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(ABSTRACT) 

Inspired by the need to study injectant flow patterns near the test surface, 

a supersonic free-jet facility was designed and constructed. This facility provides 

a Mach 1.95 flow over a test section area of 6.35 cm by 5.08 cm. The facility was 

thoroughly tested and proved that it is durable, versatile and capable of providing 

repeatable test conditions. When compared to the main supersonic tunnel at 

VPI & SU, the free-jet facility has many advantages, including greater optical and 

spatial access, longer available test durations and less time needed between tests 

for the storage tanks to be refilled. As a part of the project several diagnostic 

techniques were evaluated in the facility. Normal, sonic injection of helium 

through a circular injector was studied as a way to evaluate nanoshadowgraph 

photography, oil flow photography and infrared imaging as qualitative flow 

visualization methods. Quantitative measurements of the local helium 

concentration within the boundary layer were taken to evaluate the effectiveness 

of an existing hot-film concentration probe. The tests showed that oil flow 

visualization is a very effective technique in the free-jet facility, producing clear 

photographs that could be directly scaled. Nanoshadowgraph photography also 

produced clear photographs of the flow field, although this method was more 

difficult to implement in the free-jet facility than in the main supersonic tunnel.



Finally, infrared imaging, which was not possible in the main supersonic tunnel 

without major hardware reconfigurations, showed great promise as a method for 

studying normal injection. Although the tests revealed no conclusive information 

about injectant flow patterns in the boundary layer, a heat transfer analysis 

showed that it may be possible in future studies to use this technique as a way to 

quantitatively measure local helium concentration at the surface. Helium 

concentration was measured for test cases with both air and helium injection. 

The measurements were taken at two axial locations with the probe positioned a 

distance of 0.1 injector diameters above the test surface. The air injection tests 

showed helium concentration levels up to 30 percent mole fraction, which is 

erroneous, since no helium was present in the flow. Based on these results it was 

concluded that the existing probe was ineffective in the free-jet facility, with an 

uncertainty level of no less than 25 percent mole fraction helium. The cause of 

the high uncertainty and overall ineffectiveness was most likely the probe 

calibration and data reduction methods.
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1 introduction 

Injection of a gaseous jet into a supersonic crossflow is a very important 

topic in fluid dynamics. This problem has become even more critical with the 

continuing development of hypersonic, airbreathing flight vehicles, that will be 

propelled by supersonic combustion ramjet (scramjet) engines. Because the 

typical residence time in a scramjet combustor is on the order of milliseconds [1], 

effective mixing of the fuel and air is critical. Poor mixing will result in 

incomplete combustion, which will significantly reduce the engine’s efficiency. 

Many supersonic injection experiments aim to simulate the injection of gaseous 

fuel in scramjet combustors. These experiments not only provide a means to 

compare different injection schemes, but they also provide a data base used to 

validate the computational fluid dynamics (CFD) research being done in this area. 

Various injection schemes have been experimentally investigated, including 

transverse injection, tangential injection through wall slots and _ various 

combinations of the two. Thomas, et al. [2] provide an excellent review of 

relevant injection experiments. 

One problem found in many normal injection experiments is that a 

comparison between the mass flow rate of injectant downstream and the measured 

mass flow rate at the point of injection usually shows some discrepancy. The 

downstream mass flow rate is determined by a numerical integration technique 

that relies on the sampled mean flow data. Typically, the integrated mass flow 
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rate is 10 to 20 percent less than the measured value. Rogers [3,4] studied normal 

injection of hydrogen through injectors with a circular cross section for both a 

single injector [3] and an array of injectors [4], using an intrusive sampling probe 

to collect flow samples at various points in space. The hydrogen concentration in 

the samples was determined using a process gas chromatograph, while an orifice 

meter was used to measure the mass flow rate of the injectant. A typical result of 

the mass balance performed is given in Figure 1. Rogers concluded in both 

experiments that the apparent discrepancy was caused by large concentration 

gradients that reduced the accuracy of the numerical integration. He also noted 

that as the axial distance downstream of the injector increased, the gradients 

decreased, leading to better agreement. 

Torrance [5] studied normal injection of various gases with molecular 

weights ranging from 2 (hydrogen) to 40 (argon). Like Rogers, he used an 

intrusive sampling probe to collect samples, a process gas chromatograph to 

analyze the samples and an orifice meter to measure the injectant flow rate. 

Torrance found the maximum mass flow deficiency from the numerically 

integrated data to be 20 percent of the measured mass flow rate. He also noted 

that, in general, the larger discrepancies occured when the injectant was helium or 

helium-air mixtures. Cohen, et al. [6] also found mass balance discrepancies in 

their normal injection studies. 

Thomas, et al. [2] addressed the problem of mass imbalances in these early 

studies by postulating that the discrepancies may be due, in part, to selective 

sampling of the flow. Selective sampling occurs when a bow shock stands off from 

the tip of the sampling probe, causing spillage around the probe. If the flow 

sampled is a mixture of two gases, as many injection studies are, the lighter of the 
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two gases will be deflected by the spillage more than the heavier gas. The result 

is that a lower concentration of the lighter gas is sampled. Reis and Fenn [7] 

provide a more extensive study of the selective sampling process. 

One way to avoid the selective sampling problem is to eliminate the bow 

shock at the probe tip. Ng, et al. [8] designed and used an aspirating, hot-film 

concentration probe that was designed with an internal divergence upstream of 

the sensor location and a choked orifice downstream of the sensor to eliminate the 

bow shock at the probe tip. This geometry causes a normal shock to be located 

inside the diverging tip, effectively swallowing the bow shock, and allowing for an 

undisturbed stream tube, equal in area to the probe inlet, to be sampled. Because 

most early experiments did not employ such concentration probes, it is likely that 

selective sampling had an effect on the results. This is one possible explanation 

for the sampled mass deficiencies found in the work cited earlier. 

Most current injection studies employ a shock swallowing concentration 

probe or some non-intrusive method to determine injectant concentrations to 

avoid selective sampling. Recently, Wood [9] studied low angle helium injection 

using an aspirating, hot-film probe similar to the one designed by Ng, et al., while 

using an in-line flowmeter to measure the mass flow rate of the injected helium. 

Surprisingly, the results show an average sampled mass flow deficiency of roughly 

20 percent. Other experiments using the same probe also show significant mass 

imbalances [10], which indicate that selective sampling may not have been the 

only cause of discrepancies in earlier work. One hypothesis to explain the 

discrepancies is that a portion of the injectant is entrained into a recirculation 

region upstream of the injector, and then passes around the jet core region within 

the boundary layer. The recirculation zones that result from normal injection are 
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illustrated in Figure 2. 

Early indications of the recirculation region can be found in the analytical 

work of Schetz and Billig [11]. Schetz and Billig performed an analysis of normal 

injection into a supersonic crossflow by extending subsonic solid body modeling. 

This analysis includes a distinct separation zone upstream of the injector, the size 

of which is largely dependent on the ratio of the jet pressure to the effective back 

pressure, a concept they introduced. As this ratio is increased, the size of the 

separation region increases. The results of this analysis compare favorably with 

results from later experiments performed by Schetz, et al. [12]. 

The recirculating nature of the separated region is proven in more recent 

analytical and numerical studies. Weidner and Drummond [13] studied normal 

injection of hydrogen and helium using a computer code that solved for turbulent 

mixing, as well as the combustion of hydrogen and air. Non-reacting injection of 

both gases was studied, in part as a code validation, and revealed that a 

recirculation pattern exists within the separated region. Shuen and Yoon [14] also 

developed a CFD code for the study of turbulent mixing and chemically reacting 

flows in scramjets. Their study included transverse injection of helium, as well as 

the mixing and combustion of a transverse hydrogen jet. The non-reacting 

transverse injection cases clearly show a recirculation zone upstream of the 

injector. In fact, Shuen and Yoon make note of this region for its superior flame 

holding characteristics. Other studies that show a distinct recirculation zone 

include the work of Harloff and Lytle [15] and McDonough and Catton [16]. 

Many recent numerical simulations of non-reacting transverse injection 

show that a distinct amount of injectant is entrained into the recirculation region. 

Uenishi and Rogers [17] used a numerical code to study transverse injection of air 
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into a Mach 2 cross flow for three different injector configurations. Their results 

showed that, in all cases, a small amount of the injectant was entrained upstream. 

A later study by Uenishi, et al. [18] also showed this trend. Mao, et al. [19] 

performed numerical simulations for seven experimental injection configurations 

using the Langley Research Center SPARK family of CFD codes. The 

configurations included both normal and angled injection of hydrogen and helium. 

In all seven cases, upstream entrainment of the injectant was evident. The results 

from the simulation of hydrogen injection into a Mach 4.05 free stream are 

presented in Figure 3, which shows a plot of the hydrogen mass fraction contours. 

Carpenter [20] also studied many different injection schemes using the SPARK 

family of codes, with similar results. 

The final persuasion for studying injectant flow in the boundary layer away 

from the jet core comes in the form of experimental results. Thomas and 

Schetz [21] studied normal injection of liquid and slurry jets into a Mach 3 cross 

flow. An erosive slurry was used to polish all surfaces in contact with the 

injectant, which resulted in a representative flow pattern of the injectant at the 

test surface. A sketch of the erosion pattern from one test case is presented in 

Figure 4. The results clearly show that a small amount of the injection is 

entrained upstream of the injector, and then is swept downstream far on either 

side of the jet core. 

Typically, flow sampling proceeds laterally from the injector centerline 

outward until no more injectant is detected. Because this procedure only samples 

within the jet core region, it is possible that small amounts of the injectant may 

pass outside of this region, escaping undetected. Additionally, due to restrictions 

imposed by conventional, enclosed wind tunnels, sampling within the boundary 
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layer is often not possible. These are two of the hindrances that have limited 

studying the injectant flow patterns within the boundary layer away from the jet 

core region. 

Hollo, et al. [22] studied normal injection of air into Mach 2 and 2.9 cross 

flows, measuring the injectant concentration using the planar laser-induced iodine 

flourescence technique. The results from these tests show that some of the 

injectant was entrained into the recirculation zone upstream of the injector. In 

fact, Hollo, et al. note this, and postulate that the entrained injectant may escape 

around the jet core region within the boundary layer. A similar study by Abbitt, 

et al. [23] shows similar trends. 

This review of previous experimental and analytical work emphasizes the 

need to further investigate two areas of the flow: the area outside the jet core 

region and the area within the boundary layer. Whether the experimental means 

used are intrusive sampling techniques or non-intrusive optical techniques, the 

rigidity of a confined test section facility may become a limiting factor. Because 

of this, the goal of this research project was to design and construct a supersonic 

free-jet facility and evaluate diagnostic techniques to further study normal 

injection. 

Free-jet' facilities have many advantages over conventional confined test 

section wind tunnels, one of which is greater optical access, and thus are a useful 

addition to experimental facilities [24]. The present facility was designed with 

three specific flow visualization techniques in mind: nanoshadowgraph (and 

schlieren) photography, surface oil flow photography and infrared imaging. Each 

method benefits from not having any windows in the optical path, which become 

dirty and may distort the images. One drawback of the confined tunnel at VPI & 
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SU is that, due to the location of the windows, oil flow photographs may be taken 

at an angle no greater than about 60 degrees to the test surface, which makes 

interpreting and scaling distances in the photographs difficult. The free jet 

facility was designed to allow the photographs to be taken normal to, and at any 

distance from the test surface. 

Perhaps the biggest motivation for developing a free-jet facility is the 

potential of using infrared imaging as a flow visualization technique. As of late, 

this technique has proven to be a useful way to evaluate surface flow patterns in 

subsonic [25,26], transonic [27] and supersonic [28,29] flows. Due to the structure 

of the confined tunnel at VPI & SU, infrared imaging of the test surface is not 

possible without many expensive and time consuming changes. First and 

foremost, since ordinary glass or plastic windows are opaque to infrared radiation, 

special windows made of sapphire or zinc selenide would be required. Secondly, 

because the available infrared imaging system has a liquid nitrogen cooled sensor, 

the camera cannot be positioned at an angle more than about 30 degrees from 

horizontal [30]. Because the test surface in the main supersonic tunnel is 

positioned in the horizontal plane, this restriction reduces the effectiveness of the 

technique. The free-jet facility avoids these problems by eliminating windows 

entirely and by positioning the test surface in the vertical plane, allowing for 

infrared images to be taken normal to the surface. 

In addition to having greater optical access, the free-jet system also adds 

greater spatial versatility, which is an advantage when using intrusive methods for 

flow measurements. The main supersonic tunnel at VPI & SU is currently 

configured to allow sampling at only three axial locations, with limited range in 

the lateral direction. Also, due to spatial limitations, probes cannot easily sample 
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within the boundary layer or traverse in directions other than vertically without 

major reconfigurations. The free-jet facility allows for probes to traverse with 

virtually unlimited range in all directions. Sampling at the test surface is also 

possible because of the unrestricted nature of the facility. 

Inspired by these advantages, the purpose of this research was to evaluate 

techniques applicable to normal injection studies in a free-jet faciltity by 

examining the flow within the boundary layer. The first part of the project was 

spent designing, constructing and testing a Mach 1.95 free-jet facility. The next 

major task was to evaluate three flow visualization techniques to determine their 

effectiveness in studying normal injection in the facility. Finally, measurements 

of the injectant concentration at the test surface were taken with an existing hot- 

film concentration probe to determine the effectiveness of the probe in the free jet 

facility. The circular injector used by Barber [31] in his investigation of normal 

injection was used in this research. Additionally, many of the test parameters and 

methods used in this work are similar to those used by Barber. 
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2 Free Jet Facility 

All tests were conducted in the VPI & SU Mach 1.95 free-jet facility. 

Since this test system was constructed as a part of the project, it will be discussed 

in detail. A major criterion in the design process was to maximize the use of 

existing hardware. The most important components of the facility are the 

supersonic nozzle, the injection plenum and the test surface. Together these 

components are referred to as the test section. 

2.1 Test Section 

2.1.1 Mach 1.95 Nozzle 

To provide the supersonic flow, a converging-diverging nozzle with a 

rectangular cross section was designed. A drawing of the nozzle is provided in 

Figure 5. The nozzle dimensions are: 

  

Entrance Area = 6.35 by 6.35 cm (40.3 sq cm 
Exit Area = 6.35 by 5.08 cm (32.3 sq cm 
Throat Area = 6.35 by 3.05 cm (19.4 sq cm 
Length = 30.5 cm 

The nozzle contour was calculated by the method of characteristics using a design 

code developed at the Naval Ordnance Laboratory in White Oak, Maryland [32]. 

