7]. For PIJ, the pressure gradient is generated by the deformation of a piezoelectric transducer (PZT). By contrast, TIJs use a thin film resistor to boil part of the ink, generating an expanding bubble that pushes ink out of the nozzle.


Figure 1. Schematics of inkjet systems: (a) continuous inkjet (CIJ) inkjet; (b) drop-on-demand (DOD) inkjet.
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When the liquid is ejected from the DOD inkjet device, it undergoes a series of physical events: 1. the drop emerges from the nozzle due to actuation; 2. the drop pinches off from the nozzle; 3. the drop breaks up into main droplet followed by multiple satellite droplets; 4. the satellite droplets may coalesce or catch up to and recombine with the main droplet. Satellite droplets often cause detrimental effects on printing quality, because they tend to scatter on the substrate. Therefore, fundamental understanding of droplet ejection is crucial to various applications of the DOD inkjet technologies.



Due to the recent significant advances of high-speed imaging systems, modern experimental methods can reveal great details of inkjet droplet ejection process [8,9,10,11], and have become an indispensable step in the development of inkjet devices. However, it is not cost effective to use empirical methods to optimize inkjet devices because of the high cost, long development time, and complexity. As a result, physics-based computer simulations become increasingly popular in inkjet industry. A 2D axisymmetric simulation of droplet ejection in DOD inkjet is pioneered by Fromm [12], who used the marker-and-cell method-based vorticity-stream function to solve Navier–Stokes (NS) equations in axisymmetric condition. Currently, finite element (FE) method [13,14,15,16], volume-of-fluid (VOF) method [17,18,19,20,21,22] and level-set (LS) method [23,24,25] are the most common methods used to solve the multiphase flow problem in inkjet process. Both TIJ and PIJ have been successfully simulated by a number of researchers [18,21,22]. Non-Newtonian fluids printing, which are almost used in all non-printing applications of inkjet, were also simulated by Morrison and his colleagues [13,16,26]. More recently, Tan et al. [22,27] carried out high fidelity 3D simulations of TIJ printhead including vapor bubble growth/collapse and refill of firing chamber for an actual complex printhead. However, 2D and 3D methods are usually computationally expensive, and hence, are not suitable for a large-scale screening of design parameters in the early design stage, such as nozzle geometry, fluid properties, and operation conditions. In addition, it is noteworthy that commercial software packages, such as FLOW-3D [28,29], CFD-ACE+ [30] and COMSOL [31], are also frequently used in simulation of droplet ejection, but the license price and complexity of operation prevent them from being extensively used by developers of DOD inkjet devices.



Therefore, 1D simulation seems to be a reasonable choice for vast-selection of design parameters, due to its low demand on computing resources and rapid turnout time. Adams and Roy [32] first carried out a 1D simulation of droplet ejection in a DOD inkjet printhead. They added the viscous term into the inviscid-slice model proposed by Lee [33]. Their 1D equations were solved by the MacCormack’s predictor-corrector algorithm in Lagrangian coordinates, but the result shows distinct discrepancies from Fromm’s 2D axisymmetric simulation with the same driving pressure boundary condition [34]. For example, their droplets have earlier breakup time and higher final velocity than 2D model. Shield and Bogy [35] presented a different method based on Green’s Cosserat theory [36]. They employed the MacCormack’s algorithm in an Eulerian grid to solve the governing equations. By including and excluding the radial inertial term of the 1D Cosserat equations for an inviscid axisymmetric jet, they found that, at a higher Weber number, the omission of radial inertia has a greater effect on the droplet profiles than at a lower Weber number. Wallace [37] simulated the performance of a PIJ device based on a method of characteristics solution to the hydraulic transients in the devices. With inclusion of PZT dynamics in his model, he studied the effect of voltage waveform on droplet formation, which matched experiments qualitatively. These published studies have demonstrated the significant advantage of 1D models over 2D or 3D models in terms of the computational cost. For example, even with the very low computing capacity (38 MHz CPU) in 1980s, it takes only about 30 s for Shield [35] to complete a droplet calculation until breakup. From the mid-90s, a 1D lubrication approximation of NS equations proposed by Eggers and DuPont [38] (E&D) has gained an extensive popularity in investigation of fluid dynamics of microscopic droplets (thin liquid filaments). Compared with Lee’s and Green’s theories, its success lies in its self-consistent property, and the inclusion of radial inertial and viscous force. This model has been validated in various areas (e.g., dripping [39,40], continuous jetting [41,42,43], and filament contraction [10,44,45]), by theories, experiments, and full 3D simulations. To our best knowledge, so far, only Shin et al. [46] has applied E&D model to DOD inkjet with a focus on the mass transport rate of a squeeze mode PIJ. However, there is no droplet ejection process reported in their study. Through our literature survey, we find that a comprehensive and rigorous validation of 1D models for droplet ejection (e.g., droplet shape, velocity, volume, and breakup time) in inkjet technologies is still missing in these published studies. As a result, it remains unclear how well the 1D models predict the inkjet process.



