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a - radius of sphere A
b - radius of sphere B
c - distance between the spheres 

 - location of sphere A

 - location of sphere B 

 - added mass coefficient

-radius of a sphere
h - distance between the sphere and a virtual wall (or wall)

- detection distance
L -  - fish characteristic length

 - Reynolds number
t - time

 - velocity field vector

 - velocity of sphere A

 - velocity of sphere B

 - velocity potential of sphere A

 - velocity potential of sphere B

 - boundary layer thickness

 - total velocity potential 
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[bookmark: _Toc529005570]Introduction
1.1.1 [bookmark: _Toc482965131][bookmark: _Toc529005571]Motivation of this work	Comment by .: Please include the abstract. 
Inspecting marine infrastructures such as dams, ports, marine gas/oil platforms, and piping systems have becoame an important task of marine operations in the XXI 21st century. Underwater system systems require frequent inspection and replacement subsea components. Given that divers may work only at limited depths and for a limited time and taking into accountconsidering the potential risk of underwater labor,   remotely operated underwater vehicles (ROVs) and autonomous underwater vehicles (AUVs) are considered as a potentially important instruments for sea exploration (Griffiths, 2002. ). Offshore oil and gas installations are presently serviced mainly by remotely operated vehicles (ROVs) that, receiveing power through a cable which that connects an ROV with the operating center. The long tether is not simple to operate, especially for large depths. That, motivatinged using the use of autonomous underwater vehicles (AUVs). Nowadays, AUVs are frequently named as robots, and the entire field of related to the AUVs manufacturing and exploiting of AUVs as is robotics. In fact, AUVs are nothing more than unmanned automated submarines guided my more sophisticated autopilots than earlierand are always becoming more and more sophisticated. AUVs are currently used for scientific survey tasks, oceanographic sampling, underwater archeology, under-ice survey, mine detection, and landing site survey. Today, approximately 200 AUVs are operational. Although many of them are still experimental, the progress in the design and the use of AUVs is rapid. In order to navigate without collision in a complex sea environment, near other moving and nonmoving objects, an AUV has tomust be able to detect them, to estimate the distance to them, and to avoid collision with them and to reconstruct their form. To create an image of an inspected objects, a ROVs/AUVs are typically equipped with sonars and/or photo cameras. Although a  considerable progress was has been achieved in developing underwater cameras, and the related software for the processing of digital images (Kocak et al., 2008) vision in murky or deep water with low illumination is still much less effective than that  in the air. So Thus far, sonars serve as a primary tool for underwater navigation (Paull et al., 2014). 	Comment by ---: Gianluca Antonelli, Thor I. Fossen, Dana R. Yoerger.  (2008).  Handbook of robotics. Bruno Siciliano, Oussama Khatib (Eds.)Springer-Verlag Berlin Heidelberg 2008.
	However, in sonars of AUV also have limitations. Due to the wide beam frequently used in sonars, their directional resolution may be insufficient for certain purposes of decocting and recognizing objects. For instance, because of the specular reflection of the acoustic wave sentd to a smooth plane surface at oblique angles of incidence, the reflected signal does not returns to the transmitter. That makes, making an object consisting onwith planare surfaces invisible for an AUV. In addition, iIn a domains of complex geometry, the multiple reflections can produce images of non-existing objects.  . 
	In this context, marine engineers are interested in studyinga technologiesy of detecting underwater objects by AUVs beside ofthat do not use using optical or acoustic means. Do such alternative methods already exist? Nature gives seems to indicate that these means exist, but it is still unclear how to harness this technology and means. a seemingly positive answer to this question. 



1.2.1 [bookmark: _Toc482965132][bookmark: _Toc529005572]How do fish detect objects in water without using vision ?
As it is difficult to imagine that eyes, although useless, could be in any way injurious to animals living in the darkness, I attribute their loss wholly to disuse.	Comment by .: I am assuming you are quoting Darwin. Consequently, I am formatting this section as a quote. 
											Darwin (1859)

Typically, most aquatic animals use vision for orientation in space, hunting, foraging, and avoiding predators.  . 	Comment by .: US English uses serial commas to separate the last two items in a list. 
	[image: ]


[bookmark: _Ref519084762][bookmark: _Toc529005509]Figure 1. Prey and predator revealing each other in darkness.
However, in addition to vision, cartilaginous/bony fishes and aquatic amphibians developed a means that, which allows them to perceive the motion of other animals even in full darkness. It This means is called the mechanosensory lateral line, or commonly called the LL (LL). Living fishes constitute about 25,000 species comprising about 50% of all vertebrates, and they all have an LL. This fact, suggestings that it is the most ancient and important sensory organ of fish (e.g., Dijkgraaf, 1963; Bleckmann, 2006; Coombs and Mongomery, 2014). Although the LL has been known and has been described more than three and a half centuries ago (see e.g., Parker, 1904) it still attracts the close attention not only of biologists,, but also physicists, and engineers (for further general information, refer e.g. to the recent book by Bleckmann, Mogdans, and Coombs in, 2014). Today, it can be said that the terminologiesy of physics, engineering, and shipbuilding has been enriched with a new expression of "artificial LL", which referrings to continuous attempts to create man-made sensors that mimicking the LL system.	Comment by .: US English uses commas after i.e. and e.g. in this context. 
	The structure of the fishes’ lateral line was has been described in such a huge body of considerable works that not all of them ccould an be acknowledged here. Therefore, the reader is sent only to a few of them that are, which we considered as the most relevant for our study (e.g.,  Dijkgraaf, 1963; Montgomery, Coombs, and Baker, 2001; van Netten, 2006; Bleckmann, 2006; McHenry, Strother, and van Netten, 2008; Coombs and Mongomery, 2014). According to a generally accepted paradigm in the biology of aquatic animals, the LL allows them to detect the water velocity field and pressure gradients in a thin boundary layer of viscous fluid adjusted to their skin. 
	From the mechanic and hydrodynamic point of viewperspective, a fish is a time- varying deformable body. To describe in full detail its motion and, correspondingly, the functioning of the LL is extremely difficult, if possible. Therefore, in order to understand the hydrodynamic functioning of the LL, simplifications of fish motion seem inevitable. The so-called fish gliding motion is one of such useful simplifications, which is frequently used in fish hydrodynamics. During the so-called gliding regime, a fish moves approximately along a straight line whereas its body preserves approximately the same shape. An example of such a motion is illustrated in Figure 2.
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[bookmark: _Ref496691636][bookmark: _Toc529005510]Figure 2. A Mexican Tetra (Astyanax mexicanus ) gliding parallel to a wall in a corner of an aquarium (photo by G. Zilman, Laboratory of Marine Hydrodynamic, Dept. Mechanical Engineering, Tel Aviv University). The distance between the head of the fish and the front wall is approximately 25 mm in A, 14 mm in B, 8 mm in C, and 4 mm in D.

The gliding motion concept allows one to introduce dimensionless hydrodynamic quantities to be introduced, which and are this concept is generally accepted in the hydrodynamics of rigid bodies. 
[bookmark: _Toc529005573]Sensory organs of the LL
The sensory organs of the LL are called neuromasts and consist of two types. Neuromasts which that are located on a fish's skin are called surface neuromasts (SN), while; neuromasts which that are located beneath the skin, in small diameter canals, are called canal neuromasts (CN). A sketch of the distribution of the superficial and canal neuromasts is shown in Figure 3.  . 
[image: ]

[bookmark: _Ref496718931][bookmark: _Toc529005511]Figure 3. The LL periphery according to Bleckman and Zelick (2009). The drawing shows the pores of the LL canals (circles) and the spatial distribution of superficial neuromast (dots). In most of fish species, one canal runs above the eye (supraorbital), one canal runs below the eye (infraorbital), and one canal runs on the lower jaw (mandibular) (see also Montgomery, Coombs, and Baker, 2001). In some fishes, the trunk canal does not run the full length of the body (Bleckman and Zelick, 2009). Most fish have relatively few superficial neuromasts, concentrated near the head and near the trunk of the LL system.	Comment by .: Please confirm you want to include this information in the caption. Otherwise, please separate this information from the caption and remove it from the List of figures section in the table of contents. 
	Both types of neuromasts consist of a cupula and sense hairs inside it.  . LL neuromasts are innervated by afferent nerve fibers. When the hairs deform, the nerves obtain a signal, which that is transferred to the fish’s nerve system (Montgomery 2000; Montgomery, Coombs, and Baker, 2001; van Netten, 2006; McHenry Strother and van Netten, 2008). Figure 4 illustrates how the function of a superficial neuromast works. Different local drag forces in different cross-sections along a cupula create a bending moment acting on it. The This bending leads to the deformation of the cupula and deformation of the bundle of sensing hairs. Because the drag and the fluid velocity in the boundary layer of a fish's skin are directly related, the surface neuromasts are viewed as the sensors of the fluid velocity near the fish.  . 
[image: ]


[bookmark: _Ref494975247][bookmark: _Toc529005512]Figure 4. Sketch of a superficial neuromast (not to scale).  A typical superficial neuromast may be up to high and wide, and may contain tens of hair cells (Triantafyllou, Weymouth and Miao, 2016). 

[image: ]



[bookmark: _Toc529005513]Figure 5. Superficial neuromast in a boundary layer of thickness . A. The velocity in the boundary layer of thickness  is zero on the skin of the body and reaches some value  on the conditional margin of the boundary layer and bending of a neuromast in the boundary layer due to the moment acting on it.
B. Hydrodynamic force D acting on the cross-section of a neuromast.   . 
[image: C:\Users\Tomer\AppData\Local\Microsoft\Windows\INetCache\Content.Word\C-neuromast.png]
[bookmark: _Ref499914090][bookmark: _Toc529005514]Figure 6. A sketch of a canal neuromast (not to scale). A CN is located between two adjacent pores in an under skin canal. It is larger than the SN, and is of hundreds of microns in diameter, and contains hundreds to thousands of hair cells (van Natten, 2006).
The pressure gradient in the canal, as illustrated in Figure 6, induces slow motion of a fluid inside it. The normal and shear stresses on the surface of a cupula related to this flow lead to a deformation and bending of the sensing hairs inside it (Bleckmann 2006, Montgomery 2000; Montgomery, Coombs & Baker, 2001 McHenry 2008; van Netten, 2005, 2006; McHenry, Strother and van Netten, 2008). Therefore, canal neuromasts are considered as sensors of pressure gradients. 	
[bookmark: _Toc496893775][bookmark: _Toc496894496][bookmark: _Toc497141097][bookmark: _Toc499298863][bookmark: _Toc499298933][bookmark: _Toc499303161][bookmark: _Toc499303226][bookmark: _Toc499310935][bookmark: _Toc499913959][bookmark: _Toc500074331][bookmark: _Toc500074552][bookmark: _Toc496893776][bookmark: _Toc496894497][bookmark: _Toc497141098][bookmark: _Toc499298864][bookmark: _Toc499298934][bookmark: _Toc499303162][bookmark: _Toc499303227][bookmark: _Toc499310936][bookmark: _Toc499913960][bookmark: _Toc500074332][bookmark: _Toc500074553][bookmark: _Toc496893780][bookmark: _Toc496894501][bookmark: _Toc497141102][bookmark: _Toc499298868][bookmark: _Toc499298938][bookmark: _Toc499303166][bookmark: _Toc499303231][bookmark: _Toc499310940][bookmark: _Toc499913964][bookmark: _Toc500074336][bookmark: _Toc500074557][bookmark: _Toc496708059][bookmark: _Toc496718811][bookmark: _Toc496893782][bookmark: _Toc496894503][bookmark: _Toc497141104][bookmark: _Toc499298870][bookmark: _Toc499298940][bookmark: _Toc499303168][bookmark: _Toc499303233][bookmark: _Toc499310942][bookmark: _Toc499913966][bookmark: _Toc500074338][bookmark: _Toc500074559][bookmark: _Toc496708062][bookmark: _Toc496718814][bookmark: _Toc496893785][bookmark: _Toc496894506][bookmark: _Toc497141107][bookmark: _Toc499298873][bookmark: _Toc499298943][bookmark: _Toc499303171][bookmark: _Toc499303236][bookmark: _Toc499310945][bookmark: _Toc499913969][bookmark: _Toc500074341][bookmark: _Toc500074562][bookmark: _Toc529005574]Blind fish can detect non-moving obstacles
By Uusing their LL, fish can detect moving objects, which creatinge water motion. In his seminal review of his own and previous works of others biologists, Dijkgraaf (1963) reported that in 1908, Hofer (Hofer, 1908) in 1908 already observed a pike with dimmed vision that, which swam in a tub at a certain distance from the wall without touching it. Moreover, a ruler of 4 cm width held in the animal’s way was perceived at a distance of about 0.5–-1 cm distance. These avoiding reactions disappeared after the cauterization of the canal organs of the LL on the head of the fish. Thus, Hofer (1908) concluded that the fish observed could "feel at a distance" with its LLs.  . Referring to his own work carried outperformed in 1934, Dijkgraaf (1963) describes a distant perception of the walls of an aquarium by blinded fish Corvina (25 cm in length). When a Corvina fish approached the aquarium wall perpendicularly, this obstacle was detected at a distance of of about 1–-2 cm. In addition, Eexperiments with sighted but surgically blinded fishes are harmful for to the animal and technically difficult. Needless to say itThus, it is much more convenient to perform experiments with a non-surgically operated and 100% healthy fish than with a surgically or chemically treated onefish. Ideally, one would want to carry out experiments with fish which that were born blind would be desirable.  . 	Comment by .: Based on the guidelines of the publishing body, this in-text reference may not be needed because you provided all the information in the sentence. Consequently, please consider removing it. 	Comment by .: Again, please provide a reference. 
	The Blind Mexican Tetra (Astyanax mexicanus) or Mexican Tetra gives such a unique opportunity. Mexican Tetra fish live in caves at full darkness and do not need eyes to survive, and. oOver 530 papers and reports have been published on the Mexican Tetra since 1936 (Keene, Yoshizawa and McGaugh, 2015). Discussing all of them even in the context of the present study is unnecessary and not intended. ; consequently, In tthis review are only considersed only the most recent works relating directly to the present study.
	It is generally accepted that Mexican Tetra does not emit any sound or electrical signal, and that their its LL system solely enables them to sense moving and non-moving objects (e.g., Dijkgraaf, 1963; Campenhausen, Riess and Weissert, 1981; Teyke, 1985). As in all cartilaginous and bony fish, the LL of Mexican Tetra consists of superficial and canal neuromasts (Figure 7). 
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[bookmark: _Ref496891695][bookmark: _Toc529005515]Figure 7.  . Schematic diagram of the LL of a Mexican Tetra, illustrated on an image of a gliding Mexican Tetra in an aquarium of the laboratory of the Marine Hydrodynamics. The location of the pores and superficial neuromast is rather approximate and inspired by the drawings of Windsor et al. (2010a) and Schemmel (1967). 
The length of this Mexican Tetra illustrated Figure 7 is ~6approximately 6 cm, the maximum width is approximately ~0.9 cm, and the ratio of its height to length is about~ 0.25. The speed of the Mexican Tetra fish in laboratory conditions varies from 2 cm/s to 10 cm/s. The original photo of Mexican Tetra was manipulated to add the canal pores (blue circles with white outlines) and superficial neuromasts (small blue dots), and. iIt is assumed that a canal neuromast is located approximately midway between each pair of pores. 
	CComparing the LLs of a sighted fish (Figure 3) and of Mexican Tetra (Figure 7) shows  it can be concluded that their principal features are the same. The distribution of canal neuromasts distribution on the blind Mexican Tetra is similar to most fish (Montgomery, Coombs, and Baker, 2001). However, the SN neuromasts of Mexican Tetra are somewhat larger and, their the density of neuromasts in the head area of the fish Mexican Tetra is higher and assumingly more sensitive than those of surface fish (Yoshizawa et al., 2014).   ). 	   	Comment by .: Please confirm or clarify further. 

