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(ABSTRACT) 

This thesis presents the results from measurements taken during the transient 

unstable operation of an axial-flow transonic core-compressor rotor. The measurements 

were taken to better understand the unstable flow physics of transonic rotors. The rotor, 

commonly referred to as Rotor 37, was designed by NASA Lewis to be the first stage of 

an advanced, eight-stage, core-compressor having a high pressure ratio (about 20:1), good 

efficiency and sufficient stall margin. The rotor was tested without the presence of a 

stator (or any of the following seven stages) at the NASA Lewis single-stage, high-speed, 

core-compressor test-rig. The measurements were obtained with a single circumferential, 

high-response, total pressure and total temperature probe. The measurements were taken 

immediately after the machine was ’tripped’ into unstable operation by slowly closing the 

downstream throttle valve. Measurements were obtained at several different spanwise 

locations and at two different operating speeds. The rotor was shown to exhibit many of 

the same characteristics typical of low-speed axial-flow machines. Both rotating stall 

cells and surge cycles were present during unstable operation. The surge cycles present 

immediately after the inception of unstable operation involved a large-extent single-cell 
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type rotating stall that was present only during the first half of the surge cycles (the 

second half of these surge cycles involved operation in the stable operating region). 

However, as the unstable operation progressed (approximately three to five surge cycles 

later), surge cycles were present that contained a multiple-cell smaller-extent type rotating 

stall that existed throughout the entire surge cycle with no partial operation in the stable 

operating region. Thus, compressor system recovery from single-cell large-extent rotating 

stall (partial operation in stable operating range during the surge cycle) is more probable 

than recovery from multiple-cell small-extent rotating stall (no operation in stable 

operating range during the surge cycle). Rotor wheel speed was shown to be an 

important variable in influencing the form of unstable operation. Surge and rotating stall 

were shown to be coupled during the unstable operation. Furthermore, the surge/stall 

coupling was shown to be related more by pressure interactions than by temperature or 

efficiency interactions. Also, this high hub-tip ratio transonic rotor was shown to exhibit 

instantaneous Stalling across the entire blade span (typical of low-speed, high hub-tip ratio 

machines). Attempts to fit the data to Greitzer’s one-dimensional lumped-parameter 

model are presented and the reasons for poor agreement are discussed. 
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1.0 Introduction 

Since the birth of turbomachinery propulsion, one of the principal efforts of 

researchers has been to better understand the unstable operating range of axial-flow 

compressor systems. A better understanding of the unstable operating range provides 

information necessary for recovery, as well as information needed to extend the stable 

operating range. The study of compressor instability involves the integration of 

mathematical and analytical models with experimental techniques and measurements. The 

development of these models and experimental techniques is an iterative and continually 

evolving process. 

This thesis presents the results of some exploratory type measurements taken 

during the transient unstable operation of a transonic core-compressor rotor. The word 

transient is used because the measurements were taken immediately after the rotor was 

’tripped’ into unstable operation by slowly closing the downstream throttle valve. The 

measurements were made with a single circumferential, high response, dual hot-wire 

aspirating probe, mounted ’piggyback’ with a Kulite pressure transducer [1]. The rotor 

tested, commonly referred to as Rotor 37, was the first stage of a NASA Lewis, low 
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aspect-ratio, transonic, eight-stage, core-compressor design [2]. The rotor-only 

configuration was tested without the presence of the downstream stator. The experiment 

was conducted at the NASA Lewis Research Center’s high-speed, single-stage, core- 

compressor research rig [3]. The data presented is quite unique in that this was the first 

time high response measurements of stagnation pressure, stagnation temperature, and 

hence efficiency have been taken in a harsh transonic environment during unstable 

operation. The probe was used to obtain data at different spanwise locations at the rotor 

exit and at two different operating speeds (100% and 90% design speed). This thesis 

presents and discusses the results obtained from the observations made from these 

measurements. 

The unclassified literature contains very few measurements and very little 

information about transonic compressor rotors operating in the unstable range. Almost 

all measurements published are taken from low-speed machines; however, Garnier et al. 

[4] do present some high-speed machine data taken with high response pressure 

transducers. Thus, one of the goals of this research was to obtain some rather rare in-stall 

measurements of a transonic core-compressor rotor. 

A few words are in order concerning the areas of application of the experimental 

measurements and observations presented in this thesis. The study of the behavior and 

general flow properties of the non-axisymmetric flow field present during unstable 

compressor system operation, has been of increasing importance and concern in recent 

years [5]. The motivation for this increased interest in post-stall compressor system 

behavior lies in the applications of stall recovery and stable operating range extension 
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(stall inception). 

The observations presented in this thesis do not focus on the inception of stall, but 

instead concentrate on the post-stall behavior of the compressor. It is hoped that the 

information presented here can improve our understanding of the study of post-stall 

operation and recovery for a transonic rotor. If the engine enters a ’stagnation’ stall 

condition, the only possible form of recovery may be to shut the engine down and restart. 

Therefore, it is clearly important to gain the ability to predict post-stall compression 

system behavior, as a basis for rational design of stagnation-resistant compressor systems 

[5]. Thus, as more is learned about the properties of post-stall compressor system 

operation, the more these variables can be incorporated into the process of designing 

compression systems that resist the danger of falling into non-recoverable stall. 