The objective of this paper is to investigate whether 1D simulations can be applied to DOD inkjet droplet ejection through a comprehensive validation. As the first stage of a long term study, we only considered Newtonian fluid in this work. Fluid physical events, including the droplet formation, droplet breakup, droplet coalescence, and meniscus motion at the orifice are included into our 1D model. The droplet emergence from the orifice is based on the E&D’s 1D equations of motion which are solved by method of lines (MOL) in a moving uniform staggered mesh. The shape-preserving piecewise cubic interpolation and third-order polynomial curve are employed to treat the coalescence of approaching droplets. The nozzle of the inkjet device is simplified into a circular tube, and hence, a 2D axisymmetric unsteady Poiseuille flow model can be adopted to describe the fluid dynamics in the nozzle. Droplet formation outside the nozzle plane and fluid dynamics in the nozzle are coupled together to simulate the droplet ejection process. These algorithms are implemented in a MATLAB code. To validate the proposed method and simulation code, a series of numerical tests are performed, including infinite microthread breakup, liquid filament contraction, droplet flight, and droplet ejection with a simple step-function pressure wave. To benchmark the 1D model, 2D axisymmetric simulations are conducted using a high fidelity code which is adapted from the open-source Gerris [27]. Acceptable agreement is found between the 1D and 2D results, whereas 1D simulations take significantly less amount of time than 2D simulations. Finally, examples of droplet ejection with different Oh number are presented to study the effect of Oh number on the droplet formation.




2. Mathematical Model


The droplet ejection of a DOD inkjet is virtually a liquid–air two-phase flow problem, which often involves the solution of the NS equations for both fluids. However, the viscous force of air can be neglected, due to the high liquid–air density ratio and extremely short period of droplet ejection time, i.e., the shear stress along free surface is assumed as zero. Thus, only the liquid phase is solved in the droplet formation analysis. Besides, given the high velocity of typical inkjet droplets (10–30 m/s) and the tiny diameter of orifice (10–30 μs), the Froude number, representing the ratio of inertia force and gravity, is very large, and the Bond number, representing the ratio of gravity and surface tension, is very small. Therefore, we can safely drop the gravity term from the governing equations of fluid.



2.1. Droplet Formation Model


In this section, we will briefly recap E&D’s 1D slender-jet model [38] and present how to reduce the full NS equations into a 1D problem for an axisymmetric incompressible Newtonian free-surface fluid. From here onward, variables pertaining to fluid property, namely dynamic viscosity, surface tension, stress tensor, and density, are set as μ, σ, T, and ρ respectively, and different from previous 1D methods mentioned in the introduction; a shape function h(z, t) is introduced to describe the geometry of droplet.



The dynamics of a DOD inkjet is governed by the NS system without body force:
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(2)




where D/Dt is full derivative with respect to time, v is the velocity vector of fluid, and [image: ] and Δ are gradient and Laplace operator, respectively. The stress balance and radial velocity field at interface give three boundary conditions are as follows:
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(5)




where n and t are normal and tangential unit vectors, H is the mean curvature and the suffix of v represents the corresponding velocity component of fluid. Obviously, Equation (3) reflects the assumption of non-shear stress in free surface, Equation (4) is based on the Young–Laplace equation and the left-hand side (LHS) of Equation (5) is exactly the change rate of droplet shape. Due to the large aspect ratio of slender liquid column, lubrication approximation can be applied to simplify the governing equations. Therefore, axial velocity and pressure are expanded into Taylor series in the radial coordinate.
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By substituting axial velocity Equation (6) into continuity Equation (2), radial velocity is retained in a series form which determines the inclusion of radial inertia in this model.
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Finally, after plugging Equations (6)–(8) into Equations (1) and (2) and boundary condition Equations (3)–(5), solving them to the lowest order in r, and non-dimensionalizing them by length scale of orifice radius r0 and capillary velocity scale [image: ] = [image: ], the NS equations are transformed into two coupled 1D PDEs of motion:
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(9)
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(10)




where Oh = [image: ] is the Ohnesorge number, representing the ratio of viscous force and surface tension, and the superscript + denotes the dimensionless form of variables.