[bookmark: _Toc529005575] Hydrodynamic imaging. 
The name given by Dijkgraaf (1963) to the ability of blinded fish to detect non-moving obstacles was termed "distant touch". Apparently, this figurative expression is deeper and more informative than a the rather formal term "hydrodynamic imaging", which is accepted today in the scientific literature to describe the same phenomenon. In fact, obstacle avoiding is associated not only with a "distant touch" (which actually implies "no touch"), but withand a real touch of obstacles by a fish's head and fins, when a fish explores them for the first time. In this respect, Dijkgraaf (1963) makes an important remark: 	Comment by .: The quotation marks are not needed in this case, and academic writing prefers to introduce terms through italicization. 
 "Of course, ... care must be taken to avoid animals’ learning by trial and error where the obstacles are and memorizing their spatial relationship... They may become so well acquainted with this relationship that they collide with solid surfaces after a re-arrangement of the aquarium because they depend on memory rather than on mechanical sensory cues...	"
	Teyke (1988) confirmed Dijkgraaf's observation and concluded that the Mexican Tetra creates a cognitive internal map and keeps the memory of that map lasting for about two days. Windsor, Tan, and Montgomery (2008) reported that the fins of the Mexican Tetra often contact the wall as the fish swims near it, which leadleading them to a concludesion that numerous tactile contacts of a Mexican Tetra with obstacles may be used to create and memorize a map of its surroundings. In agreement with Windsor (2008), Patton et al. (2010) demonstrated that depending on the shape of an aquarium, blind Mexican cave  fish were able tocould follow its the walls of an aquarium even after inactivating of the LL system. However, later Windsor, Paris, and de Perera (2011) later argued that constructing a map only by touching the obstacles may have place only when the LL of a fish is disabled; when it is functioning, the LL based hydrodynamic imaging dominated the wall detecting process. 	Comment by .: Please consider clarifying this phrase further. Please consider “In agreement with Windsor (2008), Patton et al. (2010) demonstrated that blind Mexican cave fish could follow the walls of an aquarium, depending on the shape of an aquarium, even after inactivating the LL system.	Comment by .: Please confirm this should not be cavefish. If so, please make this change throughout the text. 
	In this work, the expression "hydrodynamic imaging" is used. It implies that the image of the surrounding is formed in the blind fish’s brains only by means of the LL without tactile stimuli.    .  
[bookmark: _Toc529005576] Hydrodynamic stimuli

As a fish moves through water, it creates hydrodynamic disturbances. When Cconsidering a gliding fish, it can be assumed that in a coordinate system attached to the fish, the velocity field and the pressure gradient in a coordinate system attached to the fish are stationary. When a fish  fish glides  glides in unbounded fluid with constant velocity U,  , it is a good approximation to represent the water velocity V and water pressure p in a fish's boundary layer as being proportional to U and , correspondingly:

	 ,	

	 ,	


where the normalized velocity  and the pressure coefficient  depend mainly only on the parameters defining the fish body shape and on the Reynolds number 


	 ,	 


where L is the characteristic length of the fish and  is the water kinematic viscosity. When a fish moves in a confined area in the presence of other bodies, the normalized velocity and the pressure coefficient depend not only on the fish's body shape but alsoand on the time- varying geometric parameters, which defininge the disposition of the fish with respect to other bodies. For instance, in Figure 2,  depend on the distance between the head of the fish and its side from the two walls of the corner.   . 
1.3.1 [bookmark: _Toc500074345][bookmark: _Toc500074566][bookmark: _Toc529005577]Distance of detection 
A fish approaching to a wall hits it approximately 15% of events, and. aAn example of a collision event is shown in Figure 8. 	Comment by .: 15% of the time?
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[bookmark: _Ref499298224][bookmark: _Toc529005516]Figure 8. The Ccollision of a Mexican Tetra with a corner wall (photos by G. Zilman, Laboratory of Marine Hydrodynamic, Dept. Mechanical Engineering, Tel Aviv University). In frame C, the fish propels itself too close to the wall, and in frame D, the fish collides with it. In frames E –H, it does not move forward. Noticeablye, that itin frame G, the fish moves slightly backwards in order to provide more space for maneuvering (in the consequents subsequent frames D–-H, the fish does not move forward) 	Comment by .: Hydrodynamics? Please consider making this change.
According to numerous many experiments, Teyke (1985) revealed that the collision event strongly depends on the distance from an obstacle at which a fish beats its tail for the last time approaching a wall. Tayke (1985) found that when this distance is less than approximately half of the fish’s body length, the collision was almost unavoidable. In Figure 9, consequent subsequent positions of Mexican Tetra approaching to a corner are shown.
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[bookmark: _Ref499290106][bookmark: _Toc529005517]Figure 9. Mexican Tetra approaching a corner wall (photos by G. Zilman, Laboratory of Marine Hydrodynamic, Dept. Mechanical Engineering, Tel Aviv University). The consequent positions of the fish are shown from the upper left photograph A to the lower right photograph in the clockwise direction H. 
	From the photos solely it It is difficult to say determine only based on the photos at which distance from the corner the fish detects it. An indirect indication of the corner detection may be the moment when the fish starts to open the fins in order to prepare the turning maneuver. In Figure 9, it this opening occurstakes place between the positions E and F. If this assumptions  is true, then the fish detected the corner when the distance between its head and the wall perpendicular to the direction of the fish's motion is about 2.7 cm, that it approximately half of its body length, which is consistent with observations of Teyke (1985), Hassan (1986), and Windsor (2008). If one postulates thatthe assumption that fish are tryingtry to avoid collisions is made, then it follows that they have to stop to propel themselves deliberately at a certain safe distance. According to Montgomery, fishes are capable tocan detect the motion of another fish at a distance approximately equal to its’ body length. The mathematical model of the distant touch and, observations of Teyke (1983) and similar observations illustrated in Figure 9 are consistent with Montgomery’s observations. In such a case, a question arises. Ifit is unclear why Mexican Tetra performs an avoiding maneuver at much smaller distances of the order of 2–4 mm when they can detect obstacles at distances of the order of their length. why do they perform an avoiding maneuver at much smaller distances of order of 2-4 mm?	Comment by .: Please consider providing another in-text reference.	Comment by .: Please confirm or clarify further. 
	Surprisingly, these distances do not depend on fish velocity (Teyke 1985, 1988, 1989; Windsor, Tan, and Montgomery, 2008; Windsor, 2014 and others) and according to independent observations. Seemingly, this experimental evidence is in a strongly contradictsion with the hypothesis that the stimuli of the LL of fish are the water velocity and pressure gradient on their bodies. The velocity in of the thin boundary layer of a fish's body is proportional to the speed of the fish, and the pressure gradient is equal to the velocity squared. Thus, a question arises: whyNonetheless, it is unclear why do fish perform the avoiding maneuver at the same distance from a wall independently on of their speed.?  	Comment by .: Don’t you mean equal? Please clarify or provide a reference. 

	The only explanation that, which is given so far in the scientific literature is formulated in the purely biological language by invoking the concept of just noticeable difference (JND) of Weber's fractions (Windsor at al. 2010). It is based on the discovery of German anatomist and physiologist E. H. Weber who studied the ability of humans to discriminate between weights in each hand.  . He found that a person is unable to discriminate between two weights if the relative difference between them is less than 5%. For instance, a person cannot discriminate between 41 g and 40 g weights (the relative difference in weights is 2.5%), but they can usually discriminate between 21 and 20 g, or 63 and 60 g (the relative difference is 5%).  %). From these observations in 1834, Weber formulated a law that establishes that for the just noticeable difference a given intensity of stimulation is proportional to the original stimulus for the JND. Remarkably similar results were discovered for sound, light, smell, and taste stimuli. In general, it was discovered that if S is the magnitude of a stimulus and (JND) is the just noticeable differenceJND for discrimination, then the ratio of the JND and the initial stimulus is constant 

	 ,	

where k is a certain constant different that varies for different physical processes of sensingsense. The noticeable differences in sensation occur only when the increases (or changes) in stimuli are a constant percentage of the stimulus itself. If Mexican Tetra detects objects using hydrodynamic stimuli, then and S are proportional to the same power of a fish's speed and their ratio does not depend on it. However, although Weber's law can be applied for stimuli such as sound, light, smell, and taste stimuli, still there is still no direct proof that it can be applied to the stimuli of the LL of fish. The problem of with maximum detecting range is strongly related to the ability of fish to memorize maps whose scales are much larger than the minimal distance of the avoiding maneuver, i.e., approximately a tenth of the0.1 body length approximately (Windsor et al., 2008, Windsor, 2014) .	Comment by .: Please confirm or clarify further. 
	Recently, Holzman, Finkel, and Zilman (2014) noticed that Mexican Tetra fish swimming in an unfamiliar environment open and close their mouth at a higher frequency than in open water, particularly when a fish was heading to an obstacle. Based on these observations, Holzman, Finkel, and Zilman (2014) hypothesized that the Mexican Tetra uses mouth suction to create a hydrodynamic signal that variesrying with the distance to an obstacle and is weakly dependent on a fish's velocity.
[bookmark: _Toc500074347][bookmark: _Toc500074568][bookmark: _Toc500074348][bookmark: _Toc500074569][bookmark: _Toc500074349][bookmark: _Toc500074570][bookmark: _Toc529005578]Discrimination of shapes
Hassan (1986);, Von Campenhausen, Riess, and Weissert (1981); and Weissert and von Campenhausen (1981) in a series of experiments, demonstrated that Mexican Tetra can discriminate the shape of a horizontal or vertical rectangular door and different grids of vertical bars. De Perera (2004) checked the ability of the blind cave fish to encode size and shape by placing four4 landmarks (Lego bricks) in a water tank and checking the fish’s behavior after altering the landmarks’ configuration. After changing the arrangement of landmarks, the fish started to swim faster, exploring the area as an unknown area. The increase in the speed of Mexican cave fish was explained by Teyke (1988) as an attempt to increase the hydrodynamic stimuli. Using only this argumentation solely, de Perera claimed that Mexican Tetra fish can detect a change in distance between objects. This explanation is in contradiction withcontradicts the experimental evidence that the distance of detecting of objects does not depend on of thea fish’s swimming velocity.  . 	Comment by .: A known area? Please clarify how the fish began to swim faster if it was an unknown area. 
[bookmark: _Toc529005579]Role of neuromasts in object detection
There is an overlap of the SN and CN functions SN and CN (Montgomery, Coombs, and Baker, 2001), and. In order to determine the role of SN and CN in the fish’s object detection, researchers disabled the neuromasts, physically and/or chemically, and then observed the fish’s behavior. Fish with disabled SN can detect objects as fish with acting SN, but. fFish with disabled CN completely or partially lose their ability to do that, completely or partially. Today, it is agreed that the CN function are is mostly related to the investigating of the surroundings and that SN detects oscillating stimulations in the water (Abdel-Latif, Hassan, and von Campenhausen, 1990; Hassan, Abdel-Latif, and Biebricher, 1992; Montgomery, Coombs, and Baker, 2001, Windsoor, Tan, and Montgomery, 2008).
[bookmark: _Toc529005580]The shape of underwater robots
It is not sufficient to detect an obstacle by a moving body. It is necessary to avoid it. Then, Iif the distance of detection is small, performing an avoiding maneuver may be a problem. For example, Mmost ships and fishes are slender, which isas dictated by the need to reduce the energy demanded to maintain their speed. As a body is more slender, it is more stable at traveling on a straight course and it is more difficult to turn it. For most slender bodies, the turning radius of turn is of order of is their double the length (Figure 10A), whereas while the turning radius of turn of a fish is approximately half of the fish length (Figure 10 B). 
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[bookmark: _Ref518149289][bookmark: _Toc529005518]Figure 10. A. Ship avoiding maneuver with a radius of turn of order of 2turning radius twice of its length for typical ships and submarines. B. Fish avoiding maneuver with a turning radius of turn of order of half the  fish’s length. 
Today iIt is technically difficult and expensive to build a submarine that is able tocan change its shape as a living fish. Therefore, the engineering community started to design spherical underwater vehicles with high turning capabilities. One of the possible solutions of this problem is to use a spherical underwater vehicle instead of a typical slender body because the turning radius of a spherical marine vehicle can be made by orders of magnitude smaller than that of a  slender body of the same displacement length (see e.g., Choi and Yuh, Yue, Guo and Du, 2012, 1993;  ; Chyba et al. , 2008; Lin et al., 2009; Guo et al., 2011; Rust and Asada,  , 2011; Mazumadar et al., 2013;   ;  Yue, Guo and  and Shi, 2013; Li, Guo and Yue, 2015, patent http://www.google.com.pg/patents/US4455962).(need to read and add them to the bibliography). 	Comment by .: Please confirm or clarify further. 	Comment by .: Please include the references in the bibliography or perform the task described. 
[image: https://math.hawaii.edu/stomp/STOMP/gallery/ODIN/O8.jpg]

[bookmark: _Toc529005519]Figure 11. Omni-dDirectional iIntelligent nNavigator (ODIN) that, which is owned and maintained by the Autonomous Systems Laboratory, College of Engineering, University of Hawaii.	Comment by .: Since this is not a proper noun, the definition does not need to be capitalized. 
https://math.hawaii.edu/stomp/STOMP/gallery/O8.html

In this context, the classical solutions of a sphere, approaching to an obstacle have gained a new interest. 
[bookmark: _Toc529005581]Detection and identifying a body using bioinspired sensors. 
Bioinspired and biomimetic sensors were described in a very large body of the literature.  Theyby many studies investigating several concepts includinge   thermal, piezo resistive, capacitive, magnetic, piezoelectric, MEMS, and commercials pressure sensors-transducers.   The dDetailed reviews of all investigations  in this field is are beyond the scope of the present work.  . Recent  reviews by Tao and Yu (2012);,  Bleckmann, Mogdans, and Coombs (eds.). (2014); and Triantafyllou, Weymouth, and Miao (2016) contain present considerable relevant information on this subject.  . 
[bookmark: _Toc518315698][bookmark: _Toc518319119][bookmark: _Toc518319451][bookmark: _Toc518322069][bookmark: _Toc518578531][bookmark: _Toc518646285][bookmark: _Toc518315699][bookmark: _Toc518319120][bookmark: _Toc518319452][bookmark: _Toc518322070][bookmark: _Toc518578532][bookmark: _Toc518646286] 
[bookmark: _Toc529005582]Theoretical works on hydrodynamic imaging
[bookmark: _Toc529005583]Slender bodies approaching a wall
When a fish approaches an obstacles, the later obstacle will alters the velocity and pressure fields on the fish skin and creates a temporal signal. It is also generally accepted that Mexican Tetra is capable tocan detect that signals using its LL and translate it them into knowing itsthe distance from the obstacle. One of the simplest methods allowing used to understand the physics of hydrodynamic imaging is based on the premises of potential flow and method of images, which and the method is illustrated in Figure 12.


[image: ]
[bookmark: _Ref518315674][bookmark: _Toc529005520]Figure 12. Three images of fish A with respect to plane walls forming a corner. Image B provides the zero normal velocity on the vertical read line of the corner A. Image C provides the zero normal velocity on the horizontal blue line of the corner A. Image D provides the zero normal condition on the red line of the corner C and on the horizontal blue line of the corner B. Image C violates the boundary condition on the red line of the A-B corners A-B and image D violates the boundary conditions of the A-C corners A-C. Therefore, for small distances from the wall, the method of images is associated with an error. Nevertheless, for streamlined bodies which that weakly disturb the fluid, the method of images gives reasonable accuracy and a transparent explanation of the physics of a body moving near the corner. As it follows fromThe images also show that the flow in corner A is disturbed by the motions of the four fish.  . If velocity and pressure sensors are placed on fish A is equipped with velocity and pressure sensors, it they may perceive the variations of the velocity and pressure fields induced by three fishes B, C, and D.

[bookmark: OLE_LINK15]	Using Tthe method of images is valid for large distances of a fish to the walls of the corner. Handelsman and Keller (1967) considered a slender body of revolutions approaching perpendicularly or parallel to a wall and giavinge an asymptotic solution of the problem as an expansion of the velocity potential in Taylor series with respect to a small parameter which that was the inverse slenderness of the body. Based on Handelsman and Keller (1967), Hassan (1992) attempted to calculate the pressure on a slender body of revolution approaching a wall. Also, Aaccording to Hassan (1992), there is a pressure rise in the stagnation point of the body up to a distance of about 0.05 body lengths from the wall, but a decrease in pressure for closer distances. However, Tthis result is unclear and was not explained in Hassan’s (1992) work.  . 	Comment by .: Please consider quantifying these distances. 

