
ABSTRACT 

ARCHER, JOHN RICHARD. Multi-objective Design Optimization of a Variable Geometry 

Spray Fuel Injector. (Under the direction of Gregory D. Buckner.) 

 

This work develops and demonstrates a novel simulation-based design optimization 

strategy based on multiple performance objectives. While this technique could be applied to a 

wide range of electromechanical systems, this paper focuses on the optimization of a novel 

variable geometry spray (VGS) fuel injector. A multi-objective genetic algorithm (MOGA), 

used to explore the design space for optimality, is interfaced to state-of-the-art multi-physics 

simulators to optimize the design of this inherently nonlinear system. Commercial 

computational fluid dynamics (CFD) software is used to predict the spray characteristics of 

each VGS candidate design; other computational tools are used to evaluate the performance 

objectives and update the design parameters. The entire design process is parallelized using a 

high performance Linux blade cluster, significantly enhancing the computational 

performance. The MOGA creates a Pareto frontier of optimal designs, which clearly reveals 

the inherent tradeoff between performance objectives. The MOGA also results provide 

insight into the dependencies between design parameters and performance objectives; 

valuable design information for the continued development of this VGS technology. 
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1 INTRODUCTION 

The design, fabrication, and experimental evaluation of sophisticated electromechanical 

systems can be a time-consuming and expensive process. Inherent non-linearities (flux 

saturation, flux hysteresis, hardening springs, etc.) necessitate the need for an iterative design 

and fabrication approach. Optimizing the design of such systems, which may have large 

numbers of critical design parameters and multiple conflicting performance objectives, can 

significantly hinder the development and commercialization of innovative technologies. This 

is particularly true in academic research environments, where facilities and financial 

resources are limited. 

One such technology, variable-geometry spray (VGS) fuel injection, has the potential to 

significantly improve the efficiency of internal combustion engines while simultaneously 

reducing emissions. This patent-pending technology enables independent control of fuel flow 

rate and spray geometry as it enters the combustion chamber.  By optimizing air-fuel mixing 

and the distribution of atomized fuel within the cylinder, VGS injection has the potential to 

enable combustion at peak efficiency, maximizing power output. 

With limited R&D resources, three generations of VGS fuel injector prototypes were 

developed, and preliminary results with low-pressure working fluids were very encouraging. 

However, because each prototype required approximately 25,000 man hours to fully design, 

fabricate and experimentally evaluate, most of the design space remained unexplored and 

little was known regarding the effects of critical design parameters on fuel spray 

characteristics. Investigating the design space for optimal spray performance using this ad-

hoc strategy was an inefficient use of time and financial resources. 
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The goal of this research was to develop and demonstrate a unique, simulation-based 

design optimization strategy for a sophisticated electromechanical system: a hollow-cone 

VGS fuel injector for diesel IC engines. A multiple-objective genetic algorithm (MOGA) 

was employed to efficiently and thoroughly explore the design space. The MOGA was 

interfaced to state-of-the-art computational tools, enabling complete performance evaluations 

in a simulated environment, dramatically enhancing the efficiency of the design process (Fig. 

1.1). 

 
Figure 1.1:  Simulation-based design strategy for VGS fuel injector 

While the use of computational tools in the design process is not new, this combination of 

MOGAs interfaced to commercial multi-physics simulators to optimize the design of an 

inherently nonlinear electromechanical system is innovative. Despite its focus on VGS fuel 

injection technology, this novel simulation-based design strategy is applicable to a wide 

range of electromechanical systems, and could enable more efficient and flexible 

commercialization of innovative technologies. 

1.1 Combustion Background 

 Designers of internal combustion engines face an ongoing and critical need to reduce 

emissions in order to keep up with increasingly strict regulations. The US Environmental 
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Protection Agency [1] has set maximum levels for particulate matter (PM, or soot) and 

nitrogen oxides (NOx). It is very difficult to meet these requirements using conventional 

diesel combustion methods. Simultaneous improvements in both of these emissions products 

have been limited due to the fundamental PM-NOx tradeoff shown in Fig. 1.2 [2]. In 

conventional diesel combustion, the reactants are only partially premixed, therefore many 

reactions take place in fuel-rich regions. Such regions give rise to soot particles due to the 

scarcity of oxygen. PM can be reduced by increasing combustion temperature in order to 

promote soot oxidization. However, higher temperatures increase dissociation of diatomic 

nitrogen (N2 → 2N) resulting in increased formation of NOx.  

