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(ABSTRACT) 

The ADP rocket pump inducer was studied computationally using a 3-D Navier- 

Stokes solver, The Moore Elliptic Flow Program. Design and off-design flow rates were 

simulated to qualitatively and quantitatively study the effects of flow rate on the flow and 

performance. Several views of the results were created to aid flow visualization. 

The 3-D laser measurements made by Rocketdyne were used for comparison. 

The velocity magnitudes as well as the flow patterns within the inducer match well 

between the calculated and measured results. The axial velocity distribution and the 

rotary stagnation pressure, losses, are predicted very well by the calculation. 

The internal flow patterns developed in the simulation as expected, with radial 

outflow in the blade boundary layers. The tip leakage flow formed a recirculation 

region, a toroidal shaped vortex at the tip leading edge of the blades. The associated 

backflow forms a blockage which varies with flow rate. 

The thermodynamic performance was evaluated by calculating the contributions 

to pressure rise, the pump characteristic, the contributions to moment of momentum, and 

the efficiency. The centrifugal effect and relative velocity effect were found to vary with 

flow rate. The effective inlet throat radius, which governs these two effects, changes 

with flow rate because of the recirculation blockage. The shear on the blades was found 

to produce a small fraction of the work in the inducer, and most was produced by the 

pressure difference across the blade. The inducer efficiency was about 89%, and 

increased with decreasing flow rate in the range of flow rates considered, from 89% to 

110% of the design flow rate.
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flow coefficient V Usp 

flow rate 

density 
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temperature 
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rothalpy 

specific heat



entropy 

mixing length 

angular velocity (rpm) 
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Reynolds number = pU,,d/p 

static pressure 

total pressure 

reduced pressure 

rotary stagnation pressure 

reference pressure 
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efficiency 
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total pressure coefficient 

loss coefficient 

Section 2.4 

Section 2.4 

Section 2.4 

Section 2.4 

Section 2.4 

eqs. 8.3 and 8.4 

eqs. 8.3 and 8.4 

eqs. 8.3 and 8.4 

eqs. 8.3 and 8.4 
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1 INTRODUCTION 

Rocket engines require high specific power turbine pumps to deliver a large 

amount of fuel to the nozzle in a short time. The cryogenic fuel is stored at 30 psia to 

reduce the storage tank weight. At these low pressures the liquid hydrogen and oxygen 

are near the boiling point and cavitation is inevitable. Cavitation degrades the 

performance of the turbine pump, therefore, it is desirable to reduce or even eliminate 

cavitation from the pump. A cavitating inducer upstream of the pump eliminates 

cavitation in the main impeller by increasing the pressure of the fluid beyond the 

cavitation point of the main impeller. Cavitation still occurs in the inducer but is usually 

contained along the inducer suction surface. . 

Inducers usually have 3 to 4 blades that each wrap almost completely around the 

hub. The blade angle and the solidity are typically high because inducers are designed 

for a low flow coefficient. The passages between the blades are sufficiently long and 

narrow to allow the cavitation bubbles to collapse before the exit. 

Computational Fluid Dynamics, CFD, has become more accurate and less time 

consuming. With improvements in programming and hardware, flow programs can now 

run effectively in a workstation environment. The design process can be improved and 

shortened by using CFD. Also, the testing necessary for a new component may be 

reduced to the areas of interest revealed by the computational analysis. 

CFD routinely provides velocity, pressure, and loss information anywhere in the 

flow. Computational analysis is capable of revealing much more detail about a flow than 

an experiment. Flow measurement techniques for experimentation have improved as 

well. The state of the art 3-D laser velocimeter can measure internal flow, but only 

provides velocities. Furthermore, the laser anemometer is disrupted by regions of strong 

turbulence, or cavitation, and can not penetrate areas hidden behind blade structure. 

Even so, experimentation is still very important for verifying calculation results and 

revealing calculation errors.



A cavitating inducer designed by Rocketdyne, Figures 1.1 and 1.2, was analyzed 

computationally in this research. The same inducer was tested experimentally by 

Rocketdyne using 3-D laser anemometry to investigate the 3-D flow within the inducer 

passages. The detailed measurements were also intended to validate the 3-D flow code 

used in this research, as well as any other codes that may be capable of inducer design 

and analysis. This is a rare opportunity to use highly detailed laser measurements for 

flow code validation. 

The thesis begins with a literature review of work on inducers focusing on 3-D 

flow, recirculation, off-design flow, and performance analysis. The literature discussed 

includes examples of most experimental and computational analysis techniques. 

The scope and objectives of this thesis are presented in section 3. The following 

section covers the generation of the computational grid and the preparation of the 

boundary conditions and initial conditions for the flow calculations. 

The calculation results are analyzed and discussed in four sections. The first 

section, section 5, introduces the figures used to visualize the flow field and points out 

the characteristics of the typical inducer flow patterns. Section 6 is the comparison of 

the calculated flow field to the measured flow field. The comparison was made to 

validate the Moore Elliptic Flow Program, which was used to calculate the flow field. 

Section 7 discusses the shape, sources, and effects of the leading edge recirculation 

region. The contributions to pressure rise, the pump characteristic, and the contributions 

to moment of momentum are calculated and discussed in the thermodynamic performance 

section, section 8.
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2 LITERATURE REVIEW 

It has been known that axial inducers operate well under cavitating conditions. 

For this reason axial inducers have been used to pump fluid that is close to boiling. For 

example, cryogenic fuel and oxidizer for a rocket is pumped to the burner by rocket 

turbine pumps. The fuel is stored at 30 psia to reduce storage tank weight. At this low 

pressure the fuel is close to boiling and cavitation is inevitable. Therefore axial inducers 

are used in the first stage of the turbine pump to avoid cavitation in the main impeller. 

