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ABSTRACT

In the present study, locomotion of a real longfin inshore squid (Doryteuthis pealeii) was numerically
investigated. Geometry of a real squid was obtained using computed tomography (CT) images. In addition
to atwo-dimensional axisymmetric squid model, a modified squid model with no cavities around her head
and an ellipse shaped model were generated with a fineness ratio (the ratio of body length to maximum
body diameter) of 7.56. These numerical models were exposed to an acceleration with two different
velocity programs. Added mass and basset forces on bodies were calculated during acceleration of the
squid models starting from rest. Pressure and viscous drag forces were also calculated due to pressure
variation along the squid models and friction on the surface of the models. The effect of a nozzle diameter
on jet velocities and propulsive efficiency at all bodies were evaluated when time dependent velocity
profiles (from 0 to 10m/sin 0.5 and 1 s time durations) were set for the inlet of computational domain. The
modified squid model required least thrust force during acceleration phase of time dependent velocity
profile compared to the other models while the 0.02 m nozzle diameter provided largest propulsive
efficiency for all models.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many technological developments were inspired by nature cre-
ating new ideas and techniques. The design of an underwater
vehicle is one of the applications of nature motivated by aquatic
animals. It was realized that mimicking an aquatic animals’ body
shape could help us improve a drag coefficient of an underwater
vehicle such as a submarine. When aquatic creatures are consid-
ered, a squid exhibits a unique swimming method because of her
ad hoc locomotion system. Briefly, a squid can eject the water
already drawn into her mantle cavity to accelerate. A squid can
actually achieve 30-40 km/h speed in less than a second by her
amazing jet propulsion system. Furthermore, a squid having a
well streamlined body shape has a reduced drag coefficient while
jet propulsion and fins are used for fast and slow swimming,
respectively.

Abbreviations: RANS, Reynolds-averaged Navier-Stokes; FMBEM, fast multiple
boundary element method; BEM, boundary element method; DPIV, digital partial
image velocimetry; VOF, volume of fluid; UDF, user define function; SST, shear stress
transport; AUV, autonomous underwater vehicle; CT, computed tomography.
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In literature, Bartol et al. [ 1] investigated three different boxfish
shapes. They studied pressure, velocity distribution and force bal-
ance on boxfishes by using digital partial image velocimetry (DPIV).
They also stated that boxfishes can move very stable at high veloc-
ities in water; therefore, the design of car bodies was influenced
from boxfishes. Stelle et al. [2] studied drag forces measurement
of Steller sea lions in different swimming velocities and deceler-
ation during glide swimming conditions in a seawater tank. They
recorded some videos during swimming of sea lions in the tank
and their results covered measurement of drag forces for 66 glides
from six juvenile sea lions. They documented the mean drag coef-
ficient to be 0.0056 at Reynolds number of 5,500,000 where the
total wetted surface area was taken as a reference area of drag
in their calculations. When underwater swimming is considered,
understanding added mass plays an important role because ini-
tially fluid in front of a body must be moved out of the way for the
body to accelerate. The force required to move this mass is named
added mass force. Lin and Liao [3] calculated added mass coef-
ficient by fast the multiple boundary element method (FMBEM)
in 3-D underwater bodies. They tested this method on different
bodies such as a sphere and SUBOFF submarine. They stated that
their results using FMBEM method provided efficient findings with
already tabulated coefficients. Ghassemi and Yari [4] also investi-
gated the added mass coefficient of ellipsoid, sphere and hydrofoil
by using the numerical boundary element method (BEM) in water.
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Nomenclature

Ajer cross-sectional area of the jet
A squid wetted surface area
Asurface  Surface area of the squid

Cp drag coefficient

t total simulation/acceleration time
t the instantaneous time

u(t) velocity of the body

D mantle cavity diameter
Dyozzie  Nozzle diameter

Fp drag force

Fr thrust force

Fp_yiscous Viscous drag force
Fp_pressure Pressure drag force

Uyenicie  Underwater vehicle velocity

L squid body length

L/D fineness ratio

Re Reynolds number

Ujer jet velocity

U free stream velocity

Gy turbulence kinetic energy generation
Gy generation of @

Iy effective diffusivity of k

r, diffusivity of w

& dissipation of k due to turbulence
Yo dissipation of w due to turbulence
D, represents the cross-diffusion term
Sk user-defined source term

