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A bst r ac t

I n t h is p a p e r , p o t e n t a i l flow t h eo r y is a dop t e d t o m o d el t h e flow fi el d a rou n d a fish-l i ke
b o d y. A t wo-d i m e nsion a l i n v isci d e m o d el h as b ee n d e ve lop e d , a n d p r essu r e d is t r i b u t ion on
t h e b o d y su r face h as b ee n co m p u t e d acco r d i ng t o t h e m o d el . T h e l a t e r a l l i n e t r u n k ca n a l
( L L T C ) of a fish is m o d ele d . W i t h t h e e x t e r n a l flow k now n, t h e flow i nsi d e L L T C d r i ve n
b y t h e p r essu r e g r a d ie n t b e t wee n a p a i r of consecu t i ve p o r es h as b ee n sol ve d a n a l y t ica l l y.
F u r t h e r m or e, p a r a m e t r ic st u d ies a r e p e r fo r m e d i n o r d e r t o d e t e r m i n e t h e e  ec t of va r ious
flow p a r a m e t e rs on t h e p r essu r e d is t r i b u t ion on b o d y su r face a n d flow i nsi d e L L T C . T h e
cases of fish-l i ke b o d y i n f r ee st r ea m a lon e, w i t h si ngle vo r t e x close t o on e si d e of t h e b o d y
a n d a vo r t e x st r ee t p assi ng b y t h e b o d y a r e st u d ie d . T h e r esu l ts show t h a t t h e sign a t u r e
of t h e vo r t e x st r ee t ca n b e d e t ec t e d b y m easu r e m e n t of t h e flow veloci t y ch a ngi ng w i t h
t i m e i nsi d e L L T C . I t is r eason a b le t o suggest t h a t t h e L L T C of a fish is a b le t o d e t ec t
t h e sign a t u r e of t h e w a ke vo r t ices sh e d b y a n ob jec t n ea r b y. T h e r esol u t ion of t h e L L T C
se nsi ng a ce r t a i n vo r t e x st r ee t is a lso d iscusse d b ase on t h e t h e m o d el .

N o m e nc l a t u r e
c chord length of the fish-like body
l horizontal distance between vortices
b vert ical distance between vortices
h vert ical distance between fish and vortex street
 complex coordinates before Joukowski Transformation
z complex coordinates after Joukowski Transformation
a radius of the cylinder
 veloci ty potential
uc flow veloci ty inside the canal
 circulation strength of vortex
� L distance between adjacent pores in lateral line
! ⇤

D kinet ic Reynolds number
U 1 free stream veloci ty at infinity
U t r veloci ty of vortex street in stat ic fluid
Us veloci ty of vortex street
C p pressure Coe  cient

1 I n t ro d uc t ion
A ll fishes possess a mechanosensory lateral line system, which responds to the surrounding water motion
relat ive to the fish’s skin. T his sensing system consists of superficial neuromast (SN) and canal neuromast
(C N) subsystems. SNs are located on the skin surface of a fish, extending into external fluid, while C Ns
are buried inside the lateral line which. T he basic sensing unit of the two neuromast is hair cell of fish.
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Such hair cell will deflect under oncoming flow, and thus the flow can be detected by hair cell. SNs are
generally smaller in diameter than C Ns and contain fewer hair cells compared with C Ns [1]. T he lateral line
organ is capable of diverse sensing tasks from the detect ion of near field motion [2] produced by prey [3],
predator [4] or during schooling [5], to the perception of stat ic obstacles [6]. Previous research has shown
that superficial neuromasts respond to changes in external flow veloci ty, while canal neuromasts respond
to changes in external flow accelerat ion (associated with corresponding changes in external flow pressure)
around the fish [7]. An easy suggest ion would be that C Ns sense the information of pressure gradient created
by st imulus in distance while SNs are more for veloci ty of the surrounding flow.

