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Abstract 
 

The goal of the following work was to validate and demonstrate the capability of the 

FlightStream solver to model proximity flight.  To this end, wind tunnel proximity data for a 

MK-82SE bomb released from an F-16 was used as a point of comparison.  Models of the 

aircraft and store were generated using NASA Open Vehicle Sketch Pad and exported as .STL 

files to FlightStream.  FlightStream was then used to validate the models, to generate solutions 

for the scenario described in the wind tunnel tests, and to measure the aerodynamic coefficients 

in a plane near the aircraft.  Comparisons have been provided both for the validation of the 

models and the replication of wind tunnel results.  This thesis shows the utility of FlightStream 

for modeling proximity flight data with good fidelity in most scenarios.   
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Chapter 1: 

Introduction 

1.1: Store Separation 

 When in close proximity, bodies produce disturbances in the flowfield that result in 

different aerodynamic loads on the bodies than they would experience singly.  This is of 

particular relevance to military fighter, attack, and bomber aircraft, as their missions most 

frequently require the carriage and release of stores, either in the form of weapons loads, external 

fuel tanks, electronic countermeasures pods, or similar.  The analysis of store separation is 

concerned with ensuring that the release of these stores can be conducted in a safe and consistent 

manner. Under certain conditions, released stores have been known to collide with their parent 

aircraft or other unreleased stores, a scenario which can be extremely costly and hazardous.  

Even prior to release, the presence of stores can have a significant impact on the performance of 

an aircraft, which can be determined and adjusted for as part of store separation testing. [1] 

The longest-standing method of conducting store separation testing is to conduct a series 

of flight drop tests using the aircraft and store combination of interest.  While this offers the 

advantage of ensuring that both the store and the aircraft are represented with ultimate fidelity, 

and remains a critical step in certifying store-aircraft combinations, full scale flight testing poses 

certain problems.  Firstly, the necessary series of flights required are extremely expensive, time 

consuming, and labor intensive. To illustrate, the costs associated with a single F/A-18 flight, to 

include aircraft operating cost, range operating cost, test preparation, the store to be dropped, and 

all necessary measurements and telemetry, are estimated to be between $80,000 and $90,000.  

Testing all required configurations a store will be expected to safely release from can require a 



 2 

great many flights, easily bringing the costs of a full test program into the range of multiple 

millions of dollars. [2] In addition to the significant costs, flight testing can be potentially 

hazardous to both pilot and aircraft in the event of a mid-air collision between store and parent 

aircraft. [3] This was significantly less of a problem in the earliest days of aviation, when 

airspeeds were subsonic and payloads were relatively small and spaced relatively far apart, 

meaning that the effects of interaction between store and parent aircraft were fairly minimal.  

Drop testing stores was therefore generally safe, and primarily focused on determining 

trajectories for the purposes of sighting. With the advent of faster aircraft capable of carrying 

greater payloads during and after the Second World War, however, the dynamics of store 

separation became more complex and the risks involved became greater. [4] Therefore, it 

became desirable to have alternative methods by which to test store separation scenarios in order 

to reduce dependency on, and ensure the safety of, full-scale flight tests. [3] 

Starting in the 1960s, wind tunnel instrumentation became sufficiently capable to conduct 

separation tests.  A representative of this sort of wind tunnel system is the Captive Trajectory 

System (CTS) installed in the Arnold Air Force Base 4T wind tunnel.  Aerodynamic loads on a 

store are measured though the use of an internal strain gauge, which are then fed to a computer 

that calculates the trajectory of the store.  The store is then moved to a position corresponding to 

the next timestep. This process is then repeated until the store reaches a position corresponding 

to the edge of the system. Positions of released stores can be calculated to within a tolerance of 

0.05 inches. [5] While wind tunnel testing eliminates the safety concerns inherent to flight 

testing, it is not without its own difficulties.  Constructing models of the aircraft and store is a 

time consuming, expensive, and specialized task in and of itself, as is conducting the actual tests 

in the wind tunnel.  Furthermore, the scaled-down models used in a wind tunnel will still not 
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necessarily match the behavior of a full-scale aircraft and store. [3] This imperfect modeling in a 

wind tunnel can produce results which do not capture potentially hazardous scenarios, to include 

collisions between parent aircraft and store. [6] Even discounting scale effects, a wind tunnel 

setup by its nature introduces discrepancies in the form of the supports to which the models are 

mounted; under certain conditions the presence of a sting has been seen to have a significant 

detrimental impact on the accuracy of wind tunnel results [7]. Wind tunnel tests have become 

much more accurate as time has progressed, though they still represent a significant investment 

in both time and effort. [3] For example, a 1989 test program for clearing the Joint Stand off 

Weapon to be launched from the F/A-18 required in excess of 400 hours of wind tunnel testing, 

costing approximately $1,500,000. [8]  

1.2: CFD Application 

Beginning in the 1970s, Computational Fluid Dynamics (CFD) software offered the 

ability to generate solutions for store separation problems purely through the use of computer 

programs.  The most successful of the early CFD programs intended for the analysis of store 

separation was a subsonic six-degree-of-freedom program developed by Nielsen Engineering & 

Research (NEAR) for the US Air Force between 1968 and 1974.   [11] The NEAR program was 

relatively limited by modern standards, using a series of sources and sinks to model the fuselage 

and a vortex lattice to model aerodynamic surfaces.  These simplifications were seen to introduce 

some weaknesses to the program, particularly with regard to the vertical position and pitch rate 

of the separating store. [10] In general, however, it proved to be a useful tool, with most results 

being in reasonable agreement with experimental results it was compared against. [11, 12] The 

continuing development and improvement of CFD offered the potential to reduce or eliminate 

the necessity for wind tunnel testing.  However, the computers of the day initially handicapped 
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CFD solutions, with solutions taking as much or more time than a comparable wind tunnel test.  