Sw user-defined source term

Greek symbols

n propulsive efficiency

0 density of fluid

Pc carrier fluid’s density

" dynamic viscosity of fluid

e carrier fluid’s dynamic viscosity

They showed that the BEM method has good accuracy for calcu-
lating added mass coefficient than other numerical models. On the
other hand, Korotkin [5] emphasized the importance of added mass
for bodies starting motion from rest. They documented an added
mass coefficient diagram of an ellipsoid for variety of major to
minor axis ratio values. It was noted that added mass force could
be calculated once the added mass coefficient was obtained from
the diagram for bodies resembling an ellipsoid shape. Jagadeesh
and Murali [6] worked on the influence of free surface effects on
hydrodynamic coefficients of an axisymmetric underwater body.
They used Reynolds-averaged Navier-Stokes (RANS) model and
their focus remained on the capabilities of the turbulence models.
It was documented that prediction of free surface wave effects on
hydrodynamic coefficients for model was superior with k-¢ real-
izable model with (volume of fluid) VOF method. The effects of fin
and jet propulsion during a squid’s swimming were experimen-
tally studied by Anderson and Grosenbaugh [7]. They showed that
a squid can change the shape of her fin and jet propulsion nozzle
to control dynamic balance at different speeds especially in accel-
eration phase. Their study also indicated that squids use their fins
for low swimming speeds and jet propulsion for high swimming
speeds. Stewart et al. [8] studied the effect of squids’ fin at forward
locomotion. They applied 2-D DPIV technique to observe vortexes
and understand the effect of lift force at varying degrees of a fin dur-
ing swimming. They also investigated various swimming positions
at different fin positions. Moslemi and Krueger [9] were motivated

by squids and built a mechanical Robosquid. This underwater vehi-
cle used pulsed-jet to accelerate. Although Robosquid had some
differences compared to a real squid, they were able to investigate
propulsive efficiency of an underwater vehicle experimentally by
using DPIV. Their study covered Reynolds number range between
1300 and 2700 based on average vehicle velocity and diameter of
the vehicle. Two different jet velocity profiles (triangular and trape-
zoidal) were used in jet slug length-to-diameter ratio in the range
between 2 and 6. They concluded that higher duty cycle value and
lower jet slug length-to-diameter ratio caused increased efficiency
of pulsed jet propulsion to the equivalent steady jet propulsion.
Moslemi and Krueger [10] in another study examined the Reynolds
number effect on a self-propelled and pulsed-jet of the Robosquid.
They documented that the average propulsive efficiency decreased
by 26% when the Reynolds number was decreased from 2000 to
50 and the ratio of pulsed-jet to steady jet efficiency increased up
to 0.15. Shereena et al. [11] investigated drag reduction in axisym-
metric underwater vehicles with air jet injection in the boundary
layer numerically. They utilized a SST k-w turbulence model and
mixture model for the multiphase flow. Different air jet velocity
to body velocity ratios, various angles of air jet and body’s angles
of attack were tested. They reported that the effect of tapered to
blunt aft shape had an important influence on drag reduction per-
formance. Recently, Mansoorzadeh and Javanmard [12] examined
the drag and lift coefficients of an autonomous underwater vehicle
(AUV) using experimental and numerical methods. Their experi-
mental and computational models investigated different Reynolds
numbers from 1.9 to 3.17 million. Their results show that speed of
the AUV highly affects AUV’s drag and lift coefficients. Bettle et al.
[13] simulated submarine maneuvers by using numerical methods.
They studied emergency rising and horizontal zig-zag maneuvers
by an implicit predictor-corrector method solving for two different
iterative schemes (under-relaxed fixed-point and Newton iteration
methods) and the results of these methods were compared. The
Newton iteration method was chosen for this study. More recently,
Nematollahi et al. [14] considered an axisymmetric underwater
vehicle at various depths and velocities. They studied numerically
hydrodynamic characteristics of an underwater vehicle by using
ANSYS-CFX software and the total drag coefficient was calculated
at different speeds ranging from 0.4 to 1.4m/s at various depths.
Hydrodynamic interaction between underwater bodies in relative
motion were lately studied by Randeni et al. [15]. They provided
validation of their CFD model based on the results of towing tank
experiments. Hydrodynamic coefficients of an AUV was estimated
by the proposed simplified method with superposition of steady-
state interaction force coefficient to the single body hydrodynamic
coefficient and they noted that the variation stayed below 14%.

