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by 
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Mechanical Engineering 

(ABSTRACT) 

Past research at Virginia Tech (VPI) explored the aerodynamic loss of the transonic VPI turbine 

blade, which 1s based on the pitchline profile of a high pressure turbine blade for a large commercial 

aircraft gas turbine. The current experiment explores the loss of the VPI blade for different axial 

solidity ratios near the design point. Ten percent changes in the solidity ratio were accomplished 

by varying the blade pitch and changing the blade stagger to maintain a constant throat to spacing 

ratio. Reaction, exit angle and exit Mach number were kept constant with this method. Cascades 

with three different solidities were tested in VPI’s transonic blow-down wind tunnel. Downstream 

total pressure loss and static pressure measurements were obtained. In addition, inviscid 

calculations were made for each case. Static pressure contours and Mach number profiles from the 

calculations were compared with the experimental results. 

A ten percent decrease in solidity caused no cascade loss penalty as compared to the Baseline 

solidity for a wide range of Mach numbers. Calculated blade Mach number profiles agreed well 

with experimental profiles except on the suction side near the throat and downstream of the 

shock/boundary layer interaction. Predicted downstream static pressure values agreed well with 

experimental values, except that the inviscid code tended to over-predict the pressure rise across the 

suction side shocks.
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1.0 Introduction 

The choice of a solidity, or chord to spacing ratio, for turbine blading has an important influence 

on the effectiveness of the blade row. A minimum value of solidity (large blade spacing) is desired 

to reduce engine weight and cost and to minimize the amount of cooling flow required, since 

increased cooling reduces efficiency. Solidity reductions, however, are limited by mechanical 

considerations due to increased blade loading, and by aerodynamic considerations since increased 

loading tends to cause suction side flow separation, hence increased loss, on turbine blades. 

There are two standard solidity definitions - true solidity and axial solidity. The difference is the 

use of either the blade true chord or axial chord in the chord to pitch ratio. The two definitions 

can be interchanged by taking into account the stagger angle of the blade. For this investigation, 

the axial solidity definition will be used for convenience. 

Standard industry practice for many years has been to use the Zweifel coefficient ‘V,, which relates 

blade loading to axial solidity, to choose an optimum solidity. As the result of subsonic cascade 

experiments conducted in the 1950’s, Zweifel suggested that a ‘V, value of about 0.8 should give 

optimum blade performance. Since then there have been many analytical and experimental 

investigations of solidity, resulting in different recommendations for the value of ‘¥,. Current 

aircraft industry design guidelines recommend ‘Y, = 1.1 for transonic, high pressure ratio turbine 
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rotor blades, and ‘Y, = 0.5 to 0.7 for the corresponding nozzle blades. It is interesting to note that 

computation and experiment seldom agree well on a choice of optimum solidity. This is because 

there are so many factors that influence optimum solidity, such as blade curvature, reaction and 

inlet and exit air angles. It is the intent of this investigation to determine whether the optimum 

solidity of the blade tested was correctly chosen using the analytical tools available to GEAE 

turbine designers. 

There are three typical experimental methods for investigating solidity effects on blade losses. The 

most complicated and most expensive is a full ng test, where blades with different solidities are 

carefully designed to have nearly identical velocity profiles and loadings. However, these tests are 

complicated by other effects such as changes in blade reaction, secondary flows, and other 

unexpected consequences due to different blade designs. The second method is to increase the 

spacing and the thickness of blades simultaneously without changing the blade chord or surface 

shape. While this method provides a constant throat area and thus identical mass flows between 

cases, blade aerodynamics becomes a complicating variable. For example, the trailing edge 

thickness of the blades changes for different solidities, which has a large effect on the blade 

performance. The third method, used in this investigation, involves no blade redesign. Instead the 

blade spacing is changed and the blade stagger is then varied to keep a constant throat to spacing 

ratio. Consequently, the blade exit air angles are very similar, as well as the blade aerodynamics. 

The drawback of this method is that the blade shape cannot be optimized at different solidities. A 

variation of this method is to simply change the blade spacing with no change in the stagger. This 

causes large changes in the passage flow and complicates a determination of the effect of solidity. 
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2.0 Solidity Relations 

2.1 Lift and Drag Coefficients 

The simplest relations between blade solidity and blade forces are the lift and drag coefficients. The 

lift force acts on a blade perpendicular to the direction of the mean velocity V,,, and the drag acts 

parallel to the mean velocity. The mean velocity is in the direction f, defined by 

tan Bp = 4 (tan B, + tan 82). See Figure 1 for the definitions and senses of blade velocity angles. 

Combining these definitions in the tangential direction (the direction of blade rotation) gives 

Fr=Lcos8,—D sin Bm. Employing the definitions of lift and drag coefficient, the blade force in 

the tangential direction becomes 

l l 
Fr= > eC Vn cos Bm — > pCoV in sin Bn: 

From the momentum equation for steady, inviscid flow, the blade force in the tangential direction 

is 

Fy= ps(V," cos B, sin B, — V,? cos B, sin B>). 
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Equating Fy and Fy, which must be equal, gives a relation between the force coefficients, 

C, cos By, — Cp sin B,, 
  woth = 2 (tan B, ~ tan f,). 

For inviscid, incompressible flow, D is zero and the lift coefficient becomes 

5 
Cy = 2— (tan B; — tan B2) cos By. 

In reality the blade drag is a small percentage of the lift and the above formula for the lift is often 

used. An expression for the drag coefficient is obtained by a pressure balance along the mean 

velocity direction, 

P —?pP 
S 1 it 

Cp=o “Ty. 2) - cos B,,. 

er 

2.2 The Zweifel Coefficient 

The lift coefficient C,, then, relates blade loading to blade solidity. However, no useful correlation 

between loading and solidity can be obtained using C;, because it varies widely with incidence angle, 

which is not a constant value in an operating turbine. Zweifel therefore attempted to find another 

expression relating blade loading to solidity which would provide a better correlation. He did this 

by comparing the actual blade pressure distribution to an ideal blade loading. The ideal blade 

loading was defined as Py, acting over the entire pressure surface, and P.,;, acting over the entire 

suction surface (see Figure 2). For an axial turbine blade of arbitrary inlet span /, and outlet span 

/y, assuming a trapezoidal blade shape in the meridional plane, the ideal tangential force is therefore 
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Ath 
Fria = Py — Pexi)l > )- 

For the same arbitrary blade the actual tangential force is 

20: 2. 
Fr= ps(h,V,° sin By cos B, + hyVexi° sin |B! cos £2). 

Creating the ratio of actual to ideal blade force in the tangential direction results in the tangential 

Zweifel coefficient 

    

  

Fr (A, V;" sin B, cos B, + AyVexi:” sin | By| cos By) 

Me Fg Ath, i 

e( 2 \err ~ Pexit) 

Making the assumption of incompressible flow, Bernoulli’s equation can be applied and 

l 2 
Py = Pexit + > PVexit , 

Thus, 

    

€Xt 

2 

aE) ( ak; Jal 7 ) sin 8; cos B, + hy sin | By! cos B, |. 

Finally, substituting in mass continuity, 

V, cos B, hy 

Vexi¢ COS By - hy 

a useful form of the Zweifel coefficient is arrived at: 

4( = ) cos g fo tan 6, cos B, + sin | p,| c 2 hy 1 2 2 

+(H) hy 
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For a linear cascade f, = A) and the equation reduces to: 

Y, = 2( + ) cos B2( tan B, cos B, + sin |By1). [1.0] 

Note that this form is very similar to the lift coefficient C, but 1s based on V2 rather than V,,. 

An interesting limit of the Zweifel coefficient occurs for impulse blades, when 8, = — £2. For this 

case, 

Y, = 2( + ) sin(2| 63). 

For a Y, value of 0.8 this is identical to Briling’s rule, which is usually stated as 

(2) =2.5sin(21 69). 

Briling’s rule, derived from the geometry of a blade passage with constant width and curvature, gives 

the optimum spacing for impulse blades with inviscid subsonic flow. The factor 2.5 comes from a 

rule of thumb for minimum loss observed by Briling. A similar formula based on Briling’s rule is 

applicable for fully supersonic impulse blade flows when transition regions are added to both the 

blade inlet and outlet. These transition regions are necessary to decelarate and accelerate the 

pressure side Mach number to match the flow conditions in the constant width and curvature 

section, where the suction side Mach number is higher. Reference 3 gives a good outline of the uses 

for Briling’s rule. What is important here 1s that a single value of ‘Y, represents Briling’s rule for 

all values of 8, = | 62|. This suggests that Zweifel’s ratio of actual to ideal loading is useful. 

In his paper (Ref. 40), Zweifel plots the relationship of the drag-lift ratios (ce) of several subsonic 

cascades to both the coefficient of lift and the Zweifel loading coefficient (Figure 3). Note that C, 

and YY, shown on the figures indicate the lift and Zweifel coefficients perpendicular to V,,, which 

can be derived similarly to C, and ‘Y¥,. The curves show that the minimum drag occurs over a wide 

range of C, values but is confined to ‘Y, values between 0.9 and 1.0, which corresponds to a VY, of 
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about 0.8. Thus, given the turning requirements for a blade row in the subsonic regime, the 

optimum solidity can be estimated using the Zweifel coefficient. Note that values of ‘VY, greater than 

one are possible for highly loaded blades, where the suction surface static pressure may be lower 

than the exit static pressure along much of the chord. 

2.3 Howell's Relationship 

Independent of Zweifel’s work, a similar correlation was obtained by Howell (Ref. 19). Again using 

the blade exit velocity rather than the mean velocity, Howell proposed two new coefficients related 

to the lift and drag coefficients as follows: 

2 2 Vin cos B4 
Cr. = ai Vy = a cosp,, ) 

and 

2 2 
V, 

Cor = col 7 | = co ap ) 
2 cos’B,, 

In addition, a factor 2 was included to compensate for the blockage effect of blade passage boundary 

  

  

layers, which lowers lift and increases drag at high values of solidity. This factor was defined as 

follows: 

(£)-1] 
§) 

j= 

o
o
 

Howell then plotted (Figure 4) 1Cp2 against C,2/A for some subsonic turbines and compressors. 

The figure shows minimum drag for C,2/A values between 1.0 and 1.3. Note that Howell plotted 
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both actual cascade data as well as data deduced from rig tests with allowances made for secondary 

flow losses and other types of loss. Howell also proposed a curve fit for this data, 

C C 2 C 
AC py = 0.5(1 +B) (Be - 1) + oo1s( 2). 

In proposing this fit Howell took into account the fact that compressors stall and surge in the 

high-lift, high-drag region and that Mach number effects reduce the loss in the low-lift range, so that 

the correlation could be applied to both subsonic compressors and turbines. Thus, once blade 

turning angles are determined, the modified lift and drag coefficients can be calculated and Howell's 

relationship used to compute the blade solidity. 

2.4 Diffusion Parameters 

Zweifel’s coefficient ties together several blade performance parameters in an attempt to predict 

optimum solidity. However, the relationships between parameters other than solidity and loading 

are not made clear by Zweifel’s ideal model. Three blade characteristics not explicitly represented 

in the Zweifel coefficient are blade turning (8; — B2), blade reaction, and blade surface velocity 

diffusion. Stewart and Glassman explored the effects of these parameters on optimum solidity in 

the late 1960’s (Ref. 34). Instead of dividing the blade lift coefficient by Zweifel’s ideal distribution, 

Stewart and Glassman used a distribution based on Vmax and Vmin, Which are the maximum suction 

surface velocity and minimum pressure surface velocity, respectively. This change extends Zweifel’s 

model to highly-loaded (but still subsonic) blade cascades where a large portion of the suction 

surface velocity may be greater than the exit velocity. It also allows the use of suction and pressure 

side diffusion parameters, defined as 
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D, = max 

2 
Vy 

and 

2 

D "1 pT 2 
Vinin 

These parameters represent the amount of velocity decrease (or pressure rise) along the blade 

surfaces, which determines whether the flow will separate from the blade. These are combined with 

the reaction, 

to give the overall diffusion parameter D, defined as the sum of the changes in kinetic energy on the 

suction and pressure surfaces divided by the blade outlet kinetic energy: 

V, max D= 

2 2 2 2 
— Vy + V 7 Vinin 

Vy? 
  

Using the above definitions, 

(I= R) _ 
Dy 
  D=D,- R, 

and Zweifel’s coefficient becomes 

~1—R 
¥,= SS inl — | BI). 

This relationship is plotted at the top of Figure 5 as an axial solidity parameter, 
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oY, 

sin(B, — B21) ” 

versus reaction R. 

Thus if the value of ‘¥, is known, the solidity can be predicted from blade reaction and diffusion, 

which are in turn determined by the blade velocity triangles. However, it is not clear how reaction, 

turning, and diffusion affect the value of ‘¥,. Stewart and Glassman computed the effect of these 

variables on the loading coefficient by assuming a typical profile for a highly loaded subsonic 

turbine blade. From this, they determined that the effects of £2, 6; — | 621, D, and D, on the load 

coefficient were of an order less than the effect of reaction. Thus, they predict the loading coefficient 

as follows: 

Y,=0.6,/1—R? +0.15. 

This relationship was then incorporated into the axial solidity parameter to give the plot at the 

bottom of Figure 5. From this figure, the blade solidity can be determined from the turning, 

reaction, and diffusion. Thus Stewart and Glassman put forth a more detailed method for 

determining optimum solidity than that suggested by Zweifel. 

2.5 Other Relations 

Kuofang and Naixing (Ref. 24) proposed a parameter defined as 

cos p, 

cos B, sin(B; + | B21) 
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which they then used to correlate subsonic cascade data. By fitting an average curve through the 

available data, they determined a relationship for optimum pitch-chord ratio, 

(+ Doo = 0.099 + 0.46. 

The reasoning behind the definition of Q is not clear from Kuofang and Naixing’s presentation, nor 

is it obvious why they knew that their test points were at optimum solidity. It is clear that the 

correlation is intended only for subsonic turbine cascades. 

Baines and Oldfield (Ref. 2) modified Zweifel’s analysis to include blade flows that are not 

incompressible, but still isentropic, for the special case of 8B; = 0. Starting with Zweifel’s ratio of 

actual to ideal loading, which reduces to 

to Pexit 

pV? 

for 8; =0 , and introducing the ideal gas law, results in 

2 
Mais Pexi 

¥ =~ cos”B, tan [e.1| = _ |. 
? c Py ~ Poxit 

Assuming isentropic flow (Pr = Pyexir), but not assuming incompressibility, and expanding gives 

¥, = cos’B, tan | B|F(M), 

where 

  F(M) = 
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�a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �s�p�a�c�i�n�g� �t�h�e� �b�l�a�d�e�s� �w�i�t�h� �n�o� �o�t�h�e�r� �a�d�j�u�s�t�m�e�n�t�s�.� �A�l�l� �o�f� �t�h�e�s�e� �e�f�f�e�c�t�s� �c�o�u�l�d� �n�o�t� �b�e� 

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

�C�h�e�r�r�y� �a�n�d� �T�h�o�m�a�s� �(�R�e�f�.� �5�)� �a�t�t�e�m�p�t�e�d� �a� �m�o�r�e� �a�m�b�i�t�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �s�o�l�i�d�i�t�y�,� �d�e�s�i�g�n�i�n�g� �s�e�v�e�n� 

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

�p�r�e�s�s�u�r�e� �r�a�t�i�o� �t�u�r�b�i�n�e�s�.� �T�h�e� �b�l�a�d�e�s� �w�e�r�e� �a�l�l� �d�e�s�i�g�n�e�d� �t�o� �h�a�v�e� �a�n� �i�n�l�e�t� �M�a�c�h� �n�u�m�b�e�r� �o�f� �a�b�o�u�t� �0�.�6�,� 

�a�n� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �o�f� �a�b�o�u�t� �1�.�1�5�,� �i�n�l�e�t� �m�e�t�a�l� �a�n�g�l�e� �o�f� �a�b�o�u�t� �5�0� �d�e�g�r�e�e�s�,� �a�n�d� �e�x�i�t� �m�e�t�a�l� �a�n�g�l�e� �o�f� 

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

�t�h�e� �s�a�m�e�.� �V�a�l�u�e�s� �o�f� �Z�w�e�i�f�e�l� �l�o�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �1�.�0�,� �1�.�1�,� �1�.�2�,� �a�n�d� �1�.�3� �w�e�r�e� �u�s�e�d�,� �a�n�d� �a�x�i�a�l� 

�s�o�l�i�d�i�t�i�e�s� �i�n� �t�h�e� �r�a�n�g�e� �1�.�1�4� �t�o� �1�.�5�6�.� �T�h�e� �u�n�g�u�i�d�e�d� �t�u�r�n�i�n�g� �v�a�r�i�e�d� �f�r�o�m� �1�0� �t�o� �1�5� �d�e�g�r�e�e�s�.� �T�h�e� �c�a�s�c�a�d�e� 

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

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

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

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

�s�o�l�i�d�i�t�y� �r�u�l�e� �s�o� �d�i�f�f�i�c�u�l�t�.� 

�3�.�3� �L�e�m�o�n�d�,� �T�h�o�m�a�s�,� �a�n�d� �W�a�l�k�e�r� 

�T�h�e� �f�i�n�a�l� �G�E�A�E� �i�n�v�e�s�t�i�g�a�t�i�o�n� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �h�e�r�e� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� �L�e�m�o�n�d�,� �T�h�o�m�a�s�,� �a�n�d� �W�a�l�k�e�r� 

�(�R�e�f�.� �2�5�)�.� �T�w�o� �a�n�n�u�l�a�r� �c�a�s�c�a�d�e�s� �o�f� �t�r�a�n�s�o�n�i�c� �s�t�a�t�o�r�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �f�o�r� �t�h�e� �e�f�f�e�c�t� �o�f� �s�o�l�i�d�i�t�y�.� �T�h�e� 

