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(ABSTRACT) 

Experiments were performed to determine the effects of impinging oscillating 

shocks of different frequencies on a 15° downstream angled, underexpanded, sonic 

helium jet injected into a supersonic airflow. Information on mixing, penetration, total 

pressure loss and turbulence structure from these experiments was used to estimate mixing 

control achieved by adding an oscillating shock to the helium injection flow field. Tests 

were conducted at Mach 3.0, with a total pressure of 6.5 atm, a total temperature of 290 

K and a Reynolds number of 51.0 x 10° per meter. Oscillating shocks of three different 

frequencies were studied. The frequencies selected were designed to allow tuning of the 

shock frequency to the estimated frequency, about 100 - 150 kHz, of the largest eddies 

in the approach boundary layer. Visualization using nanoshadowgraph photography 

showed large turbulent structures in all cases. In addition, there were clear changes in 

eddy size with changing shock frequency visible on the nanoshadowgraphs. The primary 

measurement made for the mixing studies was the molar concentration of helium. 

Concentration data, as well as mean flow data, was collected at nine lateral positions at 

each of three axial stations downstream of the helium injector. The resulting data



produced contours of helium concentration, total pressure, Mach number, velocity, mass 

flux and static flow properties. Additional tests were conducted to determine the shock 

oscillation frequency, the correlation between the oscillating shock and the turbulence in 

the shear layer and the angle of large-scale structures in the flow. Mixing and penetration 

rates were determined from the helium concentration data. The major result of this study 

was that impingement of an oscillating shock on a high-speed shear layer can be used to 

control the rate of mixing. Depending on the shock oscillation frequency, mixing 

enhancement or inhibition can be produced. It was found that increasing shock oscillation 

frequency resulted in more rapid injectant concentration decay and increased freestream 

air entrainment leading to a stoichiometric H,-air mixture ratio while also reducing 

penetration of the helium injectant. A strong correlation was found between the highest 

frequency shock and changes in the mixing flow field. The maximum oscillation 

frequency was approximately 140 kHz, which was consistent with numerical estimates 

for the frequency necessary for mixing augmentation under these test conditions. It was 

concluded that oscillating shock impingement has promise as a means of controlling 

gaseous mixing in a high-speed cross-flow.
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1. INTRODUCTION 

When the National Aerospace Plane (NASP) was announced in January 1986, it 

represented the most ambitious undertaking, to date, in the field of hypersonic flight. It 

was intended to be a single stage to orbit, primarily airbreathing, vehicle for use in 

research and development and leading to future vehicle concepts based on the knowledge 

gained in this program. High speed airbreathing propulsion was not new when the 

program was announced. The ramjet, using subsonic combustion, had been studied as 

early as the 1930’s by Leduc and saw further development after World War II.' In such 

a propulsion device, supersonic air was slowed to below Mach 1.0 before fuel was added 

in the combustor. This was acceptable at speeds up to approximately Mach 5.0, but 

above Mach 5.0, at speeds needed for the NASP, there is a severe reduction in total 

pressure recovery of the inlet system and an extreme rise in static temperature at the 

combustor entrance, if the flow is decelerated below Mach 1.0. This results in increased 

dissociation of combustion products and an increase in losses associated with the frozen 

flow expansion process.” Some of these problems can be countered by allowing the 

combustion to take place at supersonic velocities using a scramjet, or supersonic 

combustion ramjet. 

One of the most important and persistent problems in scramjet propulsion is 

fuel/air mixing and combustion.’ Figure 1 shows typical engine flow conditions for a 

scramjet operating at Mach 25.0 at 200,000 feet. As can be seen in the figure, 

combustor velocities are on the order of 10* ft/sec. It is also necessary to keep the 
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combustor length down to reduce wall heat transfer, to reduce viscous losses due to wall 

shear, and to avoid adding excess weight to the flight vehicle. The combination of high 

combustor velocity and the desire for minimum length leads to residence times of 10° to 

10* sec. This short time drives the need for rapid entrainment and fuel/air mixing 

followed by significant energy release in the combustor. The inherently low mixing rates 

at high Mach numbers necessitate a better understanding of the mixing and mixing 

augmentation processes.** A further overview of the scramjet mixing problem can be 

found in Ref. 5. 

Studies have been conducted on the use of liquid fuels for scramjets as well as the 

use of gaseous fuels, such as hydrogen, with its high energy release.° The use of gaseous 

fuels has gained interest over the past several years and many researchers have looked at 

the problem of penetration and mixing of gases injected into a supersonic stream. 

An overview and analysis of much of the experimental data on gaseous injection 

can be found in Ref. 7. That work reviews the available data on injection of light gases 

into a supersonic air stream with emphasis on the experiments where downstream species 

concentration measurements were available. 

One of the most studied cases is that of normal injection into a supersonic flow. 

Schetz and Billig* presented an analysis of this configuration and extended subsonic solid 

body models to supersonic flows to develop a method for predicting the trajectory of the 

injected gas. Their predictions were found to agree closely with experiment. Schetz and 

Billig also introduced the effective back pressure concept. This pressure was defined as 

the average pressure between the jet interaction shock and the jet itself. It can be thought 
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of as the pressure to which the jet will expand after leaving the injector. The jet 

expansion ratio was then defined as the ratio of the static pressure at the injector exit 

plane to the effective back pressure. Thus, an underexpansion would be indicated by an 

expansion ratio greater than 1. While this analysis predicted the jet trajectory very well, 

it could not be used to predict downstream mixing. Cohen, Coulter and Egan’ performed 

experiments to study the penetration and mixing of non-reacting gases injected into 

subsonic and supersonic air flows. They used schlieren photographs, total temperature 

measurements and species concentration profiles to develop correlations for penetration 

height, distance required to achieve two-dimensional flow and kinematic eddy viscosity. 

Among other things, they found that using upstream blowing dramatically increased both 

penetration and mixing rate. 

While normal injection shows significant penetration, there is no downstream fuel 

momentum contribution. This can be overcome by means such as downstream facing slot 

injection. Kwok, et al, Ref. 10, and others have studied such a flow configuration. 

They found that there was very poor initial penetration and mixing in this configuration. 

In addition they saw a small total pressure loss in the helium injection studied. 

One compromise between normal injection and slot injection would be to angle 

the injector at some angle between those two extremes. Mays’! summarized the 

downstream angled work of McClinton who looked at transverse angles as low as 30° and 

extended that work studying injection angles of 15° and 30° with matched exit pressures 

and with a 5X underexpanded exit condition. Mays found that the underexpanded jets 

showed substantially better penetration and mixing that the matched jets. When total 
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pressure losses were considered with the decay rates and penetration results, Mays 

concluded that the 15° underexpanded jet was the best case of the four he studied. 

In addition to studies of various injection schemes, both experimental and 

computational studies have been conducted on other means to enhance the supersonic 

mixing process. Many of these studies have involved the interaction of a shock wave 

with the mixing region and have studied the changes due to such an interaction. Marble, 

et al, (Ref. 12) performed computational and experimental studies in which a weak shock 

interacted with a fuel jet flowing parallel to the air stream and the combustor wall. The 

interaction between the nominally steady shock and the flow generated strong longitudinal 

vorticity which in turn caused rapid distortion in the fuel-air interface. This distortion 

caused a greatly increased mixing rate. 

Menon” also studied a steady shock mixing enhancement configuration. In this 

work, a steady shock, generated by a wedge in the flow, was caused to impinge on a 

shear layer downstream of a rearward facing step. Preliminary results indicated there 

may be increased spreading of the shear layer downstream of the shock/shear layer 

interaction region. A similar study by Shau and Dolling” found little effect of the shock 

on spreading rate either near the shock or further downstream of the interaction zone. 

Kumar, Bushnell and Hussaini* performed numerical studies of another means for 

providing turbulence and for mixing enhancement in a scramjet-type flow field. In this 

study, an oscillating shock was studied as the driver for mixing enhancement. The 

interaction of an oscillating shock with a mixing zone could provide mixing augmentation 

through the transfer of fluctuation energy from the mean flow to the mixing zone.*” This 
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mixing augmentation could be improved by "tuning” the oscillating shock frequency to 

the frequency of the large-scale turbulence in the flow field. Bushnell* suggested 

estimating the large-scale structure frequency from: 

_ ive [1.1] 

This eddy frequency could then be used as the "target"frequency for the "tuning" process. 

This paper also suggested several means for producing an oscillating shock disturbance 

in the flow field. 

Based on the limited studies available, it was decided that oscillating shock 

impingement provided a good chance for augmentation of gas jet mixing in supersonic 

flow. A simple, passive means of generating such an oscillating shock is the introduction 

of a nominally steady liquid jet into the flow field. The behavior of a liquid jet in a 

supersonic crossflow has been studied extensively. Less and Schetz’* describe the process 

of liquid injection into a supersonic crossflow. As the liquid penetrates the crossflow, 

waves develop along the surface of the jet column and propagate along the liquid plume 

with increasing amplitude and speed. The plume curves downstream due to aerodynamic 

drag and eventually fractures, shedding slumps of the liquid injectant. Wave growth and 

fracture contribute to the unsteadiness observed in high-speed photographic studies of 

liquid injection. In this study, they were concerned primarily with liquid jet breakup, 

fracture frequency, clump dispersal, and jet column wave frequency. The jet column 
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wave frequencies were initially related to a modified Strouhal number for vortex shedding 

past a rigid cylinder as: 

N.=— [1.2] 

  

This equation did not account for variations in liquid injectant properties so a modified 

equation was developed: 

xP U. N,, = 0.000325 | (——") x xu [1.3] 
HyXP; d, 

In both equations, the frequency of the jet column waves was seen to vary as the inverse 

  

of the liquid injector diameter. The curved bow shock present during injection into a 

supersonic crossflow is affected by the unsteady nature of the jet and oscillates as well. 

No measurements of the frequency of shock oscillation were made; however, a close 

relationship between wave frequency and shock oscillation frequency was presumed. 

Such a curved oscillating shock also produces vorticity, another potentially influential 

mechanism in the mixing process. 

The purpose of these experiments was to document any changes in mixing 

performance which would result from oscillating shock impingement "tuned" to the large- 

scale turbulence in a mixing flow field. A previously documented injection configuration 

was selected as the baseline for these studies. Helium injection was used to simulate 

hydrogen injection for safety reasons. Water was selected as the liquid injectant because 
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of its ease of handling and ready availability in the laboratory. In addition to NASP, 

there are other applications for mixing augmentation in supersonic flow such as thrust 

vector control and vehicle control with transverse jets. 
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2. DESCRIPTION OF THE EXPERIMENT 

2.1 General Description 

Tests were conducted in a supersonic wind tunnel with free-stream conditions: 

M, = 3 

P,. = 6.5 atm 

T. = 290 K 

Re = 51x 10°/m 

These conditions are similar to those of an airbreathing hypersonic-cruise flight 

vehicle operating at a Mach number of 9.0 at 58 km altitude. An inlet diffusion ratio of 

3 has been assumed. In a cold-flow tunnel, such as the one used here, it was not possible 

to simulate the 5000 K total temperature in the vehicle combustor. These experiments 

are useful, however, to establish trends and relative magnitudes for mixing and 

penetration, and to assess the influence of different parameters on the flow field. 

The baseline injector for these tests was the 15° downstream-angled, underex- 

panded, sonic, helium jet studied by Mays."' Mays selected this configuration as the best 

of the four he studied based on a compromise of costs and benefits. This injector 

exhibited good concentration decay, relatively low total pressure loss, and the fastest 

approach to concentration values equivalent to a stoichiometric hydrogen-air mixture with 

axial distance downstream of the jet. The jet was mounted flush with the wind tunnel 

floor and operated at a total temperature of 295 K and a total pressure of 3.7 atm. 
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Two separate sets of experiments were conducted for this investigation. In the 

first experiments, the effects of shock impingement location and q were studied. Water 

was injected through a circular injector at q = 2 and q = 6 and the plate was positioned 

to cause the oscillating shocks to impinge at three different locations on the test plate. 

Shock impingement locations were selected downstream of the helium nozzle, on the 

leading edge of the helium injector, and upstream of the injector. The two q values and 

different injection locations were selected as bounds to begin the process of "tuning" the 

shock oscillation frequency to the large-scale turbulence in the flow field. Shocks of 

different strength and frequency were generated by injecting at q = 2 and q = 6. Initial 

studies indicated the most effective combination was g = 6 with the shock impingement 

downstream of the helium injector. 

The remaining tests were conducted on this baseline configuration with three 

different diameter water injectors and Gq = 6. No direct measurements of shock 

oscillation frequency were available from the earlier work by Less and Schetz,,., so for 

this study, a direct connection was assumed between the jet column wave frequency and 

the shock oscillation frequency. Equation [1.3] was then used to three water injector 

diameters which would produce oscillating shocks over a range of frequencies,; which 

bracketed the large-scale structure frequency predicted by Equation[1.1]. Selecting three 

injector diameters allowed further refinement of the "tuning" process. The shock 

frequency increased, for fixed q, as the water injector diameter decreased. The injection 

flow field was documented for all four cases. Test conditions are summarized in Table 

1. 
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Short exposure time nanoshadowgraphs were made of the four flow fields from 

upstream of the water injector to approximately 100 jet diameters downstream of the 

helium injector. The very short exposure time allowed "freezing" of the rapidly changing 

flow field and showed details of the large-scale eddies including size, shape and inter- 

eddy spacing. 

High frequency response pressure transducers were used to determine the shock 

oscillation frequencies for three different water injectors. Additionally, simultaneous 

pressure transducer and hot-wire measurements were conducted to determine what 

relationship existed between the shock oscillation frequency and changes in the helium 

injection flow field. At an axial location 90 helium jet diameters downstream of the 

injector, measurements were made with parallel sensor hot-wire arrays to detect the 

presence of large-scale structures in the flow field and to determine the relative angles of 

the large-scale structures. 

At axial locations 20, 40 and 90 helium jet diameters downstream of the jet, 

helium concentration, Pitot pressure, cone-static pressure, and total temperature were 

measured in continuous vertical profiles. Measurements were made on the jet centerline 

and at four lateral stations on each side of the centerline. Spacing between these lateral 

stations was one jet diameter. Calculations from these measurements provided helium 

concentration, Mach number, local speed of sound, static temperature, static pressure, 

density, flow speed, mass flux, total temperature and total pressure. 
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With this plan, it was possible to determine both the gross effects of oscillating 

shock impingement flow field features such as mean concentration decay and some of the 

details of the complex process involved. 
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2.2 Facilities and Equipment 

2.2.1 The Wind Tunnel 

The present experiments were conducted in the Virginia Tech 23 cm x 23 cm 

Supersonic Wind Tunnel shown in Fig. 2. The tunnel is a blowdown facility which 

exhausts to the atmosphere. It can be operated at Mach numbers from 2.4 to 4.0 and at 

total pressures up to 20 atm. The compressed air supply for the tunnel is provided by 

an Ingersoll-Rand, type HHE, four stage, water-cooled compressor. The air is dried and 

prefiltered to remove moisture and oil. Dust and dirt particles are removed by an 

afterfilter system. The air is then stored in two large steel tanks with a combined volume 

of 23 m’. During a tunnel run, the air from the tanks is released to the tunnel settling 

chamber by a computer-controlled pneumatic butterfly valve. A hydraulic valve 

controlled by a feedback servo-control circuit sets and holds chamber pressure. Valve 

position is determined by a control signal from the tunnel control computer and a settling 

chamber total pressure signal from a pressure transducer. This system maintains tunnel 

total pressure to within four percent during a typical run. 

A transition cone and set of five screens in the settling chamber reduce flow 

angularity and turbulence. Next, air enters a two-dimensional, converging-diverging, 

Mach 3.0 nozzle. For these experiments, the bottom half of the nozzle was replaced by 

a flat plate insert as shown in Fig. 3. The nozzle has a throat area of 61.5 cm’ and is 

designed to compensate for boundary layer growth. The flow then enters the test section 

which contains the models and instrumentation. 
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The test section is an 11.5 cm high x 23 cm wide constant area duct of rectangular 

cross-section. Both sides of the test section have large access doors with glass windows. 

These doors provide easy access to the test section and allow photography of the models 

and flow field. The air flow is then diffused and exhausted to the atmosphere through 

a muffler. 

2.2.2 Helium Injector Model 

The baseline model was designed to inject helium into a flat plate flow at a 

downstream angle of 15° relative to the horizontal. A gas supply system provided 

compressed helium to a plenum chamber with an internal volume of approximately 4930 

cm’. The gas was injected into the Mach 3.0 flow through a sonic nozzle with a conical 

converging inlet. The half-angle of the converging section was 14°. This injector had 

a 0.318 cm throat diameter and was of constant cross-sectional area for one throat 

diameter. The injector was mounted flush with the tunnel floor in a nozzle block which 

covered the top of the plenum chamber. A right-hand coordinate system was fixed with 

the origin at the leading edge of the jet and positive-x in the streamwise direction. Figure 

4 shows the design of the injector and the orientation of the coordinate system. 