The code provided 113 points to describe the two dimensional nozzle contour from 

the throat to the exit plane; the contour from the inlet to the throat was described 

by an additional 112 points. The dimensions of the nozzle were chosen 

considering many factors, including the mass flow rate required to operate the 

2 Free Jet Facility 9



nozzle at design conditions. Plumbing hardware limitations made a nozzle with a 

low flow rate most desirable. Another consideration in the design was the exit 

flow area, which must be large enough to insure that the existing injector model 

can be used. Considering these tradeoffs, a Mach 1.95 contour was chosen because 

it provides a flow well within the supersonic range, at a minimal flow rate and 

over a large enough flow area to use the existing injector model. Any additional 

increase in the nozzle Mach number would increase the pressure requirements for 

nozzle operation, which is not desirable. The depth of the nozzle was chosen as 

6.35 cm to provide an adequate exit flow area. The nozzle inlet geometry was 

chosen to be a square to ease in the fabrication of the transition piece from the 15 

cm diameter settling chamber. 

The nozzle was machined from aluminum using a numerically controlled 

milling machine. The contour was cut by milling a linear, point-to-point path 

between the supplied coordinates. Once the nozzle contour was machined to the 

desired depth of 6.35 cm, a 1.9 cm thick aluminum plate was used to enclose the 

nozzle. This plate was secured by eight 2 - in bolts and sealed with two o-rings 

to prevent any leakage during facility operation. Finally, a rectangular flange 

with ten 2. in bolt holes was secured to the inlet side of the nozzle to make 

connection to the facility plumbing easy. This modular construction method will 

make any future changes to the facility much easier to implement. 

2.1.2 Plenum Chamber and Test Surface 

The injection plenum serves mainly as a stagnation chamber for the 

injectant. The plenum was designed to be used interchangeably with the plenum 

chambers used in the main supersonic tunnel, and has a volume of 2160 cu cm. 

The plenum is equipped with a pressure tap and a mounted thermocouple to 
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monitor injectant conditions. Additionally, the top surface of the plenum serves 

as the test surface, and was designed so that injector models can be flush 

mounted, providing a flat test surface. The design is such that the injector 

models used in the main supersonic tunnel can be interchangeably used with the 

free-jet facility. The length of the surface is 12.5 cm in the flow direction and 23.7 

cm in the lateral direction, although only 6.35 cm of this width is useful test 

surface area. Figure 6 shows a photograph of the entire free jet section. The 

coordinate system used to describe positions in the test section is shown in 

Figure 7. 

2.2 Air Handling System and Facility Plumbing 

The free jet is a blowdown facility that uses the same compressor, filters 

and dryer employed by the main supersonic tunnel. Figure 8 provides a 

schematic of the air handling system and facility plumbing. The air is compressed 

by an Ingersoll Rand Type 40 watercooled, reciprocating compressor. Before 

being sent to the storage tanks, the air is first passed through a series of filters 

and dryers. The free jet facility uses a separate air supply line than that used for 

the main tunnel. The supply line is 2 - in nominal diameter, schedule 80 black 

iron pipe, which is rated to handle 51 atm of non-shock pressure. 

From the storage tanks, the air is passed through a Grove Model 412 F 

dome pressure regulator that reduces the inlet pressure from 38 atm down to 6.7 

atm. The system must operate with such a high inlet pressure to insure that the 

mass flow rate through the regulator orifice is sufficient to operate the facility at 

design conditions [33]. By adjusting the regulator reference pressure, the free jet 

total pressure can be adjusted to provide an exit static pressure equal to the local 

atmospheric pressure, which eliminates any strong exit shocks or expansion waves 
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that otherwise may be present. 

The next component of the system is a 4-in nominal diameter manual 

gate valve (Milwaukee Valve Co. Model P-905). This on/off valve serves to 

initiate and end all free jet tests. For safety purposes a high pressure, stainless 

steel ball valve is located in-line at the storage tank exit flange. Directly 

downstream of the gate valve, the plumbing diverges into a 6 in nominal diameter 

settling chamber that is 47.6 cm in length. From here the air is sent to the nozzle 

inlet through a circular to square transition piece. All plumbing components are 

connected by standard threaded pipe fittings, which are sealed with an anaerobic 

pipe sealant, and bolted flanges. For economic reasons, only the components 

upstream of the regulator (on the high pressure side) are rated for 51 atm or 

better. 

The entire facility rests on two angle iron support racks, each bolted to the 

floor. The support racks are also used to secure other items, including compressed 

gas cylinders and pressure transducers. A photograph of the entire facility, 

excluding the test section is given in Figure 9. 

2.3 Sound Insulation Room 

Because the noise level during facility operation was about 140 decibels, a 

sound insulation room enclosing the test section was built. The room was 

designed using a muffler theory of parallel baffles described by Beranek [34], 

which was chosen because it allows the muffler design to be tailored to attenuate 

sound in a specific frequency range. The construction of a parallel baffle muffler 

was also more practical than implementing other muffler types. The target 

frequency for attenuation was chosen as 1500 Hz, based on several spectral 

analyses performed using a Spectrascope Model SD330A real time analyzer. 
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Figure 10 shows the results from a typical analysis, with the relative sound 

pressure level plotted against the frequency. 

The sound insulation room is 2.45 m on each side, with the side opposite 

the nozzle left open to exhaust the free jet. Equipment and materials can be 

moved into the room through a 0.1 by 2.1 m hinged door. Two small utility 

openings, one near the test section and one in the door, allow for instrumentation 

lines to pass into the room. The room contains six baffles constructed from 0.9 

cm thick plywood, each spaced 32 cm apart, as shown in Figure 11. The baffles 

are 2.44 m high and 1.22 m in length, and are supported by sliding tracks, which 

allow easy installation and removal. The baffles are covered with standard 8.9 cm 

thick fiberglass insulation, that is secured by stapled chicken wire with the paper 

side facing against the plywood. The porous nature of fiberglass gives the 

insulation excellent sound attenuating properties. 

To prevent the baffles from being destroyed by the force of the free jet, a 

large flow deflector is located immediately downstream of the test section. The 

deflector consists of a perforated plate welded to a 2.5 - in nominal diameter pipe. 

The entire assembly is bolted to the floor and the support rack. The plate is 

0.8 cm thick with overall dimensions of 25 by 61 cm. There are 162 - 1.0 cm 

diameter holes, spaced 2.5 cm apart, on the plate. The deflector also serves to 

support the traversing system. The deflector can be seen in Figure 6. 

The attenuation provided by the sound insulation room was measured with 

a Columbia Research Lab Model SPL-103 sound pressure level meter. This hand 

held instrument allowed readings to be taken at various locations. Comparing 

similar measurements taken both before and after the construction of the room 

shows a noise attenuation of roughly 15 decibels. The measurements also indicate 
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that, outside of the building, the noise level from the free-jet facility, with the 

sound room, is about 90 decibels, which is not significantly louder than the main 

supersonic tunnel. 
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3 Description of the Experiment 

3.1 Overall Description 

All tests were conducted in the free-jet facility at the following free stream 

conditions: 

Moo — 1.95 

Pro = 6.7 atm 

Réegg = 85 x 10° /m 

The Mach number was determined from the ratio of the exit static pressure to the 

free stream total pressure. Note that a total pressure of 6.7 atm corresponds to an 

exit static pressure equal to the local atmospheric pressure (94 kPa), which 

eliminates any strong exit shocks or expansion waves that otherwise may be 

present. This facility provided test durations of up to 25 seconds. 

The goals of the experiment were to: 

1. Evaluate the performance of the free jet facility. 
2. Evaluate three flow visualization techniques as methods for 

examining normal injection in the free-jet facility. 
3. Evaluate the effectiveness of an existing hot-film concentration 

probe in the boundary layer. 

To achieve these goals, normal injection of both helium and air through a 

circular cross-section injector was studied. The experimentation was divided into 

two parts, an evaluation of the qualitative flow visualization techniques and an 

evaluation of quantitative helium concentration measurements taken with the 

probe. The three flow visualization techniques tested were nanoshadowgraph 
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photography, surface oil flow photography and surface infrared imaging. For the 

nanoshadowgraph and oil flow visualization tests, the injectant total pressure was 

varied to correspond to values of 1.20, 1.45 and 1.70 for the expansion ratio. 

During the infrared imaging tests, the expansion ratio was held constant at 1.45. 

The expansion ratio is defined as the ratio of injectant static pressure to the 

minimum injectant static pressure required to choke the flow through the 

injector [31]. The injectant total temperature was 300 K during the oil flow and 

nanoshadowgraph photography experiments. For visualization with the infrared 

imaging system, the injectant was heated to a maximum temperature of 320 K. 

This was done to create different temperature gradients between the injectant and 

the free stream, to provide contrasts in the infrared images. 

To study the effectiveness of the existing hot-film concentration probe, 

helium concentration measurements were taken at the test surface. The probe 

was capable of traversing laterally from S = -10 to é = + 10 (see Figure 7). 

Measurements were taken at two axial positions, 4 = 6.9 and 4 = 10.9. The 

coordinate system used to describe positions in the test section is shown in 

Figure 7. Although the diameter of the circular injector was listed by Barber as 

3.45 mm, during an insulation process (described in Section 3.2.1), the diameter 

was inadvertently widened to its present diameter of 3.76 mm. The injectant 

total pressure was varied to correspond to expansion ratio values of 1.20, 1.45 and 

1.70 for helium injection and values of 1.30, 1.57 and 1.85 for air injection. The 

following tables list the jet total pressures, mass flow rates and discharge 

coefficients for helium and air injection through the circular injector. The 

injection parameters are discussed in detail in Section 3.4.2. These tables only 

include information for the injector after it was insulated. The injectant total 
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�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �1�8



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

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

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

�c�h�a�m�b�e�r� �v�i�a� �a� �s�i�n�g�l�e� �5� �-� �i�n� �d�i�a�m�e�t�e�r� �c�o�p�p�e�r� �t�u�b�e�.� 

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

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

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

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

�l�e�a�d�s� �o�f� �a� �L�i�n�c�o�l�n� �T�y�p�e� �S�A�E� �1�5�0� �a�r�c� �w�e�l�d�e�r� �t�o� �e�a�c�h� �e�n�d� �o�f� �t�h�e� �c�o�i�l�.� �T�y�p�i�c�a�l� 

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

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

�2� 
�_� �2� �R�e� �a�T� �=� �i�o�e� �|� �(�3�.�1�)� � � 

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

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

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

�t�h�e� �i�n�j�e�c�t�a�n�t� �r�a�n�g�e�d� �u�p� �t�o� �3�2�0� �K�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �w�e�l�d�e�r� �s�e�t�t�i�n�g�s� �a�n�d� �t�h�e� 

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

�3�.�2�.�3� �T�r�a�v�e�r�s�e� �S�y�s�t�e�m� 

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

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

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

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

�R�P�M�.� �T�h�i�s� �t�r�a�n�s�l�a�t�e�s� �t�o� �a� �t�r�a�v�e�r�s�i�n�g� �s�p�e�e�d� �o�f� �2�.�6� �m�m�/�s�e�c�.� �T�h�e� �m�o�t�o�r� �i�s� �c�a�p�a�b�l�e� 

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �1�9



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

�3�.�2�.�4� �V�a�c�u�u�m� �S�y�s�t�e�m� 

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

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

�C�e�n�c�o� �C�o�r�p�o�r�a�t�i�o�n� �M�o�d�e�l� �9�1�4�8�2� �v�a�c�u�u�m� �p�u�m�p� �a�n�d� �a� �t�a�n�k�.� �T�h�e� �t�a�n�k� �w�a�s� �u�s�e�d� �a�s� 

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

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

�p�r�e�s�s�u�r�e�.� 

�3�.�3� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n�  �� 

�8�.�8�.�1� �P�r�e�s�s�u�r�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

�D�u�r�i�n�g� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �l�e�a�s�t� �t�h�r�e�e� �p�r�e�s�s�u�r�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d�:� �i�n�j�e�c�t�a�n�t� 

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

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

�3�.�3�.�3�)�.� �T�h�e� �f�r�e�e� �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� �u�s�i�n�g� �a� �P�i�t�o�t� �t�u�b�e� �l�o�c�a�t�e�d� �i�n� �t�h�e� 

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

�1�0�3� �a�n�a�l�o�g� �p�r�e�s�s�u�r�e� �g�a�g�e� �t�h�a�t� �h�a�d� �a� �r�a�n�g�e� �f�r�o�m� �0� �t�o� �1�0�.�9� �a�t�m�.� �T�h�e� �i�n�j�e�c�t�a�n�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� �u�s�i�n�g� �a� �P�i�t�o�t� �t�u�b�e� �m�o�u�n�t�e�d� �i�n� �t�h�e� �p�l�e�n�u�m� �c�h�a�m�b�e�r�.� �T�h�i�s� 

�p�r�e�s�s�u�r�e� �w�a�s� �c�o�n�v�e�r�t�e�d� �t�o� �a� �v�o�l�t�a�g�e� �s�i�g�n�a�l� �b�y� �a� �G�e�n�i�s�c�o� �T�e�c�h� �M�o�d�e�l� �P�B�-�9�2�3� 

�a�b�s�o�l�u�t�e� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �w�i�t�h� �a� �r�a�n�g�e� �o�f� �0� �t�o� �6�.�8� �a�t�m�.� �T�h�e� �f�r�e�e� �j�e�t� �e�x�i�t� �s�t�a�t�i�c� 

�p�r�e�s�s�u�r�e� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �t�a�p� �l�o�c�a�t�e�d� �i�n� �t�h�e� �n�o�z�z�l�e� �0�.�9�5� �c�m� 

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

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

�p�r�e�s�s�u�r�e�.� �A�n� �A�l�i�n�c�o� �M�o�d�e�l� �1�5�1�-�E�B�U�-�1� �a�b�s�o�l�u�t�e� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �w�i�t�h� �a� �r�a�n�g�e� 

�o�f� �0� �t�o� �1�.�0�2� �a�t�m� �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�.� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�0



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

�1�3�-�4�3�1�2�-�0�0� �d�i�f�f�e�r�e�n�t�i�a�l� �D�C� �a�m�p�l�i�f�i�e�r�.� �E�x�c�i�t�a�t�i�o�n� �v�o�l�t�a�g�e� �t�o� �t�h�e� �t�r�a�n�s�d�u�c�e�r�s� �w�a�s� 

�p�r�o�v�i�d�e�d� �b�y� �a� �H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �M�o�d�e�l� �6�2�2�0�-�B� �D�C� �p�o�w�e�r� �s�u�p�p�l�y�.� �A�f�t�e�r� 

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

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

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

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

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

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

�a� �H�e�i�s�e� �M�o�d�e�l� �C�M�M�-�1�1�1�2�C� �a�n�a�l�o�g� �p�r�e�s�s�u�r�e� �g�a�g�e� �w�i�t�h� �a� �r�a�n�g�e� �f�r�o�m� �0� �t�o� �6�.�8� �a�t�m� 

�f�o�r� �t�h�e� �i�n�j�e�c�t�a�n�t� �p�r�e�s�s�u�r�e� �a�n�d� �a� �H�e�i�s�e� �M�o�d�e�l� �C�-�5�3�3�3�1� �a�n�a�l�o�g� �p�r�e�s�s�u�r�e� �g�a�g�e� �w�i�t�h� �a� 