2.2. Nozzle Dynamics Model


Generally, a DOD inkjet printhead consists of three main components: firing chamber, ink flow channel, and nozzle, but the detailed structures are diverse and complicated. For example, the PIJ typically has four kinds of modes: squeeze, bend, push, and shear [10]. Each mode has different structures of the firing chamber. The dynamics of firing chamber and fluid flow in the channels are not considered in current study, so this research is not restricted to any specific kind of DOD inkjet devices. Similar to Adams and Roy’s method [32], we simplify the printhead nozzle as a circular capillary tube and apply a time-dependent pressure at the nozzle inlet to represent the driving force. A 2D axisymmetric unsteady Poiseuille flow model can be employed to describe the hydraulic transients in the nozzle. In the subsequent analysis, we will follow Lee’s Laplace transformation method [47] to derive an analytical solution of velocity profile in the nozzle.



The governing equation for Poiseuille flow is a reduced NS equation which only contains the axial velocity component:
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(11)




where pz is the axial pressure gradient. Note that, because the surface tension is not involved in the pipe flow, this equation has been made dimensionless with a series of scalers different than those in the droplet formation model. As a result, we use a different superscript, asterisk, to represent the dimensionless variable.
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(12)




where Ln is the length of the nozzle. By performing a Laplace transform for Equation (11) with respect to t* and applying initial condition v*(0, r*) = 0, we get an ODE.
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(13)







Clearly, a particular solution of Equation (13) is [image: ] = [image: ]/s, and the corresponding homogeneous equation can be written as Bessel’s differential equation with assumption η = ir*[image: ].
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(14)







Therefore, the general solution for [image: ] can be expressed by the zeroth order Bessel function of first kind J0 and the second kind Y0.
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(15)







Through boundary conditions of [image: ](s, 0) = finite and [image: ](s, 1) = 0, Equation (15) is determined as
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(16)







With the residual and convolution theorem, the inverse Laplace transformation of Equation (16) finally yields the dimensionless analytical solution for v* which is driven by the time-dependent pressure gradient pz*(t*).
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(17)




where bn is the eigen value of J0(bn) = 0. The solution Equation (17) has been validated by Jiang [48] in comparison with the solutions based on the superposition of steady Poiseuille flow.





3. Numerical Method


3.1. Solution Method for Droplet Formation


Because the equations of motion (9) and (10) are in the Eulerian formulation, which is not compatible with the moving droplet boundary, we need to modify them to fit to Lagrangian coordinates. In the pure Lagrangian method, nodes move with the fluid velocity, which often causes severe mesh distortion after a period of time, as a result, frequent checking of mesh quality and remeshing increases the computational costs. To avoid this disadvantage, the arbitrary Lagrangian–Euler (ALE) method is used to ensure that the nodes are always evenly distributed in a droplet [41]. First, we map a fixed computational space x to the moving physical space z:
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(18)




where B is the axial coordinate of the beginning node of droplet, Ld is the length of droplet in physical space. Note that, because of the linear relationship, nodes in physical space always have the same distribution as the computational space. Then the total time derivative of a scalar variable φ(z,t) can be expressed by the chain rule
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(19)




where [image: ] is the velocity of beginning node vbegin, and [image: ] is the contraction rate of droplet vend-vbegin. By applying Equation (19) for velocity v and shape function h, the equations of motion (9) and (10) are modified into the Lagrangian formulation.
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We reiterate that the velocity and shape are not tracked by pure Lagrangian coordinates and the nodes do not move along a streamline. This Lagrangian coordinates are defined by Equation (18), and that is why Equations (20) and (21) still retain the advection term.



Equations (20) and (21) are discretized by finite difference method and solved by MOL [49] subject to appropriate boundary conditions and initial conditions. Specifically, a uniform staggered mesh is defined in the computational space and the finite difference method is used to represent all the partial spatial derivative term in right-hand side (RHS) of Equations (20) and (21). For example, we apply the first order upwind scheme for advection terms and the second order central difference scheme for the other terms. In this way, Equations (20) and (21) are simplified into two ordinary equations with only full time derivative of v and h on the LHS. We integrate v in one set of nodes and integrate h in the other set of staggered nodes as shown in Figure 2. The MATLAB ODE solver routine “ode23t” is used to implement MOL.


Figure 2. Uniform staggered mesh of droplet formation: a droplet connecting to the nozzle.
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There are two kinds of boundaries as indicated in Figure 2: free boundary and nozzle orifice. Both velocity and height boundary conditions are applied at the two types of boundaries. For free droplets (which are not connected to the nozzle orifice), both ends of the droplets are free boundaries. By contrast, for droplets connected to the nozzle, one end is the free boundary, whereas the other end is at the nozzle orifice as shown in Figure 2. At the free boundary, we apply [image: ] = 0, as there are no external forces due to the assumption of free shear stress at the liquid–air interface. The height of the tip of the droplets is zero, i.e., [image: ] = 0. At the nozzle orifice, a Dirichlet velocity boundary condition is applied as [image: ] = [image: ], where [image: ] is the mean velocity of the flow in the nozzle region (as mentioned in Section 3.4). The height of the liquid at the orifice can be fixed on the orifice edge, however, this leads to a severe numerical instability when the surface overturn occurs. Hence, we just apply [image: ] = [image: ] at the orifice plane.