A test plate was mounted on the downstream side of the plenum chamber. This 

plate was flush with the top surface of the plenum chamber and extended approximately 

100 jet diameters downstream of the helium injector as shown in Fig. 5. Slots in the 

plate allowed both lateral and vertical probe movement. The slots were located 45, 65 

and 115 jet diameters downstream of the helium jet. Probe tips were designed to extend 

25 diameters upstream of the slots, thus allowing measurements at axial stations 20, 40 
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�p�r�e�s�s�u�r�e� �r�e�d�u�c�t�i�o�n� �a�n�d� �f�i�n�e� �t�u�n�i�n�g�.� �T�h�e� �h�e�l�i�u�m� �w�a�s� �t�h�e�n� �f�e�d� �i�n�t�o� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� 

�p�l�e�n�u�m� �c�h�a�m�b�e�r� �t�h�r�o�u�g�h� �t�w�o� �1�.�2�7� �c�m� �O�.�D�.� �c�o�p�p�e�r� �t�u�b�e�s�.� �T�h�i�s� �s�y�s�t�e�m� �m�a�i�n�t�a�i�n�e�d� �j�e�t� 

�t�o�t�a�l� �p�r�e�s�s�u�r�e� �t�o� �w�i�t�h�i�n� �f�o�u�r� �p�e�r�c�e�n�t� �o�f� �t�h�e� �d�e�s�i�r�e�d� �v�a�l�u�e�.� 
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�2�.�2�.�5� �W�a�t�e�r� �S�u�p�p�l�y� �S�y�s�t�e�m� 

�A� �d�i�a�g�r�a�m� �o�f� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �7�.� �T�h�e� �w�a�t�e�r� �r�e�s�e�r�v�o�i�r� 

�w�a�s� �a� �S�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�a�n�k� �w�i�t�h� �a� �v�o�l�u�m�e� �o�f� �3�0�0�0� �m�l�.� �D�r�i�v�i�n�g� �p�r�e�s�s�u�r�e� �f�o�r� �t�h�e� �i�n�j�e�c�t�a�n�t� 

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

�m�o�n�i�t�o�r�e�d� �o�n� �a� �H�e�i�s�e� �C�M�M�-�4�3�8�6� �p�r�e�s�s�u�r�e� �g�a�g�e�.� �T�h�e� �s�i�z�e� �o�f� �t�h�e� �t�a�n�k� �p�l�a�y�e�d� �a�n� 

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

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

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

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

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

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

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

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

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

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

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

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

�e�x�p�e�r�i�m�e�n�t�s�,� �e�x�p�i�r�e�d�,� �t�h�e� �s�o�l�e�n�o�i�d� �t�r�i�g�g�e�r�e�d� �a� �W�h�i�t�e�y� �M�o�d�e�l� �S�S�-�4�3�X�5�4�-�1�5�1�-�D�A� 

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

�t�h�r�o�u�g�h� �a� �N�u�p�r�o� �B�6�-�T�F�-�1�4�0� �f�i�l�t�e�r� �w�h�i�c�h� �w�a�s� �c�a�p�a�b�l�e� �o�f� �r�e�m�o�v�i�n�g� �f�o�r�e�i�g�n� �p�a�r�t�i�c�l�e�s� �l�a�r�g�e�r� 

�t�h�a�n� �1�4�0� �m�i�c�r�o�n�s� �f�r�o�m� �t�h�e� �w�a�t�e�r�.� �H�i�g�h�-�p�r�e�s�s�u�r�e� �0�.�9�5�3� �c�m� �d�i�a�m�e�t�e�r� �p�l�a�s�t�i�c� �t�u�b�i�n�g� �w�a�s� 
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�u�s�e�d� �t�o� �p�i�p�e� �t�h�e� �w�a�t�e�r� �f�r�o�m� �t�h�e� �f�i�l�t�e�r� �t�o� �t�h�e� �p�l�e�n�u�m� �c�h�a�m�b�e�r� �f�e�e�d� �l�i�n�e�s�.� �A�l�l� �o�t�h�e�r� �t�u�b�i�n�g� 

�i�n� �t�h�i�s� �s�y�s�t�e�m� �w�a�s� �0�.�6�3�5� �c�m� �d�i�a�m�e�t�e�r� �c�o�p�p�e�r�.� 

�2�.�2�.�6� �T�r�a�v�e�r�s�i�n�g� �S�y�s�t�e�m� 

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

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

�S�e�r�i�e�s� �2�4�0� �L�i�n�e�a�r� �V�o�l�t�a�g�e� �D�i�s�p�l�a�c�e�m�e�n�t� �T�r�a�n�s�d�u�c�e�r� �(�L�V�D�T�)� �p�o�w�e�r�e�d� �b�y� �a� �C�o�m�p�u�t�e�r� 

�D�e�v�i�c�e�s� �M�o�d�e�l� �3�4�0�-�9�2�0�0�A� �S�t�e�p�p�e�r� �M�o�t�o�r�.� �T�h�e� �m�o�t�o�r� �r�o�t�a�t�e�d� �a� �g�e�a�r�e�d� �w�h�e�e�l� �w�h�i�c�h� 

�m�o�v�e�d� �a� �s�l�o�t�t�e�d� �r�o�d� �0�.�0�1�3� �c�m� �p�e�r� �s�t�e�p�.� �A�t�t�a�c�h�e�d� �t�o� �t�h�e� �r�o�d� �w�a�s� �a� �p�r�o�b�e� �m�o�u�n�t�i�n�g� 

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

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

�t�h�r�o�u�g�h� �s�l�o�t�s� �i�n� �t�h�e� �t�e�s�t� �p�l�a�t�e� �i�n�t�o� �a� �0�.�6�3�5� �c�m� �h�o�l�e� �i�n� �a� �c�o�l�l�a�r� �w�h�i�c�h� �w�a�s� �t�h�e�n� �t�i�g�h�t�e�n�e�d� 

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

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

�T�h�e� �s�t�e�p�p�e�r� �m�o�t�o�r� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�n� �A�m�e�r�i�c�a�n� �P�r�e�c�i�s�i�o�n� �I�n�d�u�s�t�r�i�e�s� �D�M�A�-�6�4� 

�S�t�e�p�p�e�r� �M�o�t�o�r� �C�o�n�t�r�o�l�l�e�r� �d�r�i�v�e�n� �b�y� �a� �U�A�I� �3�7�0�1� �C�o�m�m�a�n�d� �P�r�o�c�e�s�s�o�r� �B�o�a�r�d� �w�h�i�c�h� 

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

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

�d�i�s�t�a�n�c�e� �a�n�d� �d�i�r�e�c�t�i�o�n� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �b�e�i�n�g� �c�o�n�d�u�c�t�e�d�.� 
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�2�.�3� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�2�.�3�.�1� �T�u�n�n�e�l� �C�o�n�t�r�o�l� �C�o�m�p�u�t�e�r� 

�A�n� �I�B�M� �P�C� �w�i�t�h� �a�n� �i�n�s�t�a�l�l�e�d� �M�e�t�r�a�B�y�t�e� �D�A�S�-�1�6�F�,� �H�i�g�h� �S�p�e�e�d� �A�n�a�l�o�g� �t�o� �D�i�g�i�t�a�l� 

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

�a�n�a�l�o�g� �(�D�/�A�)� �o�u�t�p�u�t� �c�h�a�n�n�e�l�s� �o�n� �t�h�e� �D�A�S�-�1�6�F� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �v�a�l�v�e� �s�e�r�v�o�-� 

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

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

�f�o�r� �t�w�o� �p�u�r�p�o�s�e�s�.� �W�h�e�n� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �v�a�l�v�e� �o�p�e�n�e�d�,� �a� �3�.�0� �v�o�l�t� �s�i�g�n�a�l� �w�a�s� �s�e�n�t� �w�h�i�c�h� 

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

�2�.�2�.�4� �a�n�d� �2�.�2�.�5�.� �A�f�t�e�r� �a�l�l�o�w�i�n�g� �a� �s�u�i�t�a�b�l�e� �t�i�m�e� �d�e�l�a�y� �f�o�r� �t�h�e� �t�u�n�n�e�l� �s�t�a�r�t�i�n�g� �t�r�a�n�s�i�e�n�t�s� 

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

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

�h�e�l�i�u�m� �s�y�s�t�e�m� �t�o� �s�h�u�t� �d�o�w�n�.� 

�2�.�3�.�2� �D�a�t�a� �A�c�q�u�i�s�i�t�i�o�n� �S�y�s�t�e�m�s� 

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

�D�A�S�-�2�0�,� �1�2� �b�i�t�,� �H�i�g�h� �S�p�e�e�d� �A�/�D� �c�o�n�v�e�r�s�i�o�n� �b�o�a�r�d� �i�n�s�t�a�l�l�e�d� �i�n� �a� �Z�e�n�i�t�h� �Z�-�2�4�8� �A�T� �c�l�a�s�s� 

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

�o�f� �0�.�0�0�2�4� �v�o�l�t�s� �f�o�r� �a� �z�e�r�o� �t�o� �t�e�n� �v�o�l�t� �a�n�a�l�o�g� �s�i�g�n�a�l�.� �S�i�g�n�a�l�s� �f�r�o�m� �t�h�e�r�m�o�c�o�u�p�l�e� �p�r�o�b�e�s� 

�u�s�e�d� �i�n� �t�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �p�r�o�c�e�s�s�e�d� �t�h�r�o�u�g�h� �a� �M�e�t�r�a�B�y�t�e� �E�X�P�-�2�0� �M�u�l�t�i�p�l�e�x�e�r�/�A�m�p�l�i�f�i�e�r� 

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

�r�e�a�d�a�b�l�e� �b�y� �t�h�e� �D�A�S�-�2�0�.� �T�h�e� �E�X�P�-�2�0� �w�a�s� �w�i�r�e�d� �i�n� �s�e�r�i�e�s� �w�i�t�h� �a� �M�e�t�r�a�B�y�t�e� �S�T�A�-�2�0� 

�S�c�r�e�w� �T�e�r�m�i�n�a�l� �A�d�a�p�t�e�r� �w�h�i�c�h� �r�e�c�e�i�v�e�d� �t�h�e� �v�o�l�t�a�g�e� �s�i�g�n�a�l�s� �n�o�t� �r�e�q�u�i�r�i�n�g� �a�m�p�l�i�f�i�c�a�t�i�o�n� 
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�b�e�f�o�r�e� �b�e�i�n�g� �r�e�a�d� �b�y� �t�h�e� �D�A�S�-�2�0�.� �T�h�e� �t�w�o� �u�n�i�t�s� �w�e�r�e� �t�h�e�n� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �D�A�S�-�2�0� 

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

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

�a�n�d� �c�o�n�v�e�r�t� �t�h�e�m� �i�n�t�o� �r�e�a�d�a�b�l�e� �A�S�C�I�I� �d�a�t�a� �b�e�f�o�r�e� �s�t�o�r�i�n�g� �t�h�e� �d�a�t�a� �o�n� �a� �f�i�x�e�d� �d�i�s�k� �d�r�i�v�e� 

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

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

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

�r�u�n�s�.� 

�D�a�t�a� �c�o�l�l�e�c�t�i�o�n� �f�o�r� �t�h�e� �s�h�o�c�k� �f�r�e�q�u�e�n�c�y� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� �l�a�r�g�e�-�s�c�a�l�e� �s�t�r�u�c�t�u�r�e� 

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

�r�a�t�e�s� �t�h�a�n� �w�e�r�e� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �t�h�e� �D�A�S�-�2�0� �s�y�s�t�e�m� �j�u�s�t� �d�e�s�c�r�i�b�e�d�.� �F�o�r� �t�h�e�s�e� �m�e�a�s�u�r�e�-� 

�m�e�n�t�s�,� �a� �L�e�C�r�o�y� �6�8�1�0� �W�a�v�e�f�o�r�m� �R�e�c�o�r�d�e�r� �o�p�e�r�a�t�e�d� �b�y� �t�h�e� �W�a�v�e�f�o�r�m� �C�a�t�a�l�y�s�t� �s�o�f�t�w�a�r�e� 

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

�c�o�m�b�i�n�a�t�i�o�n� �a�l�l�o�w�e�d� �f�o�r� �s�a�m�p�l�i�n�g� �r�a�t�e�s� �a�s� �h�i�g�h� �a�s� �5�,�0�0�0�,�0�0�0� �s�a�m�p�l�e�s� �p�e�r� �s�e�c�o�n�d� �o�n� �a� 

�s�i�n�g�l�e� �c�h�a�n�n�e�l� �o�r� �2�,�0�0�0�,�0�0�0� �s�a�m�p�l�e�s� �p�e�r� �s�e�c�o�n�d� �o�n� �2� �c�h�a�n�n�e�l�s�.� �A�s� �w�i�t�h� �t�h�e� �D�A�S�-�2�0� 

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

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

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

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

�t�o� �t�h�e� �n�e�x�t� �w�i�n�d� �t�u�n�n�e�l� �r�u�n�.� �T�h�i�s� �s�y�s�t�e�m� �w�a�s� �a� �1�2�-�b�i�t� �s�y�s�t�e�m� �g�i�v�i�n�g� �a� �r�e�s�o�l�u�t�i�o�n� �o�f� 

�0�.�0�0�1� �m�V� �o�n� �a� �z�e�r�o� �t�o� �f�o�u�r� �v�o�l�t� �s�i�g�n�a�l�.� 
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�2�.�3�.�3� �S�t�a�g�n�a�t�i�o�n� �P�r�o�p�e�r�t�i�e�s� 

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

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

�S�e�m�i�c�o�n�d�u�c�t�o�r� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r�.� �T�h�e� �t�r�a�n�s�d�u�c�e�r� �w�a�s� �p�o�w�e�r�e�d� �b�y� �a� �+�1�2� �v�o�l�t� �p�o�w�e�r� 

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

�D�A�S�-�1�6�F� �A�/�D� �s�y�s�t�e�m� �f�o�r� �u�s�e� �i�n� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �s�e�r�v�o�-�c�o�n�t�r�o�l� �c�i�r�c�u�i�t�.� �T�h�e� �s�i�g�n�a�l� �w�a�s� 

�a�l�s�o� �s�e�n�t� �t�o� �t�h�e� �D�A�S�-�2�0� �f�o�r� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �s�t�o�r�a�g�e� �f�o�r� �l�a�t�e�r� �u�s�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �s�i�g�n�a�l� 

�w�a�s� �s�e�n�t� �t�o� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �1�7�5�0�1�A� �s�t�r�i�p� �c�h�a�r�t� �r�e�c�o�r�d�e�r� �m�o�u�n�t�e�d� �i�n� �t�h�e� �t�u�n�n�e�l� �c�o�n�t�r�o�l� 

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

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

�O�m�e�g�a� �T�y�p�e�-�K� �T�h�e�r�m�o�c�o�u�p�l�e�s� �w�i�t�h� �0�.�1�3� �m�m� �b�e�a�d�s� �w�e�r�e� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�u�n�n�e�l� 

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

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �E�X�P�-�2�0� �w�i�t�h� �i�t�s� �b�u�i�l�t�-�i�n� �c�o�l�d� �j�u�n�c�t�i�o�n� �c�o�m�p�e�n�s�a�t�i�o�n� �c�i�r�c�u�i�t� �a�n�d� �a�m�p�l�i�f�i�e�r� 

�a�n�d� �w�e�r�e� �t�h�e�n� �s�a�m�p�l�e�d� �a�n�d� �s�t�o�r�e�d� �b�y� �t�h�e� �D�A�S�-�2�0�.� 

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

�A� �S�t�a�t�h�a�m� �0� �t�o� �6�.�8� �a�t�m� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �c�o�n�v�e�r�t�e�d� �t�h�e� �p�r�e�s�s�u�r�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n�t�o� �a� 

�v�o�l�t�a�g�e� �s�i�g�n�a�l� �w�h�i�c�h� �w�a�s� �a�m�p�l�i�f�i�e�d� �b�y� �a�n� �E�c�t�r�o�n� �D�i�f�f�e�r�e�n�t�i�a�l� �D�.�C�.� �A�m�p�l�i�f�i�e�r� �M�o�d�e�l� �5�6�2� 

�a�n�d� �l�o�w�-�p�a�s�s� �f�i�l�t�e�r�e�d� �b�y� �a� �f�o�u�r� �p�o�l�e� �B�e�s�s�e�l� �f�i�l�t�e�r� �w�i�t�h� �a� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �o�f� �3�4�0� �H�z�.� 

�E�x�c�i�t�a�t�i�o�n� �v�o�l�t�a�g�e� �f�o�r� �t�h�e� �t�r�a�n�s�d�u�c�e�r� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �a�n� �E�c�t�r�o�n� �M�o�d�e�l� �5�1�6�-�5�S�G� 

�E�x�c�i�t�a�t�i�o�n� �P�o�w�e�r� �S�u�p�p�l�y�.� �T�h�e� �f�i�l�t�e�r�e�d� �s�i�g�n�a�l� �w�a�s� �s�a�m�p�l�e�d� �a�n�d� �s�t�o�r�e�d� �b�y� �t�h�e� �D�A�S�-�2�0� 

�A�/�D� �s�y�s�t�e�m�.� �T�h�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �w�a�s� �a�l�s�o� �v�i�s�u�a�l�l�y� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �a� �H�e�i�s�e� �C�-�5�3�3�3�2� 

�A�n�a�l�o�g� �P�r�e�s�s�u�r�e� �G�a�g�e�.� 

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �2�0



�2�.�3�.�4� �O�p�t�i�c�a�l� �S�y�s�t�e�m� 

�T�h�e� �n�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �s�y�s�t�e�m� �u�s�e�d� �f�o�r� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �8�.� �A� 

�X�e�n�o�n� �N�o�v�a�t�r�o�n� �7�3�9�-�B� �N�a�n�o�p�u�l�s�e� �L�a�m�p� �p�o�w�e�r�e�d� �b�y� �a� �X�e�n�o�n� �M�o�d�e�l� �4�2�3�7�A� �N�a�n�o�p�u�l�s�e�r� 

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

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

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

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

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

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

�m�o�d�i�f�i�e�d� �B�u�r�k�e� �a�n�d� �J�a�m�e�s� �V�i�e�w� �C�a�m�e�r�a� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �P�o�l�a�r�o�i�d� �M�o�d�e�l� �5�4�5� �f�i�l�m� 

�h�o�l�d�e�r�.� �P�o�l�a�r�o�i�d� �T�y�p�e� �5�7� �H�i�g�h� �S�p�e�e�d� �I�n�s�t�a�n�t� �F�i�l�m� �r�e�c�o�r�d�e�d� �t�h�e� �i�m�a�g�e�.� �T�h�r�o�u�g�h� �t�r�i�a�l� 

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

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

�2�.�3�.�5� �T�h�e� �H�e�l�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �P�r�o�b�e� 

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

�K�w�o�k� �a�n�d� �N�i�n�n�e�m�a�n �� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �c�o�n�t�i�n�u�o�u�s�,� �v�e�r�t�i�c�a�l�,� �h�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�p�r�o�f�i�l�e�s� �a�t� �e�a�c�h� �a�x�i�a�l� �a�n�d� �l�a�t�e�r�a�l� �s�t�a�t�i�o�n�.� �T�h�e� �p�r�o�b�e� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�s�.� �9� �a�n�d� �1�0�.� �A� 

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

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

�s�e�c�t�i�o�n� �d�u�c�t� �o�f� �3�.�8�6� �m�m� �d�i�a�m�e�t�e�r�.� �T�h�e� �g�a�s� �t�h�e�n� �p�a�s�s�e�s� �o�v�e�r� �t�h�e� �s�e�n�s�o�r� �a�n�d� �e�x�i�t�s� �v�i�a� �a� 

�0�.�6�3� �m�m� �d�i�a�m�e�t�e�r� �h�o�l�e� �l�o�c�a�t�e�d� �b�e�h�i�n�d� �t�h�e� �s�e�n�s�o�r�.� �B�y� �a�p�p�l�y�i�n�g� �a� �v�a�c�u�u�m� �b�e�h�i�n�d� �t�h�i�s� �e�x�i�t� 

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �2�1



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

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

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

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

�e�x�p�a�n�s�i�o�n� �r�a�t�i�o� �i�n� �t�h�e� �p�r�o�b�e�,� �t�h�e� �v�e�l�o�c�i�t�y� �a�t� �t�h�e� �s�e�n�s�o�r� �w�a�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �1� �m�/�s�.� �A� �1�0�°� 

�c�m �� �v�o�l�u�m�e� �p�r�e�s�s�u�r�e� �v�e�s�s�e�l� �e�v�a�c�u�a�t�e�d� �b�y� �a� �D�u�o� �S�e�a�l� �M�o�d�e�l� �1�4�0�5� �p�u�m�p� �p�r�o�v�i�d�e�d� �t�h�e� 

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

�c�a�n� �b�e� �f�o�u�n�d� �i�n� �R�e�f�.� �1�9�.� 

�T�h�e� �s�e�n�s�o�r� �i�n� �t�h�i�s� �p�r�o�b�e� �w�a�s� �a� �T�S�I� �M�o�d�e�l� �1�2�1�0�-�2�0� �G�e�n�e�r�a�l� �P�u�r�p�o�s�e� �C�y�l�i�n�d�r�i�c�a�l� 

�H�o�t� �F�i�l�m� �S�e�n�s�o�r�.� �T�h�e� �1�2�1�0�-�2�0� �c�o�n�s�i�s�t�s� �o�f� �a� �p�l�a�t�i�n�u�m� �h�o�t�-�f�i�l�m� �m�o�u�n�t�e�d� �o�n� �a� �c�y�l�i�n�d�r�i�c�a�l� 

�q�u�a�r�t�z� �s�u�b�s�t�r�a�t�e�.� �T�h�e� �h�o�t�-�f�i�l�m� �w�a�s� �0�.�0�5�1� �m�m� �i�n� �d�i�a�m�e�t�e�r� �a�n�d� �h�a�d� �a�n� �a�c�t�i�v�e� �s�e�n�s�o�r� �l�e�n�g�t�h� 

�o�f� �1�.�0�0� �m�m�.� �A� �D�a�n�t�e�c� �D�I�S�A� �M�o�d�e�l� �5�5�M�1�0� �S�t�a�n�d�a�r�d� �C�T�A� �B�r�i�d�g�e� �c�o�n�n�e�c�t�e�d� �t�o� �a� �D�a�n�t�e�c� 