 
Figure 1.2: Plot of equivalence ratio vs. temperature of combustion, illustrating regions of soot and 

NOx formation. Regions corresponding to conventional diesel, spark ignition, and HCCI combustion 

are highlighted. Adapted from [3] 

 Homogeneous charge compression ignition (HCCI) is one promising technique to solve 

the soot-NOx¬ tradeoff. HCCI is a combustion mode that seeks to attain clean combustion for 
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a wider range of fuel richness by lowering combustion temperatures (Fig. 1.2). HCCI does 

this by combining premixed charge (as in spark-ignition engines) with the compression 

ignition of diesel engines [4]. Despite the surge of HCCI research and development, feasible 

implementations in diesel engines have yet to be realized. Currently HCCI must use a lean 

mixture to minimize soot formation, which makes it difficult to achieve power densities that 

compete with conventional diesel combustion [5]. Dual-mode combustion strategies have 

been proposed to overcome these challenges. Such techniques use HCCI under partial load 

conditions and conventional diesel combustion whenever full power is required [6, 7, 8]. This 

allows for overall reduction of emissions without significant loss in performance, but 

conventional fuel injectors have fixed spray geometries that are not optimal for all modes [9].  

Lowering emissions in multi-mode combustion strategies requires a novel fuel injector 

capable of varying the spray geometry to be optimal for all modes. 

1.2 VGS Prototype Development 

 For the past three years, our research group has focused on the development of patent-

pending variable geometry spray (VGS) fuel injector prototypes, as detailed in Lien, et al 

[10]. This injector enables continuous control of fuel spray angle, independent of fuel flow 

rate or other vital injection parameters. As illustrated in Fig. 1.3, the VGS injector is 

centrally-positioned and the optimal spray angle targets the lip of the piston bowl throughout 

the compression stroke, thus minimizing liner wetting and fuel impingement. This optimal 

spray angle trajectory can be readily computed and plotted as a function of engine timing 

(Fig. 1.4), measured in Crank Angle Degrees (CAD) before top dead center (BTDC). 
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Figure 1.3: VGS fuel injection for optimized combustion: spray angle variation during engine cycle 

to ensure targeting of piston bowl and avoid liner wetting and fuel impingement. 

 

Figure 1.4: Optimal included spray angle as a function of injection timing [11] 

While pintle mechanisms have been used in conventional fuel injectors to regulate fuel 

flow [12], in our VGS design this mechanism is employed to vary the fuel spray angle. When 

the pintle is fully retracted into the nozzle, the spray cone has a narrow included angle; when 

fully deployed this angle is significantly increased (Fig. 1.5). By adjusting the position of this 
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pintle relative to the nozzle orifice, a wide and controllable range of spray angles can be 

achieved.  

 
(a) (b) 

Figure 1.5: 2D simulation results of the VGS fuel injection concept: (a) when the pintle is fully 

retracted, the fuel spray cone has a narrow included angle; (b) when the pintle is fully deployed, it 

redirects fuel flow to a significantly wider included angle 

To experimentally validate the VGS concept (that included spray angles between 70-150° 

could be realized by manipulating pintle position), a limited-functionality prototype was 

fabricated using stereolithography. This low-pressure prototype featured a 200 μm annular 

gap between the nozzle and pintle, which was manually actuated by turning a screw. Using 

pressurized water as the working fluid (200-1500 psi), included spray angles were measured 

using digital image post-processing [11]. Spray angle results for 13 different pintle positions 

and four operating pressures are presented in Fig. 1.6. While this preliminary prototype 

validated a repeatable and significant dependence of spray angle on pintle position, it had 

several notable limitations. Obviously, the screw mechanism for adjusting pintle position did 

not allow for electronic actuation or dynamic spray testing. Also the geometry, dimensions, 

materials and working fluid of the prototype did not conform to those of conventional 

common rail fuel injectors. The range of included spray angles (2-93°) was not consistent 
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with the design requirements (70-150°), and the total pintle displacement (750 μm) was 

larger than desired. Because of its unconventionally large annular gap (200 μm) and low 

operating pressures, the prototype’s average spray droplet size (as measured using a Malvern 

Spraytec spray particle analyzer [13]) was approximately five times larger than that of 

conventional injectors. The Sauter Mean Diameter (SMD) of droplets should be less than 50 

μm, as emissions are known to correlate with spray droplet size [14]. 