Large extension and contraction of liquid domain during the droplet ejection process can make the mesh over-coarse or over-dense, which often results in a larger numerical error and a higher computational cost. To address this issue, a range of mesh size is defined as 0.5dz0 < dz < 1.5dz0, in which dz is the current mesh size and dz0 is the initial mesh size. If dz is out of this range, the droplet domain will be remeshed with a mesh size closest to the dz0. Due to the high sensitivity of surface tension to droplet shape, the shape-preserving piecewise cubic interpolation is used to evaluate these new nodes.




3.2. Treatment of Droplet Ends and Droplet Breakup


The curvature can be calculated by
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(22)







To avoid the singularity of Equation (22) at the droplet ends and the breakup location due to h+ = 0, Equation (22) is transformed by f+ = h2+ as expressed in Equation (23). A non-zero denominator is insured in the new expression of mean curvature (23) even if f+ becomes zero at the ends of the droplet.
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(23)







Actually, all h2+ in equations of motion (20) and (21) are replaced by f+ in our numerical calculation. This practice also increases the accuracy of the shape function h by two orders of magnitude compared with directly using h in the finite-difference approximation.



A threshold of droplet radius is defined for the breakup. When the radius of a droplet (except two ends) reaches 1% of the orifice radius r0, a breakup occurs there. To improve the numerical stability, instead of separating the droplet exactly at the point reaching the threshold, we create two new ends next to the breakup point and leave a space between them to guarantee a clear partition, as shown in Figure 3.


Figure 3. Schematic of droplet breakup.
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3.3. Treatment of Droplet Coalescence


The first issue needed to figure out in droplet coalescences is to determine when a coalescence is going to occur. To avoid an immediate coalescence after the breakup and the overlap caused by the later coalescence, the following condition should be satisfied:
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(24)







As shown in Figure 4a, v1, v2, dt, and ΔL in Equation (24) are velocity of the tail node in the first droplet, velocity of the head node in the second droplet, time step, and distance between two droplets, respectively. The coefficient of 0.8 in Equation (24) is chosen from our numerical tests. Note that although mesh is always evenly distributed in a droplet, different droplets usually have different mesh size due to the extension and the contraction during fluid motion. As a result, the whole space occupied by the merged droplet needs to be first remeshed with a uniform mesh size (i.e., the original mesh size dz0), as shown in Figure 4b. Similar to the case of the remeshing, due to the severe contraction and the extension, the shape-preserving piecewise cubic interpolation is also used to evaluate height and velocity at new nodes. After that, two nodes nearest to the approaching ends can be identified, as shown in Figure 4c. We call these two nodes clip points, because the area between them, namely the blending area, will be clipped out for shape reconstruction. The smoothness of the blending area is paramount for numerical stability [41], therefore, a third-order polynomial curve is used to construct a smooth contour in the blending area. It means that at least two more equations are needed to determine this curve except the clip points. These two equations are given by a throat which is located in the center of blending area, with a height of 1% of orifice radius r0 and a slope of zero. Figure 4d shows the result of drop coalescence with a highlight on the blending area and the throat. While this blending method is reliable and robust, it does add a small amount of mass into the system. We examined several instances, and found that the additional mass is less than 0.1% of the two merging droplets, and hence, is negligible.


Figure 4. Numerical procedure of droplet coalescence: (a) Two approaching droplets with different mesh sizes; (b) Remesh the whole space occupied by the merged droplet with a uniform mesh size; (c) Find clip points and blending area; (d) A merged droplet after the reconstruction of blending area.
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3.4. Coupling of Nozzle Dynamics and Droplet Formation


Meniscus is the interface between the fluid in the nozzle and the ambient air. The meniscus can recede inside the nozzle or protrude out of the nozzle plane, as shown in Figure 5. When the extension of the liquid from the nozzle plane (i.e., the dashed line in Figure 5) is less than a threshold distance (i.e., the nozzle radius), the liquid motion can be solved just using the nozzle dynamics model (discussed in Section 2.2). However, if the liquid protrudes out of the nozzle beyond the threshold, the liquid motion outside the nozzle plane has to be solved using the droplet formation model (discussed in Section 2.1), whereas the liquid motion inside the nozzle is still solved by the nozzle dynamics model. As a result, the solution of droplet formation needs to be coupled with the solution of the nozzle dynamics.