�r�a�n�g�e� �f�r�o�m� �0� �t�o� �2�.�7� �a�t�m� �f�o�r� �t�h�e� �e�x�i�t� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e�.� 

�3�.�3�8�.�2� �T�e�m�p�e�r�a�t�u�r�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

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

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

�r�e�q�u�i�r�e�d� �(�s�e�e� �S�e�c�t�i�o�n� �3�.�3�.�3�)�.� �T�h�e� �t�o�t�a�l� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �f�r�e�e� �j�e�t� �w�a�s� �n�o�t� 

�c�o�n�t�i�n�u�a�l�l�y� �m�o�n�i�t�o�r�e�d�,� �b�u�t� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �3�0�0� �K�,� �b�a�s�e�d� �o�n� �s�e�l�e�c�t�e�d� �i�n�i�t�i�a�l� 

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

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a� �T�y�p�e� �K� �(�C�h�r�o�m�e�l�-�A�l�u�m�e�l�)� �t�h�e�r�m�o�c�o�u�p�l�e� 

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

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

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

�M�o�d�e�l� �H�H�-�7�1�K�2� �h�a�n�d� �h�e�l�d� �t�h�e�r�m�o�m�e�t�e�r�.� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�1



�3�.�8�.�8� �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� �p�r�o�b�e� �(�F�i�g�u�r�e� �1�4�)� �b�a�s�e�d� �o�n� �t�h�e� �d�e�s�i�g�n� �b�y� 

�N�g�,� �e�t� �a�l�.� �[�8�]�,� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �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� �a�s� �a� 

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

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

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

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

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

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

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

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

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

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

�N�i�n�n�e�m�a�n�n� �[�3�5�]� �p�r�o�v�i�d�e�s� �a� �d�i�s�c�u�s�s�i�o�n� �o�n� �h�o�t� �f�i�l�m� �t�e�c�h�n�i�q�u�e�s� �a�s� �a� �m�e�a�n�s� �f�o�r� 

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

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

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

�o�f� �t�h�e� �s�e�n�s�o�r�.� �T�h�e� �s�e�n�s�o�r� �u�s�e�d� �w�a�s� �a� �T�S�I� �M�o�d�e�l� �1�2�2�0�-�2�0� �m�o�u�n�t�e�d� �h�o�t� �f�i�l�m�.� �T�h�e� 

�s�e�n�s�o�r� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �D�a�n�t�e�c� �M�o�d�e�l� �5�5�M�1�0� �S�t�a�n�d�a�r�d� �C�o�n�s�t�a�n�t� �T�e�m�p�e�r�a�t�u�r�e� 

�A�n�e�m�o�m�e�t�e�r� �(�C�T�A�)� �B�r�i�d�g�e�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a� �D�a�n�t�e�c� �M�o�d�e�l� 

�5�5�M�0�1� �M�a�i�n� �U�n�i�t�.� �T�h�e� �o�u�t�p�u�t� �f�r�o�m� �t�h�i�s� �u�n�i�t� �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� �p�r�o�g�r�a�m�m�a�b�l�e� �f�i�l�t�e�r�,� �w�i�t�h� �t�h�e� �c�u�t�o�f�f� �f�r�e�q�u�e�n�c�y� �s�e�t� 

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

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

�s�e�n�s�o�r� �p�r�e�s�s�u�r�e� �w�a�s� �c�o�n�v�e�r�t�e�d� �t�o� �a� �v�o�l�t�a�g�e� �b�y� �a� �G�e�n�i�s�c�o� �T�e�c�h� �M�o�d�e�l� �P�B�-�9�2�3� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�2



�a�b�s�o�l�u�t�e� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �w�i�t�h� �a� �r�a�n�g�e� �f�r�o�m� �0� �t�o� �6�.�8� �a�t�m� �a�n�d� �w�a�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� �p�r�o�g�r�a�m�m�a�b�l�e� �f�i�l�t�e�r�.� �T�h�e� �l�o�w�-�p�a�s�s� �c�u�t�o�f�f� 

�f�r�e�q�u�e�n�c�y� �w�a�s� �s�e�t� �a�t� �5�0� �H�z�.� �T�h�e� �s�e�n�s�o�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �T�y�p�e� 

�K� �(�C�h�r�o�m�e�l�-�A�l�u�m�e�l�)� �t�h�e�r�m�o�c�o�u�p�l�e� �m�o�u�n�t�e�d� �i�n�t�o� �t�h�e� �s�e�n�s�o�r� �p�l�a�n�e� �w�i�t�h� �a�n� �e�p�o�x�y�.� 

�T�h�e� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �w�i�r�e�d� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� �E�X�P�-�1�6� �e�x�p�a�n�s�i�o�n� �m�u�l�t�i�p�l�e�x�e�r� �(�s�e�e� 

�S�e�c�t�i�o�n� �3�.�3�.�5�)� �w�i�t�h� �n�o� �a�n�a�l�o�g� �f�i�l�t�e�r�i�n�g�.� 

�3�.�3�.�4� �P�o�s�i�t�i�o�n� �M�e�a�s�u�r�e�m�e�n�t� 

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

�C�i�r�c�u�i�t� �I�n�s�t�r�u�m�e�n�t�s� �T�y�p�e� �1�2�1�0�8�0� �r�o�t�a�t�i�o�n�a�l� �p�o�t�e�n�t�i�o�m�e�t�e�r� �t�h�a�t� �w�a�s� �g�e�a�r� �d�r�i�v�e�n� �b�y� 

�t�h�e� �t�r�a�v�e�r�s�e� �m�o�t�o�r�.� �A�n� �e�x�c�i�t�a�t�i�o�n� �v�o�l�t�a�g�e� �o�f� �+�5� �V�D�C� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �a� �H�e�w�l�e�t�t� 

�P�a�c�k�a�r�d� �M�o�d�e�l� �6�2�2�0�-�B� �D�C� �p�o�w�e�r� �s�u�p�p�l�y�.� �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�,� �w�i�t�h� �a� 

�c�u�t�o�f�f� �f�r�e�q�u�e�n�c�y� �o�f� �5�0� �H�z�,� �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� �p�r�o�g�r�a�m�m�a�b�l�e� 

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

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

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

�u�n�c�e�r�t�a�i�n�t�y� �o�f� �+�2� �m�m� �(�0�.�5� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s�)�.� 

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

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

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

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

�u�p� �t�o� �3� �m�m� �(�0�.�8� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s�)� �d�u�r�i�n�g� �t�e�s�t�i�n�g�.� �T�h�e� �s�u�r�f�a�c�e� �m�a�r�k�s� �a�l�s�o� 

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

�m�i�n�d�,� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �p�r�o�b�e� �t�i�p� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �0�.�4� �m�m� 

�f�r�o�m� �t�h�e� �t�e�s�t� �s�u�r�f�a�c�e� �(�5� �=� �0�.�1�)�.� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�3



�3�.�3�8�.�5� �D�a�t�a� �A�c�q�u�i�s�i�t�i�o�n� �S�y�s�t�e�m� 

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

�t�h�e� �h�o�t�-�f�i�l�m� �s�e�n�s�o�r� �w�e�r�e� �r�e�a�d� �b�y� �a� �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� �c�o�n�v�e�r�s�i�o�n� �b�o�a�r�d� �(�A�D�C�)�.� �F�i�g�u�r�e� �1�5� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �d�a�t�a� 

�a�c�q�u�i�s�i�t�i�o�n� �s�y�s�t�e�m�.� �T�h�e� �D�A�S�-�1�6�F� �i�s� �a� �s�u�c�c�e�s�s�i�v�e� �a�p�p�r�o�x�i�m�a�t�i�o�n� �c�o�n�v�e�r�t�e�r�,� �w�h�i�c�h� 

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

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

�a�n� �I�B�M� �P�C� �c�o�m�p�u�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �t�w�o� �f�l�o�p�p�y� �d�i�s�k� �d�r�i�v�e�s�,� �a�s� �w�e�l�l� �a�s� �a� �h�a�r�d� 

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

�r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�0�0�2�4� �V� �(�b�a�s�e�d� �o�n� �a� �0� �t�o� �1�0� �v�o�l�t� �r�a�n�g�e�)�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �D�A�S�-� 

�1�6�F�,� �a� �M�e�t�r�a�b�y�t�e� �E�X�P�-�1�6� �e�x�p�a�n�s�i�o�n� �m�u�l�t�i�p�l�e�x�e�r� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �t�h�e�r�m�o�c�o�u�p�l�e� 

�i�n�p�u�t�s�.� �T�h�e� �E�X�P�-�1�6� �i�s� �e�q�u�i�p�p�e�d� �w�i�t�h� �a�n� �o�n�-�b�o�a�r�d� �c�o�l�d� �j�u�n�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� 

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

�c�a�l�i�b�r�a�t�i�o�n�s�.� 

�L�a�b�t�e�c�h� �N�o�t�e�b�o�o�k�,� �a� �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�,� �w�a�s� �u�s�e�d� �t�o� �a�s�s�i�s�t� 

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

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

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

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

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

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

�d�i�s�p�l�a�y�s�.� 

�3�.�3�.�6� �F�l�o�w� �R�a�t�e� �M�e�a�s�u�r�e�m�e�n�t� 

�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� �T�y�p�e� �1�2�3�1�-�1�1�1�0� �f�l�o�w�m�e�t�e�r� �w�a�s� �u�s�e�d� �t�o� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�4



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

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

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

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

�3�.�8�.�7� �N�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �P�h�o�t�o�g�r�a�p�h�y� 

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

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

�t�h�e� �f�l�o�w� �d�e�n�s�i�t�y� �[�3�6�]�.� �T�h�e� �l�i�g�h�t� �s�o�u�r�c�e� �u�s�e�d� �f�o�r� �t�h�e�s�e� �p�h�o�t�o�g�r�a�p�h�s� �w�a�s� �a� �X�e�n�o�n� 

�N�o�v�a�t�r�o�n� �M�o�d�e�l� �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�3�7�-�B� 

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

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

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

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

�3�.�8�.�8� �O�i�l� �F�l�o�w� �P�h�o�t�o�g�r�a�p�h�y� 

�O�i�l� �f�l�o�w� �p�h�o�t�o�g�r�a�p�h�y� �w�a�s� �e�v�a�l�u�a�t�e�d� �a�s� �a� �w�a�y� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e� �s�u�r�f�a�c�e� �f�l�o�w� 

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

�d�r�o�p�s� �o�f� �a� �m�i�x�t�u�r�e� �o�f� �D�o�w� �C�o�r�n�i�n�g� �5�0�0� �c�s� �o�i�l� �a�n�d� �D�a�y�g�l�o� �A�-�1�4�-�N� �o�r�a�n�g�e� 

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

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

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

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

�N�i�k�o�n� �F� �S�e�r�i�e�s� �3�5� �m�m� �c�a�m�e�r�a�,� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �V�i�v�i�t�a�r� �2�X� �t�e�l�e�c�o�n�v�e�r�t�e�r�.� �A�S�A� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t�  ��2�5



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

�3�.�8�.�9� �I�n�f�r�a�r�e�d� �I�m�a�g�i�n�g� 

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

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

�b�o�u�n�d�a�r�y� �l�a�y�e�r� �t�r�a�n�s�i�t�i�o�n� �[�2�6�,�2�7�]�.� �T�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �r�e�l�i�e�d� �o�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�s�.� 

�T�h�e� �i�n�f�r�a�r�e�d� �i�m�a�g�i�n�g� �s�y�s�t�e�m� �u�s�e�d� �w�a�s� �a�n� �I�n�f�r�a�m�e�t�r�i�c�s� �M�o�d�e�l� �6�0�0� �i�n�f�r�a�r�e�d� 

�i�m�a�g�i�n�g� �r�a�d�i�o�m�e�t�e�r�.� �T�h�i�s� �s�y�s�t�e�m� �p�r�o�v�i�d�e�d� �l�o�n�g�w�a�v�e� �(�8� �t�o� �1�4� �y�m� �w�a�v�e�l�e�n�g�t�h�)� 

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

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

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�6



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

�d�i�r�e�c�t�l�y� �t�o� �a� �V�C�R� �a�n�d� �t�h�e�n� �t�o� �a� �s�t�a�n�d�a�r�d� �c�o�l�o�r� �m�o�n�i�t�o�r�.� �F�i�g�u�r�e� �1�6� �s�h�o�w�s� �a� 

�s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �s�y�s�t�e�m�.� 

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

�w�e�l�l� �a�s� �r�e�c�o�r�d�i�n�g� �c�a�p�a�b�i�l�i�t�i�e�s�.� �A�l�l� �t�e�s�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �a� �s�t�a�n�d�a�r�d� �V�H�S� �v�i�d�e�o� 

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

�m�o�n�i�t�o�r�.� �T�h�e�s�e� �p�h�o�t�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �w�i�t�h� �a� �N�i�k�o�n� �F� �S�e�r�i�e�s� �3�5� �m�m� �c�a�m�e�r�a�.� 

�3�.�4� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d�s� 

�8�.�4�.�1� �I�n�s�t�r�u�m�e�n�t� �C�a�l�i�b�r�a�t�i�o�n� 

�D�u�r�i�n�g� �a�l�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� �e�x�p�e�r�i�m�e�n�t�s�,� �p�r�e�s�s�u�r�e� �d�a�t�a� �w�a�s� 

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

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

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

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

�w�e�i�g�h�t� �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� �4�.�5� �a�t�m� �i�n� �0�.�7� �a�t�m� 

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

�l�i�m�i�t�e�d� �r�a�n�g�e� �(�z�e�r�o� �t�o� �1�.�0�2� �a�t�m�)�,� �i�t� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �w�i�t�h� �a� �d�i�f�f�e�r�e�n�t� �s�e�t�u�p�.� �I�n� �t�h�i�s� 

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

�C�e�n�c�o� �C�o�r�p�o�r�a�t�i�o�n� �M�o�d�e�l� �9�1�4�8�2� �v�a�c�u�u�m� �p�u�m�p�.� �A� �H�e�i�s�e� �M�o�d�e�l� �C�-�5�3�3�1� �a�n�a�l�o�g� 

�p�r�e�s�s�u�r�e� �g�a�g�e� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �t�a�n�k� �p�r�e�s�s�u�r�e�.� �T�h�i�s� �s�y�s�t�e�m� �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� �0�.�1�5� �a�t�m� �t�o� �0�.�9� �a�t�m�.� �V�o�l�t�a�g�e�s� �w�e�r�e� �a�m�p�l�i�f�i�e�d�,� �f�i�l�t�e�r�e�d� �a�n�d� 

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

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�7



�w�a�s� �p�r�o�v�i�d�e�d� �b�y� �w�i�r�i�n�g� �t�h�e� �t�h�e�r�m�o�c�o�u�p�l�e�s� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �E�X�P�-�1�6� �e�x�p�a�n�s�i�o�n� 