Furst of Rocketdyne (1,2), in the design of the Space Shuttle Main Engine, used axial 

inducers in the first stage of the liquid hydrogen and oxygen rocket turbine pumps. 

NASA has been interested in axial inducers for rocket pump applications and has funded 

inducer research for about forty years. 

2.1 Experimental Inducer Studies 

The flow field within an inducer is complex, and has taken some time to 

understand. Lakshminarayana (3,4) at Pennsylvania State University studied the flow 

field within an inducer from 1964 to 1982. The results of his studies, as well as others, 

have shown the flow through an inducer is turbulent, and three-dimensional in nature. 

Also, the viscous shear is significant due to the very long blade surfaces. The radial 

velocities are of the same order of magnitude as the axial velocities. Shown in Figure 

2.1, the secondary flow is radially outwards along the blade surfaces and radially inwards 

at mid-passage. 

Backflow is also found to occur at the tip leading edge, and increases as the flow 

rate is reduced below the design flow. The area where backflow occurs is also known 

as the recirculation region. Following Lakshminarayana’s studies, this recirculation 

region was studied by Tanaka 1980, Carey 1985, Howard 1987, and Perdichizzi 1989 

(see reference 6).



    
  

/ ALONG A-A 

ALONG B-S 

Figure 2.1 Inducer flow patterns (reference 4)



Recirculation has been known to affect the performance and stability of inducers, 

especially at low flow rates. Abramian and Howard (5) in 1988 used reverse flow 

catchers to reduce recirculation in an attempt to improve the performance and stability 

of an inducer at low flow rates. The reverse flow catcher, as shown in Figure 2.2, 

consists of a flat perforated disk which covers the outer fraction of the inlet annulus 

where backflow occurs. They found that the flow catchers did in fact stop the backflow, 

and improve the stability at low flow rates. The recirculation region acts as a variable 

blockage, while the flow catcher acts as a permanent blockage. Therefore, the minimal 

gains were negated by a slight degradation in performance at design flow.
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Figure 2.2 Reverse flow catchers, and their location (reference 5)



The laser doppler velocimeter is a relatively new measurement technique, capable 

of measuring the flow field inside the inducer passages. In 1989, Boccazzi, Perdichizzi, 

and Tabacco (6) used two component laser anemometry to study the flow-field in a 

commercial Worthington pump inducer. This is an early and rare example of measuring 

an inducer internal flow field using laser anemometry. The experiments performed by 

Boccazzi, Perdichizzi, and Tabacco are similar to the tests done on the Rocketdyne 

inducer using three component laser anemometry. 

The Worthington low solidity inducer was tested in water at three flow rates 

approaching backflow. Figure 2.3 shows the four axial measurement planes: upstream, 

within, and downstream of the inducer. At the flow coefficient ¢ = .109 (66% of the 

design flow coefficient), the backflow is just beginning and is confined to a thin layer 

close to the casing. Reverse flow was detected using flow visualization with air injected 

at the casing wall. 

Contour plots for the flow coefficient ¢ = .129 and .109 are shown in Figures 

2.4 and 2.5 respectively. The results at the low flow coefficient at plane A compared 

with those obtained at ¢ = .129 show a significant decrease of axial velocities near the 

casing and an increase of negative tangential velocities which lead to high incidence 

angles. At plane B, low axial velocities and high positive tangential components are 

detected at the tip revealing an appreciable decrease of relative velocity. These features 

affect the flow field in the inlet region, reducing the upstream axial velocity component 

and producing radially inward flow. A further reduction in the flow rate would produce 

even smaller axial velocities, with a reverse flow in front of the blade suction side. The 

head rise in the inducer was observed using pressure tappings in the wall. As expected 

the head rise was higher at the lower flow coefficient.



(9 
souaJajar) 

Jeonpuy 
d
u
n
g
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

    
 
 

 
 

 
 

    
 
 

  
 
 

  
    

 
 

 
   
 
 

   
 

 
 

uo}ZuTyVAOAA 
B 

UO 
sould 

JUSUIAINSBaUT 
[BIXe 

InoJy 
€°7 

dINsLy 

S
A
L
L
I
 

SL 
LS. y
 

- 
a
d
 

0 
d 

Vv 
i
 

| 
I 

} 

eH 
f
g
 

+ 
9 5
 

7 
; 

t 
>
a
 

| 
i 

o 
! 

. 
12 

+ 
+ 

o 
+ 

a 
| 

an 
I 

a. 
| 

é 
I} 

b- 
‘ 

3 

1 
tg 

t 
+ 

o 
| 

o 
| 

0 
} 
a
.
 

| 
J 

>
 

! 

1 
H
o
a
 

+
 

+
 

mo 
+
 

3 
a
)
 

{ 
I 

i 

| 
| 

T 
4 

+ 
+ 

+ 
o 

| 
| 

i 
| 

ot 
+ 

dry 
+f 

+ 
{ 

T 
=
 

67 
OT 

OT- 

 
 

 
 

10
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contour interval of 0.50 contour interval of 0.50 contour interval of 5.00 

Figure 2.4 Velocity contour plot for flow coefficient @ = .129 . 