Even into the 1990s, running a single solution on a supercomputer could require runtimes on the 

order of several days. [13] In addition, solutions generated did not always fully capture the 

interactions between the two bodies. [3] 

Continuing development of both hardware and software systems allowed CFD store 

separation testing to mature by the 2000s.  However, generating an accurate separation solution 

using a CFD program requires an extremely high number of runs in order to model the position 

of the separating store in an acceptably fine resolution.  Because of this, running a volume-based 

CFD test still requires a significant investment of time and energy, potentially to the point of 

being unfeasible for certain circumstances.  This point was dramatized during Operation Iraqi 

Freedom; the US Navy required the certification of the F/A-18C carrying the GBU-12 “Paveway 

II” guided bomb at a station adjacent next to a 330 gallon external fuel tank.  Generating and 

testing a CFD model was judged to be excessively time consuming, meaning the Navy elected to 

rely primarily on practical, full-scale, flight testing, with Air Force CFD simulations on a 

previously generated model acting in a supplementary role.  [3]    

1.3: Experimental Data 

  In order for the FlightStream solver to be acceptable for use on store separation and 

proximity flight problems, validation against experimental data is necessary.  For this purpose, 

data from the United States Air Force report, “Aerodynamic Loads and Separation 

Characteristics of the BLU-27B, MK-82SE, and GBU-8 Weapons in the F-16 Aircraft Flow 

Field at Mach Numbers from 0.4 to 1.2”  has been used.  Relatively few openly available 

references were found with comparison data for store separation, but this report provided high-

quality data of the type necessary to validate FlightStream.  Specifically, in addition to modeling 
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the separation of a store as it left the aircraft, the report gave aerodynamic coefficients measured 

at discrete, specified positions in the flowfield below the aircraft.  Data of this type allowed for 

the most effective testing of FlightStream, as it reduced the problem to its most basic form 

without requiring the modeling of bodies in motion relative to each other, a capability not 

currently native to FlightStream.    

1.4: Overview 

 This thesis will seek to validate FlightStream for application toward the problem of store 

separation.  An overview of the experimental data against which FlightStream has been 

compared will be presented in the second chapter, explaining the procedures, equipment, and 

facilities used in the experiment.  The physical principles behind the operation of FlightStream 

will be broadly explained in the third chapter, along with practical implementation.  The 

development of the outer mold line models used in FlightStream testing will be covered in the 

same chapter.  Chapters four and five will present the results of testing, with the sixth chapter 

offering suggestions for future work and concluding the thesis. 
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Chapter 2: 

Experimental Reference Data 

2.1: Background, Experimental Reference Data 

 The data against which FlightStream results have been compared has been extracted from 

Reference 15.  The experimental data used a 1:15 scale F-16 and stores placed in the Arnold Air 

Force Base Aerodynamic Wind Tunnel (4T).  A photograph of aircraft and store models used in 

a similar test is shown in Figure 2.1:  

 

Figure 2.1: F-16 and Store Models in Arnold AFB 4T [14] 

 The 4T is a closed-loop, variable-density, continuous-flow wind tunnel with the 

capability of operating at a range of Mach numbers from 0.1 to 1.2. Its test section measures 4 by 

4 by 12.5 feet, with perforated walls that may be adjusted to have between 0.5 and 10 percent 

open area as necessary.  As seen in the above figure, the 4T is equipped with two different 

mounting systems for the store and the aircraft. The parent aircraft was mounted, inverted, to an 

offset sting extending from the floor of the tunnel, while the store was mounted to the CTS sting 

extending from a support above the model.  The F-16 sting could be adjusted in pitch only, while 

the CTS allowed for six-degree-of-freedom movement of the store.  The motion of the store 
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could be controlled either through direct input of the user or automatically in response to 

aerodynamic forces on the store.  In the series of runs that have been examined in this work, the 

position was manually selected.  A side view diagram of the wind tunnel setup is shown in 

Figure 2.2. [15] 

 

Figure 2.2: 4T Test Section Diagram (dimensions in inches) [15] 

All tests were conducted at a simulated altitude of 5,000 feet above mean sea level, at a 

series of Mach numbers ranging from 0.4 to 1.2. Coefficients were calculated based on load data 

from the six-component internal strain gauge connected to the store sting support, and all results 

were believed to be ninety-five percent accurate.  The experiments conducted in Reference 15 

included testing a variety of stores in proximity to an F-16, with run series both at discrete, pre-

determined locations and with trajectories simulated via a six-degree of freedom solver.  [15] 

The work that has been conducted in FlightStream is narrower in scope than the original Air 

Force report; only data obtained from a single store, the MK-82SE “Snakeye” high-drag 

unguided bomb, at predetermined positions was used for comparison, and all comparison data 

came from Mach 0.6 test runs.  Given that the goal of this thesis is to validate the ability of 

FlightStream to model proximity flight, this data was seen as being the best suited to the task.  

Comparing against runs in which the position of the store was manually set simplified the 

problem compared to runs in which the store followed a realistic trajectory, decreasing the 
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number of variables had to be accounted for, and reducing the problem to purely a test of 

FlightStream.  It was decided to examine a single store instead of the three used in Reference 15 

for a similar reason; if FlightStream was capable of predicting the loads on any single store, then 

it should reasonably be expected to do so for any store.  Selection of the MK-82SE over the other 

stores tested in Reference 15 was fairly arbitrary, however, with it being chosen based on the fact 

that other tests had used it in the past.  The runs at Mach 0.6 were selected with the goal of 

staying within the range of consistent operation of FlightStream; higher Mach numbers would 

have entered the transonic regime, which FlightStream is not currently intended to analyze.   

 

2.2: Model Geometry 

 The parent aircraft in the wind tunnel tests was a 1/15-scale model of an F-16.  A diagram 

of this model is shown in Figure 2.3: 

 

Figure 2.3: Sketch of F-16 Model [15] 

Note that the vertical stabilizer is not included; as seen in Figures 2.1 and 2.2, this omission is 

due to the fact that the portion of the fuselage to which the stabilizer is normally attached was 
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needed as a mount point for the sting.  Also note that, while horizontal stabilizers are shown in 

Figure 2.3, they were not present during testing. Upon being placed in the wind tunnel, it was 

found that the horizontal stabilizers interfered with the CTS sting to which the store was 

mounted, and therefore were removed. [15] 

 A diagram of the MK-82SE model is shown in Figure 2.4: 

 

 

Figure 2.4: Sketch of MK-82SE Model [15] 

For the sake of clarity, it should be noted that the wind tunnel model behaved slightly differently 

than a normal, full-scale version of the MK-82SE.  In normal operation, the aft section of the 

“Snakeye” opens very soon after release in order to act as an airbrake, as shown in Figure 2.5. 

This was not the case with the wind tunnel model, which was modeled as a single, solid object 

with no moving parts. 