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

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

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

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

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

�\� 
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�b�l�a�d�e�s�.� �T�h�e� �t�w�o� �s�o�l�i�d�i�t�i�e�s� �t�e�s�t�e�d� �w�e�r�e� �o� �=�0�.�8�7� �a�n�d� �o� �=�0�.�6�8�,� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �b�l�a�d�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�:� �B�n�i�=�0�°�,� �B�a�o�= ��7�5�°�,� �s�=�4�.�0� �c�m�,� �a�n�d� �U�G�T�=�8�.�2�°�.� �T�h�e� �B�a�s�e�l�i�n�e� �s�o�l�i�d�i�t�y� 

�(�o� �=� �0�.�8�7�)� �c�a�s�e� �h�a�d� �a�n� �a�x�i�a�l� �c�h�o�r�d� �o�f� �3�.�4� �c�m� �a�n�d� �a� �Z�w�e�i�f�e�l� �l�o�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �0�.�6�.� �T�h�e� �l�o�w� 

�s�o�l�i�d�i�t�y� �b�l�a�d�e� �h�a�d� �c� �=� �2�.�7� �c�m� �a�n�d� �Y�,� �=� �0�.�7�7�.� �T�h�e�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �c�o�m�b�i�n�e�d� �w�i�t�h� �a� �M�a�c�h� �n�u�m�b�e�r� 

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

�t�h�a�t� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �t�h�e�s�t�s�.� 

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

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

�e�f�f�i�c�i�e�n�c�y� �d�u�e� �t�o� �t�h�e� �2�2� �p�e�r�c�e�n�t� �d�e�c�r�e�a�s�e� �i�n� �s�o�l�i�d�i�t�y�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �t�h�e� �p�i�t�c�h�l�i�n�e� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �a�b�o�u�t� 

�9�6� �p�e�r�c�e�n�t� �a�t� �t�h�e� �d�e�s�i�g�n� �p�r�e�s�s�u�r�e� �r�a�t�i�o�,� �t�h�e� �o�v�e�r�a�l�l� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �a�b�o�u�t� �9�3� �p�e�r�c�e�n�t� �f�o�r� �t�h�e� �h�i�g�h� 

�s�o�l�i�d�i�t�y�,� �a�n�d� �t�h�e� �o�v�e�r�a�l�l� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �9�1�.�5� �p�e�r�c�e�n�t� �f�o�r� �t�h�e� �l�o�w� �s�o�l�i�d�i�t�y�.� �F�o�r� �l�o�w�e�r� �p�r�e�s�s�u�r�e� �r�a�t�i�o�s�,� 

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

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

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

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

�s�h�o�c�k�/�b�o�u�n�d�a�r�y� �l�a�y�e�r� �i�n�t�e�r�a�c�t�i�o�n� �o�n� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e�.� �A�l�s�o�,� �t�h�e� �p�e�a�k� �s�u�c�t�i�o�n� �s�i�d�e� �M�a�c�h� �n�u�m�b�e�r� 

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

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

�3�.�4� �P�l�o�h�r� �a�n�d� �H�a�u�s�e�r� 

�P�l�o�h�r� �c�o�n�d�u�c�t�e�d� �s�e�v�e�r�a�l� �s�o�l�i�d�i�t�y� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �a�t� �N�A�C�A� �i�n� �t�h�e� �1�9�5�0�'�s� �f�o�r� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �c�a�s�c�a�d�e�s� 

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

�P�r�e�v�i�o�u�s� �R�e�s�e�a�r�c�h� �1�6



�a�i�r� �c�o�o�l�i�n�g�.� �T�w�o� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �h�e�r�e�.� �F�o�r� �t�h�e� �f�i�r�s�t� �(�R�e�f�.� �1�5�)�,� �t�h�e� �s�p�a�c�i�n�g� �o�f� �a� 

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

�f�r�o�m� �o� �=� �1�.�3�8� �t�o� �o� �=� �1�.�0�6�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �Z�w�e�i�f�e�l� �n�u�m�b�e�r�s� �w�e�r�e�  ��Y�,� �=� �0�.�9� �a�n�d�  ��V�Y�,� �=� �1�.�1�6�.� �T�h�e� 

�f�o�l�l�o�w�i�n�g� �b�l�a�d�e� �c�h�a�r�a�c�t�e�r�i�s�i�t�i�c�s� �w�e�r�e� �i�n� �c�o�m�m�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�o�l�i�d�i�t�i�e�s�:� �B�m� �=� �3�6�.�2�°�,� 

�B� �m�2� �=�  ��6�0�°�,� �a�n�d� �c�=� �3�.�6�c�m�.� �T�h�e� �e�x�i�t� �a�n�d� �s�u�c�t�i�o�n� �s�i�d�e� �p�e�a�k� �M�a�c�h� �n�u�m�b�e�r�s� �w�e�r�e� �r�o�u�g�h�l�y� �i�d�e�n�t�i�c�a�l� 

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

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

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

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

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

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

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

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

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

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

�f�o�l�l�o�w�s�:� 

� � 

� � 

�G� �n�,� �M�,� �<�1� �n�,�M�,�>�1� 

�1�.�0�6� �0�.�9�2� �0�.�9�8� 

�1�.�3�8� �0�.�9�6� �0�.�9�8� � � � � � � 
�T�h�u�s�,� �d�u�e� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �f�o�r� �l�o�w� �M�a�c�h� �n�u�m�b�e�r�s�,� �t�h�e� �d�e�c�r�e�a�s�e�d� �s�o�l�i�d�i�t�y� �c�a�u�s�e�d� �a�n� �e�f�f�i�c�i�e�n�c�y� 

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

�e�f�f�i�c�i�e�n�c�y� �d�e�c�r�e�a�s�e�.� 
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�3�.�5� �P�l�o�h�r� �a�n�d� �N�u�s�b�a�u�m� 

�T�h�e� �b�l�a�d�e�s� �u�s�e�d� �f�o�r� �P�l�o�h�r ��s� �s�e�c�o�n�d� �e�x�p�e�r�i�m�e�n�t� �(�R�e�f�.� �2�9�)� �w�e�r�e� �b�e�t�t�e�r� �d�e�s�i�g�n�e�d�,� �a�n�d� �h�a�d� �n�o� �l�a�r�g�e� �f�l�o�w� 

�s�e�p�a�r�a�t�i�o�n�s�.� �S�o�l�i�d�i�t�y� �w�a�s� �r�e�d�u�c�e�d� �f�r�o�m� �o� �=� �2�.�1�6� �(�V�,�~�0�.�7�)� �t�o� �o� �=� �1�.�6�8� �(�¥�,�~�0�.�9�)� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

�b�l�a�d�e� �s�p�a�c�i�n�g�.� �T�h�e� �b�l�a�d�e�s� �h�a�d� �t�h�e� �s�a�m�e� �g�e�o�m�e�t�r�y�,� �w�i�t�h� �B�m� �=� �4�3�.�5�°�,� �B�m�2� �=�  ��5�5�.�8�°�,� �a�n�d� �c� �=� �4�.�6� �c�m�.� 

�T�h�e� �r�e�d�u�c�e�d� �s�o�l�i�d�i�t�y� �r�a�i�s�e�d� �t�h�e� �v�e�l�o�c�i�t�y� �c�o�e�f�f�i�c�i�e�n�t� �b�y� �a�b�o�u�t� �0�.�2� �f�o�r� �a�l�l� �p�r�e�s�s�u�r�e� �r�a�t�i�o�s�.� �T�h�a�t� �i�s�,� �t�h�e� 

�l�o�s�s� �w�a�s� �d�e�c�r�e�a�s�e�d�.� �A� �p�l�a�t�e�a�u� �o�f� �m�a�x�i�m�u�m� �v�e�l�o�c�i�t�y� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �o�c�c�u�r� �f�o�r� �P�,�)�/�P�,�x�i� �r�a�t�i�o�s� 

�b�e�t�w�e�e�n� �2�.�4� �a�n�d� �2�.�6�,� �w�h�e�r�e� �2�.�6� �r�e�p�r�e�s�e�n�t�s� �l�i�m�i�t� �l�o�a�d�i�n�g�.� �I�n� �h�i�s� �r�e�p�o�r�t�,� �P�l�o�h�r� �g�a�v�e� �n�o� �i�n�d�i�c�a�t�i�o�n� �o�f� 

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

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

�i�n� �t�h�e� �r�o�w�.� 

�3�.�6� �O�l�d�f�i�e�l�d� 

�T�h�e� �b�e�s�t� �a�p�p�r�o�a�c�h� �t�o� �s�o�l�i�d�i�t�y� �c�h�a�n�g�e� �i�n� �t�u�r�b�i�n�e� �b�l�a�d�e� �d�e�s�i�g�n� �w�a�s� �s�h�o�w�n� �b�y� �O�l�d�f�i�e�l�d� �(�R�e�f�.� �2�)�.� �H�e� 

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

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

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

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

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

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

�g�i�v�e�n� �i�n� �O�l�d�f�i�e�l�d ��s� �p�a�p�e�r�,� �t�h�e� �b�l�a�d�e�s� �a�l�l� �h�a�d� �a�n� �e�x�i�t� �m�e�t�a�l� �a�n�g�l�e� �o�f� �-�6�5�.�2� �d�e�g�r�e�e�s� �a�n�d� �a� �d�e�s�i�g�n� 

�i�s�e�n�t�r�o�p�i�c� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �o�f� �0�.�9�9�5�.� �T�h�e� �s�o�l�i�d�i�t�y� �v�a�l�u�e�s� �u�s�e�d� �w�e�r�e� �1�.�4�9�,� �1�.�3�0�,� �a�n�d� �1�.�1�9�.� �A�l�s�o�,� 

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

�t�h�r�o�a�t� �w�a�s� �c�h�a�n�g�e�d�.� 

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

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

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

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

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

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

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

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

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

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

�P�r�e�v�i�o�u�s� �R�e�s�e�a�r�c�h� �1�9



�4�.�0� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �N�O�V�A�K�2�D� 

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

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

�c�a�l�l�e�d� �N�O�V�A�K�2�D�.� �A�n� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� �c�a�p�a�b�i�l�i�t�i�e�s� �a�n�d� �u�s�a�g�e� �o�f� �t�h�i�s� �c�o�d�e� �w�i�l�l� �b�e� �g�i�v�e�n� �b�e�l�o�w�,� �w�i�t�h� 

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

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� �M�o�r�e� �d�e�t�a�i�l�e�d� �i�n�f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �R�e�f�e�r�e�n�c�e�s� �1�6� �o�r� �1�7�.� 

�N�O�V�A�K�2�D� �u�s�e�s� �a�n� �e�x�p�l�i�c�i�t� �f�o�u�r�t�h� �o�r�d�e�r� �R�u�n�g�e�-�K�u�t�t�a� �t�i�m�e� �m�a�r�c�h�i�n�g�,� �f�i�n�i�t�e� �v�o�l�u�m�e� �s�c�h�e�m�e� �t�o� 

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

�c�a�n� �s�o�l�v�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l�,� �q�u�a�s�i�-�3�D� �o�r� �a�x�i�s�y�m�m�e�t�r�i�c� �f�l�o�w� �p�r�o�b�l�e�m�s�.� �I�n� �t�h�e�s�e� �m�o�d�e�s� �t�h�e� �e�f�f�e�c�t�s� 

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

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

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

�o�f� �t�h�i�s� �d�i�s�c�u�s�s�i�o�n�,� �t�h�e�n�,� �w�i�l�l� �f�o�c�u�s� �o�n� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�p�a�b�i�l�i�t�i�e�s� �o�f� �N�O�V�A�K�2�D�.� 

�P�l�a�n�a�r� �c�a�s�c�a�d�e�s� �o�f� �t�u�r�b�i�n�e� �b�l�a�d�e�s�,� �s�u�c�h� �a�s� �t�h�o�s�e� �f�o�r� �t�h�i�s� �t�h�e�s�i�s�,� �r�e�q�u�i�r�e� �a� �q�u�a�s�i�-�3�D� �c�o�m�p�u�t�a�t�i�o�n�a�l� 

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

�p�i�t�c�h�l�i�n�e� �r�a�d�i�u�s� �o�f� �o�f� �2�5�.�3� �m�e�t�e�r�s�,� �a� �b�l�a�d�e� �s�p�a�n� �o�f� �1�5�.�2� �c�m�,� �a�n�d� �4�,�2�8�2� �b�l�a�d�e�s�.� �O�b�s�e�r�v�e�d� �i�n� �a� 

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

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �N�O�V�A�K�2�D� �2�0



�t�a�n�g�e�n�t�i�a�l� �d�i�r�e�c�t�i�o�n�.� �S�i�n�c�e� �a�l�l� �o�f� �G�E�A�E ��s� �b�l�a�d�e� �r�o�w� �f�l�o�w� �c�a�l�c�u�l�a�t�i�o�n� �c�o�d�e�s� �c�a�n� �o�n�l�y� �h�a�n�d�l�e� 

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

�T�h�e� �g�e�n�e�r�a�l� �f�o�r�m� �o�f� �t�h�e� �E�u�l�e�r� �e�q�u�a�t�i�o�n�s� �f�o�r� �q�u�a�s�i�-�3�D� �f�l�o�w� �i�s� �g�i�v�e�n� �b�e�l�o�w�,� �i�n� �c�o�n�s�e�r�v�a�t�i�v�e� �f�o�r�m�.� 

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

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

�Q�2�.� �T�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �w�,� �a�n�d� �w�,�,� �t�h�e� �s�p�e�c�i�f�i�c� �i�n�t�e�r�n�a�l� �e�n�e�r�g�y� �e�,� �a�n�d� �t�h�e� �r�o�t�h�a�l�p�y� �h�.� �T�h�e� 

�e�q�u�a�t�i�o�n�s� �a�r�e� �g�i�v�e�n� �b�y�:� 

�O�U�,� �O�F� �,� �6�G� �_� 
�a�t�t� �a�x� �+� �a�y� 

�w�h�e�r�e� 

�p� �p�w�y� 

�4�,� �|� �P�x� �p�w�, �� �+�P� 
�U�=�r�'�b� �F�=�r�b� 

�p�w�y� �p�w� �W�y� 

�p�e� �p�w�,�h� 

�p�w�,� �0� 

�d�(�r�b�)� �2�_�0�r� �G�e�r� �p�w�y�w�y� �W�e� �P� �O�x� �+� �p�d�(�w�,� �+� �u�n� �a�x� 

�2� �r� �p�w�y� �+� �P� �_� �p�b�w�,�(�w�,� �+� �2�Q�r�)� �a�x� 

�p�w�y�h� �0� 

�a�n�d� 

�_�_� �~�P� �1�.� �2� �2� �«�2�,�2� �C�=� �T�a�p� �1� �2� �x� �+� �w�, ��  �� �Q�'�r ��)� 

�_�_�_�»�?�P� �1�.�2�.�0�2�.� �9�2�2� �h�=�  ��h�p� �*� �2� �(�x� �+� �w�y�  �� �Q�'�r ��)�.� 

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �N�O�V�A�K�2�D� �2�1



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

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

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

�e�n�e�r�g�y� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �t�h�e� �t�i�m�e�-�m�a�r�c�h�i�n�g� �s�c�h�e�m�e�.� �I�f� �N�O�V�A�K�2�D� �i�s� �t�o� �b�e� �u�s�e�d� �i�n� �p�u�r�e�l�y� 

�t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�,� �r� �i�s� �s�e�t� �t�o� �o�n�e�,� �b� �i�s� �c�o�n�s�t�a�n�t�,� �Q� �i�s� �z�e�r�o�,� �a�n�d� �x� �a�n�d� �y� �b�e�c�o�m�e� �t�h�e� �u�s�u�a�l� 

�c�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e�s�.� �F�o�r� �t�h�i�s� �r�e�s�e�a�r�c�h�,� �t�h�e� �q�u�a�s�i�-�3�d� �m�o�d�e� �w�i�t�h� �Q� �=� �0� �w�a�s� �u�s�e�d�.� 

�T�h�e� �f�e�a�t�u�r�e� �w�h�i�c�h� �m�a�k�e�s� �N�O�V�A�K�2�D� �u�n�i�q�u�e� �a�n�d� �v�e�r�y� �u�s�e�f�u�l� �t�o� �a� �t�u�r�b�i�n�e� �d�e�s�i�g�n� �e�n�g�i�n�e�e�r� �i�s� �a�n� 

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

�g�r�i�d� �t�o� �g�e�t� �a� �c�o�r�r�e�c�t� �f�l�o�w�f�i�e�l�d� �s�o�l�u�t�i�o�n�.� �T�h�e� �g�r�i�d�-�g�e�n�e�r�a�t�i�o�n� �r�o�u�t�i�n�e� �i�n� �N�O�V�A�K�2�D� �c�a�n� �f�i�t� �a� �g�r�i�d� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�e�f�i�n�e�m�e�n�t�.� 

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �N�O�V�A�K�2�D� �2�2



�F�o�r� �a�n� �e�n�g�i�n�e�e�r� �a�t� �G�E�A�E� �t�o� �u�s�e� �N�O�V�A�K�2�D�,� �a�l�l� �t�h�a�t� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �i�n�p�u�t� �i�s� �a� �b�l�a�d�e� �g�e�o�m�e�t�r�y� �f�i�l�e� 

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

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

�t�h�e� �N�O�V�A�K�2�D� �s�o�l�v�e�r�,� �c�u�r�r�e�n�t�l�y� �r�u�n� �o�n� �a� �C�R�A�Y� �X�M�P� �w�i�t�h� �a� �V�A�X� �a�s� �f�r�o�n�t�-�e�n�d�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� 