Figure 5. Different stages of meniscus: (a) Hemi-ellipsoid: the extension of vertex is less than the negative orifice radius, due to negative driving pressure at the start of a pulse; (b) Segment of sphere: the extension of vertex is shorter than the positive orifice radius; (c) First coupling moment: the extension of vertex reaches positive orifice radius, and the hemisphere is discretized by a uniform staggered mesh. The boundary condition of droplet formation model is the mean velocity at nozzle orifice. The blue dashed line is the position of orifice plane, and the red circle is the position of vertex.
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The pressure porifice produced by the outer flow, i.e., meniscus and droplets, are taken into consideration for the calculation of the pressure gradient in the nozzle region [32]. porifice is the capillary pressure and can be determined by the shape of the outer flow. The non-dimensional pressure gradient in the nozzle region can be obtained by
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(25)







Then with the help of Equation (17), the velocity profile in the nozzle can be obtained, which in turn will be applied as the boundary condition for the droplet formation model. A detailed flow chart of the coupling method of the nozzle dynamics and the droplet formation is shown in Figure 6.


Figure 6. Flow chart of 1D simulation of droplet ejection in DOD inkjet.
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Although the accurate shape of meniscus demands many points along radial direction to depict, we only use a segment of the sphere determined by the position of vertex to represent it, as shown in Figure 5b. This simplification can greatly ease the calculation, because we only need to consider the centerline velocity v*center and the capillary pressure porifice at the orifice plane.
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(27)
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The RN and RT and a in Equation (27) are the normal and tangential principle radius of meniscus, as well as the extension of vertex. Equation (28) is the Young–Laplace equation.



Nevertheless, a segment of the sphere is unable to represent the meniscus if the displacement of the vertex inside the nozzle is larger than the orifice radius, such as the case in Figure 5a. Actually, this scenario often occurs at the beginning of the driving pressure wave, where a strong negative pressure sucks the meniscus into the nozzle. As a result, in this case, we switch to a hemi-ellipsoid to represent the meniscus. The expression of RN and RT are given in Equation (29).
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(29)







When the extension of the vertex outside the nozzle plane is equal to the orifice radius, i.e., the shape of meniscus reaches a positive hemisphere, it triggers the coupling of the droplet formation and nozzle dynamics. At this moment, for the droplet formation model, the initial condition is provided by the discretization of the meniscus hemisphere in a uniform staggered mesh and the assumption that the hemisphere moves uniformly with the mean velocity, and the boundary condition is always determined by the mean velocity at the orifice v*mean.
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4. Numerical Tests


In this section, we present four numerical tests to validate our 1D model. The first example is an infinite microthread under different sinusoidal perturbation. The second example involves a single sphere droplet flying without any disturbance, aiming to evaluate the calculation of surface tension and the conservation of the mass and momentum. The third example is a contracting filament with different Ohnesorge number. The fourth example is a DOD inkjet under a step driving pressure to check the overall performance of the 1D simulation. The numerical results are compared with established simulation data available from the literature and the high fidelity 2D axisymmetric simulations using our in-house developed code which has been used in modeling of various surface-tension driven flows in inkjet technologies [27,50,51,52,53].



4.1. Infinite Microthread


Since Rayleigh’s linear theory [54], the stationary infinite thread of liquid with harmonic disturbance has become a standard model to investigate the temporal instability of a liquid jet [55], because the behavior of the jets is substantially independent of the forward motion common to all its parts [56]. A lot of data has been established by previous publications. Here, we compare the breakup time predicted from our code with Ashgriz’s 2D finite element simulation [55] and Furlani’s 1D finite difference simulation [42].



With wavelength λ, scaled wavenumber k+ = 2πr0/λ and amplitude ratio ε, the shape of the microthread is described by
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(31)







Instead of using the Oh number in our equations of motion (9), Ashgriz and Furlani adopt the Re number to determine the property of the microthread. Actually, they are equivalent, viz. the Re number is the reciprocal of the Oh number, because the microthread is stationary and the capillary velocity vc is applied into the Re number.
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(32)







A series of scaled time t+ = t/tc (capillary time tc = (ρr03/σ)1/2) of breakup are obtained with different k+ and Re under ε = 0.05. Table I lists the breakup times predicted from our simulations, as well as Ashgriz’s [55] and Furlani’s [42] simulations. A very good agreement between our study and these published studies can be found from Table 1. Figure 7 shows the evolution of the droplet profile at the breakup moment and post-breakup for k+ = 0.7 and Re = 10.


Figure 7. Evolution of an infinite microthread under harmonic perturbation (k+ = 0.7, Re = 10, ε = 0.05): (a) Breakup moment; (b–d) Post-breakup moments. The dash line represents initial shape of the microthread.
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Table 1. Comparison of scaled breakup times from our 1D simulation (third row) with Ashgriz’s (first row) 2D simulation and Furlani’s 1D simulation (second row).