The objective of this study is to investigate the swimming per-
formance of a real squid, a modified squid and ellipsoid body shape
models numerically by using two different velocity programs. The
amount of thrust force required to follow a desired velocity pro-
gram were identified for the studied models. On the other hand, as
squids have a flexible nozzle tissue, it was also decided to evaluate
the effect of nozzle diameter on propulsion efficiency.

2. Materials and methods
2.1. Computed tomography (CT) scans of squids

When aquatic life is considered, the squid, a member of
cephalopods, exhibits a quite unique swimming performance
under water. A squid typically move by ejecting pressurized water
through her nozzle. Briefly, a squid has a flexible mantle tis-
sue where she can draw water and keep it inside this tissue as
shown in Fig. 1. Prior to movement, a squid contracts her circular
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Fig. 1. Anatomy of a squid.

Fig. 2. Computed tomography (CT) machine and placement of squids prior to scan-
ning.

muscles located around the mantle tissue. This contraction
increases pressure of water inside the mantle cavity up to 25kPa
(gage). She then squirts this pressurized water to the opposite
direction of where she needs to move so that she can accelerate into
her desired direction. In the present work, a longfin inshore squid
specifically member of the loliginidae family (Doryteuthis pealeii)
was studied to obtain geometry of the squid by taking computed
tomography (CT) images using Philips Brilliance CT 64-channel
machine. Preliminary computed tomography scan results showed
that flatness on dead squids became an issue since live squids did
not have any flatness during swimming. To prevent flatness, sili-
cone gels were injected inside the mantle cavity of the squids and
once the silicone gels were dried out, squids were positioned for CT
scan as shown in Fig. 2. Dicom format image set was obtained from
CT scanning and the outer surface of the squid was constructed from
a set of 360 images presenting layer by layer x-ray scans as shown
in Fig. 3. Meshlab Software (v1.3.1 Visual Computing Lab) was used
to export the surface formed by small triangles in .stl format. Once
the constructed surface was obtained, double nodes and small voids
defects were located and repaired by using a surface detection algo-
rithm. When the legs and tentacles of a hanging downward squid
were considered, irregular voids were presentas illustrated in Fig. 4.
Thus, these voids in each image were filled and the image contrast
was raised; as a result, soft tissue could be clearly distinguished
from its surroundings. Lastly, the number of triangles defining the
surface was reduced with the help of quadratic edge collapse dec-
imation algorithm and a smoothing algorithm was finally applied
on the images layer by layer to achieve a smooth surface as shown
in Fig. 5.

Fig. 3. Computed tomography scans provided set of dicom images. Above: Layers
were formed from images for every 30° angle scan between 0° and 360°. Below: a
side view, a top view and a composite view.

Fig. 4. Image layers were used to construct squid’s surface.

Fig. 5. Surface model after segmentation, defect cleaning and smoothing.
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Fig. 6. Computational domain of a two-dimensional axisymmetric real squid (a), modified squid (b) and ellipse shaped (c) models and corresponding boundary conditions.

2.2. Computational model geometry, boundary conditions and
meshing

Atwo-dimensional axisymmetric model was generated with the
help of computed tomography scans of a real squid. When the real
squid geometry was investigated, it was realized that a squid has
two cavities located around her head as shown in Fig. 6(a). One of
the cavities was between the squid’s mantle cavity and head while
the other was positioned between her head and arms. Although a
squid has a well-known streamlined body shape, these two cavities
probably have some influence on the flow characteristics around
the squid. Therefore, additional two squid like geometries were
generated by maintaining the squid’s length and maximum body
diameter the same. In this study, the body length (L) and diame-
ter (D) of a two-dimensional axisymmetric squid, modified squid
and ellipse-shaped squid models were 31 and 4.1 cm, respectively.
Briefly, the modified squid shape model did not have any cavities
around her head as shown in Fig. 6(b) and the remaining part of
the geometry is identical with the real squid model. On the other
hand, the ellipse shaped model given in Fig. 6(c) was formed with
major and minor axes being equal to body length (L) and diameter
(D), respectively.