 

Figure 2.5: Deployed MK-82SE, Illustrating Normal Operation [16]
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Chapter 3:  

FlightStream and Setup 

3.1: FlightStream Background and Principles of Solver Operation 

The FlightStream solver is a vorticity-based potential flow solver developed by Vivek 

Ahuja as a robust, efficient alternative to typical CFD solvers.  It is capable of modeling 

incompressible or compressible flow at mach numbers less than 0.8. [17] FlightStream calculates 

induced lift and induced drag using the Kutta-Joukowski Theorem, and skin friction drag from 

local vorticity distribution.  The computed lift and drag distributions on the body are then used to 

determine moments about a user-specified point.  Unlike volume-based CFD solvers, 

FlightStream is capable of producing solutions using only an unstructured surface mesh. This 

capability greatly reduces the amount of time and effort needed to create a mesh that will be 

suitable for FlightStream use. [17, 18] FlightStream so far has been shown to consistently yield 

good results for individual aircraft. Of passing relevance to store separation, FlightStream has 

been seen to provide good results for optimizing the position of a turbofan engine pod mounted 

under the wing of a transport, which bears some similarity to a store carried below a fighter 

aircraft. [17, 19]     

3.1.1 Background, Panel Codes 

Panel codes have been in common use for aerodynamic analysis beginning in the early 

1970s. [20] They offer a very natural method for modeling an aircraft; the outer mold line of an 

aircraft can be modeled as it exists in reality, whereas older codes require the use of 

approximations to yield the same effect as the body. [21] At the same time, they offer significant 

runtime reductions compared to volume-based CFD solvers, both through the elimination of the 
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volume mesh, which in itself yields a drastic runtime reduction, and through their generally 

efficient nature.  [17, 22]  

The tradeoff for this improved runtime is that panel codes do not generally resolve 

boundary layers or other viscous regions.  Some success has been seen in this regard, with 

NASA codes implementing pressure-based models to predict the effects of flow separation and 

viscous effects [17].  Unfortunately, these adaptations have been an imperfect solution, 

sacrificing much of the efficiency of a panel code without fully matching the fidelity of a viscous 

Navier-Stokes code. [17] This is a natural limitation of a pressure based panel code, which, 

depending on geometry, may require a very fine mesh to ensure pressure gradients are modeled 

correctly and a good solution may be generated. [17, 23]  Further, small, pronounced 

irregularities in the shape of a mesh, such as dents, bumps, or kinks, will have a large adverse 

effect on the quality of a solution. [17, 24] The importance of mesh quality has a twofold impact 

on the efficiency of a panel solver; firstly, additional time and effort must be taken to ensure the 

mesh will run effectively, and secondly, a finer mesh will naturally require a longer runtime.  

Alternatively, vorticity-based panel codes have been seen to be significantly more robust 

compared to pressure-based solvers with regards to mesh fidelity, allowing for the use of coarser, 

lower-quality, or less consistent meshes.  [17, 25]  This makes them the more reliable option for 

analysis which requires rapidly generated meshes, such as optimization problems and evaluation 

of aircraft in the early stages of the design process, in which the geometry of a model may be 

subject to rapid and dramatic changes. [17] The objective driving the development of 

FlightStream was to combine the advantages of the two types of potential solvers, giving fidelity 

comparable to a successful pressure-based solver, while retaining the efficiency and robustness 

of a vorticity solver. [17] 
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3.1.2: FlightStream Induced Velocity Calculations 

The foundational principles underlying the operation of the FlightStream solver are 

explained in full detail in References 17 and 18. The following is intended as a brief overview of 

the workings of FlightStream.  

The Kutta-Joukowski theorem is central to the operation of FlightStream; this theorem 

states that the lift per unit span of an airfoil will be described by equation 3.1: 

∞∞∞ Γ= VL ρ                      (3.1) 

In which Γ represents the circulation around the airfoil.  The Kutta condition states that the 

circulation value is such that the airflow leaves the trailing edge of an airfoil in a smooth manner, 

so long as the circulation is taken over a curve which encompasses the entire surface. [26] The 

FlightStream solver enforces this condition at specified trailing edges, which allow for a starting 

point for calculating the lift over the entirety of the model. 

[17, 18] 

FlightStream operates through the application of a vortex ring to each of the triangular 

facets of a model.  The direction of the vortex rings is aligned to match the windings of the 

facets, and because each the edges of the facets forms a discreet, closed loop, the vortex ring is 

modeled in accordance with Helmholtz’s theorems. [17, 20] The application of the vortex ring is 

illustrated in Figure 3.1:   

 

Figure 3.1: Vortex Ring for a Single Facet [17] 
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For a brief mathematical illustration, Figure 3.2 diagrams a vortex ring inducing a 

velocity “V” at a point “P”.   

 

 

Figure 3.2: Vortex Ring [17] 

Velocity induced by a vortex ring on a single facet side can be determined from equation 3.2:  
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Where Aj,P is referred to as a geometric influence coefficient.  A full derivation of these 

equations can be found in Reference 17. [17] 

 As with most other surface-based potential flow solvers, the vortex strengths are 

determined to satisfy the Neumann boundary condition for a solid surface; the dot product of the 

velocity vector and normal vector of a face must be equal to zero, which is to say that the 

velocity must be directed parallel to the surface of a facet. [17] 
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3.1.3: FlightStream Vorticity Shedding and Wake Model 

 Prior to running the solver, segments to be considered as trailing edges are specified 

either manually by the user or automatically by FlightStream.  It is at these edges that the Kutta 

Condition is enforced; if left unmarked, the solver will treat the simulation as purely a potential 

flow problem, and compute results for pressure distribution but no aerodynamic loads. Once the 

solver begins operation, wake strands are generated at nodes located at the endpoints of marked 

trailing edge segments. The vorticity shed into each wake strand is determined by taking the 

summation of the vorticities of each of the facets in contact with the point of origin of the wake 

strand, as shown in Figure 3.3.   

 

Figure 3.3: Trailing Edge Wake Model [17] 

Each of the arrows in the illustration indicates an edge contributing to the vorticity of the wake 

strand, with the arrows themselves being representative of the difference between the vorticites 

of the facets in contact at that edge.  Note that in the realistic case of a trailing edge which joins 

two sides of a body, as would be seen for a wing with nonzero thickness, vorticity contributions 

will be made from both surfaces.  The action shown in Figure 3.3 is represented mathematically 

by Equation 3.4: 
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Marked trailing edges are assigned no vorticity; therefore, they do not contribute to the vorticity 

of the wake strand, and only the vorticity necessary to satisfy the Kutta condition at the trailing 

edge is shed into the wake strand. [17, 18] 

3.1.4: FlightStream Calculations  

In Equation 3.3, the only unknown variable is the strength of the vortex ring.  Based on 

boundary physics, velocity is a known value at certain control points; therefore, it is possible to 

solve for the vorticity in each of the loops in contact with known velocity points. To include the 

entirety of the mesh, this concept can be expanded into the matrix equation:  

















=

















Γ

Γ

















N

i

NNNN

N

B

B

AA

AA

LL

L

MOM

L 1

,1,

,11,1

                                       (3.5) 