Post-stall compression system operation is predicted by application and continued 

development of analytical mathematical models that simulate the fundamental physics of 

the system and its response. Moore [5,6] and Greitzer [5] have developed a model that 

predicts general post-stall transient behavior in axial compressor systems. Through the 

use of this model, much can be learned about the nature and governing behavior of the 

compression system after the onset of stall. This information can then be incorporated 

back into the engine design process to help design engines that resist ’stagnation’ stall. 

However, before any modeling efforts are considered successful, they must first 

be proven valid by comparison with experimental results. Thus, it is also of interest to 

research experimental and instrumentation techniques that can be used to measure the 

instantaneous post-stall transients present during the unstable operation of a compressor. 
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These experimental results can then be used for model modification and validation. No 

attempts have been made to use the present data to validate some of the existing models 

in the literature. This is reserved for future efforts. However, for completeness, a brief 

description of the efforts made to use the data to match Greitzer’s one-dimensional, 

lumped-parameter model [7] is included. 

The objective of this research work was to experimentally measure and 

subsequently document the flow physics of post-stall, transonic core-compressor 

operation. General observations and discussions concerning the unstable operation of the 

stage mentioned will be presented. Observations from the measurements revealed that the 

surge and rotating stall were coupled more by total pressure interactions than by 

temperature or efficiency interactions. The surge/stall cycle variations that occurred as 

the instability progressed are presented and discussed. The spanwise data showed 

basically the same phenomena occurring at all spans surveyed, the significance of this is 

discussed. Comparisons are made between the data taken at different operating speeds, 

this revealed the importance of wheel speed on the form of the unstable flow that was 

present. These and other observations presented in this thesis will provide general flow 

physics observations for future model development and alteration. 

The following chapter outlines a brief literature review of the study of rotating 

stall and surge. The differences between the mechanism for rotating stall in a low-speed 

machine and a high-speed machine are discussed. Also presented is a summary of the 

instrumentation techniques that have been used to measure post-stall compressor 

operation. Chapter 3 discusses in detail the experiment, including: the rotor and test 
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facility, the probe and instrumentation set up, the data acquisition procedure, and a 

summary of the data presented. Chapter 4 presents data reduction and presentation 

concerns along with a full discussion of the observations taken from the measurements. 

Chapter 4 also presents the attempt made to fit the data to Greitzer’s one-dimensional, 

lumped-parameter model [7]. Finally, chapter 5 summarizes the conclusions and 

discusses potential areas of future research. Appendix A presents traces of the raw data 

for total pressure ratio. Appendix B presents some unique contour plots of the spanwise 

transient stall behavior of the rotor. 
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2.0 Literature Review 

This chapter gives a brief summary of some relevant background information 

pertaining to the study of compressor instability research. Two types of compressor 

instability flow phenomena (surge and rotating stall) are reviewed, and their relevance to 

engine operation discussed. The mechanism for rotating stall in a low-speed machine is 

reviewed, as well as the limitations of this theory when extended to high-speed 

machinery. Thus, a hypothetical mechanism for rotating stall propagation in a transonic 

machine is also discussed. Also presented is a brief summary of some of the past 

research efforts to measure transient unstable compressor operation with the use of high 

response instrumentation. Both sections are included for the facilitation of comparison 

with the results and observations presented in this thesis. 

2.1 Types of Compressor Instability Flow Phenomena 

As the mass flow rate through an axial compressor system is reduced from the 
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design value, the steady, attached, axisymmetric flow pattern that exists becomes unstable 

[7]. The basic flow patterns that could possibly result from this instability can be 

described as two separate flow phenomena. These are known as blade rotating stall (stall) 

and transient system mass flow surging (surge) [7]. They are two very different, but by 

no means unrelated phenomena. This is one of the main results discovered from the 

measurements presented in this thesis. The following presents a discussion of the 

phenomena of rotating stall and surge. Note that the discussion of the mechanism for 

rotating stall initially given here is limited to low-speed machinery. A hypothetical 

mechanism for rotating stall in a high-speed machine will be given subsequently. 

The phenomena of rotating stall was first discovered by the group developing the 

centrifugal air compressors for the Whittle turbojet engine in 1938 [8]. Rotating stall 

involves a continuous stalling and un-stalling pattern of the compressor blades so that the 

stall ’cells’ or ’zones’ rotate around the circumference of the rotor. Emmons, et al. [9] 

was the first to give a qualitative explanation for the physical mechanisms that cause 

rotating stall cell propagation. Emmons’ theory of rotating stall in an incompressible 

(low-speed) turbomachine environment is summarized by Greitzer [10] as follows. 

Figure la shows a row of low-speed axial compressor blades operating at a high 

angle of attack. Suppose that there is some local inlet flow non-uniformity such that a 

high enough angle of attack is produced on blade B which causes separation. This 

separates the flow from the suction side of the blade and causes a region of flow blockage 

between blades B and C. This blockage causes the incoming flow to divert away from 

blade B and towards blades C and A, as the streamlines indicate. This results in an 
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Figure 1. Types of Compressor Instability Phenomena - Low Speed Machines (after Greitzer [7]). 
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increased angle of attack on blade C and a reduced angle of attack on blade A. 