An important parameter for streamlined bodies named fineness
ratio were defined as the ratio of body length (L) to maximum body
diameter (D) for the models and fineness ratio of three different
bodies were determined to be L/D=7.56. The length and height of
computational domain were identified as 16L and 3L, respectively
after domain independence simulations. Computational domain
and boundary conditions are shown for the two-dimensional squid
modelinFig. 6(a). The velocity inlet boundary condition was located
at 5L upstream of the squid while pressure outlet boundary condi-
tion with zero gauge pressure was positioned at 10L downstream
of the squid. Free-slip boundary condition was defined for upper
side of the domain and the axis boundary condition was given for
lower side of the solution domain to ensure axisymmetric simula-
tion. Lastly, the squid’s entire surface was defined as a wall with
no-slip condition. All three numerical models were investigated by
using commercial computational fluid dynamics (CFD) code ANSYS
FLUENT 12.1 to identify the flow characteristics in solution domain.
Specifically, pressure-based coupled algorithm was employed with
SIMPLE scheme to the numerical model. Furthermore, second order
upwind schemes were utilized for the advective terms of the

transport equations. Criteria of convergence were set to 10~ for
the governing equations.

The velocity inlet boundary condition for acceleration of bodies
was defined with two different UDF (user defined function) pro-
grams in the axial direction. Half period of the sine function was
defined as a velocity profile for the inlet boundary condition to
ensure that only positive velocity values were provided. Two dif-
ferent simulation times with t=0.5s and t=1 s were determined to
investigate the characteristics of fluid flow with time-dependent
velocity passing through the fixed squid body. Sine velocity pro-
files shown in Fig. 7 were utilized for both t=0.5s and t=1s cases
because earlier study [16] reported that mantle cavity pressure
of a squid during fast swimming mode using electromyographic
recordings exhibit pressure variation in the mantle cavity as a sine
curve.

Flow characteristics around the squid models could be identi-
fied with an important non-dimensional number, named Reynolds
number. In this work, the Reynolds number for all studied models
was defined as Re = pUL/u. While the fluid’s density and dynamic
viscosity were p and u, respectively, free stream velocity and the
characteristic length (i.e., body length of squid models) were U and
L, respectively. In here, length of all squid models were taken as
31 cmlong and the highest velocity for a squid was chosenas 10 m/s
to be consistent with the real conditions [16,17]. Since the flow with
time-dependent velocity passing through the fixed squid body was
investigated, Reynolds number for the studied cases varied from 0
to 3,090,727.

Tetrahedron and quadrilateral elements with high density mesh
near the squid’s body were placed in the solution domain of a
real squid, modified squid and ellipse-shaped squid models to
resolve high velocity gradient in the boundary layer. Final mesh was
determined after different mesh partitions were considered. Fur-
thermore, a mesh convergence test was performed for both drag
force and total force in steady and unsteady solutions. Besides,
time step size was chosen as 0.001s after three different time
step sizes of 0.01, 0.001 and 0.0001s were considered. Total of
0.24-0.6 million elements were employed for all squid models.
While Fig. 8(a) showed the elements on the solution domain,
enlarged view of upstream near the squid model was given in
Fig. 8(b). First cell from squid mantle wall was calculated and value
of a non-dimensional wall-distance parameter y* was set to less
than one for nodes nearest the wall. The first layer thickness was
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Fig. 7. Sine velocity program for t=0.5s (a) and t=1s (b) at inlet.

typically defined as y*=(yu/v), where y could be expressed as

y=Lxy* x /80 x Re, */1,

2.3. Governing equations

Mixture of the k-w model and the k-¢ model were defined as
shear stress transport (SST) k-w model and Menter [18] reported
that use of SST k-w model is appropriate for high-Reynolds num-
ber flows with flow separation. Besides, the SST k-w model is a
two zone blending function model that standard k-« model can
be employed near the wall while k-& model can be utilized in the
outer part (far from the wall) of the boundary layer. In this study,
investigation of a two-dimensional axisymmetric squid was per-
formed during underwater swimming with the Reynolds-averaged
Navier-Stokes (RANS) equations and SST k-« models because it
was a suitable choice for the high-Reynolds-number with flow sep-
aration. The value of y* was monitored and remained under unity
since it was the most favorable y* value for the employed SST
k-w turbulence model for all numerical calculations. The unsteady
Reynolds-averaged Navier-Stokes (RANS) is defined as
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Fig. 8. Computational mesh of solution domain (a), enlarged view around squid
surface (b).
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where —puiu’ is Reynolds stresses. The shear-stress transport (SST)
k-w Model is defined as