Matrix “A” is the N-by-N matrix of geometric influence coefficients, matrix “B” contains the 

velocity requirements on control points known from external physics requirements, and matrix 

“Γ” is comprised of the unknown vorticities at each of the facets.  This is effectively a system of 

N equations and N unknowns, and it therefore can be solved exactly.  Unfortunately, extremely 

large matrices must be used to fully describe an aircraft model, which results in an unacceptably 

high degree of machine error.  In order to limit the influence of machine errors, FlightStream 

partitions the mesh into smaller sections and solves them one at a time.  [17, 18] 

The process of dividing the mesh means that the process for evaluating the mesh is 

naturally iterative.  The solver ceases iterating once it has converged to a prescribed convergence 

criterion, determined through the use of the area-averaged vorticity strengths on the mesh. This 

threshold is selectable by the user but by default is set to 1.0×10-4, which has been seen to be an 

appropriate value in most cases.  Once an accurate solution has been arrived at, lift, induced 

drag, skin friction drag, and moment coefficients are computed in post processing. [17, 18] 
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3.1.5: FlightStream Skin Friction Drag Calculations 

The skin friction drag coefficient for each facet is calculated using the following semi-

empirical equation, developed by Prandtl-Schlichting in 1932 [17]: 

xx
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−=     (3.6) 

Because FlightStream does not compute velocity at each of the facets, Reynolds number must be 

arrived at through alternative means.  Vorticity at each face is computed by the solver, so the 

Reynolds number of a given panel is determined using Equation 3.7 [17]:  
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In which x represents distance from the local leading edge, µ represents dynamic viscosity, and γ 

represents the vorticity of the panel being examined.  The result for this equation can then be 

inserted into the previous equation, giving the local friction coefficient.  The total skin friction on 

the aircraft is then determined by summing the friction coefficients of all of the individual facets. 

[17, 18] 

3.1.6: Fuselage Vortex Shedding  

 In the course of validating the models, it became necessary to shed vortices in a manner 

atypical to the normal operation of FlightStream.  In the case of a slender bodied aircraft, such as 

a bomb or missile, set at a non-trivial angle of attack, a significant portion of its lift is generated 

on the forward portion of the fuselage. As it was primarily intended for the analysis of aircraft 

that are not slender bodies, FlightStream does not automatically account for vorticies shed from 

the forward fuselage of a body.  In order to accurately model the behavior of a slender body, 
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trailing edges must be manually marked on the front portion of the fuselage, as shown in Figure 

3.4. [27] 

 

Figure 3.4: MK-82SE Model set up for Fuselage Vortex Shedding 

Note that all vertices on the marked lines must be designated as wake termination nodes to 

ensure that the solver runs correctly; if wake strands are propagated from the forward section of 

the model, they will not behave realistically and will cause the trailing strands to generate 

inaccurate load results.  The front fuselage must also be split into a separate surface in order to 

ensure that accurate results can be ascertained.  This is necessary because FlightStream currently 

gives lift results which are the negative of the correct loads on the forward fuselage. Therefore, 

the model must be divided and the results for both sections added together by the user after the 

solver finishes running.  This division is seen in Figure 3.4 with the front and rear sections being 

differently colored.  Continuing development of FlightStream is expected to eliminate this 

requirement at some point in the future.  

For this work, the position at which the vortices are shed, and therefore which lines 

should be marked, is determined from the experimental curves shown in Figure 3.5: [27] 
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Figure 3.5: Angle of Separation for Circular Cones [27] 

Relative incidence, represented here as β, is defined in Equation 3.8: 

)tan(

)tan(

ε

α
β =                     (3.8)  

In which α represents the angle of attack of the cone and ε represents the half-apex angle of the 

cone.  Once β has been computed, the angle of separation can be determined by finding the 

location of β on the x-axis of Figure 3.5 and following a vertical line upwards until it intersects 

the curve which corresponds to the cone being examined.  For example, a 10-degree cone set at a 

20 degree angle of attack produces a relative incidence value of approximately 2.06.  After 

tracing upwards from 2.06 to the intersection of the “ε=10°” curve, it can be seen that the angle 
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of separation is approximately 47 degrees from the horizontal. For the application to this thesis, 

the MK-82SE is most closely approximated by a 12.5 degree cone, and the angle of attack varies 

between zero and four degrees.  Computing β and tracing upwards gives an angle of separation 

in the region of 80-90 degrees, or in the case of an angle of attack less than one degree, no 

apparent separation angle at all. [27] Future versions of FlightStream are expected to improve 

upon this empirical approach by calculating the vortex shedding line and strength from the 

induced velocity distribution. 

 

3.2: Background, NASA Open Vehicle Sketch Pad and Construction of Models  

 All models used were constructed through the use of NASA Open Vehicle Sketch Pad 

(VSP).  Developed from the earlier NASA Rapid Airplane Modeler, VSP is an open-source tool 

designed for the purposes of generating three-dimensional aircraft models in the early conceptual 

phase of aircraft design.  As such, it has been designed with the ability to generate models very 

quickly and efficiently. It includes the capability to export models in various file formats 

compatible with aerodynamic analysis programs, including the 3D Systems Stereolithography 

(STL) files used by FlightStream. [28] These STL files can be generated either in a high-quality 

unstructured mesh, or a simple lower-quality mesh grid.  The simple mesh grid has been seen to 

function well and yield good results, so it is typical practice to use that option when generating 

STL files for FlightStream. [29] Because it is specifically designed for modeling aircraft through 

manipulating a series of parameters via a relatively simple graphical user interface, VSP offers 

significant advantages over traditional computer aided design (CAD) programs, such as Solid 

Edge.  Pre-loaded airfoil profiles allow aerodynamic surfaces to be rapidly created in VSP, all 

other key geometry design features can easily be accessed and adjusted from the GUI options 
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windows, and the fidelity of the model mesh may be easily adjusted.  Each of these functions 

tends to be extremely time consuming or impractical in CAD programs; airfoils must be 

manually defined, geometry must be methodically constructed piece by piece, and meshes are 

generally less than ideal.  While they offer extreme precision with regard to the shape of the 

object being generated, they typically generate an excessively fine mesh for the purposes of 

FlightStream analysis. In the best case scenario, this leads to undesirably long runtimes, 

requiring several hours to import and run.  In the worst case scenario, overly fine CAD meshes 

have been seen to completely crash FlightStream after several hours of attempting to import.  