Worthington Pump Inducer (reference 6) 
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Figure 2.5 Velocity contour plot for flow coefficient ¢ = .109 
Worthington Pump Inducer (reference 6) 
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2.2 Computational Inducer Studies 

The inducer designed for the VULCAIN engine by the French company Societe 

Europeenne de Propulsion, SEP, is shown in Figure 2.6. The SEP inducer was analyzed 

experimentally by Bario, Barral, and Bois (7) at Lyon in 1989. The results were limited 

to pressure probe data at the inlet and exit which defined the overall performance of the 

inducer. However, the flow field within the inducer was still unknown. The SEP 

inducer was therefore analyzed computationally by Le Fur (8) in 1989 and Excoffon (10) 

in 1992 using MEFP, the Moore Elliptic Flow Program. MEFP will be discussed later 

in the literature review. 

The calculation performed by Le Fur was probably the first of its kind and it 

served two purposes: to verify MEFP on the high blade angle and high solidity of an 

inducer, and to investigate the three-dimensional flow field in detail. The results agreed 

well with the air tests performed in Lyon. 

Figure 2.7 shows meridional views of the calculated velocity vectors at 

mid-passage, near the pressure side and suction side of the blade. Figure 2.8 shows the 

secondary velocities in 3 iso-theta planes. The flow is radially outward on both sides of 

the blade and radially inward at mid-passage. 

The tip leakage can also be seen in Figure 2.9. At the tip leading edge, the 

leakage is strong enough to produce a vortex, seen in Figures 2.7 and 2.8, which is then 

amplified by each leading edge. The vortex extends from blade to blade to form a torus 

shaped recirculation region. The recirculation region acts as a blockage causing the 

primary flow to enter at a smaller mean radius. 
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�S�E�P� �i�n�d�u�c�e�r� �(�r�e�f�e�r�e�n�c�e� �8�)



� � 
�T�i�p� �l�e�a�k�a�g�e� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s� �,� �S�E�P� �i�n�d�u�c�e�r� 
�(�r�e�f�e�r�e�n�c�e� �8�)� 
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�L�a�t�e�r�,� �f�r�o�m� �t�h�e� �s�a�m�e� �r�e�s�u�l�t�s� �M�o�o�r�e�,� �L�e� �F�u�r�,� �a�n�d� �M�o�o�r�e� �(�9�)� �c�a�l�c�u�l�a�t�e�d� �t�h�e� 

�m�o�m�e�n�t� �o�f� �m�o�m�e�n�t�u�m� �c�o�m�p�o�n�e�n�t�s�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�0�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �q�u�a�n�t�i�f�y� 

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

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

�b�l�a�d�e�,� �Y�+�p�,� �p�r�o�d�u�c�e�d� �6�0�%� �o�f� �t�h�e� �m�o�m�e�n�t� �o�f� �m�o�m�e�n�t�u�m�.� �S�h�e�a�r� �a�t� �t�h�e� �s�h�r�o�u�d�,� �V�r�s�s�s� 

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

�4�0�%� �o�f� �t�h�e� �m�o�m�e�n�t� �o�f� �m�o�m�e�n�t�u�m�,� �a�n�d� �w�a�s� �f�o�u�n�d� �b�y� �d�i�f�f�e�r�e�n�c�e�.� �T�h�e�s�e� �w�o�r�k� 

�c�o�e�f�f�i�c�i�e�n�t�s�,� �y�,� �a�r�e� �d�e�f�i�n�e�d� �a�n�d� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �8�.�4�.� �N�o�t�e� �t�h�a�t� �t�h�e� �R�o�c�k�e�t�d�y�n�e� 

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

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

� � 

�n� �=� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �r�i�s�e� �(�1�)� 
�w�o�r�k� 

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

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

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

�t�h�e� �c�e�n�t�r�i�f�u�g�a�l� �e�f�f�e�c�t� �b�y� �r�e�d�u�c�i�n�g� �t�h�e� �e�f�f�e�c�t�i�v�e� �m�e�a�n� �r�a�d�i�u�s� �a�t� �t�h�e� �i�n�l�e�t�.� 
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�0�.�3� � � 

� � � � 

� � � � � � 

 ��-� �0�.�2�7�4� 
�a� �V�E� 

�0�.�2� �-� 

�o�y� �T�P�  ��y ��-� �0�.�1�7�1� 

�Y�r�s�r�  �� �0�.�1�1�5� 
�0�.�1� �-� 

�A� �D�e� �i�p�/!"� 
�e�e� �e�e�  �� �0�.�0�4�2� 

�0�.� �e�e�e� �e�e�e� �e�e�.� 
�"� �-�-�0�.�0�1�3� 

�T�S�s� 

�-�O�.�1� �T�T�D� 
�0�.� �0�.�5� �1�.�0� 

�M�e�r�i�d�i�o�n�a�l� �d�i�s�t�a�n�c�e� �a�l�o�n�g� �i�n�d�u�c�e�r� 

�F�i�g�u�r�e� �2�.�1�0� �C�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� �w�o�r�k� �i�n�p�u�t� �t�h�r�o�u�g�h� �t�h�e� �S�E�P� �i�n�d�u�c�e�r� 
�(�r�e�f�e�r�e�n�c�e� �9�)� 
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� � 

� � 
� � 

� � � � 

�0�.�3� 

 �� �0�,�2�7�4� 
�4� �V�e� 

�Y�I�o�s�s� 
�0�.�2� �-� 

�1� �}�  �� �0�.�1�7�6� 
�Y�e� �v�e� 

�v�2� 

�0�.�1� �-�  �� �0�.�0�9�8� 
�4� 

�|� �Y�l�o�s�s� 

�1� 

�Q�O�.� �Y�s� �7� �e�e�r� �e�e�e� �e�r�r� �r�e�r�e� �e�w�w�w� �r�r�r� �r�r� �O�r�a� �,� 