�D�I�S�A� �M�o�d�e�l� �5�5�M�O�0�1� �M�a�i�n� �U�n�i�t� �d�r�o�v�e� �t�h�e� �h�o�t�-�f�i�l�m� �s�e�n�s�o�r�.� �T�h�e� �b�r�i�d�g�e� �o�u�t�p�u�t� �s�i�g�n�a�l� �w�a�s� 

�l�o�w�-�p�a�s�s� �f�i�l�t�e�r�e�d� �b�y� �a� �F�r�e�q�u�e�n�c�y� �D�e�v�i�c�e�s� �M�o�d�e�l� �9�0�0�2� �D�u�a�l�-�C�h�a�n�n�e�l� �P�r�o�g�r�a�m�m�a�b�l�e� 

�F�i�l�t�e�r�.� �T�h�e� �f�i�l�t�e�r� �w�a�s� �s�e�t� �t�o� �a� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �o�f� �5�0� �H�z� �t�o� �p�r�e�v�e�n�t� �a�n�y� �6�0� �H�z� �e�l�e�c�t�r�i�c�a�l� 

�n�o�i�s�e� �f�r�o�m� �b�e�i�n�g� �i�n�c�l�u�d�e�d� �w�i�t�h� �t�h�e� �s�i�g�n�a�l�.� �T�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m� �r�e�a�d� �a�n�d� �r�e�c�o�r�d�e�d� 

�t�h�e� �v�o�l�t�a�g�e� �o�u�t�p�u�t� �f�r�o�m� �t�h�e� �f�i�l�t�e�r�.� 

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

�m�e�a�s�u�r�e�m�e�n�t� �l�o�c�a�t�i�o�n�.� �A�n� �O�m�e�g�a� �T�y�p�e�-�K� �t�h�e�r�m�o�c�o�u�p�l�e�,� �w�i�t�h� �a� �0�.�1�3� �m�m� �b�e�a�d� �w�a�s� 

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

�p�r�e�s�s�u�r�e� �p�o�r�t� �w�a�s� �d�r�i�l�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �p�r�o�b�e� �w�a�l�l� �a�n�d� �c�o�n�n�e�c�t�e�d� �t�o� �a� �S�t�a�t�h�a�m� �0� �t�o� �3�.�4� �a�t�m� 

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �2�2



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

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

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

�2�.�3�.�6� �O�t�h�e�r� �M�e�a�n� �F�l�o�w� �P�r�o�b�e�s� 

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

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

�a� �0�.�6�3�5� �c�m� �O�.�D�.� �a�n�d� �a� �0�.�3�8�6� �c�m� �I�.�D�.� �T�h�e� �t�u�b�e� �h�a�d� �a� �c�o�n�i�c�a�l� �b�r�a�s�s� �i�n�l�e�t� �c�a�p� �w�i�t�h� �a�n� 

�o�r�i�f�i�c�e� �d�i�a�m�e�t�e�r� �o�f� �0�.�6�5� �m�m� �g�i�v�i�n�g� �i�t� �a� �c�a�p�t�u�r�e� �a�r�e�a� �o�f� �0�.�0�0�3�2� �c�m ��.� �A� �1�.�6� �m�m� �t�u�b�e� �w�a�s� 

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

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

�s�i�g�n�a�l� �w�a�s� �a�m�p�l�i�f�i�e�d� �b�y� �t�h�e� �E�c�t�r�o�n� �a�m�p�l�i�f�i�e�r� �a�n�d� �f�i�l�t�e�r�e�d� �b�y� �t�h�e� �3�4�0� �H�z� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� 

�B�e�s�s�e�l� �f�i�l�t�e�r� �b�e�f�o�r�e� �b�e�i�n�g� �s�a�m�p�l�e�d� �a�n�d� �s�t�o�r�e�d� �b�y� �t�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m�.� �T�h�e� �t�i�m�e� 

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

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

�s�h�o�w�n� �i�n� �F�i�g�.� �1�2�.� �A� �s�e�c�t�i�o�n� �o�f� �0�.�3�2� �c�m� �d�i�a�m�e�t�e�r� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�i�n�g� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 

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

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

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

�0�.�3�8� �c�m� �d�i�a�m�e�t�e�r� �c�h�a�m�b�e�r� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �a�n� �O�m�e�g�a� �T�y�p�e�-�K� �T�h�e�r�m�o�c�o�u�p�l�e� �w�i�t�h� �a� �b�e�a�d� 

�d�i�a�m�e�t�e�r� �o�f� �0�.�3�8� �m�m�.� �T�h�e� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �e�p�o�x�i�e�d� �s�o� �t�h�a�t� �i�t� �e�x�t�e�n�d�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�4�.�0� �m�m� �f�r�o�m� �t�h�e� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �h�o�u�s�i�n�g�.� �T�w�o� �v�e�n�t� �h�o�l�e�s� �o�f� �0�.�3�4� �m�m� �d�i�a�m�e�t�e�r� �w�e�r�e� 

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �2�3



�E�X�P�-�2�0� �t�o� �t�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m�.� �T�h�i�s� �p�r�o�b�e� �h�a�d� �a� �r�e�c�o�v�e�r�y� �f�a�c�t�o�r� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�9�8� �p�e�r�c�e�n�t�.� 

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

�c�o�n�e� �s�o�l�d�e�r�e�d� �t�o� �a� �1�.�6� �m�m� �d�i�a�m�e�t�e�r� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�e�.� �T�h�e� �c�o�n�e� �h�a�d� �f�o�u�r� �0�.�3�3� �m�m� 

�d�i�a�m�e�t�e�r� �p�r�e�s�s�u�r�e� �t�a�p�s� �l�o�c�a�t�e�d� �2�.�7� �c�m� �f�r�o�m� �i�t�s� �v�e�r�t�e�x�.� �T�h�e� �p�r�e�s�s�u�r�e� �t�a�p�s� �w�e�r�e� �s�p�a�c�e�d� �9�0�°� 

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

�r�e�d�u�c�e� �e�r�r�o�r� �d�u�e� �t�o� �f�l�o�w� �a�n�g�u�l�a�r�i�t�y�.� �T�h�e� �p�r�o�b�e� �w�a�s� �s�o�l�d�e�r�e�d� �i�n�t�o� �a� �0�.�6�4� �c�m� �s�t�a�i�n�l�e�s�s� 

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

�a�r�e�a� �o�f� �0�.�0�0�3�4� �c�m �� �a�n�d� �a� �t�i�m�e� �r�e�s�p�o�n�s�e� �o�f� �0�.�0�8� �s�e�c�o�n�d�s�.�"�'� �C�o�n�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �w�a�s� �r�e�a�d� 

�b�y� �a�n� �M�B� �E�l�e�c�t�r�o�n�i�c�s� �0� �t�o� �0�.�6�8� �a�t�m� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �w�h�i�c�h� �c�o�n�v�e�r�t�e�d� �t�h�e� �p�r�e�s�s�u�r�e� �t�o� 

�a� �v�o�l�t�a�g�e� �r�e�a�d�a�b�l�e� �b�y� �t�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m�.� 

�2�.�3�.�7� �P�o�s�i�t�i�o�n� �M�e�a�s�u�r�e�m�e�n�t� 

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

�i�n� �f�r�o�n�t� �o�f� �e�a�c�h� �s�l�o�t�.� �T�h�e� �s�c�a�l�e� �h�a�d� �1�3� �l�i�n�e�s�,� �o�n�e� �a�t� �t�h�e� �h�e�l�i�u�m� �j�e�t� �c�e�n�t�e�r�l�i�n�e�,� �a�n�d� �6� �t�o� 

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

�T�h�e� �s�l�o�t� �c�o�v�e�r� �p�l�a�t�e� �(�S�e�c�t�i�o�n� �2�.�2�.�2�)� �h�a�d� �a� �s�i�m�i�l�a�r� �m�a�r�k� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �p�r�o�b�e� �c�e�n�t�e�r�l�i�n�e�.� 

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

�m�a�r�k� �o�n� �t�h�e� �t�e�s�t� �p�l�a�t�e�.� 

�V�e�r�t�i�c�a�l� �p�o�s�i�t�i�o�n� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �t�h�e� �T�r�a�n�s�-�T�e�k� �L�V�D�T� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� 

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

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �2�4



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

�p�e�r�c�e�n�t�.� 

�2�.�3�.�8� �K�u�l�i�t�e� �P�r�e�s�s�u�r�e� �T�r�a�n�s�d�u�c�e�r� 

�A� �K�u�l�i�t�e� �X�T�-�1�9�0�-�1�5�0�D� �d�i�f�f�e�r�e�n�t�i�a�l�,� �p�i�e�z�o�-�e�l�e�c�t�r�i�c� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �w�a�s� �u�s�e�d� 

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

�T�h�e� �t�r�a�n�s�d�u�c�e�r� �w�a�s� �m�o�u�n�t�e�d� �f�l�u�s�h� �w�i�t�h� �t�h�e� �t�u�n�n�e�l� �f�l�o�o�r� �i�n� �t�h�e� �n�o�z�z�l�e� �b�l�o�c�k� �2�.�8�0� �c�m� 

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

�w�a�s� �o�p�e�n�e�d� �t�o� �t�h�e� �a�t�m�o�s�p�h�e�r�e�.� �T�h�e� �s�e�n�s�o�r� �h�a�d� �a� �0�.�3�8�6� �c�m� �s�e�n�s�o�r� �a�r�e�a� �c�o�v�e�r�e�d� �b�y� �a�n� �M�-� 

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

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

�p�a�s�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �T�h�e�r�m�o� �S�y�s�t�e�m�s� �I�n�c�.� �I�F�A�1�0�0� �s�i�g�n�a�l� �c�o�n�d�i�t�i�o�n�e�r� �w�i�t�h� �a� �c�u�t�-�o�f�f� 

�f�r�e�q�u�e�n�c�y� �o�f� �2�0�0� �K�h�z�.� �T�h�e� �s�i�g�n�a�l� �f�r�o�m� �t�h�e� �I�F�A� �w�a�s� �s�a�m�p�l�e�d� �a�t� �5�0�0�,�0�0�0� �s�a�m�p�l�e�s� �p�e�r� 

�s�e�c�o�n�d� �b�y� �t�h�e� �L�e�C�r�o�y� �6�8�1�0� �a�n�d� �s�t�o�r�e�d� �o�n� �t�h�e� �Z�e�n�i�t�h� �P�C� �w�i�t�h� �t�h�e� �W�a�v�e�f�o�r�m� �C�a�t�a�l�y�s�t� 

�s�o�f�t�w�a�r�e�.� 

�2�.�3�.�9� �H�o�t�-�W�i�r�e� �P�r�o�b�e�s� 

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

�c�o�r�r�e�l�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�,� �a� �s�i�n�g�l�e� �w�i�r�e� �p�r�o�b�e� �u�s�i�n�g� �D�A�N�T�E�C� �M�o�d�e�l� �5�5�P�1�1� �w�i�r�e�s� �w�a�s� 

�u�s�e�d�.� �T�h�e� �p�r�o�b�e� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�h�r�o�u�g�h� �a� �D�A�N�T�E�C� �5�5�M�1�2� �B�r�i�d�g�e� �t�o� �a� �D�A�N�T�E�C� 

�5�5�M�0�1� �A�n�e�m�o�m�e�t�e�r� �M�a�i�n� �U�n�i�t�.� �F�o�r� �t�h�e�s�e� �t�e�s�t�s�,� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �a�n�e�m�o�m�e�t�e�r� �w�a�s� �l�o�w�-� 

�p�a�s�s� �f�i�l�t�e�r�e�d� �a�t� �a� �2�0�0� �K�h�z� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �b�y� �t�h�e� �I�F�A� �1�0�0� �a�n�d� �s�a�m�p�l�e�d� �a�t� �5�0�0�,�0�0�0� 

�s�a�m�p�l�e�s� �p�e�r� �s�e�c�o�n�d� �b�y� �t�h�e� �W�a�v�e�f�o�r�m� �C�a�t�a�l�y�s�t�/�L�e�C�r�o�y� �6�8�1�0� �s�y�s�t�e�m�.� 
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�F�o�r� �t�h�e� �e�d�d�y� �s�t�r�u�c�t�u�r�e� �a�n�g�l�e� �e�x�p�e�r�i�m�e�n�t�s�,� �a� �p�a�r�a�l�l�e�l� �w�i�r�e� �p�r�o�b�e� �u�s�i�n�g� �D�A�N�T�E�C� 

�M�o�d�e�l� �5�5�P�7�1� �s�e�n�s�o�r�s� �w�a�s� �u�s�e�d�.� �T�h�e�s�e� �w�i�r�e�s�,� �o�f� �1�.�5� �m�m� �s�e�p�a�r�a�t�i�o�n�,� �w�e�r�e� �c�o�n�n�e�c�t�e�d� 

�t�h�r�o�u�g�h� �i�d�e�n�t�i�c�a�l� �5�5�M�1�2� �B�r�i�d�g�e�s� �t�o� �5�5�M�0�O�1� �A�n�e�m�o�m�e�t�e�r� �M�a�i�n� �U�n�i�t�s� �a�s� �u�s�e�d� �i�n� �t�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �I�F�A� �1�0�0� �w�a�s� �u�s�e�d� �a�s� �a�n� �a�n�t�i�-�a�l�i�a�s�i�n�g� �f�i�l�t�e�r� �w�i�t�h� �a� �c�u�t�-�o�f�f� 

�f�r�e�q�u�e�n�c�y� �o�f� �5�0�0� �K�h�z� �a�n�d� �t�h�e� �s�i�g�n�a�l�s� �w�e�r�e� �s�a�m�p�l�e�d� �a�t� �2�,�0�0�0�,�0�0�0� �s�a�m�p�l�e�s� �p�e�r� �s�e�c�o�n�d� �b�y� 

�t�h�e� �C�a�t�a�l�y�s�t�/�L�e�C�r�o�y� �s�y�s�t�e�m�.� 
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�2�.�4� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d�s� 

�2�.�4�.�1� �C�a�l�i�b�r�a�t�i�o�n�s� 

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

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

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

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

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

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

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

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

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

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

�A�m�e�t�e�k� �M�K�1�0�0� �p�n�e�u�m�a�t�i�c� �p�r�e�s�s�u�r�e� �t�e�s�t�e�r� �w�h�i�c�h� �w�a�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �t�r�a�n�s�d�u�c�e�r� �b�e�i�n�g� 

�c�a�l�i�b�r�a�t�e�d�.� �T�h�i�s� �p�r�e�s�s�u�r�e� �t�e�s�t�e�r� �p�r�o�v�i�d�e�d� �a� �r�a�n�g�e� �o�f� �p�r�e�s�s�u�r�e�s� �f�r�o�m� �1� �t�o� �7� �a�t�m� �i�n� �0�.�7� �a�t�m� 

�i�n�c�r�e�m�e�n�t�s� �a�c�c�u�r�a�t�e� �t�o� �0�.�0�1�7� �a�t�m�.� �F�o�r� �c�a�l�i�b�r�a�t�i�o�n�s� �b�e�l�o�w� �a�m�b�i�e�n�t�,� �t�h�e� �p�r�e�s�s�u�r�e� 

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

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

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

�f�r�o�m� �t�h�e� �H�e�i�s�e� �g�a�g�e� �a�n�d� �v�o�l�t�a�g�e� �w�a�s� �s�a�m�p�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m�.� �T�h�e� 

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

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

�(�C�J�C�)� �c�i�r�c�u�i�t� �o�n� �t�h�e� �E�X�P�-�2�0� �r�e�q�u�i�r�e�s� �p�e�r�i�o�d�i�c� �c�a�l�i�b�r�a�t�i�o�n�.� �C�a�l�i�b�r�a�t�i�o�n� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� 

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

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

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

�m�e�a�s�u�r�e�d� �t�e�m�p�e�r�a�t�u�r�e� �m�u�l�t�i�p�l�i�e�d� �b�y� �2�4�.�4� �M�v�/�°�C�.� �N�o� �f�u�r�t�h�e�r� �a�d�j�u�s�t�m�e�n�t�s� �a�r�e� �r�e�q�u�i�r�e�d� 

�f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t�.� 

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

�f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� 

�(�R�,� �+� �2� 

�y�?� �=� �C�o�e� �a� �l�k�(�a�R�e!"� �+� �D�T�,� �-� �T�)� �[�2�.�1�]� 

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

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

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

�A�n� �1�1�,�5�0�0� �c�m �� �p�r�e�s�s�u�r�e� �v�e�s�s�e�l� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �a� �k�n�o�w�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �h�e�l�i�u�m� 

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

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

�O�n�e� �e�n�d� �o�f� �a� �0�.�6�3� �c�m� �I�.�D�.� �r�u�b�b�e�r� �h�o�s�e� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �v�a�l�v�e� �l�o�c�a�t�e�d� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� 

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

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

�p�r�o�b�e�.� �M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�,�,� �T�,�,� �a�n�d� �h�o�t�-�f�i�l�m� �v�o�l�t�a�g�e� �w�e�r�e� �t�a�k�e�n� �a�t� �v�e�s�s�e�l� �p�r�e�s�s�u�r�e�s� �f�r�o�m� 
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�2�.�4� �a�t�m� �t�o� �a�s� �l�o�w� �a�s� �0�.�7�5� �a�t�m� �a�n�d� �a�t� �s�e�v�e�r�a�l� �h�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �S�i�n�c�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� �i�n� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �w�a�s� �s�m�a�l�l�,� �a�l�l� �c�a�l�i�b�r�a�t�i�o�n�s� �w�e�r�e� �d�o�n�e� �a�t� �t�h�e� 

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

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

�c�a�l�i�b�r�a�t�i�o�n� �d�a�t�a�.� 

�C�a�l�i�b�r�a�t�i�o�n� �o�f� �t�h�e� �L�V�D�T� �t�o�o�k� �p�l�a�c�e� �a�f�t�e�r� �e�a�c�h� �c�h�a�n�g�e� �o�f� �p�r�o�b�e� �o�r� �p�r�o�b�e� �l�o�c�a�t�i�o�n�.� 

�O�n�c�e� �a� �p�r�o�b�e� �w�a�s� �i�n�s�t�a�l�l�e�d� �a�n�d� �f�u�l�l�y� �c�o�n�n�e�c�t�e�d�,� �a� �P�T�I�,� �m�o�d�e�l� �2�2�1�0�,� �c�a�t�h�e�t�o�m�e�t�e�r� �w�a�s� 

�u�s�e�d� �t�o� �m�e�a�s�u�r�e� �p�r�o�b�e� �l�o�c�a�t�i�o�n� �w�i�t�h�i�n� �0�.�0�0�1� �c�m�.� �A� �1�.�3� �c�m� �s�q�u�a�r�e� �b�l�o�c�k� �w�a�s� �u�s�e�d� �a�s� �a� 

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

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

�w�h�i�l�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �v�o�l�t�a�g�e�s� �w�e�r�e� �r�e�a�d� �w�i�t�h� �t�h�e� �D�A�S�-�2�0� �A�/�D� �s�y�s�t�e�m�.� �T�h�e� �f�l�o�o�r� �r�e�a�d�i�n�g� 

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

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

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

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

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

�t�u�n�n�e�l� �r�u�n�.� 

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

�n�o�z�z�l�e� �f�l�o�w�.� �I�t� �i�s� �d�e�f�i�n�e�d� �a�s�:� 

�D� �=� �m�a�c�t�u�a�l� �[�2�.�2�]� 
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�T�h�e� �d�e�n�o�m�i�n�a�t�o�r� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �m�e�a�s�u�r�e�d� �t�o�t�a�l� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�o�t�a�l� �p�r�e�s�s�u�r�e�,� �i�n� 