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

�m�a�d�e�.� �T�h�e� �c�o�n�v�e�r�g�e�n�c�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �o�u�t�p�u�t� �v�a�r�i�a�b�l�e�s� �E�M�A�X� �a�n�d� �E�A�V�E�,� �l�i�s�t�e�d� �o�n� �a�n�y� 

�o�u�t�p�u�t� �(�s�e�e� �F�i�g�u�r�e� �1�6�)�,� �w�h�i�c�h� �a�r�e� �t�h�e� �m�a�x�i�m�u�m� �a�n�d� �a�v�e�r�a�g�e� �c�h�a�n�g�e� �i�n� �n�o�d�e� �p�r�o�p�e�r�t�i�e�s� �s�i�n�c�e� �t�h�e� 

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

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

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

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

�t�r�o�u�b�l�e� �s�p�o�t�)� �o�r� �s�i�m�i�l�a�r� �d�e�f�a�u�l�t� �v�a�r�i�a�b�l�e� �m�u�s�t� �b�e� �a�d�j�u�s�t�e�d�.� �S�i�m�i�l�a�r� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �n�o�d�e�s� �i�s� �t�h�e� 

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

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

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

�w�h�i�c�h� �m�i�n�i�m�i�z�e�s� �c�a�l�c�u�l�a�t�i�o�n� �t�i�m�e�.� �I�n� �g�e�n�e�r�a�l�,� �E�M�A�X� �a�n�d� �E�A�V�E� �s�h�o�u�l�d� �b�e� �o�f� �t�h�e� �o�r�d�e�r� �1�0�-�?� �o�r� 

�l�e�s�s�.� 

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

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

�a�p�p�e�n�d�i�x� �f�o�r� �t�h�e� �c�a�s�c�a�d�e�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �(�F�i�g�u�r�e� �1�6�)�,� �a�s� �w�e�l�l� �a�s� �b�l�a�d�e� �s�u�r�f�a�c�e� �M�a�c�h� �n�u�m�b�e�r� 

�p�l�o�t�s� �(�F�i�g�u�r�e� �1�4�)�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �i�n�v�i�s�c�i�d� �n�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�,� �t�w�o� �c�a�u�t�i�o�n�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �w�h�e�n� 

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

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

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

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

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

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

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

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

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

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

�o�f� �v�i�s�c�o�u�s� �e�d�d�i�e�s�,� �w�h�i�c�h� �e�n�f�o�r�c�e�s� �t�h�e� �K�u�t�t�a� �c�o�n�d�i�t�i�o�n�.� �I�n� �t�h�e� �i�n�v�i�s�c�i�d� �c�a�s�e� �t�h�e� �f�l�o�w� �f�o�l�l�o�w�s� �t�h�e� 

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

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

�5�.�1� �B�l�a�d�e� �G�e�o�m�e�t�r�y� 

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

�a�t� �V�P�I� �t�o� �c�h�a�n�g�e�s� �i�n� �s�o�l�i�d�i�t�y�.� �S�t�a�t�e�d� �a�n�o�t�h�e�r� �w�a�y�,� �t�h�e� �g�o�a�l� �w�a�s� �t�o� �d�i�s�c�o�v�e�r� �i�f� �t�h�e� �b�l�a�d�e� �w�a�s� �a�t� �i�t�s� 

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

 ��f�i�r�s�t� �l�o�o�k �� �a�t� �t�h�e� �s�o�l�i�d�i�t�y� �q�u�e�s�t�i�o�n� �f�o�r� �t�h�i�s� �t�r�a�n�s�o�n�i�c� �t�u�r�b�i�n�e� �b�l�a�d�e�.� �A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

�t� �c�o�s� �B�y� �=�.� 

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

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

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

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

�w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �R�e�f�e�r�e�n�c�e� �3�4�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �d�e�f�i�n�i�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �c�h�a�n�g�e� �i�n� �k�i�n�e�t�i�c� �e�n�e�r�g�y� 

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

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

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

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

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

�A �� �i�s� �t�h�e� �s�o�n�i�c� �a�r�e�a�.� �T�h�u�s� �w�h�e�n� �¢�/�s� �i�n�c�r�e�a�s�e�s�,� �A�/�A�°� �d�e�c�r�e�a�s�e�s�,� �t�h�e� �b�l�a�d�e� �e�x�i�t� �v�e�l�o�c�i�t�y� �d�e�c�r�e�a�s�e�s�,� �a�n�d� 

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

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

�k�e�e�p�i�n�g� �t�h�e� �t�h�r�o�a�t� �t�o� �s�p�a�c�i�n�g� �r�a�t�i�o� �c�o�n�s�t�a�n�t�,� �s�o� �t�h�a�t� �A�/�A�*� �i�s� �c�o�n�s�t�a�n�t�,� �a�n�d� �t�h�e� �e�x�i�t� �v�e�l�o�c�i�t�y� �i�s� 

�u�n�c�h�a�n�g�e�d�.� 

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

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

�B�a�s�e�l�i�n�e� �c�a�s�c�a�d�e�,� �t�/�s� �=� �0�.�3�5�3�0�,� �a�n�d� �t�h�i�s� �r�a�t�i�o� �w�a�s� �k�e�p�t� �c�o�n�s�t�a�n�t� �a�s� �t�h�e� �s�o�l�i�d�i�t�y� �w�a�s� �i�n�c�r�e�a�s�e�d� �a�n�d� 

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

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

�w�a�s� �d�o�n�e� �a�t� �G�E�A�E� �i�n� �C�i�n�c�i�n�a�t�t�i� �u�s�i�n�g� �t�h�e�i�r� �b�l�a�d�e� �d�e�s�i�g�n� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m�s�.� �U�s�i�n�g� �o�n�e� �o�f� �t�h�e�s�e� 

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

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

�C�U�T�S�L� �w�a�s� �t�h�e�r�e�f�o�r�e� �u�s�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �n�e�w� �b�l�a�d�e� �s�p�a�c�i�n�g�s� �a�n�d� �o�r�i�e�n�t�a�t�i�o�n�s� �f�o�r� �t�h�e� �r�e�q�u�i�r�e�d� �t�e�n� 

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

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

�c�a�s�c�a�d�e�s� �w�i�t�h� �f�i�v�e� �p�e�r�c�e�n�t� �s�o�l�i�d�i�t�y� �c�h�a�n�g�e�s� �w�e�r�e� �a�l�s�o� �d�e�s�i�g�n�e�d� �b�u�t� �a�n�a�l�y�s�i�s� �w�i�t�h� �N�O�V�A�K�2�D� �r�e�s�u�l�t�e�d� 

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

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

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

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

�e� �C�U�T�S�L� �o�u�t�p�u�t�s� �c�a�l�c�u�l�a�t�e�d� �s�o�l�i�d�i�t�y�.� 

�e� �A�d�j�u�s�t� �r�o�t�a�t�i�o�n� �t�o� �m�a�t�c�h� �r�e�q�u�i�r�e�d� �s�o�l�i�d�i�t�y�.� �R�e�p�e�a�t� �u�n�t�i�l� �m�a�t�c�h�e�d�.� 

�e� �=� �I�f� �¢�/�s� �n�o�t� �c�o�r�r�e�c�t�,� �r�e�p�e�a�t� �a�b�o�v�e� �s�t�e�p�s� �u�n�t�i�l� �c�o�r�r�e�c�t�.� 

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

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

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

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

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

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

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

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

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

�r�o�t�a�t�i�o�n�s�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�s� �t�a�b�u�l�a�t�e�d� �i�n� �T�a�b�l�e� �1�.� �T�h�e� �¢�/�s� �r�a�t�i�o�s� �a�r�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�r�e�e� �s�i�g�n�i�f�i�c�a�n�t� 

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

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

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

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

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �C�U�T�S�L� �b�e�c�a�u�s�e� �o�f� �a� �p�r�o�g�r�a�m� �b�u�g�,� �s�o� �i�t� �w�a�s� �e�s�t�i�m�a�t�e�d� �w�i�t�h� �t�h�e� �h�e�l�p� �o�f� �C�A�D�A�M�,� 

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

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

�5�.�2� �B�l�a�d�e� �L�o�a�d�i�n�g� 

�T�h�e� �b�l�a�d�e� �l�o�a�d�i�n�g� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �Z�w�e�i�f�e�l� �l�o�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�  ��¥�Y�,�,� �w�h�i�c�h� �i�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�.� 

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

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

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

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

�o�b�t�a�i�n�e�d� �w�i�t�h� �N�O�V�A�K�2�D�.� �T�h�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �n�e�x�t� �c�h�a�p�t�e�r�,� �b�u�t� �t�h�e� 

�v�a�l�u�e�s� �o�f� �i�n�l�e�t� �a�n�d� �e�x�i�t� �a�i�r� �a�n�g�l�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.� �P�l�u�g�g�i�n�g� �i�n�t�o� �t�h�e� �Z�w�e�i�f�e�l� �f�o�r�m�u�l�a� �g�i�v�e�n� �i�n� 

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

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

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

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

�s�o�l�i�d�i�t�y�.� 

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

�f�o�r� �a� �l�a�r�g�e� �c�o�m�m�e�r�c�i�a�l� �a�i�r�c�r�a�f�t� �e�n�g�i�n�e�.� �I�t� �i�s� �d�i�f�f�e�r�e�n�t� �i�n� �t�w�o� �r�e�s�p�e�c�t�s�:� �s�c�a�l�e� �a�n�d� �f�o�r�w�a�r�d� �l�o�a�d�i�n�g�.� 
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�T�h�e� �b�l�a�d�e� �w�h�i�c�h� �w�a�s� �t�e�s�t�e�d�,� �c�a�l�l�e�d� �t�h�e� �V�P�I� �b�l�a�d�e�,� �h�a�s� �a�n� �a�x�i�a�l� �c�h�o�r�d� �o�f� �3�8�.�1� �m�m�.� �T�h�e� �a�c�t�u�a�l� �b�l�a�d�e� 

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

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

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

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

�a�n�d� �t�h�e� �V�P�I� �b�l�a�d�e� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �8�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �f�i�g�u�r�e�,� �F�i�g�u�r�e� �9�,� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �t�h�a�t� 

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

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

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

�i�s� �m�u�c�h� �s�m�a�l�l�e�r� �f�o�r� �t�h�e� �V�P�I� �b�l�a�d�e�.� 

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

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

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

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

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

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

�s�e�p�a�r�a�t�i�o�n� �d�o�e�s�n ��t� �o�c�c�u�r� �f�o�r� �a�n�y� �o�f� �t�h�e� �s�o�l�i�d�i�t�y� �c�a�s�e�s� �t�e�s�t�e�d� �u�s�i�n�g� �t�h�e� �V�P�I� �p�r�o�f�i�l�e�,� �i�t� �s�h�o�u�l�d� �n�o�t� 

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

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

�c�a�l�c�u�l�a�t�i�o�n�s� �o�n� �t�h�e� �V�P�I� �b�l�a�d�e� �a�t� �G�E�A�B�)�,� �i�t�s� �e�f�f�e�c�t� �c�a�n� �b�e� �d�i�s�r�e�g�a�r�d�e�d�.� �A�l�s�o�,� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� 

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

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

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

�s�u�c�t�i�o�n� �s�i�d�e� �s�u�r�f�a�c�e� �o�n� �t�h�e� �e�n�g�i�n�e� �b�l�a�d�e�.� 
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�5�.�3� �C�a�s�c�a�d�e� �C�o�n�s�t�r�u�c�t�i�o�n� 

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

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

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

�s�o�l�i�d�i�t�y� �i�n�c�r�e�a�s�e� �(�s�e�e� �T�a�b�l�e� �1�)�.� �N�o�t�e� �t�h�a�t� �t�h�e�s�e� �n�i�c�e� �e�v�e�n� �n�u�m�b�e�r�s�,� �w�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� 

�r�e�s�p�e�c�t�i�v�e� �b�l�a�d�e� �s�p�a�c�i�n�g�s�,� �d�o� �n�o�t� �a�d�d� �u�p� �t�o� �t�h�e� �a�v�a�i�l�a�b�l�e� �t�u�n�n�e�l� �h�e�i�g�h�t� �(�3�7�3�.�4� �c�m�)�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n� 

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

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

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

�c�h�a�n�g�e�d�.� �D�r�a�w�i�n�g�s� �o�f� �t�h�e� �t�h�r�e�e� �c�a�s�c�a�d�e�s�,� �a�s� �t�e�s�t�e�d�,� �a�r�e� �f�o�u�n�d� �i�n� �F�i�g�u�r�e� �1�0�,� �F�i�g�u�r�e� �1�1�,� �a�n�d� 

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

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

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

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

�i�m�p�o�r�t�a�n�t� �t�o� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� �3�0



�6�.�0� �C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� 

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

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

�N�O�V�A�K�2�D� �(�s�e�e� �C�h�a�p�t�e�r� �4�)� �t�o� �s�e�e� �t�h�e� �r�e�l�a�t�i�v�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �b�l�a�d�e� �M�a�c�h� �n�u�m�b�e�r� 

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

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

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

�N�O�V�A�K�2�D� �l�i�s�t�s� �e�x�i�t� �p�r�o�p�e�r�t�i�e�s� �(�M�a�c�h� �n�u�m�b�e�r�,� �e�x�i�t� �f�l�o�w� �a�n�g�l�e�)� �a�t� �t�h�e� �b�l�a�d�e� �e�x�i�t� �p�l�a�n�e�,� �s�u�b�s�c�r�i�p�t�e�d� 

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

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

�2�,� �a�n�d� �a�r�e� �l�o�c�a�t�e�d� �a�t� �a�x�i�a�l� �d�i�s�t�a�n�c�e� �t�o� �c�h�o�r�d� �r�a�t�i�o�s� �o�f� �1�.�1�7� �a�n�d� �1�.�6�7� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�o� �f�a�c�i�l�i�t�a�t�e� 

�c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �c�a�l�c�u�l�a�t�i�o�n� �a�n�d� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �t�a�p�s� �a�t� �S�t�a�t�i�o�n�s� �1� 

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

�s�t�a�t�i�c� �p�r�e�s�s�u�r�e�s� �(�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s�)� �a�t� �a�l�l� �t�h�e� �t�a�p� �l�o�c�a�t�i�o�n�s� �f�o�r� �S�t�a�t�i�o�n� �1�,� �t�h�e� 

�d�o�w�n�s�t�r�e�a�m� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �P�,�;� �w�a�s� �c�o�m�p�u�t�e�d�.� �T�h�e�n� �u�s�i�n�g� �t�h�e� �u�p�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �(�P�x�)� �t�h�e� 

�i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r�,� �M�,�;�,�,� �i�s� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �p�r�e�s�s�u�r�e� �r�a�t�i�o� �P�,�/�P�,� �a�n�d� �i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r� 

�M�2�,�,� �a�r�e� �u�s�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �M�o�r�e� �w�i�l�l� �b�e� �s�a�i�d� �a�b�o�u�t� 

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

�C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� �3�1



�6�.�1� �B�l�a�d�e� �S�u�r�f�a�c�e� �M�a�c�h� �N�u�m�b�e�r� 

�T�h�e� �b�l�a�d�e� �M�a�c�h� �n�u�m�b�e�r� �p�r�o�f�i�l�e�s�,� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�s�t�-�p�r�o�c�e�s�s�o�r� �f�o�r� �N�O�V�A�K�2�D�,� �a�r�e� �c�o�m�p�a�r�e�d� 

�o�n� �F�i�g�u�r�e� �1�4�.� �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� �o�n�l�y� �m�a�d�e� �f�o�r� �o�n�e� �s�e�t� �o�f� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�,� �n�a�m�e�l�y� 

�P�x� �=� �4�6�9� �k�p�a� �a�t� �t�h�e� �i�n�l�e�t� �t�o� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �r�e�g�i�o�n� �a�n�d� �P�,�,�.�4� �=� �1�7�7� �k�p�a� �a�t� �t�h�e� �e�x�i�t� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� 

�r�e�g�i�o�n� �(�n�o�t� �t�h�e� �b�l�a�d�e� �e�x�i�t�)�.� �T�h�i�s� �g�a�v�e� �a� �p�r�e�s�s�u�r�e� �r�a�t�i�o� �P�x�]� �P�s�e�x�%� �o�f� �2�.�6�5�.� �N�o�t�e� �t�h�a�t� �t�h�e� �r�a�t�i�o� �P�u�/�P�2� 

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

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

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

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

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

�M�2�,� �v�a�r�y� �s�l�i�g�h�t�l�y� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �p�a�r�a�g�r�a�p�h�.� �T�h�e� 

�i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r� �a�t� �S�t�a�t�i�o�n� �1� �1�s� �a�b�o�u�t� �1�.�3�0� �f�o�r� �t�h�e� �p�r�e�s�c�r�i�b�e�d� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� �D�e�s�i�g�n� 

�M�a�c�h� �n�u�m�b�e�r� �i�s� �r�o�u�g�h�l�y� �1�.�2�.� 

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

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

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

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

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

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

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

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

�C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� �3�2



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

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

�s�i�d�e� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �1�s� �1�.�0� �f�o�r� �a�l�l� �t�h�r�e�e� �c�a�s�c�a�d�e�s�,� �s�i�n�c�e� �t�h�e� �t�h�r�o�a�t� �i�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� 

�t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �c�i�r�c�l�e�.� 

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

�a�t� �x�/�c� �o�f� �a�b�o�u�t� �0�.�8� �i�n�d�i�c�a�t�e�s� �t�h�e� �i�m�p�i�n�g�e�m�e�n�t� �o�f� �a�n� �o�b�l�i�q�u�e� �s�h�o�c�k� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �t�h�e� �p�r�e�s�s�u�r�e� �s�i�d�e� 

