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(ABSTRACT) 

A framework for understanding the fundamental physics of flowfields over forebody type 

shapes at low speed, high angle of attack conditions with special emphasis on sideslip has 

been established. Computational Fluid Dynamics (CFD) has been used to study flowfields 

over experimentally investigated forebodies: the Lamont tangent-ogive forebody, the F-5A 

forebody and the Erickson chine forebody. A modified version of a current advanced code, 

CFL3D, was used to solve the Euler and thin-layer Navier-Stokes equations. The Navier- 

Stokes equations used a form of the Baldwin-Lomax turbulence model modified to account 

for massive crossflow separation. Using the insight provided by the solutions obtained 

using CFD, together with comparison with limited available data, the aerodynamics of 

forebodies with positive directional stability has been revealed. An unconventional way of 

presenting the results is used to illustrate how a positive contribution to directional stability 

arises. Based on this new understanding, a parametric study was then conducted to 

determine which shapes promote a positive contribution to directional stability. The effect 

of cross-sectional shape on directional stability was found to be very significant. Broad



chine-shaped cross-sections were found to promote directional stability. Also, directional 

stability is improved if the chine is placed closer to the top of the cross-section. Planform 

shapes also played an important role in determining the forebody directional stability 

characteristics. This initial parametric study has been used to propose some guidelines for 

aerodynamic design to promote positive directional stability.
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INTRODUCTION 

High angle of attack aerodynamic characteristics of advanced fighter aircraft are an 

important part of the configuration development. A considerable expansion of research 

effort devoted to problems at high angle of attack has been witnessed in recent years, 

motivated by the growing importance of post stall maneuverability and agility for the next 

generation combat aircraft. High angle of attack aerodynamic design is currently conducted 

primarily in wind tunnels, and the high angle of attack characteristics of the forebody are a 

significant part of this design work. Considerable attention has been devoted to flow 

asymmetries, advanced control device concepts (forebody flaps”), and modern control 

system design (refs. 1-4). However, the requirement for advanced control devices and 

control systems is in large part due to directional stability characteristics. If the basic 

directional stability characteristics can be aerodynamically tailored by shaping the forebody, 

demands on control systems and control devices can be dramatically decreased, and 

complicated forebody mechanisms (which are undesirable from an aircraft designer's point 

of view) may not be required. The surveys by Chambers (ref. 1), Chambers and Grafton 

(ref. 2) and more recently by Rom (ref. 5) present the basis of the current understanding of 

high angle of attack aerodynamics. 

The aerodynamic design problem can be described using typical aerodynamic 

characteristics of fighter aircraft. Figure 1 illustrates the problem in terms of typical C,, B 

characteristics of an advanced fighter. At low angles of attack the vertical tail provides 

directional stability. As the angle of attack increases the tail loses effectiveness because of 

its location in the separated flow region behind the fuselage and wing. For some



configurations the directional stability increases again as the angle of attack increases 

further, as shown in the figure. Figure 2(a) replots data from the report by Grafton, et. al., 

(ref. 6). In this case the directional stability of the F-5A forebody alone is nearly identical to 

the directional stability of the entire aircraft above a@ = 30°. This classic data is often used 

to illustrate the dominant role played by the forebody in determining the directional stability 

at high angle of attack. Figure 2(b) shows the isolated forebody test setup, and the 

hypothesized flow model. The leeward vortex is bigger but farther away from the surface 

than the windward vortex. The low surface pressure associated with the vortex located very 

close to the surface acts to “pull” the body back to a smaller sideslip, and thus provides a 

stabilizing moment. 

Figure 3 (ref. 7) provides a schematic of a typical forebody and flowfield responsible 

for favorable characteristics, although in this case the concept is quantitatively in error. The 

windward vortex is actually stronger and more closely located to the body as was shown 

earlier in figure 2(b). This provides the net restoring force (positive stability) on the 

forebody. The possibility of controlling the flow is shown in the figure, where the cross- 

section is not axisymmetric, and has a small radius of curvature or crease at the max half 

breadth line location. Figure 4 shows the desirable changes to the C,, B characteristics 

shown in figure 1. Ideally the loss of stability should be delayed and the rapid variation 

should be minimized, with a resulting maximum C), B being less than the extremely high 

values sometimes observed. High values of C,,,, are frequently considered to be an 
"B 

indication of poor yaw damping, C,,, , characteristics. 

Previous development work in this area has been carried out experimentally. Figure 5 

illustrates a range of forebody shapes that have been considered for use on fighter aircraft. 

However the capability now exists to use CFD to investigate the design of aircraft



components at high angle of attack. This has been demonstrated by recent computational 

results. Some practical examples include the analysis of the F/A-18 (refs. 12-14) and the 

F-16A (ref. 15). Detailed examinations have also been made for tangent-ogives, including 

the effects of surface perturbations on flow asymmetry (refs. 16-18). However, none of 

the previous work has examined the capability of CFD methods to compute side forces 

arising from combined angle of attack and sideslip on non-axisymmetric forebodies. If the 

codes can be used to predict the side force, and hence yawing moment and directional 

stability, then they can be used to try to design forebodies to achieve desired aerodynamic 

characteristics. 

A review of the existing literature shows that high alpha forebody research so far has 

been confined to circular and elliptic cross-sections representing pre-ATF fighter designs. 

Future advanced fighters are likely to possess forebody geometries dictated by low- 

observables criteria, as evidenced by the YF-22 and YF-23 configurations. Accordingly, 

forebody cross-sections appropriate for future investigation will tend to be chine-shaped 

with distinct side-corners. The high alpha flowfields exhibited by these chine-shaped 

cross-sections are quite different from the conventional smoothly rounded cross-sections. 

Because of the interest in chine-shaped forebodies, a key issue in the application of 

computational methods to forebody design is the ability to treat chine sectional shapes. Few 

general chine-shaped forebody wind tunnel tests are available to use for comparison with 

computational methods. One is the wind tunnel investigation conducted by Erickson and 

Brandon (ref. 8), (the “Erickson Forebody”). In that study the chine effects were 

investigated for a generic fighter configuration, and pressure distributions were measured 

on the chine forebody. All forebody results were acquired in the presence of the wing.



More recently Kegelman and Roos (refs. 19 and 20) studied experimentally the influence of 

cross-sectional shape on the vortex flowfield at high angle of attack. They compared the 

surface pressures and the aerodynamic loads between a circular, elliptical and a chined 

cross-section at high angles of attack. Hall (ref. 21) studied the influence of the forebody 

cross-sectional shape on wing vortex-burst location. This study also involved the 

comparison of a two chine cross-sections with a circular section. 

Although the general problem of obtaining positive directional stability levels for 

fighter aircraft at high angle of attack is complicated, and component interactions are 

important, the forebody is crucial, as shown in figure 2, and because of its location 

necessarily less affected by interactions than other components. Therefore, the broad 

objective of the current effort is directed toward developing an understanding of forebody 

static directional stability aerodynamics and methods to tailor the isolated forebody 

characteristics for desirable high angle of attack characteristics. Specifically: (i) how cana 

favorable contribution to directional stability be induced at lower angles of attack and (ii) 

how can extremely large values of C,, , (which presumably are indicative of poor Cy, n 

characteristics) be eliminated? ° 

The objective of the present computational study is to understand the high alpha 

forebody flow physics and the favorable contribution of such flows to directional stability, 

and to use this knowledge in high alpha forebody design. The earlier sections are devoted 

to investigating the capability of an advanced computational code to simulate the complex 

forebody flowfields by examining the cases for which experimental data was available : the 

tangent-ogive forebody tested by Lamont (ref. 22), the F-SA forebody tested by Grafton 

(ref. 6) and the chine-shaped forebody tested by Erickson and Brandon (ref. 8). The



insight gained from these solutions is used to understand the mechanism responsible for 

positive directional stability and to arrive at an efficient solution strategy for a parametric 

study. The parametric study is described in the final section resulting in some guidelines for 

high angle of attack forebody shaping.



COMPUTATIONAL APPROACH 

A similar methodology was used throughout the present study although different grid 

strategies were employed. The grids have been described in detail under each specific case 

studied later. An isolated forebody geometry was used for all the computations presented. 

Flowfield Solver 

The baseline code for this work was the NASA Langley program CFL3D (ref. 23). 

Version 1.1 of the code was used in this study. This code solves the three-dimensional 

time-dependent conservation law form of compressible Euler and thin-layer Navier Stokes 

equations using a cell-centered finite volume formulation. The code uses a 3-factor implicit 

time-advancement algorithm with multigrid acceleration to steady state solutions. Steady 

state solutions were obtained and are discussed in this study. Numerous previous 

investigations have demonstrated the basic capability of the code, e.g., references 12 and 

23. 

For turbulent flow CFL3D uses the Reynolds averaged counterparts of the Navier- 

Stokes equations. An algebraic turbulence model is used, where the turbulent viscosity [, 

is obtained by using the two layer algebraic eddy viscosity model of Baldwin and Lomax 

(ref. 24) as modified by Degani and Schiff to account for the special characteristics of 

strongly separated flows in references 25-27. At high angles of attack, in regions of massive 

crossflow separation, the Baldwin-Lomax model picks a turbulent length scale based on the 

distance to the free shear layer which overpredicts the value of the eddy viscosity. The



Degani-Schiff modification allows the code to choose a more appropriate length scale based 

on the attached flow boundary layer below the primary and secondary vortices. Some 

additional details of the turbulence model have been discussed in Appendix A. 

In the present computations the convective and pressure terms arising in the flux 

quantities are represented using a third order upwind-biased algorithm with the flux- 

difference-splitting approach of Roe (ref. 28). The code can handle multiple blocks, and, 

when used, information is exchanged between the computational blocks using the patching 

algorithm described by Thomas et. al. (ref. 29). 

Some initial startup activity was required before beginning the study. For the work 

conducted here a full grid was used, wrapping all the way around the body, instead of a 

typical plane of symmetry grid. The grid interface in the crossflow plane was setup to allow 

flow across the grid boundary in place of plane-of-symmetry boundary conditions. The 

modifications to compute forces and moments and other minor changes to the above code 

have been documented in reference 30. The sign convention used in computing the forces 

and moments is shown in figure 6. The reference data used in computing these force and 

moment coefficients are the same as those used in wind tunnel tests and have been 

summarized in table 1. 

The computations were made on the NASA Langley Cray-2S computer. Analysis of 

flowfield calculations were carried out for the more complicated aspects of the grid and 

flow visualization using the NASA Ames code PLOT3D (ref. 31).



Boundary Conditions 

The farfield computational boundaries were chosen sufficiently far away from the 

body so as not to affect the forces on the body. They were chosen to be consistent with 

those used by other investigators e.g., the F/A-18 (ref. 12) and the tangent-ogive (ref. 16). 

The exact distances are given with the description of the computational grid, and were 

established after computational experiments on an equivalent tangent-ogive. 

Freestream values are specified at the far-field boundaries except along the outflow 

boundary where a zero-axial-gradient extrapolation condition was used. This extrapolation 

boundary condition is not strictly valid in subsonic flow, since the wake could affect the 

flow on the body. To minimize this effect, the computational length was extended beyond 

the physical length of the body keeping the cross-section constant. Flow tangency is 

enforced on the inviscid body surface. When viscous effects are included the no-slip as 

well as non-penetration conditions are enforced on the body. The code was modified to 

handle the boundary conditions for combined a@/B flows, and then validated for operation 

at combined angles of a and B. At the plane of geometric symmetry periodic conditions 

are used to include sideslip as well as angle of attack in the freestream flow. The 

temperature boundary condition is treated by defining the body to be adiabatic.



LAMONT TANGENT-OGIVE 

To check the code modifications and grid setup for this work a simple geometry 

extensively studied by other investigators was selected. The so called “Lamont Tangent- 

Ogive” (ref. 22) was used for the work. This is a 3.5 caliber tangent-ogive nose with a 

cylindrical afterbody. The total length of the ogive and cylindrical forebody was 25 

diameters. The objective of computing the flow over this relatively simple geometry was to 

test the minor modifications that were made to CFL3D, including the added boundary 

condition. The ability of the code to handle combined angle of attack and sideslip is a key 

part of the study and needed to be verified with a geometry which would provide the same 

results for @ at zero B and B at zero a. Inviscid computations were made at M,, = 0.2 

for two different cases, one for @ = 20° and no sideslip and the other with B = 20° with no 

angle of attack. 

Tangent-Ogive Forebody Grid 

The three-dimensional grid was constructed from two-dimensional O-type crossflow 

grids which are longitudinally stacked, constituting an H-O topology. The boundaries 

upstream of the nose and radially away from the body were selected to be consistent with 

similar calculations done by Hartwich and Hall (ref. 16). The forward boundary extends 

upstream of the nose by 0.502/ and radial outer boundary extends 1.06/ from the model 

centerline. The reference length / is equal to the longitudinal extent of the forebody which 

was 25 diameters.



The grid used for the initial inviscid calculations had 24 points in the radial direction 

and 57 points in the full circumferential direction. Longitudinally, the grid was clustered 

near the nose with 22 stations on the forebody and 9 stations ahead of the nose. The grid 

upstream of the nose was also longitudinally stretched to provide resolution near the nose. 

The entire inviscid grid consisted of 42,408 points. The results using this grid resulted in 

irregularities in the surface pressures at the ogive-cylinder intersection and downstream to 

be discussed below. The problem was reduced by increasing the grid resolution. Thus 

subsequent calculations were made by increasing the number of grid points in the 

circumferential direction to 69 points with the total number of points in the entire grid 

increasing to 51,336 points. 

Results and Discussion of the Lamont Tangent-Ogive Computations 

Initial inviscid calculations used the 24 x 57 x 31 grid for the case of ~@ = 20° and 

f = 0°. These results are shown in figures 7 and 8. The experimental data shown in these 

figures are due to Lamont (ref. 22). Here they are taken from the paper by Hall and 

Hartwich (ref. 16) and include an adjustment in the pressures. The data was obtained at a 

wind tunnel freestream Reynolds number of 0.2 x 10° based on the diameter of the 

tangent-ogive. Figure 7 shows the surface pressures on the windward plane of symmetry. 

The difference in the surface pressure between the experimental and the computational data 

at sections close to the nose is attributed to the poor resolution of the H-O grid topology at 

the nose. Figures 8(a) to 8(d) show the surface pressure coefficient at the axial stations of 

x/D = 0.5, 2.0, 3.5 and 6.0. The first two locations are on the ogive forebody, the third is 

at the junction between the forebody and the cylindrical afterbody and the fourth is on the 
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cylindrical afterbody. The @ shown on the x axis is the angle measured clockwise from the 

windward plane at any cross-section with @ = 0° corresponding to the windward plane and 

0 = 180° corresponding to the leeward plane. The inviscid computations agree fairly well 

with the data on the windward side. Agreement is poor near the nose (fig. 8(a)). 

Presumably this is due to a lack of grid resolution, as seen in figure 7. The agreement is 

surprisingly good at x/D = 2.0 considering the expectation that viscous effects would have 

significantly altered the pressure distribution at this angle of attack. However, agreement 

does deteriorate further downstream, where viscous effects do begin to make a significant 

effect on the surface pressure distribution as shown in figures 8(c) and 8(d). The 

irregularities in the computed surface pressures near 0 = 90° decreased significantly when 

the 24 x 69 x 31 grid was used. All the following figures incorporate this finer grid. Note 

that a viscous calculation would have resulted in confusion between viscous effects and 

grid resolution. 

Using the refined mesh, computations were also made for the case of a@ = 0° and 

B = 20° to verify that the surface pressures and forces were equivalent to the @ = 20° and 

B =0° case. The surface pressures at different cross-sections are shown in figures 9(a) to 

9(c) for both the cases. The ordinates for the case of ~ = 0° and B = 20° have been shifted 

by 90° for comparison to the surface pressures from the @ = 20° and B = 0° case. The 

pressures are identical in both cases. Table 2 gives the forces and moments for these cases. 

The forces and moments are nearly identical with the orientation of the body in each case. 

Only small differences occur between components. The replacement of the plane of 

symmetry boundary condition with the periodic boundary condition also reduced the 

convergence rate. 
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This computation establishes the validity of the new boundary condition and the 

ability to treat sideslip with angle of attack. Having established confidence in the code for 

sideslip as well as angle of attack calculations, the calculation of aerodynamic interest were 

initiated. 
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F-5A FOREBODY 

The wind tunnel experiment demonstrating the dominant contribution of the F-5A 

forebody to directional stability at high angle of attack was simulated computationally to 

study the application of CFD (in this case CFL3D) for predicting the directional stability 

characteristics of forebodies at high angles of attack. This forebody had been tested by 

Grafton , et.al. at NASA Langley Research Center and the results are available in 

reference 6. 

F-5A Forebody Geometry Math Model 

The computational math model of the surface was constructed using classical conic 

lofting techniques (ref. 32) based on the lofting information provided by Tom Heglund of 

Northrop. Figures 10(a) to 10(e) show the F-5A forebody geometry with cross-section 

shapes at different locations along the length of the body, together with typical lofting 

sheets containing the data required to construct the numerical model. The configuration was 

modeled from the nose longitudinally back to x = 225 in. (in full scale). The computational 

model (which was constructed in the wind tunnel model scale) did not include the canopy. 

One interesting complication was that at sections close to the nose, as shown by figures 

10(b) and 10(c), the upper and the lower maximum half breadth points coincide. However, 

at sections downstream, figures 10(d) and 10(e), the upper and lower maximum half 

breadth points are separated by a flat side wall. The computer code to generate the F-SA 

surface co-ordinates is given in reference 30. 
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�F�o�r� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n�s� �t�h�e� �g�r�i�d� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �n�o�r�m�a�l� �c�l�u�s�t�e�r�i�n�g� 

�n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �t�o� �a�d�e�q�u�a�t�e�l�y� �r�e�s�o�l�v�e� �t�h�e� �l�a�m�i�n�a�r� �s�u�b�l�a�y�e�r� �f�o�r� �t�h�e� �t�u�r�b�u�l�e�n�t� �b�o�u�n�d�a�r�y� �l�a�y�e�r� 

�f�l�o�w�.� �T�h�i�s� �g�r�i�d� �p�r�o�d�u�c�e�d� �a�n� �a�v�e�r�a�g�e� �n�o�r�m�a�l� �c�e�l�l� �s�i�z�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�°�4�1�.� �A�t� �t�h�e� 

�1� 
�c�o�m�p�u�t�a�t�i�o�n�a�l� �f�r�e�e�s�t�r�e�a�m� �c�o�n�d�i�t�i�o�n�s� �(�M�,�,� �=� �0�.�2� �,� �R�e�;� �=� �1�.�2�5� �x� �1�0�°� �a�n�d� �a� �=� �2�0�°�)� �t�h�e� 

�b�a�s�e�l�i�n�e� �g�r�i�d� �t�y�p�i�c�a�l�l�y� �r�e�s�u�l�t�e�d� �i�n� �a� �v�a�l�u�e� �o�f� �y�*� �~� �2� �a�t� �t�h�e� �f�i�r�s�t� �m�e�s�h� �p�o�i�n�t� �a�w�a�y� �f�r�o�m� �t�h�e� 

�b�o�d�y�.� 
� � 

�'�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �M�a�c�h� �n�u�m�b�e�r� �o�f� �0�.�0�8� �w�a�s� �n�o�t� �u�s�e�d� �b�e�c�a�u�s�e� �o�f� �p�r�e�v�i�o�u�s� �p�r�o�b�l�e�m�s� 

�u�s�i�n�g� �o�t�h�e�r� �N�a�v�i�e�r�-�S�t�o�k�e�s� �c�o�d�e�s�.� �A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �l�a�r�g�e�s�t� 

�M�a�c�h� �n�u�m�b�e�r� �(�0�.�4�)� �i�n� �t�h�e� �f�l�o�w�f�i�e�l�d� �w�a�s� �w�e�l�l� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �c�o�m�p�r�e�s�s�i�b�i�l�i�t�y� �r�a�n�g�e�.� 
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�A�.� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �w�a�s� �d�o�n�e� �f�o�r� �b�o�t�h� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �s�o�l�u�t�i�o�n�s� �f�o�r� �a�n� 

�a�n�g�l�e� �o�f� �a�t�t�a�c�k� �o�f� �4�0�°�.� �T�h�e� �n�u�m�b�e�r� �o�f� �p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �w�i�t�h� 

�i�m�p�r�o�v�e�d� �r�a�d�i�a�l� �s�t�r�e�t�c�h�i�n�g�,� �s�o� �t�h�a�t� �a�t� �l�e�a�s�t� �f�o�u�r� �f�i�n�e� �g�r�i�d� �p�o�i�n�t�s� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �f�i�r�s�t� �g�r�i�d� 

�p�o�i�n�t� �o�f� �t�h�e� �c�r�u�d�e� �g�r�i�d�.� �T�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �a�n�d� �a�x�i�a�l� �d�e�n�s�i�t�i�e�s� �w�e�r�e� �k�e�p�t� �t�h�e� �s�a�m�e�.� �T�h�e� 

�i�n�v�i�s�c�i�d� �r�e�f�i�n�e�d� �g�r�i�d� �h�a�d� �9�0� �p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n� �w�h�i�l�e� �t�h�e� �r�e�f�i�n�e�d� �v�i�s�c�o�u�s� �g�r�i�d� �h�a�d� 

�1�0�0� �p�o�i�n�t�s� �r�a�d�i�a�l�l�y�.� 

�2�-�B�l�o�c�k� �G�r�i�d� �D�e�t�a�i�l�s� 

�I�t� �i�s� �d�i�f�f�i�c�u�l�t� �u�s�i�n�g� �a�n� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y� �t�o� �r�e�s�o�l�v�e� �t�h�e� �f�l�o�w� �d�e�t�a�i�l�s� �n�e�a�r� �t�h�e� �n�o�s�e�.� 

�H�e�n�c�e�,� �a�n� �a�l�t�e�r�n�a�t�e� �2�-�b�l�o�c�k� �g�r�i�d� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d�,� �w�h�e�r�e� �t�h�e� �f�i�r�s�t� �b�l�o�c�k� �u�s�e�d� �a� �C�-�O� 

�t�o�p�o�l�o�g�y� �t�o� �i�m�p�r�o�v�e� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �a�t� �t�h�e� �n�o�s�e�.� �T�h�i�s� �g�r�i�d� �w�a�s� �g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �a� �t�r�a�n�s�f�i�n�i�t�e� 

�i�n�t�e�r�p�o�l�a�t�i�o�n� �g�r�i�d� �g�e�n�e�r�a�t�o�r� �p�r�o�v�i�d�e�d� �b�y� �G�h�a�f�f�a�r�i� �(�r�e�f�.� �3�5�)�.� �T�h�e� �f�i�r�s�t� �b�l�o�c�k� �e�x�t�e�n�d�s� �f�r�o�m� �t�h�e� 

�n�o�s�e� �t�o� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �t�h�e� �f�l�a�t� �s�i�d�e�w�a�l�l� �s�t�a�r�t�s� �i�.�e�.�,� �1�4�.�0�2�5� �i�n� �f�r�o�m� �t�h�e� �n�o�s�e�.� �T�h�e� �i�n�v�i�s�c�i�d� 

�c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �g�r�i�d� �w�h�i�c�h� �u�s�e�d� �3�2� �a�x�i�a�l�,� �9�3� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �a�n�d� �4�5� 

�r�a�d�i�a�l� �p�o�i�n�t�s�.� �T�h�e� �s�e�c�o�n�d� �b�l�o�c�k� �u�s�e�d� �t�h�e� �p�r�e�v�i�o�u�s� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y� �w�i�t�h� �1�3� �a�x�i�a�l�,� �9�3� 

�c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �a�n�d� �4�5� �r�a�d�i�a�l� �p�o�i�n�t�s�.� �T�h�e� �C�-�O� �g�r�i�d� �g�e�n�e�r�a�t�o�r� �u�s�e�d� �f�o�r� �t�h�e� �f�i�r�s�t� �b�l�o�c�k� 

�r�e�q�u�i�r�e�s� �a� �u�s�e�r� �s�p�e�c�i�f�i�e�d� �n�o�r�m�a�l� �d�i�s�t�a�n�c�e� �t�o� �t�h�e� �f�i�r�s�t� �g�r�i�d� �p�o�i�n�t� �a�n�d� �t�h�e� �d�i�s�t�a�n�c�e� �o�f� �t�h�e� �o�u�t�e�r� 

�b�o�u�n�d�a�r�y� �a�s� �t�h�e� �i�n�p�u�t�.� �T�h�e� �H�-�O� �g�r�i�d� �g�e�n�e�r�a�t�o�r� �u�s�e�d� �f�o�r� �t�h�e� �s�e�c�o�n�d� �b�l�o�c�k� �u�s�e�s� �t�h�e� �d�i�s�t�a�n�c�e� 

�o�f� �t�h�e� �o�u�t�e�r� �b�o�u�n�d�a�r�y� �a�n�d� �a� �s�t�r�e�t�c�h�i�n�g� �p�a�r�a�m�e�t�e�r� �a�s� �t�h�e� �i�n�p�u�t�.� �C�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� �e�n�s�u�r�e� �t�h�a�t� 

�t�h�e� �d�i�s�t�a�n�c�e� �o�f� �t�h�e� �f�i�r�s�t� �g�r�i�d� �n�o�r�m�a�l� �t�o� �t�h�e� �s�u�r�f�a�c�e� �w�a�s� �t�h�e� �s�a�m�e� �f�o�r� �b�o�t�h� �t�h�e� �b�l�o�c�k�s� �a�t� �t�h�e� 

�i�n�t�e�r�f�a�c�e�.� �F�i�g�u�r�e� �1�8� �s�h�o�w�s� �t�h�i�s� �l�o�n�g�i�t�u�d�i�n�a�l� �g�r�i�d�.� 

�F�i�g�u�r�e�s� �1�9� �a�n�d� �2�0� �s�h�o�w� �t�h�e� �g�r�i�d� �u�s�e�d� �f�o�r� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �a�t� �d�i�f�f�e�r�e�n�t� �c�r�o�s�s�-� 
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�s�e�c�t�i�o�n�s� �d�o�w�n�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �n�o�s�e�.� �F�i�g�u�r�e� �1�9�(�a�)� �s�h�o�w�s� �t�h�e� �e�n�t�i�r�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �g�r�i�d� �a�t� 

�F�S� �1�4�.�0�2� �a�n�d� �f�i�g�u�r�e� �1�9�(�b�)� �s�h�o�w�s� �t�h�e� �d�e�t�a�i�l�s� �n�e�a�r� �t�h�e� �b�o�d�y� �a�t� �t�h�e� �s�a�m�e� �s�t�a�t�i�o�n�.� �F�i�g�u�r�e�s� 

�2�0�(�a�)� �a�n�d� �2�0�(�b�)� �c�o�n�t�a�i�n� �t�h�e� �s�a�m�e� �i�n�f�o�r�m�a�t�i�o�n� �a�t� �F�S� �2�9�.�6�1�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �o�f� �C�o�m�p�u�t�a�t�i�o�n�s� �o�n� �t�h�e� �F�-�S�A� �F�o�r�e�b�o�d�y� 

�I�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �a�@� �=� �2�0�°�,� �3�0�°�,� �4�0�°� �a�n�d� �5�0�°� �w�i�t�h� �s�i�d�e�s�l�i�p� 

�a�n�g�l�e�s� �o�f� �B� �=� �0�°�,� �5�°� �a�n�d� �1�0�°�.� �T�u�r�b�u�l�e�n�t� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �@� �=� �1�0�°�,� �2�0�°�,� �3�0�°�,� 

�4�0�°� �a�n�d� �4�5�°� �a�n�d� �8� �=� �5�°�.� �T�h�e� �i�n�v�i�s�c�i�d� �c�o�m�p�u�t�a�t�i�o�n�s� �t�o�o�k� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�5�5� �h�o�u�r�s� �o�f� �C�P�U� 

�t�i�m�e� �f�o�r� �c�o�n�v�e�r�g�e�n�c�e�,� �a�n�d� �t�h�e� �t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�s� �t�o�o�k� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�.�5� �h�o�u�r�s� �t�o� 

�r�e�d�u�c�e� �o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �t�h�e� �l�i�f�t� �c�o�e�f�f�i�c�i�e�n�t� �C�7�,� �a�n�d� �t�h�e� �y�a�w�i�n�g� �m�o�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �C�,�,� �t�o� �a� 

�n�e�g�l�i�g�i�b�l�e� �l�e�v�e�l�.� 

�C�o�n�v�e�r�g�e�n�c�e� �h�i�s�t�o�r�i�e�s� �f�o�r� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�s�e�s� �a�r�e� �g�i�v�e�n� �i�n� �f�i�g�u�r�e� �2�1� �f�o�r� �a�=� 

�2�0�°� �a�n�d� �B� �=� �5�°�.� �T�h�e� �c�o�n�v�e�r�g�e�n�c�e� �h�i�s�t�o�r�y� �i�n�c�l�u�d�e�s� �t�h�e� �r�e�s�i�d�u�a�l�,� �t�h�e� �l�i�f�t� �f�o�r�c�e�,� �s�i�d�e� �f�o�r�c�e� �a�n�d� 

�t�h�e� �y�a�w�i�n�g� �m�o�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�s�.� �T�h�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �d�e�m�o�n�s�t�r�a�t�e� �s�t�r�o�n�g� �c�o�n�v�e�r�g�e�n�c�e�.� 

�U�n�l�i�k�e� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�s�e�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�s� �s�h�o�w� �l�o�w� �f�r�e�q�u�e�n�c�y� �d�e�c�a�y�i�n�g� 

�o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �v�a�l�u�e�s� �o�f� �C�y� �a�n�d� �C�,�,� �a�n�d� �r�e�q�u�i�r�e� �o�v�e�r� �5�0�0�0� �i�t�e�r�a�t�i�o�n�s� �t�o� �o�b�t�a�i�n� �a� �f�u�l�l�y� 

�c�o�n�v�e�r�g�e�d� �s�o�l�u�t�i�o�n�.� �T�h�e� �c�o�m�p�u�t�e�d� �v�a�l�u�e�s� �o�f� �C�,�,� �B� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �a� �f�i�n�i�t�e� �d�i�f�f�e�r�e�n�c�e� �o�f� 

�t�h�e� �y�a�w�i�n�g� �m�o�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �C�,�,�,� �a�t� �8�B� �=�5�°�.� �T�h�e� �C�,�,� �v�a�l�u�e�s� �b�e�i�n�g� �s�m�a�l�l�,� �i�t� �w�a�s� �r�e�q�u�i�r�e�d� 

�t�h�a�t� �t�h�e� �s�o�l�u�t�i�o�n� �b�e� �f�u�l�l�y� �c�o�n�v�e�r�g�e�d� �t�o� �a�v�o�i�d� �e�r�r�o�r�s� �i�n� �t�h�e� �c�o�m�p�u�t�e�d� �v�a�l�u�e�s� �o�f� �C�,�,� �B� �T�h�e� 

�w�e�a�k� �c�o�n�v�e�r�g�e�n�c�e� �o�f� �t�h�e� �r�e�s�i�d�u�a�l� �i�s� �n�o�t� �u�n�u�s�u�a�l� �f�o�r� �t�h�i�s� �c�o�d�e�.� �A� �d�i�s�c�u�s�s�i�o�n� �h�a�s� �b�e�e�n� �g�i�v�e�n� 

�b�y� �H�a�r�t�w�i�c�h� �e�t�.� �a�l�.� �(�r�e�f�.� �3�6�)�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �p�e�r�i�o�d�i�c� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� 

�c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �c�o�n�v�e�r�g�e�n�c�e� �r�a�t�e�.� �T�h�e� �l�i�f�t� �f�o�r�c�e� �a�n�d� �y�a�w�i�n�g� �m�o�m�e�n�t� 

�c�o�n�v�e�r�g�e�n�c�e� �h�i�s�t�o�r�i�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�s� �2�1�(�b�)� �a�n�d� �2�1�(�d�)� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�n�d� �p�r�o�v�i�d�e� �a� 
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�b�e�t�t�e�r� �i�n�d�i�c�a�t�i�o�n� �o�f� �c�o�n�v�e�r�g�e�n�c�e� �t�o� �a� �s�t�e�a�d�y� �s�t�a�t�e� �s�o�l�u�t�i�o�n� �t�h�a�n� �t�h�e� �r�e�s�i�d�u�a�l�.� �F�i�g�u�r�e� �2�2� 