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

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

�v�o�l�u�m�e�t�r�i�c� �f�l�o�w� �r�a�t�e� �o�f� �h�e�l�i�u�m� �o�n� �a� �B�r�o�o�k�s� �I�n�s�t�r�u�m�e�n�t� �D�i�v�i�s�i�o�n� �M�o�d�e�l� �1�3�0�7�D�0�8�E�1�A�1�A� 

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

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

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

�f�o�u�n�d� �t�o� �b�e� �0�.�9�3�.� 

�2�.�4�.�2� �D�a�t�a� �A�c�q�u�i�s�i�t�i�o�n� �P�r�o�c�e�d�u�r�e� 

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

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

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

�s�t�o�r�a�g�e� �t�a�n�k�s� �t�o� �t�h�e� �d�e�s�i�r�e�d� �h�o�l�d�i�n�g� �p�r�e�s�s�u�r�e�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�9� �a�t�m�.� �T�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �p�r�o�g�r�a�m�,� �e�i�t�h�e�r� �L�a�b�T�e�c�h� �N�o�t�e�b�o�o�k� �o�r� �W�a�v�e�f�o�r�m� �C�a�t�a�l�y�s�t�,� �w�a�s� �i�n�i�t�i�a�l�i�z�e�d� 

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

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

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

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

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

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

�c�o�l�l�e�c�t�e�d�.� �A�t� �t� �=� �3� �s�e�c�o�n�d�s�,� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �w�a�s� �t�u�r�n�e�d� �o�n�.� �A�t�t� �=� �7� �s�e�c�o�n�d�s�,� 

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �3�0



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

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

�a�f�t�e�r� �t�h�e� �f�i�r�s�t� �7� �s�e�c�o�n�d�s� �h�a�d� �p�a�s�s�e�d�.� 

�T�h�e� �Z�e�n�i�t�h� �P�C� �s�a�m�p�l�e�d� �d�a�t�a� �f�o�r� �6� �t�o� �8� �s�e�c�o�n�d�s� �a�n�d� �o�n�l�y� �o�n� �t�h�e� �u�p�w�a�r�d� �t�r�a�v�e�r�s�e�.� 

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

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

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

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

�p�o�s�s�i�b�l�e� �a�t� �t�h�e� �6�.�5� �a�t�m� �f�r�e�e�-�s�t�r�e�a�m� �p�r�e�s�s�u�r�e� �l�e�v�e�l�.� 

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

�r�e�d�u�c�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s�.� �B�o�t�h� �L�a�b�T�e�c�h� �N�o�t�e�b�o�o�k� �a�n�d� �W�a�v�e�f�o�r�m� �C�a�t�a�l�y�s�t� �p�r�o�v�i�d�e�d� �n�e�a�r� 

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

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

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

�a�n�o�t�h�e�r� �r�u�n�.� 

�2�.�4�.�3� �C�o�n�c�e�n�t�r�a�t�i�o�n� �R�e�d�u�c�t�i�o�n� 

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

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

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

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

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

�u�s�e�d� �t�h�e� �v�a�l�u�e�s� �o�f� �P�,� �a�n�d� �T�,� �i�n� �e�q�u�a�t�i�o�n� �[�2�.�1�]� �t�o� �c�a�l�c�u�l�a�t�e� �l�o�w�e�r� �a�n�d� �u�p�p�e�r� �b�o�u�n�d�s� �o�n� �t�h�e� 

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �3�1



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

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

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

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

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

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

�[�2�.�3�]� � � 

�O� �n�e� �=� �X�H�e� �*� �M�W� 

�2�.�4�.�4� �M�e�a�n� �F�l�o�w� �R�e�d�u�c�t�i�o�n� 

�T�h�e� �h�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �d�e�t�e�r�m�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�3�;� �w�a�s� 

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

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

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

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

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

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

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

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

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

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

�D�E�S�C�R�I�P�T�I�O�N� �O�F� �T�H�E� �E�X�P�E�R�I�M�E�N�T� �3�2



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

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

�y�M�,�?� �(�P�,� �-� �P�,�)� 
�2� �q�;� 

�[�2�.�4�]� � � 

�P� 
 ��=� �1�+� 

�P�,� 

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

�t�h�e� �R�a�y�l�e�i�g�h�-�P�i�t�o�t� �e�q�u�a�t�i�o�n�:� 

�j� 

�P� �(� �2� �M�;� �_� �Y�¥�-�l�y�y�-� 

 ��1�.� �_�¥�+�t�l� �y�+�l� �[�2�.�5�]� 
�Y� �P�,� �m�a� 

� � � � 

� � 

�S�i�n�c�e� �t�h�e� �l�a�s�t� �t�e�r�m� �i�n� �e�q�u�a�t�i�o�n� �[�2�.�4�]� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �M�,�,� �a�n�d� �y� �f�o�r� �a� �g�i�v�e�n� �c�o�n�e�,� 

�m�u�l�t�i�p�l�y�i�n�g� �E�q�u�a�t�i�o�n� �[�2�.�4�]� �a�n�d� �[�2�.�5�]� �r�e�s�u�l�t�s� �i�n�:� 

�P� 
 ��~�<� �=� �I�(!"�,�,�¥�)� �[�2�.�6�]� 
�P�y� 

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

�P�.�/�P�.� �f�o�r� �t�h�e� �1�0�°� �h�a�l�f�-�a�n�g�l�e� �c�o�n�e�.� �A�t� �s�u�f�f�i�c�i�e�n�t�l�y� �l�o�w� �M�a�c�h� �n�u�m�b�e�r�s�,� �a�r�o�u�n�d� �M� �=� �1�.�1�,� 

�t�h�e� �c�o�n�e� �s�h�o�c�k� �d�e�t�a�c�h�e�s� �r�e�n�d�e�r�i�n�g� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n�s� �i�n�v�a�l�i�d�.� �I�n� �t�h�e� �d�a�t�a� �r�e�d�u�c�t�i�o�n� 

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

�t�a�b�l�e�.� 

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

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

�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �w�a�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �E�q�u�a�t�i�o�n� �[�2�.�5�]�.� 

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

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

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

�~�_�Y�_� �P�r�y� �y�t�h�y� �y�a� �[�2�.�7�]� 
� � �)� 

�~
� 

�°� 
�N

� �n�N� 

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

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

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

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �i�s�e�n�t�r�o�p�i�c� �r�e�l�a�t�i�o�n�s�,� �a�s�s�u�m�i�n�g� �P�,�,� �=� �P�,�,� �a�s� �i�n�:� 

�
|
�
 �1�-� 

�P�,�  ��l�y�y� �[�2�.�8�]� 
�P�,� �4� 

�=� �[�4� �M� �=� �[�I� 

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

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

�i�s�e�n�t�r�o�p�i�c� �r�e�l�a�t�i�o�n�s� �s�o� �t�h�a�t�:� 

� � 

�~� �2�.�9� 
�1�+�t�o�l�y�?� �B�a�l� 

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

�s�e�t� �o�f� �e�q�u�a�t�i�o�n�s�:� 

�a�,� �=� �J�y� �R�T�,� �[�2�.�1�0�]� 

�u�,� �=� �M�,�a�,� �[�2�.�1�1�]� 

�p�,� �=� �[�2�.�1�2�]� 
�R�T�,� 

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

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

�n�o�r�m�a�l� �s�h�o�c�k� �r�e�l�a�t�i�o�n� �f�o�r� �t�o�t�a�l� �p�r�e�s�s�u�r�e�s�:� 
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�(�y�-�1�)�M� �+�2�5� �2�y�M�?�-�(�-�1�)� �P�y� �=� �P�a�l� �[�~� 
�1� 

�y�r�}� �[�2�.�1�3�]� 
�(�y�+� �1�)�M�,� �y�+�l� 

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

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

�2�.�4�.�5� �E�d�d�y� �S�t�r�u�c�t�u�r�e� �A�n�g�l�e� �R�e�d�u�c�t�i�o�n� 

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

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �m�e�a�n� �f�l�o�w� �d�a�t�a� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�4�.� �T�h�e� �o�t�h�e�r� �q�u�a�n�t�i�t�i�e�s� 

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

�q�u�a�n�t�i�t�i�e�s� �i�s� �s�h�o�w�n� �g�r�a�p�h�i�c�a�l�l�y� �i�n� �F�i�g�.� �1�5�.� �A� �s�t�r�u�c�t�u�r�e� �p�a�s�s�i�n�g� �t�h�e� �p�a�r�a�l�l�e�l� �w�i�r�e� �p�r�o�b�e� 

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

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

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

�@� �=� �t�a�n�-�t�y � ��_�W�o�o�s�B�_�_� �[�2�.�1�4�]� 
�(�U�*� �A�t� �-� �w�s�i�n�B�)� 
� � 

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

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

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

�r�o�o�t� �m�e�a�n� �s�q�u�a�r�e� �o�f� �t�h�e� �t�w�o� �h�o�t�-�w�i�r�e� �s�i�g�n�a�l�s�.� �T�h�e� �c�r�o�s�s�-�c�o�r�r�e�l�a�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s�:� 
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�[�2�.�1�5�]� � � 

�5�.� �=� �f�c� �H�W�,� �(�t�)� �H�W�,� �(�t� �-�  ¬�)� �d�t� 

�0�  ��=� �H�W�i�r�y�s� �1�W�o�p�u�s� 

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

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

�c�o�r�r�e�l�a�t�i�o�n� �w�i�l�l� �o�c�c�u�r� �a�t� �z�e�r�o� �t�i�m�e� �d�e�l�a�y� �( ¬� �=� �0�)�.� �I�f� �t�h�e� �s�i�g�n�a�l� �i�s� �d�e�t�e�c�t�e�d� �a�t� �d�i�s�c�r�e�t�e�l�y� 

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

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �d�e�s�c�r�i�b�e�d� �b�y� �C�l�a�r�k�"�*� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �b�o�t�h� �a�u�t�o�-� 

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

�[�2�.�1�6�]� � � 

�5�,� �<�7� �H�W�,� �(�)� �H�W�,� �(�t�-� �¢�)� �d�t� 
�"� �-�@� �W�i�p�e�s� �H�W�a�p�y�s� 

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

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

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

�2�.�4�.�6� �K�u�l�i�t�e� �/� �H�o�t�-�W�i�r�e� �R�e�d�u�c�t�i�o�n� 

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

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

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

�t�h�e� �F�a�s�t� �F�o�u�r�i�e�r� �T�r�a�n�s�f�o�r�m� �(�F�F�T�)� �f�u�n�c�t�i�o�n� �b�u�i�l�t� �i�n�t�o� �L�a�b�T�e�c�h� �N�o�t�e�b�o�o�k�.� �A� �p�o�w�e�r� 

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

�w�h�i�c�h� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �s�p�e�c�t�r�u�m� �f�r�o�m�:� 
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�P�(�d�b�)� �=� �1�0� �x� �l�o�g�,�,�(�X�+�X�)� �[�2�.�1�7�]� 

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

�f�o�r� �2�0� �b�l�o�c�k�s� �o�f� �d�a�t�a� �w�e�r�e� �t�h�e�n� �a�v�e�r�a�g�e�d� �a�l�o�n�g� �e�a�c�h� �s�p�e�c�t�r�a�l� �l�i�n�e� �t�o� �s�m�o�o�t�h� �a�w�a�y� �a�n�y� 

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n� �2�0� �h�e�l�i�u�m� �j�e�t� �d�i�a�m�e�t�e�r�s� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �j�e�t�.� �A�s� �w�i�t�h� �t�h�e� �s�h�o�c�k� 

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

�o�f� �1�,�0�2�4� �d�a�t�a� �p�o�i�n�t�s� �a�n�d� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �u�s�i�n�g� �t�h�e� �F�F�T� �f�u�n�c�t�i�o�n� �o�f� 

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

�K�u�l�i�t�e� �a�n�d� �h�o�t�-�w�i�r�e� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m�:� 

� � 

� � 

�2�  �� �2� �2�.�1�8� �G� �=� �5� �m�p�.�¢� �[�2�.�1�8�]� 

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

�2� �~� �2� �[�2�.�1�9�]� �G�f�)� �=� �Y�,� �.� 
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�f�o�r� �t�h�e� �h�o�t�-�w�i�r�e� �s�i�g�n�a�l�,� �w�h�e�r�e� �A�t� �i�s� �t�h�e� �t�i�m�e� �b�e�t�w�e�e�n� �s�a�m�p�l�e�s�,� �n�,� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �b�l�o�c�k�s� 

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

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

� � 
�5� �y�e� �2� �S�e�e� �m�y�.� �[�2�.�2�0�]� �G�n�)� �=� �a�a�h� �H�D�H�D�)� 

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

�l�i�n�e� �u�s�i�n�g�:� 

�2� 
�t�y� �G�p� �=� �1�6�,�0�!� �{�2�.�2�1�}� 

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

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

�o�(�)� �=� �t�a�n� �[�Q�,� �K�I�C�,� �[�2�.�2�2�]� 

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

�c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n� �[�2�.�2�0�]�.� 
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�2�.�4�.�7� �N�o�n�d�i�m�e�n�s�i�o�n�a�l�i�z�a�t�i�o�n� �S�c�h�e�m�e� 

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

�t�h�e� �h�e�l�i�u�m� �j�e�t� �t�h�r�o�a�t� �d�i�a�m�e�t�e�r�.� �W�h�e�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� �f�o�r�m�,� �a�l�l� �o�t�h�e�r� 

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

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

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

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

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

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

�T�,� 
�T� �=�  ��_ ��"�*�_� 

�©� �4�4� �t�e�l�y�?� �a� 
�2� �e�o� 

�a�,� �=� �y�y�R�T�.� �[�2�.�2�4�]� 

�u�,� �=� �M�,�a� �[�2�.�2�5�]� 

� � 

�-� �Y� �[�2�.�2�6�]� 
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�w�h�e�r�e� �P�,�.� �w�a�s� �m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �t�h�e� �P�i�t�o�t� �p�r�e�s�s�u�r�e� �p�r�o�b�e� �r�u�n�s�.� �F�r�e�e�-�s�t�r�e�a�m� �d�e�n�s�i�t�y� �w�a�s� 

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

�-� �[�2�.�2�7�]� 

�F�r�e�e�-�s�t�r�e�a�m� �m�a�s�s� �f�l�u�x� �w�a�s� �f�o�u�n�d� �b�y� �m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�f� �E�q�u�a�t�i�o�n�s� �[�2�.�2�5�]� �a�n�d� 

�[�2�.�2�7�]�.� �H�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �e�x�p�r�e�s�s�e�d� �a�s� �a� �n�o�n�-�d�i�m�e�n�s�i�o�n�a�l� �m�a�s�s� �f�r�a�c�t�i�o�n� �a�s� �g�i�v�e�n� 

�b�y� �E�q�u�a�t�i�o�n� �[�2�.�3�]�.� 
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�3�.� �R�E�S�U�L�T�S� 

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

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

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

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

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

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

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

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

�c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

�3�.�1� �N�a�n�o�s�h�a�d�o�w�g�r�a�p�h�s� 

�F�i�g�u�r�e�s� �1�6� �t�h�r�o�u�g�h� �1�9� �a�r�e� �t�h�e� �c�o�m�p�o�s�i�t�e� �n�a�n�o�s�h�a�d�o�w�g�r�a�p�h�s� �f�o�r� �t�h�e� �f�o�u�r� �t�e�s�t� �c�a�s�e�s�.� 

�T�h�e� �M�a�c�h� �3�.�0� �f�r�e�e�-�s�t�r�e�a�m� �r�u�n�s� �f�r�o�m� �l�e�f�t� �t�o� �r�i�g�h�t� �i�n� �a�l�l� �p�h�o�t�o�g�r�a�p�h�s�.� �T�h�e� �h�e�l�i�u�m� 

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

�a�p�p�r�o�p�r�i�a�t�e�,� �a�r�e� �a�l�l� �s�h�o�w�n� �o�n� �t�h�e� �p�i�c�t�u�r�e�s�.� �T�h�e�s�e� �n�a�n�o�s�e�c�o�n�d� �(�1�0�°� �s�e�c�)� �e�x�p�o�s�u�r�e� �t�i�m�e� 

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

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

�F�i�g�u�r�e� �1�6� �s�h�o�w�s� �t�h�e� �b�a�s�e�l�i�n�e�,� �1�5�°�,� �u�n�d�e�r�e�x�p�a�n�d�e�d�,� �s�o�n�i�c� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �f�l�o�w� 

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

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

�n�o�r�m�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �u�n�d�e�r�e�x�p�a�n�d�e�d� �j�e�t�s� �a�r�e� �n�o�t� �v�i�s�i�b�l�e� �h�e�r�e�.� �T�h�e�s�e� �t�e�s�t�s� �h�a�d� 
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�6�/�d� �=� �1�.�6�,� �a�n�d� �t�h�e� �n�o�n�-�a�p�p�e�a�r�a�n�c�e� �o�f� �s�u�c�h� �n�e�a�r�f�i�e�l�d� �j�e�t� �f�e�a�t�u�r�e�s� �i�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �l�a�r�g�e� 

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

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

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

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

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

�i�n�j�e�c�t�o�r� �w�a�s� �i�n�s�t�a�l�l�e�d�.� �A�t� �t�h�e� �h�e�l�i�u�m� �i�n�j�e�c�t�o�r�,� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �w�a�s� �1�.�6� �h�e�l�i�u�m� �i�n�j�e�c�t�o�r� 

�t�h�r�o�a�t� �d�i�a�m�e�t�e�r�s� �(�d�)� �t�h�i�c�k� �a�n�d� �g�r�e�w� �t�o� �2�.�0� �d� �b�y� �t�h�e� �x�/�d� �=� �9�0� �a�x�i�a�l� �l�o�c�a�t�i�o�n�.� �T�h�e� �h�e�l�i�u�m� 

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

�3�5�°�,� �d�e�c�r�e�a�s�i�n�g� �t�o� �2�2�°� �i�n� �t�h�e� �f�r�e�e� �s�t�r�e�a�m�.� 

�I�n� �t�h�i�s� �c�a�s�e�,� �a�s� �M�a�y�s�"� �a�l�s�o� �o�b�s�e�r�v�e�d� �f�o�r� �h�i�s� �1�5�°� �u�n�d�e�r�e�x�p�a�n�d�e�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �t�h�e� 

�h�e�l�i�u�m� �j�e�t� �h�a�s� �p�e�n�e�t�r�a�t�e�d� �a�b�o�v�e� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �b�y� �x�/�d� �=� �2�0�,� �c�r�e�a�t�i�n�g� �a� �r�e�g�i�o�n� �o�f� 

�h�i�g�h� �t�u�r�b�u�l�e�n�c�e� �a�n�d� �l�a�r�g�e� �e�d�d�y� �s�t�r�u�c�t�u�r�e�s�.� �F�r�o�m� �x�/�d� �=� �2�0� �t�o� �x�/�d� �=� �4�0�,� �t�h�e�s�e� �l�a�r�g�e� 

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

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

�i�n�d�i�s�t�i�n�c�t�.� �F�r�o�m� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �m�a�x�i�m�u�m� �e�d�d�y� �b�o�u�n�d�a�r�y� �h�e�i�g�h�t� �i�s� �5�.�6� �d�.� 

�T�h�e� �h�o�r�i�z�o�n�t�a�l� �l�e�n�g�t�h� �o�f� �t�h�e� �e�d�d�i�e�s� �i�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �2�.�4� �d�,� �a�n�d� �t�h�e� �s�t�r�e�a�m�w�i�s�e� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �e�d�d�i�e�s� �i�s� �5�.�8� �d�.� �P�a�s�t� �x�/�d� �=� �5�0�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �r�e�g�i�o�n� �b�e�c�o�m�e�s� �l�e�s�s� �d�i�s�t�i�n�c�t� �a�n�d� 