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

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

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

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

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

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

�c�y�l�i�n�d�e�r�s�.� �A� �H�e�i�s�e� �M�o�d�e�l� �C�M�M�-�1�1�1�2�C� �a�n�a�l�o�g� �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� �t�a�n�k� �p�r�e�s�s�u�r�e�.� �T�h�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �n�o�t�i�n�g� �t�h�e� 

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

�p�r�o�b�e� �o�p�e�r�a�t�i�o�n�,� �t�h�e� �v�a�c�u�u�m� �s�y�s�t�e�m� �(�s�e�e� �S�e�c�t�i�o�n� �3�.�2�.�4�)� �w�a�s� �u�s�e�d� �t�o� �d�r�a�w� �t�h�e� 

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

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

�z�e�r�o� �t�o� �6�0� �p�e�r�c�e�n�t� �m�o�l�e� �f�r�a�c�t�i�o�n� �h�e�l�i�u�m�,� �i�n� �i�n�c�r�e�m�e�n�t�s� �o�f� �1�0� �p�e�r�c�e�n�t�.� �T�o� �s�i�m�u�l�a�t�e� 

�t�e�s�t� �c�o�n�d�i�t�i�o�n�s�,� �c�a�l�i�b�r�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�9�0� �K� 

�o�v�e�r� �a� �r�a�n�g�e� �o�f� �p�r�e�s�s�u�r�e�s� �f�r�o�m� �2�.�0� �t�o� �4�.�0� �a�t�m�.� 

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

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

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

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

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

�(�R�s� �+� �R�y�) �� �2� �V�r� �=� �R�y� �m�l�k�(�a�R�e!"� �+� �b�)�\�(�T�y�» ��T�r�)� �(�3�.�2�)� 

�w�h�e�r�e� �R�s�,� �R�y�,� �|� �a�n�d� �T�,� �w�e�r�e� �k�n�o�w�n�,� �a�n�d� �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� �[�3�1�]�.� �T�h�e� �s�e�t� �o�f� �c�o�n�s�t�a�n�t�s� �a�,� �6� �a�n�d� �m� �w�a�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�8



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

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

�F�i�g�u�r�e� �1�8� �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� �u�s�e�d� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �i�n� �t�h�e� 

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

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

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

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

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

�p�r�e�s�s�u�r�e� �r�a�n�g�e� �f�r�o�m� �2�.�0� �t�o� �4�.�0� �a�t�m�.� �T�h�e�s�e� �c�u�r�v�e�s� �h�a�d� �a�n� �e�r�r�o�r� �t�h�a�t� �o�f�t�e�n� �e�x�c�e�e�d�e�d� 

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

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

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

�5�,� �w�i�t�h� �t�h�e� �q�u�a�d�r�a�t�i�c� �f�i�t� �(�n� �=� �2�)� �p�r�o�d�u�c�i�n�g� �t�h�e� �s�m�o�o�t�h�e�s�t� �c�u�r�v�e�.� �F�i�g�u�r�e� �2�0� �s�h�o�w�s� 

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

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

�B�y� �u�s�i�n�g� �t�h�i�s� �c�o�m�p�l�e�t�e�l�y� �e�m�p�i�r�i�c�a�l� �m�e�t�h�o�d�,� �e�q�u�a�t�i�o�n� �(�3�.�2�)� �i�s� �n�o� �l�o�n�g�e�r� 

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

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

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

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

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

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

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

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

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �2�9



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

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

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

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

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

�8�.�4�.�2� �I�n�j�e�c�t�o�r� �E�x�p�a�n�s�i�o�n� �R�a�t�i�o� 

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

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

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

� � �t�o� �c�h�o�k�e� �t�h�e� �i�n�j�e�c�t�o�r� �(� �P�p� �+� �)�.� �P� �j�o�n� �W�a�s� �d�e�t�e�r�m�i�n�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �b�y� �v�a�r�y�i�n�g� 
�j�C�H� 

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

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

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

�n� �=� �A�.�M�.�|�.�o� �m� �=� �P�A�M� �R�r� �(�3�.�3�)� 
� � 

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

�r�a�t�i�o� �o�f� �t�h�e� �m�a�s�s� �f�l�o�w� �r�a�t�e� �t�o� �t�h�e� �i�n�j�e�c�t�a�n�t� �p�r�e�s�s�u�r�e� �(�B�Y�)� �i�s� �a� �c�o�n�s�t�a�n�t�.� �U�s�i�n�g� �t�h�i�s� 
�e� 

�r�i�t� �r�e�s�u�l�t�,� �P�;� �c�y� �W�a�s� �d�e�t�e�r�m�i�n�e�d� �g�r�a�p�h�i�c�a�l�l�y� �b�y� �p�l�o�t�t�i�n�g� �o�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �P� �7� �T�h�i�s� 

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

�i�n�j�e�c�t�o�r�.� �T�h�e� �v�a�l�u�e� �o�f� �P� �j�o�n� �W�a�s� �f�o�u�n�d� �t�o� �b�e� �1�.�4�9� �a�t�m�.� �T�h�i�s� �v�a�l�u�e� �w�a�s� �a�s�s�u�m�e�d� 

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

�t�e�r�m�s� �o�f� �t�h�e� �t�o�t�a�l� �p�r�e�s�s�u�r�e�s� �a�s� �p�a�.� �P� 
�T�j�J�C�H� 

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

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

�f�o�r� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�n�d� �2�.�8�2� �a�t�m� �f�o�r� �a�i�r� �i�n�j�e�c�t�i�o�n�.� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �3�0



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

�a�t� �a� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �o�f� �4�.�4�4� �a�t�m�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�n� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o� �o�f� �1�.�4�5�,� 

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

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

�u�n�h�e�a�t�e�d� �h�e�l�i�u�m� �w�a�s� �i�n�j�e�c�t�e�d� �a�t� �t�o�t�a�l� �p�r�e�s�s�u�r�e�s� �o�f� �3�.�6�7�,� �4�.�4�4� �a�n�d� �5�.�2�0� �a�t�m�,� �w�h�i�c�h� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o�s� �o�f� �1�.�2�0�,� �1�.�4�5� �a�n�d� �1�.�7�0�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �f�o�r� �t�h�e� 

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

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

�h�e�l�i�u�m�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d� �t�o� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o�s� �o�f� �1�.�3�0�,� �1�.�5�7� �a�n�d� �1�.�8�5�.� 

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

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

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

�b�y� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�a�s�s� �f�l�o�w� �r�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� �(�3�.�3�)�.� �T�h�e�s�e� �m�a�s�s� �f�l�o�w� 

�p�a�r�a�m�e�t�e�r�s� �a�r�e� �l�i�s�t�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�1� �f�o�r� �b�o�t�h� �a�i�r� �a�n�d� �h�e�l�i�u�m� �i�n�j�e�c�t�a�n�t�.� 

�3�.�4�.�8� �D�a�t�a� �A�c�q�u�i�s�i�t�i�o�n� �P�r�o�c�e�d�u�r�e�s� 

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

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

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

�p�r�o�c�e�s�s�.� �T�h�e� �s�e�q�u�e�n�c�e� �f�o�r� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �a�s� �f�o�l�l�o�w�s�:� �F�i�r�s�t�,� 

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

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

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

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

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

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �3�1



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

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

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

�W�h�e�n� �t�h�e� �s�t�o�r�a�g�e� �t�a�n�k� �p�r�e�s�s�u�r�e� �r�e�a�c�h�e�d� �a�t� �l�e�a�s�t� �3�8� �a�t�m�,� �t�h�e� �o�p�e�r�a�t�o�r� �o�p�e�n�e�d� �t�h�e� 

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

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

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

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

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

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

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

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

�l�a�s�t�e�d� �u�p� �t�o� �2�0� �s�e�c�o�n�d�s�.� 

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

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

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

�w�a�s� �p�l�a�c�e�d� �i�n� �p�o�s�i�t�i�o�n� �a�n�d� �c�a�l�i�b�r�a�t�e�d� �a�s� �o�u�t�l�i�n�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�,� �a�n�d� �t�h�e� 

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

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

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

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

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

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

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

�C�o�n�c�e�n�t�r�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t� �t�e�s�t�s� �l�a�s�t�e�d� �b�e�t�w�e�e�n� �2�0� �a�n�d� �2�5� �s�e�c�o�n�d�s�.� �T�h�e� �t�i�m�e� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �3�2



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

�8�.�4�.�4� �D�a�t�a� �R�e�d�u�c�t�i�o�n� 

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

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

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

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

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

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

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

�r�o�u�t�i�n�e� �t�h�a�t� �e�m�p�l�o�y�e�d� �a� �s�t�a�n�d�a�r�d� �H�a�m�m�i�n�g� �w�i�n�d�o�w�,� �w�i�t�h� �a� �w�i�n�d�o�w� �s�i�z�e� �o�f� �1�0� 

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

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

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

�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �A�p�p�e�n�d�i�x� �A�.� 

�A�s� �w�a�s� �m�e�n�t�i�o�n�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�,� �t�h�e� �h�o�t� �f�i�l�m� �c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e�s� �w�e�r�e� 

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

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

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

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

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

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

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

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

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

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

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �3�3



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

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

�3�.�4�.�5� �N�o�n�d�i�m�e�n�s�i�o�n�a�l�i�z�a�t�i�o�n� �M�e�t�h�o�d�s� 

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

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �u�s�e�d� �b�y� �B�a�r�b�e�r� �[�3�1�]�,� �w�h�o� �u�s�e�d� �a�n� �e�f�f�e�c�t�i�v�e� �r�a�d�i�u�s� �d�e�f�i�n�e�d� �a�s�:� 
� � 

� � 
� � �R�y� �=� �\�p�o�u� �(�3�.�4�)� �P�o�o�t�t�a�c� 

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

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

�p�r�e�s�s�u�r�e�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�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�i�r� �r�e�s�p�e�c�t�i�v�e� �f�r�e�e� 

�s�t�r�e�a�m� �q�u�a�n�t�i�t�i�e�s�.� �T�h�e� �e�x�c�e�p�t�i�o�n� �t�o� �t�h�i�s� �i�s� �t�h�e� �i�n�j�e�c�t�i�o�n� �p�r�e�s�s�u�r�e�,� �w�h�i�c�h� �w�a�s� 

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

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

�a� �v�a�l�u�e� �o�f� �M�y�o� �=� �1�.�9�5�.� 

�3� �D�e�s�c�r�i�p�t�o�n� �o�f� �t�h�e� �E�x�p�e�r�i�m�e�n�t� �3�4



�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�4�.�1� � �F�r�e�e�J�e�t� �F�a�c�i�l�i�t�y� 

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

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

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

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

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

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

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

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

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

�2�5� �s�e�c�o�n�d�s�)� �a�n�d� �l�e�s�s� �t�i�m�e� �n�e�e�d�e�d� �b�e�t�w�e�e�n� �t�e�s�t�s� �f�o�r� �t�h�e� �s�t�o�r�a�g�e� �t�a�n�k�s� �t�o� �b�e� 

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

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

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

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

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

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

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

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

�n�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �p�h�o�t�o�g�r�a�p�h�y� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �4�.�3�)�.� �T�h�e� �M�a�c�h� �1�.�9�5� 

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �3�5



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

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

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

�l�a�y�e�r� �g�r�o�w�s� �f�r�o�m� �a�b�o�u�t� �2� �m�m� �(�0�.�5� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s�)� �a�t� �t�h�e� �i�n�j�e�c�t�i�o�n� �p�o�i�n�t� �t�o� 

�a�b�o�u�t� �3� �m�m� �(�0�.�8� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s�)� �a�t� �a�n� �a�x�i�a�l� �p�o�s�i�t�i�o�n� �o�f� �4� �=� �5�.�3�.� �T�h�e� 

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

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

�t�o� �r�u�n�.� 

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

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

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

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

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

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

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

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

�c�a�s�e�s� �w�e�r�e� �a�l�s�o� �m�a�d�e�.� 

�4�.�2� �O�i�l� �F�l�o�w� �P�h�o�t�o�g�r�a�p�h�s� 

�F�i�g�u�r�e� �2�2� �(�a�-�c�)� �s�h�o�w�s� �t�h�e� �o�i�l� �f�l�o�w� �p�h�o�t�o�g�r�a�p�h�s� �f�o�r� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� 

�e�x�p�a�n�s�i�o�n� �r�a�t�i�o�s� �o�f� �1�.�2�0�,� �1�.�4�5� �a�n�d� �1�.�7�0�.� �T�h�e� �f�l�o�w� �i�s� �f�r�o�m� �l�e�f�t� �t�o� �r�i�g�h�t� �i�n� �t�h�e�s�e� 

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

�o�f� �t�h�e� �i�n�j�e�c�t�o�r�,� �t�h�a�t� �e�x�t�e�n�d�s� �f�r�o�m� �1�.�0� �t�o� �1�.�2� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� 

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �3�6



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

�n�o�t�e�d� �b�y� �B�a�r�b�e�r� �[�3�1�]�.� �T�h�e� �p�h�o�t�o�g�r�a�p�h�s� �a�l�s�o� �s�h�o�w� �a� �s�e�p�a�r�a�t�e�d� �r�e�g�i�o�n� �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�e� �j�e�t� �c�o�r�e� �r�e�g�i�o�n�,� �t�h�e� �s�i�z�e� �o�f� �w�h�i�c�h� �a�p�p�e�a�r�s� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �a�n� 

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

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

�e�x�p�a�n�s�i�o�n� �r�a�t�i�o� �i�n�c�r�e�a�s�e�s�.� 

�O�i�l� �f�l�o�w� �s�u�r�f�a�c�e� �v�i�s�u�a�l�i�z�a�t�i�o�n� �i�s� �a� �v�e�r�y� �e�f�f�e�c�t�i�v�e� �t�e�c�h�n�i�q�u�e� �i�n� �t�h�e� �f�r�e�e�-�j�e�t� 

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

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

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

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

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

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

�t�e�s�t� �s�u�r�f�a�c�e�,� �s�u�c�h� �a�s� �t�h�o�s�e� �f�r�o�m� �t�h�e� �f�r�e�e�-�j�e�t� �f�a�c�i�l�i�t�y�.� �B�e�c�a�u�s�e� �t�h�e� �f�r�e�e�-�j�e�t� �e�x�i�t� 

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

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

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

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

�p�h�o�t�o�g�r�a�p�h�s�.� �B�e�s�t� �r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �A�S�A� �1�0�0�0� �c�o�l�o�r� �f�i�l�m�,� �a�n� �a�p�e�r�a�t�u�r�e� 

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

�t�h�e� �o�n�l�y� �l�i�g�h�t� �s�o�u�r�c�e�.� 

�4�.�3�.� �N�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �P�h�o�t�o�g�r�a�p�h�s� 