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

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

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

�7�.� �F�o�r� �t�h�e� �B�a�s�e�l�i�n�e� �c�a�s�e�,� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �s�h�o�c�k� �i�n�t�e�r�a�c�t�i�o�n� �t�h�e� �f�l�o�w� �c�o�n�t�i�n�u�e�s� �t�o� �a�c�c�e�l�e�r�a�t�e� �u�n�t�i�l� 

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

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

�c�a�s�e� �(�U�N� �1�0�)�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �d�i�f�f�u�s�i�o�n� �i�s� �a�l�m�o�s�t� �d�o�u�b�l�e�d�,� �a�n�d� �f�o�r� �t�h�e� �h�i�g�h� �s�o�l�i�d�i�t�y� 

�c�a�s�e� �(�O�V�1�0�)� �t�h�e� �f�l�o�w� �a�c�c�e�l�e�r�a�t�e�s� �u�p� �t�o� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e�.� �T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� 

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

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

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

�1�.�3�2� �t�o� �1�.�4� �a�s� �t�h�e� �s�o�l�i�d�i�t�y� �i�n�c�r�e�a�s�e�s�.� �S�i�n�c�e� �t�h�e� �u�n�g�u�i�d�e�d� �t�u�r�n�i�n�g� �d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� �s�o�l�i�d�i�t�y� �i�n�c�r�e�a�s�e�s�,� 

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

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

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

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

�T�a�b�l�e� �2�)�.� 

�C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� �3�3



�6�.�2� �I�n�l�e�t� �a�n�d� �E�x�i�t� �F�l�o�w� 

�N�O�V�A�K�2�D� �o�u�t�p�u�t�s� �t�h�e� �p�i�t�c�h� �a�v�e�r�a�g�e�d� �i�n�l�e�t� �a�n�d� �e�x�i�t� �p�l�a�n�e� �M�a�c�h� �n�u�m�b�e�r� �a�n�d� �f�l�o�w� �a�n�g�l�e�s�.� �T�h�e� 

�v�a�l�u�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.� �F�r�o�m� �t�h�e� �v�a�l�u�e�s� �o�f� �M�.�,�;�,� �a�n�d� �#�2� �i�t� �s�e�e�m�s� �t�h�a�t� �t�h�e� �d�e�s�i�g�n� �g�o�a�l�s� �h�a�v�e� 

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

�n�u�m�b�e�r�s� �a�r�e� �n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l�.� �T�h�e� �i�n�l�e�t� �M�a�c�h� �n�u�m�b�e�r� �a�n�d� �f�l�o�w� �a�n�g�l�e� �a�r�e� �u�n�c�h�a�n�g�e�d� �a�t� �0�.�2�]� �a�n�d� 

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

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

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

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

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

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

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

�6�.�3� �C�o�n�v�e�r�g�e�n�c�e� 

�A�l�s�o� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2� �i�s� �c�o�n�v�e�r�g�e�n�c�e� �i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� �c�o�n�v�e�r�g�e�n�c�e� �f�a�c�t�o�r�s� �E�M�A�X� �a�n�d� �E�A�V�E� �f�o�r� 

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

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

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

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

�C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� �3�4



�6�.�4� �F�l�o�w�f�i�e�l�d� �P�r�e�s�s�u�r�e� �C�o�n�t�o�u�r�s� 

�T�h�e� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�s�t�-�p�r�o�c�e�s�s�o�r� �f�o�r� �N�O�V�A�K�2�D� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�6� 

�t�h�r�o�u�g�h� �F�i�g�u�r�e� �1�8�.� �T�h�e� �s�o�n�i�c� �l�i�n�e�,� �w�h�i�c�h� �i�s� �g�i�v�e�n� �b�y� �P� �=� �3�6� �p�s�i�,� �i�s� �s�e�e�n� �t�o� �o�r�i�g�i�n�a�t�e� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� 

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

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

�u�p�s�t�r�e�a�m� �f�o�r� �t�h�e� �l�o�w� �s�o�l�i�d�i�t�y� �c�a�s�e� �(�U�N�1�0�,� �F�i�g�u�r�e� �1�6�)�.� �T�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �s�h�o�c�k� �i�s� �s�e�e�n� �c�l�e�a�r�l�y� �i�n� �e�a�c�h� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�e�s�u�l�t�s�.� 

�C�o�m�p�u�t�e�d� �R�e�s�u�l�t�s� �3�5



�7�.�0� �O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� 

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

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

�p�r�e�v�i�o�u�s� �t�h�e�s�e�s� �b�y� �s�t�u�d�e�n�t�s� �w�h�o� �h�a�v�e� �w�o�r�k�e�d� �o�n� �t�h�i�s� �p�r�o�j�e�c�t�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �s�e�e� �B�e�r�t�s�c�h� �(�R�e�f�.� �4�)� 

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

�7�.�1� �T�h�e� �F�a�c�i�l�i�t�y� 

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

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

�p�r�e�s�s�u�r�e� �u�s�e�d� �f�o�r� �t�r�a�n�s�o�n�i�c� �t�e�s�t�s� �i�s� �a�b�o�u�t� �1�7�2�5� �k�p�a� �(�2�5�0� �p�s�i�)�.� �T�u�n�n�e�l� �r�u�n� �t�i�m�e� �i�s� �a�b�o�u�t� �1�8� �s�e�c�o�n�d�s�,� 

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

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

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

�t�h�e� �t�u�n�n�e�l� �f�l�o�w�.� 

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �3�6



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

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

�o�f� �1�5�.�2� �c�m� �w�i�d�e� �b�y� �3�7�.�3� �c�m� �h�i�g�h�.� �S�e�e� �F�i�g�u�r�e� �1�9� �f�o�r� �a� �p�h�o�t�o� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�.� �T�h�e� �i�n�l�e�t� �i�s� �f�r�o�m� 

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

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

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

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

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

�i�n� �t�h�i�s� �c�a�s�e� �l�o�w� �s�o�l�i�d�i�t�y� �(�U�N�1�0�)�,� �i�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �2�0�.� �T�h�e�r�e� �a�r�e� �t�e�n� �b�l�a�d�e�s�,� �p�l�e�x�i�g�l�a�s�s� �e�n�d�w�a�l�l�s�,� 

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

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

�7�.�2� �D�a�t�a� �C�o�l�l�e�c�t�i�o�n� 

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

�p�a�r�t�i�c�u�l�a�r� �o�r�d�e�r�.� 

�e� �A�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e�,� �P�o�r�m�.� 

�¢� �U�p�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e�,� �P�y�,� �d�u�r�i�n�g� �e�n�t�i�r�e� �r�u�n� �(�t�r�a�n�s�d�u�c�e�r�  ��R�I�E�S�S ��)�.� 

�¢� �T�o�t�a�l� �p�r�e�s�s�u�r�e� �d�i�f�f�e�r�e�n�c�e�,� �P�1�1�  �� �P�2� �o�r� �A�P�,�,� �d�u�r�i�n�g� �e�n�t�i�r�e� �r�u�n� �(�t�r�a�n�s�d�u�c�e�r�  ��F�L�O ��)�.� 

�e� �E�n�d�w�a�l�l� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�s�,� �b�o�t�h� �s�t�a�t�i�o�n�s�,� �P�|� �5�7�,� �a�n�d� �P�|� �.�;�y�)�,� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �r�u�n�.� 

�¢� �U�p�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e�,� �P�i�l�;�.�.�,�,� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �a�s� �t�h�e� �e�n�d�w�a�l�l� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�s�.� 

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

�e� �S�h�a�d�o�w�g�r�a�p�h� �p�i�c�t�u�r�e�s�.� 

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �3�7



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

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

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

�l�a�b�e�l�e�d�  ��R�I�E�S�S�. �� �T�h�e� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �c�o�m�p�u�t�e�r� �c�o�l�l�e�c�t�s� �d�a�t�a� �f�r�o�m� �R�I�E�S�S� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �r�u�n�.� 

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

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

�l�o�c�a�t�i�o�n�s�,� �e�i�t�h�e�r� �S�t�a�t�i�o�n� �1� �(�x�/�c� �=� �1�.�1�7�)� �o�r� �S�t�a�t�i�o�n� �2� �(�x�/�c� �=� �1�.�6�7�)�.� �T�h�e� �d�o�w�n�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e� 

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

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

�c�o�m�p�u�t�e�r� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �a�s� �t�h�e� �d�a�t�a� �f�r�o�m� �R�I�E�S�S� �i�s� �r�e�a�d�.� �A�b�o�u�t� �e�i�g�h�t� �h�u�n�d�r�e�d� �d�a�t�a� �p�o�i�n�t�s� �a�r�e� 

�t�a�k�e�n� �d�u�r�i�n�g� �a� �t�y�p�i�c�a�l� �r�u�n�,� �e�a�c�h� �d�a�t�a� �p�o�i�n�t� �b�e�i�n�g� �a� �s�e�t� �o�f� �R�I�E�S�S�,� �F�L�O� �r�e�a�d�i�n�g�s�.� �A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� 

�d�a�t�a� �t�a�k�e�n� �b�y� �F�L�O� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�2�.� �L�e�f�t� �t�o� �r�i�g�h�t� �o�n� �t�h�e� �f�i�g�u�r�e� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �b�o�t�t�o�m� �t�o� 

�t�o�p� �i�n� �t�h�e� �c�a�s�c�a�d�e�.� �T�h�a�t� �i�s�,� �d�a�t�a� �i�s� �t�a�k�e�n� �w�h�i�l�e� �t�h�e� �t�r�a�v�e�r�s�e� �t�r�a�v�e�l�s� �u�p�w�a�r�d�s�.� �T�h�e� �d�a�t�a� �f�r�o�m� �R�I�E�S�S�,� 

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

�m�e�a�s�u�r�e�d� �b�y� �F�L�O�.� 

�A� �s�e�p�a�r�a�t�e� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �s�y�s�t�e�m�,� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �3�2�-�c�h�a�n�n�e�l� �P�S�I� �s�y�s�t�e�m�,� �r�e�c�o�r�d�s� �e�n�d�w�a�l�l� �s�t�a�t�i�c� 

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

�T�h�i�r�t�e�e�n� �p�r�e�s�s�u�r�e�s� �a�r�e� �m�e�a�s�u�r�e�d� �a�t� �S�t�a�t�i�o�n� �1� �(�P�|�,�;�,�,�)� �a�n�d� �t�h�i�r�t�e�e�n� �a�r�e� �m�e�a�s�u�r�e�d� �a�t� �S�t�a�t�i�o�n� �2� �(� 

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

�d�i�f�f�e�r�e�n�t�l�y� �f�o�r� �e�a�c�h� �c�a�s�c�a�d�e�.� �T�h�e� �P�S�I� �s�y�s�t�e�m� �a�l�s�o� �m�e�a�s�u�r�e�s� �t�h�e� �u�p�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �P�,� �|� �2�0�,� �U�S�I�N�G� 

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

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

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

�d�a�t�a� �f�r�o�m� �t�h�e� �P�S�I� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�0�.� 

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

�b�l�a�d�e� �s�u�r�f�a�c�e�.� �T�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �t�a�p�s� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �3�9�.� �N�o�t�e� �t�h�a�t� �t�h�e� �a�x�i�a�l� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� 

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

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �3�8



�a�r�e� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �P�S�I� �s�y�s�t�e�m�.� �F�i�n�a�l�l�y�,� �s�h�a�d�o�w�g�r�a�p�h� �p�i�c�t�u�r�e�s� �a�r�e� �t�a�k�e�n� �f�o�r� �s�o�m�e� �r�u�n�s�.� �A�n� 

�e�x�a�m�p�l�e� �i�s� �g�i�v�e�n� �b�y� �F�i�g�u�r�e� �7�4�.� 

�7�.�3� �A�s�s�u�m�p�t�i�o�n�s� 

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

�¢� �T�o�t�a�l� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �c�o�n�s�t�a�n�t� �t�h�r�o�u�g�h� �t�h�e� �b�l�a�d�e� �r�o�w� �f�o�r� �t�h�e� �e�n�t�i�r�e� �r�u�n� �a�t� �a� �v�a�l�u�e� �o�f� �2�8�3� �d�e�g�r�e�e�s� 

�K�e�l�v�i�n�.� 

�e� �T�h�e� �e�n�d�w�a�l�l� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�s� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �P�S�I� �s�y�s�t�e�m� �a�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�s� 

�a�t� �t�h�e� �c�a�s�c�a�d�e� �c�e�n�t�e�r�.� 

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

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

�e�n�d�w�a�l�l� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�.� 

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

�e� �T�h�e� �b�l�a�d�e� �p�a�s�s�a�g�e� �f�l�o�w� �i�s� �a�s�s�u�m�e�d� �i�s�e�n�t�r�o�p�i�c� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �M�3�2�,�,�.� 

�@� �T�h�e� �M�a�c�h� �n�u�m�b�e�r� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �t�r�a�v�e�r�s�i�n�g� �p�r�o�b�e� �b�o�w� �s�h�o�c�k� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �e�q�u�a�l� �t�o� �M�3�,�.�.� 

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

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �3�9



�7�.�4� �D�a�t�a� �R�e�d�u�c�t�i�o�n� 

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

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

�g�i�v�e�n� �b�y� 

� � 

�w�h�e�r�e� �0� �<� �y� �<� �1� �r�e�p�r�e�s�e�n�t�s� �t�w�o� �b�l�a�d�e� �s�p�a�c�i�n�g�s�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �o�u�t�l�i�n�e�d� �b�e�l�o�w�.� 

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

�P�r�i� �s�r�m� �a�n�d� �P�|� �s�r�x�p�-� 

�¢� �A�t� �S�t�a�t�i�o�n� �1�,� �M�z�;� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �P�n�|�,�,�,�,� �a�n�d� �P�2� �|� �¢�r�m�-� 

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

�e� �A�t� �S�t�a�t�i�o�n� �2�,� �P�,� �|� �,�,�,�,� �i�s� �c�o�r�r�e�l�a�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �P�,� �(�s�e�e� �F�i�g�u�r�e� �2�2�)�.� 

�T�h�e� �n�e�x�t� �s�i�x� �s�t�e�p�s� �a�r�e� �d�o�n�e� �f�o�r� �e�a�c�h� �d�a�t�a� �p�o�i�n�t�:� 

�e� �R�e�a�d� �i�n� �R�I�E�S�S�,� �F�L�O� �d�a�t�a� �p�o�i�n�t�s�.� 

�¢� �C�o�m�p�u�t�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �P� �f�r�o�m� �P�y� �a�n�d� �M�3�.� 

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

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

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �4�0



�¢� �C�o�m�p�u�t�e� �s�t�a�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� �T� �f�r�o�m� �7�,� �a�n�d� �M�2�,� �b�y� �t�h�e� �i�s�e�n�t�r�o�p�i�c� �r�e�l�a�t�i�o�n�.� 

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

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

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

�O�b�t�a�i�n� �M�,�,�;�,� �f�r�o�m� �t�h�e� �M�a�c�h� �n�u�m�b�e�r� �c�o�r�r�e�l�a�t�i�o�n�.� 

�F�i�n�a�l�l�y�,� �t�h�e� �l�o�s�s� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�v�e�r�a�g�e�d�:� 

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

�e� �D�i�v�i�d�e� �b�y� �2� �t�o� �a�v�e�r�a�g�e� �t�h�e� �l�o�s�s� �f�o�r� �o�n�e� �p�a�s�s�a�g�e�.� 

�e� �A�v�e�r�a�g�e� �M�2�;� �v�a�l�u�e�s� �o�v�e�r� �a� �p�a�s�s�a�g�e�.� 

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

�n�u�m�b�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�0�.� 

�O�v�e�r�v�i�e�w� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d� �4�1



�8�.�0� �E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� 

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

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

�c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �N�O�V�A�K�2�D� �c�o�m�p�u�t�a�t�i�o�n�s� �w�h�e�r�e� �p�o�s�s�i�b�l�e�,� �t�o� �g�i�v�e� �a�n� �i�d�e�a� �o�f� �t�h�e� �u�s�e�f�u�l�n�e�s�s� �o�f� 

�t�h�e� �c�o�d�e� �a�s� �a� �d�e�s�i�g�n� �t�o�o�l�.� 

�8�.�1� �B�l�a�d�e� �S�u�r�f�a�c�e� �S�t�a�t�i�c� �P�r�e�s�s�u�r�e�s� 

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

�F�i�g�u�r�e� �2�3� �t�h�r�o�u�g�h� �F�i�g�u�r�e� �2�5�.� �T�h�e� �c�a�l�c�u�l�a�t�e�d� �p�r�e�s�s�u�r�e� �r�a�t�i�o� �P�y�/�P�2� �f�o�r� �a�l�l� �t�h�r�e�e� �s�o�l�i�d�i�t�y� �c�a�s�e�s� �w�a�s� 

�a�b�o�u�t� �2�.�7�,� �a�n�d� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �a�v�e�r�a�g�i�n�g� �t�h�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �f�r�o�m� �t�h�e� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �a�t� �S�t�a�t�i�o�n� 

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�2



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

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

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

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

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

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

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

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

�i�n� �t�h�e� �p�r�e�s�s�u�r�e� �s�i�d�e� �s�h�o�c�k� �l�o�c�a�t�i�o�n� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �s�e�e� �F�i�g�u�r�e� �7�0� �f�o�r� �a� 

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

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

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

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

�8�.�2� �C�o�m�p�a�r�i�s�o�n� �o�f� �B�l�a�d�e� �L�o�a�d�i�n�g�s� 

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

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

�i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r�s� �a�r�e� �f�o�u�n�d� �i�n� �F�i�g�u�r�e� �2�6� �t�h�r�o�u�g�h� �F�i�g�u�r�e� �3�2�.� �T�h�e� �p�r�e�s�s�u�r�e� �s�i�d�e� �l�o�a�d�i�n�g� �a�n�d� 