�b�y� �t�h�e� �f�i�n�a�l� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n� �a�t� �x�/�d� �=� �9�0�,� �t�h�a�t� �r�e�g�i�o�n� �i�s� �n�e�a�r�l�y� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� 

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

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

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

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

�s�h�o�w�n� �i�n� �F�i�g�.� �1�7�.� �I�n� �t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �w�a�t�e�r� �a�t� �d� �=� �6� �w�a�s� �i�n�j�e�c�t�e�d� �t�h�r�o�u�g�h� �a�n� �i�n�j�e�c�t�o�r� 

�o�f� �d�;� �=� �0�.�1�5�9� �c�m� �i�n�t�o� �t�h�e� �M�a�c�h� �3�.�0� �f�l�o�w� �f�r�o�m� �t�h�e� �f�l�a�t� �p�l�a�t�e� �m�o�u�n�t�e�d� �t�o� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� 

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

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

�p�l�u�m�e� �a�n�d� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �b�o�w� �s�h�o�c�k�.� �M�u�c�h� �o�f� �t�h�e� �u�p�p�e�r� �%� �t�o� �'�4� �o�f� �t�h�e� �p�i�c�t�u�r�e� �h�a�s� �b�e�e�n� 

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

�w�a�s� �2�.�1� �d�;� �a�t� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �a�n�d� �i�s� �n�o�t� �v�i�s�i�b�l�e� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �i�n�j�e�c�t�o�r�.� �I�n� �t�h�i�s� 

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

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

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

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

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

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

�m�e�a�s�u�r�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�2�°�,� �d�e�c�r�e�a�s�i�n�g� �t�o� �a�b�o�u�t� �1�9�°� �a�f�t�e�r� �i�t� �i�n�t�e�r�s�e�c�t�s� �t�h�e� �h�e�l�i�u�m� �b�o�w� 

�s�h�o�c�k�.� �T�h�e� �h�e�l�i�u�m� �s�h�o�c�k� �i�s� �a�t� �a�b�o�u�t� �2�9�°� �b�e�t�w�e�e�n� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �a�n�d� �t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� 

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

�A�s� �i�n� �F�i�g�.� �1�6�,� �b�y� �x�/�d� �=� �2�0� �t�h�e� �h�e�l�i�u�m� �j�e�t� �h�a�s� �p�e�n�e�t�r�a�t�e�d� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �a�n�d� 

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

�b�o�u�n�d�a�r�y� �a�p�p�e�a�r�s� �m�o�r�e� �c�l�e�a�r�l�y� �d�e�f�i�n�e�d� �a�n�d� �m�o�r�e� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �a�s� �w�e�l�l�.� �H�e�r�e�,� �t�h�e� 
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�m�a�x�i�m�u�m� �e�d�d�y� �b�o�u�n�d�a�r�y� �h�e�i�g�h�t� �i�s� �5�.�9� �d�,� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �l�e�n�g�t�h� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�7� �d� �a�n�d� 

�t�h�e� �s�t�r�e�a�m�w�i�s�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �e�d�d�i�e�s� �i�s� �a�b�o�u�t� �5�.�0� �d�.� �I�n� �t�h�i�s� �c�a�s�e�,� �a�s� �i�n� �t�h�e� �b�a�s�e�l�i�n�e�,� 

�b�y� �x�/�d� �=� �9�0�,� �t�h�e� �j�e�t� �a�n�d� �m�i�x�i�n�g� �r�e�g�i�o�n� �a�r�e� �n�o� �l�o�n�g�e�r� �a�s� �c�l�e�a�r�l�y� �d�e�f�i�n�e�d� �a�s� �t�h�e�y� �w�e�r�e� 

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

�C�o�m�p�a�r�i�s�o�n� �o�f� �F�i�g�s�.� �1�7� �a�n�d� �1�8� �r�e�v�e�a�l�s� �s�o�m�e� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �w�h�i�c�h� �r�e�s�u�l�t� �f�r�o�m� 

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

�i�n�j�e�c�t�e�d� �a�t� �q� �=� �6�,� �b�u�t� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r� �w�a�s� �r�e�d�u�c�e�d� �t�o� �d�|� �=� �0�.�0�7�9� �c�m�.� �T�h�e� 

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

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

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

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

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

�t�h�e� �f�r�e�e� �s�t�r�e�a�m�,� �t�h�e� �w�a�t�e�r� �s�h�o�c�k� �i�s� �a�t� �2�7�°�,� �d�e�c�r�e�a�s�i�n�g� �t�o� �1�7�°� �f�o�l�l�o�w�i�n�g� �i�n�t�e�r�s�e�c�t�i�o�n� �w�i�t�h� 

�t�h�e� �h�e�l�i�u�m� �b�o�w� �s�h�o�c�k�.� �T�h�e� �h�e�l�i�u�m� �s�h�o�c�k� �i�s� �a�t� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �a�n�g�l�e�,� �2�8�°�,� �b�e�f�o�r�e� �t�h�e� 

�i�n�t�e�r�s�e�c�t�i�o�n� �a�s� �i�n� �F�i�g�.� �1�7�,� �a�n�d� �h�e�r�e� �i�t� �d�e�c�r�e�a�s�e�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �t�o� �2�6�°� �f�o�l�l�o�w�i�n�g� �t�h�e� 

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

�T�h�e� �h�e�l�i�u�m� �j�e�t� �i�s� �a�g�a�i�n� �s�e�e�n� �t�o� �p�e�n�e�t�r�a�t�e� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �b�y� �x�/�d� �=� �2�0�,� 

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

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

�d�e�f�i�n�e�d� �a�s� �i�n� �F�i�g�.� �1�7�,� �b�u�t� �i�t� �i�s� �s�t�i�l�l� �c�l�e�a�r�e�r� �t�h�a�n� �t�h�e� �e�d�d�y� �b�o�u�n�d�a�r�y� �o�f� �t�h�e� �b�a�s�e�l�i�n�e� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �s�h�o�w�n� �i�n� �F�i�g�.� �1�6�.� �M�e�a�s�u�r�e�m�e�n�t�s� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �d�o�n�e� �o�n� �t�h�e� �p�r�e�v�i�o�u�s� �t�w�o� 
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�f�i�g�u�r�e�s� �g�i�v�e� �a�n� �e�d�d�y� �b�o�u�n�d�a�r�y� �h�e�i�g�h�t� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�.�1� �d�,� �a� �h�o�r�i�z�o�n�t�a�l� �l�e�n�g�t�h� �o�f� �1�.�6� 

�d� �a�n�d� �a� �s�t�r�e�a�m�w�i�s�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �o�f� �3�.�4� �d�.� �O�n�c�e� �a�g�a�i�n�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �r�e�g�i�o�n� 

�b�e�c�o�m�e�s� �l�e�s�s� �d�i�s�t�i�n�c�t� �d�o�w�n�s�t�r�e�a�m� �o�f� �x�/�d� �~� �5�0� �u�n�t�i�l� �i�t� �i�s� �n�e�a�r�l�y� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� 

�o�t�h�e�r� �p�a�r�t�s� �o�f� �t�h�e� �f�r�e�e� �s�t�r�e�a�m� �f�l�o�w� �b�y� �x�/�d� �=� �9�0�.� 

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

�c�o�n�f�i�g�u�r�a�t�i�o�n� �a�l�s�o� �h�a�s� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �a�t� �q� �=� �6�;� �h�o�w�e�v�e�r�,� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r� �h�a�s� 

�b�e�e�n� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�e�d� �t�o� �d�|� �=� �0�.�0�4�0� �c�m�.� �W�i�t�h� �t�h�i�s� �i�n�j�e�c�t�o�r�,� �t�h�e� �i�n�c�o�m�i�n�g� �b�o�u�n�d�a�r�y� 

�l�a�y�e�r� �t�h�i�c�k�n�e�s�s� �w�a�s� �8�.�6� �d�;� �a�t� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� �A�s� �i�s� �a�p�p�a�r�e�n�t� �i�n� �t�h�e� �p�i�c�t�u�r�e�,� �s�u�c�h� �a� 

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

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

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

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

�c�m� �c�a�s�e�.� �H�e�r�e� �t�h�e� �w�a�t�e�r� �s�h�o�c�k� �a�n�g�l�e� �i�s� �2�5�°� �i�n� �t�h�e� �f�r�e�e� �s�t�r�e�a�m�,� �a�n�d� �i�t� �d�e�c�r�e�a�s�e�s� �t�o� �1�6�°� 

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

�v�i�r�t�u�a�l�l�y� �u�n�c�h�a�n�g�e�d� �b�y� �i�n�t�e�r�s�e�c�t�i�n�g� �w�i�t�h� �t�h�e� �w�a�t�e�r� �s�h�o�c�k�,� �c�h�a�n�g�i�n�g� �o�n�l�y� �1�°� �a�s� �a� �r�e�s�u�l�t� �o�f� 

�t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �t�h�e� �t�w�o� �s�h�o�c�k�s�.� 

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

�x�/�d� �=� �2�0� �a�n�d� �s�i�m�i�l�a�r� �l�a�r�g�e� �e�d�d�y� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �v�i�s�i�b�l�e� �i�n� �t�h�e� �f�l�o�w� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�a�t� 

�a�x�i�a�l� �s�t�a�t�i�o�n�.� �O�n�c�e� �a�g�a�i�n�,� �t�h�e� �e�d�d�y� �b�o�u�n�d�a�r�y� �i�s� �n�o�t� �a�s� �c�l�e�a�r�l�y� �d�e�f�i�n�e�d� �a�s� �i�n� �F�i�g�.� �1�7�,� �b�u�t� 

�i�t� �1�s� �s�t�i�l�l� �m�o�r�e� �d�i�s�t�i�n�c�t� �t�h�a�n� �t�h�e� �b�o�u�n�d�a�r�y� �i�n� �t�h�e� �b�a�s�e�l�i�n�e� �o�f� �F�i�g�u�r�e� �1�6�.� �E�d�d�y� �s�i�z�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �h�e�r�e� �g�i�v�e� �a� �m�a�x�i�m�u�m� �b�o�u�n�d�a�r�y� �h�e�i�g�h�t� �o�f� �4�.�9� �d� �w�i�t�h� �a� �h�o�r�i�z�o�n�t�a�l� �l�e�n�g�t�h� 
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�o�f� �1�.�6� �d�.� �T�h�e� �s�t�r�e�a�m�w�i�s�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �e�d�d�i�e�s� �i�s� �2�.�3� �d�.� �O�n�c�e� �a�g�a�i�n�,� �b�y� 

�x�/�d� �=� �9�0�,� �t�h�e� �e�d�d�y� �b�o�u�n�d�a�r�y� �i�s� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �f�l�o�w� �f�i�e�l�d�.� 

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

�d�i�f�f�e�r�e�n�t� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�r�e� �o�s�c�i�l�l�a�t�i�n�g� �a�t� �d�i�f�f�e�r�e�n�t� �f�r�e�q�u�e�n�c�i�e�s�.� �F�i�g�u�r�e�s� 

�1�7�,� �1�8� �a�n�d� �1�9�,� �t�h�e�r�e�f�o�r�e�,� �s�h�o�w� �"�i�n�s�t�a�n�t�a�n�e�o�u�s�"� �s�h�o�c�k� �p�o�s�i�t�i�o�n�s� �a�n�d� �w�a�t�e�r� �p�l�u�m�e� 

�c�o�n�d�i�t�i�o�n�s�.� 
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�3�.�2� �S�h�o�c�k� �F�r�e�q�u�e�n�c�y� �R�e�s�u�l�t�s� 

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

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

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

�h�e�l�i�u�m� �p�l�e�n�u�m� �c�h�a�m�b�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9� �d� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �l�e�a�d�i�n�g� �e�d�g�e� �o�f� �t�h�e� �h�e�l�i�u�m� 

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

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

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

�o�n�.� 

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

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

�0� �-� �2�0� �k�H�z�,� �o�f� �a�c�t�i�v�i�t�y� �w�h�i�c�h� �m�a�y� �i�n�d�i�c�a�t�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �f�r�e�q�u�e�n�c�y� �p�r�e�s�s�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� 

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

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

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

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

�T�h�e� �g�r�a�p�h� �i�n� �F�i�g�.� �2�1� �i�s� �f�r�o�m� �t�h�e� �q� �=� �6� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�a�s�e� �w�i�t�h� �d�;� �=� �0�.�1�5�9� �c�m�.� 

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

�a�p�p�a�r�e�n�t� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �f�i�g�u�r�e�s�.� �T�h�e� �"�p�l�a�t�e�a�u�"� �p�r�e�s�e�n�t� �f�r�o�m� �0� �t�o� �2�0� �k�H�z� 

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

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

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

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

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

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

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

�i�n� �t�h�e� �l�o�s�s� �o�f� �d�a�t�a� �f�o�r� �t�h�e� �d�;� �=� �0�.�0�7�9� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� �D�a�t�a� �w�a�s� �c�o�r�r�e�c�t�l�y� �c�o�l�l�e�c�t�e�d� �f�o�r� 

�t�h�e� �d�,� �=� �0�.�0�4�0� �c�m� �i�n�j�e�c�t�o�r�,� �h�o�w�e�v�e�r�,� �a�n�d� �t�h�e� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �p�l�o�t� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� 

�F�i�g�.� �2�2�.� �C�o�m�p�a�r�i�s�o�n� �w�i�t�h� �F�i�g�s�.� �2�0� �a�n�d� �2�1� �s�h�o�w�s� �t�h�a�t� �t�h�e� �o�v�e�r�a�l�l� �p�o�w�e�r� �l�e�v�e�l� �i�s� �h�i�g�h�e�r� 

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�0� �k�H�z�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �a� �w�e�l�l�-�d�e�f�i�n�e�d� �o�s�c�i�l�l�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �i�n� �t�h�e� 

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

�t�h�i�s� �f�l�o�w� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 
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�3�.�3�.� �H�e�l�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �D�a�t�a� 

�V�e�r�t�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�r�o�f�i�l�e�s� �f�o�r� �e�a�c�h� �a�x�i�a�l� �s�t�a�t�i�o�n� �a�n�d� �e�a�c�h� �i�n�j�e�c�t�i�o�n� 

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

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

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

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

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

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

�3�.�3�.�1� �G�e�n�e�r�a�l� �F�l�o�w�f�i�e�l�d� �S�t�r�u�c�t�u�r�e� 

�C�o�n�t�o�u�r� �p�l�o�t�s� �f�o�r� �t�h�e� �b�a�s�e�l�i�n�e� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�3� �-� �2�5�.� �A�t� 

�x�/�d� �=� �2�0�,� �a�s� �s�e�e�n� �i�n� �t�h�e� �n�a�n�o�s�h�a�d�o�w�g�r�a�p�h�s�,� �t�h�e� �c�o�r�e� �o�f� �t�h�e� �j�e�t� �h�a�s� �p�e�n�e�t�r�a�t�e�d� �t�h�e� 

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

�f�r�a�c�t�i�o�n� �(�Q�m�x�)�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �c�o�r�e� �i�s� �a�b�o�u�t� �2�.�2�5� �d� �o�f�f� �t�h�e� �f�l�o�o�r� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

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

�c�o�r�e� �a�s� �w�e�l�l�.� �B�y� �x�/�d� �=� �4�0�,� �t�h�e� �c�o�r�e� �h�a�s� �m�o�v�e�d� �f�u�r�t�h�e�r� �o�f�f� �t�h�e� �f�l�o�o�r� �t�o� �3�.�9� �d� �a�n�d� �t�h�e� 

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

�a�l�s�o� �a�p�p�e�a�r�s� �t�o� �b�e� �c�e�n�t�e�r�e�d� �a�t� �y�/�d� �=� �0�.� �T�h�e�r�e� �a�l�s�o� �a�p�p�e�a�r�s� �t�o� �b�e� �s�o�m�e� �a�s�y�m�m�e�t�r�y� �i�n� �t�h�e� 

�l�a�t�e�r�a�l� �s�p�r�e�a�d�i�n�g� �o�f� �t�h�e� �j�e�t�.� �A�t� �x�/�d� �=� �2�0�,� �t�h�e� �j�e�t� �w�a�s� �b�o�u�n�d�e�d� �b�y� �t�h�e� �y�/�d� �=� �-�2�.�0� �a�n�d� 

�y�/�d� �=� �2�.�0� �l�i�n�e�s�.� �N�o�w�,� �a�t� �x�/�d� �=� �4�0�,� �t�h�e�r�e� �i�s� �s�o�m�e� �l�a�t�e�r�a�l� �s�p�r�e�a�d�i�n�g� �s�o� �t�h�a�t� �t�h�e� �j�e�t� �c�o�r�e� 

�i�s� �b�o�u�n�d�e�d� �b�y� �t�h�e� �y�/�d� �=� �-�2�.�5� �a�n�d� �y�/�d� �=� �2�.�0� �l�i�n�e�s� �o�n� �t�h�e� �c�o�n�t�o�u�r� �p�l�o�t�.� �B�y� �t�h�e� �l�a�s�t� �a�x�i�a�l� 

�s�t�a�t�i�o�n�,� �x�/�d� �=� �9�0�,� �s�h�o�w�n� �i�n� �F�i�g�.� �2�5�,� �m�o�r�e� �c�h�a�n�g�e�s� �h�a�v�e� �t�a�k�e�n� �p�l�a�c�e�.� �T�h�e� �j�e�t� �a�p�p�e�a�r�s� 
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�t�o� �h�a�v�e� �b�i�f�u�r�c�a�t�e�d�,� �s�h�o�w�i�n�g� �t�w�o� �c�o�r�e�s� �a�b�o�u�t� �4�.�4� �d� �o�f�f� �t�h�e� �f�l�o�o�r� �a�n�d� �a�t� �y�/�d� �=� �-�0�.�2�5� �a�n�d� 

�y�/�d� �=� �1�.�2�5�.� �T�h�e� �h�e�l�i�u�m� �a�l�s�o� �h�a�s� �s�p�r�e�a�d� �m�o�r�e� �l�a�t�e�r�a�l�l�y�,� �n�o�w� �e�s�s�e�n�t�i�a�l�l�y� �b�o�u�n�d�e�d� �b�y� 

�y�/�d� �=� �-�2�.�5� �a�n�d� �y�/�d� �=� �3�.�5�.� �T�h�e� �j�e�t� �a�l�s�o� �a�p�p�e�a�r�s� �t�o� �h�a�v�e� �r�e�m�a�i�n�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

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

�F�i�g�u�r�e�s� �2�6� �-� �2�8� �s�h�o�w� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�o�n�t�o�u�r�s� �f�o�r� �t�h�e� �f�i�r�s�t� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�a�s�e�,� 

�d� �=� �0�.�1�5�9� �c�m�.� �H�e�r�e�,� �t�h�e� �i�n�i�t�i�a�l� �c�o�r�e� �p�e�n�e�t�r�a�t�i�o�n� �a�t� �x�/�d� �=� �2�0� �i�s� �o�n�l�y� �z�/�d� �=� �1�.�7�.� �T�h�i�s� 

�v�a�l�u�e� �i�n�c�r�e�a�s�e�s� �t�o� �z�/�d� �=� �4�.�7� �b�y� �t�h�e� �f�i�n�a�l� �a�x�i�a�l� �s�t�a�t�i�o�n�.� �T�h�e� �c�o�r�e� �i�s� �i�n�i�t�i�a�l�l�y� �c�e�n�t�e�r�e�d� 

�a�b�o�v�e� �y�/�d� �=� �0� �a�t� �x�/�d� �=� �2�0�.� �B�y� �t�h�e� �x�/�d� �=� �4�0� �a�x�i�a�l� �s�t�a�t�i�o�n�,� �t�h�e� �c�o�r�e� �h�a�s� �b�e�g�u�n� �t�o� �s�p�r�e�a�d� 