�F�i�g�u�r�e�s� �2�3� �t�h�r�o�u�g�h� �2�5� �a�r�e� �n�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �p�h�o�t�o�g�r�a�p�h�s� �o�f� �h�e�l�i�u�m� 

�i�n�j�e�c�t�i�o�n� �a�t� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o�s�.� �T�h�e� �M�a�c�h� �1�.�9�5� �f�r�e�e� �j�e�t� �r�u�n�s� �f�r�o�m� �l�e�f�t� 

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �3�7



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

�t�h�e� �t�o�p� �o�f� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s�.� �N�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �p�h�o�t�o�g�r�a�p�h�y� �w�a�s� �c�h�o�s�e�n� �o�v�e�r� 

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

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

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

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

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

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

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

�F�i�g�u�r�e� �2�3� �s�h�o�w�s� �a� �c�o�m�p�o�s�i�t�e� �p�h�o�t�o�g�r�a�p�h� �o�f� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� �a�n� 

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

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

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

�f�r�e�e� �s�t�r�e�a�m�.� �P�r�e�v�i�o�u�s� �e�x�p�e�r�i�m�e�n�t�s� �[�1�,�3�1�]� �h�a�v�e� �s�h�o�w�n� �a�n� �a�b�r�u�p�t� �t�u�r�n� �i�n� �t�h�i�s� �j�e�t� 

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

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

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

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

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

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

�i�n�j�e�c�t�i�o�n�.� 

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

�r�a�t�i�o� �o�f� �1�.�4�5�.� �T�h�e� �f�e�a�t�u�r�e�s� �i�n� �t�h�i�s� �p�h�o�t�o�g�r�a�p�h� �a�r�e� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �s�e�e�n� �i�n� 

�F�i�g�u�r�e� �2�3�.� �O�n�c�e� �a�g�a�i�n�,� �t�h�e� �j�e�t� �s�h�o�c�k�w�a�v�e� �t�u�r�n�s� �g�r�a�d�u�a�l�l�y� �f�r�o�m� �4�9� �d�e�g�r�e�e�s� �n�e�a�r� 

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �3�8



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

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

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

�F�i�g�u�r�e� �2�5� �s�h�o�w�s� �t�h�e� �c�a�s�e� �o�f� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� �a�n� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o� �o�f� �1�.�7�0�.� 

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

�a�b�r�u�p�t�l�y� �f�r�o�m� �5�9� �d�e�g�r�e�e�s� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �t�o� �3�6� �d�e�g�r�e�e�s� �i�n� �t�h�e� �f�r�e�e� �s�t�r�e�a�m�.� �T�h�e� 

�t�u�r�n� �i�s� �l�o�c�a�t�e�d� �a�b�o�u�t� �t�w�o� �i�n�j�e�c�t�o�r� �d�i�a�m�e�t�e�r�s� �a�b�o�v�e� �t�h�e� �s�u�r�f�a�c�e� �(�4� �=� �2�)�,� �w�h�i�c�h� �i�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�q�u�a�l�i�t�y� �n�a�n�o�s�h�a�d�o�w�g�r�a�p�h� �p�h�o�t�o�g�r�a�p�h�s� �a�r�e� �o�b�t�a�i�n�a�b�l�e� �i�n� �t�h�e� �f�r�e�e�-�j�e�t� �f�a�c�i�l�i�t�y�.� 
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�4�.�4� �I�n�f�r�a�r�e�d� �I�m�a�g�i�n�g� 

�F�i�g�u�r�e�s� �2�6� �t�h�r�o�u�g�h� �2�9� �a�r�e� �i�n�f�r�a�r�e�d� �i�m�a�g�e�s� �o�f� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �f�l�o�w� 

�c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �M�a�c�h� �1�.�9�5� �f�l�o�w� �i�n� �t�h�e�s�e� �p�h�o�t�o�g�r�a�p�h�s� �r�u�n�s� �f�r�o�m� �r�i�g�h�t� �t�o� �l�e�f�t�.� �A�l�l� 

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

�e�x�p�a�n�s�i�o�n� �r�a�t�i�o� �o�f� �1�.�4�5�.� �S�i�n�c�e� �t�h�i�s� �w�a�s� �a� �s�t�u�d�y� �o�f� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �i�n�f�r�a�r�e�d� 

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�s� �a�v�a�i�l�a�b�l�e� �w�i�t�h� �t�h�e� �s�y�s�t�e�m� �w�e�r�e� �5�,� �1�0�,� �2�0�,� �5�0�,� �1�0�0� �a�n�d� �2�0�0� 

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

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

�e�a�c�h� �t�e�s�t� �t�o� �g�i�v�e� �t�h�e� �b�e�s�t� �i�m�a�g�e�.� �T�h�e� �p�h�o�t�o�g�r�a�p�h�s� �i�n� �F�i�g�u�r�e�s� �2�6� �t�h�r�o�u�g�h� �2�9� �w�e�r�e� 

�t�a�k�e�n� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �c�o�l�o�r� �m�o�n�i�t�o�r� �w�i�t�h� �a� �N�i�k�o�n� �F� �S�e�r�i�e�s� �3�5� �m�m� �c�a�m�e�r�a�.� �B�e�s�t� 

�r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �A�S�A� �1�0�0� �f�i�l�m�,� �a�n� �a�p�e�r�a�t�u�r�e� �s�e�t�t�i�n�g� �o�f� �5�.�6� �a�n�d� �a�n� 

�1� 
�4� 

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

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

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �3�1�5� �K�e�l�v�i�n� �i�n� �b�o�t�h� �c�a�s�e�s�,� �w�i�t�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �s�e�t� �a�t� �2�0� 

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

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

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

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

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

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�0



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

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

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

�i�n�j�e�c�t�o�r�.� �W�h�e�n� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e�s�e� �i�m�a�g�e�s�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �r�e�a�l�i�z�e� �t�h�a�t� �m�a�n�y� 

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

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

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

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

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

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

�d�e�g�r�e�e�s�,� �s�p�a�n�n�i�n�g� �2�8�9�.�2� �t�o� �2�9�9�.�2� �d�e�g�r�e�e�s� �K�e�l�v�i�n� �i�n� �t�h�e� �t�o�p� �i�m�a�g�e� �a�n�d� �2�8�8�.�2� �t�o� 

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

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

�s�e�e�n� �i�n� �F�i�g�u�r�e� �2�6�,� �w�i�t�h� �t�h�e� �d�a�r�k� �j�e�t� �c�o�r�e� �r�e�g�i�o�n� �b�e�i�n�g� �m�u�c�h� �m�o�r�e� �p�r�o�n�o�u�n�c�e�d� 

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

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

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

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

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

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

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

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

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

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

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�1



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

�F�i�g�u�r�e� �2�8�.� �F�i�g�u�r�e� �2�8�(�a�)� �s�h�o�w�s� �h�e�a�t�e�d� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� �t�h�e� �i�n�s�t�a�n�t� �t�h�e� �i�n�j�e�c�t�a�n�t� 

�w�a�s� �t�u�r�n�e�d� �o�n�.� �T�h�e� �i�n�j�e�c�t�a�n�t� �t�o�t�a�l� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �3�1�0� �K�e�l�v�i�n�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�o�r� �t�h�i�s� �i�m�a�g�e� �w�a�s� �1�0� �d�e�g�r�e�e�s�,� �s�p�a�n�n�i�n�g� �f�r�o�m� �2�8�8�.�2� �t�o� �2�9�8�.�2� 

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

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

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

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

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

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

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

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

�F�i�g�u�r�e� �2�8�(�b�)� �s�h�o�w�s� �u�n�h�e�a�t�e�d� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� �t�h�e� �i�n�s�t�a�n�t� �t�h�e� �i�n�j�e�c�t�a�n�t� 

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

�r�a�n�g�e� �w�a�s� �2�0� �d�e�g�r�e�e�s�,� �s�p�a�n�n�i�n�g� �f�r�o�m� �2�8�5�.�3� �t�o� �3�0�5�.�3� �d�e�g�r�e�e�s� �K�e�l�v�i�n�.� �T�h�i�s� 

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

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

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

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

�e�x�p�a�n�s�i�o�n� �c�a�u�s�e�d� �b�y� �s�h�u�t�t�i�n�g� �o�f�f� �t�h�e� �i�n�j�e�c�t�a�n�t� �v�a�l�v�e�.� �E�v�a�l�u�a�t�i�n�g� �t�h�e� �J�o�u�l�e�-� 

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

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

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

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

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

�s�h�u�t�d�o�w�n� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �F�i�g�u�r�e� �2�9�.� �F�i�g�u�r�e� �2�9�(�a�)� �s�h�o�w�s� �a� �t�e�s�t� �c�a�s�e� �w�h�e�r�e� �a� 

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

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

�2�8�5�.�3� �t�o� �3�0�5�.�3� �d�e�g�r�e�e�s� �K�e�l�v�i�n�.� �T�h�i�s� �p�h�o�t�o�g�r�a�p�h� �d�o�e�s� �n�o�t� �s�h�o�w� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�c�o�o�l�e�r� �r�e�g�i�o�n� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �i�n�j�e�c�t�o�r�,� �a�s� �w�a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e�s� �2�6� �a�n�d� �2�7�.� �T�h�e� 

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

�F�i�g�u�r�e� �2�9�(�b�)� �s�h�o�w�s� �t�h�e� �s�u�r�f�a�c�e� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �f�a�c�i�l�i�t�y� �s�h�u�t�d�o�w�n�.� �U�p�o�n� 

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

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

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

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

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

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

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

�c�o�n�d�i�t�i�o�n�s�.� 

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

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

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

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

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

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

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

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

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

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

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

�s�t�r�e�a�m�.� �T�h�i�s� �i�s� �s�h�o�w�n� �b�y� �t�h�e� �l�o�c�a�l�l�y� �c�o�o�l� �r�e�g�i�o�n� �s�e�e�n� �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� �F�i�g�u�r�e�s� �2�6� �a�n�d� �2�7�.� �A� �h�e�a�t� �t�r�a�n�s�f�e�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�n�j�e�c�t�o�r� �b�l�o�c�k� �w�i�l�l� �q�u�a�n�t�i�f�y� 

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

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

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

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

�c�H
�l�a

�e� 

�q� �=� �¢�(�T�;�-� �T�o�)� �(�4�.�1�)� 

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

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

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

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

�q� �=� �h�(�T�,�-�T�.�,�)� �(�4�.�2�)� 

�H�a�v�i�n�g� �d�e�t�e�r�m�i�n�e�d� �g� �f�r�o�m� �e�q�u�a�t�i�o�n� �(�4�.�1�)�,� �t�h�e� �l�o�c�a�l� �c�o�n�v�e�c�t�i�v�e� �h�e�a�t� �t�r�a�n�s�f�e�r� 

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

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

�N�u� �=� �4� �(�4�.�3�)� 

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

�1� 
�N�u� �=� �0�.�0�2�9�6�P�r�3�R�e�°�®� �(�4�.�4�)� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�i�m�a�g�i�n�g� �t�e�c�h�n�i�q�u�e�.� 

�A�s� �F�i�g�u�r�e�s� �2�6� �t�h�r�o�u�g�h� �2�9� �s�h�o�w�,� �i�n�f�r�a�r�e�d� �i�m�a�g�i�n�g� �h�a�s� �g�r�e�a�t� �p�o�t�e�n�t�i�a�l� �a�s� �a� 

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

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

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

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

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

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

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

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

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

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

�4�.�5� �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� 

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

�a�n�d� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� �a�t� �t�o�t�a�l� �p�r�e�s�s�u�r�e�s� �o�f� �3�.�6�7�,� �4�.�4�4� �a�n�d� �5�.�2�0� �a�t�m�.� �T�h�e�s�e� �i�n�j�e�c�t�a�n�t� 

�p�r�e�s�s�u�r�e�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �e�x�p�a�n�s�i�o�n� �r�a�t�i�o�s� �o�f� �1�.�2�0�,� �1�.�4�5� �a�n�d� �1�.�7�0� �f�o�r� �h�e�l�i�u�m� �i�n�j�e�c�t�i�o�n� 

�a�n�d� �1�.�3�0�,� �1�.�5�7� �a�n�d� �1�.�8�5� �f�o�r� �a�i�r� �i�n�j�e�c�t�i�o�n�.� �A�l�l� �i�n�j�e�c�t�a�n�t� �w�a�s� �u�n�h�e�a�t�e�d�,� �w�i�t�h� �t�h�e� 

�i�n�j�e�c�t�a�n�t� �t�o�t�a�l� �t�e�m�p�e�r�a�t�u�r�e� �b�e�i�n�g� �3�0�0� �K�e�l�v�i�n�.� �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� �w�e�r�e� 

�t�a�k�e�n� �a�t� �t�w�o� �a�x�i�a�l� �p�o�s�i�t�i�o�n�s�,� �4� �=� �1�0�.�9� �a�n�d� �4� �=� �6�.�9�.� �T�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �p�r�o�b�e� �t�i�p� 

�w�a�s� �l�o�c�a�t�e�d� �a�t� �4� �=� �0�.�1�.� �A�t� �e�a�c�h� �a�x�i�a�l� �p�o�s�i�t�i�o�n�,� �t�h�e� �p�r�o�b�e� �w�a�s� �t�r�a�v�e�r�s�e�d� �l�a�t�e�r�a�l�l�y�,� 

�r�a�n�g�i�n�g� �f�r�o�m� �s� �=� �+�5� �t�o�  ��i� �=� �-�9� �(�t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �7�)�.� �A�t� �e�a�c�h� �t�e�s�t� �p�o�i�n�t� �t�w�o� �r�u�n�s� �w�e�r�e� �m�a�d�e�,� �o�n�e� �w�i�t�h� �t�h�e� �p�r�o�b�e� �t�r�a�v�e�r�s�i�n�g� 

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

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

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

�t�o� �r�u�n�.� �A�l�l� �d�a�t�a� �w�a�s� �r�e�d�u�c�e�d� �b�y� �t�h�e� �t�h�e� �t�w�o� �m�e�t�h�o�d�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�.� 

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

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

�F�i�g�u�r�e�s� �3�1� �a�n�d� �3�2� �a�r�e� �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� �v�e�r�s�u�s� �l�a�t�e�r�a�l� �p�o�s�i�t�i�o�n� 

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

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

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

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

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

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

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

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

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

�h�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�s� �t�h�e� �l�a�t�e�r�a�l� �p�o�s�i�t�i�o�n� �i�n�c�r�e�a�s�e�d� �p�a�s�t� �5� �=� �-�7�.� �T�h�e�s�e� �t�r�e�n�d�s� 

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

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

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

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

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

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

�s�e�e�n� �i�n� �F�i�g�u�r�e�s� �3�1� �a�n�d� �3�2� �e�l�i�m�i�n�a�t�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �a� �z�e�r�o� �o�f�f�s�e�t� �c�a�l�i�b�r�a�t�i�o�n� 