F igure 1: Schematic of lateral line of a fish and the neuromast in a canal from van Net ten [8]

Models using potential flow theory have been proposed in the past to find the pressure distribution on
the fish skin in the presence of st imulus. In potential flow theory, the viscosi ty of fluid is neglected, thus
the boundary condit ion at a solid body requies only that the veloci ty normal to the wall is equal to the
wall veloci ty. T he potential dipole source flow equations were used to model the vibrating sphere near a fish
body [9]. T he same equation was used by K roese to compute the slip veloci ty along the fish skin caused
by a nearby vibrating sphere [10]. Potential flow around a three-dimensional slender body with a circular
cross-sect ion has been obtained by Handelsman and K eller [11]. Hassan adopted this solution to invest igate
the case of fish moving in open water and of gliding towards a plane surface [12], gliding alongside or above
a plane surface [13] and oscillat ing sphere near the fish [14].

Numerical modeling of external flow due to the presence of a vortex street shed by a prism was studied
in two dimensions, and internal flow modeled in three dimensions with hair cells was then computed [15].
However, the flow inside the LLT C has never been considered over the entire length of the canal. Because of
openings along the canal, internal flow veloci ty is not expected to be uniform, which suggests the distribution
of veloci ty along the LLT C may contain rich information on external flow. T he purpose of this study is to
invest igate the information captured by the LLT C with presence of a vortex street in external flow. Potential
flow theory is used to model the external flow field in two dimensions, and pressure distribution along the
fish skin is calculated accordingly. T he internal flow is also modeled analytically to calculate the veloci ty
distribution along the LLT C .
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2 T h eor e t ica l M o d el i ng
T he flow field created by swimming fishes or obstacles in streem can be detected by the Lateral Line of a
fish. T he information of such ob ject is revealed in the wake generated by the ob ject , which is generally in
the form of a K arman vortex street . In this study, the flow field of a vortex street passing by a fish-like
body is invest igated. Potential flow theory has been used to model the external flow field. In this sect ion,
a two-dimensional potential flow model is presented to determine the pressure field around a fish-like body,
following which an analytical model characterizing flow inside the LLT C is presented.

2.1 E x t e r n a l fl ow fi el d m o d el i n g
In order to use potential flow theory, the external flow field is assumed to be inviscid and irrotational, and
only considered in two-dimensions. T he profile curve of a fish body can be obtained by using Joukowski
Transformation [16]. T he flow over a cylinder with radius a can be mapped into the flow around a fish-like
body as given by:

z =  +
c2

0

 
: (1)

T he cord length c of the body is determined by

c = 2c0  [(c0  2a) + c2
0 =(c0  2a)] (2)

( a )  coor din a t e fr a me ( b ) z coor din a t e fr a me

F igure 2: F low field before and after Joukowski Transformation.

T he presence of a vortex street is achieved by proper placing of 2D point vortices on one side of the body.
T he locations of those point vortices are first determined in z plane, then their corresponding locations in
 plane are calculated according to Inverse Joukowski Transformation. Solving for the inverse Joukowski
Transformation (z to  coordinate mapping) of Equation (1) for  results in a mult i-valued solution:

 =
1
2

 
z ⌃

q
z 2  4c2

0

 
: (3)

T he implications of this funct ion is that there are two possible  coordinates in the cylinder frame for
each z coordinate in the plate frame. One of the  coordinates is outside of the cylinder and the other is
inside of the cylinder. T herefore, in order to properly map a z coordinate to the appropriate  coordinate,
the following condit ion is applied to ensure i t is outside the bounds of the cylinder: T he corresponding  
coordinate to a respect ive z coordinate will be the solution in Equation (3) where the magnitude of the point
is greater that the radius of the cylinder (j  j > a) such that the inverse remains single-valued. If j  j = a , the
posi t ive imaginary solution of Equation (3) is chosen.

In order to preserve the shape of the cylinder, a set of image vortices are introduced inside the cylinder
in accordance with the Circle T heorem [17]. T he complex potential in this case can be finally writ ten as:
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w(  ) = U 1 [  +
c2

0

 
] +

i  0

2 ⇡

NX

n = 1

[ln(    0 ) + ln(    n )  ln(    0 +
c2

0
� n   0

)] (4)

where  0 is the center of the cylinder, and � is the conjugate of  . T he real part of the above funct ion is
the veloci ty potential  . T he flow veloci ty on the body surface can be determined as the gradient of this
funct ion on the body surface.