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

�t�h�e� �p�l�o�t�.� �T�h�i�s� �t�r�e�n�d� �c�o�n�t�i�n�u�e�s� �t�o� �x�/�d� �=� �9�0�,� �w�h�e�r�e� �t�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �a� �s�e�c�o�n�d�,� �l�o�w�e�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �c�o�r�e� �a�t� �z�/�d� �=� �4�.�0� �a�b�o�v�e� �y�/�d� �=� �3�.�0�.� 

�S�o�m�e� �o�f� �t�h�e� �s�a�m�e� �t�r�e�n�d�s� �a�r�e� �e�v�i�d�e�n�t� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�o�n�t�o�u�r�s� �f�o�r� �t�h�e� �0�.�0�7�9� 

�c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�9� �-� �3�1�.� �A�t� �t�h�e� �x�/�d� �=� �2�0� �s�t�a�t�i�o�n�,� �t�h�e� �c�o�r�e� �h�a�s� 

�p�e�n�e�t�r�a�t�e�d� �t�o� �z�/�d� �=� �2�.�6�,� �c�e�n�t�e�r�e�d� �a�t� �y�/�d� �=� �0�.� �T�h�e� �c�o�n�t�o�u�r�s� �a�p�p�e�a�r� �r�o�u�g�h�l�y� �s�y�m�m�e�t�r�i�c�a�l� 

�a�b�o�u�t� �t�h�e� �j�e�t� �v�e�r�t�i�c�a�l� �a�t� �t�h�i�s� �s�t�a�t�i�o�n�.� �B�y� �x�/�d� �=� �4�0�,� �t�h�e� �m�a�i�n� �c�o�r�e� �i�s� �a�t� �z�/�d� �=� �3�.�6� �a�n�d� 

�t�h�e�r�e� �i�s� �s�o�m�e� �v�e�r�t�i�c�a�l� �s�p�r�e�a�d�i�n�g� �l�e�a�d�i�n�g� �t�o� �a�n�o�t�h�e�r� �s�m�a�l�l� �c�o�r�e� �a�t� �z�/�d� �=� �1�.�8�,� �y�/�d� �=� �0�.� 

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

�m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�,� �t�h�e� �j�e�t� �h�a�s� �c�l�e�a�r�l�y� �s�p�l�i�t� �i�n�t�o� �t�w�o� �c�o�r�e�s�,� �o�n�e� �a�t� �y�/�d� �~� �0� �a�n�d� �t�h�e� �o�t�h�e�r� 

�a�t� �y�/�d� �~� �-�3�.�0�.� �T�h�e�r�e� �h�a�s� �a�l�s�o� �b�e�e�n� �e�s�s�e�n�t�i�a�l�l�y� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� �z�/�d� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�o�r�e� 

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

�C�o�n�t�o�u�r� �p�l�o�t�s� �f�o�r� �t�h�e� �f�i�n�a�l� �w�a�t�e�r� �i�n�j�e�c�t�o�r�,� �d�;� �=� �0�.�0�4�0� �c�m�,� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �3�2� �-� 

�3�4�.� �A�g�a�i�n�,� �t�h�e� �v�e�r�t�i�c�a�l� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �c�o�r�e� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �p�r�e�v�i�o�u�s� �c�a�s�e�s�.� �A�t� 
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�x�/�d� �=� �2�0�,� �t�h�e� �c�o�r�e� �i�s� �a�t� �z�/�d� �=� �2�.�3� �a�n�d� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�s� �t�o� �z�/�d� �~� �3�.�2� �a�t� �x�/�d� �=� 

�9�0�.� �T�h�e� �c�o�r�e� �i�s� �a�t� �y�/�d� �~� �0� �a�t� �x�/�d� �=� �2�0�,� �b�u�t� �h�a�s� �m�o�v�e�d� �s�l�i�g�h�t�l�y� �t�o� �y�/�d� �~� �.�2�5� �a�t� �x�/�d� �=� 

�4�0�.� �T�h�e�r�e� �i�s� �a�l�s�o� �e�v�i�d�e�n�c�e� �i�n� �F�i�g�.� �3�3� �o�f� �l�a�t�e�r�a�l� �s�p�r�e�a�d�i�n�g� �o�f� �t�h�e� �c�o�r�e� �w�i�t�h� �i�n�d�i�c�a�t�i�o�n� �o�f� 

�t�h�e� �b�e�g�i�n�n�i�n�g�s� �o�f� �a� �s�e�c�o�n�d� �c�o�r�e� �a�t� �y�/�d� �=� �-�1�,� �z�/�d� �=� �2�.�5�.� �T�h�e� �s�e�c�o�n�d� �c�o�r�e� �i�s� �a�l�s�o� �e�v�i�d�e�n�t� 

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

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

�a�t� �x�/�d� �=� �2�0� �f�o�r� �a�l�l� �i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�g�r�a�d�i�e�n�t�s� �h�a�d� �d�e�c�r�e�a�s�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �b�y� �x�/�d� �=� �9�0� �f�o�r� �a�l�l� �c�a�s�e�s�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� 

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

�3�.�3�.�2� �H�e�l�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �D�e�c�a�y� 

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

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

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

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

�f�o�r�m�:� 

�a�=� �B�y� �(�=�)� �[�3�.�1�]� 

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

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

�m�i�x�i�n�g� �o�f� �t�h�e� �j�e�t� �w�i�t�h� �t�h�e� �f�r�e�e� �s�t�r�e�a�m�.� �F�i�g�u�r�e� �3�5� �s�h�o�w�s� �t�h�e� �a�,�,�,�,� �d�a�t�a� �a�n�d� �c�u�r�v�e� �f�i�t� �r�e�s�u�l�t�s� 

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

�R�E�S�U�L�T�S� �5�2



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

�w�i�t�h� �a�i�r� �i�s� �i�n�c�l�u�d�e�d� �i�n� �F�i�g�.� �3�5� �a�s� �a� �r�e�f�e�r�e�n�c�e�.� �M�i�x�i�n�g� �d�i�s�t�a�n�c�e�,� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�s�t�a�n�c�e� 

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

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

�c�u�r�v�e� �f�i�t�s� �o�f� �E�q�u�a�t�i�o�n� �[�3�.�1�]� �f�o�r� �e�a�c�h� �t�e�s�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �m�i�x�i�n�g� �d�i�s�t�a�n�c�e�s� 

�a�n�d� �n�, ��s� �a�r�e� �t�a�b�u�l�a�t�e�d� �i�n� �T�a�b�l�e� �4�.� 

�F�i�g�u�r�e� �3�5� �a�n�d� �T�a�b�l�e� �4� �s�h�o�w� �s�o�m�e� �o�f� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a�d�d�i�n�g� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� 

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

�h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �i�s� �n�,� �=� �1�.�0�2�.� �F�o�r� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �w�i�t�h� �d�;� �=� �0�.�1�5�9� �c�m�,� �t�h�e� �d�e�c�a�y� 

�r�a�t�e� �d�e�c�r�e�a�s�e�d� �b�y� �3�6�%� �t�o� �n�,� �=� �.�6�5�.� �I�n� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �w�i�t�h� �d�,� �=� �0�.�0�7�9� �c�m�,� �t�h�e� �d�e�c�a�y� 

�r�a�t�e� �d�e�c�r�e�a�s�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�%�.� �A� �d�i�r�e�c�t� �c�o�n�t�r�a�s�t� �i�s� �e�v�i�d�e�n�t� �i�n� �t�h�e� �f�i�n�a�l� �w�a�t�e�r� 

�i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n� �(�d�,� �=� �0�.�0�4�0� �c�m�)�,� �w�h�e�r�e� �t�h�e� �d�e�c�a�y� �r�a�t�e� �h�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �1�0�%� �s�o� 

�t�h�a�t� �n�,� �=� �1�.�1�2�.� �T�h�i�s� �t�r�e�n�d� �i�s� �a�l�s�o� �e�v�i�d�e�n�t� �i�n� �t�h�e� �m�i�x�i�n�g� �d�i�s�t�a�n�c�e�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �f�o�u�r� 

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

�a�i�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �x�/�d� �=� �1�0�9�.� �T�h�i�s� �d�i�s�t�a�n�c�e� �i�n�c�r�e�a�s�e�s� �b�y� �1�0�4�%� �t�o� �x�/�d� �=� �2�2�2� �f�o�r� �t�h�e� 

�l�a�r�g�e�s�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� �T�h�e� �m�i�x�i�n�g� �d�i�s�t�a�n�c�e� �a�l�s�o� �i�n�c�r�e�a�s�e�s�,� �b�u�t� �b�y� �o�n�l�y� �2�0�%�,� �t�o� 

�x�/�d� �=� �1�3�0� �f�o�r� �t�h�e� �d�;� �=� �0�.�0�7�9� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� �A�g�a�i�n�,� �i�n� �d�i�r�e�c�t� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� 

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

�o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� �c�a�u�s�e�s� �t�h�e� �m�i�x�i�n�g� �d�i�s�t�a�n�c�e� �t�o� �d�e�c�r�e�a�s�e� �b�y� �1�6�%� �t�o� �x�/�d� �=� �9�1�.� �T�h�i�s� �i�s� 

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

�Q�m�a�x� �=� �0�.�0�3�,� �w�h�i�c�h� �i�s� �j�u�s�t� �a�b�o�v�e� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �H�,�-�a�i�r� �r�a�t�i�o�,� �a�t� �x�/�d� �=� �9�0�.� 
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�3�.�3�.�3� �J�e�t� �C�o�r�e� �P�e�n�e�t�r�a�t�i�o�n� 

�T�h�e� �j�e�t� �c�o�r�e� �p�e�n�e�t�r�a�t�i�o�n� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �3� �w�a�s� �u�s�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� �p�l�o�t� �o�f� 

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

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

�=� �n�,�i�n�(�=�)�+� �B�,� �[�3�.�2�]� 
�c�o�r�e� 

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

�v�a�l�u�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �5�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� �o�n� �p�e�n�e�t�r�a�t�i�o�n� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�.� �3�6� �a�n�d� �b�y� 

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

�p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� �r�a�t�e� �w�a�s� �n�,� �=� �1�.�4�2�.� �A�d�d�i�n�g� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� �f�r�o�m� �t�h�e� �l�a�r�g�e�s�t� 

�w�a�t�e�r� �i�n�j�e�c�t�o�r� �(�d�j�;� �=� �0�.�1�5�9� �c�m�)� �c�a�u�s�e�s� �a� �4�0�%� �i�n�c�r�e�a�s�e� �i�n� �n�,�.� �T�h�e� �i�n�i�t�i�a�l� �p�e�n�e�t�r�a�t�i�o�n� �i�s� 

�l�o�w�e�r�,� �b�u�t� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �a�t� �x�/�d� �=� �9�0� �i�s� �h�i�g�h�e�r�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e�.� �A�s� �t�h�e� 

�w�a�t�e�r� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r� �i�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �t�h�e� �f�i�r�s�t� �i�n�j�e�c�t�o�r� �t�o� �d�;� �=� �0�.�0�7�9�,� �t�h�e� �c�o�r�e� 

�p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e� �d�r�o�p�s� �t�o� �0�.�6�8�.� �T�h�i�s� �i�s� �a� �5�2�%� �d�e�c�r�e�a�s�e� �i�n� �c�o�r�e� �p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e� �o�v�e�r� �t�h�e� 

�b�a�s�e�l�i�n�e� �i�n�j�e�c�t�o�r�.� �T�h�e� �s�a�m�e� �t�r�e�n�d� �c�o�n�t�i�n�u�e�s� �w�i�t�h� �t�h�e� �s�m�a�l�l�e�s�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r�,� �d�;� �=� �0�.�0�4�0� 

�c�m�.� �H�e�r�e�,� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e� �h�a�s� �d�e�c�r�e�a�s�e�d� �b�y� �5�9�%� �o�v�e�r� �t�h�e� �o�r�i�g�i�n�a�l� �h�e�l�i�u�m�-�o�n�l�y� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e�s�e� �t�r�e�n�d�s� �c�a�n� �a�l�s�o� �b�e� �s�e�e�n� �b�y� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �F�i�g�.� �3�6�.� �C�o�r�e� �p�e�n�e�t�r�a�t�i�o�n� 

�a�t� �x�/�d� �=� �2�0�,� �f�r�o�m� �h�i�g�h�e�s�t� �t�o� �l�o�w�e�s�t�,� �i�s� �d�;� �=� �0�.�0�7�9�,� �d�;� �=� �0�.�0�4�0�,� �h�e�l�i�u�m� �o�n�l�y�,� �a�n�d� 

�d�,� �=� �0�.�1�5�9�.� 
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�3�.�4� �O�t�h�e�r� �M�e�a�n� �F�l�o�w� �R�e�s�u�l�t�s� 

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

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

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

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

�t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �f�r�e�e�-�s�t�r�e�a�m� �v�a�l�u�e�s� �a�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�6�.� 

�3�.�4�.�1� �T�o�t�a�l� �P�r�e�s�s�u�r�e� �C�o�n�t�o�u�r�s� 

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

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

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

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

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

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

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

�F�i�g�u�r�e�s� �3�7� �-� �4�0� �p�r�e�s�e�n�t� �t�h�e� �c�o�n�t�o�u�r� �p�l�o�t�s� �o�f� �P�,�,�/� �P�,�.� �f�o�r� �a�l�l� �f�o�u�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�t� 

�x�/�d� �=� �2�0�.� �D�u�r�i�n�g� �a� �n�o�-�i�n�j�e�c�t�i�o�n� �t�u�n�n�e�l� �r�u�n�,� �t�h�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �c�l�i�m�b�s� �u�n�i�f�o�r�m�l�y� �f�r�o�m� �a� 

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

�f�l�o�w�.� �T�h�i�s� �i�s� �i�n� �d�i�r�e�c�t� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �p�l�o�t�s� �i�n� �F�i�g�s�.� �3�7� �-� �4�0�.� �I�n� �a�l�l� �f�o�u�r� �o�f� �t�h�e�s�e� �f�i�g�u�r�e�s�,� 

�t�h�e�r�e� �i�s� �a� �c�l�e�a�r� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �d�e�f�i�c�i�t� �c�l�o�s�e� �t�o� �y�/�d� �=� �0�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

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

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

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

�R�E�S�U�L�T�S� �5�5



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

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

�t�o� �"�f�l�a�t�t�e�n� �o�u�t�"�,� �o�u�t�s�i�d�e� �o�f� �y�/�d� �=� �-�2� �a�n�d� �y�/�d� �=� �2�,� �r�e�t�u�r�n�i�n�g� �t�o� �a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �u�n�i�f�o�r�m� 

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

�o�f� �t�h�e� �p�l�o�t�s� �i�s� �P�,�,�/�P�,�.� �0�.�2�.� 

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

�a�t� �x�/�d� �=� �4�0�.� �A�s� �a�t� �t�h�e� �p�r�e�v�i�o�u�s� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�,� �t�h�e� �a�r�e�a� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �t�o�t�a�l� 

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

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �P�i�t�o�t� �p�r�e�s�s�u�r�e� �d�a�t�a�.� 

�T�o�t�a�l� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r�s� �f�o�r� �t�h�e� �l�a�s�t� �a�x�i�a�l� �s�t�a�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �4�5� �-� �4�8�.� 

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

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

�P�,�,�/�P�,�.�.� �>� �1�.�0�,� �i�n� �t�h�e� �l�a�s�t� �3� �f�i�g�u�r�e�s�.� �T�h�e� �b�a�s�e�l�i�n�e� �c�o�n�t�o�u�r� �a�n�d� �t�h�e� �c�o�n�t�o�u�r� �f�o�r� �t�h�e� �0�.�1�5�9� 

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

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

�s�t�r�o�n�g� �o�s�c�i�l�l�a�t�i�n�g� �b�o�w� �s�h�o�c�k� �i�n�d�u�c�e�d� �b�y� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n�.� �F�i�g�u�r�e�s� �4�7� �a�n�d� �4�8� �f�o�r� �t�h�e� 

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

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �F�i�g�s�.� �4�5� �a�n�d� �4�6�.� �W�h�i�l�e� �t�h�e�s�e� �f�i�g�u�r�e�s� �p�r�o�v�i�d�e�d� �s�o�m�e� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�h�e� 

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

�R�E�S�U�L�T�S� �5�6



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

�c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

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

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

�p�a�r�a�m�e�t�e�r� �w�a�s� �f�o�r�m�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �a� �s�i�n�g�l�e� �v�e�r�t�i�c�a�l� �p�r�o�f�i�l�e� �t�a�k�e�n� �a�t� �x�/�d� �=� �9�0�,� �y�/�d� �=� �0�.� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�s�.� �3�7� �-� �4�8�,� �t�h�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �f�l�o�w� �f�i�e�l�d� �c�a�n� �n�o�t� �b�e� 

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

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

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

�f�  �� �T�p� �u�P� �d�A� 
�=� �7� �[�3�.�3�]� 

�?� �M�f� 
�f� �f� �P�p�l� �P�y� �d�A� �+� �P�i�U�j�A�P�y� 

� � 

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

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

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

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

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

�T�h�e� �t�w�o� �t�e�r�m�s� �i�n� �t�h�e� �d�e�n�o�m�i�n�a�t�o�r� �o�f� �E�q�u�a�t�i�o�n� �[�3�.�3�]� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�w�o� �"�i�n�p�u�t�s�"� �t�o� 

�t�h�i�s� �m�i�x�i�n�g� �f�l�o�w� �f�i�e�l�d�.� �T�u�n�n�e�l� �f�r�e�e�-�s�t�r�e�a�m� �c�o�n�d�i�t�i�o�n�s� �m�e�a�s�u�r�e�d� �a�t� �x�/�d� �=� �9�0� �w�e�r�e� �u�s�e�d� 

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

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

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

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

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

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

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

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

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

�s�h�o�w� �u�p� �a�s� �a� �s�m�a�l�l� �v�a�l�u�e� �o�f� �P�,�,�.� 

�A�s� �e�x�p�l�a�i�n�e�d� �b�y� �F�u�l�l�e�r�,� �t�h�e� �l�i�m�i�t�s� �o�f� �i�n�t�e�g�r�a�t�i�o�n� �i�n� �b�o�t�h� �i�n�t�e�g�r�a�l�s� �o�f� �E�q�u�a�t�i�o�n� �[�3�.�3�]� 

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

�L�i�m�i�t�s� �i�n� �z� �w�e�r�e� �s�e�t� �a�t� �z�;� �=� �0�,� �o�r� �t�h�e� �f�l�o�o�r�,� �a�n�d� �z�;� �=� �8�,� �o�r� �t�h�e� �u�p�p�e�r� �l�i�m�i�t� �o�f� �s�i�g�n�i�f�i�c�a�n�t� 

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

�y�/�d� �=� �-�4� �a�n�d� �y�/�d� �=� �4�.� �M�a�y�s �� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �p�a�r�a�m�e�t�e�r� �u�s�e�d� �i�t�e�r�a�t�i�v�e�l�y� �d�e�t�e�r�m�i�n�e�d� 

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

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

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

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

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

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �P�,�,� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �6�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �t�h�e�r�e�,� 

�P�,�,� �=� �0�.�6�3� �f�o�r� �t�h�e� �b�a�s�e�l�i�n�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �d�e�c�r�e�a�s�e�s� �t�o� �a� �l�o�w� �o�f� �P�,�,� �=� �0�.�5�4� �f�o�r� �t�h�e� 
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�w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �w�i�t�h� �d�;� �=� �0�.�1�5�9�.� �T�h�e�s�e� �v�a�l�u�e�s� �a�g�r�e�e� �w�i�t�h� �o�b�s�e�r�v�a�t�i�o�n�s� �m�a�d�e� �e�a�r�l�i�e�r� �a�b�o�u�t� 