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

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

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

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

�i�n� �t�h�e� �a�i�r� �i�n�j�e�c�t�i�o�n� �c�a�s�e�s� �a�n�d� �u�p� �t�o� �2�0� �p�e�r�c�e�n�t� �m�o�l�e� �f�r�a�c�t�i�o�n� �h�e�l�i�u�m� �i�n� �t�h�e� �h�e�l�i�u�m� 

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

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

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

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

�i�n�j�e�c�t�i�o�n� �a�n�d� �n�o� �i�n�j�e�c�t�i�o�n� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �B�.� �T�h�e� �p�r�o�b�e� �p�r�e�s�s�u�r�e� �i�s� 

�n�o�n�d�i�m�e�n�s�i�o�n�a�l�i�z�e�d� �b�y� �t�h�e� �f�r�e�e� �s�t�r�e�a�m� �t�o�t�a�l� �p�r�e�s�s�u�r�e�,� �w�h�i�c�h� �h�a�d� �a� �v�a�l�u�e� �o�f� �6�.�6�7� 

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

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

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

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

�p�o�s�i�t�i�o�n� �i�n�c�r�e�a�s�e�s� �a�w�a�y� �f�r�o�m� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �p�a�s�t�  �� �=� �-�7� �a�n�d� �4� �=� �+�4�.� �T�h�e� 

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

�F�i�g�u�r�e�s� �3�1� �a�n�d� �3�2� �t�h�a�t� �s�h�o�w� �a�p�p�a�r�e�n�t� �p�e�a�k�s� �i�n� �h�e�l�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �L�i�k�e�w�i�s�e�,� 

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

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

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

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

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

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

�f�r�o�m� �s� �=� �-�3� �o�u�t�w�a�r�d�,� �b�e�f�o�r�e� �d�r�o�p�p�i�n�g� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�r�o�u�n�d� �4� �=� �-�8�.� �T�h�e� �d�a�t�a�,� �i�n� 

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

�p�e�a�k� �v�a�r�i�a�n�c�e� �i�n� �t�h�e� �s�i�g�n�a�l� �w�a�s� �a�s� �h�i�g�h� �a�s� �0�.�5� �v�o�l�t�s�.� �A�l�t�h�o�u�g�h� �s�i�g�n�i�f�i�c�a�n�t� 

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

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

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

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

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

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

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

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

�o�f� �i�n�c�i�d�e�n�c�e� �o�f� �a�b�o�u�t� �1�8�.�5� �d�e�g�r�e�e�s� �t�o� �t�h�e� �f�r�e�e� �s�t�r�e�a�m�,� �w�h�i�c�h� �a�l�l�o�w�e�d� �t�h�e� �p�r�o�b�e� �t�i�p� 

�t�o� �b�e� �a�s� �c�l�o�s�e� �t�o� �t�h�e� �t�e�s�t� �s�u�r�f�a�c�e� �a�s� �p�o�s�s�i�b�l�e�.� �N�e�g�,� �e�t� �a�l�.� �[�8�]� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

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

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

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

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

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

�i�n�c�i�d�e�n�c�e� �m�a�y� �l�e�a�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �o�f� �t�h�e� �r�e�s�u�l�t�s� �[�3�7�]�.� �T�h�i�s� 

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

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

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

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

�i�n�j�e�c�t�i�o�n� �[�3�8�]�.� �O�t�h�e�r� �s�l�o�t� �i�n�j�e�c�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �s�h�o�w�n� �n�o� �s�u�c�h� �e�f�f�e�c�t�s�.� 

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

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

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

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

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

�f�r�o�m� �a�b�o�u�t� �3�0�0� �t�o� �a�b�o�u�t� �2�8�0� �d�e�g�r�e�e�s� �K�e�l�v�i�n� �d�u�r�i�n�g� �t�e�s�t�s�,� �c�a�u�s�i�n�g� �t�h�i�s� �d�a�t�a� �t�o� �b�e� 

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

�r�e�l�a�t�i�o�n�s�h�i�p� �(�S�e�c�t�i�o�n� �3�.�4�.�1�)� �a�n�d� �p�a�s�t� �e�x�p�e�r�i�m�e�n�t�s�,� �s�u�c�h� �a� �t�e�m�p�e�r�a�t�u�r�e� �d�r�o�p� �w�i�l�l� 

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

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

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

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

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

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

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

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

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

�m�e�n�t�i�o�n�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�,� �c�a�l�i�b�r�a�t�i�o�n� �r�e�s�u�l�t�s� �o�v�e�r� �t�h�e� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e� �r�a�n�g�e� 

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

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

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

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

�4� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�0



�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� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �M�a�c�h� �1�.�9�5� �f�r�e�e�-�j�e�t� �f�a�c�i�l�i�t�y� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

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

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

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

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

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

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

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

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

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

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

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

�i�n�j�e�c�t�a�n�t�.� 

�T�h�e� �M�a�c�h� �1�.�9�5� �f�r�e�e�-�j�e�t� �f�a�c�i�l�i�t�y� �p�r�o�d�u�c�e�d� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�c�k� �f�r�e�e� �a�n�d� 

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

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

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

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

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

�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� �5�1



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

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

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

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

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

�s�h�o�w� �g�r�e�a�t� �p�r�o�m�i�s�e� �f�o�r� �f�u�t�u�r�e� �w�o�r�k�.� 

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

�h�a�d� �a�n� �u�n�c�e�r�t�a�i�n�t�y� �o�f� �n�o� �l�e�s�s� �t�h�a�n� �2�5� �p�e�r�c�e�n�t� �m�o�l�e� �f�r�a�c�t�i�o�n� �h�e�l�i�u�m�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�f�l�o�w�.� �E�v�e�n�t�u�a�l�l�y�,� �a�u�t�o�m�a�t�i�o�n� �o�f� �t�h�e� �f�r�e�e�-�j�e�t� �o�n�/�o�f�f� �v�a�l�v�e�,� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� 

�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� �5�2



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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�F�O�R�T�R�A�N� �7�7� �o�n� �a�n� �I�B�M� �P�e�r�s�o�n�a�l� �C�o�m�p�u�t�e�r�.� 

�A�p�p�e�n�d�i�x� �A�:� �C�o�m�p�u�t�e�r� �P�r�o�g�r�a�m�s� �5�4



�C�K� �F�R� �O�K� �E�K� �A�E� �2� �A� �2�S� �2� �2�K� �2� �O�K� �2� �2�K� �O�K� �I� �I� �k�K� �I� �k�k�k� �k�K� �2� �o�k� �2�k� �o�k� �o�k� �K�S� �2�K� �2�c� �2� �2�c� �2�k� �2�g� �2� �2� �2�K� �2� �2�g� �2� �2� �2� �i�c� �2�g� �2�k� �i�C� �o�k� �o�g� �2� �2� �o�g� �a� �a�k� �k�k� 

�c� �P�R�O�G�R�A�M� �H�A�M�M�I�N�G�.�F�O�R� 

�w�r�i�t�t�e�n� �b�y� �J�o�h�n� �R�.� �M�i�l�l�s�,� �A�u�g�u�s�t� �1�9�9�1� 

�T�h�i�s� �p�r�o�g�r�a�m� �i�n�p�u�t�s� �t�h�e� �d�a�t�a� �f�r�o�m� �X�R�U�N�.�R�U�N�#� �a�n�d� �s�m�o�o�t�h�s� �t�h�e� 
�p�o�s�i�t�i�o�n�,� �v�o�l�t�a�g�e�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�r�e�s�s�u�r�e� �d�a�t�a� �u�s�i�n�g� �a� 
�H�A�M�M�I�N�G� �w�i�n�d�o�w� �s�m�o�o�t�h�i�n�g� �t�e�c�h�n�i�q�u�e�.� �T�h�i�s� �m�e�t�h�o�d� �i�s� �a� �b�i�a�s�e�d� 
�a�v�e�r�a�g�i�n�g� �t�e�c�h�n�i�q�u�e� �t�h�a�t� �u�s�e�s� �a� �w�e�i�g�h�t�e�d� �a�v�e�r�a�g�e�,� �r�a�t�h�e�r� �t�h�a�n� 
�t�h�e� �a�r�i�t�h�m�e�t�i�c� �m�e�a�n� �t�o� �s�m�o�o�t�h� �t�h�e� �d�a�t�a�.� �T�h�e� �p�r�o�g�r�a�m� �a�l�l�o�w�s� �f�o�r� 
�t�h�e� �s�i�z�e� �o�f� �t�h�e� �w�i�n�d�o�w� �t�o� �b�e� �v�a�r�i�e�d�.� �A
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�C�E�O� �G� �B�A�R�I� �O� �H�H�A� �A�A�A�I� �I�K� �a� �I�K�K� 

�C�H�A�R�A�C�T�E�R�+�*�1�5� �F�I�L�E�I�N�,� �F�I�L�E�O�U�T� 

�R�E�A�L� �H�A�M�M�I�N�G�(�2�0�0�)�,� �P�O�S�(�1�2�5�0�)�,� �Y�N�O�N�D�I�M�,� �V�O�L�T�(�1�3�5�0�)�,� �P�N�O�N�D�I�M� 
�R�E�A�L� �S�U�M�P�O�S�1�,� �T�E�M�P�(�1�3�5�0�)�,� �S�U�M�P�R�E�S�1�,� �P�R�E�S�(�1�3�5�0�)� 
�R�E�A�L� �A�M�P�,� �A�,� �I�l�,� �N�1�,� �P�O�S�1�,� �S�U�M�P�O�S�,� �V�O�L�T�1�,� �S�U�M�V�O�L�T� 
�R�E�A�L� �T�E�M�P�1�,� �S�U�M�T�E�M�P�,� �P�R�E�S�1�,� �S�U�M�P�R�E�S� 
�I�N�T�E�G�E�R� �I�,� �J�,� �J�1�,� �P�T�S�,� �N�,� �H�A�L�F�N�,� �H�A�L�F�N�I�1�,� �P�T�S�1� 

�C�A�R�A� �O�p�e�n� �f�i�l�e�s� �2�A� �O�O�O�O� �I�C�I� �A�C�A� �I� �A�K� �1�K� �2� �1�2�1� �4� �K�K� �1�K� �A� �A�K� �2�K� 

�W�R�I�T�E�(�x�,�*� 
�W�R�I�T�E�(�x�,�*�)�  �� �I�n�p�u�t� �d�a�t�a� �f�i�l�e� �n�a�m�e� �.�.�.�  �� 
�R�E�A�D�(�*�,�5�)� �F�I�L�E�I�N� 
�W�R�I�T�E�(�«�,�*� 
�W�R�I�T�E�(�x�,�*�)�  �� �O�u�t�p�u�t� �d�a�t�a� �f�i�l�e� �n�a�m�e� �.�.�.�  �� 
�R�E�A�D�(�«�,�5�)� �F�I�L�E�O�U�T� 
�W�R�I�T�E�(�x�,�*�)� 

�5� �F�O�R�M�A�T�(�A�1�5�)� 

�O�P�E�N�(�1�,� �F�I�L�E� �=� �F�I�L�E�I�N�,� �S�T�A�T�U�S� �=�  ��O�L�D ��)� 
�O�P�E�N�(�2�,� �F�I�L�E� �=� �F�I�L�E�O�U�T�,�S�T�A�T�U�S� �=� �N�E�W ��)� 

�C�e�e� �I�n�p�u�t� �s�i�z�e� �o�f� �w�i�n�d�o�w� �a�n�d� �d�a�t�a� �f�i�l�e� �e�e�e� �R�A�R� �R�K� 
�W�R�I�T�E�(�x�,�*� 
�W�R�I�T�E�(�*�,�*�)�  �� �S�i�z�e� �o�f� �H�A�M�M�I�N�G� �w�i�n�d�o�w� �(�e�v�e�n� �n�o�.� �o�f� �p�t�s�)� �= �� 
�R�E�A�D�(�x�,�*�)� �N� 
�W�R�I�T�E�(�«�x�,�*� 
�W�R�I�T�E� �e�S�)�  �� �S�i�z�e� �o�f� �i�n�p�u�t� �d�a�t�a� �f�i�l�e� �(�n�o�.� �o�f� �p�t�s�)� �= �� 
�R�E�A�D�(�«�,�*�)� �P�T�S� 
�W�R�I�T�E�(�*�,�*�)� 

�c�x�k�e�k�x�k�k�x�k�x�k� �I�n�p�u�t� �t�h�e� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� �p�a�r�a�m�e�t�e�r�s� �*�*�*�*�*�*�*�K�*�K�A�K�K�K�K�A�K�A�K�A�K� 
�W�R�I�T�E�(�x�,�*�) �� �|� �N�o�n�d�i�m�e�n�s�i�o�n�a�l� �p�r�e�s�s�u�r�e� �p�a�r�a�m�e�t�e�r� �(�p�s�i�)� �=�  �� 
�R�E�A�D�(�*�,�*�)� �P�N�O�N�D�I�M� 
�W�R�I�T�E�(�+�,�*�)� 

�P�r�o�g�r�a�m� �1�:� �D�a�t�a� �S�m�o�o�t�h�i�n�g� �P�r�o�g�r�a�m� 

�A�p�p�e�n�d�i�x� �A�:� �C�o�m�p�u�t�e�r� �P�r�o�g�r�a�m�s� �5�5



�W�R�I�T�E�(�x�,�*�)�  �� �|� �N�o�n�d�i�m�e�n�s�i�o�n�a�l� �p�o�s�i�t�i�o�n� �p�a�r�a�m�e�t�e�r� �(�m�m�)� �= �� 
�R�E�A�D�(�x�«�,�«�)� �Y�N�O�N�D�I�M� 
�W�R�I�T�E�(�*�,�*�)� 

�C�H�E�R� �E�R�R� �T�i�n� �t�a�i� �z�a�t�i�o�n� �o�C� �G�O�A� �A�R�I� �A�I� �I� �I�A�I� �X�K� 

�P�I� �=� �3�.�1�4�1�5�9�3� 
�A�M�P� �=� �0�.�0� 
�H�A�L�F�N� �=� �N�/�2� 
�H�A�L�F�N�1� �=� �H�A�L�F�N� �+�1� 
�P�T�S�!� �=� �P�T�S� �+�H�A�L�F�N� 
�N�l� �=� � �R�E�A�L�(�N�)� 

�c�e�c�e� �D�a�t�a� �i�n�p�u�t� �a�n�d� �W�r�a�p� �e�R� �R�O� �R�O�R� �A�A�A� �A�I� �K�I�R�A� �I�K�K� 

�W�R�I�T�E�(�*�,�*�)�° �� �L�o�a�d�i�n�g� �d�a�t�a�  �� 
�D�O� �1�0� �I� �=� �H�A�L�F�N�I�,� �P�T�S�1� 