�1� 

�<�0�.� �p�t� 
�Q�.� �0�.�5� �1�.�0� 

�M�e�r�i�d�i�o�n�a�l� �d�i�s�t�a�n�c�e� �a�l�o�n�g� �i�n�d�u�c�e�r� 

�F�i�g�u�r�e� �2�.�1�1� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �p�e�r�f�o�r�m�a�n�c�e� �p�a�r�a�m�e�t�e�r�s� �t�h�r�o�u�g�h� �t�h�e� 
�S�E�P� �i�n�d�u�c�e�r�,� �(�r�e�f�e�r�e�n�c�e� �9�)� 

�2�0



�2�.�3� �T�h�e� �M�o�o�r�e� �E�l�l�i�p�t�i�c� �F�l�o�w� �P�r�o�g�r�a�m� �(�M�E�F�P�)� 

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

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

�3�-�D� �f�l�o�w� �i�n� �a�x�i�a�l� �a�n�d� �c�e�n�t�r�i�f�u�g�a�l� �p�u�m�p�s�.� �F�o�r� �e�x�a�m�p�l�e� �T�.� �L�e� �F�u�r� �(�8�)�,� �J�.� �M�o�o�r�e�,� �T�.� �L�e� 

�F�u�r�,� �J�.�G�.� �M�o�o�r�e� �(�9�)�,� �a�n�d� �T�.� �E�x�c�o�f�f�o�n� �(�1�0�)� �s�t�u�d�i�e�d� �a� �S�E�P� �i�n�d�u�c�e�r� �u�s�i�n�g� �M�E�F�P�.� �A�l�s�o� 

�J�.� �M�o�o�r�e�,� �J�.�G�.� �M�o�o�r�e�,� �A�.� �L�u�p�i� �(�1�1�)� �s�t�u�d�i�e�d� �b�l�a�d�e� �l�e�a�n� �i�n� �i�m�p�e�l�l�e�r�s�,� �a�n�d� �l�a�t�e�r� �A�.� �L�u�p�i� 

�(�1�2�)�,� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �r�e�d�e�s�i�g�n� �o�f� �t�h�e� �N�A�S�A� �M�a�r�s�h�a�l�l� �P�u�m�p� �C�o�n�s�o�r�t�i�u�m� �i�m�p�e�l�l�e�r� �u�s�i�n�g� 

�M�E�F�P�.� 

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

�r�o�t�a�t�i�n�g� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�:� 

�M�a�s�s�:� 

�V�:�p�W�=�0� �(�2�)� 

�M�o�m�e�n�t�u�m�:� 

�p� �W�-�V�W� �-�(�V�-�n�V�)�W�=�V�-�p�V�W�!� �-� �V�p� �-�2�p�Q�x�W� �-� �p�Q�x�(�Q�x�r�)� �(�3�)� 

�E�q�u�a�t�i�o�n� �o�f� �s�t�a�t�e�:� 

�p�=� �p�R�T� �(�4�)� 

�R�o�t�h�a�l�p�y�(�e�n�e�r�g�y�)�:� 

�o�W�-�V�H� �-� �(�V�-�L�V�H� �=�0� �(�5�)� 

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

�5�-�5�)� �=� �6�,� �i�n�)� �-�R�i�n�2�)� �(�6�)� 
�0� �P�o� 

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

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

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

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

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

�t�i�m�e�-�m�a�r�c�h�i�n�g� �m�e�t�h�o�d�s�,� �t�h�e� �u�n�s�t�e�a�d�y� �c�o�n�t�i�n�u�i�t�y� �e�q�u�a�t�i�o�n� �g�i�v�e�s� �t�h�e� �d�e�n�s�i�t�y� �a�n�d� �t�h�e� 

�e�q�u�a�t�i�o�n� �o�f� �s�t�a�t�e� �t�h�e� �p�r�e�s�s�u�r�e�.� 

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

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

�u�s�e�d�,� �a�n�d� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n� �i�s� �r�e�p�l�a�c�e�d� �b�y�:� �o� �=� �c�o�n�s�t�a�n�t�.� 

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

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

� � 

�f�o�l�l�o�w�s�:� 

�H� �=� �H� �j�a�m�i�n�a�r� �+� �H�B� �r�u�r�b�u�l�e�n�t� �(�7�)� 

�d�u� 
�P� �r�u�r�b�u�l�e�n�t� �~� �p�L� �(�8�)� 

�w�h�e�r�e� �L� �i�s� �t�h�e� �s�m�a�l�l�e�r� �o�f�:� 

�0�.�0�8� �t�i�m�e�s� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �s�h�e�a�r� �o�r� �b�o�u�n�d�a�r�y� �l�a�y�e�r�,� 

�0�.�4�1� �t�i�m�e�s� �t�h�e� �d�i�s�t�a�n�c�e� �t�o� �t�h�e� �n�e�a�r�e�s�t� �w�a�l�l�.� 

�I�n� �t�h�e� �0�.�4�1� �y� �r�e�g�i�o�n� �t�h�e� �V�a�n� �D�r�i�e�s�t� �c�o�r�r�e�c�t�i�o�n� �i�s� �u�s�e�d�:� 

�L� �=�0�.�4�1�y�(�1� �-� �e�x�p�[� �-�y ��V�P�*�_�}� �(�9�)� 
�2�6� �P� �t�a�m�i�n�a�r� 