�s�h�o�w�s� �t�h�e� �c�o�n�v�e�r�g�e�n�c�e� �h�i�s�t�o�r�i�e�s� �o�f� �t�h�e� �r�e�s�i�d�u�a�l� �a�n�d� �l�i�f�t� �f�o�r�c�e� �c�o�e�f�f�i�c�i�e�n�t� �a�t� �a�@� �=� �4�0�°� �a�n�d� �B� 

�=� �5�°�.� �I�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n�s� �s�h�o�w� �a� �s�t�r�o�n�g� �c�o�n�v�e�r�g�e�n�c�e� �w�h�i�l�e� �t�h�e� �t�u�r�b�u�l�e�n�t� �s�o�l�u�t�i�o�n�s� �s�h�o�w� 

�d�e�c�a�y�i�n�g� �o�s�c�i�l�l�a�t�i�o�n�s�.� �T�h�e� �t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�s� �w�e�r�e� �s�t�o�p�p�e�d� �o�n�c�e� �t�h�e� �s�o�l�u�t�i�o�n� �o�s�c�i�l�l�a�t�e�d� 

�w�i�t�h�i�n� �5�%� �o�f� �t�h�e� �m�e�a�n� �v�a�l�u�e�s� �o�f� �C�y�.� 

�F�i�g�u�r�e�s� �2�3� �a�n�d� �2�4� �s�h�o�w� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �i�n�v�i�s�c�i�d� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�s� �b�e�t�w�e�e�n� �t�h�e� 

�t�w�o� �g�r�i�d� �s�y�s�t�e�m�s� �a�t� �F�S� �1�4�.�0�2� �a�n�d� �F�S� �2�9�.�6�1� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�t� �i�s� �v�e�r�y� �d�i�f�f�i�c�u�l�t� �t�o� �i�d�e�n�t�i�f�y� �a� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �r�e�s�u�l�t�s� �a�t� �t�h�e�s�e� �s�t�a�t�i�o�n�s�.� �F�o�r� �t�h�e� �2�-�b�l�o�c�k� �g�r�i�d� �s�y�s�t�e�m�,� �F�S� �1�4�.�0�2� 

�i�s� �i�n� �t�h�e� �f�i�r�s�t� �b�l�o�c�k� �w�h�e�r�e� �t�h�e� �s�u�r�f�a�c�e� �g�r�i�d� �w�a�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �o�f� �t�h�e� �H�-�O� �g�r�i�d�.� �F�S� 

�2�9�.�6�1� �i�s� �i�n� �t�h�e� �s�e�c�o�n�d� �b�l�o�c�k�,� �w�h�e�r�e� �t�h�e� �s�u�r�f�a�c�e� �g�r�i�d� �w�a�s� �s�a�m�e� �a�s� �t�h�a�t� �o�f� �t�h�e� �s�i�n�g�l�e� �b�l�o�c�k� 

�H�-�O� �g�r�i�d�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �v�a�r�i�a�t�i�o�n� �o�f� �C�p� �o�n� �t�h�e� �l�e�e�w�a�r�d� �p�l�a�n�e� �i�s� �s�h�o�w�n� 

�i�n� �f�i�g�u�r�e� �2�5�.� �T�h�i�s� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�e� �i�m�p�r�o�v�e�d� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �n�e�a�r� �t�h�e� �n�o�s�e� �w�i�t�h� 

�t�h�i�s� �n�e�w� �C�-�O� �g�r�i�d�.� �T�h�e�r�e� �w�a�s� �n�e�g�l�i�g�i�b�l�e� �c�h�a�n�g�e� �i�n� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� 

�C�h� �B� �A�f�t�e�r� �d�e�m�o�n�s�t�r�a�t�i�n�g� �t�h�a�t� �t�h�e� �t�w�o� �g�r�i�d� �s�y�s�t�e�m�s� �p�r�o�d�u�c�e�d� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s�,� �a� �g�r�i�d� 

�r�e�s�o�l�u�t�i�o�n� �s�t�u�d�y�,� �a�s� �w�e�l�l� �a�s� �a� �d�e�t�a�i�l�e�d� �s�t�u�d�y� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�s�,� �w�a�s� �d�o�n�e� �o�n� �t�h�e� �s�i�n�g�l�e� �b�l�o�c�k� 

�H�-�O� �g�r�i�d�.� 

�T�h�e� �F�-�5�A� �f�o�r�e�b�o�d�y� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �d�a�t�a� �f�r�o�m� �r�e�f�e�r�e�n�c�e� �6� �a�r�e� �s�h�o�w�n� 

�a�l�o�n�g� �w�i�t�h� �t�h�e� �c�o�m�p�u�t�e�d� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �r�e�s�u�l�t�s� �i�n� �f�i�g�u�r�e� �2�6�.� �T�h�e� �c�o�m�p�u�t�e�d� �r�e�s�u�l�t�s� 

�r�e�v�e�a�l�e�d� �t�h�e� �s�a�m�e� �t�r�e�n�d� �f�o�u�n�d� �i�n� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �d�a�t�a�.� �T�h�e� �i�n�v�i�s�c�i�d� �r�e�s�u�l�t�s� �a�l�s�o� �i�n�d�i�c�a�t�e� �a� 

�s�l�i�g�h�t� �t�e�n�d�e�n�c�y� �t�o�w�a�r�d� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �e�f�f�e�c�t� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�,� �a�l�t�h�o�u�g�h� �t�o� �a� �m�u�c�h� 

�l�e�s�s�e�r� �d�e�g�r�e�e�,� �a�n�d� �d�o�n�'�t� �a�g�r�e�e� �w�i�t�h� �t�h�e� �d�a�t�a�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �f�o�r� �b�o�t�h� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� 

�a�l�s�o� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �2�6� �f�o�r� �a�@� �=� �4�0�°�.� �A�l�t�h�o�u�g�h� �t�h�e� �r�e�s�u�l�t�s� �c�h�a�n�g�e�d� �s�l�i�g�h�t�l�y� �w�i�t�h� �g�r�i�d� 

�r�e�s�o�l�u�t�i�o�n�,� �t�h�e� �t�r�e�n�d�s� �w�e�r�e� �t�h�e� �s�a�m�e� �i�n� �b�o�t�h� �c�a�s�e�s�.� �I�t� �w�a�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �c�o�m�p�u�t�e� �e�a�c�h� �a� 

�a�t� �t�h�e� �i�n�c�r�e�a�s�e�d� �r�e�s�o�l�u�t�i�o�n�,� �a�n�d� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �s�t�u�d�y� �w�a�s� �a�c�h�i�e�v�e�d� �w�i�t�h� �t�h�e� �b�a�s�i�c� �g�r�i�d�.� 
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�A�t� �l�o�w� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �(�1�0�°� �a�n�d� �2�0�°�)� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n�s� �a�g�r�e�e� �w�i�t�h� 

�e�a�c�h� �o�t�h�e�r� �a�n�d� �t�h�e� �d�a�t�a�.� �A�t� �3�0�°� �t�h�e� �v�i�s�c�o�u�s� �c�o�m�p�u�t�a�t�i�o�n�s� �c�o�n�t�i�n�u�e� �t�o� �a�g�r�e�e� �w�i�t�h� �t�h�e� �d�a�t�a�,� 

�a�n�d� �a�t� �t�h�e� �h�i�g�h�e�r� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �(�4�0�°� �a�n�d� �4�5�°�)� �d�i�f�f�e�r�e�n�c�e�s� �b�e�g�i�n� �t�o� �a�p�p�e�a�r�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� 

�u�s�e� �o�f� �t�h�e� �t�h�i�n�-�l�a�y�e�r� �a�p�p�r�o�x�i�m�a�t�i�o�n�,� �t�h�e� �s�t�a�t�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�u�r�b�u�l�e�n�c�e� �m�o�d�e�l�s� �f�o�r� 

�m�a�s�s�i�v�e�l�y� �s�e�p�a�r�a�t�e�d� �f�l�o�w�s� �a�n�d� �t�h�e� �s�l�i�g�h�t� �g�r�i�d� �r�e�s�o�l�u�t�i�o�n� �e�f�f�e�c�t�s�,� �t�h�e� �a�g�r�e�e�m�e�n�t� �i�s� 

�s�u�r�p�r�i�s�i�n�g�l�y� �g�o�o�d�.� �T�h�e� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n� �r�e�s�u�l�t�s� �e�s�t�a�b�l�i�s�h� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �a� �c�o�d�e� �l�i�k�e� 

�C�F�L�3�D� �i�n� �c�o�m�p�u�t�i�n�g� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �f�o�r� �f�o�r�e�b�o�d�i�e�s� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� 

�a�t�t�a�c�k�.� 

�F�i�g�u�r�e� �2�7� �s�h�o�w�s� �t�h�e� �a�x�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�e�c�t�i�o�n�a�l� �s�i�d�e� �f�o�r�c�e� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �t�h�e� 

�y�a�w�i�n�g� �m�o�m�e�n�t� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�.� �2�6� �a�t� �@� �=� �4�0�°�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �v�i�s�c�o�s�i�t�y� �i�n� 

�p�r�o�d�u�c�i�n�g� �t�h�e� �p�o�s�i�t�i�v�e� �s�t�a�b�i�l�i�t�y� �i�s� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�d�.� �T�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n� �d�e�v�e�l�o�p�s� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �r�e�s�t�o�r�i�n�g� �f�o�r�c�e�,� �w�i�t�h� �a� �p�o�s�i�t�i�v�e� �s�i�d�e� �f�o�r�c�e� �o�v�e�r� �m�o�s�t� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �a�n�d� 

�g�e�n�e�r�a�l�l�y� �i�n�c�r�e�a�s�i�n�g� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�.� �T�h�i�s� �i�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �t�h�e� �i�n�c�r�e�a�s�i�n�g� 

�a�s�y�m�m�e�t�r�y� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �v�o�r�t�i�c�e�s� �w�i�t�h� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �n�o�s�e�.� �T�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� 

�s�h�o�w�s� �e�s�s�e�n�t�i�a�l�l�y� �n�o� �s�i�d�e� �f�o�r�c�e� �o�v�e�r� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�.� 

�F�i�g�u�r�e�s� �2�8� �a�n�d� �2�9� �p�r�o�v�i�d�e� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�t� �t�w�o� �s�t�a�t�i�o�n�s� 

�f�o�r� �b�o�t�h� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�s�e�s�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�,� �t�h�e� 

�d�i�r�e�c�t�i�o�n� �o�f� �i�n�c�o�m�i�n�g� �f�l�o�w� �a�n�d� �t�h�e� �o�r�i�g�i�n� �o�f� �r�e�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �a�n�g�u�l�a�r� �m�e�a�s�u�r�e� �a�r�e� �s�h�o�w�n� 

�b�e�l�o�w� �e�a�c�h� �o�f� �t�h�e�s�e� �f�i�g�u�r�e�s�.� �T�h�e� �n�e�g�a�t�i�v�e� �p�e�a�k� �p�r�e�s�s�u�r�e�s� �a�r�e� �d�u�e� �t�o� �t�h�e� �v�o�r�t�i�c�e�s� �o�n� �t�h�e� 

�u�p�p�e�r� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �a�n�d� �a�r�e� �s�h�o�w�n� �m�o�r�e� �c�l�e�a�r�l�y� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�l�o�w� 

�v�i�s�u�a�l�i�z�a�t�i�o�n� �p�i�c�t�u�r�e�s� �t�o� �b�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e� �3�4�.� �T�h�e� �a�s�y�m�m�e�t�r�y� �i�n� �t�h�e� �p�r�e�s�s�u�r�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �d�u�e� �t�o� �t�h�e� �s�i�d�e�s�l�i�p� �c�a�n� �b�e� �s�e�e�n� �i�n� �f�i�g�u�r�e� �2�8�,� �a�n�d� �i�s� �m�u�c�h� �m�o�r�e� �n�o�t�i�c�e�a�b�l�e� �i�n� 

�f�i�g�u�r�e� �2�9�.� �A�t� �F�S� �1�4�.�0�2� �t�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n� �c�l�e�a�r�l�y� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �v�o�r�t�i�c�e�s�,� �w�i�t�h� 

�t�w�o� �l�o�w� �p�r�e�s�s�u�r�e� �r�e�g�i�o�n�s�,� �d�e�n�o�t�e�d� �B� �a�n�d� �C�,� �u�n�d�e�r�n�e�a�t�h� �t�h�e� �v�o�r�t�i�c�e�s�.� �T�h�e� �l�o�w� �p�r�e�s�s�u�r�e� 

�1�9



�p�e�a�k�s� �A� �a�n�d� �D� �a�r�e� �d�u�e� �t�o� �t�h�e� �a�t�t�a�c�h�e�d� �f�l�o�w� �a�c�c�e�l�e�r�a�t�i�n�g� �a�r�o�u�n�d� �t�h�e� �h�i�g�h�l�y� �c�u�r�v�e�d� �s�i�d�e�s� �o�f� 

�t�h�e� �b�o�d�y�.� �A�t� �s�t�a�t�i�o�n� �F�S� �2�9�.�6�1� �t�h�e� �i�n�v�i�s�c�i�d� �r�e�s�u�l�t�s� �c�o�n�t�a�i�n� �f�o�u�r� �d�i�s�t�i�n�c�t� �l�o�w� �p�r�e�s�s�u�r�e� �p�e�a�k�s� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �h�i�g�h� �c�u�r�v�a�t�u�r�e� �r�e�g�i�o�n�s� �a�t� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �c�o�r�n�e�r�s�.� �C�o�n�s�i�d�e�r�i�n�g� 

�v�i�s�c�o�u�s� �e�f�f�e�c�t�s�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �i�s� �s�e�p�a�r�a�t�e�d� �a�n�d� �t�h�e� �p�r�i�m�a�r�y� �v�o�r�t�i�c�e�s� �a�r�e� �m�o�v�i�n�g� �a�w�a�y� 

�f�r�o�m� �t�h�e� �b�o�d�y�,� �a�s� �s�h�o�w�n� �l�a�t�e�r� �i�n� �f�i�g�u�r�e� �3�4�.� �T�h�e� �s�m�a�l�l� �l�o�w� �p�r�e�s�s�u�r�e� �p�e�a�k� �a�t� �C� �i�n� �f�i�g�u�r�e� �2�9� 

�i�s� �d�u�e� �t�o� �t�h�e� �p�r�i�m�a�r�y� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x�.� �T�h�e� �p�r�i�m�a�r�y� �l�e�e�w�a�r�d� �v�o�r�t�e�x� �i�s� �s�u�f�f�i�c�i�e�n�t�l�y� �f�a�r� �o�f�f� 

�f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �h�e�n�c�e� �t�h�e� �s�u�c�t�i�o�n� �c�r�e�a�t�e�d� �b�y� �i�t� �i�s� �i�n�s�i�g�n�i�f�i�c�a�n�t�.� 

�F�i�g�u�r�e� �3�0� �c�o�n�t�a�i�n�s� �t�h�e� �p�r�e�s�s�u�r�e� �d�i�f�f�e�r�e�n�c�e�s�,� �A�C� �P�p�?� �b�e�t�w�e�e�n� �t�h�e� �l�e�e�w�a�r�d� �a�n�d� 

�w�i�n�d�w�a�r�d� �s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y� �a�t� �t�h�e� �s�a�m�e� �s�t�a�t�i�o�n�s� �a�t� �w�h�i�c�h� �t�h�e� �p�r�e�s�s�u�r�e�s� �w�e�r�e� �p�l�o�t�t�e�d� �i�n� 

�f�i�g�u�r�e�s� �2�8� �a�n�d� �2�9�.� �T�h�e�s�e� �p�r�o�v�i�d�e� �i�n�s�i�g�h�t� �i�n�t�o� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�i�d�e� �f�o�r�c�e� �a�t� �a� �p�a�r�t�i�c�u�l�a�r� 

�s�t�a�t�i�o�n� �t�o� �h�e�l�p� �e�x�p�l�a�i�n� �t�h�e� �e�f�f�e�c�t� �o�f� �v�i�s�c�o�s�i�t�y� �i�n� �c�r�e�a�t�i�n�g� �t�h�e� �r�e�s�t�o�r�i�n�g� �f�o�r�c�e�.� �A�l�t�h�o�u�g�h� �t�h�e� 

�v�i�s�c�o�u�s� �e�f�f�e�c�t�s� �a�r�e� �p�r�i�m�a�r�i�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �v�o�r�t�e�x� �a�n�d� �s�e�p�a�r�a�t�e�d� �f�l�o�w�f�i�e�l�d� �o�n� �t�h�e� �t�o�p� 

�s�i�d�e� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�i�s�c�o�s�i�t�y� �a�r�e� �s�e�e�n� �t�o� �a�l�t�e�r� �t�h�e� �b�a�l�a�n�c�e� �o�f� �p�r�e�s�s�u�r�e�s� 

�b�e�t�w�e�e�n� �t�h�e� �s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y� �o�v�e�r� �m�o�s�t� �o�f� �t�h�e� �s�i�d�e� �p�r�o�j�e�c�t�i�o�n�.� �I�t� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n�t�e�r�e�s�t�i�n�g� 

�t�o� �n�o�t�i�c�e� �t�h�a�t� �t�h�e� �n�e�a�r� �z�e�r�o� �s�i�d�e� �f�o�r�c�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �f�l�o�w� �a�r�i�s�e�s� �a�s� �a� �d�e�l�i�c�a�t�e� 

�b�a�l�a�n�c�e� �b�e�t�w�e�e�n� �a� �s�i�d�e� �f�o�r�c�e� �i�n� �o�n�e� �d�i�r�e�c�t�i�o�n� �o�n� �t�h�e� �l�o�w�e�r� �p�o�r�t�i�o�n� �o�f� �t�h�e� �b�o�d�y�,� �a�n�d� �a� �s�i�d�e� 

�f�o�r�c�e� �i�n� �t�h�e� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n� �o�n� �t�h�e� �u�p�p�e�r� �p�a�r�t�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �v�i�s�c�o�s�i�t�y� �a�r�e� �t�o� �r�e�d�u�c�e� �t�h�e� 

�m�a�g�n�i�t�u�d�e�s� �o�f� �t�h�e� �v�o�r�t�e�x� �s�u�c�t�i�o�n� �p�e�a�k� �l�e�v�e�l�s� �a�s� �w�e�l�l� �a�s� �p�r�o�d�u�c�i�n�g� �a� �s�h�i�f�t� �i�n� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� 

�t�h�e� �A�C�,� �c�u�r�v�e� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �w�h�i�c�h� �h�a�s� �a� �m�u�c�h� �l�a�r�g�e�r� �n�e�t� �s�i�d�e� �f�o�r�c�e�.� 

�F�i�g�u�r�e�s� �3�1� �a�n�d� �3�2� �s�h�o�w� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�l�c�u�l�a�t�i�o�n� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�s� �a�t� �F�S� 

�1�4�.�0�2� �a�n�d� �F�S� �2�9�.�6�1� �p�l�o�t�t�e�d� �a�s� �v�e�c�t�o�r�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�u�r�f�a�c�e�.� �I�n� �t�h�e�s�e� �d�i�a�g�r�a�m�s�,� �t�h�e� 

�s�u�r�f�a�c�e� �i�s� �t�r�e�a�t�e�d� �a�s� �a� �l�i�n�e� �o�f� �z�e�r�o� �p�r�e�s�s�u�r�e�.� �T�h�e� �v�e�c�t�o�r�s� �p�o�i�n�t�i�n�g� �o�u�t� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �n�e�g�a�t�i�v�e� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t�s� �(�s�u�c�t�i�o�n�)�,� �a�n�d� �t�h�e� �v�e�c�t�o�r�s� �p�o�i�n�t�i�n�g� �i�n�w�a�r�d� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �p�o�s�i�t�i�v�e� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t�s� �(�h�i�g�h�e�r� �p�r�e�s�s�u�r�e�s�)�.� �I�n� �e�a�c�h� �c�a�s�e� �t�h�e� �c�r�o�s�s�f�l�o�w� 

�2�0



�s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e� �r�e�g�i�o�n� �i�s� �e�a�s�i�l�y� �i�d�e�n�t�i�f�i�e�d� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �f�i�g�u�r�e�.� 

�C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �i�n�v�i�s�c�i�d� �r�e�s�u�l�t�s� �i�n� �f�i�g�u�r�e� �3�1�(�a�)� �a�n�d� �3�2�(�a�)�,� �t�h�e� �p�r�e�s�s�u�r�e�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

�a�r�e� �s�e�e�n� �t�o� �e�x�p�a�n�d� �s�m�o�o�t�h�l�y� �a�r�o�u�n�d� �t�h�e� �s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y�.� �T�h�e� �c�r�o�s�s�f�l�o�w� �v�e�l�o�c�i�t�y� �i�s� �f�r�o�m� 

�t�h�e� �r�i�g�h�t�,� �a�n�d� �t�h�e�r�e� �i�s� �a� �s�l�i�g�h�t� �a�s�y�m�m�e�t�r�y�.� �A�t� �F�S� �1�4�.�0�2� �(�f�i�g�.� �3�1�(�a�)�)�,� �t�h�e� �s�m�o�o�t�h� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �a� �s�m�o�o�t�h� �e�x�p�a�n�s�i�o�n� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n�.� �A�t� �F�S� �2�9�.�6�1� �(�f�i�g�.� �3�2�(�a�)�)�,� �t�h�e� 

�e�m�e�r�g�e�n�c�e� �o�f� �d�i�s�t�i�n�c�t� �c�o�r�n�e�r�s� �i�n� �t�h�e� �s�h�a�p�e� �l�e�a�d�s� �t�o� �s�e�p�a�r�a�t�e� �l�o�w� �p�r�e�s�s�u�r�e� �a�r�e�a�s� �a�r�o�u�n�d� �t�h�e� 

�b�o�d�y�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �v�i�s�c�o�s�i�t�y� �c�a�n� �b�e� �s�t�u�d�i�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �f�i�g�u�r�e�s� �3�1�(�b�)� �a�n�d� �3�2�(�b�)� �w�i�t�h� 

�t�h�e�i�r� �i�n�v�i�s�c�i�d� �p�r�e�d�i�c�t�i�o�n� �c�o�u�n�t�e�r�p�a�r�t�s�.� �T�h�e� �c�h�a�r�a�c�t�e�r� �o�f� �t�h�e� �f�l�o�w� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �i�s� �n�e�a�r�l�y� �t�h�e� �s�a�m�e�,� �a�s� �e�x�p�e�c�t�e�d�.� �A�t� �F�S� �1�4�.�0�2� �(�f�i�g�.� �3�1�(�b�)�)�,� �t�h�e� �m�o�s�t� �n�o�t�a�b�l�e� 

�d�i�f�f�e�r�e�n�c�e� �i�s� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �v�o�r�t�e�x� �f�l�o�w� �i�n� �t�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�,� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �t�h�e� �t�w�o� 

�l�o�w� �p�r�e�s�s�u�r�e� �r�e�g�i�o�n�s� �i�d�e�n�t�i�f�i�e�d� �p�r�e�v�i�o�u�s�l�y� �i�n� �f�i�g�u�r�e� �2�8�.� �A�t� �F�S� �2�9�.�6�1� �(�f�i�g�.� �3�2�(�b�)�)�,� �t�h�e� 

�l�a�r�g�e�s�t� �e�f�f�e�c�t� �i�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�t�r�o�n�g� �p�r�e�s�s�u�r�e� �s�u�c�t�i�o�n� �l�o�b�e� �i�n� �t�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� �a�t� 

�t�h�e� �t�o�p� �w�i�n�d�w�a�r�d� �c�r�o�s�s�f�l�o�w� �c�o�r�n�e�r�.� �H�e�r�e�,� �s�e�p�a�r�a�t�i�o�n� �r�e�l�i�e�v�e�s� �t�h�e� �s�t�r�o�n�g� �c�o�r�n�e�r� �e�f�f�e�c�t� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n�.� �T�h�e� �v�o�r�t�i�c�e�s� �a�r�e� �f�a�r�t�h�e�r� �a�w�a�y� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�,� �a�n�d� �t�h�e�i�r� 

�e�x�p�l�i�c�i�t� �e�f�f�e�c�t�s� �a�r�e� �r�e�d�u�c�e�d�.� 

�F�i�g�u�r�e� �3�3� �s�h�o�w�s� �t�h�e� �s�u�r�f�a�c�e� �f�l�o�w� �p�a�t�t�e�r�n� �f�o�r� �t�h�e� �a�@� �=� �4�0�°� �a�n�d� �B� �=� �5�°� �t�u�r�b�u�l�e�n�t� �f�l�o�w� 

�c�a�l�c�u�l�a�t�i�o�n�.�  ��D�y�e �� �i�s� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �i�n�j�e�c�t�e�d� �a�t� �v�a�r�i�o�u�s� �a�x�i�a�l� �s�t�a�t�i�o�n�s� �o�n�e� �g�r�i�d� �p�o�i�n�t� �a�b�o�v�e� 

�t�h�e� �s�u�r�f�a�c�e� �t�o� �d�e�f�i�n�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s�.� �O�n� �t�h�e� �w�i�n�d�w�a�r�d� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�l�e�e�w�a�r�d� �s�i�d�e�,� �t�h�e� �p�r�i�m�a�r�y� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s� �s�t�a�r�t� �n�e�a�r� �t�h�e� �n�o�s�e� �a�n�d� �a�r�e� �s�h�o�w�n� �c�l�o�s�e� �t�o� �t�h�e� 

�s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y�.� �T�h�e� �p�r�i�m�a�r�y� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x� �i�s� �a�c�t�u�a�l�l�y� �b�l�o�w�n� �b�a�c�k� �o�v�e�r� �t�h�e� �f�o�r�e�b�o�d�y� 

�a�s� �w�i�l�l� �b�e� �s�h�o�w�n� �l�a�t�e�r� �i�n� �f�i�g�u�r�e� �3�5�.� �T�h�e� �f�l�o�w� �a�f�t�e�r� �p�r�i�m�a�r�y� �s�e�p�a�r�a�t�i�o�n�,� �r�e�a�t�t�a�c�h�e�s� �i�t�s�e�l�f� �n�e�a�r� 

�t�h�e� �t�o�p� �c�e�n�t�e�r�l�i�n�e�.� �A�f�t�e�r� �r�e�a�t�t�a�c�h�m�e�n�t�,� �t�h�e� �f�l�o�w� �r�e�s�u�l�t�s� �i�n� �s�e�c�o�n�d�a�r�y� �s�e�p�a�r�a�t�i�o�n� �a�s� �i�t� �f�l�o�w�s� 

�a�l�o�n�g� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �s�e�c�o�n�d�a�r�y� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s� �s�t�a�r�t�i�n�g� �f�r�o�m� �f�u�r�t�h�e�r� �d�o�w�n�s�t�r�e�a�m� �a�r�e� 

�2�1



�s�h�o�w�n� �o�n� �b�o�t�h� �t�h�e� �s�i�d�e�s�.� �T�h�e� �f�l�o�w� �a�f�t�e�r� �s�e�c�o�n�d�a�r�y� �s�e�p�a�r�a�t�i�o�n� �r�e�a�t�t�a�c�h�e�s� �a�g�a�i�n� �r�e�s�u�l�t�i�n�g� �i�n� 

�s�e�c�o�n�d�a�r�y� �r�e�a�t�t�a�c�h�m�e�n�t�.� �T�h�i�s� �s�e�c�o�n�d�a�r�y� �r�e�a�t�t�a�c�h�m�e�n�t� �c�a�n� �b�e� �s�e�e�n� �a�l�l� �a�l�o�n�g� �t�h�e� �f�o�r�e�b�o�d�y� �o�n� 

�t�h�e� �l�e�e�w�a�r�d� �s�i�d�e�.� �D�u�e� �t�o� �t�h�e� �s�i�d�e�s�l�i�p�,� �o�n� �t�h�e� �w�i�n�d�w�a�r�d� �s�i�d�e�,� �t�h�e� �p�r�i�m�a�r�y� �a�n�d� �s�e�c�o�n�d�a�r�y� 

�v�o�r�t�e�x� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s� �a�p�p�e�a�r� �t�o� �m�e�r�g�e� �o�n� �t�h�e� �d�o�w�n�s�t�r�e�a�m� �p�o�r�t�i�o�n� �o�f� �t�h�e� �b�o�d�y�.� 

�F�i�g�u�r�e�s� �3�4�(�a�)� �a�n�d� �3�4�(�b�)� �s�h�o�w� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �a�t� 

�a�x�i�a�l� �s�t�a�t�i�o�n�s� �x� �=� �1�4�.�0�2� �i�n�c�h�e�s� �a�n�d� �x� �=� �2�9�.�6�1� �i�n�c�h�e�s� �f�r�o�m� �t�h�e� �n�o�s�e� �f�o�r� �t�h�e� �v�i�s�c�o�u�s� 

�c�a�l�c�u�l�a�t�i�o�n� �a�t� �t�h�e� �s�a�m�e� �f�l�o�w� �c�o�n�d�i�t�i�o�n�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �2�8� �a�n�d� �2�9�.� �T�h�e� �i�n�c�o�m�i�n�g� �f�l�o�w� �i�s� 

�t�h�e� �s�a�m�e� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �2�8�(�b�)� �a�n�d� �2�8�(�b�)�.� �T�h�e� �l�e�e�w�a�r�d� �v�o�r�t�e�x� �i�s� �f�a�r�t�h�e�r� �a�w�a�y� �f�r�o�m� �t�h�e� 

�s�u�r�f�a�c�e� �t�h�a�n� �t�h�e� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x�.� �T�h�e� �a�s�y�m�m�e�t�r�y� �o�f� �t�h�e� �l�o�w� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�s� �o�n� �t�h�e� 

�b�o�d�y� �u�n�d�e�r� �t�h�e� �v�o�r�t�i�c�e�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �p�u�l�l�i�n�g� �t�h�e� �b�o�d�y� �t�o� �s�m�a�l�l�e�r� �s�i�d�e�s�l�i�p�,� 

�a�n�d� �t�h�u�s� �p�r�o�v�i�d�e�s� �a� �s�t�a�b�i�l�i�z�i�n�g� �m�o�m�e�n�t�.� �H�o�w�e�v�e�r�,� �w�e� �h�a�v�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �3�0� �t�h�a�t� �t�h�e� 

�s�i�d�e� �f�o�r�c�e� �i�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�e�p�a�r�a�t�e�d� �f�l�o�w� �i�n�d�i�r�e�c�t�l�y� �t�h�r�o�u�g�h� �i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�v�e�r� �v�i�r�t�u�a�l�l�y� �t�h�e� �e�n�t�i�r�e� �s�u�r�f�a�c�e�.� �T�h�e�s�e� �l�o�c�a�l� �e�f�f�e�c�t�s� �o�f� �t�h�e� �v�o�r�t�i�c�e�s� �a�c�t�u�a�l�l�y� �a�c�t� 

�p�r�i�m�a�r�i�l�y� �o�n� �t�h�e� �e�s�s�e�n�t�i�a�l�l�y� �f�l�a�t� �t�o�p�-�s�u�r�f�a�c�e� �a�n�d� �d�o�n ��t� �d�i�r�e�c�t�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �s�i�d�e� �f�o�r�c�e�.� 

�A�t� �F�S� �2�9�.�6�1� �w�e� �c�a�n� �a�l�s�o� �s�e�e� �t�h�e� �s�e�c�o�n�d�a�r�y� �v�o�r�t�i�c�e�s� �b�e�i�n�g� �s�h�e�d� �u�n�d�e�r� �t�h�e� �p�r�i�m�a�r�y� �v�o�r�t�i�c�e�s�.� 

�F�i�g�u�r�e� �3�5� �s�h�o�w�s� �t�h�e� �v�o�r�t�e�x� �p�a�t�h� �d�e�v�e�l�o�p�m�e�n�t� �a�l�o�n�g� �t�h�e� �b�o�d�y�.� �T�h�e� �l�e�e�w�a�r�d� �v�o�r�t�e�x� 

�(�h�e�r�e� �o�n� �t�h�e� �R�H�S� �o�f� �t�h�e� �b�o�d�y�)� �i�s� �s�e�e�n� �t�o� �b�e� �r�i�s�i�n�g� �a�b�o�v�e� �t�h�e� �b�o�d�y� �m�u�c�h� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� 

�w�i�n�d�w�a�r�d� �v�o�r�t�e�x� �(�L�H�S�)�.� �T�h�e� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x� �i�s� �a�c�t�u�a�l�l�y�  ��b�l�o�w�n� �b�a�c�k �� �o�v�e�r� �t�h�e� 