The latest versions of VSP also offer the ability to export CAD files; this functionality provides 

maximum flexibility for the latest and future versions of FlightStream. [28]   

 The F-16 mesh used is shown in Figure 3.6.  This mesh was generated based on the 

model sketch shown in Figure 2.3.  However, as there are no size restrictions in FlightStream, the 

model was constructed at full scale.  This ensured that reference dimensions could be matched to 

their real-world values without need for adjustment.  Cursory testing indicated that scaling the 

model up to full size had no apparent effect on the accuracy of results generated.  
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Figure 3.6: F-16 Computer Model 

As mentioned in Chapter 2, the lack of horizontal and vertical stabilizers is correct to the 

experimental data; the vertical stabilizer was never included in the model, and the horizontal 

stabilizers were removed after they were found to interfere with the sting mount on which the 

store was placed. Underwing pylons and wingtip rails were also included in the computer model.  

Though they were not shown in the sketch, these features were accurate to the wind tunnel 

model, and necessary to ensure that all surfaces present in the original experiment were modeled 

in FlightStream. Conversely, the movable surfaces shown in the sketch were not included in the 
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VSP model.  All runs of interest held the surfaces in their neutral position; therefore, the 

inclusion of separate control surfaces would have added a significant degree of complexity to the 

model and increased computation time for no benefit.  

 Two deviations from the physical model were present; In order to ensure the solver 

would run properly, the lower portion of the ventral fins and the aft-most row of facets on the 

lower surface of the wings were omitted from the solver, effectively converting the surfaces to 

single-layer thin wings.  Surfaces or portions of geometries which are extremely thin, such as 

these, have essentially the same boundary conditions on both the upper and lower surfaces, a 

situation which poses problems for the solver and will typically lead to errors.  While a specific 

criterion for predicting which geometries will exhibit this behavior has not been determined, 

omission of similar sets of facets is common practice when using FlightStream, often being an 

early step in ensuring that a mesh will run accurately and consistently.  These omissions have not 

been seen to noticeably impact the quality of results generated. [29] 

Figure 3.7 shows the three models of the MK-82SE that were used, each with a 

progressively finer mesh structure.   

 

Figure 3.7: MK-82SE Meshes 
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All three models were based on the drawing in Figure 2.4, but as with the F-16, scaled up to full 

scale.  A mesh refinement study was conducted to ensure numerical fidelity of the solutions 

generated.  The most coarse mesh, comprised of 1,620 facets, was selected as a starting point, as 

it visually recreates the MK-82SE well and similar densities have been seen to work well on 

other models in unrelated work.  The finest mesh was generated by approximately doubling the 

number of longitudinal and latitudinal sections in VSP, resulting in a facet count of 6,324.  When 

paired with the F-16 model, the finest mesh also approximately coincided with the maximum 

mesh size that the hardware used was consistently capable of processing without errors.  The 

medium fineness level mesh was generated by setting the latitude and longitude sections to 

approximately 1.5 times that of the coarsest mesh, and was comprised of a total of 3800 facets.   

 As the meshes output by VSP are not specifically designed to be compatible with the 

FlightStream solver, some inspection and minor alterations are typically necessary in order to 

ensure effective and consistent operation of the solver.  In many cases, undersized faces, “inside 

out” faces with reversed surface normals, overlapping faces, or extremely high aspect ratio 

“needle” faces are present.  All of these instances can keep FlightStream from successfully 

running a simulation, and if present, they must be dealt with manually by the user.  In the case of 

the MK-82SE, three quarters of the initial mesh was deleted, with the remaining single quarter of 

the mesh being edited manually to assure its quality.  The edited quarter was then mirrored 

across the XY and XZ planes in order to re-create the missing sections of the mesh.  In addition 

to allowing for a less time consuming process to edit the full mesh, this approach ensured that the 

mesh would be completely symmetrical across both the XY and XZ planes.   

 The fins of the models are an approximation of those on the actual MK-82SE.  The fins 

of the real store are effectively thin, flat planes; VSP is unable to effectively model them as such, 
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so a NACA 0005 symmetric airfoil was used instead.  While the limited thickness of this airfoil 

section offered a good approximation of the flat fins, an aerodynamic surface in which the upper 

and lower surface are in extremely close proximity to each other poses some problems in 

FlightStream.  This is a known limitation of the solver, as previously mentioned in regards to the 

ventral fins and trailing edges of the F-16 model. In the case of geometry in which the entirety of 

an aerodynamic surface is very thin, the accepted solution is to delete half the aerodynamic 

surface, as well as the small faces at the wingtips, again creating effectively a single layer mesh 

to approximate the wing.  To ensure that the model would behave as similarly as possible to the 

actual, symmetric MK-82SE, the lower surfaces of the upper fins and upper surfaces of the lower 

fins were deleted.  Simulations revealed that this geometry was capable of accurately modeling 

the behavior of the MK-82SE.  

 

Figure 3.8: F-16 Mesh with MK-82SE 

 Figure 3.8 shows the configuration in which the aircraft and store were analyzed.  The 

MK-82SE was positioned on the starboard side outboard pylon for all tests.  This carriage 

position sets the store at a three degree angle downward relative to the centerline of the aircraft; 

the aircraft itself was at a positive two degree angle of attack, giving the store a negative one 

degree angle of attack to the freestream. As in the experimental data to be replicated, the inboard 
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pylon was empty, and an AIM-9 “Sidewinder” missile was modeled on the starboard wingtip 

rail.  In order to reduce runtimes as much as possible, only the starboard half of the aircraft was 

modeled, as the effect of the port side of the aircraft on a store released from the starboard-most 

pylon is negligible. 
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Chapter 4:  

FlightStream Analysis  

4.1: Validation of Models 

 The STL models of the MK-82SE and the F-16 were compared against experimental 

results from reference 15 and 17.  The results of these FlightStream runs are shown in Figure 4.1 

to 4.3.   