 
Figure 1.6: Experimental results from manually actuated VGS prototype demonstrating dependence 

of included spray angle on pintle position 

A second prototype was designed to overcome many of these functional limitations. To 

achieve smaller droplet sizes, the pintle diameter and annular gap were reduced to 1.5mm 

and 100μm, respectively, based on component measurements from conventional diesel 

injectors [15].The external nozzle dimensions were chosen to be consistent with “P-type” 

common rail fuel injectors. The manual actuation screw was replaced by a piezoceramic 
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stack actuator, and a closed loop pintle displacement control system was implemented. A 

solenoid valve was integrated to enable electronic regulation of working fluid flow. The 

spray angles were measured experimentally using water pressurized to 500psi, 1000psi, and 

1500psi (Fig. 1.7), and these experiments demonstrated an increase in the range of spray 

angles (12-140°) with reduced pintle displacement (450 μm). Droplet size measurements for 

the second generation prototype were small enough to meet the secondary design objectives 

[11]. Archer et al. [16] describes how the pintle position was dynamically controlled to 

achieve desired spray angles at bandwidths of up to 20Hz. 

 
Figure 1.7: Experimental results from second generation prototype demonstrating increased range of 

included spray angles with decreased pintle displacement 
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While the second prototype demonstrated a wider range of spray angles with reduced 

pintle displacement, the external solenoid used to regulate flow was inadequate for actual 

engine applications. When this solenoid was deactivated, a finite volume of working fluid 

remained in the channel between the solenoid and the injector nozzle. This fluid drained out 

of the injector at such low pressures and velocities that it did not atomize; such non-atomized 

flow would result in unacceptable emission levels in an actual engine. 

To minimize concerns with low pressure fluid drainage, a third-generation prototype was 

designed to regulate fuel flow closer to the nozzle (Fig. 1.8). Conventional common rail 

injectors (Fig. 1.9) accomplish this objective using nozzle needles [17]. In its deactivated 

state, the nozzle needle 36 shuts off the flow by blocking the injection holes 46 as it is 

pressed against the needle seat 45. In its activated state, the nozzle needle is lifted up to allow 

fluid to flow out of the injection holes. The third-generation VGS prototype (Fig. 1.10) 

incorporated an annular nozzle needle to accommodate the centrally-located pintle. This 

nozzle needle was electromechanically actuated in similar fashion to conventional common 

rail injectors, described in detail by Fujii [17]. Due to limitations in the precision of our 

fabrication processes, an O-ring was incorporated to seal the nozzle (Fig. 1.10). Experimental 

testing confirmed the reduction of post-injection fluid drainage. However, movement of this 

O-ring at high fuel pressures and flow rates interfered with nozzle needle translation and the 

injector could not be properly activated.  Higher precision fabrication techniques are needed 

for future prototypes to eliminate the need for this O-ring. 
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Figure 1.8: Solid model cross-section of third generation VGS prototype, showing annular nozzle 

needle for regulation of flow 

 
Figure 1.9: Representative cross section of a traditional common rail diesel injector in its deactivated 

state, where the nozzle needle 36 blocks the injection holes 46 [17] 
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Figure 1.10: Cross section of the distal portion of the third-generation VGS prototype, showing the 

annular nozzle needle pressed against the O-ring to block flow  

2 METHODS 

This ad hoc strategy of designing, fabricating, and testing VGS prototypes with limited 

fabrication resources and precision is time-consuming, expensive, and far from optimal: three 

years of research and development produced only three functional VGS prototypes, none 

optimized for implementation in a real IC engine. To fully explore the design space and 

investigate the dependence of fuel spray angle and droplet size on multiple design parameters 

required the development of a simulation-based design optimization process.  