�f�o�r�e�b�o�d�y�,� �a�n�d� �i�s� �m�o�v�i�n�g� �a�l�o�n�g� �t�h�e� �t�o�p� �s�u�r�f�a�c�e� �n�e�a�r� �t�h�e� �c�e�n�t�e�r�.� �T�h�i�s� �i�s� �a�l�s�o� �e�v�i�d�e�n�t� �f�r�o�m� 

�f�i�g�u�r�e� �3�4�.� 

�2�2



�E�R�I�C�K�S�O�N� �C�H�I�N�E� �F�O�R�E�B�O�D�Y� 

�T�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �c�h�i�n�e� �f�o�r�e�b�o�d�y� �w�i�n�d� �t�u�n�n�e�l� �m�o�d�e�l� �t�e�s�t�e�d� 

�b�y� �E�r�i�c�k�s�o�n� �a�n�d� �B�r�a�n�d�o�n� �(�r�e�f�.� �8�)� �w�e�r�e� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �o�f� �C�F�L�3�D� �t�o� 

�c�o�m�p�u�t�e� �t�h�e� �f�l�o�w� �o�v�e�r� �a� �c�h�i�n�e�d� �f�o�r�e�b�o�d�y�.� �T�h�e� �m�o�d�e�l� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �3�6� �(�f�r�o�m� �r�e�f�.� �8�,� 

�w�h�i�c�h� �c�o�n�t�a�i�n�s� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n�)�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�n�f�o�r�m�a�t�i�o�n� 

�u�s�e�d� �t�o� �c�o�n�s�t�r�u�c�t� �t�h�e� �g�r�i�d� �w�a�s� �s�u�p�p�l�i�e�d� �b�y� �H�a�l�l� �(�r�e�f�.� �3�7�)�,� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�e�s�s�u�r�e� 

�d�a�t�a� �w�a�s� �s�u�p�p�l�i�e�d� �b�y� �E�r�i�c�k�s�o�n� �(�r�e�f�.� �3�8�)�.� �N�o�t�e� �t�h�a�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�e�s�s�u�r�e�s� �w�e�r�e� �o�n�l�y� 

�o�b�t�a�i�n�e�d� �o�n� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e�.� 

�T�h�e� �w�i�n�d� �t�u�n�n�e�l� �m�o�d�e�l� �h�a�d� �r�o�w�s� �o�f� �p�r�e�s�s�u�r�e� �o�r�i�f�i�c�e�s� �a�t� �F�S�7�.�1�9�,� �F�S�1�3�.�5�6�,� �a�n�d� 

�F�S�1�9�.�9�4�.� �A�l�l� �o�f� �t�h�e� �d�a�t�a� �w�a�s� �t�a�k�e�n� �w�i�t�h� �t�h�e� �w�i�n�g� �p�r�e�s�e�n�t�.� �T�h�u�s� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� 

�i�n�c�l�u�d�i�n�g� �w�i�n�g� �f�l�o�w�f�i�e�l�d� �e�f�f�e�c�t�s� �a�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �m�a�d�e� �f�o�r� �a�n� �i�s�o�l�a�t�e�d� 

�f�o�r�e�b�o�d�y�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �w�i�n�g� �w�o�u�l�d� �n�o�t� �a�f�f�e�c�t� �t�h�e� �r�e�s�u�l�t�s� �a�t� �t�h�e� 

�f�i�r�s�t� �s�t�a�t�i�o�n�,� �a�n�d� �h�a�v�e� �m�i�n�o�r� �e�f�f�e�c�t�s� �a�t� �t�h�e� �s�e�c�o�n�d� �s�t�a�t�i�o�n�.� �T�h�e� �t�h�i�r�d� �r�o�w� �o�f� �p�r�e�s�s�u�r�e�s� �i�s� �t�o�o� 

�c�l�o�s�e� �t�o� �t�h�e� �w�i�n�g� �t�o� �p�r�o�v�i�d�e� �v�a�l�i�d� �c�o�m�p�a�r�i�s�o�n�s� �w�i�t�h� �t�h�e� �f�o�r�e�b�o�d�y� �c�a�l�c�u�l�a�t�i�o�n�s�,� �b�u�t� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �t�o� �p�r�o�v�i�d�e� �a�d�d�i�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n�.� 

�E�r�i�c�k�s�o�n� �C�h�i�n�e� �F�o�r�e�b�o�d�y� �M�a�t�h� �M�o�d�e�l� 

�T�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �s�u�r�f�a�c�e� �d�e�f�i�n�i�t�i�o�n� �w�a�s� �c�r�e�a�t�e�d� �u�s�i�n�g� �a� �C�A�D� �d�r�a�w�i�n�g �� �(� �t�h�e� 

�C�A�D� �f�i�l�e� �w�a�s� �n�o� �l�o�n�g�e�r� �a�v�a�i�l�a�b�l�e�)� �p�r�o�v�i�d�e�d� �b�y� �H�a�l�l� �(�r�e�f�.� �3�7�)�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �d�i�g�i�t�i�z�e�d� 
� � 

�T�h�e� �C�A�D� �d�r�a�w�i�n�g� �o�f� �t�h�e� �m�o�d�e�l� �f�o�r�e�b�o�d�y� �w�a�s� �i�d�e�n�t�i�f�i�e�d� �a�s�  ��R�o�l�l� �S�t�a�b�i�l�i�t�y� �M�o�d�e�l� 

�F�o�r�e�b�o�d�y ��,� �1�1� �J�u�l�y� �1�9�8�4�,� �C�.�J�.� �R�o�z�o�,� �C�h�a�n�g�e� �A� 

�2�3



�o�r�d�i�n�a�t�e�s� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �c�o�n�t�a�i�n�e�d� �o�n� �t�h�e� �d�r�a�w�i�n�g�.� �H�a�l�l� �a�l�s�o� �s�u�p�p�l�i�e�d� �t�h�e� �a�n�a�l�y�t�i�c�a�l� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �s�h�a�p�e�s� �i�n�t�e�n�d�e�d� �t�o� �b�e� �t�e�s�t�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �f�o�r�e�b�o�d�y� �w�a�s� �r�e�q�u�i�r�e�d� �t�o� �b�l�e�n�d� 

�s�m�o�o�t�h�l�y� �t�o� �a�n� �e�x�i�s�t�i�n�g� �N�A�S�A� �w�i�n�d� �t�u�n�n�e�l� �m�o�d�e�l�,� �a�n�d� �t�h�i�s� �r�e�q�u�i�r�e�m�e�n�t� �l�e�d� �t�o� �d�e�v�i�a�t�i�o�n�s� 

�f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �t�h�e�o�r�e�t�i�c�a�l� �c�o�n�c�e�p�t�.� 

�A� �m�a�t�h� �m�o�d�e�l� �o�f� �t�h�e� �s�u�r�f�a�c�e� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �u�s�i�n�g� �s�t�a�n�d�a�r�d� �l�o�f�t�i�n�g� �t�e�c�h�n�i�q�u�e�s�.� �F�i�r�s�t�,� 

�t�h�e� �k�e�y� �l�o�n�g�i�t�u�d�i�n�a�l� �l�i�n�e�s� �w�e�r�e� �d�e�f�i�n�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�x�i�a�l� �s�t�a�t�i�o�n�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� 

�l�i�n�e�s� �w�e�r�e� �t�h�e� �t�o�p� �c�e�n�t�e�r� �l�i�n�e�,� �t�h�e� �b�o�t�t�o�m� �c�e�n�t�e�r� �l�i�n�e�,� �a�n�d� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e�.� �A� 

�c�r�o�s�s�-�s�e�c�t�i�o�n� �m�o�d�e�l� �w�h�i�c�h� �c�o�n�n�e�c�t�s� �t�h�e�s�e� �l�i�n�e�s� �s�m�o�o�t�h�l�y� �a�n�d� �p�r�o�d�u�c�e�s� �a� �s�e�c�t�i�o�n� �w�h�i�c�h� 

�v�a�r�i�e�s� �s�m�o�o�t�h�l�y� �w�i�t�h� �a�x�i�a�l� �l�o�c�a�t�i�o�n� �w�a�s� �t�h�e�n� �d�e�v�e�l�o�p�e�d�.� �F�o�r� �t�h�i�s� �m�o�d�e�l� �t�h�e� �u�p�p�e�r� �a�n�d� 

�l�o�w�e�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �a�r�e� �d�e�v�e�l�o�p�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y� �o�f� �e�a�c�h� �o�t�h�e�r�.� �T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� 

�u�s�e�d� �t�o� �c�r�e�a�t�e� �t�h�e� �m�o�d�e�l� �i�s� �c�o�n�t�a�i�n�e�d� �i�n� �r�e�f�e�r�e�n�c�e� �3�0�.� 

�L�o�n�g�i�t�u�d�i�n�a�l� �L�i�n�e�s� 

�U�p�p�e�r� �S�u�r�f�a�c�e� �C�e�n�t�e�r�l�i�n�e�:� �F�r�o�m� �t�h�e� �n�o�s�e� �t�o� �F�S�7�.�5� �t�h�e� �t�o�p� �c�e�n�t�e�r�l�i�n�e� �i�s� �d�e�f�i�n�e�d� �b�y� �a� 

�p�o�r�t�i�o�n� �o�f� �a� �1�9�.�5�°� �t�a�n�g�e�n�t�-�o�g�i�v�e�.� �A�f�t� �o�f� �t�h�i�s� �s�t�a�t�i�o�n� �t�h�e� �s�h�a�p�e� �i�s� �d�e�f�i�n�e�d� �b�y� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 

�t�h�r�e�e� �c�u�b�i�c� �s�p�l�i�n�e� �s�e�g�m�e�n�t�s� �a�n�d� �t�w�o� �s�t�r�a�i�g�h�t� �l�i�n�e� �s�e�g�m�e�n�t�s�.� �T�h�i�s� �m�o�d�e�l� �w�a�s� �b�a�s�e�d� �o�n� �a� 

�c�a�r�e�f�u�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �C�A�D� �d�r�a�w�i�n�g�.� 

�L�o�w�e�r� �S�u�r�f�a�c�e� �C�e�n�t�e�r�l�i�n�e�:� �F�r�o�m� �t�h�e� �n�o�s�e� �t�o� �F�S�6�.�0� �t�h�e� �b�o�t�t�o�m� �c�e�n�t�e�r�l�i�n�e� �w�a�s� �d�e�f�i�n�e�d� 

�b�y� �a� �p�o�r�t�i�o�n� �o�f� �a� �1�5�°� �t�a�n�g�e�n�t�-�o�g�i�v�e�.� �A�f�t� �o�f� �t�h�i�s� �s�t�a�t�i�o�n� �t�h�e� �s�h�a�p�e� �w�a�s� �d�e�f�i�n�e�d� �b�y� �a� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�w�o� �c�u�b�i�c� �l�i�n�e� �s�e�g�m�e�n�t�s� �a�n�d� �t�w�o� �s�t�r�a�i�g�h�t� �l�i�n�e� �s�e�c�t�i�o�n�s�.� �A�g�a�i�n�,� �t�h�e� �m�o�d�e�l� 

�w�a�s� �d�e�v�e�l�o�p�e�d� �b�a�s�e�d� �o�n� �a�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �C�A�D� �d�r�a�w�i�n�g�.� 
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�M�a�x� �H�a�l�f� �B�r�e�a�d�t�h� �L�i�n�e�:� �F�r�o�m� �t�h�e� �n�o�s�e� �t�o� �F�S�8�.�0� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e� �w�a�s� 

�d�e�f�i�n�e�d� �b�y� �a� �p�o�r�t�i�o�n� �o�f� �a� �2�7�.�5�°� �t�a�n�g�e�n�t�-�o�g�i�v�e�.� �A� �c�u�b�i�c� �s�p�l�i�n�e� �w�a�s� �u�s�e�d� �f�r�o�m� �F�S�8�.�0� �t�o� 

�F�S�1�9�.�0�,� �f�o�l�l�o�w�e�d� �b�y� �a� �z�e�r�o� �s�l�o�p�e� �s�t�r�a�i�g�h�t� �l�i�n�e� �s�e�g�m�e�n�t�.� 

�I�n� �a�l�l� �c�a�s�e�s� �t�h�e� �l�i�n�e� �s�e�g�m�e�n�t�s� �a�n�d� �s�p�l�i�n�e� �e�n�d� �p�o�i�n�t� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �c�h�o�s�e�n� �t�o� �p�r�o�v�i�d�e� 

�s�m�o�o�t�h�l�y� �v�a�r�y�i�n�g� �c�h�a�n�g�e�s� �i�n� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �l�i�n�e�s�,� �a�n�d� �t�o� �m�i�n�i�m�i�z�e� �j�u�m�p�s� �i�n� �t�h�e� �c�u�r�v�a�t�u�r�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �C�A�D� �d�r�a�w�i�n�g� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n�s� �t�o� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� 

�s�h�a�p�e� �o�r�i�g�i�n�a�l�l�y� �o�u�t�l�i�n�e�d� �b�y� �H�a�l�l� �r�e�s�u�l�t�e�d� �i�n� �s�o�m�e� �a�b�r�u�p�t� �c�h�a�n�g�e�s� �i�n� �c�u�r�v�a�t�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�i�n� �t�h�e� �a�c�t�u�a�l� �m�o�d�e�l� �l�i�n�e�s� �(�r�e�c�a�l�l� �t�h�a�t� �a� �p�o�i�n�t� �a�n�d� �s�l�o�p�e� �t�y�p�e� �m�a�t�c�h� �b�e�t�w�e�e�n� �s�u�r�f�a�c�e�s� �w�i�l�l� 

�n�o�r�m�a�l�l�y� �r�e�s�u�l�t� �i�n� �a� �d�i�s�c�o�n�t�i�n�u�i�t�y� �i�n� �c�u�r�v�a�t�u�r�e� �a�t� �t�h�a�t� �p�o�i�n�t�)�.� 

�C�r�o�s�s�-�S�e�c�t�i�o�n�s� 

�U�p�p�e�r� �S�u�r�f�a�c�e� �C�r�o�s�s�-�S�e�c�t�i�o�n�:� �F�o�r�w�a�r�d� �o�f� �F�S�7�.�1�9�,� �t�h�e� �H�a�l�l� �e�q�u�a�t�i�o�n� �w�a�s� �f�o�u�n�d� �t�o� �f�i�t� 

�t�h�e� �s�u�p�p�l�i�e�d� �d�i�g�i�t�i�z�e�d� �o�r�d�i�n�a�t�e�s� �f�r�o�m� �t�h�e� �d�r�a�w�i�n�g�.� �A�f�t� �o�f� �t�h�e� �F�S�7�.�1�7� �t�h�e� �s�e�c�t�i�o�n� �w�a�s� 

�m�o�d�i�f�i�e�d� �t�o� �m�a�t�c�h� �t�h�e� �e�x�i�s�t�i�n�g� �c�i�r�c�u�l�a�r� �f�u�s�e�l�a�g�e� �a�t� �F�S�2�3�.� �T�h�u�s� �a�n�o�t�h�e�r� �s�t�a�t�i�o�n� �w�a�s� �d�e�f�i�n�e�d� 

�a�t� �F�S�2�3�,� �w�h�i�c�h� �w�a�s� �i�n�i�t�i�a�l�l�y� �c�i�r�c�u�l�a�r�,� �a�n�d� �t�h�e�n� �d�e�p�a�r�t�e�d� �t�o� �m�a�k�e� �t�h�e� �c�h�i�n�e� �u�s�i�n�g� �c�u�b�i�c� 

�s�p�l�i�n�e�s�.� �B�e�t�w�e�e�n� �t�h�e�s�e� �t�w�o� �s�e�c�t�i�o�n�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �t�w�o� �f�u�n�c�t�i�o�n�s� �w�a�s� �u�s�e�d� �b�a�s�e�d� �o�n� 

�t�h�e� �b�l�e�n�d�i�n�g� �f�u�n�c�t�i�o�n� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �b�y� �B�a�r�g�e�r� �a�n�d� �A�d�a�m�s� �(�r�e�f�.� �3�9�)� 

�L�o�w�e�r� �S�u�r�f�a�c�e� �C�r�o�s�s�-�S�e�c�t�i�o�n�:� �W�h�e�n� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e� �a�n�d� �a�n�d� 

�t�h�e� �l�o�w�e�r� �c�e�n�t�e�r�l�i�n�e� �t�h�e� �d�i�g�i�t�i�z�e�d� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �t�h�e� 

�s�a�m�e� �a�t� �a�l�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s�.� �T�h�u�s� �o�n�l�y� �o�n�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �s�h�a�p�e� �w�a�s� �r�e�q�u�i�r�e�d�.� �T�h�i�s� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �u�s�i�n�g� �H�a�l�l ��s� �e�q�u�a�t�i�o�n� �a�s� �t�h�e� �b�a�s�i�s�,� �a�n�d� �a�d�d�i�n�g� �a� �s�p�l�i�n�e� �c�u�r�v�e� 

�d�e�f�i�n�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �H�a�l�l ��s� �e�q�u�a�t�i�o�n� �a�n�d� �t�h�e� �a�c�t�u�a�l� �s�h�a�p�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �w�a�s� 
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�f�o�u�n�d� �b�y� �s�u�b�t�r�a�c�t�i�n�g� �t�h�e� �a�n�a�l�y�t�i�c� �s�h�a�p�e� �g�i�v�e�n� �b�y� �H�a�l�l� �f�r�o�m� �t�h�e� �m�e�a�s�u�r�e�d� �o�r�d�i�n�a�t�e�s�.� 

�B�e�c�a�u�s�e� �t�h�e� �m�e�a�s�u�r�e�d� �c�o�o�r�d�i�n�a�t�e�s� �w�e�r�e� �s�l�i�g�h�t�l�y� �n�o�i�s�y�,� �a� �s�m�o�o�t�h� �c�u�r�v�e� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� 

�s�e�l�e�c�t�i�n�g� �a� �s�m�a�l�l� �n�u�m�b�e�r� �o�f� �p�o�i�n�t�s� �f�r�o�m� �t�h�e� �d�a�t�a�,� �a�n�d� �u�s�i�n�g� �a� �s�p�l�i�n�e� �i�n�t�e�r�p�o�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�t�h�e� �p�o�i�n�t�s� �t�o� �e�v�a�l�u�a�t�e� �i�n�t�e�r�m�e�d�i�a�t�e� �v�a�l�u�e�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �t�h�e� �m�a�t�h� �m�o�d�e�l� �a�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �o�r�d�i�n�a�t�e�s� �m�e�a�s�u�r�e�d� 

�f�r�o�m� �t�h�e� �d�r�a�w�i�n�g� �i�n� �f�i�g�u�r�e� �3�7� �f�o�r� �t�h�e� �k�e�y� �s�t�a�t�i�o�n�s�.� �F�i�g�u�r�e� �3�8� �p�r�e�s�e�n�t�s� �d�e�t�a�i�l�s� �a�t� �t�h�e� �t�h�r�e�e� 

�s�t�a�t�i�o�n�s� �w�h�e�r�e� �p�r�e�s�s�u�r�e� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �a�g�r�e�e�m�e�n�t� �i�s� �n�o�t� �e�x�a�c�t� �a�t� �a�l�l� �s�t�a�t�i�o�n�s�.� 

�E�x�a�m�i�n�e�d� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �v�a�r�i�a�t�i�o�n�,� �t�h�e� �d�i�g�i�t�i�z�e�d� �d�a�t�a� �i�s� �n�o�t� �s�m�o�o�t�h�.� �T�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� 

�v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �m�a�t�h� �m�o�d�e�l� �s�u�r�f�a�c�e� �u�s�e�d� �i�n� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �i�s� �s�m�o�o�t�h�.� �T�h�e� �w�i�r�e�f�r�a�m�e� 

�m�o�d�e�l� �o�f� �t�h�e� �s�u�r�f�a�c�e� �d�e�f�i�n�i�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �3�9�.� 

�E�r�i�c�k�s�o�n� �F�o�r�e�b�o�d�y� �C�o�m�p�u�t�a�t�i�o�n�a�l� �G�r�i�d� 

�H�-�O� �G�r�i�d� �D�e�t�a�i�l�s� 

�U�s�i�n�g� �a� �p�r�o�c�e�d�u�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �a�p�p�r�o�a�c�h� �u�s�e�d� �f�o�r� �t�h�e� �F�-�5�A� �g�r�i�d�,� �t�h�e� �t�h�r�e�e�-� 

�d�i�m�e�n�s�i�o�n�a�l� �g�r�i�d� �a�r�o�u�n�d� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �O�-� 

�t�y�p�e� �c�r�o�s�s�f�l�o�w� �g�r�i�d�s� �w�h�i�c�h� �w�e�r�e� �l�o�n�g�i�t�u�d�i�n�a�l�l�y� �s�t�a�c�k�e�d�,� �c�o�n�s�t�i�t�u�t�i�n�g� �a�n� �H�-�O� �t�o�p�o�l�o�g�y�.� �T�h�e� 

�b�o�u�n�d�a�r�i�e�s� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �n�o�s�e� �a�n�d� �r�a�d�i�a�l�l�y� �a�w�a�y� �f�r�o�m� �t�h�e� �b�o�d�y� �w�e�r�e� �a�g�a�i�n� �s�e�l�e�c�t�e�d� �t�o� �b�e� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �F�/�A�-�1�8� �c�a�l�c�u�l�a�t�i�o�n�s� �i�n� �r�e�f�e�r�e�n�c�e� �1�2�.� �T�h�e� �d�o�w�n�s�t�r�e�a�m� �b�o�u�n�d�a�r�y� �w�a�s� 

�e�x�t�e�n�d�e�d� �f�r�o�m� �1�9�.�9�4� �i�n� �t�o� �3�0�.�0�0� �i�n� �w�i�t�h� �t�h�e� �s�a�m�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�.� �T�h�e� �f�o�r�w�a�r�d� �b�o�u�n�d�a�r�y� 

�e�x�t�e�n�d�s� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �n�o�s�e� �b�y� �0�.�6�1�/� �a�n�d� �r�a�d�i�a�l� �o�u�t�e�r� �b�o�u�n�d�a�r�y� �e�x�t�e�n�d�s� �.�9�9�/� �f�r�o�m� �t�h�e� 
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�m�o�d�e�l� �c�e�n�t�e�r�l�i�n�e�.� �T�h�e� �r�e�f�e�r�e�n�c�e� �l�e�n�g�t�h� �/� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �e�x�t�e�n�t� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� 

�(�3�0�.�0�0� �i�n�)�.� 

�T�h�e� �b�a�s�e�l�i�n�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n� �g�r�i�d� �h�a�d� �4�5� �p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n� �a�n�d� �1�0�1� 

�p�o�i�n�t�s� �i�n� �t�h�e� �f�u�l�l� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �d�i�r�e�c�t�i�o�n�.� �L�o�n�g�i�t�u�d�i�n�a�l�l�y�,� �t�h�e� �g�r�i�d� �w�a�s� �c�l�u�s�t�e�r�e�d� �n�e�a�r� �t�h�e� 

�n�o�s�e� �w�i�t�h� �2�5� �s�t�a�t�i�o�n�s� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �a�n�d� �8� �s�t�a�t�i�o�n�s� �a�h�e�a�d� �o�f� �t�h�e� �n�o�s�e� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� 

�4�0�.� �T�h�e� �g�r�i�d� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �n�o�s�e� �w�a�s� �a�l�s�o� �l�o�n�g�i�t�u�d�i�n�a�l�l�y� �s�t�r�e�t�c�h�e�d� �t�o� �p�r�o�v�i�d�e� �r�e�s�o�l�u�t�i�o�n� 

�n�e�a�r� �t�h�e� �n�o�s�e�.� �A�x�i�a�l� �g�r�i�d� �p�l�a�n�e�s� �w�e�r�e� �d�e�f�i�n�e�d� �a�t� �s�t�a�t�i�o�n�s� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�s�.� �T�h�e�s�e� �w�e�r�e� �a�t� �a� �d�i�s�t�a�n�c�e� �o�f� �7�.�1�9�,� �1�3�.�5�6� �a�n�d� �1�9�.�9�4� �i�n�c�h�e�s� �f�r�o�m� �t�h�e� 

�n�o�s�e� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �b�o�d�y�.� �T�h�e� �e�n�t�i�r�e� �i�n�v�i�s�c�i�d� �g�r�i�d� �c�o�n�s�i�s�t�e�d� �o�f� �1�4�9�,�9�8�5� �p�o�i�n�t�s�.� 

�A�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �i�n�v�i�s�c�i�d� �g�r�i�d�,� �t�h�e� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n� �u�s�e�d� �a� �g�r�i�d� �w�i�t�h� �6�5� �p�o�i�n�t�s� �i�n� 

�t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n�,� �a�n�d� �w�i�t�h� �l�o�n�g�i�t�u�d�i�n�a�l� �a�n�d� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �g�r�i�d� �p�o�i�n�t�s� �r�e�m�a�i�n�i�n�g� 

�i�d�e�n�t�i�c�a�l� �w�i�t�h� �t�h�e� �g�r�i�d� �u�s�e�d� �f�o�r� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s�.� �T�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �g�r�i�d� �p�o�i�n�t�s� �f�o�r� 

�t�h�e� �v�i�s�c�o�u�s� �g�r�i�d� �w�a�s� �2�1�6�,�6�4�5� �p�o�i�n�t�s�.� �A�s� �d�e�s�c�r�i�b�e�d� �f�o�r� �t�h�e� �F�-�5�A� �c�a�l�c�u�l�a�t�i�o�n�s�,� �t�h�e� �g�r�i�d� 

�u�p�s�t�r�e�a�m� �o�f� �t�h�e� �n�o�s�e� �w�a�s� �t�r�e�a�t�e�d� �a�s� �a� �s�e�p�a�r�a�t�e� �b�l�o�c�k� �f�o�r� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �c�a�l�c�u�l�a�t�i�o�n�s�.� �F�i�g�u�r�e� 

�4�1� �s�h�o�w�s� �t�h�e� �v�i�s�c�o�u�s� �g�r�i�d� �s�t�r�u�c�t�u�r�e� �a�t� �a� �t�y�p�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�.� 

�T�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �n�o�r�m�a�l� �c�l�u�s�t�e�r�i�n�g� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �t�o� 

�a�d�e�q�u�a�t�e�l�y� �r�e�s�o�l�v�e� �t�h�e� �l�a�m�i�n�a�r� �s�u�b�l�a�y�e�r� �f�o�r� �t�h�e� �t�u�r�b�u�l�e�n�t� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �f�l�o�w�.� �T�h�i�s� �g�r�i�d� 

�p�r�o�d�u�c�e�d� �a�n� �a�v�e�r�a�g�e� �n�o�r�m�a�l� �c�e�l�l� �s�i�z�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�°�4�1�.� �A�t� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �c�o�n�d�i�t�i�o�n�s� 

�u�s�e�d� �i�n� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�s� �f�o�r� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �(� �M�.�.� �=� �0�.�2�°�,� �R�e�]�,� �=� �1�.�0�2� �x� �1�0�°� �b�a�s�e�d� 

�o�n� �t�h�e� �m�o�d�e�l� �l�e�n�g�t�h�,� �a�n�d� �a�@� �=� �2�0�°� �)� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d� �r�e�s�u�l�t�e�d� �i�n� �a� �v�a�l�u�e� �o�f� �y�*� �~� �2� �a�t� �t�h�e� 

�f�i�r�s�t� �m�e�s�h� �p�o�i�n�t� �a�b�o�v�e� �t�h�e� �s�u�r�f�a�c�e�.� 
� � 

�A�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �F�-�5�A� �f�o�r�e�b�o�d�y�,� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �M�a�c�h� �n�u�m�b�e�r� �o�f� �0�.�0�8� �w�a�s� �n�o�t� 
�u�s�e�d� �b�e�c�a�u�s�e� �o�f� �p�r�e�v�i�o�u�s� �p�r�o�b�l�e�m�s� �u�s�i�n�g� �o�t�h�e�r� �N�a�v�i�e�r�-�S�t�o�k�e�s� �c�o�d�e�s�.� �A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� 

�t�h�e� �r�e�s�u�l�t�s� �a�g�a�i�n� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �l�a�r�g�e�s�t� �M�a�c�h� �n�u�m�b�e�r� �(�0�.�4�)� �i�n� �t�h�e� �f�l�o�w�f�i�e�l�d� �w�a�s� �w�e�l�l� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �c�o�m�p�r�e�s�s�i�b�i�l�i�t�y� �r�a�n�g�e�.� 
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�C�-�O� �G�r�i�d� �D�e�t�a�i�l�s� 

�T�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �o�n� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �w�e�r�e� �r�e�p�e�a�t�e�d� �o�n� �t�h�e� �a�l�t�e�r�n�a�t�e� �C�-�O� �g�r�i�d� 

�s�h�o�w�n� �i�n� �f�i�g�u�r�e� �4�2� �t�o� �s�t�u�d�y� �t�h�e� �e�f�f�e�c�t�s� �o�f� �g�r�i�d� �s�t�r�u�c�t�u�r�e� �o�n� �t�h�e� �c�o�m�p�u�t�e�d� �r�e�s�u�l�t�s� �o�n� �a� 

�c�h�i�n�e�d� �f�o�r�e�b�o�d�y�.� �T�h�e� �C�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �u�s�i�n�g� �a� �t�r�a�n�s�f�i�n�i�t�e� �i�n�t�e�r�p�o�l�a�t�i�o�n� 

�g�r�i�d� �g�e�n�e�r�a�t�o�r� �p�r�o�v�i�d�e�d� �b�y� �G�h�a�f�f�a�r�i� �(�r�e�f�.� �3�5�)�.� �T�h�e� �b�a�s�e�l�i�n�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n� �g�r�i�d� �h�a�d� �4�5� 

�p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n� �a�n�d� �1�0�1� �p�o�i�n�t�s� �i�n� �t�h�e� �f�u�l�l� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �d�i�r�e�c�t�i�o�n�.� 

�L�o�n�g�i�t�u�d�i�n�a�l�l�y�,� �t�h�e� �g�r�i�d� �w�a�s� �c�l�u�s�t�e�r�e�d� �n�e�a�r� �t�h�e� �n�o�s�e� �w�i�t�h� �2�5� �s�t�a�t�i�o�n�s� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �a�s� 

�s�h�o�w�n� �i�n� �f�i�g�u�r�e� �4�2�.� 

�F�i�g�u�r�e� �4�3� �s�h�o�w�s� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �g�r�i�d� �u�s�e�d� �f�o�r� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �a�t� �t�h�e� �l�a�s�t� 

�s�e�c�t�i�o�n� �d�o�w�n�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �n�o�s�e�.� �F�i�g�u�r�e� �4�3�(�a�)� �s�h�o�w�s� �t�h�e� �e�n�t�i�r�e� �g�r�i�d� �a�n�d� �f�i�g�u�r�e�s� �4�3�(�b�)� 

�a�n�d� �4�3�(�c�)� �p�r�o�v�i�d�e� �t�h�e� �d�e�t�a�i�l�s� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �c�h�i�n�e� �e�d�g�e� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�m�o�o�t�h�i�n�g� 

�o�f� �t�h�e� �s�u�r�f�a�c�e� �u�n�i�t� �n�o�r�m�a�l�s� �i�n�t�r�o�d�u�c�e�d� �s�o�m�e� �g�r�i�d� �s�k�e�w�n�e�s�s� �n�e�a�r� �t�h�e� �c�h�i�n�e� �n�o�s�e� �a�s� �w�e�l�l� �a�s� 

�a�r�o�u�n�d� �t�h�e� �c�h�i�n�e� �e�d�g�e� �(�s�e�e� �f�i�g�u�r�e�s� �4�2�(�b�)� �a�n�d� �4�3�(�c�)�)�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �a�v�o�i�d� �l�a�r�g�e� �c�e�l�l� 

�v�o�l�u�m�e� �d�i�s�c�o�n�t�i�n�u�i�t�i�e�s�.� 

�T�h�e� �v�i�s�c�o�u�s� �c�a�l�c�u�l�a�t�i�o�n� �u�s�e�d� �a� �g�r�i�d� �w�i�t�h� �6�5� �p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n�,� �a�n�d� �w�i�t�h� 

�l�o�n�g�i�t�u�d�i�n�a�l� �a�n�d� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �g�r�i�d� �p�o�i�n�t�s� �r�e�m�a�i�n�i�n�g� �i�d�e�n�t�i�c�a�l� �w�i�t�h� �t�h�e� �g�r�i�d� �u�s�e�d� �f�o�r� �t�h�e� 

�i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s�.� �A�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y�,� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d� �p�r�o�d�u�c�e�d� �a� 