	Windsor et al. (2010) calculated the pressure and velocity on a fish's body using Navier-Stokes equations and measured the velocity field using a particle imaging velocimetry technique. In particular, Windsor et al. (2010) demonstrated that the pressure gradient in the stagnation point of the body of revolution approaching a wall drastically increases as the distance to the wall decreases. Then, Aas approaching the wall from a distance of 0.3 to 0.02 body lengths of the fish, the pressure coefficient  at the stagnation point increased from 1.0 to over 4.0, but for pressure downstream, the stagnation point remained approximately the same as in open water. In contrast to the results of Hassan, no pressure drop was revealed. Furthermore, Windsor et al. (2010) found that for relatively small Reynolds numbers of the problem and small distances to a wall, the viscosity may influence the pressure quantity close to the stagnation although the general behavior of the pressure coefficient remains the same. This result can be explained by the small thickness of the boundary layer in the front part of the body where the most drastic changes of the pressure coefficient take placeoccur. It is important to note that the density of the Mexican Tetra pressure and velocity sensors, the canal and surface neuromasts, is highest in the front part of the fish’s body, the density of the Mexican Tetra pressure and velocity sensors, the canal and surface neuromasts, is maximum.  . 

	[image: ]


[bookmark: _Toc529005521]Figure 13. Pressure coefficient and canal pores density along the body of a schematic fish (view from above). Solid line – pressure coefficient; dashed line – canal pores density (arbitrary units). The distribution density of the canal pores neuromasts correlates well with the location of the maximum differential hydrodynamic pressure on the fish’s body (Ristroph, Liao, and Zhang, 2015; Dubois, Cavagna, and Fox, 1974).

The behavior of the pressure coefficient of slender bodies is rather robust and is qualitatively similar for different body shapes, which is illustrated in Figure 14.
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[bookmark: _Ref518319609][bookmark: _Toc529005522] Figure 14. The normalized velocity  and the pressure coefficient  calculated for a two-dimensional and three-dimensional body according to Milne-Thomson (1968). Solid line – Joukovskii two-dimensional profile; dashed line – airship form. Each of the two bodies can be characterized by its slenderness. That is by the ratio between the length of the body and its maximal width (or diameter). As long as these parameters for the bodies are close, the behavior of the pressure coefficients for them is qualitatively similar.  . For most slender fish, the rate of change of the pressure is the largest in their front part, with a decrease towards the tail.
[image: ]
[bookmark: _Ref518743567][bookmark: _Toc529005523]    Figure 15. Pressure distribution about a stream-lined body of revolution representing the so-called airship form (redrawn and modified from Schlichting, 1979).
Concerning the influence of viscosity on the pressure around a streamlined body, it can be said that itsviscosity’s role on the pressure on the body is essential only in on its rear part. In the front part of the body, the pressure can be represented qualitatively and quantitatively by using the premises of the inviscid irrational flow (see Figure 15 and –Figure 16). Moreover, the same is true even for a sphere, as it is illustrated in Figure 16. 	Comment by .: Please confirm or clarify further. 
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[bookmark: _Ref518320215]




[bookmark: _Ref518743573][bookmark: _Toc529005524]Figure 16.  . Pressure distribution on a circumference of a sphere as a function of the polar angle calculated in the clockwise direction (in the forward stagnation, the polar angle ).  A. Dash-dotted line –  – subcritical (experiment); solid line–supercritical  (experiment); dashed line–potential flow theory (redrawn and modified from Schlichting, 1979). B. Subcritical (numerical solution of the Navier-Stokes equations, redrawn and modified from Bazilevs et al., 2014).


As it follows from  shown in Figure 16, for angles approximately up to  approximately, for both subcritical and supercritical Reynolds numbers, the pressure on the meridional circumference is in a full agreement with that obtained theoretically for a sphere in potential flow.

[bookmark: _Toc529005584]Sphere approaching to a wall or another sphere
A sphere moving in inviscid fluid close to a plane wall is a classical problem of hydrodynamics (e.g., Lamb, 1916; Milne-Thompson, 1968). It This event is based on the Stoke's method of images, and. by uUsing the method of images, Hicks (1879) found a general expressions for the added mass of the fluid for a sphere approaching another sphere. Basset (1888) offered an approximation of the kinetic energy of two spheres moving along the line of centers also using the method of images. Endo (1938) then calculated the velocity potential of two moving spheres using bipolar coordinates and calculated the pressure and the forces acting on two fixed spheres in uniform flow. Afterward, Weihs and Small (1975) considered the problem of two moving spheres using a bi-spherical coordinate system, and by. uUsing spherical harmonics, Miloh (1977) expressed the potential of a sphere approaching a wall as a series of Legendre polynomials whose coefficients can be found as a solution of a system of linear algebraic equations with an infinite number of unknowns. Furthermore, by uUsing a similar technique, Bentwich and Miloh (1978) solved the same problem using the stream function instead of the velocity potential and, calculated the kinetic energy and the force acting on the sphere approaching a wall and gave examples of the force acting of a sphere approaching a wall. Recently, Kharlamov, Chara, and Vlasak (2008) using Lamb's (1916) solution calculated the added mass of a sphere moving parallel and perpendicular to a wall using infinite series of images in a sphere.	Comment by .: Please confirm or clarify further. 
 	Surprisingly, among all referred works, none -of them deals directly with an exact solution of the problem representing the main interest for the problem ofin hydrodynamics imaging, that is a  to precisely calculateion of the pressure on a sphere approaching to a wall.


[bookmark: _Toc518315706][bookmark: _Toc518319127][bookmark: _Toc518319459][bookmark: _Toc518322077][bookmark: _Toc518578539][bookmark: _Toc518646293][bookmark: _Toc518315707][bookmark: _Toc518319128][bookmark: _Toc518319460][bookmark: _Toc518322078][bookmark: _Toc518578540][bookmark: _Toc518646294]
[bookmark: _Toc529005585]Detection of a body in the presence of current
So Thus far, all the observations of a fish avoiding obstacles were carried outhave been performed in still water. In that case, the only water flow is generated by the fish itself and the entire velocity field depends only on the fish motion. If a body-obstacle is placed in the ambient current, to detect a body, the fish must process the stimuli of the lateral line while, which incorporatinge those stimuli pertaining to the self-induced velocity field and to the ambient velocity field. Depending of on the Reynolds number of the obstacle and the ambient turbulent intensity, the character and the intensity of body-generated hydrodynamics disturbances may be rather different as it , as is illustratedshown in Figure 17. 
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[bookmark: _Ref518148971][bookmark: _Toc529005525]Figure 17 . The wake of a cylinder in a stream for different Reynolds numbers (adopted from Vogel, 1994).
The hydrodynamic field created by the body object can be considered as a feature of the obstacle that either helps a Mexican Tetra to reveal itthe object, or a noise that masks it undetectable. To our best knowledge, these alternatives experiments were not checked experimentally. 	Comment by .: “object or to mask it undetectable”?



[bookmark: _Toc518311387][bookmark: _Toc518315711][bookmark: _Toc518319132][bookmark: _Toc518319464][bookmark: _Toc518322082][bookmark: _Toc518578544][bookmark: _Toc518646298][bookmark: _Toc518311388][bookmark: _Toc518315712][bookmark: _Toc518319133][bookmark: _Toc518319465][bookmark: _Toc518322083][bookmark: _Toc518578545][bookmark: _Toc518646299][bookmark: _Toc518311389][bookmark: _Toc518315713][bookmark: _Toc518319134][bookmark: _Toc518319466][bookmark: _Toc518322084][bookmark: _Toc518578546][bookmark: _Toc518646300][bookmark: _Toc458692820][bookmark: _Toc529005586]Objectives of this work	Comment by .: Please confirm that including this chapter here follows the guidelines of the publishing body. For example, please consider presenting this chapter in Section 1.1 about the motivation of this work. 
1. To exploit the exact solution of Lamb (1916) to calculate  the velocity and pressure variations on a sphere approaching another sphere or a plane wall, a work which this work was has not been done before.
2. To verify the obtained theoretical solution experimentally, which was also done for the first time.
3. To Eestablish the conditions of detectability of a wall by a sphere using commercial pressure sensors.
4. To observe and record for the first time the process of fish avoiding an obstacle in the presence of current. 
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We consider rigid spheres A and B of radii . The spheres move with velocities  and  along a line connecting their centers (Figure 18). 	Comment by .: Is there a reason why you are using U instead of V? Please consider making this change. 
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[bookmark: _Ref460329540][bookmark: _Ref458697927][bookmark: _Toc529005526]Figure 18. The coordinate system.  The centers of both spheres are located on the  axis of the fixed in  space coordinate system . Another coordinate system  is attached to the body A and moves with it as a whole; then,;  are unit vectors normal to the surfaces of the corresponding spheres A and B. The distance between the centers of the spheres is denoted as c , and the minimal distance between the surfaces of the spheres is denoted as h. 

Two limiting cases are of particular interest for the present study. 

1. Two equal spheres A and B move in opposite directions with equal speeds U and , respectively correspondingly (Figure 19 A). 
2. Sphere A moves towards a still sphere B whose radius is much larger than that of sphere A (Figure 19 B). 
In both limiting cases, it is possible to consider the motion of a single sphere approaching a wall or moving away from it. 
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[bookmark: _Ref500169525][bookmark: _Toc529005527]Figure 19. A. Two equal spheres moving in the opposite directions with equal speeds and high Reynolds numbers. Due to symmetry, on the dashed line, the normal to it velocities normal to it which that are induced by the spheres, cancel each other. In a this case, this line can be imagined as a rigid wall on which the zero normal velocity is satisfied in the left and right half-spaces. B. A sphere moving away from the wall with velocity U. C. A finite radius sphere approaching to a large one (); the latter can be considered as a rigid wall. 

 The locations of both spheres change in time  as follows:

	 ,						

					,					

where  is the distance between the centers of the spheres. 
The two coordinate systems OXYZ and oxyz are related as  as 

[bookmark: ZEqnNum863609]	 .		
Furthermore, the following relation will frequentlyis be frequently used:

[bookmark: ZEqnNum245153]	 		

Then, Ggiven that  are time- dependent, the following relations also hold:


			 
From here onFor the rest of your work, the time derivative of a quantity will beis denoted by an overdot. 

The fluid motion is irrotational and the fluid velocity is determined by its potential as 

	 		




Due to the linearity of the problem, the total velocity potential  can be represented as the sum of two unit potentials, with  pertaining to the motion of sphere A and  pertaining to the motion of sphere B: 


	. 			
Each of the potentials satisfies the Laplace equation

[bookmark: ZEqnNum301980]	;,						

and therefore, the potential  satisfies the Laplace equation. Each of the unit potentials satisfies the boundary condition of zero normal velocity on the surface of the corresponding sphere. Also, Ffor convenience, this boundary value problem is formulated initially in the moving coordinate system. 

[bookmark: ZEqnNum497797]	 				
where 	

	 .			



For , the spatial and time derivatives of the unit potentials tend to approach zero. Once the potential  is known in the moving coordinate system, it can be expressed in the fixed in space coordinate system . The Ppressure in the fluid can also be calculated in the fixed in space coordinate system using Bernoulli's integral: 

[bookmark: ZEqnNum692434]	, 						


where  is the static pressure far from the spheres. Without loss of generality, the following can be assumed:.   	 In unbounded fluid, the velocity potential of a sphere of radius a, which moves along the OX axis with velocity U, and can be represented as a velocity potential of a doublet of strength 

[bookmark: ZEqnNum965499]	 							
moving with the same velocity in the direction of the same axis. In view ofBased on Eequation  in the moving coordinate system, the potential of the doublet can be expressed as the following (Milne-Thomson, 1968): 


[bookmark: ZEqnNum573328]	 ,					 	
where 

	 		
If another dipole with density 

[bookmark: ZEqnNum964534]	 							


and coordinate  moving with velocity  along OX axis is also introduced in the flow, then its potential is 

[bookmark: ZEqnNum164729]	 					
Also, Tthe boundary conditions of zero normal velocity on the spheres is are satisfied only if the distance c between them is infinite. To satisfy  for finite c a, additional measures should be taken.  . 
 	In this work, we use the method of images was used because it gives an exact solution of to the problem although its form is "unwieldy" (Milne-Thomson (1968) paragraph 16.30). However, what was "unwieldy" for numerical calculations in 1950, when Milne-Thomson wrote the first edition of his book, became the most practical and convenient form of computing a variable using a recurrent formula

	 	
which that in any computer language can be expressed as a loop 
for n=1, N
 q(n+1)=function q(n)
end
	According to Hicks (1879), Stokes initially studied the motion of two spheres in 1843, and. Stokes studied the motion of two spheres in the inviscid irrotational fluid by using an image of a doublet in a sphere, as it is illustrated in Figure 20 (Lamb 1945) and briefly explained  in the following paragraphbelow. 
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[bookmark: _Ref500608972][bookmark: _Toc529005528]Figure 20. Illustration of the method of images.  . Dipole A with intensity  is located in the point A at a distance C from the center of the sphere B of diameter b.














	If both sphere B and the dipole do not move,  the zero normal velocity condition on the sphere’s  sphere’s surface is satisfied under the following conditions: another dipole with intensity is placed inside it at point  such that  and the distance between the  and A is  However, the dipole  violates the boundary condition on sphere A. To neutralize its the influence of the dipole, an image of  in the interior of sphere A can be introduced. This image, namely  , also violates the boundary condition on B, which that can be compensated by introducing a dipolloe , which is an image of , and so on (Figure 21). A similar problem can be formulated when sphere B moves with velocity  and sphere A is in at rest. Introducing iIn the center of sphere B , a dipole with intensity  and, a system of images  can be introduced which that are located at distances  from the center of sphere A. 	Comment by .: Please clarify it. Do you mean “the surface of the sphere”?


For odd dipole numbers , the density of images and their distances  from the center of A are expressed as follows (Lamb 1945):

[bookmark: ZEqnNum448853]	 	

	 	

For even dipole numbers  numbers , the corresponding quantities are 

[bookmark: ZEqnNum688063]	 	

[bookmark: ZEqnNum610031]	 	


[image: ]


[bookmark: _Ref500709995][bookmark: _Toc529005529]Figure 21. Successive images introduced in order to satisfy the boundary conditions on the moving sphere A and sphere B if its velocity . 
  Finally, the fluid velocity potential of the series of dipoles can be written as follows:

[bookmark: ZEqnNum427348]						 			 




where for ,  and  are defined by ,  ,  and for  for  as 


[bookmark: ZEqnNum551081]			 		
Here    Here   					

[bookmark: ZEqnNum201765]	 				
are the distances of the doublets from the origin of the fixed in space coordinate system with   with  

	 					



and  do not depend on time, that is, 
 The pressure on a moving sphere has tomust be referred toconsidered the moving coordinate system whereas the Bernoulli equations  refer to the fixed in space coordinate system. In view of  and -, tThe spatial and derivative involved in the Bernoulli equation can be written as 

	 	

[bookmark: ZEqnNum446052]		

[bookmark: ZEqnNum771916]	 	

	 
Furthermore, for brevity, the partial derivatives with respect to time will beare also denoted by overddot as 

. To illustrate the general scheme of calculating  and -, consider unit potentials 

[bookmark: ZEqnNum106309]	 ,		
where 

[bookmark: ZEqnNum818414]	 .		

and the subscript n and superscript in  prime are tacitly omitted. With these notations, the gradient of the velocity potential referred to the moving coordinate system can be written using  and -. To calculate the time derivatives of the potentials , it is necessary to take into accountconsider that time- dependent are is not only the distances of the images to the wall but also and their intensities:

[bookmark: ZEqnNum816016]			 				

In view of  and taking into accountconsidering that ,  we also havealso,

	 		





The time derivatives of distances, and dipoles  can be obtained from – -  for odd and even n as follows:

For odd  

[bookmark: ZEqnNum938267]	 	


		 	

For even  

	 		

[bookmark: ZEqnNum904288]	 		
Equations – -    and – -  can be used for calculating   and then the velocity potential  . 