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

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

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

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

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

�3�.�4�.�2� �M�a�c�h� �N�u�m�b�e�r� �P�r�o�f�i�l�e�s� 

�M�a�c�h� �n�u�m�b�e�r� �c�o�n�t�o�u�r�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�s�.� �4�9� �-� �5�2�,� �f�o�r� �x�/�d� �=� �2�0�,� �a�n�d� �F�i�g�u�r�e�s� 

�5�4� �-� �5�7�,� �f�o�r� �x�/�d� �=� �9�0�.� �I�n� �F�i�g�s�.� �4�9� �-� �5�2�,� �t�h�e�r�e� �i�s� �a� �l�o�w� �M�a�c�h� �n�u�m�b�e�r� �r�e�g�i�o�n�,� �a�t� �a�b�o�u�t� 

�M� �=� �1�.�6�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �w�i�t�h� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �j�e�t� �c�o�r�e� �c�e�n�t�e�r�.� �T�h�e� 

�n�o�m�i�n�a�l� �M�a�c�h� �n�u�m�b�e�r� �f�o�r� �t�h�e�s�e� �t�e�s�t�s� �w�a�s� �3�,� �h�o�w�e�v�e�r�,� �a�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�s�.� �4�9� �-� �5�2�,� 

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

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

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

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

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

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

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

�o�f� �t�h�e� �h�e�l�i�u�m� �j�e�t� �a�t� �t�h�e� �e�x�i�t� �o�f� �t�h�e� �i�n�j�e�c�t�o�r� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�4� �t�i�m�e�s� �t�h�e� �f�r�e�e�s�t�r�e�a�m� 

�v�e�l�o�c�i�t�y�.� �F�i�g�u�r�e� �5�3� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �c�o�n�t�o�u�r� �p�l�o�t� �o�f� �U�,�/�U�.�.� �a�t� �x�/�d� �=� �2�0�.� �A�s� �c�a�n� �b�e� �s�e�e�n� 

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

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

�R�E�S�U�L�T�S� �5�9



�t�h�e� �j�e�t� �h�a�s� �a�l�s�o� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� �b�e�f�o�r�e� �r�e�a�c�h�i�n�g� �t�h�e� �x�/�d� �=� �2�0� 

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

�A�t� �t�h�e� �f�i�n�a�l� �a�x�i�a�l� �s�t�a�t�i�o�n�,� �x�/�d� �=� �9�0�,� �t�h�e� �M�a�c�h� �c�o�n�t�o�u�r�s�,� �F�i�g�s�.� �5�4� �-� �5�7�,� �s�h�o�w� 

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

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

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

�p�r�o�f�i�l�e�.� �T�h�i�s� �i�s� �a�l�s�o� �s�h�o�w�n� �i�n� �t�h�e� �v�e�l�o�c�i�t�y� �c�o�n�t�o�u�r�s�,� �F�i�g�s�.� �5�8� �-� �6�1�.� �T�h�e� �v�e�l�o�c�i�t�i�e�s� �a�r�e� 

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

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

�3�.�4�.�3� �S�t�a�t�i�c� �P�r�o�p�e�r�t�i�e�s� 

�T�h�e� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �c�o�n�t�o�u�r� �o�f� �F�i�g�.� �6�2� �i�s� �t�y�p�i�c�a�l� �o�f� �a�l�l� �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� 

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

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

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

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

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

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

�S�t�a�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �h�e�l�i�u�m� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�1� �t�i�m�e�s� �t�h�e� �f�r�e�e� �s�t�r�e�a�m� �s�t�a�t�i�c� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A�t� �x�/�d� �=� �2�0�,� �a�s� �s�e�e�n� �i�n� �F�i�g�s�.� �6�3� �-� �6�6�,� �t�h�e� �s�t�a�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� �r�a�t�i�o� �c�l�e�a�r�l�y� 

�s�h�o�w�s� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �h�e�l�i�u�m� �i�n�j�e�c�t�a�n�t�.� �B�y� �x�/�d� �=� �9�0�,� �F�i�g�s�.� �6�7� �-� 

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

�R�E�S�U�L�T�S� �6�0



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

�m�o�r�e� �e�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� �t�h�a�n� �w�a�s� �p�r�e�s�e�n�t� �a�t� �x�/�d� �=� �2�0�.� 

�3�.�4�.�4� �I�n�t�e�g�r�a�t�e�d� �M�a�s�s� �F�l�o�w� �R�a�t�e� 

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

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

�x�/�d� �=� �9�0� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �7�1� �-� �7�4� �f�o�r� �t�h�e� �f�o�u�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �T�h�e� �h�i�g�h�e�r� �v�a�l�u�e�s� �s�h�o�w� 

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

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

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

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

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �R�o�t�a�m�e�t�e�r� �i�n�s�t�a�l�l�e�d� �i�n� �t�h�e� �h�e�l�i�u�m� �s�u�p�p�l�y� �l�i�n�e�,� �w�a�s� �0�.�0�0�2�6� �k�g�/�s�.� �A�s� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �7�,� �t�h�e� �i�n�t�e�g�r�a�t�e�d� �r�e�s�u�l�t�s� �w�e�r�e� �b�e�l�o�w� �t�h�i�s� �v�a�l�u�e� �f�o�r� �t�h�r�e�e� �o�u�t� �o�f� �f�o�u�r� �o�f� �t�h�e� 

�i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

�3�.�4�.�5� �E�n�t�r�a�i�n�m�e�n�t� 

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

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

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

�r�a�t�e� �o�f� �a�i�r� �f�l�o�w�i�n�g� �i�n�t�o� �t�h�e� �i�n�j�e�c�t�a�n�t� �r�e�g�i�o�n�.� �T�h�e� �t�o�t�a�l� �m�a�s�s� �f�l�o�w� �r�a�t�e� �a�t� �x�/�d� �=� �9�0� �c�a�n� 

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

�i�n�t�e�g�r�a�t�i�o�n� �l�i�m�i�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �P�,�,� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�.� �T�h�e� �e�q�u�a�t�i�o�n� 

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

�R�E�S�U�L�T�S� �6�1



�T�i�n�g�,� �=� �[�f�p� �u�d�e�d�y� �[�3�.�4�]� 
�%� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �E�q�u�a�t�i�o�n� �[�3�.�4�]� �c�a�n� �t�h�e�n� �b�e� �u�s�e�d� �i�n�:� 

�M�e�n�t� �=� �M�o�t� 
�=� �t�i�t�y� �[�3�.�5�]� 

�é� 

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

�f�o�u�n�d� �b�y� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �w�e�r�e� �u�s�e�d� �i�n� �E�q�u�a�t�i�o�n� �[�3�.�5�]� �t�o� �d�e�t�e�r�m�i�n�e� 

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

�s�h�o�w�n� �i�n� �T�a�b�l�e� �8�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �t�a�b�l�e�,� �t�h�e� �a�i�r� �e�n�t�r�a�i�n�m�e�n�t� �r�a�t�e�s� �v�a�r�i�e�d� �f�r�o�m� �a� 

�l�o�w� �o�f� �0�.�1�6�6� �k�g�/�s� �i�n� �t�h�e� �b�a�s�e�l�i�n�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �t�o� �0�.�2�4�6� �k�g�/�s� �i�n� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �w�i�t�h� �d�;� �=� �0�.�0�4�0� �c�m�.� �S�o�m�e� �c�a�u�t�i�o�n� �s�h�o�u�l�d� �b�e� �u�s�e�d� �w�h�e�n� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� 

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

�o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �a�s� �t�h�e� �h�e�l�i�u�m� �m�a�s�s� �f�l�o�w� �r�a�t�e�.� 
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�3�.�5�.� �C�o�m�b�i�n�e�d� �K�u�l�i�t�e�/�H�o�t� �W�i�r�e� �T�e�s�t�s� 

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

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

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

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

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

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

�t�h�e�s�e� �t�e�s�t�s�,� �a� �s�i�n�g�l�e� �w�i�r�e� �h�o�t�-�w�i�r�e� �p�r�o�b�e� �w�a�s� �i�n�s�t�a�l�l�e�d� �1�2�.�4� �d� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �K�u�l�i�t�e� 

�l�o�c�a�t�i�o�n� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�2�.� �T�h�e� �s�u�b�s�e�q�u�e�n�t� �r�u�n�s� �h�a�d� �b�o�t�h� �h�e�l�i�u�m� �a�n�d� �w�a�t�e�r� 

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

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

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

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

�w�a�t�e�r� �i�n�j�e�c�t�o�r�s� �(�d�,� �=� �0�.�0�7�9� �c�m� �a�n�d� �d�;� �=� �0�.�0�4�0� �c�m�)�.� �D�a�t�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e�s�e� �r�u�n�s� 

�w�a�s� �r�e�d�u�c�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�5� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�o�h�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �w�a�s� 

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

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

�s�u�c�h� �a�s� �t�h�e� �K�u�l�i�t�e� �i�n� �t�h�e�s�e� �t�e�s�t�s�. �� 

�F�i�g�u�r�e� �7�5� �i�s� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�o�h�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�e� �d�;� �=� �0�.�0�7�9� �c�m� �d�i�a�m�e�t�e�r� 

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

�o�f� �a�v�e�r�a�g�e�s� �u�s�e�d� �i�n� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �c�o�h�e�r�e�n�c�e�.� �F�o�r� �t�h�e� �n�u�m�b�e�r� �o�f� �a�v�e�r�a�g�e�s� �u�s�e�d� �i�n� �t�h�i�s� 
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�a�n�a�l�y�s�i�s�,� �v�a�l�u�e�s� �o�f� �7�,�,� �a�b�o�v�e� �0�.�3� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t� �i�n�d�i�c�a�t�i�o�n�s� �t�h�a�t� �t�h�e� �s�i�g�n�a�l�s� 

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

�c�o�h�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �i�s� �a�b�o�v�e� �t�h�e� �0�.�3� �t�h�r�e�s�h�o�l�d�.� �O�n�e� �p�e�a�k� �o�c�c�u�r�s� �i�n� �t�h�e� �l�o�w�e�r� �f�r�e�q�u�e�n�c�y� 

�a�r�e�a� �b�e�t�w�e�e�n� �1�0� �k�H�z� �a�n�d� �1�5� �k�H�z� �a�t� �a� �c�o�h�e�r�e�n�c�e� �v�a�l�u�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�4�4� �w�h�i�l�e� �t�h�e�r�e� 

�i�s� �a�n�o�t�h�e�r� �p�e�a�k� �i�n� �t�h�e� �8�0� �k�H�z� �t�o� �9�0� �k�H�z� �r�a�n�g�e� �w�i�t�h� �a� �c�o�h�e�r�e�n�c�e� �v�a�l�u�e� �o�f� �a�b�o�u�t� �0�.�3�2�.� 

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

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

�A� �m�o�r�e� �d�i�s�t�i�n�c�t� �p�e�a�k� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �c�o�h�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �p�l�o�t� �f�o�r� �d�;� �=� �0�.�0�4�0� 

�c�m� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �7�6�.� �H�e�r�e� �t�h�e� �p�e�a�k� �c�o�h�e�r�e�n�c�e� �v�a�l�u�e� �i�s� �0�.�5�3� �a�n�d� �o�c�c�u�r�s� �a�t� �a� 

�f�r�e�q�u�e�n�c�y� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�9� �k�H�z�.� �T�h�i�s� �i�s� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �f�r�e�q�u�e�n�c�y� �a�s� �t�h�e� 

�s�h�o�c�k� �o�s�c�i�l�l�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �p�e�a�k� �s�e�e�n� �i�n� �F�i�g�.� �2�2�.� �T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �p�e�a�k�s� �a�t� �f�r�e�q�u�e�n�c�i�e�s� 

�l�o�w�e�r� �t�h�a�n� �1�3�9� �k�H�z�.� �T�h�e�s�e� �m�a�y� �b�e� �i�n�d�i�c�a�t�i�o�n�s� �t�h�a�t� �t�h�e�r�e� �a�r�e� �o�t�h�e�r� �f�r�e�q�u�e�n�c�i�e�s� �w�h�e�r�e� �t�h�e� 

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

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

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

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

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

�a� �h�o�t�-�w�i�r�e� �i�n�s�t�a�l�l�e�d� �a�t� �t�h�e� �x�/�d� �=� �9�0� �a�x�i�a�l� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�.� �T�h�i�s� �d�a�t�a� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� 

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

�h�o�t�-�w�i�r�e� �d�a�t�a� �t�a�k�e�n� �w�i�t�h� �t�h�e� �w�i�r�e� �i�n�s�t�a�l�l�e�d� �a�b�o�u�t� �1�.�8� �d� �f�r�o�m� �t�h�e� �f�l�o�o�r� �a�t� �t�h�e� �m�o�s�t� 

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

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

�R�E�S�U�L�T�S� �6�4



�o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�6�0� �k�H�z� �s�o� �i�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� �p�e�a�k� �a�t� �2�0�0� �k�H�z� �i�s� �n�o�t� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� 

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

�F�i�g�u�r�e� �7�8� �p�r�e�s�e�n�t�s� �t�h�e� �s�a�m�e� �t�y�p�e� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �0�.�1�5�9� �c�m� �d�i�a�m�e�t�e�r� �w�a�t�e�r� 

�i�n�j�e�c�t�o�r�.� �D�i�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �F�i�g�.� �7�7� �s�h�o�w�s� �t�h�a�t�,� �o�n� �a�v�e�r�a�g�e�,� �t�h�e� �p�o�w�e�r� �l�e�v�e�l� �i�n� �b�o�t�h� 

�c�a�s�e�s� �i�s� �t�h�e� �s�a�m�e�.� 

�S�i�m�i�l�a�r� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �7�9� �f�o�r� �t�h�e� �n�e�x�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r�,� �d�;� �=� �0�.�0�7�9� 

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

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

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

�a� �S�l�i�g�h�t� �"�p�l�a�t�e�a�u�"� �i�n� �t�h�e� �s�i�g�n�a�l� �i�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �o�f� �6�0� �k�H�z� �t�o� �1�1�0� �k�H�z�.� 

�F�i�g�u�r�e� �8�0� �s�h�o�w�s� �t�h�e� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�o�r� �t�h�e� �d�;� �=� �0�.�0�4�0� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� 

�A�s� �w�i�t�h� �F�i�g�s�.� �7�7� �a�n�d� �7�8�,� �c�o�m�p�a�r�i�s�o�n� �o�f� �F�i�g�s�.� �7�9� �a�n�d� �8�0� �s�h�o�w�s� �t�h�a�t� �t�h�e�y� �a�r�e� �n�e�a�r�l�y� �t�h�e� 

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

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

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

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

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

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

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

�R�E�S�U�L�T�S� �6�5



�3�.�6� �P�a�r�a�l�l�e�l� �A�r�r�a�y� �R�e�s�u�l�t�s� 

�T�h�e� �m�e�t�h�o�d�s� �o�f� �S�e�c�t�i�o�n� �2�.�4�.�6� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�a�r�g�e�-�s�c�a�l�e� �s�t�r�u�c�t�u�r�e� 

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

�t�h�e� �f�l�o�w� �f�i�e�l�d�.� �T�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �a�l�l� �m�a�d�e� �a�t� �x�/�d� �=� �9�0�.� �C�r�o�s�s�-�c�o�r�r�e�l�a�t�i�o�n�s� �w�i�t�h� 

�p�e�a�k� �v�a�l�u�e�s� �o�f� �0�.�3� �a�n�d� �l�e�s�s� �w�e�r�e� �r�e�j�e�c�t�e�d� �i�n� �t�h�i�s� �a�n�a�l�y�s�i�s�.� �D�u�e� �t�o� �p�o�o�r� �c�o�r�r�e�l�a�t�i�o�n�s� �a�t� 

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

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

�p�l�a�t�e�.� 

�A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �T�a�b�l�e� �9�,� �c�a�l�c�u�l�a�t�e�d� �s�t�r�u�c�t�u�r�e� �a�n�g�l�e�s� �v�a�r�i�e�d� �f�r�o�m� �8�6�°� �i�n� �t�h�e� 

�b�a�s�e�l�i�n�e� �i�n�j�e�c�t�i�o�n� �t�o� �6�0�°� �f�o�r� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�i�t�h� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �0�.�0�4�0� �c�m� 

�d�i�a�m�e�t�e�r� �i�n�j�e�c�t�o�r�.� �T�h�e� �8�6�°� �c�a�s�e� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �a�n�g�l�e�s� �C�l�a�r�k ��*� �o�b�s�e�r�v�e�d� �a�s� �t�h�e� 

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

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

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

�w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9� �m�i�c�r�o�s�e�c�o�n�d�s� �w�i�t�h� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�t�e�g�r�a�l� �l�e�n�g�t�h� �s�c�a�l�e� �o�f� �4�.�6� �m�m�.� 

�W�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �0�.�1�5�9� �c�m� �i�n�j�e�c�t�o�r�,� �t�h�e� �t�i�m�e� �s�c�a�l�e� �i�s� 

�r�e�d�u�c�e�d� �t�o� �6�.�6� �m�i�c�r�o�s�e�c�o�n�d�s� �a�n�d� �t�h�e� �l�e�n�g�t�h� �s�c�a�l�e� �i�s� �r�e�d�u�c�e�d� �t�o� �3�.�4� �m�m�.� �F�o�r� �t�h�e� �o�t�h�e�r� 

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

�h�o�t�-�w�i�r�e�s� �u�s�e�d� �i�n� �t�h�i�s� �t�e�s�t� �h�a�d� �a� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �o�f� �1�6�0� �k�H�z�;� �t�h�e�r�e�f�o�r�e�,� �t�i�m�e� �s�c�a�l�e�s� 

�o�f� �6� �m�i�c�r�o�s�e�c�o�n�d�s� �o�r� �l�e�s�s� �c�o�u�l�d� �n�o�t� �b�e� �r�e�s�o�l�v�e�d�.�"�*� �T�i�m�e� �s�c�a�l�e�s� �o�f� �6� �m�i�c�r�o�s�e�c�o�n�d�s� �a�n�d� 

�l�e�s�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �l�e�n�g�t�h� �s�c�a�l�e�s� �o�f� �3�.�0� �m�m� �a�n�d� �l�o�w�e�r�.� �T�h�e�s�e� �l�e�n�g�t�h� �s�c�a�l�e�s� �a�r�e� �d�o�m�i�n�a�n�t� 

�f�o�r� �t�h�e� �s�m�a�l�l�e�r� �d�i�a�m�e�t�e�r� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�a�s�e�s�.� 
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�4�.� �D�I�S�C�U�S�S�I�O�N� 

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

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

�n�u�m�b�e�r� �o�f� �3�.�0�.� �T�h�e� �b�a�s�e�l�i�n�e� �m�o�d�e�l� �f�o�r� �t�h�e� �t�e�s�t�s� �w�a�s� �a� �s�i�n�g�l�e�,� �s�o�n�i�c� �5�X� �u�n�d�e�r�e�x�p�a�n�d�e�d� 

�h�e�l�i�u�m� �i�n�j�e�c�t�o�r� �a�t� �a� �1�5�°� �d�o�w�n�s�t�r�e�a�m� �a�n�g�l�e�.� �D�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �e�x�p�e�r�i�m�e�n�t�s�,� �a� �s�i�n�g�l�e� �w�a�t�e�r� 

�i�n�j�e�c�t�o�r� �o�f� �0�.�1�5�9� �c�m� �d�i�a�m�e�t�e�r� �w�a�s� �u�s�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �q� �a�n�d� �s�h�o�c�k� 