Therefore, blade C is on the verge of separation while the flow across blade A is likely 

reattach. The stall will then propagate along the blade row in the direction shown, and 

under sufficient conditions may grow to occupy as much as half the compressor 

circumference [10]. Note that the large swing in the inlet flow angle of attack (see figure 

la) is made possible because of the ability of incompressible flow environments to 

propagate information upstream of a disturbance. This is a crucial requirement for 

Emmons’ low-speed rotating stall propagation theory. 

The following summarizes some general findings about rotating stall. One to 

several stall cells may simultaneously exist on a rotor [11], and they typically rotate at 

a constant speed (once fully developed) of approximately twenty to seventy percent of the 

wheel speed (in the absolute reference frame) [10]. The circumferential extent of a fully 

developed stall cell may vary from only a few blades to a substantial portion of the 

compressor annulus [8]. The stall cells may also appear only at the tip, or the hub of the 

blading, or may extend across the entire blade span [10]. Fully spanwise rotating stall 

is typical for high hub-tip ratio (low-speed) machines. These rotating stall cells consist 

of regions of highly reduced net through flow that contain local reverse flow and 

recirculation zones. However, the annulus averaged mass flow is relatively constant once 

the rotating stall becomes fully developed [10]. 

Emmons’ theory for the mechanism of rotating stall propagation is based on the 

flow field properties of low-speed turbomachinery. The incompressible environment 

present in low-speed machines allows a relatively large swing in the inlet flow angle of 
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attack because of the ability of the flow to propagate disturbance information upstream. 

A relatively incompressible turbomachine environment alerts the oncoming flow (before 

the blades) of the downstream blockage, separation, and diversions that are present (at the 

blades) during rotating stall. It is critical to Emmons’ low-speed rotating stall model for 

this information to be conveyed upstream to divert the oncoming streamlines and thus 

enable the stall to propagate. 

The rotor investigated in this thesis has an inlet relative mach number of 1.2 at 

the blade hub (at 100% speed). The rotor contains a shock that stretches across the entire 

blade span. Thus, no information downstream of the shock wave can be propagated 

upstream of the rotor (except through the casing and hub boundary layers). Thus, in a 

fully spanwise transonic rotor, the oncoming flow does not see any possible disturbances 

in the rotor passages (even though the absolute inlet mach number is subsonic) [12]. 

Thus, the variation in the inlet angle of attack for transonic rotors is typically only about 

+2° [12]. Without the ability of downstream information to be conveyed upstream, 

Emmons theory of rotating stall propagation does not hold in high-speed environments 

[12]. Furthermore, the open literature contains no theories for the mechanism of rotating 

stall propagation in a transonic rotor [12, 13]. 

The following presents a hypothetical mechanism for rotating stall propagation in 

a transonic rotor. The additional complexity believed to be fundamental in transonic rotor 

rotating stall is the shock wave structure. It is the shock wave that ultimately leads to the 

breakdown of Emmons’ low-speed rotating stall theory. It is also the shock wave that is 

believed to provide the mechanism for (separation) rotating stall in transonic rotors. 

Figure 2 shows a schematic of the normal (stable) operation shock structure and the shock 
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Figure 2. Hypothetical Mechanism for Rotating Stall in a Transonic Rotor (after Béles [12]). 
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structure present during rotating stall [12]. Normal operation shows an attached and 

relatively steady shock wave with the oncoming streamlines varying by approximately 

+2°. However, during rotating stall the shock waves detach from the blades and fluctuate 

significantly, causing separation of the suction surface boundary layer and thus creating 

the separation necessary for the existence of rotating stall cells. It is worth noting that 

the oncoming streamlines still only fluctuate by +2° during rotating stall because no 

information is propagated upstream of the rotor. The exact nature of the fluctuating shock 

structure could be caused by a surge cycle, a rotating ’pre-stall’ wave, or a ’starting’ and 

*unstarting’ type behavior in the intra-blade passages. The exact mechanism driving the 

shock structure is unknown at this time. However the importance remains that there is 

a more complex, shock structure/boundary layer type interaction that is the controlling 

mechanism for rotating stall cells in transonic rotors. 

Prolonged engine operation in pure rotating stall is intolerable for several reasons. 

The extremely low efficiencies that occur during rotating stall can result in excessive 

temperatures that can effect both compressor, turbine and combustor life span [10]. 