�y�*� �=� �2� �a�t� �t�h�e� �f�i�r�s�t� �m�e�s�h� �p�o�i�n�t� �a�b�o�v�e� �t�h�e� �s�u�r�f�a�c�e� �a�t� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �c�o�n�d�i�t�i�o�n�s�.� 

�A� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �w�a�s� �d�o�n�e� �w�i�t�h� �b�o�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �g�r�i�d�s�.� �I�n� �e�a�c�h� 

�o�f� �t�h�e�s�e� �c�a�s�e�s� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�i�d� �p�o�i�n�t�s� �w�e�r�e� �d�o�u�b�l�e�d� �i�n� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� �w�i�t�h� 

�i�n�c�r�e�a�s�e�d� �c�l�u�s�t�e�r�i�n�g� �i�n� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �a�n�d� �a�x�i�a�l� �d�e�n�s�i�t�i�e�s� �w�e�r�e� 

�k�e�p�t� �t�h�e� �s�a�m�e�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �f�o�u�r� �f�i�n�e� �g�r�i�d� �p�o�i�n�t�s� �w�e�r�e� �p�a�c�k�e�d� �i�n� �t�h�e� �f�i�r�s�t� �c�e�l�l� �o�f� �t�h�e� 

�b�a�s�e�l�i�n�e� �g�r�i�d� �f�o�r� �b�o�t�h� �t�h�e� �f�i�n�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�h�e� �f�i�n�e� �t�u�r�b�u�l�e�n�t� �g�r�i�d�s�.� �T�h�e� �f�i�n�e� �N�a�v�i�e�r�-�S�t�o�k�e�s� 

�g�r�i�d� �p�r�o�v�i�d�e�d� �a� �y�*� �v�a�l�u�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�5�.� 
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�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �C�o�m�p�u�t�a�t�i�o�n�s� �o�n� �t�h�e� �E�r�i�c�k�s�o�n� �C�h�i�n�e� �F�o�r�e�b�o�d�y� 

�I�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �t�h�e� �H�-�O� �g�r�i�d� 

�t�o�p�o�l�o�g�y� �f�o�r� �@� �=�3�0�°�a�n�d� �4�0�°� �w�i�t�h� �s�i�d�e�s�l�i�p� �a�n�g�l�e�s� �B� �=� �0�°�,� �5�°� �a�n�d� �1�0�°�.� �T�h�e� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� 

�b�a�s�e�d� �o�n� �t�h�e� �m�o�d�e�l� �l�e�n�g�t�h� �a�n�d� �t�h�e� �M�a�c�h� �n�u�m�b�e�r� �w�e�r�e� �1�.�0�2� �x� �1�0�°� �a�n�d� �0�.�2� �r�e�s�p�e�c�t�i�v�e�l�y� �i�n� 

�a�l�l� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s�.� �I�n�v�i�s�c�i�d� �c�o�m�p�u�t�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �b�a�s�e�l�i�n�e� �H�-�O� �g�r�i�d� �t�o�o�k� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�1�.�2�5� �h�o�u�r�s� �o�f� �C�P�U� �t�i�m�e� �a�n�d� �t�h�e� �r�e�s�i�d�u�a�l� �d�r�o�p�p�e�d� �b�y� �f�i�v�e� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�.� �T�h�e� 

�t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n� �w�i�t�h� �t�h�e� �b�a�s�e�l�i�n�e� �H�-�O� �g�r�i�d� �t�o�o�k� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�.�5� �C�P�U� �h�o�u�r�s� �t�o� 

�r�e�d�u�c�e� �o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �l�i�f�t� �f�o�r�c�e� �c�o�e�f�f�i�c�i�e�n�t� �C�7� �a�n�d� �y�a�w�i�n�g� �m�o�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �C�,�,� �t�o� �a� 

�n�e�g�l�i�g�i�b�l�e� �l�e�v�e�l�.� 

�F�i�g�u�r�e�s� �4�4� �t�o� �5�2� �s�h�o�w� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �t�h�e� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y�.� �T�h�e� 

�c�o�n�v�e�r�g�e�n�c�e� �s�u�m�m�a�r�y� �f�o�r� �a� �t�y�p�i�c�a�l� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �c�a�s�e� �a�r�e� �g�i�v�e�n� �i�n� �f�i�g�u�r�e�s� �4�4� �a�n�d� �4�5� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �C�o�n�v�e�r�g�e�n�c�e� �h�i�s�t�o�r�i�e�s� �o�f� �t�h�e� �r�e�s�i�d�u�a�l� �a�n�d� �t�h�e� �n�o�r�m�a�l� �f�o�r�c�e� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� 

�s�h�o�w�n�.� �U�n�l�i�k�e� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�s�e�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�s� �s�h�o�w� �l�o�w� �f�r�e�q�u�e�n�c�y� �d�e�c�a�y�i�n�g� 

�o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �v�a�l�u�e�s� �o�f� �C�y�;� �a�n�d� �r�e�q�u�i�r�e� �a�b�o�u�t� �4�0�0�0� �i�t�e�r�a�t�i�o�n�s� �f�o�r� �a� �f�u�l�l�y� �c�o�n�v�e�r�g�e�d� 

�s�o�l�u�t�i�o�n�.� 

�F�i�g�u�r�e�s� �4�6� �a�n�d� �4�7� �p�r�e�s�e�n�t� �t�h�e� �c�o�m�p�u�t�e�d� �i�n�v�i�s�c�i�d� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�n� �t�h�e� 

�u�p�p�e�r� �s�u�r�f�a�c�e� �a�t� �t�h�e� �t�h�r�e�e� �p�r�e�s�s�u�r�e� �i�n�s�t�r�u�m�e�n�t�e�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�s�,� �w�i�t�h� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�s�h�a�p�e�s� �s�h�o�w�n� �b�e�l�o�w� �e�a�c�h� �o�f� �t�h�e� �p�l�o�t�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �E�r�i�c�k�s�o�n� 

�(�r�e�f�.� �3�8�)�.� �T�h�e� �d�e�t�a�i�l�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �r�e�f�e�r�e�n�c�e� �8�.� �T�h�e� �a�x�i�a�l� 

�s�t�a�t�i�o�n�s� �w�h�e�r�e� �t�h�e� �p�r�e�s�s�u�r�e�s� �h�a�v�e� �b�e�e�n� �p�l�o�t�t�e�d� �w�e�r�e� �a�t� �a� �d�i�s�t�a�n�c�e� �o�f� �7�.�1�9�,� �1�3�.�5�6� �a�n�d� �1�9�.�9�4� 

�i�n�c�h�e�s� �f�r�o�m� �t�h�e� �n�o�s�e� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �b�o�d�y�.� �F�i�g�u�r�e� �4�6� �s�h�o�w�s� �t�h�e� �p�r�e�s�s�u�r�e�s� �f�o�r� �t�h�e� �a� 

�=� �3�0�°� �a�n�d� �B� �=� �0�°� �c�a�s�e�.� �A�t� �t�h�e� �s�e�c�t�i�o�n� �c�l�o�s�e�s�t� �t�o� �t�h�e� �n�o�s�e� �(�7�.�1�9� �i�n�.�)� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�s� �p�r�e�d�i�c�t� 

�t�h�e� �p�r�e�s�s�u�r�e� �l�e�v�e�l� �v�e�r�y� �w�e�l�l� �n�e�a�r� �t�h�e� �c�e�n�t�e�r� �s�e�c�t�i�o�n� �o�f� �t�h�e� �b�o�d�y�,� �a�n�d� �u�n�d�e�r�p�r�e�d�i�c�t� �t�h�e� 
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�s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �s�u�c�t�i�o�n� �l�e�v�e�l�s� �o�u�t�b�o�a�r�d�,� �w�h�e�r�e� �t�h�e� �s�u�c�t�i�o�n� �p�e�a�k� �o�c�c�u�r�s�.� �M�o�v�i�n�g� 

�d�o�w�n�s�t�r�e�a�m�,� �t�h�e� �t�r�e�n�d�s� �a�r�e� �t�h�e� �s�a�m�e�,� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �a�g�r�e�e�m�e�n�t� �a�t� �t�h�e� �c�e�n�t�e�r� �s�e�c�t�i�o�n� �a�l�s�o� 

�b�e�c�o�m�e�s� �l�e�s�s� �a�c�c�u�r�a�t�e�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �v�e�r�y� �p�o�o�r� �a�t� �F�S�1�9�.�9�4�,� �w�h�i�c�h� �i�s� �a�t� �t�h�e� 

�j�u�n�c�t�i�o�n� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �a�n�d� �t�h�e� �w�i�n�g�.� �A�l�t�h�o�u�g�h� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �s�h�o�w� �s�o�m�e� 

�a�s�y�m�m�e�t�r�y�,� �w�h�i�c�h� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�,� �t�h�e� �c�o�m�p�u�t�e�d� �r�e�s�u�l�t�s� �a�r�e� 

�s�y�m�m�e�t�r�i�c�a�l� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �s�i�d�e�s�l�i�p�.� �F�i�g�u�r�e� �4�7� �s�h�o�w�s� �t�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �c�o�m�p�a�r�i�s�o�n�s� 

�f�o�r� �t�h�e� �c�a�s�e� �o�f� �a�@� �=� �3�0�°� �a�n�d� �B� �=� �1�0�°�.� �T�h�e� �w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �p�r�e�s�s�u�r�e� �s�u�c�t�i�o�n� �l�e�v�e�l�s� �a�r�e� 

�p�o�o�r�l�y� �p�r�e�d�i�c�t�e�d� �a�t� �a�l�l� �t�h�e� �s�t�a�t�i�o�n�s�.� �H�o�w�e�v�e�r� �t�h�e� �c�e�n�t�e�r� �s�e�c�t�i�o�n� �p�r�e�s�s�u�r�e�s� �a�r�e� �p�r�e�d�i�c�t�e�d� �v�e�r�y� 

�w�e�l�l� �b�y� �t�h�e� �i�n�v�i�s�c�i�d� �c�o�m�p�u�t�a�t�i�o�n�s�.� �T�h�e� �a�g�r�e�e�m�e�n�t� �d�e�t�e�r�i�o�r�a�t�e�s� �a�t� �t�h�e� �F�S�1�9�.�9�4� �s�t�a�t�i�o�n�,� 

�w�h�e�r�e� �w�i�n�g� �e�f�f�e�c�t�s� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �w�o�u�l�d� �b�e�c�o�m�e� �i�m�p�o�r�t�a�n�t�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� 

�t�h�e� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �a�r�e� �p�r�e�s�e�n�t�e�d� �l�a�t�e�r�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �v�i�s�c�o�s�i�t�y� �o�n� �t�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �c�o�m�p�a�r�i�s�o�n�s� �p�r�e�s�e�n�t�e�d� �a�b�o�v�e� �a�r�e� �g�i�v�e�n� 

�i�n� �f�i�g�u�r�e�s� �4�8� �a�n�d� �4�9�.� �F�i�g�u�r�e� �4�8� �p�r�o�v�i�d�e�s� �t�h�e� �r�e�s�u�l�t�s� �a�t� �z�e�r�o� �s�i�d�e�s�l�i�p�.� �T�u�r�b�u�l�e�n�t� �v�i�s�c�o�u�s� 

�e�f�f�e�c�t�s� �d�o� �n�o�t� �c�h�a�n�g�e� �t�h�e� �p�r�e�s�s�u�r�e� �l�e�v�e�l�s� �a�t� �t�h�e� �m�i�d� �s�e�c�t�i�o�n� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�,� �b�u�t� �d�i�d� �h�a�v�e� �a� 

�l�a�r�g�e� �e�f�f�e�c�t� �o�n� �t�h�e� �p�e�a�k� �s�u�c�t�i�o�n� �p�r�e�s�s�u�r�e� �l�e�v�e�l�.� �T�h�e� �p�e�a�k� �s�u�c�t�i�o�n� �p�r�e�s�s�u�r�e�s� �w�e�r�e� �r�e�d�u�c�e�d�,� �a�s� 

�e�x�p�e�c�t�e�d�,� �r�e�s�u�l�t�i�n�g� �i�n� �p�o�o�r�e�r� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �t�h�a�n� �i�n� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�s�e�.� 

�T�h�e� �s�a�m�e� �t�r�e�n�d� �i�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �r�e�s�u�l�t�s� �a�t� �1�0�°� �s�i�d�e�s�l�i�p�,� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �4�9�.� 

�T�o� �e�s�t�i�m�a�t�e� �t�h�e� �i�n�d�u�c�e�d� �e�f�f�e�c�t�s� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �d�u�e� �t�o� �t�h�e� �w�i�n�g�,� �a�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� 

�f�l�o�w�f�i�e�l�d� �i�n�d�u�c�e�d� �b�y� �t�h�e� �w�i�n�g� �a�t� �t�h�e� �f�o�r�e�b�o�d�y� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�s� �w�a�s� �m�a�d�e� �u�s�i�n�g� 

�L�a�m�a�r ��s� �v�o�r�t�e�x� �l�a�t�t�i�c�e� �c�o�d�e� �(�r�e�f�.� �4�0�)�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �w�a�s� �t�o� �o�b�t�a�i�n� �t�h�e� �u�p�w�a�s�h� �f�l�o�w� �d�u�e� �t�o� 

�t�h�e� �w�i�n�g� �o�v�e�r� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�w�o� �m�o�d�e�l�s� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �w�i�n�g� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d�,� �a�s� �s�h�o�w�n� 

�i�n� �f�i�g�u�r�e� �5�0�.� �T�h�e� �f�i�r�s�t� �m�o�d�e�l� �h�a�d� �t�h�e� �l�e�a�d�i�n�g� �e�d�g�e� �s�w�e�e�p� �e�x�t�e�n�d�e�d� �t�o� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �a�n�d� �t�h�e� 

�s�e�c�o�n�d� �m�o�d�e�l� �h�a�d� �t�h�e� �w�i�n�g� �n�o�s�e� �c�l�i�p�p�e�d� �a�t� �t�h�e� �w�i�n�g�-�c�h�i�n�e� �f�o�r�e�b�o�d�y� �i�n�t�e�r�s�e�c�t�i�o�n�.� �T�h�e� 

�v�o�r�t�e�x� �l�a�t�t�i�c�e� �c�o�d�e� �w�a�s� �r�u�n� �f�o�r� �b�o�t�h� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �m�o�d�e�l�s� �o�f� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �m�o�d�e�l� �a�t� 

�3�0



�a� �=� �3�0�°� �a�n�d� �B� �=� �0�°�.� �T�h�e� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �d�u�e� �t�o� �t�h�e� �w�i�n�g� �w�a�s� �t�h�e�n� �c�o�m�p�u�t�e�d� �a�t� �t�h�e� �p�r�e�s�s�u�r�e� 

�m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�s�.� �A�l�t�h�o�u�g�h� �a�p�p�r�o�x�i�m�a�t�e�,� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �p�r�o�v�i�d�e�s� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 

�a�d�d�i�t�i�o�n�a�l� �i�n�d�u�c�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �t�h�a�t� �w�o�u�l�d� �e�x�i�s�t� �o�n� �t�h�e� �b�o�d�y� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �w�i�n�g�.� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e� �o�f� �t�h�e� �l�i�f�t� �a�t� �@� �=� �3�0�°� �(�C�y�;� �=� �1�.�0�)�,� �w�a�s� �u�s�e�d� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� 

�f�l�o�w�f�i�e�l�d� �i�n� �t�h�e� �v�o�r�t�e�x� �l�a�t�t�i�c�e� �m�e�t�h�o�d�.� �U�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �t�h�e� �i�n�d�u�c�e�d� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� 

�a�s� �c�o�m�p�u�t�e�d� �b�y� �t�h�e� �c�o�d�e� �a�r�e� �g�i�v�e�n� �i�n� �f�i�g�u�r�e� �5�1�.� �T�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �i�n�d�u�c�e�d� �f�l�o�w� 

�w�a�s� �f�a�i�r�l�y� �u�n�i�f�o�r�m� �a�t� �F�S�7�.�1�9� �a�n�d� �F�S�1�3�.�5�6�,� �w�i�t�h� �a�n� �i�n�d�u�c�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�°� �a�n�d� �2�°� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�S�1�9�.�9�4� �i�s� �v�e�r�y� �n�e�a�r� �t�h�e� �w�i�n�g� �a�n�d� �t�h�e� �w�i�n�g� �i�n�d�u�c�e�d� 

�f�l�o�w�f�i�e�l�d� �w�a�s� �n�o�n�-�u�n�i�f�o�r�m� �a�n�d� �l�a�r�g�e� �(�4� �t�o� �8� �d�e�g�r�e�e�s� �i�n�d�u�c�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �d�e�p�e�n�d�i�n�g� �o�n� 

�t�h�e� �m�o�d�e�l� �u�s�e�d�)�.� 

�B�a�s�e�d� �o�n� �t�h�e� �i�n�d�u�c�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�n�a�l�y�s�i�s�,� �a�n� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� �w�a�s� �c�o�m�p�u�t�e�d� 

�u�s�i�n�g� �C�F�L�3�D� �a�n�d� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d�,� �i�n�c�l�u�d�i�n�g� �a�n� �a�d�d�i�t�i�o�n�a�l� �2�.�2�°� �o�f� �a�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �3�2�.�2�°� 

�f�o�r� �a�@� �w�o�u�l�d� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �c�o�r�r�e�c�t�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�t� �F�S�1�3�.�5�6� �i�n�c�l�u�d�i�n�g� �w�i�n�g� 

�e�f�f�e�c�t�s�.� �T�h�e� �r�e�s�u�l�t�s� �f�o�r� �b�o�t�h� �a�@� �=� �3�0�°� �a�n�d� �a� �=� �3�2�.�2�°� �a�r�e� �p�r�e�s�e�n�t�e�d� �f�o�r� �z�e�r�o� �s�i�d�e�s�l�i�p� �i�n� 

�f�i�g�u�r�e� �5�2�.� �T�h�e� �r�e�s�u�l�t�s� �a�t� �t�h�e� �f�i�r�s�t� �s�t�a�t�i�o�n� �s�h�o�w� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �e�s�t�i�m�a�t�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �w�i�n�g� �a�t� �t�h�i�s� �s�t�a�t�i�o�n� �w�a�s� �o�n�l�y� �1�°�.� �A�t� �F�S�1�3�.�5�6� �t�h�e� 

�c�h�a�n�g�e� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �2�.�2�°� �i�s� �n�o�t� �e�n�o�u�g�h� �t�o� �a�t�t�r�i�b�u�t�e� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �c�o�m�p�u�t�a�t�i�o�n�s� �t�o� �t�h�e� �n�e�g�l�e�c�t�e�d� �w�i�n�g� �f�l�o�w�f�i�e�l�d�.� �T�h�u�s� 

�t�h�e� �w�i�n�g� �f�l�o�w�f�i�e�l�d� �e�f�f�e�c�t�s� �d�o� �n�o�t� �e�n�t�i�r�e�l�y� �e�x�p�l�a�i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� 

�e�x�p�e�r�i�m�e�n�t� �a�n�d� �c�o�m�p�u�t�a�t�i�o�n� �a�t� �t�h�e� �s�u�c�t�i�o�n� �p�e�a�k� �l�o�c�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d�.� �H�a�v�i�n�g� 

�e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �w�i�n�g� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �f�l�o�w�f�i�e�l�d� �i�s� �s�m�a�l�l� �a�t� �t�h�e� �f�i�r�s�t� �t�w�o� 

�m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�s�,� �a�l�l� �s�u�b�s�e�q�u�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�s� �w�e�r�e� �d�o�n�e� �w�i�t�h�o�u�t� �i�n�c�l�u�d�i�n�g� �a�n�y� 

�e�s�t�i�m�a�t�e�s� �o�f� �w�i�n�g� �e�f�f�e�c�t�s� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� 

�I�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �a� �=� �3�0�°� �a�n�d� �B� �=� �0�°� �t�o� �c�o�m�p�a�r�e� �t�h�e� �r�e�s�u�l�t�s� 

�3�1



�o�f� �t�h�e� �C�-�O� �g�r�i�d� �s�y�s�t�e�m� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �e�a�r�l�i�e�r� �u�s�i�n�g� �a�n� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y�.� �I�n� �t�h�e� �H�-�O� 

�g�r�i�d� �c�o�m�p�u�t�a�t�i�o�n�s�,� �t�h�e� �a�x�i�s� �t�h�a�t� �r�u�n�s� �f�r�o�m� �t�h�e� �n�o�s�e� �t�o� �t�h�e� �u�p�s�t�r�e�a�m� �f�a�r�f�i�e�l�d� �b�o�u�n�d�a�r�y� �w�a�s� �a� 

�p�a�r�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �s�o� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �i�n�v�i�s�c�i�d� �s�u�r�f�a�c�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �w�a�s� �i�m�p�o�s�e�d�.� 

�I�n� �t�h�e� �C�-�O� �g�r�i�d� �s�y�s�t�e�m� �t�h�i�s� �a�x�i�s� �w�a�s� �n�o�t� �a� �p�a�r�t� �o�f� �t�h�e� �b�o�d�y� �s�u�r�f�a�c�e� �a�n�d� �h�e�n�c�e� �t�h�e� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n� �w�a�s� �a�l�t�e�r�e�d� �t�o� �a� �s�i�n�g�u�l�a�r�i�t�y� �t�y�p�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�.� �F�i�g�u�r�e�s� �5�3� �a�n�d� �5�4� �s�h�o�w� �t�h�e� 

�c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �i�n�v�i�s�c�i�d� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �g�r�i�d� �s�y�s�t�e�m�s� �a�t� �F�S� �7�.�1�9� �a�n�d� 

�F�S� �1�3�.�5�6� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �a�l�m�o�s�t� �i�n�s�i�g�n�i�f�i�c�a�n�t� �a�s� �w�a�s� �s�e�e�n� �i�n� �t�h�e� �c�a�s�e� �o�f� �F�-� 

�5�A�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �i�n� �u�s�i�n�g� �t�h�i�s� �g�r�i�d� �s�y�s�t�e�m� �i�s� �t�h�a�t� �o�n�e� �c�a�n� �m�a�i�n�t�a�i�n� �t�h�e� �s�a�m�e� �g�r�i�d� �d�e�n�s�i�t�y� 

�o�n� �t�h�e� �s�u�r�f�a�c�e� �w�h�i�l�e� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �u�p�s�t�r�e�a�m� �g�r�i�d� �e�x�t�e�n�s�i�o�n�.� �B�e�c�a�u�s�e� �o�f� �t�h�i�s� �e�l�i�m�i�n�a�t�i�o�n�,� 

�t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �g�r�i�d� �p�o�i�n�t�s� �d�e�c�r�e�a�s�e� �a�n�d� �h�e�n�c�e� �t�h�e� �C�P�U� �t�i�m�e� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�o� 

�d�e�c�r�e�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �u�s�e� �o�f� �t�h�e� �s�i�n�g�u�l�a�r�i�t�y� �t�y�p�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �s�l�o�w�e�d� �t�h�e� 

�c�o�n�v�e�r�g�e�n�c�e�.� �T�h�e� �C�P�U� �t�i�m�e� �f�o�r� �t�h�i�s� �C�-�O� �b�a�s�e�l�i�n�e� �g�r�i�d� �w�a�s� �1�.�4� �h�o�u�r�s� �f�o�r� �a�n� �i�n�v�i�s�c�i�d� 

�c�o�m�p�u�t�a�t�i�o�n� �a�n�d� �4�.�5� �h�o�u�r�s� �a� �t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�.� �I�t� �w�a�s� �p�r�e�s�e�n�t�e�d� �e�a�r�l�i�e�r� �t�h�a�t� �t�h�e� �H�-�O� 

�b�a�s�e�l�i�n�e� �g�r�i�d� �t�o�o�k� �1�.�2�5� �h�o�u�r�s� �o�f� �C�P�U� �t�i�m�e� �f�o�r� �a�n� �i�n�v�i�s�c�i�d� �c�o�m�p�u�t�a�t�i�o�n� �a�n�d� �4�.�5� �h�o�u�r�s� �f�o�r� �a� 

�t�u�r�b�u�l�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�.� 

�H�a�v�i�n�g� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �g�r�i�d� �t�o�p�o�l�o�g�y� �u�s�e�d�,� �a� 

�g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �w�a�s� �d�o�n�e� �u�s�i�n�g� �t�h�e� �H�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y�.� �U�s�i�n�g� �a� �r�e�f�i�n�e�d� �g�r�i�d� �w�i�t�h� 

�t�w�i�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�i�d� �p�o�i�n�t�s� �i�n� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n�,� �t�h�e� �C�P�U� �t�i�m�e� �f�o�r� �b�o�t�h� �i�n�v�i�s�c�i�d� �a�n�d� 

�v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�s� �e�s�s�e�n�t�i�a�l�l�y� �d�o�u�b�l�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �s�t�u�d�y� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�s� �5�5� �t�o� �5�7�.� �T�h�e� �c�o�m�p�u�t�e�d� �u�p�p�e�r� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�t� �t�h�r�e�e� 

�s�t�a�t�i�o�n�s� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� �i�s�o�l�a�t�e�d� �f�o�r�e�b�o�d�y� �a�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �o�n� �t�h�e� 

�f�o�r�e�b�o�d�y�-�w�i�n�g� �m�o�d�e�l� �a�t� �a� �=� �3�0�°� �a�n�d� �B� �=� �5�°� �i�n� �f�i�g�u�r�e� �5�5�.� �B�o�t�h� �b�a�s�e�l�i�n�e� �a�n�d� �r�e�f�i�n�e�d� �g�r�i�d� 

�r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �e�f�f�e�c�t� �o�f� �g�r�i�d� �r�e�f�i�n�e�m�e�n�t� �o�n� �t�h�e� �s�o�l�u�t�i�o�n�,� �t�h�e� �i�n�v�i�s�c�i�d� 

�r�e�f�i�n�e�d� �g�r�i�d� �r�e�s�u�l�t�s� �s�h�o�w� �a� �s�u�c�t�i�o�n� �p�e�a�k� �i�n� �s�l�i�g�h�t�l�y� �b�e�t�t�e�r� �a�g�r�e�e�m�e�n�t� �t�h�a�n� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d� �a�t� 

�t�h�e� �f�i�r�s�t� �s�t�a�t�i�o�n�,� �b�u�t� �p�r�o�d�u�c�e� �l�i�t�t�l�e� �c�h�a�n�g�e� �f�u�r�t�h�e�r� �d�o�w�n�s�t�r�e�a�m�.� �I�n� �t�h�e� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �c�a�s�e� �t�h�e� 

�3�2



�r�e�f�i�n�e�d� �g�r�i�d� �s�o�l�u�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� �o�n�l�y� �m�i�n�o�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �t�r�e�n�d� 

�r�e�m�a�i�n�s� �t�h�e� �s�a�m�e� �w�h�e�n� �t�h�e� �s�i�d�e�s�l�i�p� �i�s� �i�n�c�r�e�a�s�e�d� �t�o� �1�0�°� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �5�6�.� �T�h�e� �f�i�n�e� �g�r�i�d� 

�N�a�v�i�e�r�-�S�t�o�k�e�s� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� �n�o�t� �d�o�n�e� �f�o�r� �t�h�i�s� �c�a�s�e�.� �F�i�g�u�r�e� �5�7� �s�h�o�w�s� �t�h�e� �p�r�e�s�s�u�r�e�s� �f�o�r� �@� 

�=� �4�0�°� �a�n�d� �B� �=� �1�0�°�.� �E�r�i�c�k�s�o�n� �a�n�d� �B�r�a�n�d�o�n� �(�r�e�f�.� �8�)� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �e�x�t�e�n�t� �o�f� �u�p�s�t�r�e�a�m� 

�i�n�f�l�u�e�n�c�e� �o�f� �v�o�r�t�e�x� �b�r�e�a�k�d�o�w�n� �o�c�c�u�r�r�i�n�g� �d�o�w�n�s�t�r�e�a�m� �w�a�s� �f�o�u�n�d� �t�o� �d�i�f�f�e�r� �a�t� �d�i�f�f�e�r�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �a�n�d� �s�i�d�e�s�l�i�p�.� �F�o�r� �e�x�a�m�p�l�e�,� �v�o�r�t�e�x� �c�o�r�e� �b�u�r�s�t�i�n�g� �h�a�d� 

�o�c�c�u�r�r�e�d� �a�t� �&� �=� �4�0�°� �w�h�e�n�e�v�e�r� �t�h�e� �s�i�d�e�s�l�i�p� �a�n�g�l�e� �e�x�c�e�e�d�e�d� �5�°�.� �T�h�i�s� �p�a�r�t�i�c�u�l�a�r� �c�o�m�p�u�t�a�t�i�o�n� 

�d�o�e�s� �n�o�t� �i�n�c�l�u�d�e� �a� �m�o�d�e�l� �o�f� �t�h�e� �w�i�n�g� �e�f�f�e�c�t�s�.� �W�e� �d�i�d� �n�o�t� �o�b�s�e�r�v�e� �a�n�y� �v�o�r�t�e�x� �b�u�r�s�t�i�n�g� �i�n� �t�h�e� 

�s�o�l�u�t�i�o�n�.� 

�F�i�g�u�r�e� �5�8� �s�h�o�w�s� �t�h�e� �s�i�d�e� �f�o�r�c�e� �d�i�s�t�r�i�b�u�t�i�o�n� �c�o�m�p�u�t�e�d� �f�o�r� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �a�t� �a� 

�=� �3�0�°� �a�n�d� �B� �=� �5�°�.� �B�o�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�s� �a�r�e� �v�e�r�y� �s�i�m�i�l�a�r�.� �T�h�e� �g�r�i�d� 

�e�f�f�e�c�t�s� �a�r�e� �m�i�n�o�r�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �s�o�l�u�t�i�o�n�s� �a�r�e� �g�r�i�d� �r�e�s�o�l�v�e�d�.� �H�e�r�e�,� �i�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� 

�s�m�o�o�t�h� �c�r�o�s�s� �s�e�c�t�i�o�n� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� �F�-�5�A� �f�o�r�e�b�o�d�y�,� �b�o�t�h� �i�n�v�i�s�c�i�d� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�t�u�r�b�u�l�e�n�t� �s�o�l�u�t�i�o�n�s� �p�r�o�d�u�c�e� �r�e�s�t�o�r�i�n�g� �f�o�r�c�e�s� �(�p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�)�,� �w�i�t�h� �a� �p�o�s�i�t�i�v�e� 

�s�i�d�e� �f�o�r�c�e� �o�v�e�r� �m�o�s�t� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�h�e� �s�i�d�e� �f�o�r�c�e� �i�s� �g�e�n�e�r�a�l�l�y� �i�n�c�r�e�a�s�i�n�g� �w�i�t�h� 

�d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�.� �H�o�w�e�v�e�r�,� �t�o�w�a�r�d� �t�h�e� �e�n�d� �o�f� �t�h�e� �b�o�d�y�,� �t�h�e� �v�o�r�t�i�c�e�s� �a�r�e� �m�o�v�i�n�g� �a�w�a�y� 

�f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �t�h�e�i�r� �i�n�f�l�u�e�n�c�e� �s�t�a�r�t�s� �t�o� �d�i�m�i�n�i�s�h�.� �T�h�u�s� �t�h�e� �s�i�d�e� �f�o�r�c�e� �s�t�a�r�t�s� �t�o� 

�d�e�c�r�e�a�s�e�.� �T�h�e� �f�i�x�e�d� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s� �a�l�o�n�g� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�h�i�n�e� �l�e�a�d� �t�o� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s�,� 

�i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �f�l�u�i�d� �v�i�s�c�o�s�i�t�y�.� �F�o�r� �t�h�e� �s�m�o�o�t�h� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �t�h�e� �F�-�5�A�,� 

�t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �c�o�m�p�l�e�t�e�l�y� �d�i�f�f�e�r�e�n�t�,� �w�i�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� 

�p�r�o�v�i�d�i�n�g� �e�s�s�e�n�t�i�a�l�l�y� �n�o� �s�i�d�e� �f�o�r�c�e�.� �I�n� �c�h�i�n�e�-�s�h�a�p�e�d� �f�o�r�e�b�o�d�i�e�s�,� �t�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� 

�r�e�s�u�l�t�s� �i�n� �a� �s�t�r�o�n�g�e�r� �s�i�d�e� �f�o�r�c�e� �t�h�a�n� �t�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�.� �H�e�r�e�,� �b�e�c�a�u�s�e� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �g�e�o�m�e�t�r�y�,� �t�h�e� �c�h�i�n�e�-�p�r�o�d�u�c�e�d� �v�o�r�t�i�c�a�l� �f�l�o�w� �i�s� �b�e�i�n�g� �g�o�v�e�r�n�e�d� 