�B�e�t�w�e�e�n� �t�h�e� �w�a�l�l� �a�n�d� �t�h�e� �n�e�a�r�-�w�a�l�l� �g�r�i�d� �p�o�i�n�t�s� �a� �n�e�a�r�-�w�a�l�l� �c�o�r�r�e�c�t�i�o�n� �i�s� �u�s�e�d�:� 

�(�1�0�)� 
�B� �=� �V�P� �i�a�m�i�n�a�r� �°� �V�F� �a�m�i�n�a�r� �+� �P�r�u�r�b�u�l�e�n�t� 

�F�o�r� �3�-�D� �f�l�o�w� �y� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �t�o� �t�h�e� �n�e�a�r�e�s�t� �w�a�l�l� �a�n�d� �d�u�/�d�y� �i�s� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� 

�v�e�l�o�c�i�t�y� �d�e�f�o�r�m�a�t�i�o�n�.� 

�T�h�e� �M�o�o�r�e� �E�l�l�i�p�t�i�c� �F�l�o�w� �P�r�o�g�r�a�m� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �g�r�e�a�t�e�r� �d�e�t�a�i�l� �i�n� �t�h�e� �M�E�F�P� 

�u�s�e�r�s� �g�u�i�d�e� �(�1�3�)�.� �T�h�e� �d�i�s�c�r�e�t�i�z�a�t�i�o�n� �o�f� �t�h�e� �e�q�u�a�t�i�o�n�s� �a�n�d� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� 

�p�r�e�s�s�u�r�e�-�c�o�r�r�e�c�t�i�o�n� �m�e�t�h�o�d� �f�o�r� �a�n� �e�l�l�i�p�t�i�c� �f�l�o�w� �c�a�l�c�u�l�a�t�i�o�n� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �r�e�f�e�r�e�n�c�e� �1�4�.� 
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�2�.�4� �D�e�f�i�n�i�t�i�o�n�s� �o�f� �p�r�e�s�s�u�r�e�s� �a�n�d� �k�i�n�e�t�i�c� �e�n�e�r�g�i�e�s� 

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

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

�P�|� �=� �P� �0� �(�1�1�)� 
�o� �t�,�m�a�x�,�i�n�l�e�t� 

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

�d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�.� 

�P�,�=�P� �+�=�p�V�?� �(�1�2�)� 

�P�=� �P�-� �+�p�?� �(�1�3�)� 
�2� 

�P�*� �=�P� �+�+� �p�W�?� �-� �1�5�0�?� �(�1�4�)� 
�2� �2� 

�W�h�e�r�e� �V�?�/�2� �i�s� �t�h�e� �a�b�s�o�l�u�t�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y�,� �w ��r�?�/�2� �=� �U ��/�2� �i�s� �t�h�e� �b�l�a�d�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y�,� �a�n�d� 

�W�?�/�2� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y�.� �T�h�e�s�e� �c�a�l�c�u�l�a�t�e�d� �p�r�e�s�s�u�r�e�s� �a�r�e� �o�f�t�e�n� �n�o�r�m�a�l�i�z�e�d� �w�i�t�h� 

�1�/�2�p�U�,�, ��.� �T�h�e� �k�i�n�e�t�i�c� �e�n�e�r�g�i�e�s�,� �U�?�,� �W ��,� �a�n�d� �V ��,� �a�r�e� �c�o�m�m�o�n�l�y� �n�o�r�m�a�l�i�z�e�d� �w�i�t�h� �U�,�, ��.� 

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

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

�A�p�p�e�n�d�i�x� �B�.� �A� �l�o�s�s� �c�o�e�f�f�i�c�i�e�n�t�,� 

�P�,�  ��_� �P�*� 

 ��_ � ��_� �1�5�)� �1� �2� �(� 

�Q�P� 

�i�s� �u�s�e�d� �t�o� �p�r�e�s�e�n�t� �c�o�m�p�u�t�e�d� �l�o�s�s� �c�o�n�t�o�u�r�s� �i�n� �t�h�i�s� �t�h�e�s�i�s�.� 
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�3� �S�C�O�P�E� �A�N�D� �O�B�J�E�C�T�I�V�E�S� �O�F� �T�H�I�S� �R�E�S�E�A�R�C�H� 

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

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

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

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

�p�a�s�s�a�g�e�s� �h�a�v�e� �n�o�t� �b�e�e�n� �d�o�n�e� �u�n�t�i�l� �r�e�c�e�n�t�l�y� �u�s�i�n�g� �3�-�D� �l�a�s�e�r� �a�n�e�m�o�m�e�t�r�y�.� 

�R�o�c�k�e�t�d�y�n�e� �h�a�s� �w�o�r�k� �i�n� �c�o�o�p�e�r�a�t�i�o�n� �w�i�t�h� �t�h�e� �N�A�S�A� �M�a�r�s�h�a�l�l� �P�u�m�p� �C�o�n�s�o�r�t�i�u�m� 

�t�o� �p�r�o�v�i�d�e� �d�e�t�a�i�l�e�d� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �f�o�r� �v�e�r�i�f�y�i�n�g� �3�-�D� �f�l�o�w� �c�o�d�e�s� �a�s� �w�e�l�l� �a�s� �f�o�r� �s�t�u�d�y�i�n�g� 

�t�h�e� �f�l�o�w� �f�i�e�l�d�s�.� �T�h�e� �R�o�c�k�e�t�d�y�n�e� �i�n�d�u�c�e�r� �w�a�s� �t�e�s�t�e�d� �i�n� �w�a�t�e�r� �u�s�i�n�g� �3�-�D� �l�a�s�e�r� �a�n�e�m�o�m�e�t�r�y� 