Rotating stall also subjects the blades to rather large unsteady oscillating loads that tend 

to cause blade metal fatigue or even catastrophic failure [10]. Also, it may be impossible 

to return to an unstalled operating condition simply by opening the throttle because of 

system hysteresis effects. In this case, the only way to recover is by reducing the 

rotational speed of the compressor and subsequently cause a large decrease in pressure 

ratio [10]. Clearly, rotating stall is a condition that cannot be tolerated during normal 

engine operation. 
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Axial-flow compressor surge is a fundamentally different kind of flow phenomena 

than rotating stall. Surge is basically the same phenomena for both low-speed and high- 

speed machines because surge involves the entire compressor system and not the localized 

flow around the blades (as with rotating stall). As illustrated in figure 1b, surge is a 

varying amplitude oscillation of the total annulus averaged flow and pressure through the 

entire compressor and its system [10]. Surge has also been described as a Helmholtz, , 

organ-pipe resonance of the mass flow and pressure rise throughout the compressor 

pumping system [9]. This simple theory has laid the foundation for many of the surge 

models that have been developed. Huppert and Benser [14] describe surge as a limit 

cycle type of oscillation on the compressor operating map, which is also illustrated in 

figure 1b. As can be seen from the figure, the compressor operates on the stable steady- 

state operating conditions for half of the surge cycle, and on the unstable operating 

conditions for the other half of the cycle [14]. Thus, the conditions are better for 

returning to steady operating conditions during surge than during pure rotating stall, 

because surge operates on the stable part of the operating curve during part of its cycle. 

The frequency of these mass flow oscillations depends upon the geometry and 

characteristics of the inlet ducting, the compressor, the plenum being pressurized, the exit 

ducting, and the throttle settings [5,7]. This frequency is typically an order of magnitude 

smaller than the frequency associated with rotating stall (for a given low-speed machine) 

[10]. 

There are two possible types of surge that are basically different extremes of the 

same phenomena. Deep surge is used to describe mass flow oscillations of large enough 
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magnitude to cause actual reverse flow throughout the compressor system. Classic surge 

is used to describe the normal mass flow oscillations present without the criteria of 

reverse flow. The exact type of surge that a system will experience is still being 

researched; however, the variables of plenum volume, blade speed, compressor duct area 

and length have been shown by Greitzer [10] to influence the surge mode. Again, both 

deep and classical surge can occur for both low-speed and high-speed machinery because 

surge involves the entire compressor pumping system. 

A surge cycle can be described by the following process. Consider a compressor 

delivering a very high plenum pressure with a relatively low mass flow rate. If the mass 

flow rate (i.e. impedance to plenum reverse flow) is continually decreased then eventually 

the highly pressurized plenum will relieve itself by draining its potential energy upstream. 

When sufficient potential energy is drained from the plenum, it no longer needs to relieve 

itself. At this point, the surge cycle is half completed. The second half of the surge 

cycle is basically normal operation involving plenum re-pressurization. When this 

pressure again becomes too large, the entire cycle will repeat. 

Surge can cause large inlet over-pressures that can result in severe structural 

damage to aircraft engines. Also, surge tends to interrupt the normally steady and 

relatively efficient combustion process. Clearly surge cannot be tolerated in aircraft 

engine systems during normal operation. 

Surge and rotating stall are two separate flow phenomena. Pure rotating stall is 

steady in the proper frame of reference, but not axisymmetric [5]. Pure surge, on the 

other hand, is axisymmetric, but unsteady [5]. If it is assumed that a transient instability 
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is initiated by a general disturbance that is both unsteady and axisymmetric, we would 

expect surge-like and rotating-stall-like features to be coupled as the unstable flow 

progresses [5]. Indeed, several researchers have measured the simultaneous existence of 

stall and surge phenomena in an unstable compressor operation. The typically reported 

form of coupling is for rotating stall to be present only over the first half of the surge 

cycle and then disappear over the second half of the surge cycle. This form of coupling 

has been observed by many researchers [7], [8], [9], [10], [14], only to mention a few. 

Although surge and stall are fundamentally different, they are not unrelated and they are 

not independent phenomena. 

2.2 High frequency instrumentation used to study compressor 
instability phenomena 

The rapidly changing flow phenomena present during transient unstable 

compressor operation requires the use of high response instrumentation to capture any 

useful measurements. Iura and Rannie [11] have reported that pressure or velocity 

measurements with low response instrumentation give no indication of the phenomena of 

rotating stall. This section presents a brief review of the types of instrumentation that 

have been used to measure compressor instability. 

The hot-wire anemometer and the high response pressure transducer have been 

used as the primary types of instrumentation to measure rotating stall and surge. In fact, 

it is difficult to find any experimental studies that have not used at least one of these 

instruments. These instruments allow the measurement of instantaneous flow velocities 
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�a�n�d� �p�r�e�s�s�u�r�e�s� �i�n� �e�i�t�h�e�r� �t�h�e� �a�b�s�o�l�u�t�e� �o�r� �r�o�t�a�t�i�n�g� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�s�,� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n�.� 

�P�r�i�o�r� �t�o� �1�9�6�5�,� �t�h�e� �h�o�t�-�w�i�r�e� �a�n�e�m�o�m�e�t�e�r� �w�a�s� �b�y� �f�a�r� �t�h�e� �m�o�s�t� �p�o�p�u�l�a�r� �t�o�o�l� �f�o�r� 

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

�q�u�a�l�i�t�a�t�i�v�e� �s�e�n�s�i�n�g� �i�n�s�t�r�u�m�e�n�t� �a�s� �w�e�l�l� �a�s� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �m�e�a�s�u�r�i�n�g� �d�e�v�i�c�e�.� �E�m�m�o�n�s� �[�9�,�1�5�]�,� 