2.1 Computational Fluid Dynamics 

To implement the simulation-based design optimization strategy, it was necessary to 

accurately and efficiently simulate fuel spray characteristics for candidate VGS design 

dimensions, flow conditions and pintle displacements. Computational fluid dynamics (CFD) 

packages provide this capability, using sophisticated meshing algorithms to discretize the 

fuel flow regime into finite elements, and iterative numerical methods to solve the 
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differential equations that govern the fluid mechanics. Of the variety of commercial CFD 

packages available, ANSYS CFX [18] was selected for this application because of its batch 

mode capabilities and academic license availability. ANSYS CFX runs in the ANSYS 

Workbench environment, which facilitates the computational modeling and allows batch 

mode processing using a programming language called Python. Workbench scripts fully 

automate the analysis tasks associated with each CFD model: varying the model geometry, 

generating the mesh, applying the boundary conditions, iteratively solving flow equations, 

and processing the simulation results. These Python scripts offer the advantage that they can 

be executed by any software application navigating the design space. 

In order to optimize computational efficiency, two-dimensional (2D) axisymmetric 

models (Fig. 2.1) were used, as they exploited the azimuthal symmetry of each fuel spray 

case. Unstructured, triangular meshes (Fig. 2.1a) were employed to map the curved surfaces 

of the flow domain and maintain consistent element sizes across the domain [19]. A steady 

state, two-phase CFD analysis was performed on the flow domain, where the fluid volume 

initially contained only air at standard temperature and pressure (STP). Because of its 

similarity to diesel fuel and its regular use in fuel injection testing, Cetane (C16H34) with a 

unit volume fraction served as the working fluid in all CFD simulations. The specified 

boundary conditions (Fig. 2.1b) were (a) a fuel inlet velocity of 1m/s, (b) a relative 

combustion chamber pressure of zero, and (c) all pintle and nozzle surfaces are no-slip 

boundaries. The associated fuel pressures used in CFD analyses were 14.5psi, far below the 

actual engine operating pressures. These lower fuel pressures were used for CFD analysis 

because (1) simulating with elevated operating pressures significantly increases the 
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computational burden (resulting in convergence times greater than 24 hours per case), and (2) 

experimentally-measured spray angles using VGS prototypes have shown very little 

dependence on operating pressure (Fig. 1.7). 

 
Figure 2.1: 2D axisymmetric model of the fuel flow domain for a candidate VGS design showing: (a) 

an unstructured triangular mesh and (b) boundary conditions and domain initialization 

For each candidate VGS design, nine CFD simulations were performed corresponding to 

nine pintle displacements (0-400μm) to quantify the relationship between the spray angle and 

pintle position. To estimate the included spray angle, θ, the following formula was applied to 

the CFD results using ANSYS CFD-Post:  

            
     

     
  

 
(b) 

 

 
(a) 
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where   ,    represent the coordinates of the interior corner of the pintle, and     ,    

represent the point where the streamlines exit the flow domain (Fig. 2.2). 

 
Figure 2.2: CFD results for a candidate VGS design, showing the locations of   ,    and   ,    

To address the inherent tradeoff between computational burden and accuracy, simulations 

were performed at a variety of different mesh sizes for a given design geometry and 

boundary conditions. First, an extremely fine mesh (10 μm) was used to solve each domain 

and determine the resulting spray angle. Subsequent simulations were conducted with 

linearly increasing mesh sizes, and associated spray angles and convergence times were 

recorded. Fig. 2.3 quantifies the tradeoff between computational efficiency (convergence 

time) and accuracy (spray angle error) as functions of mesh size. Based on these results, a 

standard mesh size of 15 μm was selected for all subsequent simulations because it reduced 
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computation time by 50% while maintaining an average spray angle error of approximately 

one degree. 

 
Figure 2.3: Dependence of CFD convergence time and spray angle error on mesh element size, 

showing the inherent tradeoff between computational efficiency and simulation accuracy 

 Nonlinear regression was performed on the CFD simulation results from each design 

case: a hyperbolic tangent curve fit of the nine simulated spray angles was performed on each 

data set (Fig. 2.4). For cases where one or two of the nine total solutions diverged, regression 

was performed with these points excluded. If three or more solutions diverged, the design 

case was discarded. 
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Figure 2.4: Nonlinear regression (hyperbolic tangent) of CFD simulation results (nine 

different pintle positions) showing dependence of spray angle on pintle position 

 To validate the accuracy of this CFD modeling approach, experimental spay tests using 

the second generation VGS prototype were compared to CFD results (Fig. 2.5). Variations in 

spray angle between the CFD results and experimental measurements are apparent, with an 

average absolute difference of 9.75°. However, both the mean spray angles (experimental: 