�R�E�A�D�(�1�,�*�)� �P�O�S�(�I�)�,� �V�O�L�T�(�I�)�,� �P�R�E�S�(�I�)�,� �T�E�M�P�(�1�)� 

�1�0� �C�O�N�T�I�N�U�E� 
�W�R�I�T�E�(�x�,�*�)� 

�D�O� �2�0� �I� �=� �1�,� �H�A�L�F�N� 

�P�O�S�(�I�)� �=� �P�O�S�(�N�+�1�-�I�)� 
�V�O�L�T�(�I�)� �=� �V�O�L�T�(�N�+�1�-�I�)� 
�T�E�M�P�(�I�)� �=� �T�E�M�P�(�N�+�1�-�1�)� 
�P�R�E�S�(�I�)� �=� �P�R�E�S�(�N�+�1�-�1�)� 

�J� �=� �H�A�L�F�N�1� �-� �1� 
�J�l� �=� �P�T�S�1� �+�4�1� 

�P�O�S�(�J�1�)� �=� �P�O�S�(�P�T�S�+�J�)� 
�V�O�L�T�(�J�1�)�=� �V�O�L�T�(�P�T�S�+�J�)� 
�T�E�M�P� �=� �T�E�M�P�(�P�T�S�+�J�)� 
�P�R�E�S�(�J�1�)�=� �P�R�E�S�(�P�T�S�+�J�)� 

�2�0� �C�O�N�T�I�N�U�E� 

�c�x�x�x�x�a�k�x�x�k�k�x�x� �C�a�l�c�u�l�a�t�e� �t�o�t�a�l� �a�m�p�l�i�t�u�d�e� �o�f� �w�i�n�d�o�w� �o�H� �R�R�R� �E�R�I�K�:� 

�D�O� �3�0� �I�=� �1�,�N� 

�I�l� �=� �R�E�A�L�(�I�)� 
�=� �0� �A� �.�0�4� �-� �0�.�4�6�*�C�O�S�(�2�.�*�P�I�*�I�1�/�N�1�)� 

�A�M�P� �=� �A�M�P�+�A� 

�P�r�o�g�r�a�m� �1�:� �D�a�t�a� �S�m�o�o�t�h�i�n�g� �P�r�o�g�r�a�m� 

�A�p�p�e�n�d�i�x� �A�:� �C�o�m�p�u�t�e�r� �P�r�o�g�r�a�m�s� �5�6



�3�0� �C�O�N�T�I�N�U�E� 
�D�O� �4�0�1� �=�1�,�N� 

�I�l� �=� �R�E�A�L�(�I�)� 
�H�A�M�M�I�N�G�(�I�)� �=� �(�0�.�5�4� �-� �0�.�4�6�«�C�O�S�(�2�.�*�P�I�«�I�1�/�N�1�)�)� �/� �A�M�P� 

�4�0� �C�O�N�T�I�N�U�E� 

�C�H�E�E� �L�o�o�p� �t�o� �s�m�o�o�t�h� �d�a�t�a� �2� �R�A�R� �O�R�E�O� �A�A� �R�x� 
�W�R�I�T�E�(�*�,�*�)�  �� �S�m�o�o�t�h�i�n�g� �d�a�t�a�  �� 

�D�O� �6�0� �I� �=� �H�A�L�F�N�1�,� �P�T�S�1� 

�S�U�M�P�O�S� �=� �0�.�0� 
�S�U�M�V�O�L�T� �=� �0�.�0� 
�S�U�M�T�E�M�P� �=� �0�.�0� 
�S�U�M�P�R�E�S� �=� �0�.�0� 

�D�O� �5�0� �J� �=� �1�,�N� 

�P�O�S�1� �=� �P�O�S�(�I�+�J�-�H�A�L�F�N�-�1�)� �«� �H�A�M�M�I�N�G�(�J�)� 
�V�O�L�T�1� �=� �V�O�L�T�(�I�+�J�-�H�A�L�F�N�-�1�)�*� �H�A�M�M�I�N�G�(�J�)� 
�T�E�M�P�1� �=� �T�E�M�P�(�I�+�J�-�H�A�L�F�N�-�1�)�*� �H�A�M�M�I�N�G�(�J�)� 
�P�R�E�S�1� �=� �P�R�E�S�(�I�+�J�-�H�A�L�F�N�-�1�)�*� �H�A�M�M�I�N�G�(�J� 

�S�U�M�P�O�S� �=� �S�U�M�P�O�S� �+� �P�O�S�1� 
�S�U�M�V�O�L�T� �=� �S�U�M�V�O�L�T� �+� �V�O�L�T�1� 
�S�U�M�T�E�M�P� �=� �S�U�M�T�E�M�P� �+� �T�E�M�P�1� 
�S�U�M�P�R�E�S� �=� �S�U�M�P�R�E�S� �+� �P�R�E�S�1� 

�5�0� �C�O�N�T�I�N�U�E� 

�S�U�M�P�O�S�1� �=� �S�U�M�P�O�S� �/� �Y�N�O�N�D�I�M� 
�S�U�M�P�R�E�S�1� �=� �S�U�M�P�R�E�S�/� �P�N�O�N�D�I�M� 

�W�R�I�T�E�(�2�,�7�0�)� �S�U�M�P�O�S�1�,� �S�U�M�V�O�L�T�,� �S�U�M�P�R�E�S�1�,� �S�U�M�T�E�M�P� 

�6�0� �C�O�N�T�I�N�U�E� 

�7�0� �F�O�R�M�A�T� �(�F�1�0�.�3�,�F�1�0�.�4�,�F�1�0�.�3�,�F�1�0�.�2�)� 
�C�L�O�S�E� �(�1� 
�C�L�O�S�E� �(�2� 

�W�R�I�T�E�(�x�,�x� 
�W�R�I�T�E�(�*�,�*�)�  �� �=� �P�r�o�g�r�a�m� �f�i�n�i�s�h�e�d�  �� 
�E�N�D� 

�P�r�o�g�r�a�m� �1�:� �D�a�t�a� �S�m�o�o�t�h�i�n�g� �P�r�o�g�r�a�m� 

�A�p�p�e�n�d�i�x� �A�:� �C�o�m�p�u�t�e�r� �P�r�o�g�r�a�m�s� �5�7



�C�K� �A�K� �3� �2� �A�K� �I� �C�K� �C�E� �G�2� �2� �2� �I�C� �2� �C�2� �C�K� �2� �I�C� �I�C� �2�K� �A�C� �F�C� �2� �K�K� �2� �2� �G�C� �2� �2�K� �I�C� �O�E� �2� �I� �O�C� �I�C� �I�C� �I�C� �I�C� �S�O� �I�C� �I�C� �O�I�C� �I�S� �O�C� �2�g� �2� �I�E� �I�C� �2� �I�K� �2� �2�K� �2� �I�K� �O�K� 

�c� �P�r�o�g�r�a�m�:� �X�R�E�D�U�C�E�2�.�F�O�R� 

�T�h�i�s� �p�r�o�g�r�a�m� �r�e�d�u�c�e�s� �t�h�e� �h�o�t� �f�i�l�m� �v�o�l�t�a�g�e�,� �t�o�t�a�l� 
�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� �i�n�t�o� �h�e�l�i�u�m� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �e�a�c�h� �t�r�a�v�e�r�s�e� �l�o�c�a�t�i�o�n�.� �T�h�i�s� 
�p�r�o�g�r�a�m� �d�i�f�f�e�r�s� �f�r�o�m� �X�R�E�D�U�C�E�I�1�.�F�O�R� �i�n� �t�h�a�t� �i�t� �d�o�e�s� 
�n�o�t� �c�a�l�c�u�l�a�t�e� �t�h�e� �c�a�l�i�b�r�a�t�i�o�n� �v�o�l�t�a�g�e�s� �f�r�o�m� �t�h�e� 
�N�u�s�s�e�l�t� �n�u�m�b�e�r� �c�o�r�r�e�l�a�t�i�o�n� �(�u�s�i�n�g� �c�o�n�s�t�a�n�t�s� �A� �&� �B�)�.� 
�I�n�s�t�e�a�d� �t�h�i�s� �p�r�o�g�r�a�m� �u�s�e�s� �a� �p�r�e�d�e�t�e�r�m�i�n�e�d� �c�u�r�v�e� �f�i�t� 
�f�o�r� �t�h�e� �v�o�l�t�a�g�e� �v�s�.� �p�r�e�s�s�u�r�e� �c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e�s� 
�a�n�d� �u�s�e�s� �t�h�e�s�e� �f�i�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �v�o�l�t�a�g�e� �l�i�m�i�t�s�.� 
�T�h�i�s� �w�a�s� �d�o�n�e� �b�e�c�a�u�s�e� �a�t� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e�s� �t�h�e� �r�o�u�t�i�n�e� 
�u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�s�t�a�n�t�s� �A� �&� �B� �i�s� �n�o�t� �a�c�c�u�r�a�t�e�.� 
�B�e�c�a�u�s�e� �o�f� �t�h�e� �m�e�t�h�o�d� �o�f� �t�h�i�s� �r�o�u�t�i�n�e�,� �t�e�m�p�e�r�a�t�u�r�e� 
�v�a�r�i�a�t�i�o�n�s� �a�r�e� �n�o�t� �a�c�c�o�u�n�t�e�d� �f�o�r�.� �O
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�c� �F�o�r� �n�e�w� �T�S�I� �s�e�n�s�o�r�-�2�0� 

�c� �I�n�p�u�t� �f�i�l�e� �=� �x�r�u�n�.�r�u�n�#� �w�h�i�c�h� �i�s� �o�f� �t�h�e� �f�o�r�m�:� 

�c� �y�l�v�d�t� �-� �S�e�n�s�o�r� �v�o�l�t�a�g�e� �-� �s�e�n�s�o�r� �P� �(�p�s�i�a�)� �-� �s�e�n�s�o�r� �T� �(�K�)� 

�c� �O�u�t�p�u�t� �f�i�l�e� �=� �x�r�u�n�o�u�t�.�r�u�n�#� �w�h�i�c�h� �i�s� �o�f� �t�h�e� �f�o�r�m�:� 

�c� �X�h�e� �(�m�o�l�e� �f�r�a�c�a�t�i�o�n� �H�e�)� �-� �y�l�v�d�t� 

�b�y�:� �J�o�e�l� �C�.� �R�o�s�s�o�n� �b�e�g�u�n� �2�/�1�9�/�8�5� 
�F�e�i� �T�.� �K�w�o�k� �m�o�d�i�f�i�e�d� �1�0�/�2�0�/�8�8� 
�E�r�i�c� �J�.� �F�u�l�l�e�r� �M�o�d�i�f�i�e�d� �1�/�1�9�/�9�0� 
�E�r�i�c� �J�.� �F�u�l�l�e�r� �M�o�d�i�f�i�e�d� �5�/�1�0�/�9�0� 
�J�o�h�n� �R�.� �M�i�l�l�s� �M�o�d�i�f�i�e�d� �8�/�0�5�/�9�1� �A
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�C�K� �2� �A�E� �O�K� �I�E� �E�K� �2�K� �K�C� �K�C� �I�C� �k�K� �2� �C�E� �I�K� �K�C� �C�K� �O�K� �I�E� �I�I� �I� �I�C� �I�I�I� �I� �I� �I� �I�I�E� �I�K� �2� �i�C� �K�C� �k�c� �k�g� �2�k� �A�C� �O�K� �2�K� 

�c� �F�i�l�e� �o�p�e�n� �a�n�d� �d�a�t�a� �i�n�p�u�t� �s�e�c�t�i�o�n� 
�C�K� �O�K� �O�K� �2�K� �2� �2� �G�K� �2�c� �2�k� �2� �E�k�e� �C�f� �2�k� �o�k� �g�C� �2�S� �o�C� �2� �I�E� �a�C� �2� �2�c� �2�c� �o�f�c� �2�k� �6� �2� �2�c� �2�k� �2� �2� �E�E� �2� �I�c� �2�G� �2�c� �2�S� �a�C� �o�C� �i�c� �k�g� �o�k� �2�k� �o�k� �o�f�c� �o�f�c� �2� �2�s� �2�k� �2�c� �f�c� �2�c� �2�k� �a�i� �f�c� �k�k� �2�c� �2�g� �2�K� �2� �2�c� �a�k�c� �o�i� �a�f� �2�c� 

�c�h�a�r�a�c�t�e�r�+�3� �r�u�n� 
�C�h�a�r�a�c�t�e�r�*�1�5� �c�a�l�f�i�l�e�,�f�i�l�e�i�n� �f�i�l�e�o�u�t� �,�l�i�m�i�t�o�u�t� 

�D�I�M�E�N�S�I�O�N� �T�T�(�2�0�0�0�)�,�P�T�(�2�0�0�0�)�,�A�P�1�(�2�0�0�0�)�,�X�H�E�(�2�0�0�0�)�,�Y�L�V�D�T�(�2�0�0�0�)� 
�D�I�M�E�N�S�I�O�N� �A�(�1�0�,�1�0�)� 
�I�N�T�E�G�E�R� �O�R�D�E�R�,� �J�R�U�N�,� �L�,� �I�,� �I�L�I�M�S�,� �J�,� �N�U�M� 

�c� �S�e�t� �C�a�l�i�b�r�a�t�i�o�n� �f�i�l�e� �n�a�m�e�,� �i�n�p�u�t� �f�i�l�e� �n�a�m�e� �a�n�d� �o�u�t�p�u�t� �f�i�l�e� �n�a�m�e� 

�P�r�o�g�r�a�m� �2�:� �D�a�t�a� �R�e�d�u�c�t�i�o�n� �P�r�o�g�r�a�m� 

�A�p�p�e�n�d�i�x� �A�:� �C�o�m�p�u�t�e�r� �P�r�o�g�r�a�m�s� �5�8
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�W�R�I�T�E�(�*�,�*� 
�W�H�I�T�E�.�)�  �� �C�a�l�i�b�r�a�t�i�o�n� �f�i�l�e� �n�a�m�e� �=�  �� 
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�S�c�h�e�t�z�,� �J�.�A�.� �a�n�d� �B�i�l�l�i�g�,� �F�.�S�.�,�  ��P�e�n�e�t�r�a�t�i�o�n� �o�f� �G�a�s�e�o�u�s� �J�e�t�s� �I�n�j�e�c�t�e�d� �i�n�t�o� �a� 
�S�u�p�e�r�s�o�n�i�c� �S�t�r�e�a�m�, �� �J�o�u�r�n�a�l� �o�f� �S�p�a�c�e�c�r�a�f�t� �a�n�d� �R�o�c�k�e�t�s�,� �V�o�l�.� �3�,� �N�o�.� �1�1�,� 
�N�o�v�e�m�b�e�r� �1�9�6�6�,� �p�p�.� �1�6�5�8�-�1�6�6�4�.� 