Once   and  are defined by –-, and their  time derivatives  and   are defined by –-, then –-,  , -, and hence  are also defined also. 
	
[bookmark: _Toc529005589]Testing cases 


All previous studies considered the force F acting on a sphere approaching a wall with a right oblique angle. This problem is adopted here as a benchmark in order to compare this force obtained by other researchers with our results. For this purpose, consider the first two equal spheres of the same radii a moving in the opposite direction () along the line connectingion their centers, and. tThe plane bisecting AB will beis the plane of symmetry and may be taken as a fixed boundary on either side Lamb (1945). Also, Tthe kinetic energy of the fluid  in the, say, left side is half of the total fluid energy T on the both sides of the plane. The later can be calculated as Lamb (1945): 


					,					
where 

	 ,							

				,						

						   			


The kinetic energy is associated with the added mass  of a single sphere as 

[bookmark: ZEqnNum128011]	 			



Once T and hence  are known, the force acting on a sphere approaching a wall with a right angle can be calculated by using the Lagrange equations of the second kind (Lamb, 1945). Then, Bby introducing the generalized coordinates  and , the hydrodynamic force acting on a sphere approaching a wall can be written as follows:

[bookmark: ZEqnNum475519]	 						
Substituting  into   then gives 

[bookmark: ZEqnNum493891]	,  						

where the added mass depends on the distance  of the center of the sphere to the wall. For the added mass coefficient 

	 		

two limiting values are exact Hicks, W. (1879):

[bookmark: ZEqnNum843451]	 		

 The hydrodynamic forces acting on a sphere as a function of  can be calculated wheither by using  or by direct integration of the pressure over the surface of the sphere 

[bookmark: ZEqnNum286256]	 		

 In Figure 22, the calculation of  in the spherical coordinate system is illustrated. 
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[bookmark: _Ref518646455][bookmark: _Toc529005530]Figure 22.   . The element of the surface is  and the projection of the external normal to the sphere on the ox axis is . 
In such a case as that presented in Figure 22,  can be written as 	Comment by .: Please confirm.

[bookmark: ZEqnNum665898]	 		


Because the flow is axisymmetric with respect to the Ox axis and does not depend on , from , it follows that  	

	 		
The hydrodynamic added mass coefficients  and the hydrodynamic coefficients 

	 	

	,		
are used here for validating of the present algorithm.



[bookmark: _Toc529005590]Numerical results
In this section, several numerical examples are given. 

1. The added mass coefficient  for a sphere approaching a wall as a function of the distance to the wall.

2. The coefficient of the hydrodynamic force  acting on a sphere approaching a wall as a function of the distance to the wall.
The pressure coefficient on a sphere approaching a wall is 

[bookmark: ZEqnNum565126]	                         . 	
3. The fluid velocity components in the plane Z=0:
4. The instantaneous streamlines in the plane Z=0:
5. The pressure coefficient on a sphere approaching another sphere along the line connectingion their centers


	All computations presented here in this work were performed using MATLAB and Visual Fortran compilers with double precision. In order toTo determine the number of images N required to provide the relative accuracy of calculations, all quantities of interest were computed with consequently increasing N until the relative error  was attained. Then, Aas expected, the number of required images increases with the normalized distance  decreasing.   The integral characteristics such as the added mass coefficient or the force acting on a sphere, required less fewer images than the fluid velocity or the pressure coefficient. Also, Tthe maximum number of images was necessary to calculate the fluid velocity and the pressure in the closest vicinity of the stagnation point.   .  
[bookmark: _Toc529005591]The coefficients of the added mass and the repulsive force






 To calculate the added mass coefficient for =0, it is sufficient to take into accountconsider about 100 images, which givinges . The exact value of the same coefficient calculated by Hicks (1879) is , and (the relative error is less than ). It should be noted, thatAlso, calculating the velocity V in the stagnation point is subject to an error due to the numerical rounding of the computer calculations. However, even for such small distances such as , the condition for the fluid velocity in the stagnation point  is satisfied with an accuracy up to 14 digits with accountedfor 800 images. 	 

	With these limitations, it was found that the number of images  was sufficient for all the consequent computations. It should be noted, that we did not experience anyAlso, no practical difficulties were experienced in computing all the quantities of interest using standard personal computers. Typically, calculating the velocity and the pressure along the meridional circumference of a sphere on a standard PC  PC took a couple of seconds. Therefore, any attempt to accelerate the commutations by accelerating the series convergence were was not attempted. Also, In Figure 23 and Table 1 are presented examples of the convergence algorithm for calculating the quantities of interest. 
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[bookmark: _Ref501210618][bookmark: _Ref458952495][bookmark: _Toc529005531][bookmark: _Ref501210532]Figure 23. Added mass coefficient and velocity at the fore edge of the sphere, at a small distance from the wall () with a changing number of images N. Solid line - ; dashed line -  .



[bookmark: _Ref501211199][bookmark: _Ref519781148][bookmark: _Toc529005611] Table 1. The Mminimum number of images  required for calculating the pressure coefficient and the velocity on a sphere with  as a function of the distance to the wall  are is presented in the second and third columns.    .   
	

	


	



	2
	1
	1

	1.5
	2.0
	2.0

	0.5
	4
	3

	

	9
	8

	

	29
	26

	

	94
	83

	

	299
	265

	

	914
	832



 The values of the added mass coefficient calculated using the present algorithm are in a good agreementagree well with those reported by other authors (Figure 24).   
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[bookmark: _Ref476154057][bookmark: _Toc529005532]Figure 24. Added mass coeeficient  coefficient as a function of the normalized distance to the wall. The Ssolid line – presents the calculation by this work, the; dashed line () represents the result by Kharlamov (2007) representing the, method of images with accelerated convergence of series, the; dash-dotted line ()  () represents the result by Yang (2006), and the dotted line () represents the result by Milne-Thomson (1968).	Comment by .: Please confirm or clarify further. 


As it can be seenshown in Figure 24, the agreement between the present calculations and those reported by other authors is very good except for the lowest order approximation by Milne-Thomson (1968) which that is not valid for . 

	In Figure 25, the results of calculating the repelling force coefficient  are presented. 
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[bookmark: _Ref476154583][bookmark: _Toc529005533]Figure 25. The Ccoefficient of the force acting on a sphere approaching a wall perpendicularly. Solid line – Lagrange’s equation; open circles – pressure integration.
It is seen in Figure 25 shows that the agreement between the present calculation and those reported by other authors are also in very good agreement. For instance, the discrepancies cannot be noticed in the scale of the figures and the thickness of the lines thicknesses.
[bookmark: _Toc529005592]Sphere approaching to a wall 
The calculated velocities on the circumference of a sphere approaching a wall are illustrated in Figure 26.
	[image: C:\Users\Gregory\Desktop\Tomer\images\VOnSphere5distances.png]







[bookmark: _Ref460924002][bookmark: _Ref458955477][bookmark: _Toc529005534]Figure 26. Normalized velocity on the meridian circumference of a sphere approaching a wall as a function of the distance h and the coordinate x: . For , the velocity on the meridional circumference coincides with that for .  . 




Figure 26 demonstrates an interesting feature: Iin the stagnation (critical) points, the velocity of the fluid is equal to the velocity of the sphere as it should be. However, in the closet vicinity to the forward critical point, the velocity rises, and at a certain coordinate  , the velocity reaches an extremum. Also, aAt a small distances of ,  the velocity change reaches . 
	To calculate the streamlines around a sphere approaching a wall, a standard Matlab tool (streamslice.m ) was invoked, and. eExamples of the streamlines are presented in Figure 27.
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[bookmark: _Ref465682037][bookmark: _Toc529005535]Figure 27. A and B: Streamlines in the plane  of a sphere approaching a wall from the left. C and D. Pressure coefficient on the same sphere. 

[bookmark: _Ref501798282]As it can be seenshown in this Ffigure 27, the streamlines become denser as the distance to the wall decreases, which in agreeingment with the velocity variation along the circumference shown in Figure 26. The denser streamlines  indicate the pressure rise, becoming particularly drastic in the closest vicinity of the stagnation point, and. tThe pressure coefficient  is plotted in Figure 28. 
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[bookmark: _Ref502939035][bookmark: _Toc529005536]Figure 28. Pressure coefficient along the meridian circumference for different distances from a wall.  . 
In Figure 29, the pressure coefficient is plotted in log-log scale. 					      	
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[bookmark: _Ref501799049][bookmark: _Toc529005537]Figure 29. Pressure coefficient in the stagnation point for small . The Bbroken line – represents the calculated pressure coefficient, and the; square line – represents the approximated pressure coefficient . It is seen thatThe figure shows that the pressure coefficient behaves as  for small distances to the wall . the pressure coefficient behaves as .





Although In contrast, for , the pressure in the stagnation point tends to infinity and, nevertheless, the integral of the pressure over its surface is finite, which can be explained in the following way. When , the integration over the entire surface of the sphere can be replaced by the integration over its surface with the excluded singular point plus an integral over a semi sphere of infinitesimal radius h and corresponding surface . Given that the value of the pressure on the small semi- sphere is proportional to , the  value of the integral over the semi- sphere is proportional to . Thus, the contribution of the singular pressure to the total integral of the pressure over the sphere is negligible. 












[bookmark: _Toc529005593]Two spheres
[bookmark: _Ref519084953]Two spheres with ratios b/a presented in Table 2, and. tThe corresponding streamlines and pressure coefficients in the plane Z=0 are presented in Figures 30– - Figure 33. 

[bookmark: _Ref519359751][bookmark: _Toc529005612]Table 2. Parameters of the Sspheres parameters and the corresponding figure numbers 
	Figure number 
	32
	33
	34
	35

	b/a
	1000
	1.0
	0.5
	0.1



The case of a sphere approaching a much larger sphere provides a verification of the algorithms and the code because in this case the larger sphere can be considered as a rigid wall in this case.    
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[bookmark: _Ref496364662][bookmark: _Toc529005538]Figure 30. A sphere of radius a approaching another non-moving sphere of much larger radius A–B. Streamlines. C–D. Pressure coefficient. The mMore detailed analysis shows that the results presented in Figure 27 and Figure 30 are almost identical. 
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[bookmark: _Toc529005539]Figure 31. Streamlines and the pressure coefficient around a sphere approaching another still sphere  sphere . A. and C. ; B. and D. .
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[bookmark: _Toc529005540]Figure 32. Streamlines and the pressure coefficient around a sphere approaching to another still sphere  sphere . A. and C. ; B. and D. .
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[bookmark: _Ref501819264][bookmark: _Toc529005541]Figure 33. Streamlines and the pressure coefficient around a sphere approaching to another still sphere  sphere . A. and C. ; B. and D. .
The presented results in Figure 30–-Figure 33 results clearly indicate that a rigid wall or another sphere can be revealed by a moving spherical detector, although the distance of detection depends on the ratio b/a and the velocity of the detector. 




[bookmark: _Toc519260641][bookmark: _Toc519179179][bookmark: _Toc529005594]Experimental investigation
The goals of the experiment described in this section waswere as follows:
1.  . To verify the discussed above mathematical model for calculating the pressure on a sphere approaching a wall. 
2. To verify the feasibility of detection of a wall by a moving sphere using commercial transducers.  . 
 

1.4 [bookmark: _Toc519260642][bookmark: _Toc519179180][bookmark: _Toc529005595]Experimental layout
The experiment was carried outperformed in the water tank of the "Water Waves Research Laboratory" of the School of Mechanical Engineering at Tel Aviv University. The length of the water tlank is 21.0 m, its width is 1.0 m, and its depth is 0.6 m. Also, Tthe walls of the tank are made from transparent glass (Figure 34). 
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[bookmark: _Ref502240141][bookmark: _Toc519260697][bookmark: _Toc519177021][bookmark: _Toc529005542]Figure 34. The experimental system.

A carriage whose velocity may vary from 0.5 cm/s to 1.0 m/s moves along the tank, and. tThe velocity of the carriage and its position along the tank are recorded with an error of less than 1%. The object of experiments was a rigid sphere of diameter  rigidly attached to the carriage and moving towards a fixed in space wall (Figure 35). A rigid but brittle plastic plane was inserted into a metallic frame of width ~2d mounted on the bottom of the tank (see next Figure 35). 
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[bookmark: _Ref502242917][bookmark: _Toc519260698][bookmark: _Toc519177022][bookmark: _Toc529005543]Figure 35. A sphere approaching to a brittle wall.  . A. View from above. B. Side view. 1. Moving carriage; 2. Connecting tube; 3. Sphere; 4. Rigid wall; 5. Breakable wall. The center of the sphere was 0.35 m below the water free surface.
The wall was covered by an aluminum foil, and. tTwo small thin separate metal sheets separated by a 0.5°o distance were attached to the fore edge of the sphere. Both of the sheets were connected to a 5V power source. Then, oOnce the sphere touched the aluminum foil, the circuit was shortened, and an electric signal indicating the contact was recorded.
1.5 [bookmark: _Toc519260643][bookmark: _Toc519179181][bookmark: _Toc529005596]Construction of the sphere 
The sphere was manufactured using a three- dimensional printer printed at “Dfus 3D” company (Herzelia). The sphere was made from Polylactic polylactic acid with a condense exterior to prevent leaking. After being printed, the sphere was covered with layers of varnish to further seal its surface, and. tThe sphere was designed as two connecting parts in order to allow the insertion of the pressure sensors into it the sphere (Figure 36).

	[image: Xploaded_no_table]



[bookmark: _Ref502335789][bookmark: _Toc519260699][bookmark: _Toc519177023][bookmark: _Toc529005544]Figure 36. Parts of the sphere. 1. Pressure holes (see Figure 37). 2. FFront part of the sphere. 3. Sealed box containing the pressure transducers. 4. O-Ring preventing leaks between the two main parts of the sphere. 5. Inner connector. 6. Rear part of the sphere. 7. Connecting tube, connecting of the entire sphere to the moving carriage. 

The sphere was printed with eleven holes on the meridian circumference of the sphere. The first of themhole is located at the polar angle , and the rest as it isof the holes are shown in Figure 37.

[image: ball with angles ]

[bookmark: _Ref502245846][bookmark: _Toc519260700][bookmark: _Toc519177024][bookmark: _Toc529005545]Figure 37. Locations of the holes in the sphere. 
An end ofEnds a of thin 2 mm silicone pipes was were inserted in each hole. The other end of the pipe leads to pressure transducers and was, placed in the sealed box (see also Figure 36, item 3). The signals from the pressure sensors were recorded and processed by a computerized system of data acquisition, as it is illustrated in Figure 38.	Comment by .: Please confirm this info should not be in the figure caption.
The pressure transducers were electrically connected to a computer through the connecting pipe.

	[image: experimental system schematic]


[bookmark: _Ref502339488][bookmark: _Toc519260701][bookmark: _Toc519177025][bookmark: _Toc529005546]Figure 38. Schematic diagram of measured data processing. 


	The aim of the experiment is to find determine if it is possible to detect the wall by the used pressure sensors, and. tThe following criteria of detection are adopted here. Assume that for each pair of six sensors it is possible to measure the pressure difference  between two points corresponding to two polar angles . In order toTo verify the measurements regardless of the specific conditions of the experiment, the pressure difference is normalized with the dynamic pressure, and can be expressed as 
	

	 ,	

where . The relative pressure difference 

[bookmark: ZEqnNum688858]	 		


is defined here as a criterion of for detecting the wall. Then, Iif may exceeds a certain threshold , then equation

[bookmark: ZEqnNum853040]	 	
gives the maximal distance of detection. 
	The feasibility of detection and the distance of detection depend on the accuracy of measurements and are, 
which is determined by the sensitivity of the used sensor and the noise of measurements. Then, Iin this context, 
 may have one, many, or no robust solutions, many or none. 