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

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

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

�v�a�l�u�e� �o�f� �a�b�o�u�t� �0�.�6�5� �i�s� �t�h�e� �s�a�m�e� �f�o�r� �a�l�l� �M�a�c�h� �n�u�m�b�e�r�s�.� �T�h�i�s� �s�u�p�p�o�r�t�s� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �l�o�s�s� 

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�3



�d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �b�l�a�d�e� �p�r�o�f�i�l�e�s� �o�c�c�u�r� �f�o�r� �x�/�c� �l�e�s�s� �t�h�a�n� �a�b�o�u�t� �0�.�4�.� �N�o�t�e� �t�h�a�t� �t�h�e� �t�r�e�n�d�s� �i�n� �s�u�c�t�i�o�n� 

�s�i�d�e� �p�e�a�k� �a�n�d� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �i�n� �F�i�g�u�r�e� �2�6� �a�r�e� �n�o�t� �r�e�p�e�a�t�e�d� �f�o�r� �t�h�e� �o�t�h�e�r� �M�a�c�h� �n�u�m�b�e�r�s�.� �T�h�e�r�e� 

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

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

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

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

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

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

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

�I�n� �F�i�g�u�r�e� �2�6� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �h�i�g�h� �s�o�l�i�d�i�t�y� �c�a�s�e� �(�O�V�1�0�)� �h�a�s� �a� �l�a�r�g�e�r� �s�u�c�t�i�o�n� �s�u�r�f�a�c�e� �d�i�f�f�u�s�i�o�n� �t�h�a�n� 

�t�h�e� �o�t�h�e�r� �c�a�s�e�s�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �f�o�r� �x�/�c� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �0�.�6�2� �a�n�d� �0�.�7�6�,� �O�V�1�0� �e�x�h�i�b�i�t�s� �a� �l�a�r�g�e�r� �d�i�f�f�u�s�i�o�n�.� 

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

�p�a�s�t� �b�l�a�d�e� �d�e�s�i�g�n� �e�x�p�e�r�i�e�n�c�e� �i�n� �t�h�e� �i�n�d�u�s�t�r�y�.� �T�h�u�s�,� �O�V�1�0� �i�s� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �a� �h�i�g�h�e�r� �l�o�s�s� �t�h�a�n� �t�h�e� 

�l�o�w�e�r� �s�o�l�i�d�i�t�i�e�s�,� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �c�h�a�n�g�e� �i�n� �s�o�l�i�d�i�t�y�.� �T�h�i�s� �i�s� �a� �c�o�m�p�l�i�c�a�t�i�n�g� �f�a�c�t�o�r�.� �T�h�e� �O�V�1�0� 

�c�a�s�c�a�d�e� �c�o�n�t�i�n�u�e�s� �t�o� �s�h�o�w� �t�h�i�s� �l�a�r�g�e�r� �d�i�f�f�u�s�i�o�n� �f�o�r� �M�a�c�h� �n�u�m�b�e�r�s� �b�e�l�o�w� �1�.�1�9�,� �w�h�i�l�e� �t�h�e� �U�N�1�0� �a�n�d� 

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

�F�o�r�t�u�n�a�t�e�l�y� �s�u�c�t�i�o�n�  ��s�u�r�f�a�c�e� �d�i�f�f�u�s�i�o�n� �c�e�a�s�e�s� �t�o� �b�e� �a� �p�r�o�b�l�e�m� �f�o�r� �M�z�,�>�1�.�1�9�.� �R�e�f�e�r�r�i�n�g� �t�o� 

�F�i�g�u�r�e� �3�0�,� �a�l�l� �t�h�r�e�e� �s�o�l�i�d�i�t�i�e�s� �s�h�o�w� �r�o�u�g�h�l�y� �e�q�u�a�l� �d�i�f�f�u�s�i�o�n�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �s�h�o�c�k�/�b�o�u�n�d�a�r�y� �l�a�y�e�r� 

�i�n�t�e�r�a�c�t�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �s�i�m�i�l�a�r� �a�c�c�e�l�a�r�a�t�i�o�n�s� �u�p� �t�o� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e�.� �S�i�n�c�e� �M�2�;� �=� �1�.�1�9� �i�s� �n�e�a�r� �t�h�e� 

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

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

�T�h�e� �b�l�a�d�e� �l�o�a�d�i�n�g�s� �f�o�r� �t�h�e� �w�h�o�l�e� �r�a�n�g�e� �o�f� �t�e�s�t�e�d� �M�a�c�h� �n�u�m�b�e�r�s� �a�r�e� �o�v�e�r�l�a�i�d� �i�n� �F�i�g�u�r�e� �3�3� �t�o� 

�F�i�g�u�r�e� �3�8�.� �S�e�p�a�r�a�t�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �f�o�r� �e�a�c�h� �b�l�a�d�e�.� �A�l�s�o�,� �b�o�t�h� �t�h�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�4



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

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

�8�.�3� �W�a�l�l� �S�t�a�t�i�c� �P�r�e�s�s�u�r�e� 

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

�3�2�-�c�h�a�n�n�e�l� �P�S�I� �s�y�s�t�e�m�.� �L�e�f�t� �t�o� �r�i�g�h�t� �o�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�o�p� �t�o� �b�o�t�t�o�m� �o�n� �t�h�e� 

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

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

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

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

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

�i�s� �i�n�c�l�u�d�e�d� �(�a�t� �0�.�0�)�.� �A�l�s�o�,� �v�a�l�u�e�s� �l�e�s�s� �t�h�a�n� �z�e�r�o� �o�r� �g�r�e�a�t�e�r� �t�h�a�n� �o�n�e� �o�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �i�n�d�i�c�a�t�e� 

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

�p�r�e�s�s�u�r�e� �v�a�l�u�e�s� �s�e�p�a�r�a�t�e�d� �b�y� �a� �h�e�i�g�h�t�/�s�p�a�c�i�n�g� �v�a�l�u�e� �o�f� �1�.�0�.� �F�o�r� �e�x�a�m�p�l�e�,� �o�n� �F�i�g�u�r�e� �4�0�,� �t�h�e� �f�i�r�s�t� 

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

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

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

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

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

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

�t�h�e� �c�o�m�p�u�t�a�t�i�o�n�s� �o�v�e�r�-�p�r�e�d�i�c�t� �t�h�e� �a�m�o�u�n�t� �o�f� �p�r�e�s�s�u�r�e� �r�i�s�e� �a�c�r�o�s�s� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �s�h�o�c�k�s�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �o�n� �F�i�g�u�r�e� �4�3� �(�B�a�s�e�l�i�n�e� �c�a�s�c�a�d�e�)� �t�h�e� �s�h�o�c�k� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �t�h�e� �t�a�p�s� �a�t� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� 

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�5



�t�h�e� �U�N�1�0� �a�n�d� �O�V�1�O� �c�a�s�c�a�d�e�s�,� �t�h�e� �s�h�o�c�k� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �t�h�e� �t�a�p�s� �a�t� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �v�a�l�u�e�s� �b�e�t�w�e�e�n� 

�0�.�6� �a�n�d� �0�.�8�.� 

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

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

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

�S�t�a�t�i�o�n� �1�.� �O�n�e� �n�o�t�a�b�l�e� �e�x�c�e�p�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�1� �f�o�r� �t�h�e� �U�N�1�0� �c�a�s�c�a�d�e�.� �H�o�w�e�v�e�r�,� �l�o�o�k�i�n�g� 

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

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

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

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

�g�i�v�e�n� �i�n� �F�i�g�u�r�e� �4�1�.� 

�8�.�4� �S�u�c�t�i�o�n� �S�i�d�e� �S�h�o�c�k� 

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

�F�i�g�u�r�e� �4�6� �a�n�d� �F�i�g�u�r�e� �4�7�.� �W�h�i�l�e� �t�h�e�r�e� �i�s� �s�o�m�e� �a�r�b�i�t�r�a�r�i�n�e�s�s� �i�n� �c�h�o�o�s�i�n�g� �h�o�w� �f�a�r� �a�w�a�y� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

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

�b�e�t�w�e�e�n� �S�t�a�t�i�o�n� �1� �a�n�d� �S�t�a�t�i�o�n� �2�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �s�u�c�t�i�o�n� �s�i�d�e� �s�h�o�c�k� �s�t�r�e�n�g�t�h� �w�i�t�h� �d�e�c�r�e�a�s�e�d� �s�o�l�i�d�i�t�y� 

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�6



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

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

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

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

�T�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�8�.� �T�h�e�r�e� �i�s� �a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �s�c�a�t�t�e�r� �i�n� �t�h�e� �d�a�t�a�,� �d�u�e� �t�o� �t�h�e� �f�a�c�t� 

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

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

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

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

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

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

�8�.�5� �B�a�s�e� �P�r�e�s�s�u�r�e� �a�n�d� �U�n�g�u�i�d�e�d� �T�u�r�n�i�n�g� 

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

�b�l�a�d�e� �r�o�w�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �S�i�e�v�e�r�d�i�n�g� �(�R�e�f�.� �3�2�)� �h�a�s� �c�o�r�r�e�l�a�t�e�d� �t�h�e� �e�f�f�e�c�t�,� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �5�1�.� �T�h�e� 

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

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

�t�u�r�n�i�n�g� �(�«� �i�n� �h�i�s� �n�o�t�a�t�i�o�n�)� �a�n�d� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �w�e�d�g�e� �a�n�g�l�e� �(�6�)�.� �T�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�n�g� 

�p�a�r�a�m�e�t�e�r� �(�¢� �+� �6�)�/�2� �f�o�r� �t�h�e� �t�e�s�t�e�d� �c�a�s�c�a�d�e�s� �a�r�e� �l�i�s�t�e�d� �b�e�l�o�w�:� 
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�2� 

�U�N�I�1�0� �0�.�9�2�3� �8� 

�B�a�s�e�l�i�n�e� �1�.�0�2�5� �9� 

�O�V�1�0� �1�.�1�2�8� �1�2�.�4� � � � � � � 
�B�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�,� �i�t� �i�s� �s�e�e�n� �t�h�a�t� �t�h�e� �m�e�a�s�u�r�e�d� �b�a�s�e� �p�r�e�s�s�u�r�e�s� �a�r�e� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� 

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

�O�V�1�0� �c�a�s�c�a�d�e�.� �N�o�t�e� �t�h�a�t� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �w�e�d�g�e� �a�n�g�l�e� �6� �i�s� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �t�h�r�e�e� �t�e�s�t�e�d� �c�a�s�c�a�d�e�s�.� 

�I�t� �i�s� �g�e�n�e�r�a�l�l�y� �a�c�c�e�p�t�e�d� �(�s�e�e� �R�e�f�e�r�e�n�c�e�s� �3�2� �a�n�d� �3�7�)� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �b�a�s�e� �p�r�e�s�s�u�r�e� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

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

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

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

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

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

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

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

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

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

�b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d� �(�R�e�f�.� �1�0�)� �t�h�a�t� �v�e�r�y� �l�o�w� �v�a�l�u�e�s� �o�f� �U�G�T� �c�a�u�s�e� �i�n�c�r�e�a�s�e�d� �l�o�s�s�e�s� �a�t� �l�o�w� �p�r�e�s�s�u�r�e� �r�a�t�i�o�s�,� 

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

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

�p�r�e�s�s�u�r�e� �r�a�t�i�o�s� �l�a�b�e�l�l�e�d� �t�h�e�  ��t�r�a�n�s�o�n�i�c� �h�o�l�e ��.� �T�h�i�s� �e�f�f�e�c�t� �i�s� �c�l�e�a�r� �i�n� �F�i�g�u�r�e� �3�8� �f�o�r� �t�h�e� �O�V�1�0� �c�a�s�c�a�d�e�,� 

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

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

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

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �b�a�s�e� �p�r�e�s�s�u�r�e�s� �f�o�r� �M�.�;�,�=� �1�.�3�0� �a�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�N�O�V�A�K�2�D� �i�n� �F�i�g�u�r�e� �5�0�.� �N�o�t�e� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �v�a�l�u�e�s� �a�r�e� �s�h�o�w�n� �f�o�r� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �s�o�l�i�d�i�t�i�e�s�.� �T�h�e� 

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

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

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

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

�8�.�6� �T�r�a�v�e�r�s�e� �D�a�t�a� 

�R�e�p�r�e�s�e�n�t�a�t�i�v�e� �d�a�t�a� �o�b�t�a�i�n�e�d� �b�y� �t�h�e� �t�r�a�v�e�r�s�i�n�g� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �p�r�o�b�e� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �5�2� �t�h�r�o�u�g�h� 

�F�i�g�u�r�e� �5�9�.� �T�h�e� �d�a�t�a� �f�o�r� �a�l�l� �t�h�r�e�e� �s�o�l�i�d�i�t�i�e�s� �i�s� �o�v�e�r�l�a�i�d� �i�n� �e�a�c�h� �c�a�s�e�,� �a�n�d� �s�e�p�a�r�a�t�e� �p�l�o�t�s� �a�r�e� �m�a�d�e� �f�o�r� 

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

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

�p�i�t�c�h�e�s� �a�r�e� �o�b�v�i�o�u�s�.� �O�V�1�0� �h�a�s� �t�h�e� �s�m�a�l�l�e�s�t� �p�i�t�c�h�,� �U�N�1�0� �t�h�e� �l�a�r�g�e�s�t�.� �T�h�e� �s�p�i�k�e�s� �i�n� �t�h�e� �d�a�t�a� �a�t� �t�h�e� 

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

�v�a�l�v�e� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �r�u�n�.� �T�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �i�s� �A�P�,� �=� �P�x�  �� �P�r�.� 

�S�o�m�e� �i�d�e�a� �o�f� �t�h�e� �e�v�o�l�u�t�i�o�n� �o�f� �l�o�s�s�e�s� �i�s� �g�i�v�e�n� �b�y� �t�h�e�s�e� �p�l�o�t�s�.� �F�o�r� �M�2�;� �=� �0�.�7�6�,� �t�h�e�r�e� �a�r�e� �o�n�l�y� �w�a�k�e� 

�l�o�s�s�e�s�.� �S�o�m�e� �l�o�s�s� �d�u�e� �t�o� �n�o�r�m�a�l� �s�h�o�c�k�s� �i�s� �e�v�i�d�e�n�t� �a�t� �M�2�,� �=� �1�.�0�0�,� �a�n�d� �l�a�r�g�e� �l�o�s�s�e�s� �d�u�e� �t�o� �o�b�l�i�q�u�e� 

�s�h�o�c�k�s� �a�p�p�e�a�r� �i�n� �t�h�e� �p�l�o�t�s� �f�o�r� �M�2�,�,�=� �1�.�2�2�.� �F�i�n�a�l�l�y�,� �a�t� �M�2�,�,�=� �1�.�3�5� �t�h�e� �o�b�l�i�q�u�e� �s�h�o�c�k� �l�o�s�s�e�s� �a�r�e� �o�n� 

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �4�9



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

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

�t�r�a�v�e�r�s�e� �d�a�t�a�,� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �l�o�s�s� �d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� �s�o�l�i�d�i�t�y� �i�s� �d�e�c�r�e�a�s�e�d�.� 

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

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

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

�S�e�c�o�n�d�l�y�,� �f�o�r� �F�i�g�u�r�e� �5�5�,� �t�h�e�r�e� �i�s� �n�o� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �w�a�k�e� �a�n�d� �s�h�o�c�k� �l�o�s�s�e�s� �f�o�r� �t�h�e� �O�V�1�0� 

�c�a�s�c�a�d�e�.� �B�y� �r�e�f�e�r�r�i�n�g� �t�o� �t�h�e� �s�h�a�d�o�w�g�r�a�p�h� �p�i�c�t�u�r�e� �f�o�r� �t�h�i�s� �r�u�n�,� �F�i�g�u�r�e� �9�1�,� �i�t� �i�s� �s�e�e�n� �t�h�a�t� �s�t�r�o�n�g� 

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

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

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

�t�u�n�n�e�l� �a�t� �h�i�g�h� �M�a�c�h� �n�u�m�b�e�r�s�,� �a�n�d� �1�s� �s�u�s�p�e�c�t�e�d� �t�o� �b�e� �c�a�u�s�e�d� �b�y� �s�t�r�o�n�g� �s�h�o�c�k� �r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� �t�h�e� 

�d�o�w�n�s�t�r�e�a�m� �s�h�e�a�r� �l�a�y�e�r�.� �T�h�e� �l�o�s�s� �d�a�t�a� �f�r�o�m� �t�h�i�s� �r�u�n� �i�s� �t�h�e�r�e�f�o�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �o�n� �F�i�g�u�r�e� �6�0�.� 

�8�.�7� �L�o�s�s� �R�e�s�u�l�t�s� 

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

�t�h�r�e�e� �s�o�l�i�d�i�t�i�e�s� �i�n� �F�i�g�u�r�e� �6�0� �a�n�d� �F�i�g�u�r�e� �6�1�,� �b�y� �t�r�a�v�e�r�s�e� �s�t�a�t�i�o�n�.� �U�n�c�e�r�t�a�i�n�t�y� �b�a�r�s� �f�o�r� �t�h�e� �B�a�s�e�l�i�n�e� 

�c�a�s�c�a�d�e� �a�r�e� �p�l�a�c�e�d� �o�n� �F�i�g�u�r�e� �6�0� �f�o�r� �r�e�f�e�r�e�n�c�e�;� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �o�u�t�l�i�n�e�d� �i�n� �t�h�e� �n�e�x�t� 