0 0 0 ok

§(Pk) + aixi(pkui) = (’ij (Fkan> + Gy + Yi + Sk (3)
0 0 0 Jw

&(pwHa—}q(pwu,-): a—xj (F”8xj> + Gy + Yo+ Dy + S (4)
Fk:,HgL’: and szu+% (5)

where G represents the generation of turbulence kinetic energy,
G, represents the generation of w, I', and I", represents the effec-
tive diffusivity of k and w, respectively. Y, and Y,, represent the
dissipation of k and w, respectively due to turbulence and D,, rep-
resents the cross-diffusion term while S, and S,, are user-defined
source terms. Besides, . is turbulent eddy viscosity while o}, and
o, are constants [18].

2.4. Experimental validation

The real squid model obtained from CT images was built using
3D printer (ZORTRAX M200, Zortrax S.A., Poland). Then, this printed
real squid model was used for PIV measurements. PIV experiments
were performed in a large-scale open water channel with a length of
8000 mm and a width of 1000 mm. The test section of water chan-
nel was made from 15 mm thick transparent plexiglas sheet and
the water was pumped into a settling chamber and passed through
a honeycomb section and a two-to-one channel contraction before
reaching the test chamber. Fig. 9 shows the 3D print out of real
squid model placed into the test section. Black paint was sprayed
on surface of the model to eliminate any reflection from the PIV
lasers. Free stream turbulence intensity of the flow was less than
1.5% in the range of the studied Reynolds numbers. The laser sheet
and squid model were located at 225 mm above the bottom surface
of the channel while the water height was 450 mm during the tests.
Nd:YAG lasers were used to generate a laser sheet that was perpen-
dicular to the axis for the real squid model and the squid model’s
symmetry axis. A CCD camera having a resolution of 1600 x 1186
pixels was used to record the images. The seeding particles with a
diameter of 10 wm in the flow were silver metallic coated hollow
plastic spheres. The illuminating laser sheet thickness in the flow
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Fig. 9. The side view of the squid in swimming position.

field was approximately 1.5 mm as shown in Fig. 10. Dantec flow
grabber digital PIV software employing the cross-correlation algo-
rithm was used to compute the raw displacement vector field from
the particle image data.

Contours of velocity field obtained from PIV and CFD were given
in Fig. 11 for two different inlet velocities. The inlet velocities
utilized in the experiments were used in CFD model so that com-
parison of PIV and CFD could be made. Due to the limitation of
the open water channel, relatively lower velocities were tested;
however, these inlet velocity boundary conditions were used in
CFD model for the purpose of experimental validation. The velocity
values around the mantle cavity of the printed real squid were com-
pared for both PIV and CFD. The velocities around the mantle cavity
were about 72-84 mm/s for inlet velocity of 78.6 mm/s (Fig. 11(a)
and (b)) while the velocities around the mantle cavity were about
105-123 mm/s for inlet velocity of 115.7 mmy/s (Fig. 11(c) and (d)).
Therefore, the difference between PIV measurements and CFD.

Fig. 10. The view of squid during PIV measurements.

3. Results and discussion

When a body in a fluid suddenly accelerates from rest, the body
must overcome forces due to added mass and viscous effects inside
the boundary layer in addition to the drag force. Briefly, the fluid in
front of the body must be moved out of the way during acceleration
of the body. The force required to move this fluid is directly related
to shape of the body and called added mass force. Besides, another
force named basset force appears on the development of the body’s
boundary layer when the body is exposed to a rapid acceleration.
Therefore, a body is required to produce a thrust larger than total of
these forces (Frotq1 = Fprag + Fadded mass * FBasset) SO that it can follow
the desired or commanded velocity programs. Particularly, when
flow around a squid is considered, calculation of these forces plays
a key role in determination of required thrust.

Fig. 11. Comparison of PIV (a, c) and CFD (b, d) velocity contour plots for inlet velocities of 78.6 and 115.7 mm/s.
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Fig. 12. Velocity contour plots around the real squid model during Sine velocity
program (t=0.5s).t=0.001s(a),t=0.1s(b),t=0.2s(c),t=0.3s(d),t=0.4s(e),t=0.5s
(f). Legend shows the values of velocity in the range of 0 and 10 m/s.