�b�y� �L�.� �B�r�o�z�o�w�s�k�i�,� �L�.� �R�o�j�a�s�,� �a�n�d� �T�.� �E�a�s�t�l�a�n�d� �(�1�6�,�1�7�,�1�8�)�.� �D�e�t�a�i�l�e�d� �d�a�t�a� �w�a�s� �r�e�c�o�r�d�e�d� �f�o�r� 

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

�a�t� �t�h�e� �i�n�d�u�c�e�r� �e�x�i�t�.� 

�T�h�e� �N�A�S�A� �M�a�r�s�h�a�l�l� �P�u�m�p� �C�o�n�s�o�r�t�i�u�m� �r�e�q�u�e�s�t�e�d� �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� 

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

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

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

�s�w�i�r�l�i�n�g� �f�l�o�w�s� �f�o�u�n�d� �i�n� �a�n� �i�n�d�u�c�e�r�.� �S�i�n�c�e� �3�-�D� �l�a�s�e�r� �a�n�e�m�o�m�e�t�r�y� �d�a�t�a� �w�a�s� �a�v�a�i�l�a�b�l�e� �f�o�r� 

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

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

�R�o�c�k�e�t�d�y�n�e� �3�-�D� �l�a�s�e�r� �a�n�e�m�o�m�e�t�r�y� �s�t�u�d�i�e�s� �w�e�r�e� �u�s�e�d� �t�o� �v�e�r�i�f�y� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �f�l�o�w� �f�i�e�l�d� 

�a�t� �t�h�e� �d�e�s�i�g�n� �f�l�o�w� �r�a�t�e�.� �T�h�e�n� �t�h�e� �f�l�o�w� �f�i�e�l�d� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �8�9�%� �a�n�d� �1�1�0�%� �f�l�o�w� �r�a�t�e�s� 

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

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

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

�r�e�c�i�r�c�u�l�a�t�i�o�n� �i�n� �t�h�e� �i�n�d�u�c�e�r�,� �a�n�d� �a�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �p�e�r�f�o�r�m�a�n�c�e�.� 
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�4� �G�E�O�M�E�T�R�Y� �A�N�D� �G�R�I�D� 

�T�h�e� �R�o�c�k�e�t�d�y�n�e� �i�n�d�u�c�e�r� �i�s� �u�s�e�d� �a�s� �t�h�e� �f�i�r�s�t� �s�t�a�g�e� �i�n� �t�h�e� �P�u�m�p� �C�o�n�s�o�r�t�i�u�m� �t�e�s�t� �r�i�g� 

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

�i�n�d�u�c�e�r� �g�e�o�m�e�t�r�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �1�.�1� �a�n�d� �4�.�2�.� �T�h�e� �a�n�n�u�l�u�s� �h�a�s� �a� �r�a�m�p�e�d� �h�u�b� �a�n�d� 

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

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

�f�l�o�w� �s�t�a�g�n�a�t�e�s� �o�n� �t�h�e� �n�u�t� �o�n� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�h�a�f�t�.� 

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

�t�e�s�t�s�.� �R�o�c�k�e�t�d�y�n�e� �h�a�d� �p�r�o�v�i�d�e�d� �2�-�D� �l�a�s�e�r� �v�e�l�o�c�i�m�e�t�r�y� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �t�h�e� �i�m�p�e�l�l�e�r� �i�n�l�e�t� 

�p�l�a�n�e�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�3�,� �f�o�r� �i�m�p�e�l�l�e�r� �f�l�o�w� �c�a�l�c�u�l�a�t�i�o�n�s�.� �R�o�c�k�e�t�d�y�n�e� �t�h�e�n� �m�a�d�e� �3�-�D� 

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

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

�4�.�1� �C�a�l�c�u�l�a�t�i�o�n� �G�r�i�d� �G�e�n�e�r�a�t�i�o�n� 

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

�t�h�e� �z�-�a�x�i�s� �a�s� �t�h�e� �a�x�i�s� �o�f� �r�o�t�a�t�i�o�n�.� �T�h�e� �d�i�m�e�n�s�i�o�n�l�e�s�s� �s�p�a�t�i�a�l� �p�a�r�a�m�e�t�e�r�s� �A�,� �B�,� �a�n�d� �C� 

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

�a�s� �-�1� �a�t� �t�h�e� �i�n�l�e�t� �p�l�a�n�e�,� �O� �a�t� �t�h�e� �b�l�a�d�e� �l�e�a�d�i�n�g� �e�d�g�e�,� �1� �a�t� �t�h�e� �b�l�a�d�e� �t�r�a�i�l�i�n�g� �e�d�g�e�,� �a�n�d� �2� 

�a�t� �t�h�e� �e�x�i�t� �p�l�a�n�e�.� �T�h�e� �b�l�a�d�e�-�t�o�-�b�l�a�d�e� �d�i�s�t�a�n�c�e� �p�a�r�a�m�e�t�e�r�,� �B�,� �i�s� �d�e�f�i�n�e�d� �a�s� �1� �a�t� �t�h�e� 

�p�r�e�s�s�u�r�e� �s�u�r�f�a�c�e� �a�n�d� �0� �a�t� �t�h�e� �s�u�c�t�i�o�n� �s�u�r�f�a�c�e�.� �T�h�e� �h�u�b�-�t�o�-�t�i�p� �d�i�s�t�a�n�c�e� �p�a�r�a�m�e�t�e�r�,� �C�,� �i�s� 