U (z ) = [

s

(
@  
@ x

)2 + (
@  
@y

)2]z = z 0 (5)

T he pressure P (z ) on the body surface can be computed using Bernoulli’s equation

[
P (z )

⇢
+

1
2

U 2 (z ) +
@  
@ t

]z = z 0 = C (6)

where C is an absolute constant .

2.2 M o d el of t h e fl ow i nsi d e t h e ca n a l
In this study, the canal is modeled as a long-slight tube with pores distributed along the surface of the tube
at certain intervals. T he diameter of this tube is taken to be 250um, and diameter of each pore is 250um
as well, while the interval between two adjacent pores is taken to be 4mm. Because viscous e  ect of the
fluid inside canal cannot be neglected while the Reynolds Number of this flow is much smaller than 1, the
momentum equation is then simplified to a linear equation. Hence, superposi t ion is applicable in this case,
the flow in the tube can considered respect ively in each sub-segment

T he flow inside canal is driven by pressure gradient between adjacent pores. Previous computational
result indicates that the value of pressure along the vert ical direct ion inside the LLT C at the pore location
is essentially the external pressure at the opening [15]. T herefore, the pressure on the body surface where
the canal opening is located dominates the flow inside canal.

If the vortex street passing the body has a infinite length, i t can be predicted that the pressure at each
opening will change periodically. Accordingly, the pressure gradient between adjacent pores can be writ ten
in Fourier series. Hence, the case of cosinoidal pressure di  erence is considered.

P L  P R = jP L  P R j cos ! t (7)

where P L and P R are the pressures at left and right end of the tube, respect ively. jP L  P R j and ! are the
wave amplitude and angular frequency, respect ively.

F igure 3: Schematic drawing of canal modeling

F low driven by a periodic pressure gradient inside a tube of diameter D and length L has been solved
analytically [18]. W hile the kinet ic Reynolds number ! ⇤

D = ! ( D =2)2 = ⌫ , where ⌫ is the kinematic viscosi ty of
the fluid inside the tube, is very small, which is valid for the case of LLT C , the induced veloci ty in the tube
is in phase with the pressure oscillat ion. F low veloci ty uc of the fluid inside the tube, writ ten in cylindrical
coordinates, is given by

uc =
K
4 ⌫

[( D =2)2  r 2] cos ! t =
1

4�L
[( D =2)2  r 2 )](P L  P R ); (8)

4



K = jP L  P R j= ⇢ L (9)

where ⇢ and � are the densi ty and dynamic viscosi ty of fluid inside canal, respect ively. T herefore, the
amplitude of veloci ty inside canal is proportional to the pressure gradient between two adjacent pores, and
the change of veloci ty is in phase with the pressure oscillat ion.

2.3 N o n d i m e nsio n a l i z a t io n
As shown in F igure 4, the computational domain is a fish-like body placed streamwise in a free stream flow
with veloci ty U 1 . T he chord length of the fish-like body is c. A K arman vortex street is placed along one
side of the body with horizontal and vert ical distance between vortices l and b, respect ively, and vortex
strength  . T he location of the vortex street with respect to the body’s frame of reference is discribed by
the vert ical distance between the center lines of fish body and vortex street .

For a stable K arman vortex street , the rat io of vert ical distance between vortices, b, over horizontal
distance, l , is kept to be 0.28 in present studies. According to potential flow theory, a K arman vortex street
in stat ic fluid moves i tself in a veloci ty U t r which is a funct ion of the vortex street propert ies given by

U t r =
 

2l
cot

 ⇡
l

(l=2 + bi)
 

(10)

T he veloci ty of vortex convect ing downstream Us is then taken to be the sum of U 1 and U t r . T herefore,
the nondimensionalizat ion of independent variables governing the external flow field result in a set of three

non-dimensional numbers (
l
c

;
h
c

;
 

cU 1
) .

F igure 4: Schematic drawing of parameters governing the flow field.