3.1. Mean velocity and pressure variation around the squid model

In this study, the squid was fixed while time dependent inlet
velocity was defined to simulate the squid’s swimming perfor-
mance. The time averaged velocity contours around the squid were
plotted in Fig. 12 to eliminate the transient characteristics of the
flow, which may not accurately represent the studied time period.
It was realized that velocity contour values in front of the squid
increased until the end of velocity program indicating that the fluid
(namely, added mass) in front of the squid was also accelerated. The
fluid at the back of the squid was also raised to be able to satisfy
continuity equation.

Similarly, the time averaged pressure contours at the solution
domain were plotted in Fig. 13. When the flow around a squid
was investigated, there is a large pressure gradient in the calcu-
lation domain (Fig. 13) especially in earlier simulation times. The
reason for having large pressure gradient can be explained from
total pressure point of view because total pressure has both static
and dynamic pressure components. Firstly, static pressure appears
large in Fig. 13 at t=0.001, 0.1 and 0.2 since the dynamic pres-
sure component in the total pressure was not significant due to the

t=0.001s

5750404
6.00e+04
5.25e+04
4.50e+04
3.75e+04
3.00e+04
2.25e+04
1.50e+04
7.50e+03
0.00e+00

t=04s

t=05s

Fig. 13. Pressure contour plots of solution domain during Sine velocity program
(t=0.55s). t=0.001s (a), t=0.1s (b), t=0.25s (c), t=0.3s (d), t=0.4s (e), t=0.55s (f).
Legend shows the values of pressure in the range of 0 and 150,000 Pa.

fact that inlet velocity was small at those times. Secondly, once the
inlet velocity increases, dynamic pressure also rises in the amount
of 0.5* p*V2 and provides significant contribution to the total pres-
sure. Therefore, the decrease in static pressure can be observed at
t=0.3,0.4 and 0.5s.

The localized pressure distribution around the squid was plot-
ted in Fig. 14. It was noted that the mean pressure difference
between front and back of the squid was highest at the beginning
of the motion implying larger pressure drag. When velocity pro-
gram reached 0.5 s, the mean pressure difference across the squid
decreased and almost became insignificant indicating that pressure
drag only played a key role during early acceleration phase of the
squid.

In addition to mean velocity and pressure contours, instanta-
neous velocity and vorticity contours were plotted in Fig. 15 for
two different times, namely t=0.1 sand t= 0.5 s. [t was revealed that
circulating regions were formed near the head region as observed
from both velocity and vorticity contour plots. Besides, the velocity
above the squid reached about 10m/s (Fig. 15(b)) when velocity
program ended.

3.2. Forces acting on squid models

In this study, drag, added mass and basset forces on a real squid,
a modified squid and an ellipse-shaped models were numerically
investigated for two different commanded velocity programs. Drag
force consists of pressure and viscous drags [ 19,20] and it was given

by

=]

)

Here, drag due to pressure was calculated from Fp_pressure =

F D = F D_pressure +F D_viscous (

2w f(:p * (1 * sin)dx while drag due to viscous was obtained from

Fp_yiscous = 270 fl p = (r * cosa)dx. Here, p and t are the pressure nor-
mal to the body’s surface and the shear stress tangent to the body’s
surface, respectively. While r is the radius from the axis of the body
surface, « is the arc length along the meridian profile and Ly, is
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Fig. 14. Localized pressure contour plots of fluid flow around the squid during Sine
velocity program (t=0.5s). t=0.001s (a), t=0.1s (b), t=0.2s(c), t=0.3s(d), t=0.4s
(e), t=0.5s (f). Legend shows the values of pressure in the range of 0 and 150,000 Pa.
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Fig. 15. Instantaneous velocity (m/s) contour at t=0.1s (a), at 0.5s (b); vorticity
(1/s) contour at t=0.1s(c), at 0.5s (d).

the total arc length of the body models. Total drag force due to
pressure and viscous drag forces were numerically analyzed for
squid models during acceleration phase and drag coefficients were
obtained.