	Most of the experiments presented here were carried outperformed for with Re  . As it follows froAlso, as shown inm Figure 16, such this Reynolds number can be used and the flow may be considered as the potential till the angle , where .  . Correspondingly, the pressure difference 

[bookmark: ZEqnNum883376]	 		
was used here to calibrate the pressure sensors in water. 
1.6 [bookmark: _Toc458692824][bookmark: _Toc519260644][bookmark: _Toc519179182][bookmark: _Toc529005597]Pressure sensor



In the present experiment, a Freescale MP3V5004G pressure sensor was used, and. tThe range of measurements is was 0–4 kPa. According to factory specifications, the maximum error of the sensor is was Pa. However, in practice, according to our calibration, the error of the measurements was two2 times smaller and did not exceed  Pa. Also, Tthe approximate dimensions of the sensor are were  mm, which allowing fors to place several of them to be placed ininto the interior of the sphere (Figure 39). Then, Ttwo 1.5V batteries connected in parallel powered the sensors.
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[bookmark: _Ref502399634][bookmark: _Toc519260702][bookmark: _Toc519177026][bookmark: _Toc529005547]Figure 39. The Freescale MP3V5004G pressure sensor. A. An image of the sensor. B. A schematic deiscription of the pressure sensor; a silicone diaphragm deforms according to the pressure difference. 	Comment by .: Please consider having the captions and the figures on the same pages.


A stress- strain gauge connected to the diaphragm converts this deformation into an electrical signal that, which converts to pressure readings. Also, tThe pressure sensors were supplied by the factory calibration curve representing the pressure in Pa as a function of electric voltage. In other words,, that is

[bookmark: ZEqnNum657974]	 		



 where  and  are constant coefficients. Eq.  being normalized with the dynamic pressure can be rewritten as 

[bookmark: ZEqnNum870324]	 		



where  and    are the normalized coefficients of proportionality. 





	 Each new experiments started from the calibration of sensors dried in air for at least for twelve hours. First, the initial voltage measured  was subtracted from the voltage reading for each -th sensor. After that, in a series of  experiments, the proportionality coefficient  was calculated for each -th sensor as 

	.		



[bookmark: _Toc519260703][bookmark: _Toc519177027][bookmark: _Toc529005548]Once  and are found, the differential pressure for each sensor can be estimated using , and. aAn example of calibration of six sensors is presented in Figure 40. 		Comment by .: Please do not have this text appear in the figure section.
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[bookmark: _Ref502401357][bookmark: _Toc519260704][bookmark: _Toc519177028][bookmark: _Toc529005549]Figure 410. Sensor calibration.  	Comment by .: Please confirm this is Figure 40 and that the other figure numbers should be changed accordingly. 




Using this and other measurements, it was found that the maximum error of measurements of  do not exceed ~0.1. As it follows from theoretical calculation presented in the previous sections, for , the  the theoretical value of the pressure coefficient is of the order of 1.0 and grows as  . Therefore, it can be assumed that for distances  distances , it can be assumed that the sensitivity and accuracy of the pressure sensors areis  sufficient for comparison ofcomparing the theoretical and experimental results.  . 


1.7 [bookmark: _Toc519260645][bookmark: _Toc519179183][bookmark: _Toc529005598]Experimental results 
1.7.1 [bookmark: _Toc519260646][bookmark: _Toc519179184][bookmark: _Toc529005599]Pressure difference 
A raw time- dependent signal  when the sphere approaches to the wall is illustrated in Figure 412, where  where a sharp rise of the pressure on time can be observed, which in full agreementagrees with the theoretical prediction. 
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[bookmark: _Ref502418854][bookmark: _Toc519260705][bookmark: _Toc519177029][bookmark: _Toc529005550][bookmark: OLE_LINK27][bookmark: OLE_LINK26]Figure 412. Pressure coefficient difference as a function of the time while the sphere approaches to the wall (U= 0.5 m/s). The read circle indicates the contact of the sphere with the wall. A. Row signal. B. The same in logarithmic scale with error bars. 	Comment by .: I only see one figure. Please include the other figure. 




 In the experimental Figure 412 shows that the differential pressure coefficient attains itbecomes a maximum somewhat after the contact of the sphere with the wall.  This peculiarity may be caused by the rather fast variation of the pressure in time at small distances from the wall. Also, Tthe air compressibility and water, which is inevitably presented in the pipes connecting pressure holes of the sphere, may lead to the time lag in response of the measuring system to the pressure variation. In the experiments presented performed in this work, here it was difficult to estimate a constant time lag. In order not toTo not increase the degree of uncertainty, it was assumed that the measurements are yet reliable till the maximum of . 


	An example of a comparison of the theoretical and experimental data is shown in Figure 423. In Figure 423 A and -B, where the pressure difference is presented, the agreement between the theoretical and experimental data can be considered as satisfactory  qualitatively and quantitatively. Then, iIn Figure 432 C and -D  where the pressure difference   is presented, the agreement is satisfactory qualitatively.  . 
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[bookmark: _Ref506924146][bookmark: _Toc529005551][bookmark: _Toc519260706][bookmark: _Toc519177030]Figure 423. Comparison of the experimental and theoretical pressure difference coefficients. The time  when the pressure difference attains the maximum. The sSolid line – represents theory, while; the open circles represent– experimental results. A. U=0.5 m/s. B. U=0.6 m/s.  . C. U=0.5 m/s. D. U=0.6 m/s. 	Comment by .: Please confirm. 



These figures show a good agreement between the theoretical calculation and the measured results, and. tThe agreement is best at  and atwhile larger angles show less agreement. Then, tThe relative error is larger at higher angles since the  values are smaller. 	Comment by .: Please confirm or only keep the angle. 	Comment by .: Please correct the degree symbol in this term. It seems to be in the superscript twice. 
1.7.2 [bookmark: _Toc519260647][bookmark: _Toc519179185][bookmark: _Toc529005600]Detection distance



According to the results of theoretical and experimental investigations, the maximum pressure difference is attained when the pressure sensor is located in the point . Thus, the pressure difference between this point and the reference point  is used here as the most representative estimate of the detection distance  given by the equation 

[bookmark: ZEqnNum225360]	 		


where  is the noticeable dimensionless difference. Because both parts of  are proportional to , the detection distance which that can be found from this equation, does not depend on U. 

 An example of the estimation the detection distance based on the experimental results for [image: ] is shown in Figure 43. 	Comment by .: Please confirm or clarify further. 

	[bookmark: _Ref502946911][image: ]





[bookmark: _Toc529005552][bookmark: _Toc519260707][bookmark: _Toc519177031][bookmark: _Toc506647380]Figure 434. Experimental pressure difference coefficient measured until the time of contact (U= 0.5 m/s). The open circle indicates the location and time when    
The same processing of the pressure data was made for all the experiments which that were held. For each measurement, the distance from the wall and the corresponding time were calculated, and. tThe time presented below in Table 3 is the time remaining before the sphere hit the wall. 	Comment by .: Please confirm that is what you mean by “below.”
[bookmark: _Toc519260730][bookmark: _Toc519177053]
[bookmark: _Toc529005613]Table 3‎6.1.   Average detection time and distance at three3 velocities.
	velocity U, m/s
	time before hitting the wall, sec
	normalized distance from the wall at detection, h/a

	U=0.5
	0.15
	0.34

	U=0.6 
	0.11
	0.30





2.1 [bookmark: _Toc518753057][bookmark: _Toc529005601]Fish moving in a tube with current
[bookmark: _Toc518147499][bookmark: _Toc518311442][bookmark: _Toc518315766][bookmark: _Toc518319187][bookmark: _Toc518319519][bookmark: _Toc518322147][bookmark: _Toc518578609][bookmark: _Toc518646364][bookmark: _Toc529005602]Experimental apparatus
	The experimental system consists of a closed transparent tube connected to a water pump, allowing to create a water current in the tube to be created (Figure 454).

		[image: C:\Users\Gregory\Desktop\Tomer\images\Fish_pics_exp_sys_top.PNG]
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[bookmark: _Ref510355980][bookmark: _Toc518753119][bookmark: _Toc529005553]Figure 445. Schematic experimental setup. A. Top view. B. Side view. 


1. Four transparent straight Perspex tubes with an inner diameter  were connected by four  semitransparent bends. The bends were specially designed and 3D printed from semitransparent ABS.  . 
2. An open section was created in a part of the tube to insert a fish through it.  . 

3. The entire tube was submerged into a  transparent tank filled by water to overcome the optic distortion created by the round tube.  . 
4. A centrifugal pump is connected to the tube to create a water flow (see parameters in Appendix ? )	Comment by .: Please update this information
5. Holders of the tube.
6 and -7. The pump takes the water from the water tank (6) and returns it back to the tank after passing through the tube (7).
8. A flowmeter is located between the pump and the tube. 

9. An ABS printed cylindrical obstacle with a circular cross-section mm and height equal to the pipe’s inner diameter 54mm was placed into the tube. 


10. A  section of the tube was filmed by two hi-speed (100 fps) synchronized digital video cameras  pixel CMOS, Optronics GmBh, Germany (see 11- and 12)   equipped with 60mm/f2.8 and 20 24mm/f1.8 lenses  lenses (Nikkor, Japan). 
11. Camera located above the water tank.	Comment by .: Please confirm. 
12. Camera located at the side of the water tank.




The mean velocity of the flow  in the tube is calculated as the ratio of the flow rate Q measured by the flowmeter to the area of the inner cross-section of the tube. The corresponding Reynolds number is calculated as , where  is the water kinematic viscosity. 
[bookmark: _Toc529005603]	Experimental protocol and fish filming


There were Thirty two32 Mexican Tetra cave fish were obtained from a local pet trade and. tThe fish were kept in two separate aquariums, with 16 fish in each aquarium. The Wwater temperature in the aquariums was then kept at, and. tThe fish were fed daily commercial “Tetra flakes”. Water quality tests were checked weekly. The experiments with fish described below in this section complied with IACUC approved guidelines for the use and care of animals in research at Tel Aviv University, Israel. 	The flow in the tube was visualized by injecting fluorescein sodium (product of Sigma Aldrich) which that is non-toxic to fish, and. aAn example of flow visualization is shown in Figure 476. 	Comment by .: Checked and ensured? Please confirm that you ensured the quality of the water. 




      The experiments were carried performed in the tube with and without an obstacle, in still water, and in running water (mean flow velocity ,  and , ) with five different fish in each particular experiment.  . To avoid testing of the same fish twice, for each particular experiment, a fish was taken from an one aquarium, say 1, and afterand transported to a separate aquarium after the experiment it was returned to aquarium 2. 		Comment by .: Please confirm only one obstacle was in the water. 	Comment by ---: How did you get those Re numbers?
                         Examples of the filming of fish in a tube are given in Figures 465–Figure 487. 
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[bookmark: _Ref519349295][bookmark: _Toc518753120][bookmark: _Toc529005554]Figure 465. A blind Mexican cave fish avoiding an obstacle in a tube. 
 The fish is   long is swimming in a pipe with a diameter of  diameter pipe. Photos displayed in with a difference of 0.2 sec difference. 1. Fish approaches the obstacle. 2. Fish starts the avoiding maneuver. 3-4 and 4. End of the avoiding maneuver. 5. Fish moves towards the wall of the tube. 6. Fish perceives the tube and starts the avoiding maneuver. 7 and -8. End of the avoiding maneuver. 

	[image: C:\Users\Gregory\Desktop\Tomer\images\02-09-12-22-18.264_1939.jpg]




[bookmark: _Ref510361218][bookmark: _Toc518753121][bookmark: _Toc529005555]Figure 476. Flow visualiazation past a cyilindrical obstacale placed in a tube. , .
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[bookmark: _Ref519349312][bookmark: _Toc518753135][bookmark: _Toc529005556]Figure 48. Fish avoiding the obstacle while swimming against the stream in a tube with fluorescein. . Photos displayed in 0.2 sec difference .1. Fish gliding towards the obstacle. 
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	[image: C:\Users\Gregory\Desktop\Tomer\images\עךם'כןדי\02-09-12-28-31.150_3131.jpg]	Comment by .: Please confirm the removal of Figure 48 and renumbering the figures. 
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[bookmark: _Toc518753134][bookmark: _Toc529005557]Figure 497. Fish colliding with the obstacle while swimming against the stream in a tube with fluorescein. . Photos displayed in with a difference of 0.2 sec difference. 1 and -2. fish gliding towards the obstacle. 3. Tail beat close to the obstacle. 4. fish collides with the obstacle. 5 and -6. Fish swims backward.s 7 through -9. Fish preforms performs an avoiding maneuver. 
[bookmark: _Toc529005604]Image processing of fish trajectories.  . 
The aims of imaging a fish's motion in a pipe are to determine the coordinates of the fish's nose, the rear end of its body, the fish's contours in the two mutually perpendicular planes and the centroid of the area bounded by the contour. The Ffish trajectory is defined as the trajectory of its nose, as it is illustrated in Figure 4508. 
[image: ]

[bookmark: _Ref519351476][bookmark: _Toc529005558]Figure 4850. Fish avoiding an obstacle. 

The trajectory of the nose is determined if its coordinates are determined in a chosen coordinate system illustrated in Figure 5149. 
[image: ]
[bookmark: _Ref513908433][bookmark: _Toc518753124][bookmark: _Toc529005559]Figure 5491. The Ccoordinate system of an image with a fish. The origin of the coordinate system Oxy is chosen in the upper corner of the image. The red star denotes the fish nose.  . 	Comment by .: Please confirm changes have been made to the figure or caption that addressed the concern inserted by a previous reviewer. 
 A Matlab code was created to for this purpose, processing the fish’s motion in the pipe. The image processing procedure starts from by generating an image of the filmed area without a fish and without an obstacle. On the next steps of processing, this image serves as a background of other images of the fish in a tube with and without the obstacle. In order toTo determine the actual dimensions in the images, an image with a plastic ruler was processed and scaled according to the ruler units.



The main steps of the algorithm of image processing of a fish's motion in a tube are described in Figure 502.
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[bookmark: _Ref512704297][bookmark: _Toc518753123][bookmark: _Toc529005560]Figure 502. Image processing steps. A. Original image. B. The result of comparison between the image and the background image by, using the Matlab function "imabsdiff”. C. Converting the resultant image B to a black-white image by, using the Matlab function “im2bw”. D. Building the contour (red dashed line) and, locating the nose of the fish (astrix), the endpoint of the body (circle) and the centroid (cross) through, Matlab functions “bwboundaries.m” and “regionprops.m”. The Matlab code is shown in Aappendix A. 	Comment by .: Please clarify the location of this information in the Appendix I do not see it. 
The obtained by image processing fish trajectories are shown in Figure 513.
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[bookmark: _Ref510370675][bookmark: _Toc518753125][bookmark: _Toc529005561]Figure 513. The Ttrajectory of the nose of a fish swimming in the tube. A. Top view. B. Side view
2.1.1 [bookmark: _Toc518753062][bookmark: _Toc529005605]Results
2.1.1.1 [bookmark: _Toc518753063][bookmark: _Toc529005606]No obstacle in the pipe
The results trajectory of the fish’s head movement in the tube without the obstacle are is shown in Figure 524.	Comment by .: Please confirm. 

                             Top view                                                                                Side view
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[bookmark: _Ref512701218][bookmark: _Toc529005562][bookmark: _Toc518753126]Figure 524. The trajectory of the nose of the fish in a tube without an obstacle.  . 
In a tube without an obstacle, the only visible difference is in the density of trajectories of fish based on in the side view.: In a tube without current, fish prefer to move closer to the bottom of the tube. We did not attempted to analyze tThis phenomenon was not analyzed, but this work and concentrated rather on the drastic difference in the trajectories’ patterns in the pipe without an obstacle and with it. 