�d�e�f�i�n�e�d� �a�s� �O� �a�t� �t�h�e� �h�u�b�,� �1� �a�t� �t�h�e� �t�i�p�,� �a�n�d� �-�1� �a�t� �t�h�e� �a�x�i�s� �o�f� �r�o�t�a�t�i�o�n�.� �A�t� �l�o�c�a�t�i�o�n�s� �b�e�t�w�e�e�n� 

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

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

�R�o�c�k�e�t�d�y�n�e�,� �F�i�g�u�r�e� �4�.�4�.� �N�o�t�e� �t�h�a�t� �t�h�e� �b�l�a�d�e� �i�s� �s�h�o�w�n� �i�n� �a� �m�e�r�i�d�i�o�n�a�l� �v�i�e�w�,� �m�e�a�n�i�n�g� 

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

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

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

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

�1� �T�h�e� �g�r�i�d� �w�a�s� �c�o�n�v�e�r�t�e�d� �f�r�o�m� �x�,�y�,�z� �c�o�o�r�d�i�n�a�t�e�s� �t�o� �r�,�@�,�z� �c�o�o�r�d�i�n�a�t�e�s�,� �t�h�e�n� �t�h�e� 

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

�a� �s�i�m�p�l�e� �C� �p�r�o�g�r�a�m�.� 

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

�e�d�g�e� �s�h�a�p�e�s� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�5�.� 

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

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

�c�a�l�c�u�l�a�t�i�o�n� �r�e�g�i�o�n�.� �S�t�e�p�s� �2� �a�n�d� �3� �w�e�r�e� �c�o�m�b�i�n�e�d� �i�n� �a� �C� �p�r�o�g�r�a�m�.� 

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

�a�n�d� �t�r�a�i�l�i�n�g� �e�d�g�e�s�,� �h�u�b�,� �t�i�p�,� �t�i�p� �g�a�p�,� �a�n�d� �n�e�a�r� �t�h�e� �w�a�l�l�s�)� �h�a�d� �h�i�g�h�e�r� �d�e�n�s�i�t�y� �g�r�i�d�s�.� 

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

�n�e�c�e�s�s�a�r�y�.� �F�i�g�u�r�e� �4�.�7� �s�h�o�w�s� �a� �m�e�r�i�d�i�o�n�a�l� �v�i�e�w� �(�1� �v�s� �z� �v�i�e�w� �o�f� �t�h�e� �i�-�k� �g�r�i�d� �l�i�n�e�s�)� 

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

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

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

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

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

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

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

�G�O�P�T�W�,� �a� �g�r�i�d� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�g�r�a�m� �w�r�i�t�t�e�n� �b�y� �J�.� �G�.� �M�o�o�r�e� �f�o�r� �g�e�n�e�r�a�t�i�n�g� 

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

�s�m�o�o�t�h�e�d� �c�a�l�c�u�l�a�t�i�o�n� �g�r�i�d�.� 
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�4�.�3� �C�a�l�c�u�l�a�t�i�o�n� �D�e�t�a�i�l�s� 

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

�T�a�b�l�e� �4�.�1�.� �T�h�e� �s�h�r�o�u�d�,� �f�r�o�m� �i�n�l�e�t� �t�o� �e�x�i�t�,� �i�s� �a� �s�t�a�t�i�o�n�a�r�y� �w�a�l�l�,� �w�i�t�h� �z�e�r�o� �a�b�s�o�l�u�t�e� 

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

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

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

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

�w�a�t�e�r� �t�e�s�t�s� �c�a�r�e�f�u�l�l�y� �d�o�c�u�m�e�n�t�e�d� �i�n� �r�e�f�e�r�e�n�c�e� �1�6�.� �T�h�e� �p�r�e�s�s�u�r�e� �i�s� �u�n�i�f�o�r�m� �o�n� �t�h�e� �i�n�l�e�t� 
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�5� �C�A�L�C�U�L�A�T�I�O�N� �R�E�S�U�L�T�S� 

�T�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a�n� �H�P� �7�2�0� �w�o�r�k�s�t�a�t�i�o�n�.� �E�a�c�h� �r�u�n� �r�e�q�u�i�r�e�d� 

�1�0�0� �i�t�e�r�a�t�i�o�n�s� �a�n�d� �t�o�o�k� �a�b�o�u�t� �2�4� �h�o�u�r�s�.� �A�t� �t�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s�,� �s�e�v�e�r�a�l� 

�v�i�e�w�s� �h�a�d� �t�o� �b�e� �c�r�e�a�t�e�d� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e� �f�l�o�w� �f�i�e�l�d�.� �F�i�g�u�r�e�s� �5�.�1� �t�h�r�o�u�g�h� �5�.�7� �i�l�l�u�s�t�r�a�t�e� �t�h�e� 

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

�M�e�r�i�d�i�o�n�a�l� �v�i�e�w�s� �o�f� �c�a�l�c�u�l�a�t�e�d� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s�,� �F�i�g�u�r�e�s� �5�.�1�,� �5�.�2�,� �a�n�d� �5�.�3�,� �s�h�o�w� 

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

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

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

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

�t�h�e� �p�r�e�s�s�u�r�e� �s�i�d�e� �b�y� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s� �t�h�a�t� �a�r�e� �a�b�o�u�t� �0�.�6� �o�f� �t�h�e� �t�i�p� �s�p�e�e�d�.� �H�e�r�e� �t�h�e� �f�l�o�w� 

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

�c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �r�-�z� �p�l�a�n�e�.� �F�i�g�u�r�e�s� �5�.�1� �a�n�d� �5�.�2� �s�h�o�w� �t�h�e�r�e� �i�s� �a� �r�a�d�i�a�l�l�y� �o�u�t�w�a�r�d� 