	
ε = 0.05




	

	
k+ = 0.2

	
k+ = 0.45

	
k+ = 0.7

	
k+ = 0.9






	
Re = 200

	
25.213

	
12.911

	
10.035

	
14.495




	
25.0

	
12.6

	
9.7

	
11.0




	
25.036

	
12.722

	
9.767

	
11.098




	
Re = 10

	
26.683

	
14.299

	
11.623

	
14.83




	
27.9

	
14.3

	
11.4

	
14.4




	
27.005

	
14.306

	
11.480

	
14.523




	
Re = 0.1

	
230.6

	
243.2

	
311.9

	
628.2




	
227

	
238

	
305

	
634




	
234.025

	
245.748

	
313.740

	
642.686











4.2. Free Flying Droplet


The DOD inkjet is a surface-tension dominated flow [22,27]. The calculation of the surface tension on the free surface is critical to the successful modeling of the droplet ejection process. To test how well our model deals with the surface tension as well as the conservation of the mass and the momentum, we carry out a simulation of a sphere droplet flying straight without any disturbance. Because we neglect the drag force caused by the air, the exact solution is straightforward, i.e., the sphere droplet should keep its spherical shape and have a uniform linear motion. Therefore, by monitoring the mass, the momentum, and the droplet shape during numerical solution, we can easily evaluate the accuracy of the surface-tension calculation and the numerical algorithm proposed in this study.



The initial velocity and radius of droplet is set as v0 = 10 m/s, r0 = 10 μm, and Oh = 0.01. To check the mesh convergence, three mesh sizes (i.e., the number of nodes are 51, 101, and 201, respectively) are applied. The time histories of the momentum and the mass of the flying droplet are plotted in Figure 8c,d, respectively. Note that the y axis is the deviation compared with analytical solution with unit of ‰. We can find that even for the coarsest mesh, the error is less than 0.3‰. The momentum increases very slightly at the beginning and then becomes stable. When the mesh size is refined further, the momentum is almost strictly conserved in the whole motion. The sphere shape of droplet is also very well maintained in the entire process for all mesh sizes. The shape at t+ = 1 and t+ = 2 for mesh size of 101 nodes are shown in Figure 8a,b. It is clear from Figure 8 that the droplet shape is identical to the initial shape.


Figure 8. Single sphere droplet flying without disturbance: (a) Droplet shape at t+ = 1; (b) Droplet shape at t+ = 2; (c) Momentum history; (d) Mass history.
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4.3. Liquid Filament Contraction


When the droplet pinches off from the orifice of a DOD inkjet device, the droplet is a nearly symmetrical filament about its equatorial midplane [44]. Therefore, the study on the contracting liquid filament can give insight on how satellite (secondary) droplets are formed, which is of great importance in inkjet printing. The most widely studied filament shape comprises an axisymmetric cylinder body and two hemispherical cap at both ends, and is initially taken to be at rest [57]. Thus a test on the contraction of this kind of filament can shed some light on the performance of our 1D model in predicting the evolution of satellite droplets. Since there are only two parameters governing this problem [44], the aspect ratio α = L0/2r0 (where L0 and r0 is the length and radius of the filament, respectively), and the Oh number. In this test, a short filament and a long filament are examined respectively, and three Oh numbers are applied in the long filament. The results are compared with the 2D axisymmetric simulations which are carried out using the modified open-source code Gerris [27].



When the filament is short and the viscosity is not very high, it will ultimately contract into a sphere and oscillate several times before reaching the stable state. The parameters for the short filament are α = 4.5 and Oh = 0.1. Figure 9a plots the initial filament shape and the final liquid shape after contraction. As expected, for the short filament, the liquid filament collapses into a perfect spherical droplet. The time histories of filament length predicted from 1D and 2D simulations are shown in Figure 9b, where y axis is the scaled length L+ = L/r0. It is clear that the 1D simulation result agrees very well with the 2D simulation during the contracting phase. The result from the 1D model begins to diverge from that predicted by the 2D model during the oscillation stage. This is because of the large vorticity generated during oscillation, which makes the 1D assumption invalid [44,58].