�c�h�a�p�t�e�r�.� �I�t� �i�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �U�N�I�O� �c�a�s�c�a�d�e� �(�6� �=� �0�.�9�2�3�)� �h�a�s� �t�h�e� �s�a�m�e� �l�o�s�s� �a�s� �t�h�e� �B�a�s�e�l�i�n�e� �c�a�s�c�a�d�e� 

�(�o� �=� �1�.�0�2�5�)� �w�i�t�h�i�n� �e�x�p�e�r�i�m�e�n�t�a�l� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�i�s� �i�s� �t�r�u�e� �a�t� �b�o�t�h� �S�t�a�t�i�o�n� �1� �a�n�d� �S�t�a�t�i�o�n� �2�.� �O�n�e� �n�o�t�e� 

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �5�0



�a�l�s�o� �t�h�a�t� �t�h�e�r�e� �i�s� �a�n� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r�,� �w�h�i�c�h� �i�s� �0�.�0�3� �f�o�r� �l�o�w� �M�a�c�h� 

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

�A�n� �i�n�t�e�r�e�s�t�i�n�g� �f�e�a�t�u�r�e� �o�f� �t�h�e� �l�o�s�s� �c�u�r�v�e�s� �i�s� �t�h�e� �u�n�u�s�u�a�l� �s�h�a�p�e� �o�f� �t�h�e� �c�u�r�v�e� �f�o�r� �t�h�e� �O�V�1�0� �c�a�s�c�a�d�e�.� 

�A�t� �l�o�w� �M�a�c�h� �n�u�m�b�e�r�s�,� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e� �g�a�p� �i�n� �t�h�e� �l�o�s�s� �b�e�t�w�e�e�n� �O�V�1�0� �a�n�d� �t�h�e� �o�t�h�e�r� �c�a�s�c�a�d�e�s� �w�h�i�c�h� 

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

�s�e�c�t�i�o�n� �o�n� �b�a�s�e� �p�r�e�s�s�u�r�e� �a�n�d� �u�n�g�u�i�d�e�d� �t�u�r�n�i�n�g�.� �T�h�e� �O�V�1�0� �b�l�a�d�e� �h�a�s� �a� �l�o�w�e�r� �v�a�l�u�e� �o�f� �U�G�T� �t�h�a�n� 

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

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

�n�u�m�b�e�r� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e� �O�V�1�0� �b�l�a�d�e� �(�F�i�g�u�r�e� �3�8�)�,� �w�h�i�c�h� �s�h�o�w� �a� �l�a�r�g�e� �l�e�v�e�l� �o�f� �s�u�c�t�i�o�n� �s�i�d�e� 

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

�s�h�o�c�k� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�s� �f�o�r� �t�h�e� �U�N�1�0� �b�l�a�d�e�,� �l�e�a�d�s� �t�o� �t�h�e� �c�o�n�c�l�u�s�i�o�n� �t�h�a�t� �t�h�e� �v�a�l�u�e� �o�f� �U�G�T� �f�o�r� �t�h�e� 

�B�a�s�e�l�i�n�e� �b�l�a�d�e� �(�9�.�6�°�)� �i�s� �i�n� �s�o�m�e� �s�e�n�s�e� �a�n� �o�p�t�i�m�u�m�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �l�o�s�s� �a�t� �l�a�r�g�e� �M�a�c�h� �n�u�m�b�e�r�s� 

�s�h�o�w�n� �b�y� �t�h�e� �O�V�1�0� �c�a�s�c�a�d�e� �c�a�n�n�o�t� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �w�i�t�h� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a�.� 

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

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

�N�o�t�e� �t�h�a�t� �t�h�e� �w�a�k�e� �l�o�s�s� �d�e�n�o�t�e�s� �b�o�t�h� �t�h�e� �a�r�e�a� �o�n� �t�h�e� �t�r�a�v�e�r�s�e� �p�l�o�t�s� �w�i�t�h�i�n� �t�h�e� �w�a�k�e� �p�e�a�k�s� �a�s� �w�e�l�l� 

�a�s� �b�e�l�o�w� �t�h�e�m�.� �F�o�r� �e�x�i�t� �M�a�c�h� �n�u�m�b�e�r�s� �l�e�s�s� �t�h�a�n� �0�.�9�,� �t�h�e� �w�a�k�e� �l�o�s�s� �t�h�e�n� �r�e�p�r�e�s�e�n�t�s� �o�n�l�y� �b�l�a�d�e� 

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

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

�o�b�l�i�q�u�e� �s�h�o�c�k�s�.� �F�o�r� �M�2�,�<� �0�.�9� �t�h�e� �w�a�k�e� �l�o�s�s�e�s� �m�a�t�c�h� �t�h�e� �t�o�t�a�l� �l�o�s�s�e�s�.� �A�b�o�v�e� �t�h�a�t�,� �s�u�p�e�r�c�r�i�t�i�c�a�l� 

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

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

�M�,�,�,�>� �1�.�2�.� �P�e�r�h�a�p�s� �t�h�i�s� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �s�h�o�c�k�/�b�o�u�n�d�a�r�y� �l�a�y�e�r� �i�n�t�e�r�a�c�t�i�o�n� �o�n� �t�h�e� �b�l�a�d�e� �s�u�c�t�i�o�n� �s�i�d�e� 

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

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

�t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �S�5�1



�I�n� �t�h�e� �f�i�g�u�r�e�s� �f�o�l�l�o�w�i�n�g� �F�i�g�u�r�e� �6�2� �t�h�e� �u�n�c�o�r�r�e�c�t�e�d� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �l�o�s�s� �i�s� �s�h�o�w�n�,� �a�s� �w�e�l�l� �a�s� �a� 

�c�o�m�p�a�r�i�s�o�n� �f�o�r� �e�a�c�h� �c�a�s�c�a�d�e� �b�e�t�w�e�e�n� �S�t�a�t�i�o�n� �|� �a�n�d� �S�t�a�t�i�o�n� �2�.� �U�n�c�o�r�r�e�c�t�e�d� �l�o�s�s� �m�e�a�n�s� �t�h�e�r�e� �w�a�s� 

�n�o� �c�o�m�p�e�n�s�a�t�i�o�n� �f�o�r� �t�h�e� �b�o�w� �s�h�o�c�k� �o�n� �t�h�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �p�r�o�b�e�.� �N�o�t�e� �t�h�a�t� �t�h�e� �S�t�a�t�i�o�n� �2� �l�o�s�s� �i�s� 

�a�l�w�a�y�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �S�t�a�t�i�o�n� �1� �l�o�s�s�,� �s�i�n�c�e� �f�u�l�l�y� �m�i�x�e�d� �f�l�o�w� �i�s� �n�o�t� �a�c�h�i�e�v�e�d� �a�t� �S�t�a�t�i�o�n� �1�.� �F�i�n�a�l�l�y�,� 

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

�F�i�g�u�r�e� �6�8�.� �W�h�i�l�e� �t�h�e�r�e� �a�r�e� �d�i�f�f�e�r�e�n�c�e�s�,� �t�h�e�y� �a�r�e� �w�i�t�h�i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r� �f�o�r� �t�h�e� �m�o�s�t� �p�a�r�t�.� 

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

�n�u�m�b�e�r�s� �a�n�d� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �M�a�c�h� �n�u�m�b�e�r�.� 

�8�.�8� �P�r�e�s�s�u�r�e� �C�o�n�t�o�u�r�s� �v�s�.� �S�h�a�d�o�w�g�r�a�p�h�s� 

�T�h�e� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �p�r�e�d�i�c�t�e�d� �b�y� �N�O�V�A�K�2�D� �a�r�e� �c�o�m�p�a�r�e�d� �t�o� �s�h�a�d�o�w�g�r�a�p�h� �p�i�c�t�u�r�e�s� �i�n� 

�F�i�g�u�r�e� �7�0� �a�n�d� �f�o�l�l�o�w�i�n�g� �f�i�g�u�r�e�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �M�a�c�h� �n�u�m�b�e�r�s� �f�o�r� �t�h�e� �c�o�n�t�o�u�r�s� �a�n�d� �s�h�a�d�o�w�g�r�a�p�h�s� 

�a�r�e� �n�o�t� �m�a�t�c�h�e�d� �e�x�a�c�t�l�y�,� �t�h�e� �e�x�i�t� �i�s�e�n�t�r�o�p�i�c� �M�a�c�h� �n�u�m�b�e�r� �i�s� �a�b�o�u�t� �1�.�3�0�.� �O�v�e�r�a�l�l�,� �t�h�e� �f�l�o�w� �m�a�t�c�h� 

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

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

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

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

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

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �$�2



�t�h�e� �p�r�e�d�i�c�t�i�o�n�s�.� �F�o�r� �t�h�e� �O�V�1�0� �c�a�s�c�a�d�e�,� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �s�h�o�c�k� �p�a�t�t�e�r�n� �1�s� �d�i�s�p�l�a�c�e�d� �t�o�o� �f�a�r� �f�r�o�m� �t�h�e� 

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

�i�n�v�i�s�c�i�d� �a�s�s�u�m�p�t�i�o�n�.� 

�8�.�9� �S�h�a�d�o�w�g�r�a�p�h�s� 

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

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

�e�s�p�e�c�i�a�l�l�y� �t�h�e� �s�h�o�c�k� �p�a�t�t�e�r�n�s�.� �I�n� �s�e�v�e�r�a�l� �i�n�s�t�a�n�c�e�s� �t�h�e�r�e� �a�r�e� �o�p�t�i�c�a�l� �f�l�a�w�s� �w�h�i�c�h� �l�o�o�k� �l�i�k�e� �f�l�o�w� 

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

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

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

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

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

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

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

�8�.�1�0� �R�e�y�n�o�l�d�s� �N�u�m�b�e�r� 

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

�i�s� �d�e�f�i�n�e�d� �a�s� 

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �5�3



� � 

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

�r�e�l�a�t�i�o�n�s�,� 

�.� �_� �y� �M� �m�=�p�V�A�=�P�,�A� �R�T�,� �o�r�l� �]� 

�[� �+� �(�y� �5� �1�)� �v�l� �2�0�  ��1�)� 

� � 

�A�p�p�l�y�i�n�g� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �a�t� �a� �b�l�a�d�e� �t�h�r�o�a�t�,� �w�h�e�r�e� �M� �=� �1�,� 

�_� �[� �1� 
�m�=� �P�a�t�h� �R�T�y� �y�t� �"� 

�(�y ��1�)� �|�L� �2�-�1�)� �[� �5� 
� � 

� � 

�T�h�e� �f�l�o�w� �a�r�e�a� �4� �i�s� �i�n� �t�h�i�s� �c�a�s�e� �t�h�e� �f�l�o�w� �t�h�r�o�u�g�h� �o�n�e� �b�l�a�d�e� �p�a�s�s�a�g�e�,� �w�h�i�c�h� �i�s� �A� �s�,� �t�h�e� �s�p�a�n� �m�u�l�t�i�p�l�i�e�d� 

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

�R�e�=� �P�y�t�e� �f�y� �]� 
�B�S� �R�T� �y�t� �1� �.� 

�f�e�n� �p�a�o� 
� � 

�2� 

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

�w�=� �1�5�x� �1�9�-�5� �N�S� 

�y�=�1�4� 

�T�=� �2�7�8�K� 

�E�x�p�e�r�i�m�e�n�t�a�l� �R�e�s�u�l�t�s� �5�4



�_� �9�9�7� �N�m� �R�e�i�n� �=� �2�8�7� �e�K� 

�a� �u�s�e�f�u�l� �f�o�r�m� �i�s� �o�b�t�a�i�n�e�d�:� 

�P�y�t�e� �R�e�=�1�6�3�.�1�(� �=� �)�,� 

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

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

� � 

� � 

� � 

�R�e�x� �1�0�°� 

�M�;�;�,� �U�N�1�0� �B�a�s�e�l�i�n�e� �O�V�1�0� 

�0�.�7�5� �1�.�0�2� �1�.�0�4� �1�.�0�5� 

�1�.�3�5� �1�.�7�0� �1�.�7�3� �1�.�7�4� � � � � � � � � 
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�9�.�0� �U�n�c�e�r�t�a�i�n�t�y� �A�n�a�l�y�s�i�s� 

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

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

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

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

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

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

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

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

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

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

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

�c�a�l�c�u�l�a�t�i�o�n� �m�e�t�h�o�d�.� �T�h�e� �m�e�t�h�o�d�,� �a�t�t�r�i�b�u�t�e�d� �t�o� �K�l�i�n�e� �a�n�d� �M�c�C�l�i�n�t�o�c�k� �(�R�e�f�.� �2�2�)�,� �s�t�a�t�e�s� �t�h�a�t� �i�f� �a� 

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

�R� �2� �2� �2� �R� �2� 
�_� �8� �a�R� �a�R� �a� �é�R�=� �(� �o�x�,� �)� �+� �|�(� �2�8� �)� �+� �|�(� �2�8� �)� �a� �+�.�.�4� �(� �a�x�,� �)� �5� �.� 

�U�n�c�e�r�t�a�i�n�t�y� �A�n�a�l�y�s�i�s� �3�6� 

� � 

� 



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

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

�r�e�s�u�l�t� �R�,� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �6�x�,� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �s�t�a�t�i�s�t�i�c�a�l�l�y�,� �a�n�d� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �r�e�s�u�l�t� �i�s� �t�h�e�n� 

�k�n�o�w�n�.� 

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

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

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

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

�I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �k�e�e�p� �t�h�e� �p�e�r�t�u�r�b�a�t�i�o�n�s� �A�x�,� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �o�f� �6�x�,� �i�n� �c�a�s�e� �t�h�e� 

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

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

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

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

�b�y� 

�L�=� �L�(�P�a�t�m� �M�4�5�,� �T�y�,� �P�r�,� �A�P�,�)� 

�w�h�e�r�e� �A�P�,�=� �P�, �� �P�2� �,� �w�h�i�c�h� �i�s� �m�e�a�s�u�r�e�d� �d�i�r�e�c�t�l�y� �b�y� �a� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �p�r�o�b�e�.� �T�h�e� �t�w�o�-�s�t�a�g�e� 

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

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

�u�p�s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �c�o�r�r�e�l�a�t�i�o�n�.� �F�o�r� �c�a�l�c�u�l�a�t�i�o�n�s� �a�t� �S�t�a�t�i�o�n� �2� �t�h�e� �M�2�,� �t�e�r�m� �i�s� �r�e�p�l�a�c�e�d� �b�y� �P�2�,� 

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

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

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

�u�p�s�t�r�e�a�m� �o�f� �t�h�e� �c�a�s�c�a�d�e�,� �a�l�l� �m�e�a�s�u�r�e�d� �w�i�t�h� �t�h�e� �3�2�-�c�h�a�n�n�e�l� �P�S�I� �s�y�s�t�e�m�.� �T�h�u�s� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �M�a�c�h� 

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

�M� �=� �M�(�P�y�,� �P�a�m� �P�o�l� �s�r�w�)� 
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�a�n�d� 

�P�y� �=� �P�o�(�P�a�t�m�,�P�2� �|� �s�r�n�q�)� 

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

�T�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �t�h�e� �m�e�a�s�u�r�e�d� �v�a�r�i�a�b�l�e�s�,� �w�i�t�h� �9�5� �p�e�r�c�e�n�t� �c�o�n�f�i�d�e�n�c�e�,� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

� � 

� � 

�V�a�r�i�a�b�l�e� �U�n�c�e�r�t�a�i�n�t�y� 

�P�o�l� �s�o�m� �+� �0�.�0�0�9� �p�s�i� 

�P�a�l� �s�r�w� �+� �0�.�0�0�9� �p�s�i� 

�P�a�l�a�p�e�r� �+� �0�.�0�3� �p�s�i� 

�P�o�t�m� �+� �0�.�1�5� �p�s�i� 

�T�;� �+� �1�0�0�°�K� 

�P�a�l� �p�r�e�s�s� �+� �0�.�0�1� �V�o�l�t� 

�(�+� �0�.�0�3�6� �p�s�i�)� 

�A�P� �+� �0�.�0�1� �V�o�l�t� 

�(�+� �0�.�0�1�2� �p�s�i�)� � � � � � � 
�T�h�e� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �P�,�|�,�,�,�,� �a�n�d� �P�u� �|� �p�r�e�s�s� �i�s� �n�e�c�e�s�s�a�r�y� �b�e�c�a�u�s�e� �t�h�e� �f�i�r�s�t� �i�s� �m�e�a�s�u�r�e�d� �o�n�c�e� �b�y� �t�h�e� 

�3�2�-�c�h�a�n�n�e�l� �s�y�s�t�e�m� �a�n�d� �t�h�e� �s�e�c�o�n�d� �c�o�n�t�i�n�u�o�u�s�l�y� �d�u�r�i�n�g� �t�h�e� �r�u�n� �b�y� �a� �s�i�n�g�l�e� �t�r�a�n�s�d�u�c�e�r� �n�a�m�e�d� 

 ��R�I�E�S�S�. �� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �i�n�d�i�v�i�d�u�a�l� �P�,� �m�e�a�s�u�r�e�m�e�n�t�s� �i�s� �+� �0�.�0�3� �p�s�i�,� �w�h�i�c�h� �g�i�v�e�s� �t�h�e� �a�b�o�v�e� 

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

�m�e�a�s�u�r�e�m�e�n�t�s� �s�i�n�c�e� �i�t� �i�s� �a�l�s�o� �t�a�k�e�n� �w�i�t�h� �t�h�e� �3�2�-�c�h�a�n�n�e�l� �t�r�a�n�s�d�u�c�e�r� �s�y�s�t�e�m�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �P�o�m� 