Added mass force calculations were performed for all three
models. Firstly, the added mass coefficient (a;;) was obtained from
the added mass coefficient diagram provided by Korotkin [5] based
on the length and diameter of the models with the assumption
of an ellipsoidal shape. Then, the volume of each model (V) was
attained with the help of design modeler module of Ansys 12.1 [21].
Lastly, added mass force was calculated using F4 = ayq pVin(du/dt).
Here, a;1 0V is added mass while du/dt is acceleration of the body.
When a squid accelerates impulsively, development of a boundary
layer on the squid surface is lagged and velocity gradient inside the
boundary layer varies rapidly resulting in the basset force to arise.
In the current study, basset forces on the squid models were cal-
culated based on an acceleration of a flat plate [22]. Basset force
calculations for the models provide a reasonable estimation since
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squid models have streamlined shapes. Basset force due to bound-
ary layer development was given by

t
/ du/dt’
Fg = Asurface pC;LC #dt (7)
0 \t—t

where, Agfce is surface area of the squid, pc is the carrier fluid’s
(i.e., water’s) density, (¢ is viscosity of the fluid, u(t) is velocity of the
body, t is total acceleration time and t is being the instantaneous
time.

3.3. Determination of coefficients and forces

Variation of total force coefficient, also named a thrust force
coefficient, and drag force coefficient are shown in Tables 1 and 2
during acceleration of squid models for two different velocity pro-
grams. Increase in the Reynolds number is given in the second
column of both tables since all models accelerate as the time passes.
The CFD solver provided thrust force that had drag, added mass,
basset and inertial forces. Added mass and basset forces were cal-
culated to determine the effect of these forces on an accelerating
squid. The weigh of both added mass and basset forces remained
less than 4% for all three models and this indicated that these forces
arising for unsteady flows could be insignificant when the bodies
have streamlined shape as in squid model cases. It was noted that
total and drag force coefficients were highest in the ellipse-shaped
model during initiation of movement while the real squid model
had the lowest value for the same duration. This can be explained
by pressure force which was highest in ellipse-shaped model com-
pared to other models because the tip of a real squid had more
streamlined profile than ellipse-shaped model. Total and drag force
coefficients became highest for the real squid model while the other
two models exhibited lower coefficient values for later times in the
velocity program. This can be due to the fact that the real squid
body had small cavities around her eyes and these cavities may
cause flow separation and this may lead to higher total and drag
force coefficients.

In addition to experimental validation discussed in previous sec-
tion Malazi et al. [23] performed a numerical study on a longfin
inshore squid’s swimming characteristics to determine drag coef-
ficient for different species of underwater swimmers at different
Re numbers. They reported that drag coefficients for squid model
with L/D=7.56 were 0.003996, 0.003712 and 0.003244 for the
Reynolds numbers of 1.0E6, 1.6E6 and 2.9E6, respectively. These
drag coefficients [23] agree well with the drag coefficients obtained
in the present study.

Total force needed to follow commanded velocity programs on
squid models were calculated and plotted in Figs. 16 and 17. It
was realized that all squid models were required to provide large
amount of forces to overcome added mass, basset and drag forces
initially. Once the squid models reaches about half of their velocity
program duration, total force required to track the desired veloc-
ity program starts to decrease. The reason behind this decline may
be due to the fact that pressure variation along the squid models
changes and the effect of pressure drag may be lower when the
acceleration of squid models decreases. Besides, added mass ini-
tially present in front of the squid models has already been pushed
out of the way so that contribution of added mass force to the total
force becomes negligible. It was also noted that ellipse shaped squid
model exhibits larger force requirements to follow the velocity pro-
grams up to 0.4 and 0.6 s in Figs. 16 and 17, respectively compared
to the other two models. This is probably because of the pressure
drag as pressure variation along the ellipse shape is different than
the other models. Especially, the existence of mantle cavity gives
squid models a priceless advantage of a streamlined body while the
ellipse shape seems to behave a like blunt body at the first half of the

N

—e—Real squid model

-B8-Modified squid model

——Ellipse shape model

Total Force (N)

Time (s)

Fig. 16. Variation of total force during acceleration of squid models between 0 and
0.5s.

—e—Real squid model
7 X -8-Modified squid model |

——Ellipse shape model

Time (s)

Fig. 17. Variation of total force during acceleration of squid models between 0 and
1.0s.

movement. On the other hand, the real squid model shows a larger
force requirement than the other two models at the last quarter of
velocity program. This may be due to the flow separation taking
place around the squid’s head in the real squid model while ellipse
shaped and modified squid models do not have cavities around the
head area. When total force variations are considered, modified
squid models without cavities around the head provide promising
results (i.e., lower force requirement) to be used for the design of
an underwater vehicle.