[bookmark: _Toc529005607][bookmark: _Toc518753064]Trajectories in the pipe with an obstacle.  . 
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[bookmark: _Ref519357972][bookmark: _Toc529005563]Figure 535. Fish approaching an obstacle in the pipe with obstacle without current (). 
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[bookmark: _Ref529003996][bookmark: _Toc518753131][bookmark: _Ref519357487][bookmark: _Toc529005564]Figure 546. Trajectories of  fish in the pipe  with an obstacle . A. fish approaches an obstacle in the direction of water flow. B. fish approaches an obstacle against the direction of water flow 
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[bookmark: _Ref519357522][bookmark: _Toc518753132][bookmark: _Toc529005565]Figure 557. The Ttrajectory of fish in a tube with an obstacle and a current of . A. Swimming in the direction of the current; B. Swimming against the current. 
Comparing Figure 553 and  Figure 575 yields the following , we can make two conclusions. 
1. When a fish approaches to the obstacle without current, the distance it starts the avoiding maneuver is smaller compared to that  when it moves in the direction of the current. 
2.  . When a fish approaches to the obstacle against the  current, the distance it starts the avoiding maneuver is smaller compared to that when it moves in a pipe without current in the direction of the current. 	Comment by .: The next paragraph seems to discuss the deleted idea. Please confirm its deletion or complete the incomplete idea. 

Fish start their avoiding maneuver… we suggest to find the location by plotting imaginary cylinder around the obstacle. 
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Figure 586. 3 imaginary cylinders around the obstacle. Dashed line (---) . Solid line (–) . Dotted line (…) . In this image, the fish entered the cylinders 1 and 0.5 cm from the obstacle, but didn’t did not collide with it. 


It is hard difficult to say determine if there was actual contact between the fish and the obstacle using image processing. Furthermore, it is difficult to define when the fish starts an avoiding maneuver before hitting the obstacle. We suggest to find tThese locations can be found by plotting imaginary cylinders around the obstacle, and. tThree cylinders, of radii were plotted around the obstacle. We definedThen, a collision was defined as if when the fish entered the  cylinder. The probability of the fish entering these imaginary cylinders is shown in Table 4.

[bookmark: _Ref529002980][bookmark: _Toc529005614]Table 4. The probability of the fish entering an imaginary cylinder around the obstacle.
	
	Probability, %

	Distance from sphere, cm
	No current
	With current 
	Against current

	1
	78
	45
	80

	0.5
	58
	15
	64



When swimming with the current, the fish stays further away from the obstacle thaen when swimming against the current. This can also be seen in subfigure A in Figure 564 and Figure 575 where there is an area that the fish rarely enters when approaching the obstacle.
These observations are correlated with the highest number of collisions of fish with an obstacle when it swims against the current in the wake of the cylinder. 



[bookmark: _Ref519360925][bookmark: _Toc529005615]Table 5. Chance of collision with an obstacle depending on the direction of motion.  . 
	Current
	 Number of trajectories
	Number of collisions 
	Probability, %

	No current
	55
	8
	15

	With current 20-35 mm /s 
	44
	1
	2

	Against current 20-35 mm /s 
	47
	12
	25



The probability of the fish colliding with the obstacle is bigger larger when it approaches from downstream. We Also, this work assumes the that vortices created in the wake of the cylinder create hydrodynamic noise. This noise comprises the fish’s ability to detect the obstacle.



References
Abdel-Latif, H, ES Hassan, and C von Campenhausen. 1990. "Sensory performance of blind Mexican cave fish after destruction of the canal neuromasts." Naturwissenschaften (Springer) 77 (5): 237-239.
Basset, Alfred Barnard. 1888. A Ttreatise on Hhydrodynamics: Wwith Nnumerous Eexamples. Vol. 2. Deighton, Bell and Company.
Bazilevs, Y, J Yan, M de Stadler, and S Sarkar. 2014. "Computation of the flow over a sphere at Re= 3700: A comparison of uniform and turbulent inflow conditions." Journal of Applied Mechanics (American Society of Mechanical Engineers) 81 (12): 121003.
Bentwich, M, and T Miloh. 1978. "On the exact solution for the two-sphere problem in axisymmetrical potential flow." Journal of Applied Mechanics (American Society of Mechanical Engineers) 45 (3): 463-468.
Bleckmann, Horst. 2006. "The lateral line system of fish." Fish Physiology (Elsevier) 25: 411-453.
Bleckmann, Horst, and Randy Zelick. 2009. "Lateral line system of fish." Integrative Zzoology (Wiley Online Library) 4 (1): 13-25.
Bleckmann, Horst, Joachim Mogdans, and Sheryl L Coombs. 2014. Flow sensing in air and water. Springer.
Chen, J., J. Engel, N. Chen, S. Pandya, S. Coombs, and C. Liu. 2006. "Artificial lLateral lLine And hHydrodynamic oObject tTracking." 19th IEEE International Conference on Micro Electro Mechanical Systems. 694-697.
Colvert, Brendan, and Eva Kanso. 2016. "Fishlike rheotaxis." Journal of Fluid Mechanics (Cambridge Univ Press) 793: 656-666.
Coombs, Sheryl and Janssen, John and Webb, Jacqueline F. 1988. "Diversity of Lateral Line Systems: Evolutionary and Functional Considerations." In Sensory Biology of Aquatic Animals, edited by Jelle and Fay, Richard R. and Popper, Arthur N. and Tavolga, William N. Atema, 553-593. New York, NY: Springer New York. https://doi.org/10.1007/978-1-4612-3714-3_22.
Coombs, Sheryl and Montgomery, John C. 1999. "The Enigmatic Lateral Line System." In Comparative Hearing: Fish and Amphibians, edited by Richard R. and Popper, Arthur N. Fay, 319-362. New York, NY: Springer New York. http://dx.doi.org/10.1007/978-1-4612-0533-3_8.
Coombs, Sheryl and Montgomery, John. 2014. "The Role of Flow and the Lateral Line in the Multisensory Guidance of Orienting Behaviors." In Flow Sensing in Air and Water: Behavioral, Neural and Engineering Principles of Operation, edited by Horst and Mogdans, Joachim and Coombs, Sheryl L. Bleckmann, 65-101. Berlin, Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-41446-6_3.
de Perera, Theresa Burt. 2004. "Spatial parameters encoded in the spatial map of the blind Mexican cave fish, Astyanax fasciatus ." Animal Behaviour 68 (2): 291-295. http://www.sciencedirect.com/science/article/pii/S0003347204001538.
Denton, E. J. and Gray, J. A. B. 1989. "Some Observations on the Forces Acting on Neuromasts in Fish Lateral Line Canals." In The Mechanosensory Lateral Line: Neurobiology and Evolution, edited by Sheryl and G{\"o}rner, Peter and M{\"u}nz, Heinrich Coombs, 229-246. New York, NY: Springer New York. http://dx.doi.org/10.1007/978-1-4612-3560-6_11.
Denton, E. J., and John Gray. 1983. "Mechanical fFactors in the eExcitation of cClupeid lLateral l Lines." Proceedings of the Royal Society of London B: Biological Sciences (The Royal Society) 218 (1210): 1-26. http://rspb.royalsocietypublishing.org/content/218/1210/1.
Dijkgraaf, Sven. 1963. "The functioning and significance of the lateral-line organs." Biological Reviews (Wiley Online Library) 38 (1): 51-105.
Dubois, ArtherRTHUR  B, GiovaniiIOVANNI A Cavagna, and Richard S Fox. 1974. "Pressure distribution on the body surface of swimming fish." J. Exp. Biol (Citeseer) 60: 581-591.
ENDOEndo;, Dyuro;. 1938. "The Forces on Two Spheres Placed in Uniform Flow." Proceedings of the Physico-Mathematical Society of Japan. 3rd Series 20 ( ): 667-703.
Feitl, Karla E., Victoria Ngo, and Matthew J. McHenry. 2010. "Are fish less responsive to a flow stimulus when swimming?" Journal of Experimental Biology (The Company of Biologists Ltd) 213 (18): 3131-3137. http://jeb.biologists.org/content/213/18/3131.
Fernandez, Vicente I, Audrey Maertens, Frank M Yaul, Jason Dahl, Jeffrey H Lang, and Michael S Triantafyllou. 2011. "Lateral-line-inspired sensor arrays for navigation and object identification." Marine Technology Society Journal (Marine Technology Society) 45 (4): 130-146.
Griffiths, Gwyn. 2002. Technology and applications of autonomous underwater vehicles. Vol. 2. CRC Press.
Handelsman, Richard A, and Joseph B Keller. 1967. "Axially symmetric potential flow around a slender body." Journal of Fluid Mechanics (Cambridge Univ Press) 28 (01): 131-147.
Hassan, El Sayed. 1986. "On the discrimination of spatial intervals by the blind cave fish (Anoptichthys jordani)." Journal of Comparative Physiology A 159 (5): 701-710. http://dx.doi.org/10.1007/BF00612042.
Hassan, El. S. and Abdel-Latif, H. and Biebricher, R. 1992. "Studies on the effects of Ca2++ and Co++ on the swimming behavior of the blind Mexican cave fish." Journal of Comparative Physiology A 171 (3): 413-419. http://dx.doi.org/10.1007/BF00223971.
Hassan, El-S. 1985. "Mathematical analysis of the stimulus for the lateral line organ." Biological Ccybernetics (Springer) 52 (1): 23-36.
Hassan, El-S. 1992. "Mathematical description of the stimuli to the lateral line system of fish derived from a three-dimensional flow field analysis." Biological Cybernetics (Springer) 66 (5): 443-452.
Hicks, WM. 1879. "On the motion of two cylinders in a fluid." Quarterly Journal of Pure and Applied Mathematics 16: 113-140.
Hofer, Bruno. 1908. "Studien {\"u}ber die Hautsinnesorgane der Fische I." Die Funktion der Seitenorgane bei den Fischen. Ber Kgl Bayer Biol Versuchsstation M{\"u}nchen 1: 115-168.
Holzman, Roi, Shimrit Perkol-Finkel, and Gregory Zilman. 2014. "Mexican blind cavefish use mouth suction to detect obstacles." Journal of Experimental Biology (The Company of Biologists Ltd). http://jeb.biologists.org/content/early/2014/03/25/jeb.098384.
Hubbs, Carl Leavitt, and William Thornton Innes. 1936. "The first known blind fish of the family Characidae: a new genus from Mexico." (University of Michigan Museum of Zoology).
Jaffe, Jules S, Kad D Moore, John McLean, and Michael P Strand. 2001. "Underwater optical imaging: status and prospects." Oceanography 14 (3): 66-76.
Keene, Alex, Masato Yoshizawa, and Suzanne Elaine McGaugh. 2015. Biology and evolution of the Mexican cavefish. Academic Press.
Kharlamov, AlexanderAndreevich, Zdenak Chara, and Pavel Vlasak. 2008. "Hydraulic formulae for the added masses of an impermeable sphere moving near a plane wall." Journal of Engineering Mathematics (Springer Netherlands) 62 (2): 161-172. http://dx.doi.org/10.1007/s10665-007-9186-y.
Kocak, Donna M, Fraser R Dalgleish, Frank M Caimi, and Yoav Y Schechner. 2008. "A focus on recent developments and trends in underwater imaging." Marine Technology Society Journal (Marine Technology Society) 42 (1): 52-67.
Lamb, H. 1916. Hydrodynamics. University Press. https://books.google.co.in/books?id=OztMAAAAMAAJ.
Lamb, Horace. 1945. "Hydrodynamics, 1932." Cambridge UP 236-241.
Maertens, Audrey P, and Michael S Triantafyllou. 2014. "The boundary layer instability of a gliding fish helps rather than prevents object identification." Journal of Fluid Mechanics (Cambridge University Press) 757: 179-207.
McHenry, Matthew J, James A Strother, and Sietse M Van Netten. 2008. "Mechanical filtering by the boundary layer and fluid—--Sstructure interaction in the superficial neuromast of the fish lateral line system." Journal of Comparative Physiology A (Springer) 194 (9): 795-810.
Milne-Thomson, Louis Melville. 1968. Theoretical hydrodynamicsHydrodynamics. Courier Corporation.
Miloh, T. 1977. "Hydrodynamics of deformable contiguous spherical shapes in an incompressible inviscid fluid." Journal of Engineering Mathematics 11 (4): 349-372. http://dx.doi.org/10.1007/BF01537094.
Montgomery, John C. and Coombs, Sheryl and Baker, Cindy F. 2001. "The mechanosensory lateral line system of the hypogean form of Astyanax fasciatus ." In The biology Biology of hypogean Hypogean fishesFishes, edited by Aldemaro Romero, 87-96. Dordrecht: Springer Netherlands. http://dx.doi.org/10.1007/978-94-015-9795-1_5.
Narkis, Y. 1982. "The pressure on a sphere approaching a wall." Israel Journal of Technology 20: 277.
Parker, George Howard. 1904. The function of the lateral-line organs in fishes. US Government Printing Office.
Patton, Paul, Shane Windsor, and Sheryl Coombs. 2010. "Active wall following by Mexican blind cavefish (Astyanax mexicanus)." Journal of Comparative Physiology A (Springer) 196 (11): 853-867.
Paull, L., S. Saeedi, M. Seto, and H. Li. 2014. "AUV Navigation and Localization: A Review." IEEE Journal of Oceanic Engineering 39 (1): 131-149.
Ristroph, Leif, James C. Liao, and Jun Zhang. 2015. "Lateral Line Layout Correlates with the Differential Hydrodynamic Pressure on Swimming Fish." Phys. Rev. Lett. (American Physical Society) 114: 018102. http://link.aps.org/doi/10.1103/PhysRevLett.114.018102.
Schemmel, Christian. 1967. "Vergleichende Untersuchungen an den Hautsinnesorganen ober- und unterirdisch lebender Astyanax-Formen." Zeitschrift f{\"u}r Morphologie der Tiere 61 (2): 255-316. https://doi.org/10.1007/BF00400988.
Schlichting, H. 1979. Boundary-layer theory. McGraw-Hill. https://books.google.co.il/books?id=fYdTAAAAMAAJ.
Tao, Junliang, and Xiong Bill Yu. 2012. "Hair flow sensors: from bio-inspiration to bio-mimicking—a review." Smart Materials and Structures (IOP Publishing) 21 (11): 113001.
Teyke, T. 1985. "Collision with and avoidance of obstacles by blind cave fish Anoptichthys jordani (Characidae)." Journal of Comparative Physiology A (Springer) 157 (6): 837-843.
Teyke, T. 1988. "Flow field, swimming velocity and boundary layer: parameters which affect the stimulus for the lateral line organ in blind fish." Journal of Comparative Physiology A 163 (1): 53-61. http://dx.doi.org/10.1007/BF00611996.
Teyke, T. 1989. "Learning and remembering the environment in the blind cave fish Anoptichthys jordani." Journal of Comparative Physiology A 164 (5): 655-662. http://dx.doi.org/10.1007/BF00614508.
Triantafyllou, Michael S., Gabriel D. Weymouth, and Jianmin Miao. 2016. "Biomimetic Survival Hydrodynamics and Flow Sensing." Annual Review of Fluid Mechanics 48 (1): 1-24. http://dx.doi.org/10.1146/annurev-fluid-122414-034329 .
van Netten, Sietse M. 2006. "Hydrodynamic detection by cupulae in a lateral line canal: Ffunctional relations between physics and physiology." Biological Cybernetics 94 (1): 67-85. http://dx.doi.org/10.1007/s00422-005-0032-x.
Vogel, Steven. 1994. Life in Mmoving Ffluids: Tthe Pphysical Bbiology of Fflow. Princeton University Press.
Voinov, OV. 1969. "On the motion of two spheres in a perfect fluid: PMM vol. 33, No 4, 1969, pp. 659--667." Journal of Applied Mathematics and Mechanics (Elsevier) 33 (4): 638-646.
Von Campenhausen, C, I Riess, and R Weissert. 1981. "Detection of stationary objects by the blind cave fish Anoptichthys jordani (Characidae)." Journal of Ccomparative Pphysiology (Springer) 143 (3): 369-374.
Weihs, D, and RD Small. 1975. "An exact solution of the motion of two adjacent spheres in axisymmetric potential flow." Israel Journal of Technology 13: 1-6.
Weissert, R, and C Von Campenhausen. 1981. "Discrimination between stationary objects by the blind cave fishAnoptichthys jordani (Characidae)." Journal of Ccomparative P physiology (Springer) 143 (3): 375-381.
Winder, A. A. 1975. "II. Sonar System Technology." IEEE Transactions on Sonics and Ultrasonics 22 (5): 291-332.
Windsor, Shane and Paris, James and de Perera, Theresa Burt. 2011. "No role for direct touch using the pectoral fins, as an information gathering strategy in a blind fish." Journal of Comparative Physiology A 197 (4): 321-327. http://dx.doi.org/10.1007/s00359-010-0615-4.
Windsor, Shane P. 2014. "Hydrodynamic imaging by blind Mexican cavefish." In Flow Ssensing in Aair and Wwater, 103-125. Springer.
Windsor, Shane P, Delfinn Tan, and John C Montgomery. 2008. "Swimming kinematics and hydrodynamic imaging in the blind Mexican cave fish (Astyanax fasciatus)." Journal of Experimental Biology (The Company of Biologists Ltd) 211 (18): 2950-2959.
Windsor, Shane P, Stuart E Norris, Stuart M Cameron, Gordon D Mallinson, and John C Montgomery. 2010. "The flow fields involved in hydrodynamic imaging by blind Mexican cave fish (Astyanax fasciatus). Part I: open water and heading towards a wall." Journal of Experimental Biology (The Company of Biologists Ltd) 213 (22): 3819-3831.
Yang, Fu-Ling. 2006. "Interaction law for a collision between two solid particles in a viscous liquid." Ph.D. dissertation, California Institute of Technology.
Yang, Yingchen, Jack Chen, Jonathan Engel, Saunvit Pandya, Nannan Chen, Craig Tucker, Sheryl Coombs, Douglas L. Jones, and Chang Liu. 2006. "Distant touch hydrodynamic imaging with an artificial lateral line." Proceedings of the National Academy of Sciences 103 (50): 18891-18895. http://www.pnas.org/content/103/50/18891.abstract.
Yang, Yingchen, Nam Nguyen, Nannan Chen, Michael Lockwood, Craig Tucker, Huan Hu, Horst Bleckmann, Chang Liu, and Douglas L Jones. 2010. "Artificial lateral line with biomimetic neuromasts to emulate fish sensing." Bioinspiration \& Biomimetics 5 (1): 016001. http://stacks.iop.org/1748-3190/5/i=1/a=016001.
Yoshizawa, Masato, William R Jeffery, Sietse M van Netten, and Matthew J McHenry. 2014. "The sensitivity of lateral line receptors and their role in the behavior of Mexican blind cavefish (Astyanax mexicanus)." Journal of Experimental Biology (The Company of Biologists Ltd) 217 (6): 886-895.


