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1 Introduction 

In rocket engines, injectors are used to supply the liquid fuel and oxidizer into the combustion chamber. 
Such liquid reactants undergo atomization, vaporization, and combustion processes. Figure 1 presents 
the physical processes of liquid reactants in the combustion chamber. 

 

Figure 1: Physical processes in the combustion chamber [1-3] 

The liquid fuel and oxidizer breakup and form droplets in the atomization process. In the vaporization 
process, liquid droplets get some heat in the combustion chamber and become vapor. Vaporized 
reactants react and combust in the combustion process. On the other hand, simulations on the 
combustion chamber of rocket engines have often been performed focusing on only the combustion 
process. Most simulations assumed that the injected reactants immediately become a flammable mixture 
of gases, then combustion occurred while neglecting the atomization and vaporization processes. Still, 
it is necessary to consider the full processes (atomization, vaporization, and combustion) to design 
reliable and efficient injectors and combustors. Henceforth, a solver which can simulate atomization, 
vaporization, and combustion processes needs to be developed. 
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The development framework consists of the followings. In the atomization process, the reactants exist 
in two phases: liquid and gas. Their physical properties are discontinuous across the interface between 
these liquid and gas phases. The vaporization process is modeled by considering the energy conservation 
law. Lastly, chemical kinetics calculation is required in the combustion process. 

For the first step of the development framework, a solver for the atomization process is developed. In 
order to tackle the aforementioned challenges, two existing solvers are chosen: PeleLM [4-6] and IRL 
[7,8]. As the ultimate goal is to solve combustion, PeleLM is the most suitable candidate as the code 
solves variable density incompressible, reacting Navier-Stokes equation in the adaptive mesh refinement 
framework. Furthermore, the volume of fluid (VOF) method is necessary to interpret interfaces of 
multiphase flows. Thus, Interface Reconstruction Library (IRL) is coupled with PeleLM to solve the 
VOF with Piecewise Linear Interface Calculation (PLIC) method to develop a multiphase solver in the 
base of PeleLM. 

Furthermore, surface tension has considerable effects on spray breakup in the atomization process. 
Computing interface curvature from volume fraction is important to estimate the surface tension. There 
are three techniques for estimating curvature from VOF. These techniques are the convolved VOF (CV) 
technique [9], the reconstructed distance function (RDF) technique [10], and the height function (HF) 
technique [11,12]. Cummins et al. [10] compared these techniques and concluded that the CV and RDF 
techniques do not achieve the accuracy level of the HF method. Thus, in this work, an improved HF 
technique [12] is used to calculate the curvature to develop the solver for the atomization process. 

2 Numerical methods 

To develop a multiphase flow solver, the new scalar field α (volume of fluid) needs to be defined. If α 
is 0, there is no tracking fluid inside the cell and if α is 1, the cell is full with the tracking fluid. 

 

Figure 2: (a) The original scheme of PeleLM. (b) The coupled scheme of PeleLM and IRL. 

Figure 2 presents the original scheme of PeleLM and the coupled scheme of PeleLM and IRL. In the 
coupled flow solver, the flux of α is calculated with IRL. Then, the next time step αn+1 is updated with 
computed flux. Lastly, the next time step density is updated using αn+1. 

The viscosity coefficient also changed with α. At the beginning of each time step, the viscosity 
coefficient of the whole cell is updated using the following equation [13]. 

𝜇𝜇 = 𝜇𝜇𝑙𝑙𝛼𝛼 + 𝜇𝜇𝑔𝑔(1 − 𝛼𝛼), 

where the subscripts l and g denote liquid and gas, respectively. 
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In the continuum surface force model (CSF) [14], the surface tension force is calculated at the interface 
with the following equation. 

𝐹⃗𝐹 = 𝜎𝜎𝜎𝜎𝑛𝑛�⃗ , 

where σ is the surface tension coefficient, κ is the curvature, and 𝑛𝑛�⃗  is the interface normal vector. 

In this work, 𝑛𝑛�⃗  is obtained from the gradient of α using the method of Youngs [15]. Then, the improved 
HF technique [12] is used to calculate the curvature. Finally, the surface tension force is introduced in 
the momentum equation by force term. 

3 Validation results 

To verify the coupling of PeleLM and IRL, two test cases were conducted: (i) translation and rotation 
of Zalesak’s disk and (ii) three-dimensional deformation of a sphere droplet. To see just the IRL effect, 
the viscosity coefficient and surface tension force are set to zero at tests (i) and (ii). 