�e�s�s�e�n�t�i�a�l�l�y� �b�y� �i�n�v�i�s�c�i�d� �p�h�e�n�o�m�e�n�a�.� 

�3�3



�T�h�e� �c�o�m�p�u�t�e�d� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e�s�e� 

�c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �5�9�,� �a�n�d� �s�h�o�w� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �e�f�f�e�c�t� �o�f� �t�h�e� �c�h�i�n�e�d� �f�o�r�e�b�o�d�y� 

�o�v�e�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �f�r�o�m� �2�0�°� �t�o� �4�0�°� �a�n�g�l�e�-�o�f�-�a�t�t�a�c�k�.� �T�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�o�m�p�u�t�e�d� �f�o�r� 

�t�h�i�s� �f�o�r�e�b�o�d�y� �i�s� �s�i�m�i�l�a�r� �u�s�i�n�g� �e�i�t�h�e�r� �E�u�l�e�r� �o�r� �N�a�v�i�e�r�-�S�t�o�k�e�s� �s�o�l�u�t�i�o�n�s� �a�t� �3�0�°� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� 

�A�t� �@�=� �4�0�°� �s�o�m�e� �m�i�n�o�r� �d�i�f�f�e�r�e�n�c�e�s� �s�t�a�r�t� �t�o� �a�p�p�e�a�r�,� �b�u�t� �t�h�e� �t�r�e�n�d�s� �r�e�m�a�i�n� �s�i�m�i�l�a�r�.� �H�e�r�e�,� �t�h�e� 

�r�e�f�i�n�e�d� �N�a�v�i�e�r�-�S�t�o�k�e�s� �g�r�i�d� �c�a�l�c�u�l�a�t�i�o�n� �a�n�d� �t�h�e� �b�a�s�i�c� �E�u�l�e�r� �r�e�s�u�l�t�s� �a�r�e� �n�e�a�r�l�y� �t�h�e� �s�a�m�e�.� �I�t� �i�s� 

�i�n�t�e�r�e�s�t�i�n�g� �t�o� �c�o�n�t�r�a�s�t� �t�h�i�s� �r�e�s�u�l�t� �f�o�r� �a� �c�h�i�n�e�d� �f�o�r�e�b�o�d�y� �w�i�t�h� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �a� 

�s�m�o�o�t�h� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �f�o�r�e�b�o�d�y� �s�h�o�w�n� �i�n� �F�i�g�.� �2�6� �f�o�r� �t�h�e� �F�-�S�A� �f�o�r�e�b�o�d�y�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� 

�o�f� �v�i�s�c�o�s�i�t�y� �i�n� �p�r�o�d�u�c�i�n�g� �t�h�e� �p�o�s�i�t�i�v�e� �s�t�a�b�i�l�i�t�y� �f�o�r� �s�m�o�o�t�h� �b�o�d�i�e�s� �i�s� �s�h�o�w�n� �c�l�e�a�r�l�y� �i�n� �t�h�a�t� 

�f�i�g�u�r�e�.� �T�h�i�s� �i�s� �i�n� �m�a�r�k�e�d� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�n� �t�h�e� �c�h�i�n�e�-� 

�s�h�a�p�e�d� �f�o�r�e�b�o�d�y�,� �w�h�e�r�e� �t�h�e� �E�u�l�e�r� �a�n�d� �N�a�v�i�e�r�-�S�t�o�k�e�s� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �s�h�o�w�n� �t�o� �b�e� �s�i�m�i�l�a�r�.� 

�T�h�i�s� �r�e�s�u�l�t� �i�s� �i�m�p�o�r�t�a�n�t�.� �W�h�e�n� �t�h�e� �g�e�o�m�e�t�r�y� �h�a�s� �d�i�s�t�i�n�c�t� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t�s�,� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� 

�d�r�i�v�e�n� �e�s�s�e�n�t�i�a�l�l�y� �b�y� �i�n�v�i�s�c�i�d� �p�h�e�n�o�m�e�n�a�.� �I�t� �p�r�o�v�i�d�e�s� �a� �b�a�s�i�s� �f�o�r� �c�o�n�c�l�u�d�i�n�g� �t�h�a�t� �E�u�l�e�r� 

�s�o�l�u�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �d�u�r�i�n�g� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�i�e�s�,� �r�e�s�u�l�t�i�n�g� �i�n� �h�u�g�e� �s�a�v�i�n�g�s� �i�n� �C�P�U� �t�i�m�e� �a�n�d� 

�t�h�e� �d�e�s�i�g�n�e�r ��s� �t�i�m�e� �w�h�e�n� �i�n�v�e�s�t�i�g�a�t�i�n�g� �f�o�r�e�b�o�d�i�e�s� �i�n�c�o�r�p�o�r�a�t�i�n�g� �c�h�i�n�e�s�.� 

�F�i�g�u�r�e� �6�0� �s�h�o�w�s� �t�h�e� �i�n�v�i�s�c�i�d� �s�u�r�f�a�c�e� �f�l�o�w� �p�a�t�t�e�r�n� �f�o�r� �~�@� �=� �3�0�°� �a�n�d� �B� �=� �0�°�.� �T�h�e� 

�i�n�v�i�s�c�i�d� �s�e�p�a�r�a�t�i�o�n� �c�a�n� �b�e� �c�l�e�a�r�l�y� �s�e�e�n� �t�o� �b�e� �o�c�c�u�r�r�i�n�g� �a�t� �t�h�e� �s�h�a�r�p� �e�d�g�e�s� �a�s� �e�x�p�e�c�t�e�d�.� �T�h�e� 

�r�e�a�t�t�a�c�h�m�e�n�t� �o�c�c�u�r�s� �o�n� �t�h�e� �t�o�p� �c�e�n�t�e�r�l�i�n�e�.� �T�h�e� �t�u�r�b�u�l�e�n�t� �s�u�r�f�a�c�e� �f�l�o�w� �p�a�t�t�e�r�n� �i�s� �c�o�m�p�l�e�t�e�l�y� 

�d�i�f�f�e�r�e�n�t�,� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �6�1� �f�o�r� �t�h�e� �s�a�m�e� �c�a�s�e�.� �T�h�e� �p�r�i�m�a�r�y� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e�s� �s�t�a�r�t� �f�r�o�m� 

�t�h�e� �e�d�g�e� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �i�n�v�i�s�c�i�d� �f�l�o�w�,� �a�n�d� �a�n� �a�t�t�a�c�h�m�e�n�t� �l�i�n�e� �o�c�c�u�r�s� �a�t� �t�h�e� �c�e�n�t�e�r�l�i�n�e�.� �A� 

�s�e�c�o�n�d�a�r�y� �s�e�p�a�r�a�t�i�o�n� �l�i�n�e� �f�o�r�m�e�d� �d�u�e� �t�o� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �s�e�p�a�r�a�t�i�o�n� �i�s� �a�l�s�o� �s�e�e�n� �i�n� �t�h�e� 

�f�i�g�u�r�e� �6�1�.� 

�F�i�g�u�r�e�s� �6�2� �a�n�d� �6�3� �s�h�o�w� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �n�o�r�m�a�l�i�z�e�d� �s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� 
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�a�t� �t�h�e� �a�x�i�a�l� �s�t�a�t�i�o�n� �x� �=� �1�3�.�5�6� �i�n�.� �f�r�o�m� �t�h�e� �n�o�s�e� �f�o�r� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �f�l�o�w�s� 

�r�e�s�p�e�c�t�i�v�e�l�y� �a�t� �@� �=� �3�0�°� �a�n�d� �B� �=� �0�°�.� �T�h�e� �p�r�e�s�s�u�r�e�s� �a�r�e� �s�e�e�n� �t�o� �b�e� �s�y�m�m�e�t�r�i�c�a�l� �a�b�o�u�t� �t�h�e� 

�p�l�a�n�e� �o�f� �s�y�m�m�e�t�r�y� �f�o�r� �b�o�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�s�e�s�.� �T�h�e� �v�o�r�t�e�x� �p�a�t�t�e�r�n� �a�n�d� 

�s�y�m�m�e�t�r�y� �a�r�e� �m�o�r�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �t�h�e� �f�i�g�u�r�e�s� �6�4� �a�n�d� �6�5� �w�h�i�c�h� �a�r�e� �s�h�a�d�e�d� �b�a�s�e�d� �o�n� �t�h�e� 

�s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e�.� �T�h�e� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �a�l�s�o� �s�h�o�w�s� �t�h�e� �s�e�c�o�n�d�a�r�y� �v�o�r�t�i�c�e�s� �b�e�i�n�g� �s�h�e�d� �f�r�o�m� 

�u�n�d�e�r� �t�h�e� �p�r�i�m�a�r�y� �v�o�r�t�i�c�e�s� �f�u�r�t�h�e�r� �d�o�w�n�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �n�o�s�e�.� 

�F�i�g�u�r�e�s� �6�6� �a�n�d� �6�7� �s�h�o�w� �t�h�e� �s�u�r�f�a�c�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �p�i�c�t�u�r�e�s� �f�o�r� �i�n�v�i�s�c�i�d� �a�n�d� 

�t�u�r�b�u�l�e�n�t� �f�l�o�w�s� �r�e�s�p�e�c�t�i�v�e�l�y� �a�t� �~� �=� �3�0�°� �a�n�d� �B� �=� �5�°� �t�o� �e�m�p�h�a�s�i�z�e� �t�h�e� �e�f�f�e�c�t� �o�f� �s�i�d�e�s�l�i�p�.� �T�h�e� 

�a�s�y�m�m�e�t�r�y� �i�n� �t�h�e� �p�a�t�t�e�r�n� �i�s� �r�e�a�d�i�l�y� �a�p�p�a�r�e�n�t�.� �F�i�g�u�r�e�s� �6�8� �a�n�d� �6�9� �s�h�o�w� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� 

�s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �r�e�s�p�e�c�t�i�v�e�l�y� �a�t� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�t�a�t�i�o�n�s�.� �T�h�e�s�e� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�e� 

�c�h�i�n�e�-�e�d�g�e� �g�e�n�e�r�a�t�e�d� �v�o�r�t�i�c�e�s�.� �T�h�e� �p�o�s�i�t�i�o�n� �a�n�d� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �p�r�i�m�a�r�y� �v�o�r�t�i�c�e�s� �a�r�e� 

�n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l� �i�n� �b�o�t�h� �t�h�e� �i�n�v�i�s�c�i�d� �a�n�d� �t�u�r�b�u�l�e�n�t� �c�a�s�e�s�.� �T�h�e� �t�u�r�b�u�l�e�n�t� �s�o�l�u�t�i�o�n� �a�l�s�o� �s�h�o�w�s� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �s�e�c�o�n�d�a�r�y� �v�o�r�t�i�c�e�s� �n�e�a�r� �t�h�e� �c�h�i�n�e� �e�d�g�e� �d�u�e� �t�o� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �s�e�p�a�r�a�t�i�o�n�.� 

�S�t�r�o�n�g� �v�o�r�t�e�x� �f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �s�e�e�n� �a�l�l� �a�l�o�n�g� �t�h�e� �f�o�r�e�b�o�d�y� �i�n� �f�i�g�u�r�e� �7�0� �w�i�t�h� �t�h�e� �l�e�e�w�a�r�d� 

�v�o�r�t�i�c�e�s� �r�i�s�i�n�g� �a�b�o�v�e� �t�h�e� �s�u�r�f�a�c�e� �m�u�c�h� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� �w�i�n�d�w�a�r�d� �v�o�r�t�i�c�e�s�.� �S�u�c�h� �s�t�r�o�n�g� 

�v�o�r�t�e�x� �f�o�r�m�a�t�i�o�n� �o�n� �b�o�d�i�e�s� �w�i�t�h� �s�h�a�r�p� �c�h�i�n�e�s� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� 

�e�v�e�n� �a�t� �2�0�°� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �w�h�i�c�h� �w�a�s� �n�o�t� �f�o�u�n�d� �i�n� �t�h�e� �s�m�o�o�t�h� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �F�-�S�A� �c�a�s�e�.� 
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�S�O�L�U�T�I�O�N� �S�T�R�A�T�E�G�Y� �F�O�R� �P�A�R�A�M�E�T�R�I�C� �F�O�R�E�B�O�D�Y� �G�E�O�M�E�T�R�Y� �S�T�U�D�Y� 

�B�a�s�e�d� �o�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �s�o�l�u�t�i�o�n�s� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� �E�r�i�c�k�s�o�n� �c�h�i�n�e� 

�f�o�r�e�b�o�d�y�,� �a� �c�o�m�p�u�t�a�t�i�o�n�a�l� �s�t�r�a�t�e�g�y� �f�o�r� �f�o�r�e�b�o�d�y� �s�h�a�p�i�n�g� �s�t�u�d�y� �w�a�s� �c�h�o�s�e�n�.� �W�h�e�n� �f� �w�a�s� 

�f�i�x�e�d� �a�t� �5�°�,� �i�t� �w�a�s� �s�h�o�w�n� �i�n� �t�h�e� �c�a�s�e� �o�f� �E�r�i�c�k�s�o�n� �c�h�i�n�e� �f�o�r�e�b�o�d�y� �t�h�a�t� �t�h�e� �i�n�v�i�s�c�i�d� �p�r�e�s�s�u�r�e�s� 

�w�e�r�e� �C�l�o�s�e� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �a�n�d� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �t�h�e� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n�s�.� �T�h�e� �s�i�d�e� �f�o�r�c�e� 

�a�n�d� �C� 
�"�B� 

�f�l�o�w� �c�o�m�p�u�t�a�t�i�o�n�s�.� �T�h�e�r�e�f�o�r�e�,� �f�o�r� �c�h�i�n�e�-�s�h�a�p�e�d� �g�e�o�m�e�t�r�i�e�s� �w�h�e�r�e� �t�h�e� �f�l�o�w� �s�e�p�a�r�a�t�i�o�n� 

�t�r�e�n�d�s� �w�e�r�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �s�i�m�i�l�a�r� �a�n�d� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �E�u�l�e�r� �a�n�d� �t�u�r�b�u�l�e�n�t� 

�l�o�c�a�t�i�o�n� �i�s� �f�i�x�e�d�,� �E�u�l�e�r� �c�o�m�p�u�t�a�t�i�o�n�s�,� �w�h�i�c�h� �r�e�q�u�i�r�e� �m�u�c�h� �l�e�s�s� �C�P�U� �t�i�m�e� �t�h�a�n� �t�u�r�b�u�l�e�n�t� 

�c�o�m�p�u�t�a�t�i�o�n�s�,� �c�a�n� �b�e� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�.� 

�T�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �g�r�i�d�s� �u�s�e�d� �f�o�r� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �u�s�e�d� �o�n� �t�h�e� 

�E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y�.� �A� �C�-�O� �g�r�i�d� �t�o�p�o�l�o�g�y� �w�a�s� �u�s�e�d� �w�i�t�h� �4�5� �p�o�i�n�t�s� �i�n� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n�,� 

�1�0�1� �p�o�i�n�t�s� �i�n� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �d�i�r�e�c�t�i�o�n� �a�n�d� �2�5� �a�x�i�a�l� �s�t�a�t�i�o�n�s� �o�n� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�h�o�u�g�h� 

�r�e�f�i�n�i�n�g� �t�h�e� �g�r�i�d� �m�a�d�e� �a� �s�l�i�g�h�t� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �t�h�e� �E�u�l�e�r� �r�e�s�u�l�t�s�,� �i�t� �w�a�s� �v�e�r�y� �e�x�p�e�n�s�i�v�e� 

�c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �m�i�n�o�r� �c�h�a�n�g�e� �i�n� �t�h�e� �r�e�s�u�l�t�s�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�h�a�t� �t�o� �a�s�s�e�s�s� 

�a�e�r�o�d�y�n�a�m�i�c� �t�r�e�n�d�s� �a�r�i�s�i�n�g� �f�r�o�m� �f�o�r�e�b�o�d�y� �g�e�o�m�e�t�r�y� �v�a�r�i�a�t�i�o�n�s�,� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�s� �c�o�u�l�d� �b�e� 

�d�o�n�e� �u�s�i�n�g� �t�h�e� �E�u�l�e�r� �e�q�u�a�t�i�o�n�s� �a�n�d� �t�h�e� �b�a�s�e�l�i�n�e� �g�r�i�d�.� 

�T�o� �s�t�u�d�y� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �u�s�i�n�g� �m�u�l�t�i�g�r�i�d� �a�n�d� �m�u�l�t�i�s�e�q�u�e�n�c�i�n�g�,� �t�h�e� �i�n�v�i�s�c�i�d� �f�l�o�w� 

�O�v�e�r� �a� �g�e�n�e�r�i�c� �a�n�a�l�y�t�i�c�a�l� �f�o�r�e�b�o�d�y� �w�a�s� �c�o�m�p�u�t�e�d� �a�t� �a� �=� �3�0�°� �a�n�d� �B� �=� �5�°�.� �T�h�r�e�e� �l�e�v�e�l�s� �o�f� 

�s�e�q�u�e�n�c�i�n�g� �w�e�r�e� �u�s�e�d� �w�i�t�h� �m�u�l�t�i�g�r�i�d�d�i�n�g� �o�n� �e�a�c�h� �l�e�v�e�l�.� �T�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�s� �a�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �7�1� �w�e�r�e� �i�d�e�n�t�i�c�a�l� �w�h�e�n� �t�h�e� �r�e�s�i�d�u�a�l� �w�e�n�t� �d�o�w�n� �t�o� �t�h�e� �s�a�m�e� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �i�n� 

�b�o�t�h� �c�a�s�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �w�a�s� �a� �3�3�%� �r�e�d�u�c�t�i�o�n� �i�n� �C�P�U� �t�i�m�e�.� �A�f�t�e�r� �t�h�i�s� �a�p�p�r�o�a�c�h� �w�a�s� 

�e�s�t�a�b�l�i�s�h�e�d�,� �t�h�e� �r�e�m�a�i�n�i�n�g� �E�u�l�e�r� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �d�o�n�e� �w�i�t�h� �t�h�r�e�e� �l�e�v�e�l�s� �o�f� �s�e�q�u�e�n�c�i�n�g� �a�n�d� 

�m�u�l�t�i�g�r�i�d�d�i�n�g� �o�n� �e�a�c�h� �l�e�v�e�l� �o�f� �s�e�q�u�e�n�c�i�n�g�.� �T�h�e� �C�P�U� �t�i�m�e� �t�a�k�e�n� �f�o�r� �e�a�c�h� �o�f� �t�h�e�s�e� �E�u�l�e�r� 

�c�a�s�e�s� �w�a�s� �3�4�0�0� �s�e�c�o�n�d�s�.� 
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�A� �G�E�N�E�R�A�L� �A�N�A�L�Y�T�I�C� �M�O�D�E�L� �:� �T�H�E� �G�E�N�E�R�I�C� �F�O�R�E�B�O�D�Y� 

�P�a�s�s�i�v�e� �t�a�i�l�o�r�i�n�g� �o�f� �t�h�e� �a�e�r�o�d�y�n�a�m�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �f�o�r�e�b�o�d�i�e�s� �c�a�n� �o�n�l�y� �b�e� �a�c�h�i�e�v�e�d� 

�t�h�r�o�u�g�h� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�o� �s�t�u�d�y� �g�e�o�m�e�t�r�i�c� �s�h�a�p�i�n�g� �e�f�f�e�c�t�s� �o�n� �f�o�r�e�b�o�d�y� 

�a�e�r�o�d�y�n�a�m�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a�n� �a�n�a�l�y�t�i�c� �f�o�r�e�b�o�d�y� �m�o�d�e�l� �w�i�t�h� �t�h�e� �a�b�i�l�i�t�y� �t�o� �p�r�o�d�u�c�e� �a� �w�i�d�e� 

�v�a�r�i�a�t�i�o�n� �o�f� �s�h�a�p�e�s� �o�f� �i�n�t�e�r�e�s�t� �i�s� �d�e�f�i�n�e�d�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �b�o�d�y� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� 

�c�o�m�p�o�s�e�d� �o�f� �e�s�s�e�n�t�i�a�l�l�y� �i�n�d�e�p�e�n�d�e�n�t� �c�r�o�s�s�-�s�e�c�t�i�o�n� �a�n�d� �p�l�a�n�f�o�r�m� �l�i�n�e�s�.� �T�h�i�s� �g�e�n�e�r�i�c� 

�f�o�r�e�b�o�d�y� �m�o�d�e�l� �m�a�k�e�s� �u�s�e� �o�f� �t�h�e� �e�q�u�a�t�i�o�n� �o�f� �a� �s�u�p�e�r�-�e�l�l�i�p�s�e� �t�o� �o�b�t�a�i�n� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�g�e�o�m�e�t�r�y�.� �T�h�e� �s�u�p�e�r� �e�l�l�i�p�s�e�,� �u�s�e�d� �p�r�e�v�i�o�u�s�l�y� �t�o� �c�o�n�t�r�o�l� �f�l�o�w� �e�x�p�a�n�s�i�o�n� �a�r�o�u�n�d� �w�i�n�g� 

�l�e�a�d�i�n�g� �e�d�g�e�s� �(�r�e�f�.� �4�1�)�,� �c�a�n�:� 

�¢� �R�e�c�o�v�e�r� �a� �c�i�r�c�u�l�a�r� �c�r�o�s�s�-�s�e�c�t�i�o�n� 

�¢� �P�r�o�d�u�c�e� �e�l�l�i�p�t�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� 

�¢� �C�a�p�t�u�r�e� �t�h�e� �k�e�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �c�h�i�n�e� �f�o�r�e�b�o�d�i�e�s�,� �s�u�c�h� �a�s� �t�h�e� �o�n�e� �t�e�s�t�e�d� �b�y� 

�E�r�i�c�k�s�o�n� �a�n�d� �b�e�i�n�g� �u�s�e�d� �o�n� �t�h�e� �Y�F�-�2�3� �a�n�d� �Y�F�-�2�2�.� 

�¢� �P�r�o�d�u�c�e� �a� �s�t�r�a�i�g�h�t� �s�i�d�e�w�a�l�l� �a�t� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e� �w�i�t�h� �v�a�r�i�o�u�s� �s�l�o�p�e�s� 

�¢� �B�e� �g�e�n�e�r�a�t�e�d� �b�y� �a� �s�i�m�p�l�e� �a�n�a�l�y�t�i�c�a�l� �e�q�u�a�t�i�o�n� 

�T�h�e� �s�u�p�e�r�-�e�l�l�i�p�s�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �f�o�r�e�b�o�d�y� �c�r�o�s�s�-�s�e�c�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s� �:� 

�2�+�n� �2�+�m� 
�z� �»� �=� �1� �G�J� �+�)� �=� �o� 

�w�h�e�r�e� �n� �a�n�d� �m� �a�r�e� �a�d�j�u�s�t�a�b�l�e� �c�o�e�f�f�i�c�i�e�n�t�s� �t�h�a�t� �c�o�n�t�r�o�l� �t�h�e� �s�u�r�f�a�c�e� �s�l�o�p�e�s� �a�t� �t�h�e� �t�o�p� �a�n�d� 
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�b�o�t�t�o�m� �p�l�a�n�e� �o�f� �s�y�m�m�e�t�r�y� �a�n�d� �c�h�i�n�e� �l�e�a�d�i�n�g� �e�d�g�e�.� �T�h�e� �c�o�n�s�t�a�n�t�s� �a� �a�n�d� �b� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� 

�m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �a�n�d� �u�p�p�e�r� �o�r� �l�o�w�e�r� �c�e�n�t�e�r�l�i�n�e�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �c�a�s�e� �n� �=�m� �=� �0� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �s�t�a�n�d�a�r�d� �e�l�l�i�p�s�e�.� �T�h�e� �b�o�d�y� �i�s� �c�i�r�c�u�l�a�r� �w�h�e�n� �a� �=� �b�.� 

�W�h�e�n� �n� �=� �-�1� �t�h�e� �s�i�d�e�w�a�l�l� �i�s� �l�i�n�e�a�r� �a�t� �t�h�e� �m�a�x�i�m�u�m� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e�,� �f�o�r�m�i�n�g� �a� 

�d�i�s�t�i�n�c�t� �c�r�e�a�s�e� �l�i�n�e�.� �W�h�e�n� �n� �<� �-�1� �t�h�e� �b�o�d�y� �c�r�o�s�s�-�s�e�c�t�i�o�n� �t�a�k�e�s� �o�n� �t�h�e� �c�u�s�p�e�d� �o�r� �c�h�i�n�e�-�l�i�k�e� 

�s�h�a�p�e�.� �T�h�e� �d�e�r�i�v�a�t�i�v�e� �o�f� �z�/�b� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �y�/�a� �i�s�:� 

�(�"�|� 
�_�_� �2�+�n� �(�2�)� 

�!� �_� �s�e�e�m�}� �2�e�n�]� 

� � 
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�w�h�e�r�e� �Z�=�z�/�b�a�n�d�y�=�y�/�a�.� �A�s� �y�  ��1�,� �(�t�h�e� �m�a�x�i�m�u�m� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e�)� �t�h�e� �s�l�o�p�e� �b�e�c�o�m�e�s�:� 

�°�°� �n�>�-�l� 

�=�4�-�(�2�+�m�)�y�i�t!"� �n�=�-�l� �(�3�)� 
�»� �0� �n�<�-�l�.� 

�D�i�f�f�e�r�e�n�t� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �m�a�x�i�m�u�m� �h�a�l�f� �b�r�e�a�d�t�h� �l�i�n�e� 

�t�o� �g�e�n�e�r�a�t�e� �a�s�y�m�m�e�t�r�i�c� �s�h�a�p�e�s�.� �M�o�r�e� �g�e�n�e�r�a�l�i�t�y� �c�a�n� �b�e� �p�r�o�v�i�d�e�d� �b�y� �a�l�l�o�w�i�n�g� �n� �a�n�d� �m� �t�o� �b�e� 

�f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �a�x�i�a�l� �d�i�s�t�a�n�c�e� �x�.� �I�n� �t�h�i�s� �s�t�u�d�y� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �n� �a�n�d� �m� �w�e�r�e� �t�a�k�e�n� �t�o� �b�e� 

�c�o�n�s�t�a�n�t�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �x�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �a� �a�n�d� �b� �a�r�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �a�x�i�a�l� �l�o�c�a�t�i�o�n�,� �x�,� 

�a�n�d� �c�a�n� �b�e� �v�a�r�i�e�d� �t�o� �s�t�u�d�y� �p�l�a�n�f�o�r�m� �e�f�f�e�c�t�s�.� �N�o�t�i�c�e� �i�n� �E�q�u�a�t�i�o�n� �(�3�)� �t�h�a�t� �w�h�e�n� �n� �=� �-�1� �t�h�e� 

�v�a�l�u�e� �o�f� �m� �c�a�n� �b�e� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �s�i�d�e�w�a�l�l� �a�t� �t�h�e� �c�r�e�a�s�e� �l�i�n�e�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� �r�a�n�g�e� �o�f� �s�h�a�p�e�s� �a�v�a�i�l�a�b�l�e� �w�i�t�h�i�n� �t�h�i�s� �s�i�m�p�l�e� �p�a�r�a�m�e�t�r�i�c� �g�e�o�m�e�t�r�y� �i�s� 

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �t�h�e� �f�i�g�u�r�e�s� �7�2� �t�o� �7�4�.� �F�i�g�u�r�e� �7�2� �p�r�o�v�i�d�e�s� �a�n� �u�p�p�e�r� �q�u�a�d�r�a�n�t� �s�e�c�t�i�o�n� �t�o� �i�l�l�u�s�t�r�a�t�e� 
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�t�h�e� �m�a�n�n�e�r� �i�n� �w�h�i�c�h� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �c�a�n� �c�h�a�n�g�e� �f�r�o�m� �a� �s�h�a�r�p� �c�h�i�n�e�,� �t�h�r�o�u�g�h� �t�h�e� �s�h�a�r�p� 

�e�d�g�e� �a�t� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� �t�o� �t�h�e� �e�l�l�i�p�t�i�c� �a�n�d� �e�v�e�n� �"�f�u�l�l�e�r�"� �e�l�l�i�p�t�i�c� �s�h�a�p�e� �o�r�i�g�i�n�a�l�l�y� 

�e�n�v�i�s�i�o�n�e�d� �f�o�r� �s�u�p�e�r� �e�l�l�i�p�s�e�s� �s�i�m�p�l�y� �b�y� �c�h�a�n�g�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �e�x�p�o�n�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �n�.� 

�A�s� �n� �b�e�c�o�m�e�s� �v�e�r�y� �l�a�r�g�e� �t�h�e� �s�h�a�p�e� �w�i�l�l� �a�p�p�r�o�a�c�h� �a� �r�e�c�t�a�n�g�u�l�a�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�.� �F�i�g�u�r�e� �7�3� 

�s�h�o�w�s� �t�h�e� �s�p�e�c�i�a�l� �c�a�s�e� �w�h�e�r�e� �t�h�e� �w�a�l�l� �s�l�o�p�e� �i�s� �f�i�n�i�t�e� �a�n�d� �n�o�n�-�z�e�r�o� �a�t� �t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h� 

�(�n� �=� �-�1�)�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �s�l�o�p�e� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �v�a�l�u�e� �o�f� �m�.� �T�h�e� �f�i�g�u�r�e� 

�d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �r�a�n�g�e� �o�f� �c�o�n�t�r�o�l� �t�h�a�t� �i�s� �a�v�a�i�l�a�b�l�e�,� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �s�i�d�e�w�a�l�l� �s�l�o�p�e� �s�e�l�e�c�t�i�o�n� 

�o�n� �t�h�e� �e�n�t�i�r�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�.� 

�T�h�e� �e�n�t�i�r�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �i�s� �s�h�o�w�n� �f�o�r� �a� �s�e�r�i�e�s� �o�f� �a�x�i�a�l� �s�t�a�t�i�o�n�s� �i�n� �f�i�g�u�r�e� �7�4�.� �F�i�g�u�r�e� 

�7�4�(�a�)� �s�h�o�w�s� �a� �s�t�a�n�d�a�r�d� �e�l�l�i�p�t�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�,� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e� 

�c�e�n�t�e�r�l�i�n�e�s�,� �w�h�i�l�e� �f�i�g�u�r�e� �7�4�(�b�)� �p�r�o�v�i�d�e�s� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �c�a�s�e� �w�i�t�h� �t�h�e� �s�h�a�r�p� �e�d�g�e� �a�t� 

�t�h�e� �m�a�x� �h�a�l�f� �b�r�e�a�d�t�h�,� �a�n�d� �f�i�g�u�r�e� �7�4�(�c�)� �p�r�o�v�i�d�e�s� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �v�i�e�w� �f�o�r� �t�h�e� �c�h�i�n�e� �s�h�a�p�e�d� 

�c�a�s�e�.� �T�h�e� �r�a�n�g�e� �o�f� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�s�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �a�l�l�o�w�i�n�g� �t�h�e�m� �t�o� 

�v�a�r�y� �c�h�a�r�a�c�t�e�r� �w�i�t�h� �a�x�i�a�l� �d�i�s�t�a�n�c�e� �p�r�o�v�i�d�e�s� �a�n� �e�x�t�r�e�m�e�l�y� �b�r�o�a�d� �d�e�s�i�g�n� �s�p�a�c�e� �t�o� �i�n�v�e�s�t�i�g�a�t�e� 

�a�e�r�o�d�y�n�a�m�i�c� �t�a�i�l�o�r�i�n�g� �o�f� �f�o�r�e�b�o�d�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�r�o�u�g�h� �g�e�o�m�e�t�r�i�c� �d�e�s�i�g�n�.� 
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�G�E�N�E�R�I�C� �C�H�I�N�E� �F�O�R�E�B�O�D�Y� �S�T�U�D�Y� 

�U�s�i�n�g� �t�h�e� �g�e�n�e�r�i�c� �f�o�r�e�b�o�d�y� �p�a�r�a�m�e�t�r�i�c� �m�o�d�e�l� �d�e�f�i�n�e�d� �a�b�o�v�e�,� �a�n�d� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� 

�s�t�r�a�t�e�g�y� �f�o�r� �a� �f�o�r�e�b�o�d�y� �s�h�a�p�i�n�g� �s�t�u�d�y� �b�a�s�e�d� �o�n� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �r�e�s�u�l�t�s�,� �a�n� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �v�a�r�i�o�u�s� �c�h�i�n�e�-�s�h�a�p�e�d� �f�o�r�e�b�o�d�y� 