F-16 Model Validation
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Figure 4.1: Results for F-16, Lift Coefficient vs. Angle of Attack [17] 

So as to ensure an accurate representation of the model used to generate this experimental 

data, the underwing pylons were removed from the F-16 mesh and horizontal stabilizers were 

added. As seen in Figure 4.1, the model proved to be in generally good agreement with the 

experimental data, though with decreasing accuracy as angle of attack is increased.  This has 

been attributed to the fidelity of the mesh used here; for comparison, a series of results generated 

with a higher fidelity FlightStream model used in Reference 17 has been included. That older 
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model, which was unavailable for use in this work, is seen to be markedly improved at higher 

angles of attack over the one used here.  However, given that the results of the current model 

were seen to be reasonably accurate between zero and four degrees, and that the model was to be 

run at a fixed two degree angle of attack, it was judged to have a sufficient degree of fidelity for 

the task at hand. As such, it was not considered necessary to generate a finer, higher-fidelity 

mesh for the F-16; while the potential for FlightStream to better re-create the behavior of the 

aircraft clearly exists, further refining the mesh would have potentially added significant runtime 

for little to no benefit in the area of interest. [17] 
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 Figure 4.2: MK-82SE, Normal Force Coefficient vs. Angle of Attack [15] 
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Figure 4.3: MK-82SE, Axial Force Coefficient vs. Angle of Attack [15] 
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In order to validate the MK-82SE model, the three meshes were run through a series of 

simulations at a Mach number of 0.6 and an altitude of 5000 feet, with the angle of attack being 

varied between negative and positive four degrees in increments of two degrees.  The results for 

the three meshes are shown in figures 4.2 and 4.3, with the labels “coarse,” “medium,” and 

“fine” applying to the meshes in ascending order of fineness.  The data from Reference 15 gave 

values for normal force coefficient and axial force coefficient; in order to match, the normal and 

axial force values were calculated from FlightStream lift and drag output using equations 4.1 and 

4.2, respectively: 

  )sin()cos( αα DLN CCC +=          (4.1) 

 )cos()sin( αα DLA CCC +−=          (4.2) 

 In regards to axial force, the two finer meshes proved to be both accurate to experimental 

data and consistent to each other. For normal force, all three meshes were consistent with each 

other, though the model proved to be somewhat less accurate than ideal.  As seen in Figure 4.2, 

the normal force for the FlightStream simulation becomes less accurate as angle of attack moves 

away from zero.  In general, FlightStream is very accurate in calculating lift on an aircraft; the 

discrepancy in this case is likely due to two factors: the shape of the MK-82SE and the effects of 

separation.  FlightStream operates most effectively when analyzing models in which 

aerodynamic surfaces with clearly defined trailing edges generate most of the lift acting on the 

model, but in the case of the MK-82SE, a significant portion of the lift produced is generated by 

the fuselage.  Because the fuselage cannot be marked with a well-defined trailing edge, 

FlightStream results for lift, and therefore normal force, are less accurate because the lift on the 

forward body is not captured correctly.  In addition, FlightStream is not currently equipped to 

model separated flows, which becomes a more significant contributor to normal force as angle of 
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attack increases.  Future versions of FlightStream are expected to more accurately model the 

effects of both of these factors, but in the current version of FlightStream, it was necessary to 

find an alternative method to improve the fidelity of normal force results.   

Initial attempts to improve normal force results were focused on making minor alterations 

to the geometry. The rationale for attempting these changes was that these slight changes could 

allow FlightStream to measure fuselage lift without affecting the overall accuracy of the mesh 

geometry in any significant manner. Two of the slightly altered meshes are shown in Figure 4.4, 

with comparison against the unaltered mesh and experimental results shown in Figures 4.5 and 

4.6: 

 

Figure 4.4: Altered MK-82SE Meshes 
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Figure 4.5: Normal Force Coefficient Comparison [15] 
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Figure 4.6: Axial force Coefficient Comparison [15] 
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Each of the meshes in Figure 4.4 differs from the normal fine mesh in that a small lip is present 

between the fuselage and fin sections of the mesh.  In the first mesh, the lip faces forwards, 

which is to say that the diameter of the mesh increases between the forward fuselage and fin 

sections.  This alteration was made based in some extent on the shape of the real-world MK-

82SE.  It was thought that the airbrake section, shown deployed in Figure 2.5, may create a small 

lip when retracted, and that the absence of this lip may have accounted for the erroneous normal 

force results.  While there was some improvement seen in terms of normal force from this 

geometry, axial force results were seen to be significantly less accurate.  In addition, closer 

examination of both drawings of the wind tunnel model and a full-scale MK-82SE indicated that 

a forward-facing lip was unrealistic. 

The second mesh has a rearward-facing lip, with trailing edges marked around the 

circumference of the store.  Note that in order to ensure consistent operation of the solver, the 

facets connecting the edge of the lip to the fin section of the store were omitted.  FlightStream 

does not function well if trailing edges are marked on a surface which does not come to a point, 

so this type of omission is common practice.  While the addition of the forward-facing lip was an 

attempt to improve the realism of the mesh geometry, the addition of the rearward-facing lip was 

an attempt to allow FlightStream to measure lift on the forward fuselage. By adding the marked 

trailing edges along the lip, it was hoped that FlightStream would be able to treat the fuselage in 

the same way that it does a more typical aerodynamic surface, and therefore produce accurate 

normal force results.  Instead, the opposite effect was seen, with normal force results being far 

more inaccurate than they had been with the unaltered model. 

Following the rejection of the two meshes shown in Figure 4.4, a series of various small 

adjustments were made to the meshes, to include modifying the shape of the lips, removing 
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sections of the lips in small increments, and cutting out a section of the mesh and marking 

trailing edges on the forward portion of the resulting gap.  Unfortunately, these tests cannot be 

expounded upon in any great detail here, as data corruption has rendered their meshes and 

simulation files inaccessible at the time of writing.  However, their results can collectively be 

summarized as having produced no results which were an acceptable improvement on the 

unaltered mesh.  This led to the conclusion that modifying the mesh geometry would not produce 

acceptably accurate results, and therefore a different approach was needed.  

After the failure of adjusting the MK-82SE geometry, the application of fuselage vortex 

shedding was determined to be a viable solution to this limitation.  The same series of runs was 

again conducted on the finest MK-82SE mesh, with adjustments applied to allow for the 

modeling of axisymmetric shedding.  Specifically, a series of edges on the forward fuselage were 

marked as trailing edges, as shown in Figure 3.3.  For a given angle of attack, the edges marked 

were on the leeward half of the model; for a positive angle of attack, edges were marked on the 

upper half, while for a negative angle of attack, edges were marked on the lower half.  No edges 

were marked in the case of a zero degree angle of attack, as no vortices would be shed from the 

forward fuselage in that instance.  The axisymmetric shedding method markedly improved 

results with regard to normal force, while maintaining a similar degree of accuracy for axial 

force, as shown in Figures 4.7 and 4.8.  This improvement for normal force results can be 

directly attributed to the fact that allowing for the shedding of vorticity from the forward portion 

of the fuselage allows the Kutta-Joukowski theorem to capture fuselage loads. 
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Figure 4.7: Normal Force Coefficient for MK-82SE with Fuselage Shedding [15] 
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Figure 4.8: Axial Force Coefficient for MK-82SE with Fuselage Shedding [15] 
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Following these results, the model was judged have sufficient fidelity for the purposes of 

proximity testing.  Note that all subsequent plots will display only the results for the finest mesh, 

as the two less fine meshes were seen to be less accurate and therefore their inclusion would only 

serve to make plots more difficult to interpret. 