Figure 9. Short filament contraction (α = 4.5, Oh = 0.1): (a) Comparison of initial and current shape; (b) Comparison of time histories of the filament length between 1D and 2D simulations.
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For a long filament, behavior varies with the Oh number. With a low Oh number (i.e., strong surface tension and weak viscosity), the long filament tend to breakup at the tip in contraction and produce multiple droplets in the end, instead of recoiling into a single droplet in the high Oh number scenario. Thus, similar simulations are carried out using a large aspect ratio α = 15 and Oh = 0.1, 0.01, and 0.001. Both 1D and 2D simulation results show that the filament breaks up in Oh number of 0.01 and 0.001, which agrees, very well, with Castrejon-Pita’s experimental result [59] and Hoath’s critical aspect ratio of 4.2 for low viscosity fluid [60]. The comparison of the evolution of the filament shape predicted by the 1D and 2D simulations is shown in Figure 10a,c,d,e,g. Since the liquid filament for cases of Oh = 0.01 and 0.001 eventually breaks up into multiple droplets, we only plot the entire evolution of the filament for Oh = 0.1.


Figure 10. Contraction of long liquid filament: (a,c,d,e,g) Shape evolution with different Oh; (b,f,h) Filament length vs time with different Oh.
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It is clear that the dashed line (2D simulations) and the solid line (1D simulations) are almost axisymmetric to each other in Figure 10a,c,e,g. It is noticeable that there are some differences in Figure 10d for Oh = 0.1. The filament predicted by the 2D method contracts more intensively than that from 1D solution, and has an overturned surface when t+ = 16 and 17. This is caused by the intrinsic limitation of the 1D method, i.e., the inability to describe a multivalued curve. The comparisons of the filament length predicted by the 1D and 2D simulations for different Oh numbers are shown in Figure 10b,f,h. It is observed that the red line with circle mark (1D) nearly overlaps the blue line with triangle mark (2D) in most of the solution time.




4.4. Step Driving Pressure


To validate the overall performance of our 1D model for an inkjet process, a droplet ejection is simulated with 1D model with real nozzle dimensions of r0 = 10 μm, Ln = 50 μm. Ink properties are ρ = 1.135 g/cm3, σ = 67.26 dyn/cm, μ = 0.0615 P. A simplified step driving pressure (shown in Table 2 and Figure 11) is employed in the test, which is used by Fromm [34] and Adams [32], as well. The results are compared with the 2D simulation.


Figure 11. A typical step driving pressure.
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Table 2. A typical step driving pressure.
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The comparison of the evolutions of droplet ejection between 1D and 2D simulations are shown in Figure 12. As shown in Figure 12, there is a very good agreement between the 1D and 2D methods in the first 5 μs in terms of the meniscus movement and droplet formation. This indicates that the simplification of meniscus shape mentioned in Section 3.4 is a reasonable approximation for the droplet ejection in DOD inkjet technologies. A noticeable difference begins to appear after 7 μs. The meniscus of the 2D method has an overturned surface around the orifice, which cannot be described by the1D method. However, the droplet shape out of the orifice plane from 1D simulation is in a good agreement with that from 2D simulation. Besides, it is noteworthy that both models predict nearly the same droplet pinch-off time of ~11 μs, which demonstrates a good temporal accuracy of the 1D method. At 20 μs, the relative position of both droplets changes. Due to its longer tail and larger mass, the droplet predicted by the 2D method is surpassed by that of the 1D method. As the two methods predict a slight difference in terminal velocity, the distance between them keeps increasing after 28 μs.


Figure 12. Single droplet ejection in DOD inkjet under a typical step driving pressure.
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The time history of the accumulative liquid volume from the orifice plane predicted by the 1D simulation is compared with that by the 2D simulation as shown in Figure 13a. The final volume in each curve of Figure 13a indicates the final droplet volume, which is 4.06 pL for the 1D simulation and 4.56 pL for the 2D simulation. The 11% difference between the 1D and 2D methods is acceptable, given the fact that the inevitable mass loss is caused by the overturned surface in the 1D method. The time histories of the average velocity of the droplet during ejection process predicted from the two methods are plotted in Figure 13b. It is clear that there is a very good agreement in droplet velocity between the two methods during the initial ejection phase. The 1D method predicts the final velocity as 538 cm/s, whereas the 2D method has a final average velocity of 492 cm/s. Given the same driving pressure, the smaller mass predicted by the 1D results in a slightly higher final velocity.


Figure 13. Comparison between 1D and 2D methods: (a) Accumulative liquid volume from the orifice plane; (b) Mean velocity.
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We also need to point out that the 1D simulation takes less than one minute to finish, whereas a 2D asymmetrical simulation takes about 18 min. The significant advantage of 1D model over 2D model in terms of computational cost makes the 1D model a very useful tool for the massive screening and optimization for inkjet devices.