3 R esu l ts & D isc ussion

3.1 P r essu r e c r e a t e d b y si n gle vo r t e x
T he case that a single fish body in free stream without presence of vert ices is first studied. A single vortex
is then placed close to the body. T he pressure coe  cients, defined by C p = P = 1

2 ⇢ U 1 ,of the two cases are
showed in F igure 6. T he pressure distribution along the body surface cearted by free stream without vortex
is a single curve, with one low peak near the front . A single vortex placed close to the body will change the
flow field and thus e  ect the pressure on the body surface. T he presence of a single vortex is indicated by a
peak in the pressure curve. T he location corresponds to the horizontal location of the vortex with respect
to the body.

5



F igure 5: Schematic showing parameters of a single vortex close to a fish-like body.
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F igure 6: Pressure distribution along body surface with and without single vortex . Parameters are taken as
l0 = 0.4c, h0 = 0.6c and  = 1.

T he e  ects of changing circulation of vortex ,  , and distance between body and the vortex , h0 , have been
studied. As shown in F igure ??, changing of the two parameters will nei ther add extra features to the pressure
curve nor change the location of the peak , however, amplitude of the peak changes. T he amplitude of the
peak increases as the strength of the vortex increases or the distance decreases. T herefore, the information of
a single vortex can be detected by measurement of the peak in pressure distribution along the body surface.

3.2 Se nsi n g of co n vec t i n g vo r t e x st r ee t
As a vortex street is placed close to the body, the pressure distribution on the body surface is modified in
a manner that is similar to the case of single vortex discussed above. T he pressure distribution is shown in
F igure 9, in which the number of vortices along the project ion area of the body is identical to the number
of peaks. As the vortex street passes the body, the pressure distribution on body surface changes with time
and the locations of those peaks move downstream. If the length of vortex street is infinite, the change of
pressure is periodical. F igure 10 shows the oscillat ion of pressure on three consecutive pores located at 0.5
unit of body length. T he pressure changes are found to be in a wave mode close to a cosinoidal wave with
the same periodici ty as the K arman street , while the amplitudes and phases of those waves are di  erent .
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F igure 7: Pressure distribution along the body surface changes with variat ions of parameters.
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F igure 8: Stream lines of computational domain of a vortex street convect ing along one side of a fish-like
body. Parameters are taken as l = 0.4c and h = 0.4c.

Because the pressure on the body surface changes in a wave mode, the pressure gradient between con-
secutive pores also changes in wave mode with time, as shown in F igure 11. W ith the pressure gradient at
consecutive pores known, the flow veloci ty inside LLT C is simply in phase with the pressure oscillat ion, and
the amplitude is proportional to the pressure gradient , as discussed in previous chapter. T he spacing of adja-
cent pores is assume to be infinite small in this sect ion for convenience. Hence, the flow veloci ty distribution
inside canal is successive. T he validation of this assumption will be discussed in the next sect ion.
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F igure 9: Pressure along the body surface changing with time. T ime steps from t1 to t6 are taken from one
quater of a cycle, with one vortex aligned to the leading edge of the body at t ime t1. Parameters are taken
as l = 0.4c and h = 0.4c.
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F igure 10: Pressure at three consecutive pores changing with time. Pores are located at 0.5c. Parameters
are taken as l = 0.4c and h = 0.4c.

T he flow veloci ty dist ibution inside the canal is shown in F igure 12. I t can be observed that the number
of peaks corresponds to the number of vortex pairs along the project ion area of fish body, while the locations
of those peaks correspond to the locations of vortex pairs. T his observation can be verified in F igure 13, and
stands in all cases studied. As horizontal distance between vortices changes, the distance between veloci ty
peaks inside the canal changes as well. Accordingly, T he distance between vortices,l , can be approximately
determined by measurement of veloci ty peaks in the LLT C .

Various combinations of h (vert ical distance between body and vortex street) and l (horizontal distance
between vortices) have been invest igated. T he case of vortex street far from the body is shown in F igure 14.
In this case, signature of the vortices can not be evidently seen from the distribution of flow veloci ty , while
the exist ing of such vortices can st ill be detected by sensing the oscillat ion of flow veloci ty in the LLT C .