72.35°, simulated: 74.34°) and spray ranges (experimental: 131.86° vs. simulated: 125.05°) 

correlated well enough to justify the use of CFD modeling for the design optimization 

process.   
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Figure 2.5: Experimental validation of CFD model by comparing CFD results to empirical 

spray tests for the second generation prototype 

2.2 Multi-objective genetic algorithms 

 Genetic algorithms (GAs) are a class of optimization methods motivated by biological 

reproduction. GAs seek to minimize or maximize one or more objective functions using 

computational techniques based on the principles of natural selection [20]. These techniques 

first create a population of “individuals” (in this case geometric dimensions for the injector). 

Next “parents” are selected to create “children”, and the “fittest” individuals survive (are 

preserved for use in the next generation). The fitness of an individual is determined using the 

values of one or more of its objective functions. 

 There are numerous advantages of using GAs over other optimization techniques. They 

are zero-order methods, so they rely only on objective function evaluations and require no 

derivative information. The individuals in the population can be evaluated simultaneously, 
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which makes it very easy to parallelize objective function evaluations for modern multicore 

and multi-threaded processors. Furthermore, GAs maintain feasibility for each solution 

instead of requiring iterative penalty methods. Additionally, they are capable of finding 

global solutions to optimization problems with multiple local minima [21]. GAs have been 

applied to a number of interesting design optimization problems, such as trusses [22] active 

vehicle suspension [23], and a variety of control problems [24-25]. 

 The design and organization of genetic algorithms have been exhaustively studied in the 

literature [21]. The structure of GAs always contains the following steps: encoding, 

population initialization, fitness evaluation, parent selection, genetic operators, and 

termination criterion. Encoding refers to how an individual’s design information is 

represented: binary, discrete, or real valued. The population can be initialized randomly or 

systematically. Systematic initialization can speed convergence if the investigator has some 

knowledge of the design space beforehand, but if too small a sample of the design space is 

used the algorithm may find only local minima and miss the global optimum. While the 

fitness of a design is often based on the objective functions, more advanced techniques exist 

to handle multi-objective problems [26]. There are many options and variations for the 

remaining optimization operators. Parental selection is the process of choosing which of the 

existing designs will pass on its design information to the next generation. Once parents are 

selected, they go through crossover (the process of combining the parents to create new 

children) and mutation (the random change of all or part of an individual’s design). 

Termination criteria are used to determine when the optima have been achieved. The general 

structure of a GA is shown in Fig. 2.6. 
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Figure 2.6: Multi-objective Genetic Algorithm flowchart [20] 

 Multi-objective and single objective optimization problems differ in a number of ways 

related to fitness evaluation. Single objective optimization algorithms attempt to minimize or 

maximize a single objective function  (x), where x is an array of the design variables. By 

contrast, multi-objective optimization problems have solutions that depend on complex 

interactions between multiple objective functions   (x),    (x),..,   (x). If simultaneous 

reductions in all objective functions can be achieved, the objective functions are said to be 

“cooperative”. In these cases the algorithm converges to a single optimal solution. If 

reductions in one or more objective functions can only be achieved by increases in others, the 
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objective functions are “conflicting”. In these cases a Pareto frontier of non-dominated 

solutions exists [27]. Both single and multiple objective optimization algorithms can contain 

equality and inequality constraints on the design variables. 

 

2.2.1 Objective functions 

The genetic algorithm seeks to simultaneously minimize the two competing objective 

functions used in this work: actuator stroke (  ) and spray angle sensitivity (  ). The 

required stroke is directly proportional to the size and cost of the actuator, which should 

ideally be as small as possible. The spray angle sensitivity, defined as the maximum change 

in spray angle with respect to pintle position, significantly influences the control challenge as 

sensitivity is directly proportional to errors in spray angle. Therefore, minimizing actuator 

stroke and spray angle gain reduces actuator cost and enhances the control system 

performance. 