4.2: Proximity Analysis 

The results of FlightStream analysis are shown in Figures 4.9 to 4.12.  All runs were 

conducted at a freestream Mach number of 0.6, with the F-16 at a two degree angle of attack.  

This resulted in the MK-82SE being held at a negative one degree angle of attack relative to the 

incoming freestream.  It was determined that because of this low angle, the vortices shed from 

the fuselage of the bomb were effectively nonexistent, and therefore no edges were marked on 

the front portion of the bomb. The computer used was a Dell Latitude D830 laptop equipped 

with a 2.5 gigahertz dual-core processor and 4 gigabytes of RAM. Both cores were used in 

parallel, and runtimes for a single simulation ranged from 45 to 60 minutes.  For clarity, it should 

be emphasized that these runtimes are consequence of using an older, lower-power, model 

computer. The same simulation files have been seen to run much faster on more recent and 

powerful hardware.   
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Figure 4.9: Normal Force Coefficient vs. Separation, Mach 0.6, Altitude 5000 ft [15] 

Normal force coefficient, shown in Figure 4.9, has been seen to be generally in very good 

agreement with the experimental results. At positions closer than three feet from the carriage 

position, however, the FlightStream results noticeably diverge from the experimental results, 

though they do trend in the correct manner.  This is possibly a result of the very close spacing 

between the MK-82SE and F-16 creating a Venturi effect.  Given that the freestream is moving 

at a Mach number of 0.6, it is believed that this Venturi effect produces a region of locally 

transonic flow, a regime which FlightStream is not currently equipped to analyze.  Further 

discussion of the possible causes and effects of this discrepancy will be addressed in section 4.3. 
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Figure 4.10: Axial Force Coefficient vs. Separation, Mach 0.6, Altitude 5000 ft [15] 

The results for axial force coefficient proved to be very accurate to the experimental data, 

as shown in Figure 4.10.  The noticeable departure from experimental results seen on the normal 

force plot was not present for axial force.  This is likely due to the fact that for both FlightStream 

and the experimental data the axial force coefficient was fairly insensitive to the position of the 

store, meaning that the interaction which produced the upward trend in normal force was not a 

factor for axial force.  Therefore, FlightStream was still able to produce accurate results in this 

case.  The degree of accuracy for these results was encouraging, as determining axial force has, 

in the past, been particularly troublesome for the FlightStream solver, in addition to being one of 

the more difficult aerodynamic loads to accurately measure experimentally. 
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Figure 4.11: Rolling Moment Coefficient vs. Separation, Mach 0.6, Altitude 5000 ft [15] 

Rolling moment results, shown in Figure 4.11, were in good agreement with both the 

experimental data and expected results.   As would be expected for a symmetrical body, most of 

the FlightStream results were effectively zero, with slight numerical errors taken into 

consideration.  At closer separation distances, a more significant negative rolling moment was 

observed, both in FlightStream and in the experimental data.  The FlightStream data differs from 

the experimental data in the magnitude of the moment coefficient, although the negative trend is 

still apparent.  It is probable that this is the result of the same effect that has been seen to disrupt 

other results.  At the time of writing, FlightStream cannot accurately model this effect, though 

future versions are expected to have the capacity to do so.  Section 4.3 will discuss in more detail 

possible causes of and solutions for this inaccuracy.   
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Figure 4.12: Pitching Moment Coefficient vs. Separation, Mach 0.6, Altitude 5000 ft [15] 

Pitching moment results were very accurate for all positions except one, to the point that 

most of the data points shown in Figure 4.12 overlap.  In the carriage position, the pitching 

moment seen in the wind tunnel was significantly more negative than the moment calculated by 

FlightStream.  As with the discrepancies seen when testing the normal force coefficient, it has 

generally been believed that this may be a result of a Venturi effect producing a region of 

transonic flow at very close separation distances, though further possibilities will be explained in 

section 4.3.     

  

Section 4.3: Possible Explanations and Solutions for Observed Discrepancies 

The discrepancies seen near the aircraft have consistently been present throughout the 

entirety of the thesis work.  A definitive explanation has not been determined as of yet, but a 

number of possible explanations have been proposed.  Firstly, it is possible that the positioning 

of the aircraft and store produces a region of flow that FlightStream is not capable of analyzing. 

As has been briefly discussed previously, the possibility exists that the close spacing of the store 
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and aircraft produces a Venturi effect, driving airflow in the space between the two bodies into 

the transonic regime.  As FlightStream is not currently intended to analyze transonic flow, this 

would be a reasonable cause for generating unreliable results. Future versions are expected to 

function more effectively in transonic flow, which should improve the quality of results seen 

here if the errors have in fact been caused by a locally transonic region.  

Throughout most of the process of conducting work for this thesis, the generally accepted 

explanation for the incorrect results has been that a region of transonic flow is present. However, 

further possibilities exist which may more accurately describe the situation.  In the original wind 

tunnel tests, the positioning of the store and aircraft may be producing a region in which 

unsteady flow patterns are present.  FlightStream is only capable of modeling steady state flow 

conditions, meaning that any loads produced because of unsteady effects will not be accurately 

captured.  While it is possible that further FlightStream development may eventually allow for 

modeling unsteady flow, at the time of writing this it remains a long-term goal.  As such, it 

should be regarded as being beyond the capabilities of FlightStream for the foreseeable future. 

An additional possibility unrelated to the behavior of the airflow is that the errors are a 

product of the nature of FlightStream itself as a vorticity-based solver.  In order to successfully 

apply the Kutta-Joukowski theorem to calculate lift, the contour around which circulation is 

taken must be sufficiently large that the circulation on the body can be approximated by a point 

vortex.  Multiple bodies being present in close enough proximity to each other can prevent this 

from being possible, leading to incorrect results.[30]  In this case, erroneous results were 

consistently seen at separation distances closer than three feet, which approximately corresponds 

to half the length of the store. Because of this correspondence, it appears most likely that the 

errors seen can be attributed to this limitation.  A possible solution for this method would be 
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modifying how FlightStream operates, forcing the solver to measure the loads on the store and 

aircraft using two distinct contours adjacent to each other, but which do not intersect each other.  

This operation would likely add runtime, but would be unnecessary after a certain separation 

distance. After that point, FlightStream could revert to its normal, less time-consuming, mode of 

operation.   