�H�u�p�p�e�r�t� �[�1�4�]�,� �I�u�r�a� �[�1�1�]�,� �P�e�a�r�s�o�n� �[�1�6�]�,� �R�o�c�k�e�t�t� �[�1�5�,�1�7�]�,� �a�n�d� �m�a�n�y� �o�t�h�e�r�s�,� �a�l�l� �u�s�e�d� �h�o�t�-�w�i�r�e� 

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

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

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

�E�m�m�o�n�s� �[�9�]� �w�a�s� �p�r�o�b�a�b�l�y� �t�h�e� �f�i�r�s�t� �t�o� �d�i�s�c�o�v�e�r� �t�h�e� �n�e�e�d� �t�o� �p�l�a�c�e� �m�o�r�e� �t�h�a�n� �o�n�e� 

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

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

�a�n�d� �I�u�r�a� �[�1�1�]� �w�e�r�e� �t�h�e� �f�i�r�s�t� �t�o� �p�e�r�f�o�r�m� �s�p�a�n�w�i�s�e� �s�u�r�v�e�y�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �r�a�d�i�a�l� 

�e�x�t�e�n�t� �o�f� �t�h�e� �s�t�a�l�l� �c�e�l�l�s�.� 

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

�a�s� �f�a�r� �b�a�c�k� �a�s� �1�9�4�6� �[�1�8�]�;� �h�o�w�e�v�e�r�,� �t�h�e�y� �a�r�e� �n�o�t� �a�s� �c�o�m�m�o�n� �a�s� �h�o�t�-�w�i�r�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

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

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

�i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �i�s� �t�h�e� �v�a�s�t� �a�m�o�u�n�t� �o�f� �d�a�t�a� �t�h�a�t� �c�a�n� �b�e� �o�b�t�a�i�n�e�d�.� �P�r�i�o�r� �t�o� �1�9�6�5�,� �t�h�e� 

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

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

�d�i�g�i�t�i�z�i�n�g� �i�n� �r�e�a�l� �t�i�m�e� �[�1�9�]�.� 
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�T�o�d�a�y�,� �t�h�e� �h�o�t�-�w�i�r�e� �i�s� �s�t�i�l�l� �a� �v�a�l�u�a�b�l�e� �c�o�m�p�r�e�s�s�o�r� �i�n�s�t�a�b�i�l�i�t�y� �r�e�s�e�a�r�c�h� �t�o�o�l�.� �M�o�r�e� 

�r�e�c�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �b�y� �D�a�y� �[�1�9�,�2�0�,�2�1�,�2�2�]�,� �G�r�e�i�t�z�e�r� �[�7�,�4�]�,� �M�c�D�o�u�g�a�l�l� �[�2�3�]�,� �C�u�m�p�s�t�y� 

�[�1�9�,�2�3�]�,� �a�n�d� �m�a�n�y� �o�t�h�e�r�s� �s�t�i�l�l� �i�n�v�o�l�v�e�s� �t�h�e� �u�s�e� �o�f� �h�o�t�-�w�i�r�e�s� �t�o� �m�e�a�s�u�r�e� �c�o�m�p�r�e�s�s�o�r� 

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

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

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

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

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

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

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

�e�n�v�i�r�o�n�m�e�n�t�s�.� �A� �s�e�r�i�e�s� �o�f� �e�x�p�e�r�i�m�e�n�t�s� �b�y� �G�a�r�n�i�e�r�,� �E�p�s�t�e�i�n� �a�n�d� �G�r�e�i�t�z�e�r� �[�4�]� �w�a�s� 

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

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

�s�c�r�e�e�n� �p�r�o�t�e�c�t�e�d� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r�s�.� 

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

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

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

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

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

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

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

�r�e�s�p�o�n�s�e� �p�r�e�s�s�u�r�e�,� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �e�f�f�i�c�i�e�n�c�y� �p�r�o�b�e�.� 
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�3�.�0� �T�h�e� �E�x�p�e�r�i�m�e�n�t� 

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

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

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

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

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

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

�3�.�1� �T�h�e� �R�o�t�o�r� �a�n�d� �T�e�s�t� �F�a�c�i�l�i�t�y� 

�T�h�e� �r�o�t�o�r� �i�n�s�t�r�u�m�e�n�t�e�d� �(�R�o�t�o�r� �3�7�)� �w�a�s� �t�h�e� �f�i�r�s�t� �s�t�a�g�e� �o�f� �a�n� �e�i�g�h�t�-�s�t�a�g�e�,� �a�x�i�a�l�-�f�l�o�w�,� 

�t�r�a�n�s�o�n�i�c� �c�o�r�e�-�c�o�m�p�r�e�s�s�o�r� �h�a�v�i�n�g� �g�o�o�d� �e�f�f�i�c�i�e�n�c�y�,� �h�i�g�h� �p�r�e�s�s�u�r�e� �r�a�t�i�o� �(�a�b�o�u�t� �2�0�:�1�)�,� �a�n�d� 