To verify the surface tension force introduced in the momentum equation, one test case was conducted: 
(iii) the sphere droplet test. To see the surface tension force effect only, the viscosity coefficient is set 
to zero at test (iii). 

3.1 Validation 1: Translation and rotation of a Zalesak's disk 

 

Figure 3: Test case 1a – translation of the Zalesak's disk. (a) Initial shape. (b) Translated disk without 
coupling IRL. (c) Translated disk with coupling IRL. 

 

Figure 4: Test case 1b – rotation of the Zalesak's disk. (a) Initial shape. (b) Rotated by 180 degree. (c) 
Rotated by 360 degree. 
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Figure 3 shows the result of the translation of the Zalesak's disk with and without coupling IRL. By 
comparing figure 3 (b) and (c), coupling IRL with PeleLM captures the interface of the liquid and gas 
phase more clearly than without coupling. Figure 4 shows the result of the rotation of the Zalesak's disk 
with coupling IRL. The interface of the liquid and gas phase is well maintained during the rotation with 
a minor loss of capturing the sharp-edged interface. 

3.2 Validation 2: 3D deformation of a sphere droplet 

Figure 5 shows the result of the three-dimensional deformation of the sphere droplet. Given a prescribed 
velocity field, the sphere droplet has the maximum deformation at t = 1.5 s (figure 5 (b)) and the sphere 
droplet is reversed back to un-stretched at t = 3 s (figure 5 (c)) [7]. The prescribed velocity field is 

𝑢𝑢 = 2 sin2(𝜋𝜋𝜋𝜋) sin(2πy) sin(2πz) cos(πt/3), 

𝑣𝑣 = − sin(2πx) sin2(𝜋𝜋𝜋𝜋) sin(2πz) cos(πt/3), 

𝑤𝑤 = − sin(2πx) sin(2πy) sin2(𝜋𝜋𝜋𝜋) cos(πt/3). 

The sphere droplet reverses back to the initial shape without significant changes during stretching and 
un-stretching. Therefore, coupling IRL with PeleLM captures a clearer interface of liquid and gas phases. 

 

Figure 5: Test case 2 – three-dimensional deformation of a sphere: (a) Initial shape. (b) Deformed shape 
after stretching. (c) Deformed shape after un-stretching. 

3.3 Validation 3: pressure inside a stationary droplet 

The radius of the sphere is 1 mm and the surface tension coefficient is 0.07 N/m. The initial velocity is 
zero and the densities inside and outside the droplet are 1000 kg/m3 and 1 kg/m3. The initial pressure is 
not set to a steady state condition because of the limitation of the PeleLM scheme. 

Figure 6 (b) shows the pressure inside the sphere droplet. If the sphere droplet is in a steady state, the 
ideal pressure is 

∆𝑃𝑃 = 2
𝑅𝑅
𝜎𝜎 =140 Pa. 

In the sphere droplet test, the maximum pressure is 135 Pa. The unsteady initial state is regarded to have 
caused the difference. The difference is around 3.6 %, indicating the surface tension force works well 
in the momentum equation. 
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Figure 6: (a) The α field cross-section view of the sphere droplet. (b) The pressure inside the sphere 
droplet. 

The solver is sufficient to test the verification case of atomization of liquid jet spray by adding the 
viscosity coefficient effect. 

4 Conclusions 

To design reliable and efficient injectors, it is necessary to consider the full and detailed processes 
(atomization, vaporization, and combustion). In this work, a multiphase flow solver for the atomization 
process is developed. A library of the volume of fluid (VOF) scheme for simulating multiphase flows, 
IRL, is coupled with the variable density incompressible, reacting Navier-Stokes equation solver, 
PeleLM. Furthermore, surface tension is implemented by using the improved height function (HF) 
technique. 

To verify the solver, multiple validation simulations were conducted to test the code-coupling and the 
surface tension implementation. The shapes of Zalesak’s disk and a sphere droplet remain unchanged 
by the prescribed velocity field. Moreover, the interface of the liquid and gas phases is well maintained. 
In the validation simulation for the surface tension force, the resulting pressure increase inside the sphere 
droplet is similar to the theoretical value within a 3.6 % error. 

In future work, the developed solver will be used to simulate the full atomization and fluid-collision 
processes of rocket injectors. Furthermore, vaporization physics will be implemented to develop a 
complete atomization-vaporization-combustion solver. 
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