�g�e�o�m�e�t�r�i�e�s� �w�a�s� �m�a�d�e�.� �I�t� �w�a�s� �d�e�c�i�d�e�d� �t�o� �a�n�a�l�y�s�e� �t�h�e� �e�f�f�e�c�t� �o�f� �c�h�a�n�g�i�n�g� �b�/�a�,� �c�h�i�n�e� �a�n�g�l�e� �a�n�d� 

�c�o�m�b�i�n�a�t�i�o�n�s� �t�h�e�r�e�o�f�.� �T�h�i�s� �r�a�n�g�e� �o�f� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�s� �p�r�o�v�i�d�e�s� �a�n� �e�x�t�r�e�m�e�l�y� �b�r�o�a�d� 

�d�e�s�i�g�n� �s�p�a�c�e� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �a�e�r�o�d�y�n�a�m�i�c� �t�a�i�l�o�r�i�n�g� �o�f� �f�o�r�e�b�o�d�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�r�o�u�g�h� 

�g�e�o�m�e�t�r�i�c� �d�e�s�i�g�n�.� 

�F�o�r� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�a�s�e�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �s�e�l�e�c�t�e�d� �:� 

�(�a�)� �G�e�o�m�e�t�r�i�c�a�l� �p�a�r�a�m�e�t�e�r�s�:� 

�m�=�0� 

�-�1�5�<�n�<�-�1�.�0�,� �A�n� �=� �-�0�.�2�5� 

�0�.�5� �<� �b�/�a� �$�1�.�5�,� �A�b�/�a� �=� �0�.�5� 

�(�b�)� �F�l�o�w� �c�o�n�d�i�t�i�o�n�s�:� 

�2�0�°� �<� �a�<� �4�0�°�,� �A�w�=� �1�0�°� 

�o�°�<� �B�<�5�S�°�,� �A�B�=�S�°� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�s� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �7�5�.� �T�h�e� 

�o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �s�t�u�d�y� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�h�a�p�e� �t�h�a�t� �l�e�a�d�s� �t�o� �t�h�e� �h�i�g�h�e�s�t� �v�a�l�u�e� �o�f� 

�d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� �T�h�i�s� �t�e�s�t� �c�a�s�e� �m�a�t�r�i�x�,� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�,� �r�e�s�u�l�t�e�d� �i�n� �5�4� �d�i�f�f�e�r�e�n�t� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�s� �w�i�t�h� �s�y�m�m�e�t�r�i�c�a�l� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s� �a�n�d� �a� �r�e�d�u�c�t�i�o�n� �i�n� �s�t�u�d�y� �s�c�o�p�e� 

�w�a�s� �r�e�q�u�i�r�e�d�.� �T�h�e� �B� �=� �0�°� �c�a�s�e�s� �h�a�d� �b�e�e�n� �i�n�c�l�u�d�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �f�l�o�w� �p�h�y�s�i�c�s� �w�i�t�h� �a�n�d� 

�w�i�t�h�o�u�t� �s�i�d�e�s�l�i�p�.� �H�o�w�e�v�e�r�,� �r�e�s�u�l�t�s� �a�t� �8� �=� �0�°� �p�r�o�d�u�c�e�d� �s�y�m�m�e�t�r�i�c�a�l� �f�l�o�w�f�i�e�l�d�s�,� �C�,�,� �=� �0�,� 

�4�0



�a�n�d� �w�e�r�e� �e�l�i�m�i�n�a�t�e�d�.� �T�h�i�s� �r�e�d�u�c�e�d� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�s�e�s� �t�o� �2�7�.� �F�u�r�t�h�e�r� �c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e� 

�e�l�i�m�i�n�a�t�e�d� �a�s� �t�h�e� �s�t�u�d�y� �p�r�o�g�r�e�s�s�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �e�x�a�m�i�n�e�d�.� �T�h�e� �s�t�u�d�y� �s�c�o�p�e� �w�a�s� �w�i�d�e�n�e�d� 

�b�y� �a�n�a�l�y�s�i�n�g� �s�o�m�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �w�i�t�h� �a�s�y�m�m�e�t�r�i�c� �u�p�p�e�r�/�l�o�w�e�r� �g�e�o�m�e�t�r�i�e�s�.� �T�h�e�s�e� 

�g�e�o�m�e�t�r�i�e�s� �w�e�r�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �b�/�a� �o�r� �d�i�f�f�e�r�e�n�t� �n� �f�o�r� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s�.� 

�I�n�i�t�i�a�l�l�y� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �p�l�a�n�f�o�r�m� �w�a�s� �u�s�e�d� �a�n�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�y�i�n�g� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n�s� �g�e�o�m�e�t�r�y� �w�e�r�e� �e�x�a�m�i�n�e�d�.� �T�h�e� �m�o�m�e�n�t� �c�e�n�t�e�r� �f�o�r� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �t�h�e� 

�d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �w�a�s� �k�e�p�t� �f�i�x�e�d� �a�t� �t�h�e� �v�a�l�u�e� �u�s�e�d� �i�n� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �t�e�s�t� �w�h�i�c�h� 

�w�a�s� �1�2�.�8�1�6� �i�n�c�h�e�s� �f�r�o�m� �t�h�e� �n�o�s�e� �(�T�a�b�l�e� �2�)�.� �B�a�s�e�d� �o�n� �t�h�e� �b�e�s�t� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�,� 

�l�i�m�i�t�e�d� �p�l�a�n�f�o�r�m� �e�f�f�e�c�t�s� �w�e�r�e� �s�t�u�d�i�e�d�.� �T�h�e� �t�o�t�a�l� �C�P�U� �t�i�m�e� �u�s�e�d� �f�o�r� �t�h�e� �E�u�l�e�r� �s�t�u�d�y� �i�s� �g�i�v�e�n� 

�i�n� �T�a�b�l�e� �4�.� 

�D�i�s�c�u�s�s�i�o�n� �o�f� �R�e�s�u�l�t�s� �f�o�r� �t�h�e� �G�e�n�e�r�i�c� �C�h�i�n�e� �F�o�r�e�b�o�d�i�e�s� 

�E�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �b�/�a� 

�T�h�i�s� �s�t�u�d�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �f�o�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�s� �w�i�t�h� �m� �=� �0� �a�n�d� �n� �=� �-�1�.�5� �a�n�d� 

�b�/�a� �=� �0�.�5�,� �1�.�0� �a�n�d� �1�.�5� �(�s�e�e� �f�i�g�u�r�e� �7�5�(�d�)�)�.� �F�i�g�u�r�e� �7�6� �s�h�o�w�s� �C�n� �B� �V�s� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �w�i�t�h� 

�b�/�a� �a�s� �t�h�e� �v�a�r�y�i�n�g� �p�a�r�a�m�e�t�e�r�.� �I�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �p�o�s�i�t�i�v�e� 

�d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�s� �a�s� �b�/�a� �d�e�c�r�e�a�s�e�s� �a�t� �a� �f�i�x�e�d� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �T�h�e� �b�/�a� �=� �0�.�5� 

�g�e�o�m�e�t�r�y� �p�r�o�d�u�c�e�s� �t�h�e� �h�i�g�h�e�s�t� �C�;�,� �8�.� �T�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y� �r�e�s�u�l�t� �c�o�m�p�u�t�e�d� �e�a�r�l�i�e�r� �i�s� �a�l�s�o� 

�i�n�c�l�u�d�e�d�,� �w�h�i�c�h� �i�s� �g�e�o�m�e�t�r�i�c�a�l�l�y� �s�i�m�i�l�a�r�,� �w�i�t�h� �b�/�a� �e�q�u�a�l� �t�o� �0�.�5�9�7�.� �A�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� 

�t�h�e�s�e� �r�e�s�u�l�t�s� �r�e�q�u�i�r�e�s� �a�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�l�o�w�f�i�e�l�d� �d�e�t�a�i�l�s� �p�r�e�s�e�n�t�e�d� �b�e�l�o�w�.� 

�F�i�g�u�r�e� �7�7� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �s�e�c�t�i�o�n�a�l� �s�i�d�e� �f�o�r�c�e� �w�i�t�h� �t�h�e� �a�x�i�a�l� �d�i�s�t�a�n�c�e� �a�t� 

�e�a�c�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �f�o�r� �B�=�5�°�.� �N�e�a�r� �t�h�e� �n�o�s�e� �t�h�e� �f�o�r�c�e� �i�s� �i�n�i�t�i�a�l�l�y� �d�e�s�t�a�b�i�l�i�z�i�n�g�,� �b�e�i�n�g� 
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�n�e�g�a�t�i�v�e� �f�o�r� �a�l�l� �c�a�s�e�s� �c�o�m�p�u�t�e�d�.� �M�o�v�i�n�g� �a�f�t� �f�r�o�m� �t�h�e� �i�m�m�e�d�i�a�t�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �n�o�s�e�,� �t�h�e� 

�t�r�e�n�d� �i�s� �r�e�v�e�r�s�e�d� �a�n�d� �t�h�e� �s�i�d�e� �f�o�r�c�e� �s�t�a�r�t�s� �t�o� �i�n�c�r�e�a�s�e� �t�o�w�a�r�d� �p�o�s�i�t�i�v�e� �v�a�l�u�e�s�.� �T�h�e� �s�i�d�e� �f�o�r�c�e� 

�b�e�c�o�m�e�s� �m�o�r�e� �p�o�s�i�t�i�v�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �s�i�d�e� �f�o�r�c�e� �b�e�c�o�m�e�s� 

�i�n�c�r�e�a�s�i�n�g�l�y� �n�e�g�a�t�i�v�e� �a�s� �t�h�e� �v�a�l�u�e� �o�f� �b�/�a� �i�n�c�r�e�a�s�e�s�,� �m�a�k�i�n�g� �t�h�e� �b�o�d�y� �m�o�r�e� �u�n�s�t�a�b�l�e�.� �S�o�m�e� 

�c�r�o�s�s�o�v�e�r� �o�c�c�u�r�s� �a�t� �t�h�e� �a�f�t� �e�n�d� �o�f� �t�h�e� �b�o�d�y� �a�t� �t�h�e� �h�i�g�h�e�r� �@�,� �w�h�e�r�e� �t�h�e� �b�/�a� �=� �0�.�5� �c�a�s�e� �i�s� �n�o�t� 

�a�s� �p�o�s�i�t�i�v�e� �a�s� �t�h�e� �b�/�a� �=� �1� �c�a�s�e�.� 

�F�i�g�u�r�e�s� �7�8� �t�o� �8�0� �s�h�o�w� �h�o�w� �t�h�e� �s�i�d�e� �f�o�r�c�e� �a�r�i�s�e�s�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�r�e�s�s�u�r�e�s� �o�n� �t�h�e� 

�t�w�o� �s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y�,� �A�C�»�,� �i�s� �p�l�o�t�t�e�d� �S�t�a�r�t�i�n�g� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �a�n�d� 

�m�o�v�i�n�g� �t�o� �t�h�e� �t�o�p� �a�t� �a� �t�y�p�i�c�a�l� �a�x�i�a�l� �s�t�a�t�i�o�n� �(�x� �=� �1�8�.�3�5�)�.� �T�h�e� �i�n�t�e�g�r�a�t�i�o�n� �o�f� �t�h�i�s� �p�r�e�s�s�u�r�e� 

�d�i�f�f�e�r�e�n�c�e� �p�r�o�d�u�c�e�s� �t�h�e� �s�i�d�e� �f�o�r�c�e� �v�a�l�u�e�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �f�i�g�u�r�e� �7�7�.� �T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� 

�b�e�l�o�w� �t�h�e� �c�h�i�n�e� �e�d�g�e� �a�l�w�a�y�s� �m�a�k�e�s� �a� �n�e�g�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �s�i�d�e� �f�o�r�c�e�.� �T�h�i�s� �n�e�g�a�t�i�v�e� 

�c�o�n�t�r�i�b�u�t�i�o�n� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �b�/�a� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �t�h�e� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �A�b�o�v�e� �t�h�e� �c�h�i�n�e� �e�d�g�e� 

�t�h�e�r�e� �i�s� �a�n� �a�b�r�u�p�t� �l�a�r�g�e� �p�o�s�i�t�i�v�e� �s�p�i�k�e� �i�n� �t�h�e� �s�i�d�e� �f�o�r�c�e�.� �T�h�i�s� �a�r�i�s�e�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� 

�a�s�y�m�m�e�t�r�y� �i�n� �s�t�r�e�n�g�t�h� �a�n�d� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �v�o�r�t�i�c�e�s�.� �A�t� �@� �=� �2�0�°� �(�f�i�g�u�r�e� �7�8�)� �t�h�e� �s�h�a�l�l�o�w� �b�/�a� 

�=� �.�5� �c�a�s�e� �p�r�o�d�u�c�e�s� �a� �m�u�c�h� �l�a�r�g�e�r� �s�p�i�k�e� �t�h�a�n� �t�h�e� �b�/�a� �=� �1�.�5� �c�a�s�e�.� �A�t� �w�=� �4�0�°� �(�f�i�g�u�r�e� �8�0�)�,� �t�h�e� 

�b�/�a� �=� �|� �c�a�s�e� �h�a�s� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �s�i�z�e� �s�p�i�k�e�.� 

�T�h�e� �a�s�y�m�m�e�t�r�y� �i�n� �t�h�e� �p�o�s�i�t�i�o�n� �a�n�d� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �v�o�r�t�i�c�e�s� 

�w�h�i�c�h� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�o�s�i�t�i�v�e� �s�i�d�e� �f�o�r�c�e� �o�n� �t�h�e� �f�o�r�e�b�o�d�y� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �8�1� �f�o�r� 

�a� �=� �3�0�°� �a�n�d� �b�/�a� �=� �0�.�5� �a�n�d� �1�.�5�.� �F�i�g�u�r�e� �8�1�(�a�)� �p�r�e�s�e�n�t�s� �t�h�e� �m�i�n�i�m�u�m� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �f�o�u�n�d� 

�i�n� �t�h�e� �v�o�r�t�e�x� �o�v�e�r� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �b�o�d�y�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �l�o�w�e�r� �p�r�e�s�s�u�r�e� �f�o�r� �t�h�e� �b�/�a� �=� �0�.�5� 

�g�e�o�m�e�t�r�y� �s�h�o�w�s� �t�h�a�t� �b�o�t�h� �t�h�e� �w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �v�o�r�t�i�c�e�s� �a�r�e� �s�t�r�o�n�g�e�r� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�b�/�a� �=� �1�.�5� �c�a�s�e�.� �A�l�s�o�,� �t�h�e� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x� �f�o�r� �t�h�i�s� �g�e�o�m�e�t�r�y� �i�s� �m�u�c�h� �s�t�r�o�n�g�e�r� �t�h�a�n� �t�h�e� 

�l�e�e�w�a�r�d� �v�o�r�t�e�x� �r�e�s�u�l�t�i�n�g� �i�n� �a� �l�a�r�g�e�r� �a�s�y�m�m�e�t�r�y�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �7�6�.� �I�n� �t�h�e� �s�i�d�e� �v�i�e�w� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �8�1�(�b�)�,� �f�o�r� �b�/�a� �=� 
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�0�.�5� �b�o�t�h� �t�h�e� �v�o�r�t�i�c�e�s� �a�r�e� �f�a�r�t�h�e�r� �a�w�a�y� �f�r�o�m� �t�h�e� �c�h�i�n�e� �l�i�n�e� �t�h�a�n� �i�n� �t�h�e� �b�/�a� �=� �1�.�5� �c�a�s�e�.� �T�h�e� �b�/�a� 

�=� �0�.�5� �c�a�s�e� �v�o�r�t�i�c�e�s� �a�r�e� �a�b�o�v�e� �t�h�e� �t�o�p� �c�e�n�t�e�r�l�i�n�e�,� �a�l�l�o�w�i�n�g� �c�o�m�m�u�n�i�c�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �v�o�r�t�i�c�e�s�.� �I�n� �t�h�e� �p�l�a�n�f�o�r�m� �v�i�e�w�,� �f�i�g�u�r�e� �8�1�(�c�)�,� �t�h�e� �b�/�a� �=� �0�.�5� �c�a�s�e� 

�s�h�o�w�s� �m�o�r�e� �l�a�t�e�r�a�l� �m�o�v�e�m�e�n�t�,� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� �a�f�t� �r�e�g�i�o�n�,� �t�h�a�n� �t�h�e� �b�/�a� �=� �1�.�5� �c�a�s�e�.� �H�e�r�e� 

�t�h�e� �w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �v�o�r�t�i�c�e�s� �a�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �t�h�e� �l�a�r�g�e� �h�u�m�p� �o�n� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e� �a�l�l� 

�a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�h�i�s� �r�e�s�t�r�i�c�t�s� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �o�n�e� �v�o�r�t�e�x� �o�n� �t�h�e� �o�t�h�e�r�,� �a�s� 

�w�e�l�l� �a�s� �t�h�e� �t�h�e� �v�o�r�t�e�x� �m�o�v�e�m�e�n�t�.� �T�h�i�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �f�i�g�u�r�e� �8�2�,� �w�h�i�c�h� �p�r�e�s�e�n�t�s� �s�t�a�g�n�a�t�i�o�n� 

�p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �t�o� �s�h�o�w� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�o�r�t�e�x� �m�o�v�e�m�e�n�t� �a�s� �b�/�a� �d�e�c�r�e�a�s�e�s�.� 

�U�s�i�n�g� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �a�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�h�y�s�i�c�s� �o�f� �c�h�i�n�e�d� �f�o�r�e�b�o�d�y� 

�a�e�r�o�d�y�n�a�m�i�c�s� �e�m�e�r�g�e�s�.� �A� �s�h�a�l�l�o�w� �u�p�p�e�r� �s�u�r�f�a�c�e� �(�b�/�a� �=� �0�.�5�)� �r�e�s�u�l�t�s� �i�n� �a� �s�t�r�o�n�g�e�r�,� �m�o�r�e� 

�a�s�y�m�m�e�t�r�i�c� �v�o�r�t�e�x� �s�y�s�t�e�m� �c�o�m�p�a�r�e�d� �t�o� �a� �d�e�e�p� �s�u�r�f�a�c�e� �(�b�/�a� �=� �1�.�5�)�.� �A� �d�e�e�p� �l�o�w�e�r� �s�u�r�f�a�c�e� 

�r�e�s�u�l�t�s� �i�n� �a� �l�a�r�g�e�r� �n�e�g�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� �H�e�n�c�e�,� �l�a�r�g�e� �b�/�a ��s� �f�o�r� �t�h�e� 

�u�p�p�e�r� �o�r� �t�h�e� �l�o�w�e�r� �s�u�r�f�a�c�e� �a�r�e� �u�n�d�e�s�i�r�a�b�l�e�.� 

�E�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �c�h�i�n�e� �a�n�g�l�e� 

�I�n� �t�h�i�s� �s�t�u�d�y� �b�/�a� �w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �a�t� �0�.�5� �(� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �b�e�s�t� �r�e�s�u�l�t� �o�b�t�a�i�n�e�d� 

�a�b�o�v�e�)� �a�n�d� �n� �w�a�s� �v�a�r�i�e�d� �o�v�e�r� �-�1�.�5�,�-�1�.�2�5� �a�n�d� �-�1�.�0�,� �w�h�i�c�h� �i�n�c�r�e�a�s�e�s� �t�h�e� �e�d�g�e� �a�n�g�l�e� �f�r�o�m� �a� 

�s�h�a�r�p� �c�h�i�n�e� �t�o� �a� �s�h�a�r�p� �e�d�g�e� �(�s�e�e� �f�i�g�u�r�e� �7�5�(�a�)�)�.� �R�e�c�a�l�l� �t�h�a�t� �t�h�e�o�r�e�t�i�c�a�l�l�y� �t�h�e� �c�h�i�n�e� �e�d�g�e� �h�a�s� �a� 

�z�e�r�o� �a�n�g�l�e� �w�h�e�n� �n� �=� �-�1�.�5� �a�n�d� �n� �=� �-�1�.�2�5� �a�n�d� �t�h�e�r�e�f�o�r�e� �h�a�s� �a� �1�8�0�°� �s�l�o�p�e� �d�i�s�c�o�n�t�i�n�u�i�t�y�.� �W�h�e�n� 

�n� �=� �-�1�.�0� �t�h�e� �i�n�c�l�u�d�e�d� �e�d�g�e� �a�n�g�l�e� �i�s� �f�i�n�i�t�e� �(�1�2�7�°�)� �a�n�d� �t�h�e� �s�l�o�p�e� �d�i�s�c�o�n�t�i�n�u�i�t�y� �i�s� �s�m�a�l�l�e�r�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �c�h�a�n�g�i�n�g� �t�h�e� �s�h�a�p�e� �p�a�r�a�m�e�t�e�r� �n� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �i�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �8�3�.� �E�s�s�e�n�t�i�a�l�l�y�,� �a�l�l� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �a�t� �@� �=� �2�0�°� �a�n�d� �3�0�°� �b�u�t� �s�h�o�w� �d�i�f�f�e�r�e�n�c�e�s� �a�t� 

�a� �=� �4�0�°�.� �T�h�e� �s�u�d�d�e�n� �d�e�c�r�e�a�s�e� �i�n� �C�,�,� �,� �f�o�r� �n� �=� �-�1�.�0� �a�t� �~� �=� �4�0�°� �w�a�s� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� 
�"�B� 
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�l�o�o�k�i�n�g� �a�t� �t�h�e� �s�i�d�e� �f�o�r�c�e� �v�a�r�i�a�t�i�o�n� �i�n� �f�i�g�u�r�e� �8�4�.� �B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �t�h�i�s� �f�i�g�u�r�e� �f�o�r� 

�t�h�e� �n� �=� �-�1� �c�a�s�e� �o�v�e�r� �t�h�e� �a�x�i�a�l� �d�i�s�t�a�n�c�e� �f�r�o�m� �a�b�o�u�t� �3� �t�o� �2�3�,� �t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �d�e�c�r�e�a�s�e� �o�f� 

�C�n�p� �a�t� �a� �=� �4�0�°� �f�o�r�n� �=� �-�1�.�0� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d�.� �A�l�l� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �a�t� �a�@� �=� �2�0�°� �a�n�d� 

�3�0�°� �a�s� �e�x�p�e�c�t�e�d� �f�r�o�m� �f�i�g�u�r�e� �8�3�.� �T�h�e� �@� �=� �4�0�°� �c�a�s�e� �i�n� �f�i�g�u�r�e� �8�4�(�c�)� �p�r�o�v�i�d�e�s� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� 

�h�o�w� �t�o� �k�e�e�p� �C�p� �g� �f�r�o�m� �b�e�c�o�m�i�n�g� �t�o�o� �p�o�s�i�t�i�v�e� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�.� �F�i�g�u�r�e�s� �8�5� �t�o� �8�7� 

�s�h�o�w� �t�h�e� �A�C�p� �v�s� �z� �p�l�o�t�s� �a�t� �a� �t�y�p�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n� �(� �x� �=� �1�8�.�3�5� �)�.� �A�t� �@� �=� �2�0�°�a�n�d� �3�0�°� �t�h�e� 

�e�f�f�e�c�t� �o�f� �t�h�e� �c�h�i�n�e� �a�n�g�l�e� �i�s� �p�r�e�d�o�m�i�n�a�n�t� �o�n� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e�.� �T�h�o�u�g�h� �t�h�e� �b�e�h�a�v�i�o�r� �c�h�a�n�g�e�s� 

�o�n� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e�,� �t�h�e� �a�r�e�a� �u�n�d�e�r� �t�h�e� �c�u�r�v�e�s� �r�e�m�a�i�n�s� �n�e�a�r�l�y� �t�h�e� �s�a�m�e�.� �A�t� �w�=� �4�0�°� �t�h�e� 

�a�r�e�a� �u�n�d�e�r� �t�h�e� �c�u�r�v�e� �s�u�d�d�e�n�l�y� �d�e�c�r�e�a�s�e�s� �f�o�r� �t�h�e� �m� �=� �-�1�.�0� �c�a�s�e� �a�n�d� �t�h�i�s� �l�e�a�d�s� �t�o� �a� �d�e�c�r�e�a�s�e� �i�n� 

�s�i�d�e� �f�o�r�c�e� �a�t� �t�h�i�s� �c�r�o�s�s�-�s�e�c�t�i�o�n�.� �F�i�g�u�r�e� �8�8� �s�h�o�w�s� �t�h�e� �v�o�r�t�e�x� �s�t�r�e�n�g�t�h� �a�n�d� �p�o�s�i�t�i�o�n� �f�o�r� �t�h�e� 

�c�a�s�e� �o�f� �n� �=� �-�1�.�0�.� �T�h�i�s� �s�h�o�w�s� �t�h�a�t� �t�h�e� �s�i�d�e� �f�o�r�c�e� �c�o�u�l�d� �a�r�i�s�e� �f�r�o�m� �t�h�e� �a�s�y�m�m�e�t�r�y� �i�n� �b�o�t�h� �t�h�e� 

�r�e�l�a�t�i�v�e� �s�t�r�e�n�g�t�h�s� �a�n�d� �r�e�l�a�t�i�v�e� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �w�i�n�d�w�a�r�d� �a�n�d� �l�e�e�w�a�r�d� �v�o�r�t�i�c�e�s�.� 

�A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �s�u�d�d�e�n� �d�e�c�r�e�a�s�e� �o�f� �C�y� �B� �a�t� �a� �=� �4�0�°� �w�a�s� 

�m�a�d�e�.� �T�h�e� �v�o�r�t�i�c�i�t�y� �b�e�i�n�g� �g�e�n�e�r�a�t�e�d� �d�u�e� �t�o� �s�e�p�a�r�a�t�i�o�n� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� 

�t�h�e� �s�q�u�a�r�e� �o�f� �t�h�e� �v�e�l�o�c�i�t�y� �a�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t� �i�n� �r�e�f�e�r�e�n�c�e� �4�2�.� �W�h�e�n� �n� �<� �-�1�,� �f�o�r� �b�o�t�h� �t�h�e� 

�u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s�,� �t�h�e� �s�l�o�p�e� �d�i�s�c�o�n�t�i�n�u�i�t�y� �i�s� �m�a�x�i�m�u�m� �a�t� �t�h�e� �c�h�i�n�e� �e�d�g�e� �r�e�s�u�l�t�i�n�g� �i�n� 

�l�a�r�g�e� �v�e�l�o�c�i�t�i�e�s� �a�p�p�r�o�a�c�h�i�n�g� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t�.� �F�i�g�u�r�e� �8�9� �s�h�o�w�s� �t�h�e� �s�q�u�a�r�e� �o�f� �v�e�l�o�c�i�t�y� �a�t� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t� �p�l�o�t�t�e�d� �f�o�r� �d�i�f�f�e�r�e�n�t� �c�h�i�n�e� �a�n�g�l�e�s� �a�t� �@� �=� �4�0�°�.� �T�h�e� �n� �=� �-�1�.�0� �c�a�s�e� �i�s� 

�d�i�s�t�i�n�c�t�l�y� �d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�e� �o�t�h�e�r� �c�a�s�e�s�.� �W�h�e�n� �n� �<� �-�1�,� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� �n�o�s�e� �t�h�e� �l�e�e�w�a�r�d� 

�v�o�r�t�e�x� �i�s� �s�t�r�o�n�g�e�r� �t�h�a�n� �t�h�e� �w�i�n�d�w�a�r�d� �v�o�r�t�e�x� �l�e�a�d�i�n�g� �t�o� �a� �n�e�g�a�t�i�v�e� �s�i�d�e� �f�o�r�c�e�.� �A�s� �t�h�e� �a�x�i�a�l� 

�d�i�s�t�a�n�c�e� �i�n�c�r�e�a�s�e�s� �t�h�e� �v�o�r�t�i�c�i�t�y� �s�h�e�d� �o�n� �t�h�e� �w�i�n�d�w�a�r�d� �s�i�d�e� �i�n�c�r�e�a�s�e�s� �a�n�d� �t�h�e� �s�i�d�e� �f�o�r�c�e� �i�s� 

�p�o�s�i�t�i�v�e�.� �S�u�c�h� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �a�l�s�o� �m�a�d�e� �b�y� �K�e�g�e�l�m�a�n� �a�n�d� �R�o�o�s� �b�a�s�e�d� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� 

�r�e�s�u�l�t�s� �i�n� �r�e�f�e�r�e�n�c�e� �1�9�.� �W�h�e�n� �n� �=� �-�1�,� �a�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �v�o�r�t�i�c�i�t�y� �s�h�e�d� �i�s� �m�u�c�h� �l�e�s�s� �a�n�d� �o�f� �a�n� 

�e�n�t�i�r�e�l�y� �d�i�f�f�e�r�e�n�t� �c�h�a�r�a�c�t�e�r� �b�e�c�a�u�s�e� �o�f� �r�e�d�u�c�e�d� �s�l�o�p�e� �d�i�s�c�o�n�t�i�n�u�i�t�y�.� �M�o�v�i�n�g� �d�o�w�n�s�t�r�e�a�m� 

�f�r�o�m� �t�h�e� �n�o�s�e�,� �t�h�e� �e�d�g�e� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �s�e�p�a�r�a�t�i�o�n� �v�e�l�o�c�i�t�y� �s�w�i�t�c�h�e�s� �s�i�d�e�s� �s�e�v�e�r�a�l� �t�i�m�e�s�.� 
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�T�h�i�s� �i�s� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �s�i�d�e� �f�o�r�c�e� �p�l�o�t� �o�f� �f�i�g�u�r�e� �8�4�(�c�)�.� �H�e�r�e�,� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� �n�o�s�e� �t�h�e� 

�w�i�n�d�w�a�r�d� �v�o�r�t�i�c�i�t�y� �s�h�e�d� �i�s� �l�a�r�g�e�r� �t�h�a�n� �l�e�e�w�a�r�d� �v�o�r�t�i�c�i�t�y� �l�e�a�d�i�n�g� �t�o� �a� �p�o�s�i�t�i�v�e� �s�i�d�e� �f�o�r�c�e�.� �A�s� 

�w�e� �m�o�v�e� �a�f�t�,� �t�h�e� �s�i�d�e� �f�o�r�c�e� �c�h�a�n�g�e�s� �s�i�g�n� �a�s� �t�h�e� �r�e�l�a�t�i�v�e� �s�h�e�d� �v�o�r�t�i�c�i�t�y� �s�t�r�e�n�g�t�h� �c�h�a�n�g�e�s�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �b�e�h�a�v�i�o�r� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �c�h�i�n�e� �a�n�g�l�e�s� �s�u�g�g�e�s�t�s� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a� �c�r�i�t�i�c�a�l� 

�a�n�g�l�e� �t�h�a�t� �c�o�n�t�r�o�l�s� �t�h�e� �r�a�t�e� �o�f� �f�e�e�d�i�n�g� �o�f� �t�h�e� �v�o�r�t�e�x� �a�s� �t�h�e� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �c�h�a�n�g�e�s�.� 

�E�f�f�e�c�t� �o�f� �u�n�s�y�m�m�e�t�r�i�c�a�l� �b�/�a� 

�U�n�s�y�m�m�e�t�r�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �o�f� �b�/�a� �f�o�r� �t�h�e� 

�u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s� �w�h�i�l�e� �k�e�e�p�i�n�g� �t�h�e� �s�a�m�e� �f�u�n�c�t�i�o�n�a�l� �f�o�r�m� �w�i�t�h� �m� �=� �0� �a�n�d� �n� �=� �-�1�.�5�.� 

�T�h�i�s� �m�a�i�n�t�a�i�n�s� �t�h�e� �z�e�r�o� �c�h�i�n�e� �e�d�g�e� �a�n�g�l�e� �f�o�r� �a�l�l� �t�h�e� �c�a�s�e�s�.� �T�w�o� �c�a�s�e�s� �w�e�r�e� �t�e�s�t�e�d�.� �T�h�e� �f�i�r�s�t� 

�o�n�e� �h�a�d� �b�/�a� �=� �0�.�5� �f�o�r� �t�o�p� �a�n�d� �b�/�a� �=� �1�.�5� �f�o�r� �b�o�t�t�o�m�.� �T�h�e� �s�e�c�o�n�d� �o�n�e� �h�a�d� �b�/�a� �=� �1�.�5� �f�o�r� �t�o�p� 

�a�n�d� �b�/�a� �=� �0�.�5� �f�o�r� �b�o�t�t�o�m�.� �F�i�g�u�r�e� �9�0� �s�h�o�w�s� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e�s� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� 

�c�o�m�p�u�t�e�d� �C�,�,� �,� �f�o�r� �t�h�e�s�e� �b�o�d�i�e�s� �a�l�o�n�g�s�i�d�e� �t�h�e� �r�e�s�u�l�t�s� �a�l�r�e�a�d�y� �p�r�e�s�e�n�t�e�d� �f�o�r� �s�y�m�m�e�t�r�i�c�a�l� 
�B� 