�s�u�f�f�i�c�i�e�n�t� �s�t�a�l�l� �m�a�r�g�i�n�.� �R�o�t�o�r� �3�7� �w�a�s� �i�n�i�t�i�a�l�l�y� �d�e�s�i�g�n�e�d� �a�n�d� �t�e�s�t�e�d� �b�y� �N�A�S�A� �L�e�w�i�s� �a�s� �o�n�e� 

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

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

�t�h�e�-�a�r�t� �i�n� �c�o�r�e�-�c�o�m�p�r�e�s�s�o�r� �d�e�s�i�g�n�s� �(�a�s� �o�f� �1�9�8�0�)� �[�2�4�]�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� 
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�a�n�d� �r�e�s�t�r�a�i�n�t�s� �f�o�r� �t�h�e� �e�i�g�h�t�-�s�t�a�g�e� �c�o�r�e�-�c�o�m�p�r�e�s�s�o�r� �i�s� �p�r�e�s�e�n�t�e�d� �b�y� �H�a�u�s�e�r� �e�t� �a�l�.� �i�n� 

�r�e�f�e�r�e�n�c�e� �[�2�5�]�.� 

�F�i�g�u�r�e� �3� �s�h�o�w�s� �a� �p�h�o�t�o�g�r�a�p�h� �o�f� �t�h�e� �l�e�a�d�i�n�g� �e�d�g�e� �o�f� �R�o�t�o�r� �3�7�,� �c�o�u�r�t�e�s�y� �o�f� �t�h�e� 

�N�A�S�A� �L�e�w�i�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r� �[�2�6�]�.� �A� �d�e�t�a�i�l�e�d� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �a�e�r�o�d�y�n�a�m�i�c� �d�e�s�i�g�n� �a�n�d� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �R�o�t�o�r� �3�7� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �r�e�f�e�r�e�n�c�e�s� �[�2�4�]� �a�n�d� �[�2�]�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�o�w�e�v�e�r�,� 

�a� �b�r�i�e�f� �s�u�m�m�a�r�y� �o�f� �s�o�m�e� �o�f� �t�h�e� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�f� �R�o�t�o�r� �3�7� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �t�a�b�l�e� �1� �(�r�e�f�e�r�e�n�c�e� �[�2�]�)�.� �O�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �a�r�e� �t�h�e� �h�i�g�h� �p�r�e�s�s�u�r�e� �a�n�d� 

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

�S�p�a�n�w�i�s�e� �t�r�a�n�s�o�n�i�c� �f�l�o�w�.� �F�i�g�u�r�e� �4� �s�h�o�w�s� �t�h�e� �o�v�e�r�a�l�l� �p�e�r�f�o�r�m�a�n�c�e� �m�a�p� �o�f� �R�o�t�o�r� �3�7� 

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

�a�n�d� �m�a�n�u�f�a�c�t�u�r�i�n�g� �c�o�o�r�d�i�n�a�t�e�s� �f�o�r� �R�o�t�o�r� �3�7� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �r�e�f�e�r�e�n�c�e�s� �[�2�]� �a�n�d� �[�2�4�]�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�o�r� �t�h�e� �t�r�a�n�s�i�e�n�t� �s�t�a�l�l� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s�,� �R�o�t�o�r� �3�7� �w�a�s� �t�e�s�t�e�d� �a�s� �r�o�t�o�r� 

�o�n�l�y�,� �n�o� �s�t�a�t�o�r� �w�a�s� �p�r�e�s�e�n�t�,� �n�o�r� �w�e�r�e� �a�n�y� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�v�e�n� �s�t�a�g�e�s�.� �R�o�t�o�r� �3�7� �w�a�s� 

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

�f�i�g�u�r�e� �5�.� �A�l�s�o�,� �a� �c�l�o�s�e�-�u�p� �m�e�r�i�d�i�o�n�a�l� �v�i�e�w� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �w�i�t�h� �R�o�t�o�r� �3�7� �i�n� �p�l�a�c�e� �i�s� 

�s�h�o�w�n� �i�n� �f�i�g�u�r�e� �6�.� �B�o�t�h� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �s�t�a�t�i�o�n�s�,� �3�0�%� �a�n�d� �1�3�0�%� �a�x�i�a�l� �c�h�o�r�d�,� �a�r�e� 

�i�n�d�i�c�a�t�e�d� �o�n� �f�i�g�u�r�e� �6�.� �F�i�g�u�r�e� �7� �s�h�o�w�s� �a� �p�h�o�t�o�g�r�a�p�h� �o�f� �R�o�t�o�r� �3�7� �i�n� �p�l�a�c�e� �i�n� �t�h�e� �h�i�g�h�-� 

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

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

�o�n�l�y� �b�e� �b�r�i�e�f�l�y� �d�e�s�c�r�i�b�e�d� �h�e�r�e� �a�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �r�e�f�e�r�e�n�c�e� �[�2�4�]�.� 

�A�t�m�o�s�p�h�e�r�i�c� �a�i�r� �e�n�t�e�r�s� �t�h�e� �t�e�s�t� �f�a�c�i�l�i�t�y� �(�f�i�g�u�r�e� �5�)� �t�h�r�o�u�g�h� �a�n� �i�n�l�e�t� �o�n� �t�h�e� �r�o�o�f� �o�f� 