[bookmark: _Toc458692835]

[bookmark: _Toc518753067][bookmark: _Toc529005609]AppendisesAppendices. 
2.2.1 [bookmark: _Ref476244683][bookmark: _Toc518753068][bookmark: _Toc529005610]Appendix A – Pump data sheet
[image: ]




	

	



60

image2.wmf
B

C


oleObject48.bin

image46.wmf
/

p

cah

=


oleObject49.bin

image47.wmf
/

p

cah

=


oleObject50.bin

image48.wmf
/1

ha

=


oleObject51.bin

oleObject52.bin

image49.wmf
1000

ba

=


oleObject53.bin

oleObject2.bin

image50.wmf
/1

ab

=


oleObject54.bin

image51.wmf
/3.5

ha

=


oleObject55.bin

image52.wmf
/0.1

ha

=


oleObject56.bin

image53.wmf
/2

ab

=


oleObject57.bin

oleObject58.bin

oleObject59.bin

image3.wmf
m

C


image54.wmf
/10

ab

=


oleObject60.bin

oleObject61.bin

oleObject62.bin

image55.wmf
m

a

¢


oleObject63.bin

image56.wmf
m

b

¢


oleObject64.bin

image57.wmf
0

t

=


oleObject65.bin

oleObject3.bin

image58.wmf
0.2

p

e

=


oleObject66.bin

image59.wmf
~5cm


oleObject67.bin

image60.wmf
6cm


oleObject68.bin

image61.wmf
1

 = 35 mm s

m

V

-


oleObject69.bin

image62.wmf
Re1900

t

=


oleObject70.bin

image4.wmf
d


image63.wmf
-1

20mms

m

V

=


oleObject71.bin

oleObject72.bin

image64.wmf
0

m

V

=


oleObject73.bin

image65.wmf
1

20mms

m

V

-

=


oleObject74.bin

image66.wmf
1

35mms

m

V

-

=


oleObject75.bin

oleObject4.bin

image67.wmf
min

N


oleObject76.bin

image68.wmf
4

1.010

rel

e

-

=´


oleObject77.bin

image69.wmf
/

ha


oleObject78.bin

image70.png




image5.wmf
d

h


image71.jpeg




image72.jpeg




image73.jpeg




image74.jpeg




image75.png




image76.png
sense hair

sense cells





oleObject79.bin

oleObject80.bin

image77.png




oleObject81.bin

oleObject5.bin

oleObject82.bin

oleObject83.bin

image78.png
External flow

> P 2
ore
RN P
Canl | Deformed
mner flow ‘ . N

gl





image79.jpeg




image80.wmf
2

U


oleObject84.bin

image81.wmf
VVU

+

=


oleObject85.bin

image82.wmf
2

2

p

U

pc

r

=


oleObject86.bin

image6.wmf
Re


image83.wmf
V

+


oleObject87.bin

image84.wmf
p

c


oleObject88.bin

image85.wmf
Re

UL

n

=


oleObject89.bin

image86.wmf

oleObject90.bin

image87.wmf
n


oleObject91.bin

oleObject6.bin

image88.wmf
and

p

Vc

+


oleObject92.bin

image89.png




image90.png




image91.png




image92.png




image93.png




image94.png




image95.png




image96.png




image7.wmf
V


image97.png




image98.jpeg




image99.png




image100.png




image101.png




image102.png




image103.png




image104.png




image105.wmf
S

D


oleObject93.bin

oleObject7.bin

image106.wmf
()

()

St

k

St

D

=


oleObject94.bin

image107.wmf
S

D


oleObject95.bin

image108.png




image109.jpeg




image110.png




image111.wmf
p

c


oleObject96.bin

image112.png
Ajisuap saiod eue)

Flow direction

JUIIDYJ0I AINSSAId




image8.wmf
U


image113.png
CP and normalized body coordinates

! head /

0.2 0.4 0.6 0.8
Normalzised distance from the first critical point

1




oleObject97.bin

oleObject98.bin

image114.png




image115.png
-~ Supercritcal





image116.png
6 ' N N TR NS R B
0 20 40 60 80 100 120 140 160 180
0, degrees




oleObject99.bin

oleObject100.bin

oleObject101.bin

oleObject102.bin

oleObject8.bin

image117.wmf
o

50

q

=


oleObject103.bin

image118.png
creeping flow

(@ Re<10

attached vortices

() 10<Re<40

Von Kérmén vortex trail

=
NI oAU R At
AN NGO Aj};—j

Soarmhes
= fully turbulent wake

(@ Re> 200,000





image119.wmf
and,correspondingly

ab


oleObject104.bin

image120.wmf
U


oleObject105.bin

image121.wmf
U

¢


oleObject106.bin

image122.png
Y

P

Vi

c (1)

Q@

A

cp()

A





image9.wmf
U

¢


oleObject107.bin

oleObject108.bin

oleObject109.bin

oleObject110.bin

image123.wmf
U

¢


oleObject111.bin

image124.png
U’





image125.png




oleObject112.bin

image126.wmf
t


oleObject9.bin

oleObject113.bin

image127.wmf
()

A

ctUt

=


oleObject114.bin

image128.wmf
()

(

)

)

(

B

A

c

ct

t

ct

=+


oleObject115.bin

image129.wmf
c


oleObject116.bin

image130.wmf
(),,

A

XctxYyZz

=+==


oleObject117.bin

image131.wmf
,,

XxYyZz

¶¶¶¶¶¶

===

¶¶¶¶¶¶


image10.wmf
f


oleObject118.bin

image132.wmf
,

AB

c


oleObject119.bin

image133.wmf
,

AB

AB

cdc

cUcU

dtdt

¢

º=º=

&&


oleObject120.bin

image134.wmf

oleObject121.bin

image135.wmf
F


oleObject122.bin

image136.wmf
F=-ÑF


oleObject10.bin

oleObject123.bin

image137.wmf
F


oleObject124.bin

image138.wmf
f


oleObject125.bin

image139.wmf
f

¢


oleObject126.bin

oleObject127.bin

image140.wmf
UU

ff

¢¢

F=+


oleObject128.bin

image11.wmf
f

¢


image141.wmf

oleObject129.bin

image142.wmf
0,0

ff

¢

D=D=


oleObject130.bin

image143.wmf
F


oleObject131.bin

image144.wmf
0over the sphere 

00over the sphere 

rarb

rbrb

x

A

nrn

x

B

nnr

ff

ff

==

==

¢

¶¶

=-=

¢

¶¶

¢

¶¶

==-=

¢¢

¶¶


oleObject132.bin

image145.wmf
222

rxyz

=++


oleObject133.bin

oleObject11.bin

image146.wmf
r

®¥


oleObject134.bin

image147.wmf
(,,,)

xyzt

F


oleObject135.bin

image148.wmf
OXYZ


oleObject136.bin

image149.wmf
2

1

2

pp

t

r

¥

-¶F

=-ÑF

¶


oleObject137.bin

image150.wmf
p

¥


oleObject138.bin

image12.wmf
d


image151.wmf
0

p

¥

=


oleObject139.bin

image152.wmf
3

0

2

a

m

=


oleObject140.bin

oleObject141.bin

image153.wmf
00

3/2

22

()

A

A

U

Xc

Xc

fm

v

=

éù

ëû

-

-+


oleObject142.bin

image154.wmf
222

YZ

v

=+


oleObject143.bin

image155.wmf
3

0

2

b

m

¢

=


oleObject12.bin

oleObject144.bin

image156.wmf
c


oleObject145.bin

image157.wmf
U

¢


oleObject146.bin

image158.wmf
00

3/2

22

(X)

B

B

U

c

Xc

fm

v

¢¢¢

=

éù

-+

ëû

-


oleObject147.bin

image159.wmf
1

()(1,2,...)

nn

qfqn

+

==¥


oleObject148.bin

image160.png




image13.wmf
F


oleObject149.bin

image161.wmf
33

10

/

bc

mm

=-


oleObject150.bin

image162.wmf
1

H


oleObject151.bin

image163.wmf
2

1

/

HBbc

=


oleObject152.bin

image164.wmf
1

H


oleObject153.bin

image165.wmf
2

/.

cbc

-


oleObject13.bin

oleObject154.bin

image166.wmf
1

H


oleObject155.bin

oleObject156.bin

image167.wmf
2

H


oleObject157.bin

image168.wmf
3

H


oleObject158.bin

oleObject159.bin

image169.wmf
U

¢


image14.wmf
400

μm


oleObject160.bin

image170.wmf
3

0

1

2

bU

m

¢

=


oleObject161.bin

image171.wmf
n

m

¢


oleObject162.bin

image172.wmf
n

cf

¢

-


oleObject163.bin

image173.wmf
21(1,2,...)

nmm

=-=


oleObject164.bin

image174.wmf
and

nn

ff

¢


oleObject14.bin

oleObject165.bin

image175.wmf
3

2

0

3

3

1

11

/for 1

,

/()for 1 

nn

n

nn

cn

b

fcb

cf

cfn

m

m

m

-

--

ì

-=

ï

=-=

í

-

-->

ï

î


oleObject166.bin

image176.wmf
3

2

0

3

3

1

11

/for 1

,

/()for 1

nn

n

nn

cn

a

fca

cf

cfn

m

m

m

-

--

ì

¢

-=

ï

¢

=-=

í

¢

-

¢¢

-->

ï

î


oleObject167.bin

image177.wmf
2(1,2,...)

nmm

==


oleObject168.bin

image178.wmf
23

1

3

1

1

,

nnn

n

n

aa

f

f

f

mm

-

-

-

==-


oleObject169.bin

image179.wmf
23

1

3

1

1

,

nnn

n

n

bb

f

f

f

mm

-

-

-

¢¢¢

==-

¢

¢


image15.wmf
1060

μm

-


oleObject170.bin

image180.png




oleObject171.bin

image181.wmf
0

(')

nn

n

UU

ff

¥

=

¢

F=+

å


oleObject172.bin

image182.wmf
0

n

=


oleObject173.bin

image183.wmf
n

f


oleObject174.bin

image184.wmf
n

f

¢


oleObject15.bin

oleObject175.bin

image185.wmf
1

n

³


oleObject176.bin

image186.wmf
223/2223/2

,

[(X)[(X)

]]

nn

nnnn

nn

XFXF

FF

fmfm

vv

¢

--

¢¢

==

¢

-+-+


oleObject177.bin

oleObject178.bin

image187.wmf
and 

nAnnAn

FcfFccf

¢¢

º+=+-


oleObject179.bin

image188.wmf
00

0,0

ff

¢

==


oleObject180.bin

image16.wmf
d


image189.wmf
00

and

mm

¢


oleObject181.bin

image190.wmf
00

0

mm

¢

==

&&


oleObject182.bin

oleObject183.bin

image191.wmf

oleObject184.bin

image192.wmf
(

)

0

nn

n

U

ff

¥

=

¢¢

ÑF=Ñ+Ñ

å


oleObject185.bin

image193.wmf
0

nn

n

UU

ttt

ff

¥

=

¢

¶F¶¶

æö

¢

=+

ç÷

¶¶¶

èø

å


oleObject16.bin

oleObject186.bin

oleObject187.bin

image194.wmf
A

A

t

¶

º

¶

&


oleObject188.bin

image195.wmf
()[()]

()[()]

nnnn

nnnn

tGXFt

tGXFt

jm

jm

=-

¢¢¢

=-


oleObject189.bin

image196.wmf
{

}

3/2

22

()

[()]

[()]

XFt

GXFt

XFt

v

-

-=

-+


oleObject190.bin

image197.wmf
f


oleObject191.bin

image17.wmf
d


image198.wmf
()()

()()

nnAnnnAn

nnAnnnAn

GxcFFGxcF

x

GxcFFGxcF

x

jmm

jmm

¶

=+--+-

¶

¶

¢¢¢¢¢¢

=+--+-

¶

&

&

&

&

&

&


oleObject192.bin

image199.wmf
,

ABA

cUcccUU

¢

==-=-

&&&&


oleObject193.bin

image200.wmf
and 

nnnn

FUfFUf

¢¢¢

º+=-

&&

&&


oleObject194.bin

image201.wmf
n

f


oleObject195.bin

image202.wmf
n

f

¢


oleObject196.bin

oleObject17.bin

image203.wmf
,

nn

mm

¢


oleObject197.bin

image204.wmf
n


oleObject198.bin

image205.wmf
(

)

(

)

4

2

0

3

1

2

34

11111

1

3/for 1

,

/()3()/()for1

nnn

nnnnn

n

ccn

b

fccfb

cfcfcfn

cf

m

m

mm

-

-----

-

ì

=

ï

=+-=

í

--+-->

-

ï

î

&

&&

&&&

&

&&


oleObject199.bin

image206.wmf
4

2

0

3

1

2

34

1

11111

3/for 1

(),

()

/()3()/()for 1

nnn

n

nnnnn

ccn

a

fccfa

cf

cfcfcfn

m

m

mm

-

-

-----

ì

¢

=

ï

¢¢

=+-=

í

¢

-

¢¢¢¢¢

--+-->

ï

î

&

&&

&&

&

&&


oleObject200.bin

image207.wmf
n


oleObject201.bin

image18.wmf
V

d


image208.wmf
233

1111

234

111

,3

nnnnnn

nnn

aaa

fff

fff

mmm

----

---

=-=-+

&&&

&&


oleObject202.bin

image209.wmf
233

1111

234

111

,3

nnnnnn

nnn

bbb

fff

fff

mmm

----

---

¢¢¢¢¢¢

==-+

¢¢¢

&&&

&


oleObject203.bin

image210.wmf
n

f


oleObject204.bin

image211.wmf
n

f

¢


oleObject205.bin

image212.wmf
n

f

&


oleObject206.bin

oleObject18.bin

image213.wmf
n

f

¢

&


oleObject207.bin

image214.wmf
UU

¢

=-


oleObject208.bin

image215.wmf
1/2

T


oleObject209.bin

image216.wmf
22

22

TLUMUUNU

¢¢

=++


oleObject210.bin

image217.wmf
(

)

024

1

33...