2.2.1.1 Actuator stroke 

The translational motion of the pintle must be actuated at speeds up to about 188Hz [16], 

and the actuator must be capable of running continuously in an engine environment with 

minimal power consumption. For these reasons, a piezoelectric actuator was chosen, 

specifically a PZT stack actuator. Because PZT stack actuators have peak strains of 

approximately 0.1% [28], a pintle stroke of 100μm would require a 10 cm long PZT stack, 

much too large for practical implementation in an engine environment. The actuator stroke 

objective function,  1, is defined to be: 
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where  150 is the pintle position when the spray angle is 150° and  70 is the pintle position 

when the spray angle is 70°. If a candidate design did not achieve the desired range of spray 

angles, its objective function was given a penalty proportional to the difference between the 

desired and achieved range. 

2.2.1.2 Spray angle sensitivity 

Another important factor in implementing high speed control of the novel injector is the 

spray angle sensitivity (   ), which is defined as the change in spray angle (  ) for a given 

change in pintle position (   ), represented in the following equation:  

    
  

   
 

Tracking errors in pintle position (   ) produce tracking errors in spray angle (   ) via 

the spray angle sensitivity:  

            

Because errors in pintle position are inevitable, it is important to minimize spray angle 

sensitivity. The sensitivity performance objective,   , is defined to be: 

                       
       

           
   

Where    is the spray angle corresponding to the  th
 pintle position      (of nine total, Fig. 

2.4). 
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2.2.2 Optimization Problem 

The two performance objectives described above are competing, because as the required 

stroke approaches zero the slope approaches infinity, and vice versa. Therefore, the result of 

optimizing these two performance objectives is a Pareto frontier of non-dominated designs. 

The theoretical limits of this Pareto frontier can be found by calculating the best possible 

stroke for each value of spray angle sensitivity. This theoretical limit was used as a 

representative curve to gauge the performance of the algorithm. Here is the optimization 

problem in standard form: 

min         

subject to                   

                    

The design variables,    ,  are geometric dimensions of the pintle and nozzle, and are 

defined in the following section. 

2.3 Design Parameters 

The design optimization was limited to only those geometric parameters that had the 

greatest influence on included spray angle. For the 15 geometric design parameters,   , that 

fully define the model (Fig. 2.7), preliminary CFD analyses revealed that only six 

(  ,   ,   ,   ,    ,    ) had significant influence on spray angle; these were consequently 

selected as the design variables,    , for the optimization (Fig. 2.8). 
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Figure 2.7: The 15 VGS design parameters that fully define the nozzle (left) and the pintle (right)  

 
Figure 2.8: The six VGS design variables with the most significant influence on included spray 

angle, as determined by preliminary CFD analyses: for the nozzle (left) and pintle (right) 

Hard geometric constraints were formulated to reject infeasible injector geometries 

(where, for example, the minor pintle diameter was larger than the major pintle diameter). An 

equality constraint was placed on the orifice diameter,  6, (Fig. 2.8) to ensure adequate fuel 

droplet size (as discussed in Section 1). The constraints are listed below (all units in 

millimeters unless otherwise noted): 
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In addition to constraints on the design variables, constraints were placed on the objective 

functions so the MOGA would yield only designs with reasonable actuator strokes and spray 

angle sensitivities. For example, experimental testing with the second generation VGS 

prototype revealed that peak pintle position errors rarely exceeded 5μm [10], so the 

maximum spray angle sensitivity was set at 1.5°/μm (corresponding to a peak spray angle 

error of 7.5°). These performance objective constraints were: 

          

             

To provide a balance between robustness and computational efficiency, a population size 

of 50 was selected and the initial population randomly generated. The top 35% of designs 

were kept on the Pareto frontier, and of the remaining points 80% were selected for 

arithmetic crossover. All remaining points were selected for mutation. 

2.4 Parallelizing CFD Analysis 

Parallel processing techniques were employed to significantly improve computational 

performance. Using a blade cluster at North Carolina State University’s High-Performance 

Computing (HPC) group, twenty VGS designs could be evaluated simultaneously. This 

significant improvement in computational performance justified the considerable 
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programming effort required to automate communication between multiple programs and 

operating systems. 