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

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

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

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

�t�r�a�n�s�d�u�c�e�r�s� �a�r�e� �r�e�-�z�e�r�o�e�d� �i�f� �t�h�e� �d�r�i�f�t� �e�x�c�e�e�d�s� �t�h�i�s� �a�m�o�u�n�t�.� �N�o�t�e� �t�h�a�t� �a� �s�i�m�p�l�e� �s�t�a�t�i�s�t�i�c�a�l� �t�e�s�t� �o�f� �t�h�e� 

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

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

�i�n�t�o� �K�l�i�n�e� �a�n�d� �M�c�C�l�i�n�t�o�c�k ��s� �f�o�r�m�u�l�a�,� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �M�a�c�h� �n�u�m�b�e�r� �a�n�d� �d�o�w�n�s�t�r�e�a�m� �s�t�a�t�i�c� 

�p�r�e�s�s�u�r�e� �a�r�e� �o�b�t�a�i�n�e�d�:� 

� � 

� � 

�M�a�c�h� �n�u�m�b�e�r� �6�M�,� �5�P� �a�l� �s�a�o� 

�0�.�7�4� �0�.�0�3� �0�.�1�5� 

�1�.�1�7� �0�.�0�3�5� �0�.�1�5� 

�1�.�2�4� �0�.�0�4� �0�.�1�5� 

�1�.�3�5� �0�.�0�4� �0�.�1�5� � � � � � � 
�N�o�t�e� �t�h�a�t� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �d�o�w�n�s�t�r�e�a�m� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �i�s� �c�o�n�s�t�a�n�t� �w�i�t�h� �M�a�c�h� �n�u�m�b�e�r�.� �T�h�i�s� �i�s� 

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

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

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

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

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

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

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

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

�c�o�r�r�e�c�t�e�d� �l�o�s�s� �u�n�c�e�r�t�a�i�n�t�y� �f�o�r� �s�e�v�e�r�a�l� �M�a�c�h� �n�u�m�b�e�r�s� �a�t� �b�o�t�h� �s�t�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3� �i�n� �t�h�e� 

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

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

�U�n�c�e�r�t�a�i�n�t�y� �A�n�a�l�y�s�i�s� �5�9



�e�x�e�m�p�l�i�f�i�e�d� �i�n� �t�h�e� �p�l�o�t� �c�o�m�p�a�r�i�n�g� �B�a�s�e�l�i�n�e� �l�o�s�s� �d�a�t�a� �t�a�k�e�n� �o�n� �d�i�f�f�e�r�e�n�t� �d�a�y�s� �(�F�i�g�u�r�e� �6�8�)�.� �N�o�t�e� �t�h�a�t�,� 

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

�f�o�r� �t�h�e� �o�t�h�e�r� �t�w�o� �c�a�s�c�a�d�e�s� �t�e�s�t�e�d�.� 

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

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

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

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

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

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

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

�c�o�r�r�e�c�t�e�d� �l�o�s�s�e�s� �i�s� �l�a�r�g�e�r� �f�o�r� �S�t�a�t�i�o�n� �|� �t�h�a�n� �f�o�r� �S�t�a�t�i�o�n� �2�.� �T�h�i�s� �d�i�s�p�a�r�i�t�y� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �f�a�c�t� �t�h�a�t� 

�M�a�c�h� �n�u�m�b�e�r� �i�s� �c�o�r�r�e�l�a�t�e�d� �f�o�r� �S�t�a�t�i�o�n� �1� �a�n�d� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �i�s� �c�o�r�r�e�l�a�t�e�d� �f�o�r� �S�t�a�t�i�o�n� �2�.� �T�h�e� 

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

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

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

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

�U�n�c�e�r�t�a�i�n�t�y� �A�n�a�l�y�s�i�s� �6�0



�1�0�.�0� �C�o�n�c�l�u�s�i�o�n� 

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

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

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

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

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

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

�v�a�l�u�e�.� �T�h�e� �Z�w�e�i�f�e�l� �l�o�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �t�h�e� �d�e�c�r�e�a�s�e�d� �s�o�l�i�d�i�t�y� �c�a�s�c�a�d�e� �(�Y�,�=� �0�.�8�3�)� �w�a�s� 

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

�( ��Y�,� �=� �0�.�5� �t�o� �0�.�7�)�.� �T�h�e� �r�e�l�a�t�i�v�e� �c�h�a�n�g�e� �i�n� �c�a�s�c�a�d�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �l�o�s�s� �w�a�s� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �a�s� 

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

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

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

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

�T�h�e� �i�n�v�i�s�c�i�d� �c�a�l�c�u�l�a�t�i�o�n� �c�o�d�e� �N�O�V�A�K�2�D� �p�r�e�d�i�c�t�e�d� �r�e�l�a�t�i�v�e� �c�h�a�n�g�e�s� �i�n� �f�l�o�w� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �b�e�t�w�e�e�n� 

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

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

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

�C�o�n�c�l�u�s�i�o�n� �6�1



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

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

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

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

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

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

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

�d�a�t�a� �b�a�s�e� �f�o�r� �f�u�r�t�h�e�r� �t�u�r�b�i�n�e� �b�l�a�d�e�s� �w�i�t�h� �t�h�i�s� �l�e�v�e�l� �o�f� �l�o�a�d�i�n�g�.� 
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�1�1�.�0� �B�i�b�l�i�o�g�r�a�p�h�y� 

�1�.�  ��A�d�v�a�n�c�e�d� �S�m�a�l�l� �A�x�i�a�l� �T�u�r�b�i�n�e� �T�e�c�h�n�o�l�o�g�y�, �� �D�e�f�e�n�s�e� �T�e�c�h�n�i�c�a�l� �I�n�f�o�r�m�a�t�i�o�n� �C�e�n�t�e�r� �-� 
�T�e�c�h�n�i�c�a�l� �R�e�p�o�r�t�,� �F�i�n�a�l� �R�e�p�o�r�t� �f�o�r� �P�e�r�i�o�d� �J�u�l�y� �1�9�7�2� �-� �J�u�n�e� �1�9�7�6�,� �d�i�s�t�r�i�b�u�t�e�d� �b�y� �D�e�f�e�n�s�e� 
�L�o�g�i�s�t�i�c�s� �A�g�e�n�c�y�,� �M�a�y�,� �1�9�7�7�.� 

�2�.� �B�a�i�n�e�s�,� �N�.�C�.�,� �O�l�d�f�i�e�l�d�,� �M�.�L�.�G�.� �a�n�d� �S�i�m�o�n�s�,� �J�.�P�.�,�  ��T�h�e� �A�e�r�o�d�y�n�a�m�i�c� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �a� 
�H�i�g�h�l�y�-�L�o�a�d�e�d� �N�o�z�z�l�e� �G�u�i�d�e� �V�a�n�e�, �� �A�S�M�E� �p�a�p�e�r� �N�o�.� �8�6�-�G�T�-�2�2�9�.� 

�3�.� �B�a�l�j�e�,� �O�.�E�.� �T�u�r�b�o�m�a�c�h�i�n�e�s�:� �A� �G�u�i�d�e� �t�o� �D�e�s�i�g�n�,� �S�e�l�e�c�t�i�o�n�,� �a�n�d� �T�h�e�o�r�y�.� �J�o�h�n� �W�i�l�e�y� �a�n�d� 
�S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�1�,� �p�p�.� �1�3�2�-�1�3�6�,�1�4�1�-�1�4�3�.� 

�4�,� �B�e�r�t�s�c�h�,� �R�.�,�  ��A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �I�n�f�l�u�e�n�c�e� �o�f� �T�r�a�i�l�i�n�g� �E�d�g�e� �I�n�j�e�c�t�i�o�n� 
�o�n� �B�l�a�d�e� �L�o�s�s�e�s� �i�n� �T�r�a�n�s�o�n�i�c� �T�u�r�b�i�n�e� �C�a�s�c�a�d�e�s�, �� �V�P�I� �T�h�e�s�i�s�,� �1�9�9�0�.� 

�5�.� �C�h�e�r�r�y�,� �D�.�G�.� �a�n�d� �T�h�o�m�a�s�,� �M�.�W�.�,�  ��S�i�n�g�l�e� �S�t�a�g�e� �H�P� �T�u�r�b�i�n�e� �R�o�t�o�r� �C�a�s�c�a�d�e� �P�r�o�g�r�a�m� 
�D�e�s�i�g�n�,� �T�e�s�t� �a�n�d� �P�e�r�f�o�r�m�a�n�c�e� �R�e�p�o�r�t�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� �E�n�g�i�n�e� �G�r�o�u�p� �T�e�c�h�n�i�c�a�l� 
�I�n�f�o�r�m�a�t�i�o�n� �S�e�r�i�e�s� �N�o�.� �R�7�S�5�A�E�G�4�9�2�,� �M�a�r�c�h�,� �1�9�7�7�.� 

�6�.� �C�o�h�e�n�,� �H�.�,� �R�o�g�e�r�s�,� �G�.�F�.�C�.�,� �a�n�d� �S�a�r�a�v�a�n�a�m�u�t�t�o�o�,� �H�.�I�.�H�.� �G�a�s� �T�u�r�b�i�n�e� �T�h�e�o�r�y�.� �J�o�h�n� 
�W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�Y�,� �p�p�.� �2�0�6�-�2�0�7�.� 

�7�.� �D�i�e�t�r�i�c�h�s�,� �H�.�J�.� �a�n�d� �B�r�a�u�n�l�i�n�g�,� �W�.�,�  ��F�l�o�w� �P�h�e�n�o�m�e�n�a� �i�n� �T�r�a�n�s�o�n�i�c� �T�u�r�b�i�n�e� �C�a�s�c�a�d�e�s�:� 
�D�e�t�a�i�l�e�d� �E�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �N�u�m�e�r�i�c�a�l� �I�n�v�e�s�t�i�g�a�t�i�o�n�, �� �[�S�A�B�E� �p�a�p�e�r� �N�o�.� �8�7�-�7�0�3�1�.� 

�8�.� �D�i�x�o�n�,� �S�.�L�.� �F�l�u�i�d� �M�e�c�h�a�n�i�c�s�,� �T�h�e�r�m�o�d�y�n�a�m�i�c�s� �o�f� �T�u�r�b�o�m�a�c�h�i�n�e�r�y�.� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� 
�O�x�f�o�r�d�,� �1�9�7�8�.� 

�9�.� �D�o�u�g�h�t�y�,� �R�.�L�.�,�  ��T�r�a�n�s�o�n�i�c� �T�u�r�b�i�n�e� �L�i�n�e�a�r� �C�a�s�c�a�d�e� �S�t�u�d�i�e�s�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� 
�E�n�g�i�n�e�s� �R�e�p�o�r�t� �N�o�.� �V�P�I�-�0�8�9�0�-�1� �(�1�9�9�0�)�.� 

�1�0�.� �D�u�n�b�a�r�,� �L�.�W�.�,�  �� �A� �R�e�v�i�e�w� �o�f� �t�h�e� �C�o�o�l�i�n�g� �F�l�o�w� �a�n�d� �A�e�r�o�d�y�n�a�m�i�c� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �o�f� 
�F�1�0�1� �T�y�p�e� �H�i�g�h� �P�r�e�s�s�u�r�e� �T�u�r�b�i�n�e� �N�o�z�z�l�e�s�,�  �� �G�E�A�E� �T�u�r�b�i�n�e� �A�e�r�o�d�y�n�a�m�i�c� �D�e�s�i�g�n� 
�M�e�m�o�r�a�n�d�u�m�,� �,� �A�u�g�u�s�t� �2�3�,� �1�9�7�9�.� 

�1�1�.� �E�w�e�n�,� �J�.�S�.�,� �H�u�b�e�r�,� �F�.�W�.�,� �M�i�t�c�h�e�l�l�,� �J�.�P�.�,�  ��I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �A�e�r�o�d�y�n�a�m�i�c� �P�e�r�f�o�r�m�a�n�c�e� 
�o�f� �S�m�a�l�l� �a�x�i�a�l� �T�u�r�b�i�n�e�s�, �� �T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �t�h�e� �A�S�M�E�,� �O�c�t�o�b�e�r� �1�9�7�3�,� �p�p�.� �3�2�6�-�3�3�2�.� 
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�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�,� 

�2�8�.� 

�G�o�s�t�e�l�o�w�,� �J�.�P�.� �C�a�s�c�a�d�e� �A�e�r�o�d�y�n�a�m�i�c�s�.� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d�,� �1�9�8�4�,� �p�.� �2�4�4�.� 

�G�o�s�t�e�l�o�w�,� �J�.�P�.�,�  ��T�h�e� �P�r�e�s�e�n�t� �R�o�l�e� �o�f� �H�i�g�h� �S�p�e�e�d� �C�a�s�c�a�d�e� �T�e�s�t�i�n�g�, �� �A�S�M�E� �p�a�p�e�r� �N�o�.� 
�8�1�-�G�T�-�9�5�.� 

�H�o�l�e�s�k�i�,� �D�.�E�.� �a�n�d� �S�t�e�w�a�r�t�,� �W�.�L�.�,�  ��S�t�u�d�y� �o�f� �N�A�S�A� �a�n�d� �N�A�C�A� �S�i�n�g�l�e�-�S�t�a�g�e� �A�x�i�a�l� �F�l�o�w� 
�T�u�r�b�i�n�e� �P�e�r�f�o�r�m�a�n�c�e� �a�s� �R�e�l�a�t�e�d� �t�o� �R�e�y�n�o�l�d�s� �N�u�m�b�e�r� �a�n�d� �G�e�o�m�e�t�r�y�, �� �T�r�a�n�s�a�c�t�i�o�n�s� �o�f� 
�t�h�e� �A�S�M�E�,�,� �J�u�l�y� �1�9�6�4�,� �p�p�.� �2�9�6�-�2�9�8�.� 

�H�a�u�s�e�r�,� �C�.�H�.� �a�n�d� �P�l�o�h�r�,� �H�.�W�.�,�  ��T�w�o�-�D�i�m�e�n�s�i�o�n�a�l� �C�a�s�c�a�d�e� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� 
�M�a�x�i�m�u�m� �E�x�i�t� �T�a�n�g�e�n�t�i�a�l� �V�e�l�o�c�i�t�y� �C�o�m�p�o�n�e�n�e�t� �a�n�d� �O�t�h�e�r� �F�l�o�w� �C�o�n�d�i�t�i�o�n�s� �a�t� �t�h�e� �E�x�i�t� 
�o�f� �S�e�v�e�r�a�l� �T�u�r�b�i�n�e� �B�l�a�d�e� �D�e�s�i�g�n�s� �a�t� �S�u�p�e�r�c�r�i�t�i�c�a�l� �P�r�e�s�s�u�r�e� �R�a�t�i�o�s�, �� �N�A�C�A� �R�e�s�e�a�r�c�h� 
�M�e�m�o�r�a�n�d�u�m� �,� �N�A�C�A� �R�M� �E�S�I�F�1�2�,� �A�u�g�u�s�t� �2�3�,� �1�9�5�1�.� 

�H�o�l�m�e�s�,� �D�.�G�.� �a�n�d� �C�o�n�n�e�l�l�,� �S�.�D�.�,�  ��S�o�l�u�t�i�o�n� �o�f� �t�h�e� �2�D� �N�a�v�i�e�r�-�S�t�o�k�e�s� �E�q�u�a�t�i�o�n�s� �o�n� 
�U�n�s�t�r�u�c�t�u�r�e�d� �A�d�a�p�t�i�v�e� �G�r�i�d�s�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� �E�n�g�i�n�e�s� �I�n�t�e�r�n�a�l� �P�u�b�l�i�c�a�t�i�o�n�.� 

�H�o�l�m�e�s�,� �D�.�G�.� �a�n�d� �C�o�n�n�e�l�l�,� �S�.�D�.�,�  ��Q�u�a�s�i�-�3�D� �S�o�l�u�t�i�o�n�s� �f�o�r� �T�r�a�n�s�o�n�i�c�,� �I�n�v�i�s�c�i�d� �F�l�o�w�s� 
�b�y� �A�d�a�p�t�i�v�e� �T�r�i�a�n�g�u�l�a�t�i�o�n�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� �E�n�g�i�n�e�s� �I�n�t�e�r�n�a�l� �P�u�b�l�i�c�a�t�i�o�n�.� 

�H�o�r�l�o�c�k�,� �J�.�H�.� �A�x�i�a�l� �F�l�o�w� �T�u�r�b�i�n�e�s�.� �R�o�b�e�r�t� �E�.� �K�r�i�e�g�e�r� �P�u�b�l�i�s�h�i�n�g� �C�o�.�,� �M�a�l�a�b�a�r�,� �F�l�a�.� 

�H�o�w�e�l�l�,� �A�.�R�.�,�  ��T�h�e� �A�e�r�o�d�y�n�a�m�i�c�s� �o�f� �t�h�e� �G�a�s� �T�u�r�b�i�n�e�, �� �T�h�e� �J�o�u�r�n�a�l� �o�f� �t�h�e� �R�o�y�a�l� 
�A�e�r�o�n�a�u�t�i�c�a�l� �S�o�c�i�e�t�y�,� �V�o�l�.� �5�2�,� �J�u�n�e� �1�9�4�8�,� �p�p�.� �3�2�9�-�3�4�8�.� 

�K�a�c�k�e�r�,� �S�.�C�.�,� �a�n�d� �O�k�a�p�u�u�,� �U�.�,�  ��A� �M�e�a�n� �L�i�n�e� �P�r�e�d�i�c�t�i�o�n� �M�e�t�h�o�d� �f�o�r� �A�x�i�a�l� �F�l�o�w� �T�u�r�b�i�n�e� 
�E�f�f�i�c�i�e�n�c�y�, �� �A�S�M�E� �p�a�p�e�r� �8�1�-�G�T�-�5�8� �(�1�9�8�1�)�.� 