�b�/�a�.� �T�h�e� �s�h�a�l�l�o�w� �u�p�p�e�r� �s�u�r�f�a�c�e� �i�s� �s�e�e�n� �t�o� �p�r�o�v�i�d�e� �h�i�g�h�e�r� �C�)�,� �B� �t�h�a�n� �t�h�e� �s�h�a�l�l�o�w� �l�o�w�e�r� 

�s�u�r�f�a�c�e� �g�e�o�m�e�t�r�y�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �t�h�e� �s�h�a�l�l�o�w� �u�p�p�e�r� �s�u�r�f�a�c�e� �(�b�/�a� �=� �0�.�5� �u�p�p�e�r�)� �r�e�s�u�l�t�s� �i�n� 

�i�n�c�r�e�a�s�e�d� �v�o�r�t�e�x� �a�s�y�m�m�e�t�r�y� �c�o�m�p�a�r�e�d� �t�o� �b�/�a� �=� �1�.�5� �f�o�r� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e�.� �P�u�t�t�i�n�g� �t�h�e� 

�s�h�a�l�l�o�w� �s�u�r�f�a�c�e� �o�n� �t�h�e� �b�o�t�t�o�m� �r�e�d�u�c�e�s� �t�h�e� �n�e�g�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �s�i�d�e� �f�o�r�c�e� �a�t� �a�n�y� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �(�a�s� �s�h�o�w�n� �b�e�l�o�w�)�.� �S�t�i�l�l� �t�h�i�s� �e�f�f�e�c�t� �i�s� �n�o�t� �a�s� �s�i�g�n�i�f�i�c�a�n�t� �a�s� �u�s�i�n�g� �a� �s�h�a�l�l�o�w� �u�p�p�e�r� 

�s�u�r�f�a�c�e�.� 

�U�s�i�n�g� �t�h�e� �b�/�a� �=� �.�5� �c�a�s�e� �a�s� �t�h�e� �b�a�s�e�l�i�n�e� �i�n� �f�i�g�u�r�e� �9�0�,� �i�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �c�o�n�t�r�a�s�t� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �b�o�d�y� �h�e�i�g�h�t� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �c�h�i�n�e� �l�i�n�e�.� �T�h�e� �c�h�a�n�g�e� �o�f� �C�,�,� �B� 

�w�i�t�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �d�i�f�f�e�r�s� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� �t�h�e� �h�e�i�g�h�t� �i�s� �a�d�d�e�d� �a�b�o�v�e� �o�r� �b�e�l�o�w� �t�h�e� 

�c�h�i�n�e� �l�i�n�e�.� �T�h�i�s� �r�a�t�e� �o�f� �c�h�a�n�g�e� �o�f� �C�,�,� �,� �i�s� �l�e�s�s� �w�h�e�n� �t�h�i�c�k�n�e�s�s� �i�s� �a�d�d�e�d� �a�b�o�v�e� �t�h�e� �c�h�i�n�e� �l�i�n�e� 
�B� 
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�i�n�s�t�e�a�d� �o�f� �b�e�l�o�w� �i�t�.� 

�U�s�i�n�g� �t�h�e� �a�b�o�v�e� �r�e�s�u�l�t�s�,� �w�e� �c�a�n� �e�x�t�e�n�d� �o�u�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �p�h�y�s�i�c�s� �o�f� �c�h�i�n�e�d� 

�f�o�r�e�b�o�d�y� �a�e�r�o�d�y�n�a�m�i�c�s�.� �A� �s�h�a�l�l�o�w� �u�p�p�e�r� �s�u�r�f�a�c�e� �(�b�/�a� �=� �.�5�)� �r�e�s�u�l�t�s� �i�n� �a� �s�t�r�o�n�g�e�r�,� �m�o�r�e� 

�a�s�y�m�m�e�t�r�i�c� �v�o�r�t�e�x� �s�y�s�t�e�m� �c�o�m�p�a�r�e�d� �t�o� �a� �d�e�e�p� �s�u�r�f�a�c�e� �(�b�/�a� �=� �1�.�5�)�.� �A� �d�e�e�p� �l�o�w�e�r� �s�u�r�f�a�c�e� 

�r�e�s�u�l�t�s� �i�n� �a� �l�a�r�g�e�r� �n�e�g�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� �T�h�u�s�,� �l�a�r�g�e� �b�/�a ��s� �f�o�r� �e�i�t�h�e�r� 

�t�h�e� �u�p�p�e�r� �o�r� �t�h�e� �l�o�w�e�r� �s�u�r�f�a�c�e� �a�r�e� �u�n�d�e�s�i�r�a�b�l�e�.� 

�E�f�f�e�c�t� �o�f� �u�n�s�y�m�m�e�t�r�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �t�o� �v�a�r�y�i�n�g� �c�h�i�n�e� �a�n�g�l�e� 

�U�n�s�y�m�m�e�t�r�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �o�f� �s�h�a�p�e� 

�p�a�r�a�m�e�t�e�r� �n� �f�o�r� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s� �w�h�i�l�e� �k�e�e�p�i�n�g� �t�h�e� �s�a�m�e� �b�/�a� �=� �0�.�5� �w�h�i�c�h� �w�a�s� 

�f�o�u�n�d� �t�o� �b�e� �t�h�e� �b�e�s�t� �r�a�t�i�o� �e�a�r�l�i�e�r�.� �S�u�c�h� �a� �v�a�r�i�a�t�i�o�n� �o�f� �n� �w�o�u�l�d� �v�a�r�y� �t�h�e� �c�h�i�n�e� �a�n�g�l�e�.� �T�h�e� 

�e�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �t�h�i�s� �p�a�r�a�m�e�t�e�r� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�1�.� �T�h�e� �c�h�i�n�e� 

�a�n�g�l�e�s� �w�e�r�e� �z�e�r�o� �f�o�r� �s�y�m�m�e�t�r�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �w�i�t�h� �n� �<� �-�1� �a�n�d� �w�e�r�e� �f�i�n�i�t�e� �f�o�r� �a�l�l� �o�t�h�e�r� 

�c�a�s�e�s� �s�h�o�w�n� �i�n� �t�h�a�t� �f�i�g�u�r�e�.� �O�n�l�y� �t�h�e� �s�y�m�m�e�t�r�i�c�a�l� �c�a�s�e� �w�i�t�h� �n� �=� �-�1�.�0� �w�h�i�c�h� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� 

�c�h�i�n�e� �a�n�g�l�e� �s�h�o�w�s� �a� �s�u�d�d�e�n� �d�e�c�r�e�a�s�e� �i�n� �C�y�,� �a�t� �@� �=� �4�0�°�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�n� �b�e�h�a�v�i�o�r� �w�i�t�h� 

�t�h�e� �d�i�f�f�e�r�e�n�t� �c�h�i�n�e� �a�n�g�l�e�s� �s�u�g�g�e�s�t�s� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a� �c�r�i�t�i�c�a�l� �a�n�g�l�e� �w�h�i�c�h� �c�o�n�t�r�o�l�s� �t�h�e� �r�a�t�e� �o�f� 

�f�e�e�d�i�n�g� �o�f� �t�h�e� �v�o�r�t�e�x� �a�s� �t�h�e� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �c�h�a�n�g�e�s�.� 

�E�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �t�h�e� �p�l�a�n�f�o�r�m� �s�h�a�p�e� 

�T�h�e� �p�l�a�n�f�o�r�m� �s�h�a�p�e� �f�o�r� �t�h�e� �f�o�r�e�b�o�d�i�e�s� �s�t�u�d�i�e�d� �t�h�u�s� �f�a�r� �w�a�s� �s�a�m�e� �a�s� �t�h�a�t� �o�f� �t�h�e� 

�E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y�.� �T�h�i�s� �p�l�a�n�f�o�r�m� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�2�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �x�n� �s�h�o�w�n� �f�o�r� �t�h�e� 

�t�a�n�g�e�n�t�-�o�g�i�v�e� �f�o�r�e�b�o�d�i�e�s� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �t�i�p� �o�f� �t�h�e� �n�o�s�e� �t�o� �t�h�e� �s�t�a�t�i�o�n� �w�h�e�r�e� �t�h�e� 

�p�l�a�n�f�o�r�m� �s�p�a�n� �b�e�c�o�m�e�s� �a� �c�o�n�s�t�a�n�t�.� �T�h�e� �s�i�d�e� �f�o�r�c�e� �v�a�r�i�a�t�i�o�n� �i�n� �f�i�g�u�r�e�s� �7�7� �a�n�d� �8�4� �s�h�o�w�e�d� 
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�t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �p�o�s�i�t�i�v�e� �s�i�d�e� �f�o�r�c�e� �c�a�m�e� �f�r�o�m� �t�h�e� �a�f�t� �p�o�r�t�i�o�n� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �w�h�e�r�e� �t�h�e� 

�c�h�i�n�e� �l�i�n�e� �w�a�s� �s�w�e�p�t� �n�e�a�r�l�y� �9�0�°�.� �I�t� �w�a�s� �t�h�o�u�g�h�t� �t�h�a�t� �e�x�p�a�n�d�i�n�g� �t�o� �a� �c�o�n�s�t�a�n�t� �c�r�o�s�s�-�s�e�c�t�i�o�n� 

�f�a�s�t�e�r� �w�o�u�l�d� �p�r�o�d�u�c�e� �a� �g�r�e�a�t�e�r� �p�o�s�i�t�i�v�e� �s�i�d�e� �f�o�r�c�e�.� �B�e�c�a�u�s�e� �t�h�e� �E�r�i�c�k�s�o�n� �p�l�a�n�f�o�r�m� 

�a�p�p�r�o�x�i�m�a�t�e�s� �a� �t�a�n�g�e�n�t�-�o�g�i�v�e� �w�i�t�h� �x�n� �=� �1�8�,� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �p�l�a�n�f�o�r�m� �w�a�s� �c�h�o�s�e�n� �t�o� �b�e� �a� 

�t�a�n�g�e�n�t�-�o�g�i�v�e� �w�i�t�h� �x�n� �=�7�,� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�2�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �p�l�a�n�f�o�r�m� �v�a�r�i�a�t�i�o�n� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�3�.� 

�T�h�e�r�e� �i�s� �a� �s�m�a�l�l� �i�n�c�r�e�a�s�e� �i�n� �C�,�,� �B� 

�a�n�d� �n� �=� �-�1�.�0�.� �O�n�e� �o�t�h�e�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�,� �w�i�t�h� �a� �f�l�a�t� �l�o�w�e�r� �s�u�r�f�a�c�e�,� �w�a�s� �c�o�m�p�u�t�e�d� �w�i�t�h� �t�h�i�s� 

�f�o�r� �a� �f�i�x�e�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�h�a�p�e� �w�i�t�h� �b�/�a� �=� �0�.�5�,� �m� �=�0� 

�p�l�a�n�f�o�r�m�,� �a�n�d� �r�e�s�u�l�t�e�d� �i�n� �a� �C�,�,� �,� �i�n�c�r�e�a�s�e�.� �T�h�i�s� �s�u�p�p�o�r�t�e�d� �o�u�r� �p�r�e�v�i�o�u�s� �a�s�s�e�r�t�i�o�n� �t�h�a�t� �a� �n� 

�s�m�a�l�l�e�r� �b�/�a� �o�n� �t�h�e� �l�o�w�e�r� �s�u�r�f�a�c�e� �r�e�d�u�c�e�s� �t�h�e� �a�d�v�e�r�s�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �C�,� �B� �a�t� �a�&� �=� �2�0�°� �a�n�d� 

�a�l�s�o� �a�t� �@� �=� �4�0�°�.� �H�e�r�e�,� �n�o�t�e� �t�h�a�t� �t�h�e� �c�h�i�n�e� �i�n�c�l�u�d�e�d� �a�n�g�l�e� �i�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �t�h�e� �s�y�m�m�e�t�r�i�c�a�l� 

�c�a�s�e�.� �T�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�o�n�t�i�n�u�e�s� �t�o� �i�n�c�r�e�a�s�e� �a�t� �@� �=� �4�0�°�,� �r�a�t�h�e�r� �t�h�a�n� �r�e�m�a�i�n� �n�e�a�r�l�y� 

�c�o�n�s�t�a�n�t�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �a� �c�r�i�t�i�c�a�l� �c�h�i�n�e� �a�n�g�l�e� �m�i�g�h�t� �e�x�i�s�t� �w�h�i�c�h� �r�e�d�u�c�e�s� �e�x�t�r�e�m�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� �s�t�a�b�i�l�i�t�y� �a�t� �h�i�g�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� 

�F�i�g�u�r�e�s� �9�4� �a�n�d� �9�5� �s�h�o�w� �t�h�e� �e�f�f�e�c�t� �o�f� �p�l�a�n�f�o�r�m� �s�h�a�p�e� �o�n� �s�i�d�e� �f�o�r�c�e� �v�a�r�i�a�t�i�o�n� �a�t� �@� �=� 

�2�0�°� �a�n�d� �@� �=� �4�0�°� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �e�x�p�e�c�t�e�d�,� �a�f�t�e�r� �t�h�e� �i�n�i�t�i�a�l� �n�e�g�a�t�i�v�e� �s�i�d�e� �f�o�r�c�e�,� �t�h�e� �r�a�t�e� �o�f� 

�i�n�c�r�e�a�s�e� �o�f� �s�i�d�e� �f�o�r�c�e� �i�s� �g�r�e�a�t�e�r� �i�n� �t�h�e� �a�f�t� �p�o�r�t�i�o�n� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �f�o�r� �t�h�e� �b�l�u�n�t� �n�o�s�e�d� 

�p�l�a�n�f�o�r�m�.� �A�l�s�o� �n�o�t�e� �t�h�a�t� �a�t� �a�@� �=� �4�0�°�,� �t�h�e� �d�o�u�b�l�e� �h�u�m�p� �i�s� �e�l�i�m�i�n�a�t�e�d� �w�i�t�h� �a� �b�l�u�n�t�-�n�o�s�e�d� 

�p�l�a�n�f�o�r�m� �a�n�d� �w�i�t�h� �a� �f�l�a�t� �b�o�t�t�o�m� �s�u�r�f�a�c�e� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �e�v�e�n� �b�e�t�t�e�r�.� �H�o�w�e�v�e�r� �v�e�r�y� 

�c�l�o�s�e� �t�o� �t�h�e� �n�o�s�e� �t�h�e� �s�i�d�e� �f�o�r�c�e� �i�s� �m�o�r�e� �n�e�g�a�t�i�v�e�.� �A� �l�o�o�k� �a�t� �t�h�e� �s�l�o�p�e�s� �a�n�d� �c�u�r�v�a�t�u�r�e�s� �o�f� �t�h�e� 

�d�i�f�f�e�r�e�n�t� �p�l�a�n�f�o�r�m�s� �i�n� �f�i�g�u�r�e� �9�6� �s�h�o�w�s� �t�h�a�t� �t�h�e� �t�a�n�g�e�n�t�-�o�g�i�v�e� �p�l�a�n�f�o�r�m� �h�a�s� �a� �l�a�r�g�e� �n�e�g�a�t�i�v�e� 

�c�u�r�v�a�t�u�r�e� �c�l�o�s�e� �t�o� �t�h�e� �t�i�p� �o�f� �t�h�e� �f�o�r�e�b�o�d�y�.� �T�h�u�s�,� �v�a�r�y�i�n�g� �t�h�e� �c�u�r�v�a�t�u�r�e� �o�f� �t�h�e� �p�l�a�n�f�o�r�m� 

�s�h�a�p�e� �c�o�u�l�d� �h�a�v�e� �a� �l�a�r�g�e� �e�f�f�e�c�t� �o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�i�d�e� �f�o�r�c�e� �p�l�o�t�s�.� �T�h�e� �c�o�n�n�e�c�t�i�o�n� 

�b�e�t�w�e�e�n� �p�l�a�n�f�o�r�m� �g�e�o�m�e�t�r�y� �a�n�d� �s�h�e�d� �v�o�r�t�e�x� �g�e�o�m�e�t�r�y� �r�e�q�u�i�r�e�s� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �e�v�e�n� 

�i�n� �t�h�e� �c�a�s�e� �o�f� �z�e�r�o� �s�i�d�e�s�l�i�p�.� 
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�C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �D�E�S�I�G�N� �G�U�I�D�E�L�I�N�E�S� 

�F�o�r�e�b�o�d�y� �f�l�o�w�f�i�e�l�d�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �r�o�l�e� �o�f� �v�i�s�c�o�s�i�t�y� �a�n�d� 

�g�e�o�m�e�t�r�y� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a�i�r�c�r�a�f�t� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�.� �F�o�r� 

�t�h�e� �f�i�r�s�t� �t�i�m�e�,� �C�F�D� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �s�i�m�u�l�a�t�e� �a�s�y�m�m�e�t�r�i�c� �f�l�o�w�f�i�e�l�d�s� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� 

�c�o�m�b�i�n�e�d� �w�i�t�h� �s�i�d�e�s�l�i�p�.� �U�s�i�n�g� �t�h�i�s� �i�n�s�i�g�h�t� �t�o�g�e�t�h�e�r� �w�i�t�h� �l�i�m�i�t�e�d� �a�v�a�i�l�a�b�l�e� �w�i�n�d� �t�u�n�n�e�l� �d�a�t�a�,� 

�t�h�e� �a�e�r�o�d�y�n�a�m�i�c�s� �o�f� �f�o�r�e�b�o�d�i�e�s� �w�i�t�h� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �h�a�s� �b�e�e�n� �r�e�v�e�a�l�e�d�.� �B�a�s�e�d� 

�o�n� �t�h�i�s� �n�e�w� �u�n�d�e�r�s�t�a�n�d�i�n�g�,� �t�h�e� �r�o�l�e� �o�f� �C�F�D� �i�n� �e�s�t�a�b�l�i�s�h�i�n�g� �d�e�s�i�g�n� �g�u�i�d�e�l�i�n�e�s� �h�a�s� �b�e�e�n� 

�e�m�p�h�a�s�i�z�e�d�.� 

�T�h�e� �F�-�5�A� �f�o�r�e�b�o�d�y� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �o�b�t�a�i�n�e�d� 

�c�o�m�p�u�t�a�t�i�o�n�a�l�l�y�.� �B�y� �c�o�m�p�a�r�i�n�g� �i�n�v�i�s�c�i�d� �a�n�d� �v�i�s�c�o�u�s� �c�o�m�p�u�t�a�t�i�o�n�a�l� �s�o�l�u�t�i�o�n�s� �t�h�e� �r�o�l�e� �o�f� 

�v�i�s�c�o�s�i�t�y� �i�n� �c�r�e�a�t�i�n�g� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �e�f�f�e�c�t� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �h�a�s� �b�e�e�n� �e�x�p�l�i�c�i�t�l�y� �i�d�e�n�t�i�f�i�e�d�.� �A�n� 

�a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�o�r�c�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�n� �t�h�e� �b�o�d�y� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �i�d�e�n�t�i�f�y� �t�h�e� 

�o�r�i�g�i�n�s� �o�f� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �e�f�f�e�c�t�s� �o�f� �v�i�s�c�o�s�i�t�y�.� �T�h�i�s� �i�s� �t�h�e� �f�i�r�s�t� �t�i�m�e� �t�h�a�t� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �o�f� 

�d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �f�o�r�e�b�o�d�y� �h�a�s� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �f�o�r� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �w�i�n�d� 

�t�u�n�n�e�l� �t�e�s�t�s� �i�n� �h�i�g�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�e�r�o�d�y�n�a�m�i�c�s�.� �I�t� �p�r�o�v�i�d�e�s� �a�n� �i�m�p�o�r�t�a�n�t� �d�e�m�o�n�s�t�r�a�t�i�o�n� �o�f� 

�t�h�e� �c�a�p�a�b�i�l�i�t�y� �o�f� �C�F�D� �t�o� �c�o�n�t�r�i�b�u�t�e� �t�o� �h�i�g�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �c�o�n�f�i�g�u�r�a�t�i�o�n� �d�e�s�i�g�n�.� 

�W�i�t�h� �s�p�e�c�i�f�i�c� �i�n�t�e�r�e�s�t� �i�n� �f�u�t�u�r�e� �a�d�v�a�n�c�e�d� �f�i�g�h�t�e�r� �d�e�s�i�g�n�,� �a�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �t�e�s�t�e�d� 

�c�h�i�n�e�-�s�h�a�p�e�d� �f�o�r�e�b�o�d�y�  ��t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y �� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d�.� �A�l�t�h�o�u�g�h� �p�e�r�f�e�c�t� 

�a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�s� �n�o�t� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �c�a�s�e� 

�o�f� �t�h�e� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�y�,� �t�h�e� �e�s�s�e�n�t�i�a�l� �t�r�e�n�d�s� �f�o�u�n�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e� 

�a�g�r�e�e�m�e�n�t� �w�a�s� �b�e�t�t�e�r� �a�t� �t�h�e� �f�o�r�w�a�r�d� �s�t�a�t�i�o�n� �a�w�a�y� �f�r�o�m� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �w�i�n�g�.� �F�o�r� 

�c�h�i�n�e�-�s�h�a�p�e�d� �f�o�r�e�b�o�d�i�e�s�,� �w�h�e�r�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�s�i�t�i�o�n� �i�s� �n�o�t� �i�n�f�l�u�e�n�c�e�d� �b�y� �v�i�s�c�o�s�i�t�y�,� �t�h�e� 
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�E�u�l�e�r� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n� �r�e�a�s�o�n�a�b�l�y� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �t�h�i�n�-� 

�l�a�y�e�r� �N�a�v�i�e�r�-�S�t�o�k�e�s� �c�a�l�c�u�l�a�t�i�o�n�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�i�d�e�s�l�i�p�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �s�i�d�e� 

�f�o�r�c�e� �a�n�d� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �s�i�m�i�l�a�r�.� �T�h�e� �v�o�r�t�i�c�a�l� �f�l�o�w� �a�t� 

�h�i�g�h�-�q�@� �f�o�r� �t�h�e�s�e� �c�h�i�n�e�-�s�h�a�p�e�d� �f�o�r�e�b�o�d�i�e�s� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �a�n� �i�n�v�i�s�c�i�d� �p�h�e�n�o�m�e�n�a� �a�n�d� �t�h�e� 

�E�u�l�e�r� �e�q�u�a�t�i�o�n�s� �p�r�o�v�i�d�e� �a� �g�o�o�d� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �f�l�o�w� �c�o�m�p�u�t�a�t�i�o�n�a�l� �d�e�s�i�g�n� �w�o�r�k�.� 

�B�a�s�e�d� �o�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �F�-�5�A� �a�n�d� �E�r�i�c�k�s�o�n� �f�o�r�e�b�o�d�i�e�s�,� �a� �n�o�v�e�l� �a�p�p�r�o�a�c�h� �t�o� 

�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �e�v�a�l�u�a�t�i�o�n� �o�f� �f�o�r�e�b�o�d�y� �a�e�r�o�d�y�n�a�m�i�c�s� �h�a�s� �b�e�e�n� �i�n�t�r�o�d�u�c�e�d�.� �T�h�e� �A�C�,� �p�l�o�t�s� 

�a�l�o�n�g� �w�i�t�h� �t�h�e� �v�o�r�t�e�x� �p�o�s�i�t�i�o�n� �c�h�a�r�t�s� �h�e�l�p� �i�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �o�r�i�g�i�n� �a�n�d� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� 

�s�i�d�e� �f�o�r�c�e� �a�n�d� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� 

�H�a�v�i�n�g� �e�s�t�a�b�l�i�s�h�e�d� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �C�F�D� �f�o�r� �f�o�r�e�b�o�d�y� �a�n�a�l�y�s�i�s� �a�n�d� �u�n�d�e�r�s�t�o�o�d� �t�h�e� 

�f�l�o�w� �p�h�y�s�i�c�s� �a�t� �h�i�g�h�-�a�@�,� �a� �d�e�s�i�g�n� �s�t�u�d�y� �w�a�s� �m�a�d�e�.� �A�n� �i�m�p�o�r�t�a�n�t� �c�l�a�s�s� �o�f� �p�a�r�a�m�e�t�r�i�c� 

�f�o�r�e�b�o�d�y� �s�h�a�p�e�s� �i�n�v�o�l�v�i�n�g� �c�h�i�n�e�s� �w�a�s� �p�r�o�p�o�s�e�d� �a�n�d� �s�t�u�d�i�e�d� �u�s�i�n�g� �t�h�e� �s�o�l�u�t�i�o�n� �s�t�r�a�t�e�g�y� 

�b�a�s�e�d� �o�n� �t�h�e� �e�x�p�e�r�i�e�n�c�e� �g�a�i�n�e�d� �f�r�o�m� �s�o�l�u�t�i�o�n�s� �o�n� �E�r�i�c�k�s�o�n� �c�h�i�n�e� �f�o�r�e�b�o�d�y�.� �F�o�r� 

�a�e�r�o�d�y�n�a�m�i�c� �d�e�s�i�g�n� �c�o�n�s�i�d�e�r�a�t�i�o�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�n�c�l�u�s�i�o�n�s� �w�e�r�e� �m�a�d�e�:� 

�.� �T�h�e� �b�e�s�t� �r�a�t�i�o� �o�f� �m�a�x�i�m�u�m� �h�a�l�f� �b�r�e�a�d�t�h� �t�o� �t�h�e� �m�a�x�i�m�u�m� �c�e�n�t�e�r�l�i�n�e� �w�i�d�t�h� �w�a�s� 

�b�/�a� �=� �0�.�5� �a�m�o�n�g� �t�h�e� �c�a�s�e�s� �a�n�a�l�y�z�e�d� �f�o�r� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� �I�n� �g�e�n�e�r�a�l�,� �l�o�w�e�r� �b�/�a� 

�f�o�r� �b�o�t�h� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�u�r�f�a�c�e�s� �i�m�p�r�o�v�e�s� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y�.� �I�n� �c�a�s�e�s� �w�h�e�r�e� �h�i�g�h�e�r� 

�b�/�a� �i�s� �a� �r�e�q�u�i�r�e�m�e�n�t�,� �i�t� �i�s� �b�e�t�t�e�r� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �l�o�w�e�r� �s�u�r�f�a�c�e� �b�/�a�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �s�m�a�l�l�e�r� 

�p�e�n�a�l�t�y� �t�h�a�n� �i�f� �w�e� �w�e�r�e� �t�o� �i�n�c�r�e�a�s�e� �u�p�p�e�r� �s�u�r�f�a�c�e� �b�/�a�.� �T�h�e� �r�a�t�e� �o�f� �c�h�a�n�g�e� �o�f� �C�,�,� �B� �i�s� �a�l�s�o� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �t�o� �w�h�i�c�h� �t�h�e� �t�h�i�c�k�n�e�s�s� �i�s� �a�d�d�e�d�.� 

�.� �T�h�e� �e�f�f�e�c�t� �o�f� �c�h�i�n�e� �a�n�g�l�e� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�a�s� �f�o�u�n�d� �t�o� 

�b�e� �i�n�s�i�g�n�i�f�i�c�a�n�t� �u�n�l�e�s�s� �t�h�e� �c�h�i�n�e� �a�n�g�l�e� �w�a�s� �l�a�r�g�e�.� �T�h�e�r�e� �c�o�u�l�d� �b�e� �a� �c�r�i�t�i�c�a�l� �c�h�i�n�e� �a�n�g�l�e� 
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�b�e�y�o�n�d� �w�h�i�c�h� �i�t� �b�e�c�o�m�e�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �(�w�e� �d�i�d� �n�o�t� �a�t�t�e�m�p�t� �t�o� �f�i�n�d� �o�n�e� �i�n� �t�h�i�s� �s�t�u�d�y�)�.� 

�I�f� �s�u�c�h� �a� �c�r�i�t�i�c�a�l� �a�n�g�l�e� �e�x�i�s�t�s�,� �i�t� �p�r�o�v�i�d�e�s� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �h�o�w� �t�o� �k�e�e�p� �C�,�,� �B� �f�r�o�m� �b�e�c�o�m�i�n�g� 

�t�o�o� �p�o�s�i�t�i�v�e� �a�t� �h�i�g�h� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�.� 

�°� �T�h�e� �p�o�s�i�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �s�t�a�b�i�l�i�t�y� �i�s� �s�e�e�n� �t�o� �c�o�m�e� �f�r�o�m� �t�h�e� �a�f�t� �p�o�r�t�i�o�n� �o�f� 

�t�h�e� �f�o�r�e�b�o�d�y� �w�h�e�r�e� �t�h�e� �c�h�i�n�e� �l�i�n�e� �i�s� �s�w�e�p�t� �n�e�a�r�l�y� �9�0�°�.� �C�h�a�n�g�i�n�g� �t�h�e� �p�l�a�n�f�o�r�m� �s�h�a�p�e� �b�y� 

�a�l�l�o�w�i�n�g� �i�t� �t�o� �e�x�p�a�n�d� �f�a�s�t�e�r� �t�o� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �i�n�c�r�e�a�s�e�s� �t�h�e� �C�,�,� �B� �o�n�l�y� �b�y� �a� �s�m�a�l�l� �a�m�o�u�n�t�.� 

�B�u�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �s�i�d�e� �f�o�r�c�e� �p�l�o�t�s� �v�a�r�i�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �p�l�a�n�f�o�r�m� �s�h�a�p�e�s�.� 
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�A�P�P�E�N�D�I�X� �A� 

�T�U�R�B�U�L�E�N�C�E� �M�O�D�E�L� 

�I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �a�n� �a�l�g�e�b�r�a�i�c� �t�u�r�b�u�l�e�n�c�e� �m�o�d�e�l� �w�a�s� �u�s�e�d�,� �w�h�e�r�e� �t�h�e� �t�u�r�b�u�l�e�n�t� 

�v�i�s�c�o�s�i�t�y� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �t�h�e� �t�w�o�-�l�a�y�e�r� �e�d�d�y� �v�i�s�c�o�s�i�t�y� �m�o�d�e�l� �o�f� �B�a�l�d�w�i�n� �a�n�d� �L�o�m�a�x� 

�(�r�e�f�.� �2�4�)� �a�s� �m�o�d�i�f�i�e�d� �b�y� �D�e�g�a�n�i� �a�n�d� �S�c�h�i�f�f� �(�r�e�f�s�.� �2�5�-�2�7�)�.� �T�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �f�o�r� �h�i�g�h� �a�n�g�l�e� 

�o�f� �a�t�t�a�c�k� �w�i�t�h� �n�o� �s�i�d�e�s�l�i�p� �h�a�s� �b�e�e�n� �r�e�p�r�o�d�u�c�e�d� �f�r�o�m� �r�e�f�e�r�e�n�c�e� �2�6� �i�n� �f�i�g�u�r�e� �9�7�.� 

�A�s� �l�o�n�g� �a�s� �t�h�e� �f�l�o�w� �i�s� �n�o�t� �s�e�p�a�r�a�t�e�d�,� �a�s� �i�s� �t�h�e� �c�a�s�e� �o�n� �t�h�e� �l�o�w�e�r� �s�i�d�e� �o�f� �t�h�e� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �i�n� �f�i�g�u�r�e� �9�7�,� �t�h�e� �p�r�o�p�e�r� �l�e�n�g�t�h� �s�c�a�l�e� �c�a�n� �b�e� �e�a�s�i�l�y� �c�h�o�s�e�n�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� 

�l�e�n�g�t�h� �s�c�a�l�e� �y�,�,�,�,� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �f�u�n�c�t�i�o�n� �F�(�y�)� �i�n� �t�h�e� �a�t�t�a�c�h�e�d� �b�o�u�n�d�a�r�y� �l�a�y�e�r� 

�b�e�f�o�r�e� �s�e�p�a�r�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�8�(�a�)�.� �T�h�e� �p�r�o�f�i�l�e� �F�(�y�)� �h�a�s� �o�n�l�y� �o�n�e� �w�e�l�l� �d�e�f�i�n�e�d� �p�e�a�k� 

�w�h�i�c�h� �m�a�k�e�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �F�y�y�g�x� �a�n�d� �y�y�g�x� �S�t�r�a�i�g�h�t�f�o�r�w�a�r�d�.� �B�u�t� �o�n� �t�h�e� �u�p�p�e�r� �s�i�d�e� 

�(�f�i�g�u�r�e� �9�8�(�b�)�)�,� �w�h�e�r�e� �t�h�e� �f�l�o�w� �i�s� �s�e�p�a�r�a�t�e�d�,� �t�h�e�r�e� �e�x�i�s�t� �t�w�o� �p�e�a�k�s�:� �o�n�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� 