A powerful freeware scripting engine, AutoIt, was employed to automate communication 

between MATLAB, ANSYS, and the HPC. (Figs. 2.9 and 2.10). AutoIt programs (1) guided 

the creation of input files, (2) renamed the input files to designate the appropriate design 

points and pintle positions, (3) transferred the input files onto the HPC using Secure File 

Transfer Protocol (SFTP), (4) submitted the jobs to the blade cluster using PuTTY (an open 

source ssh client), (5) retrieved the output files from the HPC via SFTP, (6) orchestrated the 

post-processing of results, and (7) determined when a MOGA population was fully 

evaluated. These Autoit applications were designed to parallelize tasks as much as possible 

(Fig. 2.10) and to guard against a variety of timing issues and errors. 

CFX input files that define the mesh, flow domain initialization, and boundary conditions 

were placed on the HPC drive. To triple the input files were produced, they were generated 

simultaneously on three computers: a quad-core desktop (host in Fig. 2.9) and two dual-core 

desktops (Peer1 and Peer2 in Fig. 2.9). 
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Figure 2.9: Flow chart for the design evaluation process using the HPC (colors indicate which system 

performed each task 

 
Figure 2.10: Gantt chart for design evaluation process emphasizing timing and parallelization (colors 

distinguish between tasks) 
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3 RESULTS 

The MOGA converged after 100 generations (Fig. 3.1), which took twenty days using the 

HPC. The same optimization would have taken approximately 250 days on a single quad-

core computer. The success of the optimization is demonstrated in Fig. 3.1, which shows the 

MOGA results approaching the theoretical performance limit (red curve in Fig. 3.1, 

described in Section 2.2.2).  

Comparing the final Pareto frontier (Fig. 3.2) to the second generation prototype, it is 

clear that the optimization resulted in numerous designs with simultaneous improvements in 

both performance objectives. The region of the Pareto frontier that dominates the second 

generation prototype is the “hypervolume of dominating designs” (the term “hypervolume” is 

used in multi-objective optimization to compare two performance frontiers [29]). The two 

extreme designs of the Pareto curve are labeled Design 1 and Design 2, where Design 1 has 

the shortest pintle stroke and Design 2 has the smallest spray angle sensitivity. The objective 

function and design parameter values for Design 1, Design 2, and the second generation 

prototype are listed in Table 3.1, and these three designs are visually displayed in Fig. 3.3. 
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Figure 3.1: The VGS performance space; design point shading indicates generation number (light 

shades: early generations, dark shades: later generations), demonstrating convergence of the MOGA 

and resulting Pareto frontier. Red curve represents theoretical performance limit. 

 
Figure 3.2: VGS performance space highlighting the final Pareto frontier and the second generation 

prototype, with extreme VGS designs annotated as Design 1 and Design 2. 
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Table 3.1: Optimized design parameters and objective functions for Design 1, Design 2, and the 

second generation prototype (Prototype 2) 

 Objective 

Functions 
Design Parameters 

Design 
F1 

(μm) 

F2 

(°/μm

) 

Major 

Pintle 

Diameter 

u1 (mm) 

Minor 

Pintle 

Diameter 

u2 (mm) 

Pintle 

Fillet u3 

(mm) 

Nozzle  

Angle 

u4 (°) 

Orifice 

Fillet 

u5 (mm) 

Orifice 

Diameter 

u6 (mm) 

Prototype 2 340.6 0.647 1.500 0.729 0.254 150 0.000 1.700 

Design 1 143.3 0.724 1.972 0.612 0.278 160.57 0.019 2.172 

Design 2 421.2 0.223 1.632 0.640 0.104 172.15 0.300 1.832 

Table 3.2: Correlation coefficients (ρ) between the design parameters and the objective functions 

 

Major Pintle 

Diameter 

u1 

Minor Pintle 

Diameter 

u2 

Pintle  

Fillet 

u3 

Nozzle 

Angle 

u4 

Orifice 

Fillet 

u5 

Orifice 

Diameter 

u6 

ρF1 (pintle stroke) -0.780 0.140 -0.799 -0.430 0.978 -0.780 

ρF2 (sensitivity) 0.457 -0.045 0.553 0.369 -0.745 0.457 

Correlation coefficients were calculated for the Pareto frontier to analyze the 

dependencies between the design parameters and the objective functions (Table 3.2). 