5. Example of Droplet Ejection Simulation


In reality, the driving pressure of printhead is a damping sinusoidal wave instead of a simple step function. For the squeeze mode PIJ, the pressure waveform is usually the superposition of two waves: 1. a negative wave caused by the charging of PZT which is then reflected into a positive wave by the ink reservoir; 2. a positive wave result from the de-charging of PZT used to amplify the reflected wave [61]. To demonstrate the capability of our 1D model in dealing with the real inkjet condition and the effect of Oh number on the droplet formation, a typical PIJ pressure waveforms (as shown in Figure 14) is applied to the nozzle inlet and fluid properties are given as ρ = 1 g/cm3, σ = 40 dyn/cm, μ = 0.2 cP, 1 cP, 2 cP corresponding to Oh = 0.01, 0.05, 0.1. The nozzle dimensions are r0 = 10 μm, Ln = 50 μm. The waveform starts from a negative pressure with the minimum of −1.23 Mpa and the duration of 1.1 μs. At 2.0 μs, the first waveform is amplified by a higher pressure, reaching the extremum of 2.19 Mpa and −1.76 Mpa at 2.3 μs and 4.0 μs, respectively. Finally, the pressure waves are damped to zero.


Figure 14. Two typical PIJ driving pressure waveforms.



[image: Fluids 03 00028 g014]






Figure 15 shows the droplet ejection process with three different Oh numbers. The times of pinching off from the orifice are 5.3 μs, 5.4 μs, and 6.4 μs for Oh = 0.01, 0.05, and 0.1, respectively. The higher viscosity leads to a longer pinch-off time of the ligament, which is in agreement of Dong et al.’s experimental study [62]. In the case of Oh = 0.01, the droplet experienced large oscillation after being pinched off from the orifice, due to the low viscosity. On the contrary, in the highest viscosity case (i.e., Oh = 0.1), the main droplet almost did not oscillate much, and had a satellite droplet following it. However, due to the higher velocity, the satellite droplet caught up and merged with the main droplet at 16.1μs. In the case of modest viscosity (i.e., Oh = 0.05), surface tension and viscosity are balanced, thus, the oscillation is damped fast and no satellite droplet is produced.


Figure 15. Droplet ejection with (a) Oh = 0.01; (b) Oh = 0.05; (c) Oh = 0.1.



[image: Fluids 03 00028 g015]






Figure 16 plots the accumulative volume of the three ejections. The total volume in Oh = 0.01, 0.1, and 0.5 are 2.254 pL, 2.170 pL, and 2.053 pL, respectively. The droplet velocity for three Oh numbers are 7.8 m/s, 7.1 m/s, and 6.2 m/s, respectively. The decreased mass is the result of the increased viscosity. This result is also consistent with Dong et al.’s experimental study [62].


Figure 16. Comparison of accumulative volume from three ejection.
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6. Conclusions


A 1D numerical simulation of droplet ejection in DOD inkjet is presented in this paper. The whole process is divided into two coupled models: droplet formation and nozzle dynamics. Only the liquid phase is considered in the droplet formation model. The NS equations are reduced into two coupled 1D PDEs by the slender jet analysis. The governing equations are discretized by a uniform staggered mesh and solved by a finite-difference based ALE method. The fluid dynamics in the nozzle are described by the 2D axisymmetric unsteady Poiseuille flow, in which an analytical solution can be found. The droplet formation and the nozzle dynamics are coupled together once the meniscus extends from the orifice plane beyond the threshold value. Numerical treatment of the droplet ends, and the breakup location is proposed to avoid the singularity of the curvature calculation at these locations. The shape-preserving piecewise cubic interpolation and third-order polynomial curve are employed to treat the coalescence of multiple droplets during solution. These algorithms are implemented in an in-house developed MATLAB code.



Four numerical tests are carried out to comprehensively evaluate the performance of the 1D model for inkjet process. The breakups of an infinitely long microscopic liquid thread with different initial perturbations are first solved by the 1D model. The results show great agreement with previously published data. Then, the accuracy of the surface-tension calculation in the 1D model is proven in the example of a free flying droplet, in which the momentum and the mass are conserved very well with a very stable droplet profile. For the contracting liquid filament, the simulation results from the 1D model are compared against the 2D axisymmetric simulations. During the contracting phase, the evolution of the filament shape predicted by 1D and 2D methods is almost identical, whereas in the oscillation phase the droplet in the 1D method shows faster damping rate, due to the intrinsic limitation of the 1D method. The last test example is a 1D simulation of the droplet ejection under a simple step driving pressure. Close agreement of droplet shape and breakup time between 1D and 2D methods are found in this test. Finally, droplet ejections under a more realistic sinusoidal pressure waveform and with three different Oh number are presented to show the effect of Oh number on the droplet ejection. The simulations presented in this paper usually take less than one minute, which makes it very useful to quickly explore large design parameters of inkjet devices, including nozzle geometry, fluid properties, operation conditions (e.g., frequency, pressure waveform, etc.).
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