T he case of vortex street close to the body is shown in F igure 15. In addit ion to ma jor peaks indicating
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F igure 11: Oscillat ion of Pressure gradient between two adjacent pores located at 0.5c. Parameters are taken
as l = 0.4c and h = 0.4c.
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F igure 12: F low veloci ty distribution in the canal. Parameters are taken as l = 0.4c and h = 0.4c.

vortex pairs in pressure distribution curve, a secondary peak can be found next to it , which is due to opposi te
vortices on the far side of the vortex street from the body. T he secondary peaks can also be seen in the flow
veloci ty distribution and veloci ty oscillat ion curves. As the vortex street comes even closer to the body, the
secondary peak grows as well, which suggests that distance between the body and vortices may be est imated
by measurement of the secondary peak .

3.3 Se nsi n g r esol u t io n
Since the flow veloci ty in each sub-segment of the LLT C is determined by the pressure gradient between its
two ends, the length of the sub-segment is of importance in sensing of a certain pressure field. Any pressure
changes in a distance smaller than the length of the sub-segment , namely the spacing of pores, may not be
detected by the LLT C . In this sense, the dimensions of the LLT C determine the sensing resolution of such
system. In oder to detect a certain vortex street , the spacing of pores of a LLT C should be much smaller than
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( b ) F low veloci t y dist rib u t ion inside ca n al

F igure 13: Case of small distance between vortices. Parameters are taken as l = 0.2c and h = 0.3c. T he number
of peaks in the plot corresponds to the number of vortex pairs along the project ion area of the body.
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( b ) F low veloci t y dist rib u t ion inside ca n al

F igure 14: Case of vortices far from body surface. Parameters are taken as l = 0.4c and h = 0.8c. T he signature
of vortex street is not evident .

the characterist ic length of the vortex street . On the other hand, the length of the LLT C also determines
how much information of the vortex street can be obtained. I t is evident that longer LLT C would be helpful
to collect more information of the flow field around.

In the previous sect ion, the resolution of the LLT C is assumed to be infinite, which means the flow
veloci ty inside LLT C is proportional to external pressure gradient . With considerat ion of pore spacing � L ,
several cases have been studied. T he flow veloci ty inside LLT C for di  erent � L value is showed in F igure
16. T he typical pore spacing of LLT C of fish is around the order of 0.01 unit of body length. T he pressure
gradient recorded by such canal has fairly good accuracy as to infinite sensing resolution. As pore spacing
increase, the resolution is poor and details of surrounding flow field can be lost . If the streamwise period of
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( b ) P ressu re dist rib u t ion along b o d y su rface
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(c) F low veloci t y dist rib u t ion inside ca n al
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F igure 15: Case of vortices close to body surface. Parameters are taken as l = 0.4c and h = 0.3c. Secondary
peak can be observed in the last two plots.

the K arman street is less than pore spacing, l < � L , fish is not able to detect the vortex street . T his result
may account for generally small pore spacings found in di  erent fishes.

4 C onc l usions
A two-dimensional, inviscid, irrotational flow model about a fish-like body with vortices close to it was
developed, and pressure distribution on the body surface has been computed according to the model. With
the external flow known, the lateral line trunk canal of a fish is modeled. T he flow inside canal driven by
the pressure gradient between a pair of consecutive pores can be solved analytically.

In order to determine the e  ect of various flow parameters, parametric studies are performed. T he results
indicate changes of governing parameters also result in changes of flow veloci ty distribution inside the LLT C .
T he distance between vortices, can be approximately determined by measurement of veloci ty peaks in the
LLT C , while distance between the body and vortices may be est imated by measurement of the secondary
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F igure 16: F low veloci ty inside canals with di  erent pore spacings

peak . Previous studies suggest that the canal neuromast found in the LLT C of a fish is able to detect the
local flow veloci ty inside the canal, which means fish is able to measure the distribution of flow veloci ty
over the canal. T herefore, i t is reasonable to suggest that the LLT C of a fish is able to detect not only the
presence of a wake but also the signature of the wake.

Because the potential flow theory and Joukowski transformation were used to develop the model for this
invest igation, the constructure of the flow field with a fish-like body is of great flexibili ty. Further studies in
this area could be conduct for vortex based detect ion such as obstacle detect ion and fish schooling.
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