�T�h�e� �E�x�p�e�r�i�m�e�n�t� �1�9



� � 
�F�i�g�u�r�e� �3�.� �R�o�t�o�r� �3�7�,� �L�e�a�d�i�n�g� �E�d�g�e� �V�i�e�w� �(�a�f�t�e�r� �S�u�d�e�r� �[�2�6�)�)�.� 

�T�h�e� �E�x�p�e�r�i�m�e�n�t� �2�0



�T�a�b�l�e� �1�.� �O�p�e�r�a�t�i�n�g� �a�n�d� �D�e�s�i�g�n� �P�a�r�a�m�e�t�e�r�s� �f�o�r� �R�o�t�o�r� �3�7�.� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

�P�A�R�A�M�E�T�E�R�S� �1�0�0�%� �S�P�E�E�D�;� �9�0�%� �S�P�E�E�D�;� 
�N�E�A�R� �S�T�A�L�L� �N�E�A�R� �S�T�A�L�L� 

�W�H�E�E�L� �S�P�E�E�D� �1�7�2�0�0� �r�p�m� �1�5�5�0�0� �r�p�m� 

�C�O�R�R�E�C�T�E�D� �M�A�S�S� �F�L�O�W� �1�9�.�6� �k�g�/�s� �1�7�.�3� �k�g�/�s� 

�T�O�T�A�L� �P�R�E�S�S�U�R�E� �R�A�T�I�O�:� 
�R�O�T�O�R�/�S�T�A�T�O�R� �2�.�1�9�6�/�0�.�9�5�3� �1�.�9�0�9�/�0�.�9�6�8� 

�S�T�A�G�E� �2�.�0�9�3� �1�.�8�4�7� 
�T�O�T�A�L� �T�E�M�P�.� �R�A�T�I�O�:� 

�R�O�T�O�R�/�S�T�A�T�O�R� �1�.�2�9�6�/�1�.�0�0�0� �1�.�2�3�6�/�1�.�0�0�0� 
�S�T�A�G�E� �1�.�2�9�6� �1�.�2�3�6� 

�A�D�I�A�B�A�T�I�C� �E�F�F�I�C�I�E�N�C�Y� 
�R�O�T�O�R�/�S�T�A�G�E� �8�5�.�2� �/� �7�9�.�3� �%� �8�6�.�0� �/� �8�1�.�2� �%� 

�I�N�L�E�T� �R�E�L�A�T�I�V�E� �M�A�C�H� 
�N�U�M�B�E�R� �A�T� �B�L�A�D�E� �T�I�P� �1�.�5� �1�.�3� 
�I�N�L�E�T� �R�E�L�A�T�I�V�E� �M�A�C�H� 

�N�U�M�B�E�R� �A�T� �R�O�O�T� �1�.�2� �1�.�0� 
�B�L�A�D�E� �S�P�E�E�D� �A�T� �T�I�P� �4�4�5� �m�/�s� �4�0�0� �m�/�s� 
�B�L�A�D�E� �S�P�E�E�D� �A�T� �H�U�B� �3�3�5� �m�/�s� �3�0�0� �m�/�s� 

�B�L�A�D�E� �P�A�S�S�I�N�G� 
�F�R�E�Q�U�E�N�C�Y� �1�0�.�5� �K�H�z� �9�.�4�5� �K�H�z� 

�#� �O�F� �B�L�A�D�E�S� 
�R�O�T�O�R�/�S�T�A�T�O�R� �3�6� �/� �4�6� �3�6� �/� �4�6� 

�T�I�P� �S�O�L�I�D�I�T�Y� 
�R�O�T�O�R� �/� �S�T�A�T�O�R� �1�.�3�/�1�.�3� �1�.�3�/�1�.�3� 
�A�S�P�E�C�T� �R�A�T�I�O� 

�R�O�T�O�R� �/� �S�T�A�T�O�R� �1�.�1�9� �/� �1�.�2�6� �1�.�1�9� �/� �1�.�2�6� 
�M�E�A�N� �R�O�T�O�R� �R�A�D�I�U�S� 

�O�U�T�S�I�D�E�/�I�N�S�I�D�E� �0�.�2�5�0� �/� �0�.�1�8�3� �m� �0�.�2�5�0� �/� �0�.�1�8�3� �m� � � � � 

�T�h�e� �E�x�p�e�r�i�m�e�n�t� �2�1



�1�.�0�- �� 
�A

�d
�i�a

�b
�a

�t�
i�c

� 
�e

�f�
f�i�

c�i
�e

�n
�c�

y� 

�i�o
�]�

 