�K�i�o�c�k�,� �R�.�,� �L�e�h�t�h�a�u�s�,� �F�.�,� �B�a�i�n�e�s�,� �N�.�C�.�,� �a�n�d� �S�i�e�v�e�r�d�i�n�g�,� �C�.�H�.�,�  ��T�h�e� �T�r�a�n�s�o�n�i�c� �F�l�o�w� 
�t�h�r�o�u�g�h� �a� �P�l�a�n�e� �T�u�r�b�i�n�e� �C�a�s�c�a�d�e� �a�s� �M�e�a�s�u�r�e�d� �i�n� �F�o�u�r� �E�u�r�o�p�e�a�n� �W�i�n�d� �T�u�n�n�e�l�s�, �� 
�J�o�u�r�n�a�l� �o�f� �E�n�g�i�n�e�e�r�i�n�g� �f�o�r� �G�a�s� �T�u�r�b�i�n�e�s� �a�n�d� �P�o�w�e�r�,� �V�o�l�.� �1�0�8�,� �A�p�r�i�l� �1�9�8�6�,� �p�p�.� �2�7�7�-�2�8�4�.� 

�K�l�i�n�e�,� �S�.�J�.� �a�n�d� �M�c�C�l�i�n�t�o�c�k�,� �F�.�A�.�,�  ��D�e�s�c�r�i�b�i�n�g� �U�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �S�i�n�g�l�e� �S�a�m�p�l�e� 
�E�x�p�e�r�i�m�e�n�t�s�, �� �M�e�c�h�.� �E�n�g�.�,� �J�a�n�u�a�r�y� �1�9�5�3�,� �p�.�3�.� 

�K�o�r�a�k�i�a�n�i�t�i�s�,� �T�.�P�.�,�  ��D�e�s�i�g�n� �o�f� �A�i�r�f�o�i�l�s� �a�n�d� �C�a�s�c�a�d�e�s� �o�f� �A�i�r�f�o�i�l�s�, �� �A�J�A�A� �J�o�u�r�n�a�l�,� �V�o�l�.� �2�7�,� 
�N�o�.� �4�,� �A�p�r�i�l� �1�9�8�9�,� �p�p�.� �4�4�5�-�4�6�1�.� 

�K�u�o�f�a�n�g�,� �Q�.� �a�n�d� �N�a�i�x�i�n�g�,� �C�.�,�  ��N�e�w� �C�o�r�r�e�l�a�t�i�o�n�s� �o�f� �t�h�e� �T�w�o�-�D�i�m�e�n�s�i�o�n�a�l� �T�u�r�b�i�n�e� 
�C�a�s�c�a�d�e� �A�e�r�o�d�y�n�a�m�i�c� �P�e�r�f�o�r�m�a�n�c�e�, �� �A�S�M�E� �p�a�p�e�r� �N�o�.� �8�1�-�G�T�-�1�2�8�.� 

�L�e�m�o�n�d�,� �W�.�D�.�,� �T�h�o�m�a�s�,� �M�.�W�.�,� �a�n�d� �W�a�l�k�e�r�,� �N�.�D�.�,�  ��S�t�a�t�o�r� �A�n�n�u�l�a�r� �C�a�s�c�a�d�e� �P�r�o�g�r�a�m� �-� 
�D�e�s�i�g�n� �a�n�d� �T�e�s�t� �R�e�p�o�r�t�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� �E�n�g�i�n�e� �G�r�o�u�p� �T�e�c�h�n�i�c�a�l� �I�n�f�o�r�m�a�t�i�o�n� 
�S�e�r�i�e�s� �N�o�.� �R�7�8�A�E�G�1�9�7�,� �F�e�b�r�u�a�r�y�,� �1�9�7�8�.� 

�M�e�e�,� �D�.�J�.�,� �B�a�i�n�e�s�,� �N�.�C�.�,� �O�l�d�f�i�e�l�d�,� �M�.�L�.�G�.�,� �a�n�d� �D�i�c�k�e�n�s�,� �T�.�E�.�,�  ��A�n� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 
�C�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� �L�o�s�s� �o�n� �a� �T�r�a�n�s�o�n�i�c� �T�u�r�b�i�n�e� �B�l�a�d�e� �i�n� �C�a�s�c�a�d�e�, �� �A�S�M�E� �p�a�p�e�r� �N�o�.� 
�9�0�-�G�T�-�2�6�4�.� 

�M�o�u�s�t�a�p�h�a�,� �S�.�H�.�,� �O�k�a�p�u�u�,� �U�.�,� �a�n�d� �W�i�l�l�i�a�m�s�o�n�,� �R�.�G�.�,�  ��I�n�f�l�u�e�n�c�e� �o�f� �R�o�t�o�r� �B�l�a�d�e� 
�A�e�r�o�d�y�n�a�m�i�c� �L�o�a�d�i�n�g� �o�n� �t�h�e� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �H�i�g�h�l�y� �L�o�a�d�e�d� �T�u�r�b�i�n�e� �S�t�a�g�e�, �� �A�S�M�E� 
�p�a�p�e�r� �N�o�.� �8�6�-�G�T�-�5�6�.� 

�O�l�d�f�i�e�l�d�,� �M�.�L�.�G�.�,� �K�i�o�c�k�,� �R�.�,� �H�o�l�m�e�s�,� �A�.�T�.�,� �a�n�d� �G�r�a�h�a�m�,� �C�.�G�.�,�  ��B�o�u�n�d�a�r�y� �L�a�y�e�r� �S�t�u�d�i�e�s� 
�o�n� �H�i�g�h�l�y� �L�o�a�d�e�d� �C�a�s�c�a�d�e�s� �u�s�i�n�g� �H�e�a�t�e�d� �T�h�i�n� �F�i�l�m�s� �a�n�d� �a� �T�r�a�v�e�r�s�i�n�g� �P�r�o�b�e�, �� �J�o�u�r�n�a�l� 
�o�f� �E�n�g�i�n�e�e�r�i�n�g� �f�o�r� �P�o�w�e�r�,� �V�o�l�.� �1�0�3�,� �J�a�n�u�a�r�y� �1�9�8�1�,� �p�p�.� �2�3�7�-�2�4�6�.� 
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�2�9�,� 

�3�0�.� 

�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�4�0�.� 

�P�l�o�h�r�,� �H�.�W�.� �a�n�d� �N�u�s�b�a�u�m�,� �W�.�J�.�,�  ��A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �C�a�s�c�a�d�e� �S�t�u�d�y� �o�f� �t�h�e� �E�f�f�e�c�t�s� �o�f� �a� 
�S�o�l�i�d�i�t�y� �R�e�d�u�c�t�i�o�n� �o�n� �t�h�e� �T�w�o�-�D�i�m�e�n�s�i�o�n�a�l� �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� 
�T�u�r�b�i�n�e�-�R�o�t�o�r� �B�l�a�d�e� �S�u�i�t�a�b�l�e� �f�o�r� �A�i�r� �C�o�o�l�i�n�g�, �� �N�A�C�A� �R�e�s�e�a�r�c�h� �M�e�m�o�r�a�n�d�u�m�,� �N�A�C�A� 
�R�M� �E�5�2�B�2�7�,� �M�a�y� �8�,� �1�9�5�2�.� 

�S�i�n�g�e�r�,� �R�.�T�.� �J�r�.�,�  ��A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �E�f�f�e�c�t� �o�f� �T�r�a�i�l�i�n�g� �E�d�g�e� �I�n�j�e�c�t�i�o�n� 
�o�n� �t�h�e� �A�e�r�o�d�y�n�a�m�i�c� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �G�a�s� �T�u�r�b�i�n�e� �B�l�a�d�e�s�,�  �� �V�P�I� �T�h�e�s�i�s�,� �1�9�8�8�.� 

�S�h�e�p�h�e�r�d�,� �D�.�G�.� �P�r�i�n�c�i�p�l�e�s� �o�f� �T�u�r�b�o�m�a�c�h�i�n�e�r�y�.� �M�a�c�m�i�l�l�a�n� �C�o�m�p�a�n�y�,� �N�e�w� �Y�o�r�k�,� �1�9�5�6�,� 
�p�p�.� �1�9�5�-�1�9�9�.� 

�S�i�e�v�e�r�d�i�n�g�,� �C�.�H�.�,� �S�t�a�n�i�s�l�a�s�,� �M�.� �a�n�d� �S�n�o�e�k�,� �J�.�,�  ��T�h�e� �B�a�s�e� �P�r�e�s�s�u�r�e� �P�r�o�b�l�e�m� �i�n� �T�r�a�n�s�o�n�i�c� 
�T�u�r�b�i�n�e� �C�a�s�c�a�d�e�s�, �� �J�o�u�r�n�a�l� �o�f� �E�n�g�i�n�e�e�r�i�n�g� �f�o�r� �P�o�w�e�r�,� �V�o�l� �1�0�2�,� �J�u�l�y� �1�9�8�0�,� �p�p�.� �7�1�1�-�7�1�8�.� 

�S�t�e�a�r�n�s�,� �E�.�M�.�,�  ��H�i�g�h� �P�e�r�f�o�r�m�a�n�c�e� �T�u�r�b�i�n�e� �A�e�r�o� �R�e�s�e�a�r�c�h� �B�l�a�d�e� �L�e�a�d�i�n�g� �E�d�g�e� 
�T�h�i�c�k�n�e�s�s� �a�n�d� �S�o�l�i�d�i�t�y� �T�e�s�t�, �� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �T�e�c�h�n�i�c�a�l� �M�e�m�o�r�a�n�d�u�m� �N�o�.� �T�M�-�6�9�-�5�8�6�,� 
�1�9�7�1�.� 

�S�t�e�w�a�r�t�,� �W�.�L�.�,� �G�l�a�s�s�m�a�n�,� �A�.�J�.�,� �a�n�d� �V�a�n�c�a�,� �M�.�R�.�,�  ��E�x�a�m�i�n�a�t�i�o�n� �o�f� �A�x�i�a�l�-�f�l�o�w� �T�u�r�b�i�n�e� 
�B�l�a�d�e�-�L�o�a�d�i�n�g� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �U�s�i�n�g� �D�i�f�f�u�s�i�o�n� �P�a�r�a�m�e�t�e�r�s�, �� �A�S�M�E� �p�a�p�e�r� �N�o�.� 
�6�7�-�W�A�/�G�T�-�8�.� 

�T�u�r�b�i�n�e� �D�e�s�i�g�n� �a�n�d� �A�p�p�l�i�c�a�t�i�o�n�.� �N�A�S�A� �S�P�-�2�9�0�,� �p�p�.� �2�-�1�9�.� 

�W�y�s�o�n�g�,� �R�.�R�.�,� �P�r�i�n�c�e�,� �T�.�C�.�,� �a�n�d� �L�e�n�a�h�a�n�,� �D�.�T�.�,�  ��T�u�r�b�i�n�e� �D�e�s�i�g�n� �S�y�s�t�e�m�, �� �G�e�n�e�r�a�l� 
�E�l�e�c�t�r�i�c� �A�i�r�c�r�a�f�t� �E�n�g�i�n�e�s� �I�n�t�e�r�n�a�l� �R�e�p�o�r�t� �,� �N�o�v�e�m�b�e�r� �1�9�7�8�.� 

�X�u�,� �L�.� �a�n�d� �D�e�n�t�o�n�,� �J�.�D�.�,�  ��T�h�e� �B�a�s�e� �P�r�e�s�s�u�r�e� �a�n�d� �L�o�s�s� �o�f� �a� �F�a�m�i�l�y� �o�f� �F�o�u�r� �T�u�r�b�i�n�e� 
�B�l�a�d�e�s�,�  �� �A�S�M�E� �p�a�p�e�r� �N�o�.� �8�7�-�G�T�-�2�0�2�.� 

�Z�a�c�c�a�r�i�a�,� �M�.�A�.�,�  ��D�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �T�r�a�n�s�o�n�i�c� �T�u�r�b�i�n�e� �C�a�s�c�a�d�e� �F�a�c�i�l�i�t�y�, �� �V�P�I� �T�h�e�s�i�s� �,� 
�1�9�8�8�.� 

�Z�e�i�d�a�n�,� �O�.�,�  �� �A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �E�f�f�e�c�t� �o�f� �T�r�a�i�l�i�n�g� �E�d�g�e� �T�h�i�c�k�n�e�s�s� �o�n� 
�t�h�e� �A�e�r�o�d�y�n�a�m�i�c� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �G�a�s� �T�u�r�b�i�n�e� �B�l�a�d�e�s�, �� �V�P�I� �T�h�e�s�i�s�,� �1�9�8�9�.� 

�Z�w�e�i�f�e�l�,� �O�.�,�  ��T�h�e� �S�p�a�c�i�n�g� �o�f� �T�u�r�b�o�-�M�a�c�h�i�n�e� �B�l�a�d�i�n�g�,� �E�s�p�e�c�i�a�l�l�y� �w�i�t�h� �L�a�r�g�e� �A�n�g�u�l�a�r� 
�D�e�f�l�e�c�t�i�o�n�, �� �T�h�e� �B�r�o�w�n� �B�o�v�e�r�i� �R�e�v�i�e�w�,� �D�e�c�e�m�b�e�r� �1�9�4�5�,� �p�p�.� �4�3�6�-�4�4�4�.� 
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�1�2�.�0� �A�p�p�e�n�d�i�x� 

�A�p�p�e�n�d�i�x� 
�6�6



�T�a�b�l�e� �1�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �b�l�a�d�e� �d�e�s�i�g�n� �p�a�r�a�m�e�t�e�r�s� 
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�P�a�r�a�m�e�t�e�r� �U�N�1�0� �B�a�s�e�l�i�n�e� �O�V�1�0� 

�S�o�l�i�d�i�t�y� �c�h�a�n�g�e�(�A�c�,� �p�e�r�c�e�n�t�)� �-�1�0� �0� �+�1�0� 

�S�o�l�i�d�i�t�y� �(�o� �=� �c�/�s�)� �0�.�9�2�3� �1�.�0�2�5� �1�.�1�2�8� 

�L�o�a�d�i�n�g� �(�V�,�)� �0�.�8�3� �0�.�7�2� �0�.�6�6� 

�T�h�r�o�a�t� �(�t�,� �m�m�)� �1�4�.�3�4� �1�3�.�1�2� �1�2�.�0�3� 

�S�p�a�c�i�n�g� �(�s�,� �m�m�)� �4�0�.�6�7� �3�7�.�1�6� �3�4�.�0�6� 

�R�e�l�a�t�i�v�e� �R�o�t�a�t�i�o�n� �(�d�e�g�.� �C�W�)� �1�.�1�0� �0�.�0� �-�0�.�6�5� 

�S�t�a�g�g�e�r� �(�d�e�g�.�)� �3�9�.�2�4� �3�8�.�5�0� �3�7�.�4�3� 

�T�h�r�o�a�t� �/� �S�p�a�c�i�n�g� �(�t� �/� �s�)� �0�.�3�5�2�5� �0�.�3�5�3�0� �0�.�3�5�3�0� 

�A�x�i�a�l� �c�h�o�r�d� �(�c�,� �m�m�)� �3�7�.�5�9� �3�8�.�1� �3�8�.�4�3� 

�I�n�l�e�t� �m�e�t�a�l� �a�n�g�l�e� �(�£�1�,� �d�e�g�.�)� �0�.�0� �0�.�0� �0�.�0� 

�E�x�i�t� �m�e�t�a�l� �a�n�g�l�e� �(�f�,�,�2�,� �d�e�g�.�)� �-�6�7�.�8� �-�6�6�.�7� �-�6�6�.�0�5� 

�U�n�g�u�i�d�e�d� �T�u�r�n�i�n�g� �(�«�,� �d�e�g�.�)� �7�.�5� �9�.�6� �1�6�.�2� 

�T�r�a�i�l�i�n�g� �e�d�g�e� �w�e�d�g�e� �a�n�g�l�e� �(�6�,� �d�e�g�.�)� �8�.�5� �8�.�5� �8�.�5� 

�T�r�a�i�l�i�n�g� �e�d�g�e� �t�h�i�c�k�n�e�s�s� �(�m�m�)� �1�.�0�9� �1�.�0�9� �1�.�0�9� 

�S�p�a�n� �(�h�,� �m�m�)� �1�5�2�.�4�0� �1�5�2�.�4�0� �1�5�2�.�4�0� 

�A�s�p�e�c�t� �r�a�t�i�o� �(�h� �/� �c�)� �4�.�0�5� �4�.�0�0� �3�.�9�7� 

�N�u�m�b�e�r� �o�f� �b�l�a�d�e�s� �i�n� �c�a�s�c�a�d�e� �1�0� �1�1� �1�2� � � � � � � � � � � � � 

�A�p�p�e�n�d�i�x



�T�a�b�l�e� �2�.� �C�o�m�p�u�t�a�t�i�o�n�a�l� �i�n�p�u�t� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �r�e�s�u�l�t�s� 
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�P�a�r�a�m�e�t�e�r� �U�N�1�0� �B�a�s�e�l�i�n�e� �O�V�1�0� 

�I�n�l�e�t� �M�a�c�h� �n�u�m�b�e�r� �(�4�)� �2�1� �2�1� �2�]� 

�E�x�i�t� �M�a�c�h� �n�u�m�b�e�r� �(�M�e�x�i�r�)� �1�.�2�2� �1�.�2�2� �1�.�2�3� 

�I�n�l�e�t� �a�i�r� �a�n�g�l�e� �(�f�,�,� �d�e�g�.�,� �c�a�l�c�u�l�a�t�e�d�)� �0�.�0� �0�.�0� �0�.�0� 
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