3

L

rmmm

=+++


oleObject211.bin

image19.wmf
V

+


image218.wmf
(

)

135

...

M

rmmm

¢¢¢

=+++


oleObject212.bin

image219.wmf
(

)

013

1

33...

3

N

rmmm

¢¢¢

=+++


oleObject213.bin

oleObject214.bin

image220.wmf
f

m


oleObject215.bin

image221.wmf
2

1/2

1

2

f

TmU

=


oleObject216.bin

oleObject217.bin

oleObject19.bin

image222.wmf
h


oleObject218.bin

image223.wmf
hU

=

&


oleObject219.bin

image224.wmf
1/21/2

,

TT

F

th

h

¶¶¶

éù

æö

=--

ç÷

êú

¶¶

¶

èø

ëû

&


oleObject220.bin

image225.wmf
2

1

2

f

f

m

FmUU

h

¶

=--

¶

&


oleObject221.bin

image226.wmf
/2

hc

=


oleObject222.bin

image20.wmf
p

c


image227.wmf
3

4

3

f

m

m

h

C

a

a

p

æö

=

ç÷

èø


oleObject223.bin

image228.wmf

oleObject224.bin

image229.wmf
()1/2,(0)0.803085

mm

CC

¥==


oleObject225.bin

image230.wmf
/

hq


oleObject226.bin

image231.wmf
S

pds

=-

ò

Fn


oleObject227.bin

oleObject20.bin

image232.png




oleObject228.bin

oleObject229.bin

image233.wmf
2

2

00

(,)sincos

Fadpdd

pp

jjqqqjq

=-

òò


oleObject230.bin

image234.wmf
j


oleObject231.bin

oleObject232.bin

image235.wmf
2

0

2()sincos

Fapd

p

pqqqq

=-

ò


oleObject233.bin

image21.wmf
0

q

=


oleObject234.bin

image236.wmf
2

2

2

F

F

C

U

a

r

p

=

×


oleObject235.bin

image237.wmf
m

C


oleObject236.bin

image238.wmf
F

C


oleObject237.bin

image239.wmf
2

2

p

p

c

U

r

=


oleObject238.bin

image240.wmf
4

1.010

rel

e

-

=´


oleObject21.bin

oleObject239.bin

image241.wmf
/

ha


oleObject240.bin

image242.wmf
/

ha


oleObject241.bin

image243.wmf
0.80301

m

C

=


oleObject242.bin

image244.wmf
0.80308

m

C

=


oleObject243.bin

image245.wmf
4

10

-


oleObject22.bin

oleObject244.bin

image246.wmf
5

/1.010

ha

-

=´


oleObject245.bin

image247.wmf
/1

VU

=


oleObject246.bin

image248.wmf
1000

N

=


oleObject247.bin

image249.png
/A ‘KIT90[oA pazI[euLIon

\
=]

i
'
'
'
'
'
'
'
'
'
'
'
'
\
\

5 9uotoye00 ssew pappe

400 600 800 1000

200

number of images, N




oleObject248.bin

oleObject249.bin

image22.wmf
5

Re1.6210

=×


oleObject250.bin

oleObject251.bin

oleObject252.bin

oleObject253.bin

image250.wmf
/

ha


oleObject254.bin

image251.wmf
min

N


oleObject255.bin

image252.wmf
for

p

c


oleObject256.bin

oleObject23.bin

image253.wmf
min

N


oleObject257.bin

image254.wmf
for

V


oleObject258.bin

image255.wmf
1

10

-


oleObject259.bin

image256.wmf
2

10

-


oleObject260.bin

image257.wmf
3

10

-


oleObject261.bin

image23.wmf
5

Re4.3510

=×


image258.wmf
4

10

-


oleObject262.bin

image259.wmf
5

10

-


oleObject263.bin

image260.png
m

added mass coefficient, C

I
%0

0.75

e
~

0.65

=
=

0.55

=4
n

o

0.5 1 1.5 2
ha




oleObject264.bin

oleObject265.bin

oleObject266.bin

oleObject267.bin

image261.wmf
/2

ha

>


oleObject24.bin

oleObject268.bin

image262.wmf
F

C


oleObject269.bin

image263.png
ES

o 3 —

D UAId1JA00 90I10]

10°

10~

ha




image264.png
=

o~ w9
— (=] =3
/A “K100[A pazITetIou

=
S

0.5

-0.5

x/a




oleObject270.bin

oleObject271.bin

oleObject272.bin

oleObject273.bin

image265.wmf
e

xx

=


image24.wmf
Re3700

=


oleObject274.bin

image266.wmf
/0.1

ha

=


oleObject275.bin

image267.wmf
40%


oleObject276.bin

image268.png




image269.png
A
e

1111111





image270.wmf
/3.5

ha

=


oleObject277.bin

image271.wmf
/0.1

ha

=


oleObject25.bin

oleObject278.bin

image272.png
P
10




image273.png
r0.5

10.40.60.8 1 1.2

P
10




oleObject279.bin

oleObject280.bin

oleObject281.bin

oleObject282.bin

oleObject283.bin

image274.wmf
p

c


oleObject284.bin

image25.wmf
OX


image275.png
- - = h/a= 1000

10

d_,
2 9ua101JJ200 aInssard

0.5

-0.5

x/a




image276.png
pressure coeeficient, ¢

10

10°

10°

10!

10°

-
-

-

10°

107!

0% 10® 10t
normalized distance, h/a

10

-5




oleObject285.bin

oleObject286.bin

oleObject287.bin

oleObject288.bin

oleObject289.bin

image277.wmf
/0

ha

®


oleObject290.bin

image278.wmf
/0

ha

®


oleObject26.bin

oleObject291.bin

image279.wmf
2

2

h

p


oleObject292.bin

image280.wmf
1

h

-


oleObject293.bin

image281.wmf
h


oleObject294.bin

image282.png




image283.png
=

"’

|

2




image284.wmf
/3.5

ha

=


image26.wmf
OXYZ


oleObject295.bin

oleObject296.bin

image285.png
Xa

P

10




image286.png
P

10




image287.wmf
/3.5

ha

=


oleObject297.bin

oleObject298.bin

oleObject299.bin

image288.png




image289.png




oleObject27.bin

image290.png
P

Xa

10




image291.png
P

10




oleObject300.bin

oleObject301.bin

oleObject302.bin

image292.png
:;@@)\\\ NS 6





image293.png
//// %





image294.png
Xa

P

10




image295.png
10




oleObject303.bin

image27.wmf
oxyz


oleObject304.bin

oleObject305.bin

image296.png
.

%o

W

_

I

|

N — (=

— N
1 I




image297.png
— 3

> I >

(@)

=

( M




image298.png
Xa

P

10




image299.png
P

10




oleObject306.bin

oleObject307.bin

oleObject308.bin

image300.jpeg




oleObject28.bin

image301.wmf
0.22m

d

=


oleObject309.bin

image302.png




image303.png




image304.png
|

|

‘ /

|

N e 3 c'/<\ (4 /i\( (e ) (7 |
G/’ (2 8)(4)(5)(8)(7)




image305.wmf
o

2

q

=


oleObject310.bin

image306.png
contact sensor

pressure holes

&/

hole number M

reference sensor





image307.png
Moving carriage





image308.wmf
(,,)

mn

ph

qq

D


image28.wmf
and

nn

¢


oleObject311.bin

image309.wmf
and

mn

qq


oleObject312.bin

image310.wmf
2

(,,)

(,,)

/2

mn

pmn

ph

ch

U

qq

qq

r

D

D=


oleObject313.bin

image311.wmf
/

hha

=


oleObject314.bin

image312.wmf
(,,)(,,)

(,,)

(,,)

pmnpmn

pmn

pmn

chc

h

c

qqqq

dqq

qq

D-D¥

=

D¥


oleObject315.bin

image313.wmf
p

d


oleObject29.bin

oleObject316.bin

image314.wmf
pt

d


oleObject317.bin

image315.wmf
(,,)

pmndpt

h

dqqd

=


oleObject318.bin

image316.wmf
µ


oleObject319.bin

image317.wmf
5

10


oleObject320.bin

image318.wmf
o

62

q

=


image29.wmf
ab

<<


oleObject321.bin

image319.wmf
0.42

p

c

»

-


oleObject322.bin

oleObject323.bin

image320.wmf
o

(,62)(1,2,,6)

pm

cm

q

D=

L


oleObject324.bin

image321.wmf
60

±


oleObject325.bin

image322.wmf
30


oleObject326.bin

oleObject30.bin

image323.wmf
151515

´´


oleObject327.bin

image324.png
“ MP3V50040P





image325.png
Fluorosilicone "
Die

Gel Die Coat Stainless
Steel Cap
P1
| L1 Thermoplas-

Wire: \ fic
Bond
Lead v

Differential Sensing Die Bond
Element





image326.wmf
V

m


oleObject328.bin

image327.wmf
V

p

amb

D=+


oleObject329.bin

image328.wmf
a


oleObject330.bin

image30.wmf
0

m


image329.wmf
b


oleObject331.bin

image330.wmf
2

/2

U

r


oleObject332.bin

image331.wmf
+

pV

c

amb

¢¢

D=


oleObject333.bin

image332.wmf
a

¢


oleObject334.bin

image333.wmf
b

¢


oleObject335.bin

oleObject31.bin

oleObject336.bin

image334.wmf
m

b


oleObject337.bin

image335.wmf
m


oleObject338.bin

image336.wmf
exp

N


oleObject339.bin

image337.wmf
m

a


oleObject340.bin

oleObject341.bin

image31.wmf
0

U

¢

=


image338.wmf
exp

exp

1

(,62)

(,62)(1,2,6)

1

()

o

pm

o

mm

N

mn

n

c

m

V

N

q

aq

mb

=

D

¢

==

¢

-

å

L


oleObject342.bin

oleObject343.bin

oleObject344.bin

image339.png
0, deg

60




image340.wmf
p

c


oleObject345.bin

image341.wmf
/~0.5

ha


oleObject346.bin

image342.wmf
1

h

-


oleObject32.bin

oleObject347.bin

image343.wmf
/0.5

ha

<


oleObject348.bin

image344.png
(2°,62°)

Ac

100

80

60

40

20

5.1

52
time, sec

53




image345.wmf
t

D


oleObject349.bin

image346.wmf
p

c

D


oleObject350.bin

image347.wmf
oo

(2,62)

p

c

D


oleObject351.bin

image32.wmf
2

sin

dsadd

qjq

=


image348.wmf
oo

(12,62)

p

c

D


oleObject352.bin

image349.png
time, sec

-03 -025 -02 -0.15 -0.1 -0.05 0
10

0.8 0.6 0.4 0.2 0
ha




image350.png
time, sec
-0.3  -025 -02 -0.15 -0.1 -0.05 0

0.8 0.6 0.4 0.2 0
ha




image351.png
Ac (12°,62°)

03

-0.25

-0.2

time, sec
-0.15

-0.1

-0.05

0

h/a





image352.png
time, sec

-03 -025 -02 -0.15 -0 -0.05 0
107

0.8 0.6 0.4 0.2 0
ha




oleObject353.bin

image353.wmf
o

2

q

=


oleObject354.bin

image354.wmf
2

°


oleObject33.bin

oleObject355.bin

image355.wmf
p

c


oleObject356.bin

oleObject357.bin

image356.wmf
o

62

q

=


oleObject358.bin

image357.wmf
d

h


oleObject359.bin

image358.wmf
()()()

dp

phpp

e

D-D¥=D¥


oleObject360.bin

image33.wmf
cos

q


image359.wmf
()

pp

e

D¥


oleObject361.bin

image360.wmf
2

U


oleObject362.bin

image361.wmf
0.2

p

e

=


image362.png
time, sec

03 0.4 05 0.6
80 80
60 60

U'ﬁl

S 40 40
20 20

0 S 0
0.8 0.6 0.4 02 0

ha




oleObject363.bin

oleObject364.bin

image363.png




image364.png




oleObject34.bin

image365.wmf
54mm

t

r

=


oleObject365.bin

image366.wmf
o

90


oleObject366.bin

image367.wmf
1000600300mm

´´


oleObject367.bin

image368.wmf
10

obs

r

=


oleObject368.bin

image369.wmf
200100mm

´


oleObject369.bin

image34.wmf
4

/10

ha

-

=


image370.wmf
12801024

´


oleObject370.bin

image371.wmf
m

V


oleObject371.bin

image372.wmf
Re/

tmt

Vr

n

=


oleObject372.bin

image373.wmf
n


oleObject373.bin

image374.wmf
590340300mm

´´


oleObject374.bin

oleObject35.bin

image375.wmf
25C

°


oleObject375.bin

image376.wmf
1

20 mm s

-


oleObject376.bin

image377.wmf
Re1200

t

=


oleObject377.bin

image378.wmf
1

30 mm s

-


oleObject378.bin

image379.wmf
Re1900

t

=


oleObject379.bin

image35.wmf
m

C


image380.jpeg




image381.jpeg




image382.jpeg




image383.jpeg




image384.jpeg




image385.jpeg




image386.jpeg




image387.jpeg




image388.jpeg




oleObject380.bin

oleObject36.bin

oleObject381.bin

image389.png




oleObject382.bin

oleObject383.bin

image390.jpeg




image391.jpeg




image392.jpeg
Sl o




image393.jpeg




image394.jpeg




image395.jpeg




image36.wmf
/

VU


image396.jpeg




image397.jpeg




image398.jpeg




oleObject384.bin

image399.jpeg




image400.jpeg




image401.jpeg




image402.jpeg
j = |




image403.jpeg




image404.jpeg




image1.wmf
A

C


oleObject37.bin

image405.jpeg




image406.jpeg




image407.jpeg




oleObject385.bin

image408.jpeg
nose

body end




image409.wmf
,

hh

xy


oleObject386.bin

image410.png




image411.png




image412.png




image37.wmf
--


image413.png




image414.png




image415.png




image416.png




image417.png




image418.png




image419.wmf
0

m

V

=


oleObject387.bin

oleObject388.bin

image420.png




oleObject38.bin

image421.png




image422.wmf
-1

20mms

m

V

=


oleObject389.bin

oleObject390.bin

image423.png
> i =

D S ST

MRS e '
——





image424.png




image425.wmf
1

30mm s

m

V

-

=


oleObject391.bin

oleObject392.bin

image426.png




image38.wmf
-×-


oleObject393.bin

image427.png
current direction

swimming direction




image428.png
current direction

swimming direction ——





oleObject394.bin

image429.png
current direction





image430.png
current direction

swimming direction





oleObject395.bin

image431.png




image432.wmf
0.1 cm


oleObject396.bin

oleObject39.bin

image433.wmf
0.5 cm


oleObject397.bin

image434.wmf
1 cm


oleObject398.bin

image435.wmf
,0.1,0.5,1mm

cylobs

rr

dd

=+=


oleObject399.bin

image436.wmf
0.1mm

cyl

r

=


oleObject400.bin

image437.png
Expected Pump Performance Curve & Specifications (Reference)

Pump model : NH=50PX,NH=50PX-=N,NH-50PX-F

Pump_specifications REF : A3400321
1).  Specified point :2.5m at 15.0 L/Min Frequency : 50 Hz
2).  Max Head — Discharge flow :3.5m — 30.0 L/Min  IMPELLER DIA : 57 mm
3). Hose : H, Thread : T

4).  Permissible working Temp. :PX  series 0 ~ 60°C , Glass filled polyplopylene

PX-N series 0 ~ 80°C , Natural PVDF
PX-F series 0 ~ 90°C , Carbon filled ETFE

5). Permissible system pressure :0.75 Bar
6). Permissible enviroment conditions : 0 ~ 40°C , Upto 85%
7). Nominal speed 12,500 r.p.m.
ificati
1).  Nominal output * input 145 * 100 Wattes
2).  Applicable voltage :100~120V/50Hz  200~240V/50Hz
3). Insulation grade :E grade
4). Single phase capacitor motor
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