Coefficients approaching +1.0 or   -1.0 one indicate a strong dependency between a specific 

design parameter and objective function. It is clear that the orifice fillet has the greatest 

influence on the pintle stroke (ρF1-u5=0.978). The effects of the pintle fillet (ρF1-u3=-0.799), 

major pintle diameter (ρF1-u1=-0.780), and orifice diameter (ρF1-u6=-0.780) are significant, but 

not to the same degree as the orifice fillet. Note that the coefficients for the major pintle 

diameter (ρF1-u1 and ρF2-u1) and orifice diameter (ρF1-u6 and ρF2-u6) are equal because of the 

equality constraint imposed on these two design parameters. Finally, the orifice fillet has the 

greatest effect on the sensitivity (ρF1-u5=-0.745), and the pintle fillet has the second greatest 
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effect (ρF1-u3=0.553). This novel simulation-based design optimization strategy revealed and 

quantified these dependencies between the injector’s physical geometry and spray angle 

characteristics that would be difficult or impossible to establish other ways. 

 
(a) 

 
(b)            (c) 

Figure 3.3: The design variables (VGS geometries) for (a) the second generation prototype, (b) 

Design 1, and (c) Design 2, showing how the design parameters varied in the optimization 
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The dependencies of spray angle on pintle position for these three designs (Fig. 3.4) were 

also examined to gain further insight into the performance space. The tradeoff between 

actuator stroke and spray angle sensitivity is clearly demonstrated by comparing the extreme 

designs of the Pareto curve: Design 2 has a much smaller slope (sensitivity) than Design 1, 

but it has a much greater actuator stroke. Fig. 25 also reveals that while the spray angles are 

nonlinear with respect to pintle position for all three designs, nonlinearities in Design 1 and 

Design 2 are greatly reduced within the desired range of spray angles (70-150°). It is 

important to note that within the pintle range evaluated in the MOGA, Design 2 does not 

reach the full desired range of spray angles. However, the nonlinear regression predicts that it 

will reach the desired spray angle of 150° as the pintle moves past 550μm. 

 
Figure 3.4: Graph of spray angle versus pintle position for Design 1, Design 2, and the second 

generation prototype (Prototype 2), demonstrating the tradeoff between the performance objectives 
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Two limitations of this optimization approach should be addressed.  First, the droplet size 

requirement was enforced by fixing the annular gap at 100μm (section 1.2), removing one 

degree of freedom from the design space.  Overcoming this limitation in future research 

could lead to further performance improvements on the Pareto frontier. Second, the MOGA 

provides a frontier of possible solution points, but does not determine any single design that 

is optimal from that group. It provided the designers with a performance tradeoff curve to 

make informed decisions about the geometry of future VGS prototypes. 

4 CONCLUSION 

This paper demonstrates a novel method for using optimization tools interfaced to state-

of-the-art computational tools to efficiently find optimal design geometries in a complex 

design space with multiple performance objectives. The MOGA, which navigated the design 

space for optimality, was interfaced to cutting edge CFD analysis software to evaluate 

candidate VGS designs. The CFD model was validated by comparison to empirically 

measured spray test results from prior prototypes. Due to the high computational cost to 

evaluate candidate designs, a high performance computing cluster was employed to evaluate 

as many as 20 designs at once, dramatically reducing functional evaluation time. 

The MOGA found a Pareto frontier that accurately represents the tradeoff between the 

two performance objectives. This Pareto frontier demonstrates significant opportunity for 

performance improvements because it dominates the second generation prototype. By 

examining two design cases at the extremes of the Pareto frontier, critical relationships 

between the design parameters and the performance objectives were identified. 
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Future work should focus on the fabrication and testing of extreme Pareto designs 

(Design 1 and Design 2) to verify the optimization results and demonstrate the improved 

control and actuation of the injector. Additional work could integrate a more powerful CFD 

tool, namely KIVA, a family of CFD software developed by Los Alamos National 

Laboratory to predict fuel and air flows as well as ignition and combustion processes [30]. 

Using KIVA, the droplet size constraints could be computationally evaluated, adding an 

additional degree of freedom to the design space by removing the need for a geometric 

equality constraint. Finally, the optimization could be run with additional performance 

objectives such as droplet size, combustion performance, and material cost to investigate 

other important design considerations. 
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