An alternative method that could be applied to account for this condition would be 

switching the operation of FlightStream from that of a vorticity-based solver to that of a 

pressure-based solver.  This would require that the mesh for both aircraft and store be refined to 

a higher degree than what is generally acceptable for FlightStream, and would therefore lead to 

longer runtimes than FlightStream would normally require. However, because a pressure-based 

solver is not subject to the contour requirement that hampers a vorticity-based solver, this should 

be an effective method to generate results at very close separation distances.  As in the case of 

the contour adjustment method, running FlightStream as a pressure solver would become 

unnecessary after a point, allowing it to resume normal operation.   Neither of the previously 

discussed alterations to FlightStream are planned to be implemented at the time of writing, 

though based on their relative simplicity and potential for significant improvements in the 

capabilities of the solver, they may be implemented at some point. 



 42 

Chapter 5: 

Analysis of Coefficients in a Plane near the Aircraft 

Following the completion of the validation runs, an additional series of one hundred runs 

were conducted by placing the MK-82SE in a 10 foot by 10 foot grid pattern below the wing of 

the F-16.  The results for these runs have been presented in figures 5.1 to 5.4. As before, all runs 

were conducted at a Mach number of 0.6, an altitude of 5000 feet above mean sea level, and an 

angle of attack of two degrees for the aircraft, which placed the store at a negative one degree 

angle of attack relative to the freestream.  Note that in the figures, (0, 0) indicates the store 

carriage position, and the inboard pylon is approximately located at (4, 0). Coordinates are 

negative in the down and inboard directions, consistent with the aircraft-centered coordinate 

system used in FlightStream. 
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Figure 5.1: Normal Force Coefficient Map, Mach 0.6, Altitude 5000ft 

 Normal force coefficient is shown in Figure 5.1.  The results are generally what would be 

expected, with the normal force being noticeably influenced by proximity to the underwing 

pylons, the wingtip-mounted Sidewinder and the fuselage, with influence decreasing as the store 

is moved farther from the aircraft.    
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Figure 5.2: Axial Force Coefficient Map, Mach 0.6, Altitude 5000ft 

 Axial force results are shown in Figure 5.2.  As was the case in the comparison against 

the experimental data, axial force is seen here to be significantly less sensitive to position than 

normal force.   However, proximity to the underwing pylons and wingtip missile can be seen to 

notably influence axial force.  As would be expected, the affect of the aircraft on the store 

decreases as the store is moved farther away from the aircraft, with axial force becoming 

generally uniform at vertical separations from the carriage position greater than three feet.   
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Figure 5.3: Rolling Moment Coefficient Map, Mach 0.6, Altitude 5000ft 

 As would be expected for a symmetric body, rolling coefficient was small and fairly 

consistent, ranging between -1.3×10-2 and 4.5×10-3 across the entire grid.  Proximity to the 

fuselage can be seen to influence the roll results, but the wing and pylons were less of an 

influence than seen for axial and normal force.  The small irregularity at (-4, 0) appears to be an 

effect of proximity to the inboard pylon. A similar spike is seen at the location of the outboard 

pylon, (0, 0), but the value at (-4, 0) appears more extreme on the graph because it is a positive 

value, 1×10-4, surrounded by negative values.  A value of zero located at (-5, 1) results in the 

narrow feature connecting (-4, 0) to the region of positive values at the right-hand side of the 

plot.  
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Figure 5.4: Pitching Moment Coefficient Map, Mach 0.6, Altitude 5000ft 

Similar to the force coefficient results, pitching moment coefficient results were seen to 

be strongly influenced by proximity to the fuselage, pylons, and Sidewinder.  As would be 

expected, pitching moment is seen to decrease as the store is moved farther away from the 

aircraft, eventually becoming fairly uniform.  

Based on the above results, FlightStream has been generally seen to generate good results 

for regions around an aircraft. In the future, an expanded version of this operation may be used 

with surrogate modeling to form a comprehensive loads model for six-degree-of-freedom 

simulations.    
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Chapter 6:  

Conclusions and Future Work 

  FlightStream has proven capable of analyzing proximity flight to a reasonable degree of 

accuracy, and a method for using FlightStream to efficiently produce a loads map for store 

separation has been demonstrated.  After the implementation of fuselage vortex shedding, 

FlightStream has also been shown to be capable of calculating the loads on a body for which the 

fuselage generates a significant portion of lift. Though FlightStream currently produces 

inaccurate results for analysis of very close separation distances, it is possible that future 

developments will positively identify and eliminate the cause of this problem.  At present, it is 

thought that these inaccuracies are caused either by the nature of a vorticity-based solver or a 

characteristic of the airflow between the aircraft and store.  Possible solutions have been 

proposed in either case, and the continuing development of the solver will likely incorporate one 

or more of them. In the meantime, the speed and ease of use offered by FlightStream still make it 

a valuable tool in both the area of proximity flight and general aerodynamic analysis.   

 One of the preliminary areas for future work is the automated calculation for fuselage 

vortex shedding, to include the calculation of separation line positions.  This is the subject of 

work currently being funded by NASA for the purposes of calculating high lift loads. This 

development is also applicable to store separation problems, such as the one examined here, as 

well as other scenarios in which a non-trivial portion of the lift on a body is generated by a 

fuselage.  In this thesis, this problem was addressed manually, with separation lines being 

determined from experimental data and lift from the fuselage being manually summed to yield 

the total lift on the MK-82SE.  Automation will significantly improve both the speed and the 

accuracy of this process.    
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Future work in the area of proximity flight and separation analysis may also include 

improvements specifically intended to address the inaccuracies seen in this work.  Altering the 

operation of the solver to ensure bodies in very close proximity are analyzed using distinct 

circulation loops is expected to offer a significant improvement through small alterations to the 

solver.  Similar improvements may also be seen from using a pressure-based solver to determine 

loads at close separation distances.  No timeframe is currently set for the development of either 

of these features, but their relative simplicity should allow them to be implemented with 

relatively little difficulty.  By contrast, the ability to simulate unsteady conditions remains a very 

long-term goal.  While this may improve on the results seen here and would broaden the 

applicability of the solver as a whole, the complexity of modeling such conditions mean that 

adapting FlightStream to unsteady conditions is unfeasible for the time being.    

Additional future work may include coupling FlightStream with a six degree of freedom 

solver for on-demand aerodynamic load calculations, enabling FlightStream to actively model 

the motion of a separating store throughout its trajectory.  Further, linking FlightStream to both a 

six degree of freedom solver and an optimizer will enable FlightStream to find optimal store 

placements for a given combination of parent aircraft and stores.   
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