�a�t�t�a�c�h�e�d� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �a�t� �y�>� �=� �a� �a�n�d� �t�h�e� �o�t�h�e�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �s�e�p�a�r�a�t�e�d� �s�h�e�a�r� �l�a�y�e�r� �a�t� 

�y�2� �=� �b�.� �W�i�t�h�o�u�t� �m�o�d�i�f�i�c�a�t�i�o�n� �t�o� �t�h�e� �c�o�d�e� �w�e� �w�o�u�l�d� �b�e� �c�h�o�o�s�i�n�g� �t�h�e� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� 

�F�(�y�)� �a�t� �y�2� �=� �b�,� �w�h�i�c�h� �o�v�e�r�e�s�t�i�m�a�t�e�s� �t�h�e� �t�h�e� �o�u�t�e�r� �e�d�d�y� �v�i�s�c�o�s�i�t�y�,� �t�h�e�r�e�b�y� �d�i�s�t�o�r�t�i�n�g� �t�h�e� �f�l�o�w� 

�o�n� �t�h�e� �u�p�p�e�r� �s�i�d�e�.� 

�T�h�e� �D�e�g�a�n�i�-�S�c�h�i�f�f� �m�o�d�i�f�i�c�a�t�i�o�n� �a�l�l�o�w�s� �f�o�r� �t�h�e� �p�r�o�p�e�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �l�e�n�g�t�h� �s�c�a�l�e� 

�a�f�t�e�r� �s�e�p�a�r�a�t�i�o�n�.� �A�t� �e�a�c�h� �a�x�i�a�l� �s�t�a�t�i�o�n�,� �t�h�e� �c�o�d�e� �s�e�a�r�c�h�e�s� �f�o�r� �F�y�,�q�,� �r�a�d�i�a�l�l�y� �o�u�t�w�a�r�d� �a�l�o�n�g� 

�s�u�c�c�e�s�s�i�v�e� �g�r�i�d� �l�i�n�e�s� �n�o�r�m�a�l� �t�o� �t�h�e� �s�u�r�f�a�c�e�,� �s�w�e�e�p�i�n�g� �f�r�o�m� �t�h�e� �l�o�w�e�r� �t�o� �t�h�e� �u�p�p�e�r� �p�l�a�n�e�.� 

�T�h�e� �f�i�r�s�t� �p�e�a�k� �i�n� �F�(�y�)� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�e�f�i�n�i�n�g� �F�y�,�g�,� �=� �F�(�y�'�)� �w�h�e�n� �F�(�y�)� �=� �0�.�9�F�(�y�'�)� �f�o�r� �y� 

�>� �y�'�.� �T�h�e� �s�e�a�r�c�h� �i�s� �c�u�t� �o�f�f� �o�n�c�e� �t�h�i�s� �p�e�a�k� �i�s� �f�o�u�n�d� �t�h�u�s� �d�e�f�i�n�i�n�g� �a�  ��c�u�t�o�f�f �� �d�i�s�t�a�n�c�e�.� 

�H�o�w�e�v�e�r�,� �c�l�o�s�e� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t�s� �t�h�e� �p�e�a�k�s� �c�o�m�e� �c�l�o�s�e� �a�n�d� �o�f�t�e�n� �m�e�r�g�e� �i�n�t�o� �o�n�e�.� �I�n� 
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�s�u�c�h� �c�a�s�e�s�,� �w�e� �u�s�e� �t�h�e� �s�p�e�c�i�f�i�e�d�  ��c�u�t�o�f�f �� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �g�r�i�d� �l�i�n�e� �n�o�r�m�a�l� �t�o� �t�h�e� 

�s�u�r�f�a�c�e�.� �T�h�u�s�,� �t�h�e� �a�b�o�v�e� �m�o�d�i�f�i�c�a�t�i�o�n� �s�u�f�f�e�r�s� �f�r�o�m� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �e�d�d�y� �v�i�s�c�o�s�i�t�y� 

�b�e�i�n�g� �f�r�o�z�e�n� �t�o� �t�h�e� �v�a�l�u�e� �o�n� �t�h�e� �p�r�e�v�i�o�u�s� �n�o�r�m�a�l� �g�r�i�d� �l�i�n�e� �a�r�o�u�n�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�o�i�n�t�s�.� 

�W�h�e�n� �t�h�e� �i�n�c�o�m�i�n�g� �f�l�o�w� �h�a�s� �a� �s�i�d�e�s�l�i�p� �a�l�o�n�g� �w�i�t�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�,� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� 

�w�o�u�l�d� �b�e� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�9�.� �F�i�g�u�r�e� �9�9�(�a�)� �s�h�o�w�s� �t�h�e� �f�l�o�w� �o�v�e�r� �a� �s�m�o�o�t�h� �r�o�u�n�d�e�d� 

�c�r�o�s�s�-�s�e�c�t�i�o�n� �a�n�d� �f�i�g�u�r�e� �9�9�(�b�)� �s�h�o�w�s� �t�h�e� �f�l�o�w� �o�v�e�r� �a� �c�h�i�n�e�d� �f�o�r�e�b�o�d�y�.� �B�a�s�e�d� �o�n� �t�h�e� 

�D�e�g�a�n�i�-�S�c�h�i�f�f� �m�o�d�i�f�i�c�a�t�i�o�n�,� �i�t� �w�o�u�l�d� �o�n�l�y� �s�e�e�m� �l�o�g�i�c�a�l� �t�o� �i�m�p�l�e�m�e�n�t� �t�h�e� �a�b�o�v�e� �a�l�g�o�r�i�t�h�m� 

�b�y� �m�a�r�c�h�i�n�g� �f�r�o�m� �a� �r�e�g�i�o�n� �o�f� �n�o� �s�e�p�a�r�a�t�i�o�n� �t�o� �a� �r�e�g�i�o�n� �w�i�t�h� �c�r�o�s�s�f�l�o�w� �s�e�p�a�r�a�t�i�o�n� �w�h�i�l�e� 

�c�o�m�p�u�t�i�n�g� �,�.� �E�x�t�e�n�d�i�n�g� �t�h�e� �a�b�o�v�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�o� �f�l�o�w�s� �w�i�t�h� �s�i�d�e�s�l�i�p�,� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�c�h�a�n�g�e� �t�o� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �D�e�g�a�n�i�-�S�c�h�i�f�f� �m�o�d�i�f�i�c�a�t�i�o�n� �i�s� �r�e�c�o�m�m�e�n�d�e�d�.� �O�n� �t�h�e� 

�w�i�n�d�w�a�r�d� �s�i�d�e�,� �t�h�e� �m�a�r�c�h�i�n�g� �s�h�o�u�l�d� �b�e� �c�o�u�n�t�e�r� �c�l�o�c�k�w�i�s�e� �s�w�e�e�p�i�n�g� �f�r�o�m� �t�h�e� �l�o�w�e�r� �p�l�a�n�e� 

�t�o� �t�h�e� �u�p�p�e�r� �p�l�a�n�e�.� �O�n� �t�h�e� �l�e�e�w�a�r�d� �s�i�d�e�,� �t�h�e� �m�a�r�c�h�i�n�g� �s�h�o�u�l�d� �b�e� �c�l�o�c�k�w�i�s�e� �f�r�o�m� �l�o�w�e�r� �t�o� 

�t�h�e� �u�p�p�e�r� �p�l�a�n�e�.� �T�h�i�s� �a�l�l�o�w�s� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �t�u�r�b�u�l�e�n�t� �e�d�d�y� �v�i�s�c�o�s�i�t�y� �a�r�o�u�n�d� �s�e�p�a�r�a�t�i�o�n� 

�p�o�i�n�t�s� �t�o� �b�e� �f�r�o�z�e�n� �t�o� �t�h�e� �v�a�l�u�e� �b�e�f�o�r�e� �s�e�p�a�r�a�t�i�o�n� �o�n� �t�h�e� �w�i�n�d�w�a�r�d� �a�s� �w�e�l�l� �a�s� �t�h�e� �l�e�e�w�a�r�d� 

�s�i�d�e�s�.� �A�n�y� �a�l�t�e�r�n�a�t�e� �m�e�t�h�o�d� �o�f� �m�a�r�c�h�i�n�g� �w�o�u�l�d� �f�r�e�e�z�e� �t�h�e� �1�,� �v�a�l�u�e� �t�o� �t�h�e� �v�a�l�u�e� �o�n� �t�h�e� 

�l�e�e�w�a�r�d� �s�i�d�e�,� �w�h�i�c�h� �i�s� �n�o�t� �a�s� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �D�e�g�a�n�i� �a�n�d� �S�c�h�i�f�f�.� 

�F�i�g�u�r�e� �1�0�0� �s�h�o�w�s� �t�h�e� �r�o�l�e� �o�f� �t�h�e� �a�b�o�v�e� �t�u�r�b�u�l�e�n�c�e� �m�o�d�e�l� �o�n� �t�h�e� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �o�f� 

�t�h�e� �E�r�i�c�k�s�o�n� �c�h�i�n�e� �f�o�r�e�b�o�d�y� �a�t� �a� �=� �3�0�°� �a�n�d� �B� �=� �5�°�.� �T�h�e� �i�n�v�i�s�c�i�d� �s�o�l�u�t�i�o�n� �i�s� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �l�a�m�i�n�a�r� �a�n�d� �t�u�r�b�u�l�e�n�t� �s�o�l�u�t�i�o�n�s�.� �B�y� �i�n�c�l�u�d�i�n�g� �l�a�m�i�n�a�r� �v�i�s�c�o�u�s� �e�f�f�e�c�t�s�,� �t�h�e� �i�n�v�i�s�c�i�d� 

�v�o�r�t�e�x� �s�u�c�t�i�o�n� �p�e�a�k�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �c�o�m�e� �d�o�w�n�.� �W�h�e�n� �t�u�r�b�u�l�e�n�c�e� �e�f�f�e�c�t�s� �a�r�e� �i�n�c�l�u�d�e�d�,� 

�t�h�e� �t�u�r�b�u�l�e�n�c�e� �m�o�d�e�l� �d�o�e�s� �r�e�c�o�v�e�r� �s�o�m�e� �o�f� �t�h�i�s� �l�o�s�s� �a�t� �a�l�l� �t�h�e� �s�t�a�t�i�o�n�s� �a�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �1�0�0�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�1�.� �C�h�a�m�b�e�r�s�,� �J�.�R�.�,�  ��H�i�g�h� �A�n�g�l�e� �o�f� �A�t�t�a�c�k� �A�e�r�o�d�y�n�a�m�i�c�s�:� �L�e�s�s�o�n�s� �L�e�a�r�n�e�d�, �� �A�J�A�A� 

�P�a�p�e�r� �8�6�-�1�7�7�4�,� �J�u�n�e� �1�9�8�6�.� 

�2�.� �C�h�a�m�b�e�r�s�,� �J�.�R�.� �a�n�d� �G�r�a�f�t�o�n�,� �S�.�B�.�,�  ��A�e�r�o�d�y�n�a�m�i�c� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �A�i�r�p�l�a�n�e�s� �a�t� 

�H�i�g�h� �A�n�g�l�e� �o�f� �A�t�t�a�c�k�, �� �N�A�S�A� �T�M� �7�4�0�9�7�,� �D�e�c�.� �1�9�7�7�.� 

�3�.� �N�g�u�y�e�n�,� �L�.�T�.�,�  ��C�o�n�t�r�o�l� �S�y�s�t�e�m� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �I�m�p�r�o�v�e�d� �D�e�p�a�r�t�u�r�e�/�S�p�i�n� �R�e�s�i�s�t�a�n�c�e� 

�f�o�r� �F�i�g�h�t�e�r� �A�i�r�c�r�a�f�t�, �� �S�A�E� �P�a�p�e�r� �7�9�1�0�8�3�,� �D�e�c�.� �1�9�7�9�.� 

�4�.� �R�a�o�,� �D�.�M�.�,� �a�n�d� �M�u�r�r�i�,� �D�.�G�.�,�  ��E�x�p�l�o�r�a�t�o�r�y� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �D�e�f�l�e�c�t�a�b�l�e� �F�o�r�e�b�o�d�y� 

�S�t�r�a�k�e�s� �f�o�r� �H�i�g�h� �A�n�g�l�e� �o�f� �A�t�t�a�c�k� �Y�a�w� �C�o�n�t�r�o�l�, �� �A�I�A�A� �P�a�p�e�r� �8�6�-�0�3�3�3�,� �J�a�n�.� �1�9�8�6�.� 

�5�.� �R�o�m�,� �J�.�,� �H�i�g�h� �A�n�g�l�e� �o�f� �A�t�t�a�c�k� �A�e�r�o�d�y�n�a�m�i�c�s�,� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �N�e�w� �Y�o�r�k�,� �N�Y�,� 

�1�9�9�2�.� 

�6�.� �G�r�a�f�t�o�n�,� �S�.�B�.�,� �C�h�a�m�b�e�r�s�,� �J�.�R�.�,� �a�n�d� �C�o�e�,� �P�.�L�.�,� �J�r�.�,�  ��W�i�n�d�-�T�u�n�n�e�l� �F�r�e�e�-�F�l�i�g�h�t� 

�I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �a� �M�o�d�e�l� �o�f� �a� �S�p�i�n� �R�e�s�i�s�t�a�n�t� �F�i�g�h�t�e�r� �C�o�n�f�i�g�u�r�a�t�i�o�n�, �� �N�A�S�A� �T�N� �D�-�7�7�1�6�,� 

�J�u�n�e� �1�9�7�4�.� 

�7�.� � �L�a�p�i�n�s�,� �M�.�,� �M�a�r�t�o�r�e�l�l�a�,� �R�.�P�.�,� �K�l�e�i�n�,� �R�.�W�.�,� �M�e�y�e�r�,� �R�.�C�.�,� �a�n�d� �S�t�u�r�m�,� �M�.�J�.�,� 

 ��C�o�n�t�r�o�l� �D�e�f�i�n�i�t�i�o�n� �S�t�u�d�y� �f�o�r� �A�d�v�a�n�c�e�d� �V�e�h�i�c�l�e�s�, �� �N�A�S�A� �C�R� �3�7�3�8�,� �N�o�v�.� �1�9�8�3�.� 
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�8�.� �E�r�i�c�k�s�o�n�,� �G�.�E�.�,� �a�n�d� �B�r�a�n�d�o�n�,� �J�.�M�.�,�  ��L�o�w�-�S�p�e�e�d� �E�x�p�e�r�i�m�e�n�t�a�l� �S�t�u�d�y� �o�f� �t�h�e� �V�o�r�t�e�x� 

�F�l�o�w� �E�f�f�e�c�t�s� �o�f� �a� �F�i�g�h�t�e�r� �F�o�r�e�b�o�d�y� �H�a�v�i�n�g� �U�n�c�o�n�v�e�n�t�i�o�n�a�l� �C�r�o�s�s�-�S�e�c�t�i�o�n�, �� �A�I�A�A� �P�a�p�e�r� 

�8�5�-�1�7�9�8�,� �J�u�n�e� �1�9�8�5�.� 

�9�.� �N�A�S�A�/�G�r�u�m�m�a�n� �C�o�-�o�p�e�r�a�t�i�v�e� �P�r�o�g�r�a�m�.� 

�1�0�.� �N�o�v�a�k�,� �C�.�J�.�,� �H�u�i�e�,� �C�.�R�.�,� �C�o�r�n�e�l�i�u�s�,� �K�.�C�.�,�  ��L�a�s�e�r� �V�e�l�o�c�i�m�e�t�r�y� �i�n� �H�i�g�h�l�y� �T�h�r�e�e� 

�D�i�m�e�n�s�i�o�n�a�l� �a�n�d� �V�o�r�t�i�c�a�l� �F�l�o�w�s�, �� �N�A�S�A� �C�P� �2�4�1�6�,� �V�o�l� �1�,� �p�p�.� �1�6�3�-�1�8�5�.� 

�1�1�.� �E�d�w�a�r�d�s�,� �O�.�R�.�,�  ��N�o�r�t�h�r�o�p� �F�-�5�F� �S�h�a�r�k� �N�o�s�e� �D�e�v�e�l�o�p�m�e�n�t�, �� �N�A�S�A� �C�R� �1�5�8�9�3�6�,� 

�O�c�t�.� �1�9�7�9�.� 

�1�2�.� �G�h�a�f�f�a�r�i�,� �F�.�,� �L�u�c�k�r�i�n�g�,� �J�.�M�.� �T�h�o�m�a�s�,� �J�.�L�.�,� �a�n�d� �B�a�t�e�s�,� �B�.�L�.�,�  ��N�a�v�i�e�r�-�S�t�o�k�e�s� 

�S�o�l�u�t�i�o�n�s� �a�b�o�u�t� �F�/�A�-�1�8� �F�o�r�e�b�o�d�y� �-� �L�E�X� �C�o�n�f�i�g�u�r�a�t�i�o�n�, �� �A�I�A�A� �P�a�p�e�r� �8�9�-�0�3�3�8�,� �J�a�n�.� 

�1�9�8�9�.� 

�1�3�.� �R�i�z�k�,� �Y�.�M�.�,� �S�c�h�i�f�f�,� �L�.�B�.�,� �a�n�d� �K�e�n� �G�e�e�.�, ��"�N�u�m�e�r�i�c�a�l� �S�i�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �V�i�s�c�o�u�s� 

�F�l�o�w� �A�r�o�u�n�d� �a� �S�i�m�p�l�i�f�i�e�d� �F�/�A� �-� �1�8� �A�t� �H�i�g�h� �A�n�g�l�e�s� �o�f� �A�t�t�a�c�k�, �� �A�I�A�A� �P�a�p�e�r� �9�0�-�2�9�9�9�,� 

�J�a�n�.� �1�9�9�0�.� 

�1�4�.� �B�i�e�d�r�o�n�,�R�.�T�.�,� �a�n�d� �T�h�o�m�a�s�,� �J�.�L�.�,�"�A� �G�e�n�e�r�a�l�i�z�e�d� �P�a�t�c�h�e�d�-�G�r�i�d� �A�l�g�o�r�i�t�h�m� �w�i�t�h� 

�A�p�p�l�i�c�a�t�i�o�n� �t�o� �t�h�e� �F�-�1�8� �F�o�r�e�b�o�d�y� �w�i�t�h� �A�c�t�u�a�t�e�d� �C�o�n�t�r�o�l� �S�t�r�a�k�e�, �� �C�o�m�p�u�t�i�n�g� �S�y�s�t�e�m�s� �i�n� 

�E�n�g�i�n�e�e�r�i�n�g�,� �V�o�l�.�1�,� �N�o�s� �2�-�4�,� �p�p�.� �5�6�3�-�5�7�6�,� �1�9�9�0�.� 
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�1�5�.� �H�u�b�a�n�d�,� �G�.�W�.�,� �S�h�a�n�g�,� �J�.�S�.�,� �a�n�d� �A�f�t�o�s�m�i�s�,� �M�.�J�.�, ��N�u�m�e�r�i�c�a�l� �S�i�m�u�l�a�t�i�o�n� �o�f� �a�n� �F�-� 

�1�6�A� �a�t� �A�n�g�l�e� �o�f� �A�t�t�a�c�k�, �� �J�o�u�r�n�a�l� �o�f� �A�i�r�c�r�a�f�t�,� �V�o�l�.� �2�7�,� �N�o�.� �1�0�,� �O�c�t�.� �1�9�9�0�.� 

�1�6�.� �H�a�r�t�w�i�c�h�,� �P�.�,� �a�n�d� �H�a�l�l�,� �R�.�  ��N�a�v�i�e�r�-�S�t�o�k�e�s� �S�o�l�u�t�i�o�n�s� �f�o�r� �V�o�r�t�i�c�a�l� �F�l�o�w�s� �O�v�e�r� �a� 

�T�a�n�g�e�n�t�-�O�g�i�v�e� �C�y�l�i�n�d�e�r�, �� �A�J�A�A� �J�o�u�r�n�a�l�,� �V�o�l�.�2�8�,� �J�u�l�y� �1�9�9�0�,� �p�p�.� �1�1�7�1�-�1�1�7�9�.� 

�1�7�.� �H�a�r�t�w�i�c�h�,� �P�.�M�.�,� �H�a�l�l�,� �R�.�M�.�,� �a�n�d� �H�e�m�s�c�h�,� �M�.�J�.�,�  ��N�a�v�i�e�r�-�S�t�o�k�e�s� �C�o�m�p�u�t�a�t�i�o�n�s� �o�f� 

�V�o�r�t�e�x� �A�s�y�m�m�e�t�r�i�e�s� �C�o�n�t�r�o�l�l�e�d� �b�y� �S�m�a�l�l� �S�u�r�f�a�c�e� �I�m�p�e�r�f�e�c�t�i�o�n�s�, �� �J�o�u�r�n�a�l� �o�f� �S�p�a�c�e�c�r�a�f�t� 

�a�n�d� �R�o�c�k�e�t�s�,� �V�o�l�.�2�8�,� �N�o�.� �2�,� �M�a�r�c�h� �1�9�9�1�,� �p�p�.� �2�5�8�-�2�6�4�.� 

�1�8�.� �S�c�h�i�f�f�,� �L�.�B�.�,� �D�e�g�a�n�i�,� �D�.�,� �a�n�d� �C�u�m�m�i�n�g�s�,� �R�.�M�.�,�  ��N�u�m�e�r�i�c�a�l� �S�i�m�u�l�a�t�i�o�n� �o�f� 

�S�e�p�a�r�a�t�e�d� �a�n�d� �V�o�r�t�i�c�a�l� �F�l�o�w�s� �o�n� �b�o�d�i�e�s� �a�t� �L�a�r�g�e� �A�n�g�l�e�s� �o�f� �A�t�t�a�c�k�, �� �F�o�u�r�t�h� �S�y�m�p�o�s�i�u�m� �o�n� 

�N�u�m�e�r�i�c�a�l� �a�n�d� �P�h�y�s�i�c�a�l� �A�s�p�e�c�t�s� �o�f� �A�e�r�o�d�y�n�a�m�i�c� �F�l�o�w�s�,� �J�a�n�.� �1�9�8�9�.� 

�1�9�.� �K�e�g�e�l�m�a�n�,� �J�.�T�.�,� �a�n�d� �R�o�o�s�,� �F�.�W�.�,�"�I�n�f�l�u�e�n�c�e� �o�f� �F�o�r�e�b�o�d�y� �C�r�o�s�s�-�S�e�c�t�i�o�n� �S�h�a�p�e� �o�n� 

�V�o�r�t�e�x� �F�l�o�w�f�i�e�l�d� �S�t�r�u�c�t�u�r�e� �a�t� �H�i�g�h� �A�l�p�h�a�, �� �A�I�A�A� �P�a�p�e�r� �9�1�-�3�2�5�0�,� �S�e�p�t�.� �1�9�9�1�.� 

�2�0�.� �R�o�o�s�,� �F�.�W�.�,� �a�n�d� �K�e�g�e�l�m�a�n�,� �J�.�T�.�, ��A�e�r�o�d�y�n�a�m�i�c�s� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �T�h�r�e�e� �G�e�n�e�r�i�c� 

�F�o�r�e�b�o�d�i�e�s� �a�t� �H�i�g�h� �A�n�g�l�e�s� �o�f� �A�t�t�a�c�k�, �� �A�I�A�A� �P�a�p�e�r� �9�1�-�0�2�7�5�,� �J�a�n�.� �1�9�9�1�.� 

�2�1�.� �H�a�l�l�,� �R�.�M�.�,� �"�I�n�f�l�u�e�n�c�e� �o�f� �F�o�r�e�b�o�d�y� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �S�h�a�p�e� �o�n� �W�i�n�g� �V�o�r�t�e�x�-�B�u�r�s�t� 

�L�o�c�a�t�i�o�n�, �� �J�o�u�r�n�a�l� �o�f� �A�i�r�c�r�a�f�t�,� �V�o�l�.� �2�4�,� �N�o�.� �9�,� �S�e�p�t�.� �1�9�8�7�.� 

�2�2�.� �L�a�m�o�n�t�,� �P�.�J�.�,�  ��T�h�e� �C�o�m�p�l�e�x� �A�s�y�m�m�e�t�r�i�c� �F�l�o�w� �O�v�e�r� �a� �3�.�5�D� �O�g�i�v�e� �N�o�s�e� �a�n�d� 

�C�y�l�i�n�d�r�i�c�a�l� �A�f�t�e�r�b�o�d�y� �a�t� �H�i�g�h� �A�n�g�l�e�s� �o�f� �A�t�t�a�c�k�, �� �A�I�A�A� �P�a�p�e�r� �8�2�-�0�0�5�3�,� �J�a�n�.� �1�9�8�2�.� 
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�2�3�.� �T�h�o�m�a�s�,� �J�.�L�.�,� �V�a�n� �L�e�e�r�,� �B�.�,� �a�n�d� �W�a�l�t�e�r�s�,� �R�.�W�.�,�  ��I�m�p�l�i�c�i�t� �F�l�u�x�-�S�p�l�i�t� �S�c�h�e�m�e�s� �f�o�r� 

�t�h�e� �E�u�l�e�r� �E�q�u�a�t�i�o�n�s�, �� �A�I�A�A� �P�a�p�e�r� �8�5�-�1�6�8�0�,� �J�u�l�y� �1�9�8�5�.� 

�2�4�.� �B�a�l�d�w�i�n�,� �B�.�S�.�,� �a�n�d� �L�o�m�a�x�,� �H�.�,�  ��T�h�i�n� �L�a�y�e�r� �A�p�p�r�o�x�i�m�a�t�i�o�n� �a�n�d� �A�l�g�e�b�r�a�i�c� �M�o�d�e�l� 

�f�o�r� �S�e�p�a�r�a�t�e�d� �T�u�r�b�u�l�e�n�t� �F�l�o�w�s�, �� �A�I�A�A� �P�a�p�e�r� �7�8�-�2�5�7�,� �J�a�n�.� �1�9�7�8�.� 

�2�5�.� �D�e�g�a�n�i�,� �D�.�,� �a�n�d� �S�c�h�i�f�f�,� �L�.�B�.�,�  ��C�o�m�p�u�t�a�t�i�o�n� �o�f� �S�u�p�e�r�s�o�n�i�c� �V�i�s�c�o�u�s� �F�l�o�w�s� �A�r�o�u�n�d� 

�P�o�i�n�t�e�d� �B�o�d�i�e�s� �a�t� �L�a�r�g�e� �I�n�c�i�d�e�n�c�e�, �� �A�I�A�A� �P�a�p�e�r� �N�o�.� �8�3�-�0�0�3�4�,� �J�a�n�.� �1�9�8�3�.� 

�2�6�.� �D�e�g�a�n�i�,� �D�.�,� �a�n�d� �S�c�h�i�f�f�,� �L�.�B�.�,�  � �� �C�o�m�p�u�t�a�t�i�o�n� �o�f� �T�u�r�b�u�l�e�n�t� �S�u�p�e�r�s�o�n�i�c� �F�l�o�w�s� �A�r�o�u�n�d� 

�P�o�i�n�t�e�d� �B�o�d�i�e�s� �H�a�v�i�n�g� �C�r�o�s�s� �F�l�o�w� �S�e�p�a�r�a�t�i�o�n�, �� �J�o�u�r�n�a�l� �o�f� �C�o�m�p�u�t�a�t�i�o�n�a�l� �P�h�y�s�i�c�s�,� �V�o�l�.� 

�6�6�,� �J�a�n�.� �1�9�8�6�,� �p�p�.� �1�7�3�-�1�9�6�.� 

�2�7�.� �D�e�g�a�n�i�,� �D�.�,� �S�c�h�i�f�f�,� �L�.�B�.�,� �a�n�d� �L�e�v�y�,� �Y�.�,�  ��P�h�y�s�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �G�o�v�e�r�n�i�n�g� 

�C�o�m�p�u�t�a�t�i�o�n� �o�f� �T�u�r�b�u�l�e�n�t� �F�l�o�w�s� �O�v�e�r� �B�o�d�i�e�s� �a�t� �L�a�r�g�e� �I�n�c�i�d�e�n�c�e�, �� �A�I�A�A� �P�a�p�e�r� �9�0�-�0�0�9�6�,� 

�J�a�n�.� �1�9�9�0�.� 

�2�8�.� �R�o�e�,� �P�.�L�.�,�  ��C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �B�a�s�e�d� �S�c�h�e�m�e�s� �f�o�r� �t�h�e� �E�u�l�e�r� �E�q�u�a�t�i�o�n�s�, �� �A�n�n�u�a�l� �R�e�v�i�e�w� 

�o�f� �F�l�u�i�d� �M�e�c�h�a�n�i�c�s�,� �V�o�l�.� �1�8�,� �1�9�8�6�,� �p�p�.� �3�3�7�-�3�6�5�.� 

�2�9�.� �T�h�o�m�a�s�,� �J�.�L�.�,� �W�a�l�t�e�r�s�,� �R�.�W�.�,� �R�e�u�,� �T�.�,� �G�h�a�f�f�a�r�i�,� �F�.�,� �W�e�s�t�o�n�,� �R�.�P�.�,� �L�u�c�k�r�i�n�g�,� 

�J�.�M�.�,�  ��A�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �P�a�t�c�h�e�d�-�G�r�i�d� �A�l�g�o�r�i�t�h�m� �t�o� �t�h�e� �F�/�A�-�1�8� �F�o�r�e�b�o�d�y�-�L�e�a�d�i�n�g�-�E�d�g�e� 

�E�x�t�e�n�s�i�o�n� �C�o�n�f�i�g�u�r�a�t�i�o�n�, �� �J�o�u�r�n�a�l� �o�f� �A�i�r�c�r�a�f�t�,� �V�o�l�.�2�7�,� �S�e�p�t�.� �1�9�9�0�,� �p�p�.� �7�4�9�-�7�5�6�.� 

�3�0�.� �M�a�s�o�n�,� �W�.�H�.�,� �a�n�d� �R�a�v�i�,� �R�.�, ��H�i�-�A�l�p�h�a� �F�o�r�e�b�o�d�y� �D�e�s�i�g�n� �:� �P�a�r�t� �I� �-� �M�e�t�h�o�d�o�l�o�g�y� 
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�B�a�s�e� �a�n�d� �I�n�i�t�i�a�l� �P�a�r�a�m�e�t�r�i�c�s�, �� �V�P�I�-� �A�e�r�o�-�1�7�6�,� �V�P�I�&�S�U�,� �B�l�a�c�k�s�b�u�r�g�,� �V�A�,� �O�c�t�.� �1�9�9�0�.� 

�3�1�.� �W�a�l�a�t�k�a�,� �P�.�P�.�,� �B�u�n�i�n�g�,� �P�.�G�.�,� �P�i�e�r�c�e�,� �L�.�,� �a�n�d� �E�l�s�o�n�,� �A�.�  ��P�L�O�T�3�D� �U�s�e�r ��s� �M�a�n�u�a�l�, �� 

�N�A�S�A� �T�M� �1�0�1�0�6�7�,� �M�a�r�.� �1�9�9�0�.� 

�3�2�.� �L�i�m�i�n�g�,� �R�.�A�.�,� �M�a�t�h�e�m�a�t�i�c�s� �f�o�r� �C�o�m�p�u�t�e�r� �G�r�a�p�h�i�c�s�,� �A�e�r�o� �p�u�b�l�i�s�h�e�r�s�,� �F�a�l�l�b�r�o�o�k�,� 

�C�A�,� �1�9�7�9�.� 

�3�3�.� �M�c�C�r�o�r�y�,� �W�.�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�,� �V�P�I�&�S�U�,�B�l�a�c�k�b�u�r�g�,� �V�A�,� �J�u�n�e� �1�9�8�9�.� 

�3�4�.� �W�a�l�t�e�r�s�,� �R�.�W�.�,� �R�e�u�,� �T�.�,� �T�h�o�m�a�s�,� �J�.�L�.�,� �a�n�d� �M�c�C�r�o�r�y�,� �W�.�D�.�,�  ��Z�o�n�a�l� �T�e�c�h�n�i�q�u�e�s� �f�o�r� 

�F�l�o�w�f�i�e�l�d� �S�i�m�u�l�a�t�i�o�n� �a�b�o�u�t� �A�i�r�c�r�a�f�t�, �� �C�o�m�p�u�t�e�r�s� �&� �S�t�r�u�c�t�u�r�e�s�,� �V�o�l�.� �3�0�,� �N�o�.� �1�/�2�,� �1�9�8�8�,� 

�p�p�.� �4�7�-�5�4�.� 
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