�i�m�p�i�n�g�e�m�e�n�t� �l�o�c�a�t�i�o�n� �o�n� �t�h�e� �m�i�x�i�n�g� �f�l�o�w� �f�i�e�l�d�.� �I�n�j�e�c�t�i�o�n� �a�t� �G� �=� �2� �a�n�d� �g� �=� �6� �w�a�s� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �i�n�d�i�c�a�t�e�d� �t�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �c�o�m�b�i�n�a�t�i�o�n� �w�a�s� �a� �q� �=� �6� �j�e�t� 

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

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

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

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

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r�s�,� �e�a�c�h� �a�t� �q� �=� �6�,� �w�i�t�h� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

�x�/�d� �=� �9�0�,� �t�h�e� �j�e�t� �w�a�s� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �f�l�o�w� �f�i�e�l�d�.� �A�s� �s�h�o�c�k� 

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

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

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

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

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

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

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

�a� �h�i�g�h� �f�r�e�q�u�e�n�c�y�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�0� �k�H�z�,� �o�s�c�i�l�l�a�t�i�o�n� �i�n� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� 

�w�i�t�h� �d�;� �=� �0�.�0�4�0� �c�m�.� �T�e�s�t�s� �w�i�t�h� �d�;� �=� �0�.�1�5�9� �c�m�.� �s�h�o�w�e�d� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �l�e�v�e�l� �o�f� �t�h�e� 

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

�f�r�e�q�u�e�n�c�y� �p�e�a�k� �i�n� �t�h�i�s� �c�a�s�e�.� 

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

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

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

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

�f�l�o�w� �f�i�e�l�d�.� 

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

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

�i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�o�u�r� �p�l�o�t�s� �a�t� �x�/�d� �=� �9�0� �f�o�r� �t�h�e� �t�h�r�e�e� 

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

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

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

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

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

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

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

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

�p�e�n�e�t�r�a�t�i�o�n�.� 

�F�u�r�t�h�e�r� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�l�o�t�s�,� �t�h�i�s� �t�i�m�e� �a�t� �x�/�d� �=� �2�0�,� �s�h�o�w�s� 

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

�f�i�e�l�d�.� �T�h�e� �i�n�i�t�i�a�l� �p�e�n�e�t�r�a�t�i�o�n� �o�f� �t�h�e� �d�;� �=� �0�.�1�5�9� �c�m� �w�a�t�e�r� �j�e�t� �i�s� �l�o�w�e�r� �t�h�a�n� �t�h�e� �i�n�i�t�i�a�l� 

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

�f�r�e�e�s�t�r�e�a�m� �s�h�o�c�k� �a�n�g�l�e�,� �t�h�e� �s�h�o�c�k� �c�a�u�s�e�d� �b�y� �t�h�e� �i�n�j�e�c�t�i�o�n� �u�s�i�n�g� �t�h�e� �0�.�1�5�9� �c�m� �i�n�j�e�c�t�o�r� �w�a�s� 

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

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

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

�D�I�S�C�U�S�S�I�O�N� �6�9



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

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

�d�e�f�l�e�c�t�i�o�n�.� 

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

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

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

�r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �l�a�r�g�e�s�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �c�a�u�s�e�d� �a� �3�6�%� �d�e�c�r�e�a�s�e� �i�n� �d�e�c�a�y� �r�a�t�e� �o�v�e�r� �t�h�e� 

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

�t�h�e� �d�e�c�a�y� �r�a�t�e� �i�n�c�r�e�a�s�e�d� �b�y� �1�0�%� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e�.� �T�h�e� �m�i�d�d�l�e�-�s�i�z�e�d� �w�a�t�e�r� �i�n�j�e�c�t�o�r� 

�c�a�u�s�e�d� �a� �3�%� �d�e�c�r�e�a�s�e� �i�n� �i�n�j�e�c�t�a�n�t� �d�e�c�a�y� �r�a�t�e�.� 

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

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

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

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

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

�m�i�x�i�n�g� �d�i�s�t�a�n�c�e� �f�o�r� �t�h�e� �d�;� �=� �0�.�1�5�9� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �w�a�s� �2�2�2� �d� �o�r� �a� �1�0�4�%� �i�n�c�r�e�a�s�e� �o�v�e�r� 

�t�h�e� �b�a�s�e�l�i�n�e� �m�i�x�i�n�g� �l�e�n�g�t�h� �o�f� �1�0�9� �d�.� �F�o�r� �t�h�e� �d�;� �=� �0�.�0�7�9� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r�,� �t�h�e� �m�i�x�i�n�g� 

�l�e�n�g�t�h� �i�n�c�r�e�a�s�e�d� �b�y� �2�0�%� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �s�m�a�l�l�e�s�t� �w�a�t�e�r� �i�n�j�e�c�t�o�r�,� �t�h�e� 

�m�i�x�i�n�g� �l�e�n�g�t�h� �d�e�c�r�e�a�s�e�d� �b�y� �1�7�%� �t�o� �9�1� �d�.� �T�h�i�s� �d�i�s�t�a�n�c�e� �i�s� �j�u�s�t� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �l�a�s�t� 

�a�x�i�a�l� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�.� 

�J�e�t� �p�e�n�e�t�r�a�t�i�o�n� �i�s� �a�n�o�t�h�e�r� �m�e�a�s�u�r�e� �o�f� �m�i�x�i�n�g� �p�e�r�f�o�r�m�a�n�c�e�.� �H�i�g�h� �p�e�n�e�t�r�a�t�i�o�n� 

�v�a�l�u�e�s� �i�n�d�i�c�a�t�e� �i�m�p�r�o�v�e�d� �e�n�t�r�a�i�n�m�e�n�t� �a�n�d� �g�r�e�a�t�e�r� �f�r�e�e�s�t�r�e�a�m� �m�i�x�i�n�g�.� �T�h�e� �d�,� �=� �0�.�1�5�9� �c�m� 

�D�I�S�C�U�S�S�I�O�N� �7�0



�w�a�t�e�r� �j�e�t� �s�h�o�w�e�d� �a� �4�0�%� �i�n�c�r�e�a�s�e� �i�n� �p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� �r�a�t�e� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e� �c�o�n�f�i�g�u�r�a�-� 

�t�i�o�n�.� �T�h�e� �o�p�p�o�s�i�t�e� �b�e�h�a�v�i�o�r� �w�a�s� �o�b�s�e�r�v�e�d� �w�i�t�h� �b�o�t�h� �t�h�e� �o�t�h�e�r� �w�a�t�e�r� �i�n�j�e�c�t�o�r�s�.� �F�o�r� 

�d�,� �=� �0�.�0�7�9� �c�m�,� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� �r�a�t�e� �d�e�c�r�e�a�s�e�d� �b�y� �5�2�%�.� �S�i�m�i�l�a�r�l�y�,� �f�o�r� �d�,� �=� �0�.�0�4�0� 

�c�m�,� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� �r�a�t�e� �d�e�c�r�e�a�s�e�d� �b�y� �5�9�%� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e� �p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� 

�r�a�t�e�.� 

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

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

�p�r�e�s�s�u�r�e� �p�a�r�a�m�e�t�e�r�,� �P�,�,�,� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�.� �A�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�,� �t�h�e� �h�i�g�h�e�r� 

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

�t�i�o�n�,� �P�,�,� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �0�.�6�3�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �a� �3�7�%� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �l�o�s�s� �i�n� �t�h�e� �b�a�s�e�l�i�n�e� 

�f�l�o�w� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �l�o�s�s�,� �4�6�%�,� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� 

�c�o�m�b�i�n�e�d� �i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�i�t�h� �t�h�e� �0�.�1�5�9� �c�m� �d�i�a�m�e�t�e�r� �i�n�j�e�c�t�o�r�.� �I�n� �b�o�t�h� �o�f� �t�h�e� 

�o�t�h�e�r� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�,� �P�,�,� �=� �0�.�5�8�,� �i�n�d�i�c�a�t�i�n�g� �a� �4�2�%� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �l�o�s�s�.� 

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

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

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

�i�n�j�e�c�t�o�r� �c�a�u�s�e�d� �a� �1�4�%� �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�h�i�l�e� �t�h�e� �o�t�h�e�r� �t�w�o� �i�n�j�e�c�t�o�r�s� �c�a�u�s�e�d� 

�a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�%� �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�.� 

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

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

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

�b�i�g�g�e�s�t� �i�n�c�r�e�a�s�e�,� �4�8�%� �c�a�m�e� �w�i�t�h� �t�h�e� �s�m�a�l�l�e�s�t� �d�i�a�m�e�t�e�r� �w�a�t�e�r� �i�n�j�e�c�t�o�r� �(�d�;� �=� �0�.�0�4�0� �c�m�)� 
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�i�n�s�t�a�l�l�e�d�.� �T�h�e� �i�n�c�r�e�a�s�e�s� �f�o�r� �t�h�e� �o�t�h�e�r� �i�n�j�e�c�t�o�r�s� �w�e�r�e� �2�6�%� �f�o�r� �d�,� �=� �0�.�1�5�9� �c�m� �a�n�d� �4�7�%� 

�f�o�r� �d�,� �=� �0�.�0�7�9� �c�m�.� 

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

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

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

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

�t�h�e� �b�a�s�e�l�i�n�e� �s�h�o�w�s� �s�o�m�e� �i�m�p�r�o�v�e�m�e�n�t�s� �a�n�d� �s�o�m�e� �l�o�s�s�e�s�.� �T�h�e� �0�.�1�5�9� �c�m� �d�i�a�m�e�t�e�r� �w�a�t�e�r� 

�i�n�j�e�c�t�o�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �l�o�w�e�s�t� �o�s�c�i�l�l�a�t�i�o�n� �f�r�e�q�u�e�n�c�y�,� �s�h�o�w�e�d� �a� �3�6�%� 

�d�e�c�r�e�a�s�e� �i�n� �d�e�c�a�y� �r�a�t�e�,� �a� �1�0�4�%� �i�n�c�r�e�a�s�e� �i�n� �m�i�x�i�n�g� �l�e�n�g�t�h�,� �a� �4�0�%� �i�n�c�r�e�a�s�e� �i�n� �p�e�n�e�t�r�a�t�i�o�n� 

�r�a�t�e� �a�n�d� �a� �1�4�%� �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� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e�.� �T�h�e� �s�e�c�o�n�d� �w�a�t�e�r� 

�i�n�j�e�c�t�o�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �d�;� �=� �0�.�0�7�9� �c�m�,� �e�x�h�i�b�i�t�e�d� �a� �3�%� �d�e�c�r�e�a�s�e� �i�n� �d�e�c�a�y� �r�a�t�e�,� �a� �2�0�%� 

�i�n�c�r�e�a�s�e� �i�n� �m�i�x�i�n�g� �l�e�n�g�t�h�,� �a� �5�2�%� �d�e�c�r�e�a�s�e� �i�n� �p�e�n�e�t�r�a�t�i�o�n� �g�r�o�w�t�h� �r�a�t�e�,� �a�n�d� �a�n� �8�%� �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�.� �T�h�e� �f�i�n�a�l� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �d�|� �=� �0�.�0�4�0� �c�m�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� 

�h�i�g�h�e�s�t� �f�r�e�q�u�e�n�c�y� �s�h�o�c�k�,� �s�h�o�w�e�d� �a� �1�0�%� �i�n�c�r�e�a�s�e� �i�n� �d�e�c�a�y� �r�a�t�e�,� �a�n� �a�c�c�o�m�p�a�n�y�i�n�g� �1�7�%� 

�d�e�c�r�e�a�s�e� �i�n� �m�i�x�i�n�g� �l�e�n�g�t�h�,� �a� �5�9�%� �d�e�c�r�e�a�s�e� �i�n� �p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e�,� �a�n�d� �a�n� �8�%� �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�.� 

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

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

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

�0�.�0�4�0� �c�m� �d�i�a�m�e�t�e�r� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� 
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�5�.� �C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �R�E�C�O�M�M�E�N�D�A�T�I�O�N�S� 

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

�o�n� �t�h�e� �m�i�x�i�n�g� �o�f� �a� �1�5�°� �d�o�w�n�s�t�r�e�a�m�-�a�n�g�l�e�d�,� �u�n�d�e�r�e�x�p�a�n�d�e�d�,� �s�o�n�i�c�,� �h�e�l�i�u�m� �j�e�t� �i�n�j�e�c�t�e�d� 

�i�n�t�o� �a� �s�u�p�e�r�s�o�n�i�c� �f�l�o�w�.� �I�n�i�t�i�a�l� �t�e�s�t�s� �o�f� �s�h�o�c�k� �i�m�p�i�n�g�e�m�e�n�t� �l�o�c�a�t�i�o�n� �a�n�d� �q� �f�o�u�n�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�s� �t�o� �o�c�c�u�r� �w�h�e�n� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �s�h�o�c�k� �f�r�o�m� �g�q� �=� �6� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� 

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

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

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

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

�v�a�r�i�e�d� �t�o� �c�h�a�n�g�e� �t�h�e� �s�h�o�c�k� �o�s�c�i�l�l�a�t�i�o�n� �f�r�e�q�u�e�n�c�y�.� �W�a�t�e�r� �i�n�j�e�c�t�o�r�s� �o�f� �0�.�1�5�9�,� �0�.�0�7�9�,� �a�n�d� 

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

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

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

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

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

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

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

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

�t�h�e� �h�e�l�i�u�m� �j�e�t� �h�a�d� �p�e�n�e�t�r�a�t�e�d� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �b�y� �t�h�e� �x�/�d� �=� �2�0� �a�x�i�a�l� �s�t�a�t�i�o�n�.� �B�y� �t�h�e� 

�f�i�n�a�l� �m�e�a�s�u�r�e�m�e�n�t� �s�t�a�t�i�o�n�,� �x�/�d� �=� �9�0�,� �t�h�e� �h�e�l�i�u�m� �j�e�t� �w�a�s� �n�e�a�r�l�y� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� �t�h�e� 

�C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �R�E�C�O�M�M�E�N�D�A�T�I�O�N�S� �7�3



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

�b�y� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r� �f�r�o�m� �3�2�°� �f�o�r� 

�d�,� �=� �0�.�1�5�9� �c�m� �t�o� �2�5�°� �f�o�r� �d�,� �=� �0�.�0�4�0� �c�m�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �t�h�e� �s�m�a�l�l�e�r� �d�i�a�m�e�t�e�r� �q� �=� �6� 

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

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

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

�M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �s�h�o�c�k� �o�s�c�i�l�l�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� �0�.�1�5�9� �c�m� �i�n�j�e�c�t�o�r� �d�i�d� �n�o�t� 

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

�t�h�e� �0�.�0�7�9� �c�m� �i�n�j�e�c�t�o�r�,� �s�o� �t�h�a�t� �d�a�t�a� �w�a�s� �d�i�s�c�a�r�d�e�d�.� �T�h�e�r�e� �w�a�s� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �p�o�w�e�r� 

�s�p�e�c�t�r�u�m�,� �f�o�r� �t�h�e� �0�.�1�5�9� �c�m� �c�a�s�e�,� �o�v�e�r� �t�h�e� �b�a�s�e�l�i�n�e� �t�u�n�n�e�l� �p�o�w�e�r� �s�p�e�c�t�r�u�m�,� �b�u�t� �t�h�e�r�e� �w�a�s� 

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

�i�n�j�e�c�t�o�r�.� �H�e�r�e�,� �a� �c�l�e�a�r� �f�r�e�q�u�e�n�c�y� �p�e�a�k� �w�a�s� �p�r�e�s�e�n�t� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�0� �k�H�z�.� 

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

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

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

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

�f�o�u�n�d� �t�h�a�t� �i�n� �t�w�o� �o�f� �t�h�e� �w�a�t�e�r� �i�n�j�e�c�t�i�o�n� �c�a�s�e�s�,� �d�;� �=� �0�.�1�5�9� �c�m� �a�n�d� �0�.�0�7�9� �c�m�,� �t�h�e� �d�e�c�a�y� 

�r�a�t�e�s� �d�e�c�r�e�a�s�e�d� �b�y� �3�6�%� �a�n�d� �3�%� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �t�h�e� �d�,� �=� �0�.�0�4�0� �c�i�n� �c�a�s�e�,� �t�h�e� �h�i�g�h�e�s�t� 

�f�r�e�q�u�e�n�c�y� �s�h�o�c�k� �o�s�c�i�l�l�a�t�i�o�n�,� �t�h�e� �d�e�c�a�y� �r�a�t�e� �i�n�c�r�e�a�s�e�d� �b�y� �1�0�%�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �w�e�r�e� �f�o�u�n�d� 

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

�f�r�e�q�u�e�n�c�y� �c�a�s�e�.� 

�C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �R�E�C�O�M�M�E�N�D�A�T�I�O�N�S� �7�4



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

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

�h�i�g�h�e�r� �f�r�e�q�u�e�n�c�i�e�s�,� �w�i�t�h� �p�e�n�e�t�r�a�t�i�o�n� �r�a�t�e�s� �d�e�c�r�e�a�s�i�n�g� �b�y� �5�2�%� �f�o�r� �d�;� �=� �0�.�0�7�9� �c�m� �a�n�d� �b�y� 

�5�9�%� �f�o�r� �t�h�e� �d�|� �=� �0�.�0�4�0� �c�m� �i�n�j�e�c�t�o�r�.� 

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

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

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

�r�a�t�e�,� �0�.�2�4�6� �k�g�/�s�,� �c�o�m�p�a�r�e�d� �t�o� �0�.�1�6�6� �k�g�/�s� �f�o�r� �t�h�e� �b�a�s�e�l�i�n�e� �i�n�j�e�c�t�i�o�n� �c�a�s�e�.� �T�h�i�s� �r�e�p�r�e�s�e�n�t�s� 

�a� �4�8�%� �i�n�c�r�e�a�s�e� �i�n� �a�i�r� �e�n�t�r�a�i�n�m�e�n�t� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �o�s�c�i�l�l�a�t�i�n�g� 

�s�h�o�c�k�.� 

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

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

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

�d�;� �=� �0�.�0�4�0� �c�m� �w�a�t�e�r� �i�n�j�e�c�t�o�r�.� 

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

�c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �t�h�e� �1�5�°� �h�e�l�i�u�m� �i�n�j�e�c�t�o�r� �c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �f�r�e�q�u�e�n�c�y� �o�s�c�i�l�l�a�t�i�n�g� 

�s�h�o�c�k� �(�d�;� �=� �0�.�0�4�0� �c�m�)�.� �T�h�e� �s�h�o�c�k� �o�s�c�i�l�l�a�t�e�d� �a�t� �a� �f�r�e�q�u�e�n�c�y� �n�e�a�r� �t�h�e� �"�n�a�t�u�r�a�l�"� �f�r�e�q�u�e�n�c�y� 

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

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

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

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

�C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �R�E�C�O�M�M�E�N�D�A�T�I�O�N�S� �7�5



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

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

�1�3�9� �k�H�z� �(�f�o�r� �d�;� �=� �0�.�0�4�0� �c�m�)� �s�u�g�g�e�s�t�i�n�g� �e�f�f�e�c�t�i�v�e� �d�r�i�v�i�n�g� �o�f� �t�h�e� �l�a�r�g�e� �e�d�d�i�e�s� �i�n� �t�h�i�s� 

�f�r�e�q�u�e�n�c�y� �r�a�n�g�e�.� 

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

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

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

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

�i�n�j�e�c�t�o�r� �c�o�n�d�i�t�i�o�n�s�.� �F�u�r�t�h�e�r� �s�t�u�d�y� �o�f� �t�h�e� �d�r�i�v�i�n�g� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� �l�a�r�g�e� �e�d�d�i�e�s� �i�n� �t�h�i�s� 

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