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

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

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

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

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

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

�l�e�a�d�i�n�g� �e�d�g�e�.� 

�C�o�n�t�o�u�r�s� �o�f� �r�o�t�a�r�y� �s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e� �l�o�s�s� �c�o�e�f�f�i�c�i�e�n�t� �(�E�q�.� �1�6�,� �S�e�c�t�i�o�n� �2�.�4�)�,� �f�o�r� 

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

�r�e�s�u�l�t�s� �w�e�r�e� �i�n�t�e�r�p�o�l�a�t�e�d� �t�o� �6� �t�a�n�g�e�n�t�i�a�l� �l�o�c�a�t�i�o�n�s�.� �E�a�c�h� �p�l�o�t� �c�u�t�s� �t�h�r�o�u�g�h� �2� �o�r� �3� �b�l�a�d�e�s�.� 

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

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

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

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

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

�r�e�g�i�o�n� �a�t� �t�h�e� �i�n�l�e�t�.� 

�F�i�g�u�r�e�s� �5�.�5�,� �5�.�6�,� �a�n�d� �5�.�7� �a�r�e� �m�e�r�i�d�i�o�n�a�l� �v�i�e�w�s� �a�t� �n�e�a�r� �p�r�e�s�s�u�r�e� �s�i�d�e�,� �n�e�a�r� �s�u�c�t�i�o�n� 

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

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

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

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

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

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

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

�f�l�o�w� �o�v�e�r� �t�h�e� �n�o�s�e� �i�s� �a�l�r�e�a�d�y� �c�l�e�a�n�.� 
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�6� �C�O�M�P�A�R�I�S�O�N� �O�F� �C�A�L�C�U�L�A�T�I�O�N� �T�O� �M�E�A�S�U�R�E�M�E�N�T� 

�6�.�1� �I�n�t�e�r�n�a�l� �D�a�t�a� �P�l�a�n�e�s� 

�T�h�e� �3�-�D� �l�a�s�e�r� �m�e�a�s�u�r�e�m�e�n�t�s� �m�a�d�e� �b�y� �R�o�c�k�e�t�d�y�n�e� �w�e�r�e� �u�s�e�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n�.� 

�T�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �6� �a�x�i�a�l� �m�e�a�s�u�r�e�m�e�n�t� �p�l�a�n�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�3�.� �T�h�e� �a�x�i�a�l� 

�m�e�a�s�u�r�e�m�e�n�t� �p�l�a�n�e�s� �A� �t�h�r�o�u�g�h� �E� �c�o�r�r�e�s�p�o�n�d� �t�o� �F�i�g�u�r�e�s� �6�.�1� �t�h�r�o�u�g�h� �6�.�5�.� �T�h�e�s�e� �f�i�v�e� 

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

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

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

�t�h�e� �f�u�l�l� �3�6�0� �d�e�g�r�e�e�s�,� �a�n�d� �w�e�r�e� �p�l�o�t�t�e�d� �o�n� �t�h�e� �s�a�m�e� �p�a�g�e� �f�o�r� �e�a�s�y� �c�o�m�p�a�r�i�s�o�n�.� �N�o�t�e� �t�h�a�t� 

�t�h�e� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �w�i�t�h� �b�l�a�d�e� �t�i�p� �s�p�e�e�d�,� �U�,�,�,�.� �A�l�s�o�,� �t�h�e� �b�l�a�d�e� �r�o�t�a�t�e�s� �i�n� �t�h�e� �-�6� 

�d�i�r�e�c�t�i�o�n�,� �c�l�o�c�k�w�i�s�e�.� 

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

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

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

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

�P�l�a�n�e� �A� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�1�.� �N�e�a�r� �t�h�e� �s�h�r�o�u�d� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �o�f� �t�h�e� 

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

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

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

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

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

�a�n�d� �h�a�l�f� �f�o�r�w�a�r�d� �f�l�o�w�.� 

�P�l�a�n�e�s� �B� �a�n�d� �C� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �6�.�2� �a�n�d� �6�.�3�.� �N�o�t�i�c�e� �i�n� �P�l�a�n�e� �B� �t�h�a�t� �t�h�e� 

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

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

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

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

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

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

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

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

�d�i�d� �P�l�a�n�e� �B�.� �O�t�h�e�r�w�i�s�e�,� �p�l�a�n�e�s� �B� �a�n�d� �C� �a�r�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �v�e�r�y� �s�i�m�i�l�a�r�.� 

�F�i�g�u�r�e�s� �6�.�2� �a�n�d� �6�.�3� �b�o�t�h� �s�h�o�w� �r�a�d�i�a�l� �s�t�r�e�a�k�s� �t�h�r�o�u�g�h� �t�h�e� �m�e�a�s�u�r�e�d� �r�a�d�i�a�l� �v�e�l�o�c�i�t�y� 

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

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

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

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

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

�D�.� �T�h�e�r�e� �i�s� �r�a�d�i�a�l�l�y� �o�u�t�w�a�r�d� �f�l�o�w�,� �+�V�,�,� �n�e�a�r� �t�h�e� �b�l�a�d�e�s� �a�n�d� �r�a�d�i�a�l�l�y� �i�n�w�a�r�d� �f�l�o�w�,� �-�V�,�,� 

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

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

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

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

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

�N�o�t�i�c�e� �t�h�a�t� �t�h�e� �r�e�g�i�o�n� �o�f� �w�e�a�k� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�y�,� �V�,�,� �n�e�a�r� �t�h�e� �s�u�c�t�i�o�n� �s�u�r�f�a�c�e� 

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

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

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

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

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

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