�~� �S�c�h�e�t�z�,� �J�.�A�.�,� �H�a�w�k�i�n�s�,� �P�.�F�.� �a�n�d� �L�e�h�m�a�n�,� �H�.�,�  ��S�t�r�u�c�t�u�r�e� �o�f� �H�i�g�h�l�y� 
�U�n�d�e�r�e�x�p�a�n�d�e�d� �T�r�a�n�s�v�e�r�s�e� �J�e�t�s� �i�n� �a� �S�u�p�e�r�s�o�n�i�c� �C�r�o�s�s�f�l�o�w�, �� �A�I�A�A� �J�o�u�r�n�a�l�,� 
�V�o�l�.� �5�,� �N�o�.� �5�,� �M�a�y� �1�9�6�7�,� �p�p�.� �8�8�2�-�8�8�4�.� 

�W�e�i�d�n�e�r�,� �E�.�H�.� �a�n�d� �D�r�u�m�m�o�n�d�,� �J�.�P�.�,�  ��N�u�m�e�r�i�c�a�l� �S�t�u�d�y� �o�f� �S�t�a�g�e�d� �F�u�e�l� 
�I�n�j�e�c�t�i�o�n� �f�o�r� �S�u�p�e�r�s�o�n�i�c� �C�o�m�b�u�s�t�i�o�n�, �� �A�I�A�A� �P�a�p�e�r� �8�1�-�1�4�6�8�,� �J�u�l�y� �1�9�8�1�.� 

�S�h�u�e�n�,� �J�.�S�.� �a�n�d� �Y�o�o�n�,� �S�.�,�  ��N�u�m�e�r�i�c�a�l� �S�t�u�d�y� �o�f� �C�h�e�m�i�c�a�l�l�y� �R�e�a�c�t�i�n�g� �F�l�o�w�s� 
�U�s�i�n�g� �a�n� �L�U� �S�c�h�e�m�e�, �� �N�A�S�A� �C�R�-�1�8�0�8�8�2�,� �L�e�w�i�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�,� �1�9�8�8�.� 

�H�a�r�l�o�f�f�,� �G�.�J�.� �a�n�d� �L�y�t�l�e�,� �J�.�K�.�,�  ��T�h�r�e�e�-�D�i�m�e�n�s�i�o�n�a�l� �V�i�s�c�o�u�s� �F�l�o�w� 
�C�o�m�p�u�t�a�t�i�o�n�s� �o�f� �a� �C�i�r�c�u�l�a�r� �J�e�t� �i�n� �S�u�b�s�o�n�i�c� �a�n�d� �S�u�p�e�r�s�o�n�i�c� �C�r�o�s�s�f�l�o�w�s�, �� 
�N�A�S�A� �C�R�-�1�8�2�1�5�3�,� �L�e�w�i�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�,� �J�u�l�y� �1�9�8�8�.� 

�M�c�D�o�n�o�u�g�h�,� �J�.� �a�n�d� �C�a�t�t�o�n�,� �J�.�,�  ��C�a�l�c�u�l�a�t�i�o�n� �o�f� �a� �L�a�t�e�r�a�l� �J�e�t� �i�n� �a� 
�H�y�p�e�r�s�o�n�i�c� �C�r�o�s�s�-�F�l�o�w�, �� �A�I�A�A� �P�a�p�e�r� �8�9�-�2�4�5�9�,� �J�u�l�y� �1�9�8�9�.� 

�U�e�n�i�s�h�i�,� �K�.� �a�n�d� �R�o�g�e�r�s�,� �R�.�C�.�,�  ��T�h�r�e�e�-�D�i�m�e�n�s�i�o�n�a�l� �C�o�m�p�u�t�a�t�i�o�n� �o�f� �M�i�x�i�n�g� 
�o�f� �T�r�a�v�e�r�s�e� �I�n�j�e�c�t�o�r� �i�n� �a� �D�u�c�t�e�d� �S�u�p�e�r�s�o�n�i�c� �A�i�r�s�t�r�e�a�m�, �� �A�I�A�A� �P�a�p�e�r� 
�8�6�-�1�4�2�3�,� �J�u�n�e� �1�9�8�6�.� 

�U�e�n�i�s�h�i�,� �K�.�,� �R�o�g�e�r�s�,� �R�.�C�.� �a�n�d� �N�o�r�t�h�a�m�,� �G�.�B�.�,�  ��T�h�r�e�e�-�D�i�m�e�n�s�i�o�n�a�l� 
�C�o�m�p�u�t�a�t�i�o�n�s� �o�f� �T�r�a�n�s�v�e�r�s�e� �H�y�d�r�o�g�e�n� �J�e�t� �C�o�m�b�u�s�t�i�o�n� �i�n� �a� �S�u�p�e�r�s�o�n�i�c� 
�A�i�r�s�t�r�e�a�m�, �� �A�I�A�A� �P�a�p�e�r� �8�7�-�0�0�8�9�,� �J�a�n�u�a�r�y� �1�9�8�7�.� 

�M�a�o�,� �M�.�,� �R�i�g�g�i�n�s�,� �D�.�W�.�,� �a�n�d� �M�c�C�l�i�n�t�o�n�,� �C�.�R�.�,�  ��N�u�m�e�r�i�c�a�l� �S�i�m�u�l�a�t�i�o�n� �o�f� 
�T�r�a�n�s�v�e�r�s�e� �F�u�e�l� �I�n�j�e�c�t�i�o�n�, �� �P�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �C�F�D� �S�y�m�p�o�s�i�u�m� �o�n� 
�A�e�r�o�p�r�o�p�u�l�s�i�o�n�,� �L�e�w�i�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�,� �A�p�r�i�l� �1�9�9�0�.� 

�C�a�r�p�e�n�t�e�r�,� �M�.�H�.�,�  ��T�h�r�e�e�-�D�i�m�e�n�s�i�o�n�a�l� �C�o�m�p�u�t�a�t�i�o�n�s� �o�f� �C�r�o�s�s�-�F�l�o�w� 
�I�n�j�e�c�t�i�o�n� �a�n�d� �C�o�m�b�u�s�t�i�o�n� �i�n� �a� �S�u�p�e�r�s�o�n�i�c� �F�l�o�w�, �� �A�I�A�A� �P�a�p�e�r� �8�4�-�0�0�4�1�,� 
�J�a�n�u�a�r�y� �1�9�8�4�.� 
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�[�3�1�]� 

�T�h�o�m�a�s�,� �R�.�H�.� �a�n�d� �S�c�h�e�t�z�,� �J�.�A�.�,�  ��D�i�s�t�r�i�b�u�t�i�o�n�s� �A�c�r�o�s�s� �t�h�e� �P�l�u�m�e� �o�f� 
�T�r�a�n�s�v�e�r�s�e� �L�i�q�u�i�d� �a�n�d� �S�l�u�r�r�y� �J�e�t�s� �i�n� �S�u�p�e�r�s�o�n�i�c� �A�i�r�f�l�o�w�, �� �A�I�A�A� �P�a�p�e�r� 
�8�4�-�0�0�4�1�,� �J�a�n�u�a�r�y� �1�9�8�4�.� 

�H�o�l�l�o�,� �$�.�D�.�,� �H�a�r�t�f�i�e�l�d�,� �R�.�J�.� �a�n�d� �M�c�D�a�n�i�e�l�,� �J�.�C�.�,�  ��I�n�j�e�c�t�a�n�t� �M�o�l�e� �F�r�a�c�t�i�o�n� 
�M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �T�r�a�n�s�v�e�r�s�e� �I�n�j�e�c�t�i�o�n� �i�n� �C�o�n�s�t�a�n�t� �A�r�e�a� �S�u�p�e�r�s�o�n�i�c� �D�u�c�t�s�, �� 
�A�I�A�A� �P�a�p�e�r� �9�0�-�1�6�3�2�,� �J�u�n�e� �1�9�9�0�.� 

�A�b�b�i�t�t�,� �J�.�D�.�,�I�I�I�,� �H�a�r�t�f�i�e�l�d�,� �R�.�J�.� �a�n�d� �M�c�D�a�n�i�e�l�,� �J�.�C�.�,�  ��M�o�l�e� �F�r�a�c�t�i�o�n� 
�I�m�a�g�i�n�g� �o�f� �T�r�a�n�s�v�e�r�s�e� �I�n�j�e�c�t�i�o�n� �i�n� �a� �D�u�c�t�e�d� �S�u�p�e�r�s�o�n�i�c� �F�l�o�w�, �� �A�I�A�A� 
�P�a�p�e�r� �8�9�-�2�5�5�0�,� �J�u�l�y� �1�9�8�9�.� 

�M�a�r�v�i�n�,� �J�.�G�.�,�  ��F�u�t�u�r�e� �R�e�q�u�i�r�e�m�e�n�t�s� �o�f� �W�i�n�d� �T�u�n�n�e�l�s� �f�o�r� �C�o�m�p�u�t�a�t�i�o�n� 
�F�l�u�i�d� �D�y�n�a�m�i�c�s� �C�o�d�e� �V�e�r�i�f�i�c�a�t�i�o�n�, �� �P�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �A�I�A�A� �1�4� 
�A�e�r�o�d�y�n�a�m�i�c� �T�e�s�t�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �W�.� �P�a�l�m� �B�e�a�c�h�,� �F�L�,� �M�a�r�c�h� �1�9�8�6�.� 

�G�a�r�t�e�n�b�e�r�g�,� �E�.�,� �R�o�b�e�r�t�s�,� �A�.�S�.�,� �J�r�.� �a�n�d� �S�e�l�b�y�,� �G�.�V�.�,�  ��I�n�f�r�a�r�e�d� �S�u�r�f�a�c�e� 
�I�m�a�g�i�n�g� �a�s� �a� �F�l�o�w�f�i�e�l�d� �D�i�a�g�n�o�s�t�i�c� �T�o�o�l�, �� �P�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �I�n�t�e�r�n�a�t�i�o�n�a�l� 
�C�o�n�g�r�e�s�s� �o�n� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �i�n� �A�e�r�o�s�p�a�c�e� �S�i�m�u�l�a�t�i�o�n� �F�a�c�i�l�i�t�i�e�s�,� �1�9�8�7�.� 

�B�r�a�n�d�o�n�,� �J�.�M�.�,� �M�a�n�u�e�l�,� �G�.�S�.�,� �W�r�i�g�h�t�,� �R�.�E�.�,� �J�r�.� �a�n�d� �H�o�l�m�e�s�,� �B�.�J�.�,�  ��I�n�-� 
�F�l�i�g�h�t� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �U�s�i�n�g� �I�n�f�r�a�r�e�d� �I�m�a�g�i�n�g�, �� �A�I�A�A� �P�a�p�e�r� �8�8�-�2�1�1�1�,� 
�M�a�y� �1�9�8�8�.� 

�C�r�o�w�d�e�r�,� �J�.�P�.�,�  ��I�n�f�r�a�r�e�d� �C�a�m�e�r�a�s� �f�o�r� �D�e�t�e�c�t�i�o�n� �o�f� �B�o�u�n�d�a�r�y� �L�a�y�e�r� 
�T�r�a�n�s�i�t�i�o�n� �i�n� �T�r�a�n�s�o�n�i�c� �a�n�d� �S�u�b�s�o�n�i�c� �W�i�n�d� �T�u�n�n�e�l�s�, �� �A�I�A�A� �P�a�p�e�r� 
�9�0�-�1�4�5�0�,� �J�u�n�e� �1�9�9�0�.� 

�S�c�h�e�t�z�,� �J�.�A�.�,� �C�a�n�n�o�n�,� �S�.�C�.� �a�n�d� �B�a�r�a�n�o�v�s�k�y�,� �S�.�,�  ��I�g�n�i�t�i�o�n� �o�f� �L�i�q�u�i�d� �F�u�e�l� 
�J�e�t�s� �i�n� �S�u�p�e�r�s�o�n�i�c� �A�i�r�s�t�r�e�a�m�, �� �A�J�A�A� �J�o�u�r�n�a�l�,� �V�o�l�.� �1�8�,� �N�o�.� �9�,� �S�e�p�t�e�m�b�e�r� 
�1�9�8�0�,� �p�p�.� �1�1�0�1�-�1�1�0�2�.� 

�C�o�l�l�i�e�r�,� �A�.�S�.�,� �L�a�f�f�e�r�t�y�,� �J�.�F�.�,� �S�w�i�n�f�o�r�d�,� �S�.�S�.� �a�n�d� �W�i�t�t�e�,� �D�.�W�.�,� 
 ��A�e�r�o�d�y�n�a�m�i�c� �H�e�a�t� �T�r�a�n�s�f�e�r� �T�e�s�t�i�n�g� �i�n� �H�y�p�e�r�s�o�n�i�c� �W�i�n�d� �T�u�n�n�e�l�s� �U�s�i�n�g� 
�a�n� �I�n�f�r�a�r�e�d� �I�m�a�g�i�n�g� �S�y�s�t�e�m�, �� �A�I�A�A� �P�a�p�e�r� �9�0�-�0�1�8�9�,� �J�a�n�u�a�r�y� �1�9�9�0�.� 

�N�e�l�s�o�n�,� �D�.�J�.�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �J�u�n�e� �1�9�9�0�.� 

�B�a�r�b�e�r�,� �M�.�J�.�,�  ��E�x�p�e�r�i�m�e�n�t�a�l� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �N�o�r�m�a�l�,� �S�o�n�i�c� �I�n�j�e�c�t�i�o�n� 
�T�h�r�o�u�g�h� �a� �W�e�d�g�e�-�S�h�a�p�e�d� �N�o�z�z�l�e� �i�n�t�o� �S�u�p�e�r�s�o�n�i�c� �F�l�o�w�, �� �M�.�S�.� �T�h�e�s�i�s�,� 
�V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� �J�a�n�u�a�r�y� �1�9�9�1�.� 
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�S�c�h�e�t�z�,� �J�.�A�.�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �J�u�l�y� �1�9�9�0�.� 

�G�r�o�v�e� �V�a�l�v�e� �a�n�d� �R�e�g�u�l�a�t�o�r� �C�o�.�,� �P�r�o�d�u�c�t� �C�a�t�a�l�o�g�,� �B�u�l�l�e�t�i�n� �#�1�2�/�8�8�-�P�-�9�.� 

�B�e�r�a�n�e�k�,� �L�.�,� �N�o�i�s�e� �a�n�d� �V�i�b�r�a�t�i�o�n� �C�o�n�t�r�o�l�,� �M�c�G�r�a�w�-�H�i�l�l�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� 
�_� �N�Y�,� �1�9�7�1�.� 

�N�i�n�n�e�m�a�n�n�,� �T�.�A�.�,�  ��A�s�p�i�r�a�t�i�n�g� �P�r�o�b�e�s� �f�o�r� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �M�e�a�n� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �F�l�u�c�t�u�a�t�i�n�g� �Q�u�a�n�t�i�t�i�e�s� �i�n� �S�u�p�e�r�s�o�n�i�c� �A�i�r�/�H�e�l�i�u�m� �S�h�e�a�r� 
�L�a�y�e�r�s�, �� �M�.�S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� 
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