� � 

� � 

� � 
� � 

�@� �1�.�4� 
�3� 
�2�°� �E�e� �1�2� �P�O�~�1� �3� 

�A� 

�2�2 �� �P�e�r�c�e�n�t� �o�f� 
�d�e�s�i�g�n� �s�p�e�e�d� �@� 

�r�a�l�.� �2� �C�i� �O�s�«�d�1�0�0� 
�2�0�F� �o� �9�0� 

�>� �8�0� 
�o� �O�Q� �7�0� 

�©� �V�v� �5�0� 
�5� �@� �D�e�s�i�g�n� �©� 
�S� �1�.� �6�- �� 
�a� 

�=� �=� �L�a� �O�a� 
�A� 

�L�2�r �� �V�7� 

�r�o� �t�t� �d�t� 
�8� �1�0� �1�2� �1�4� �1�6� �1�8� �2�0� �2�2� 

�E�q�u�i�v�a�l�e�n�t� �m�a�s�s� �f�l�o�w�,� �k�g�/�s�e�c� 

�F�i�g�u�r�e� �4�.� �O�v�e�r�a�l�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �R�o�t�o�r� �3�7�,� �w�i�t�h�o�u�t� �S�t�a�t�o�r� �(�a�f�t�e�r� �M�o�o�r�e� �a�n�d� �R�e�i�d� �[�2�4�]�)�.� 

�T�h�e� �E�x�p�e�r�i�m�e�n�t� �2�2



�I�n�l�e�t� �t�h�r�o�t�t�l�e� �v�a�l�v�e�s� �>�,� 
�\�\� 

�t�f� � � � � � � � � � � 

� � � 
� � � � 

� � � � � � � � 
� � � 

� � 

� � 

� � 

�O�r�i�f�i�c�e� �~� 

� � � � 
� � 

� � 
�r� �C�o�l�l�e�c�t�o�r� �t�h�r�o�t�t�l�e� 

�|� �v�a�l�v�e� 

�C�o�l�l�e�c�t�o�r� 
�D�r�i�v�e� 
�m�o�t�o�r� �G�e�a�r�b�o�x� �=� �r� �T�e�s�t� �s�t�a�g�e� �l� 

�\� �|� �i� 
�r� �P�l�e�n�u�m� � � � � � � � � � � � � � 
� � 

� � � � � � � � 
� � 

� � 

� � 

� � 
� � � � � � � 

� � 

� � � � � � � � � � � � 

�?� �F�r� �V�a�c�u�u�m� 
�e�x�h�a�u�s�t�e�r� �-� 

�m�e�e� �p�i�p�i�n�g� �=� 

�n�a� �/� 

�A�t�m�o�s�p�h�e�r�i�c� 
�e�x�h�a�u�s�t�e�r� �p�i�p�i�n�g�  ��~�.�_� �|�?� �:�3� 

�a� 
�m�o�a�n� �a�e�  � �� 

�1� �F�l�o�w� �|� 
�[�b�e� �o�a�-�s�)� �C�D�-�1�0�9�1�6�-�1�1� 

�F�i�g�u�r�e� �5�.� �N�A�S�A� �L�e�w�i�s� �H�i�g�h� �S�p�e�e�d� �C�o�m�p�r�e�s�s�o�r� �S�t�a�g�e� �T�e�s�t� �F�a�c�i�l�i�t�y� �(�a�f�t�e�r� �U�r�a�s�e�k� �{�3�}�.� 

�T�h�e� �E�x�p�e�r�i�m�e�n�t



�3�0�%� �A�X�I�A�L� �C�H�O�R�D� 
�S�U�R�V�E�Y� �S�T�A�T�I�O�N� 

�1�3�0�%� �A�X�I�A�L� �C�H�O�R�D� 
�S�U�R�V�E�Y� �S�T�A�T�I�O�N� 

� � � � 
� � � � 

�C�A�S�I�N�G� �K�U�L�I�T�E� 
�L�O�C�A�T�I�O�N� 

�2�0�- �� �A�I�R�F�L�O�W� 

�U�y� 
�1�0� 

�o�n�  ��0�  ��0� �7� �1�0� 
�A�X�I�A�L� �D�I�S�T�A�N�C�E� �F�R�O�M� �R�O�T�O�R�-�B�L�A�D�E�-�H�U�B� 

�L�E�A�D�I�N�G� �E�D�G�E� �(�c�m�)� 

� � � � 
� � 

�R
�A

�D
�I
�U

�S
� 

�(�
c�m

�)�
 

� � 

�F�i�g�u�r�e� �6�.� �M�e�r�i�d�i�o�n�a�l� �V�i�e�w� �o�f� �C�o�m�p�r�e�s�s�o�r� �T�e�s�t� �S�e�c�t�i�o�n� �a�n�d� �R�o�t�o�r� �3�7� �(�a�f�t�e�r� �M�o�r�r�i�s� �[�3�2�)�}�)�.� 

�T�h�e� �E�x�p�e�r�i�m�e�n�t



�*�(�W�U�B�}�L� 
�0�}� �Y�a�]� �W

�I� �M
�O

�Y� 
�-� �U�O�P�e�I�U�A�I�I�0�)� 

�(�[�9�7�]� �J�a�p�N�g� 
�J�a�y�e�)� �A�y�]�9�8�,�]� �3�5�2�]�,� �J�O

�S�s�a�s�d�u�I�O
�D� 

�p�o�o�d�g�-�y�3�}�H�j� 
�U�Y� �L�E� �4�0�;�0�y�  ��1� �a�I�N�d�}�y� 

�
 
�
 

�a�4� �T�h�e� �E�x�p�e�r�i�m�e�n�t