3.4. Determination of jet velocities based on different nozzle
diameters

When a body needs to move in a fluid, the body must gener-
ate certain amount of thrust to follow a desired velocity program.
Especially, if this body starts to move from rest and needs to track
the desired velocity program with changing acceleration, it would
need to produce thrust overcoming added mass and basset forces
as well as drag forces. The thrust force calculation for squid models
were discussed in the previous section. However, control volume
(CV) analysis was performed to calculate the jet velocity accurately
by taking the entire solution domain (Fig. 18) as a control volume:

d -
— pudV +/ pu(u—s)-ndS = F (8)
ot Jey cs Z <

The first integral on left hand side of Eq. (8) is related to the time
rate of change of u within the control volume due to unsteadiness
while the second integral on left hand side of Eq. (8) is associated
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Table 1
Total and drag force coefficients for real squid, modified-squid and ellipse-shaped squid models when t is between 0 and 0.5 s.
Time (s) Reynolds Drag force Drag force Drag force Total force Total force Total force
number (Re) coefficient of a coefficient of a coefficient of coefficient of a coefficient of a coefficient of
real squid modified squid an ellipse real squid modified squid an ellipse
shaped squid shaped squid
0 0 0 0 0 0 0 0
0.1 954,619 0.052848 0.054344 0.060318 0.053768 0.055284 0.061355
0.2 1,815,888 0.015047 0.015399 0.016774 0.015269 0.015626 0.017023
0.3 2,499,583 0.009294 0.009131 0.009075 0.009382 0.009221 0.009174
0.4 2,938,848 0.004281 0.003368 0.003512 0.004318 0.003406 0.003553
0.5 3,090,727 0.003168 0.001804 0.001769 0.003171 0.001807 0.001774
Table 2
Total and drag force coefficients for real squid, modified-squid and ellipse-shaped squid models when ¢ is between 0 and 1.0s.
Time (s) Reynolds Drag force Drag force Drag force Total force Total force Total force
number (Re) coefficient of a coefficient of a coefficient of coefficient of a coefficient of a coefficient of
real squid modified squid an ellipse real squid modified squid an ellipse
shaped squid shaped squid
0 0 0 0 0 0 0 0
0.2 954,619 0.030573 0.030849 0.033534 0.031062 0.031348 0.034075
04 1,815,888 0.012875 0.012463 0.012343 0.012994 0.012584 0.012475
0.6 2,499,583 0.005324 0.00407 0.004272 0.005372 0.004119 0.004325
0.8 2,938,848 0.003983 0.002647 0.002716 0.004004 0.002668 0.002739
1 3,090,727 0.003192 0.001806 0.001789 0.003194 0.001808 0.001792
. Control volume
uvehlﬁl‘i ____________________________________________ | uvehicle
— s

Fig. 18. Control volume of the squid model.

with the net flux of u out of the control surface. In here, u is not a
function of control volume; so it can be taken out of the integral
and p is constant. Besides, integral over the entire control surface
can be expanded as given in Eq. (9):

%/ ,odV+/pu(u—s)~ﬁd5+/pu(u—s)~ﬁd5
ot Joy 1 2

+ /,ou(ufs)-ﬁdS+/pu(ufs)~ﬁdS
3 4

+ /,ou(u —5§).-ndS = ZFCV (9)
5

In here, (u —s) was velocity of the system boundary relative to
control surface and (u — s) - n was normal component of the relative
velocity; therefore, surface integrals 1 and 3 became zero because
velocity of system boundary and relative velocity were perpendic-
ular to each other. Besides, surface integrals 2 and 5 were zero since
velocity of system boundary and control surface were equal at these
surfaces. As a result,

ou -
mCVﬁ + /pujet(ujet — Uyehicle) - NAS = ZFCV (10)
4

When p and dS were taken out from surface integral 5 and the
equation was reorganized, Eq. (11) could be obtained as

du
/OAjetujet(ujet — Uypehicle) = Fp + Fg + F4 — mCV& (11)

The right hand side of Eq. (11) was lumped as total force
(i.e., drag, basset, added and inertial forces) acting on control

volume and this force was calculated by CFD solver. Therefore,
Fr = pAjerUjer(Ujer — Uenicle)» could be used to obtain required jet
velocity once the total thrust force was known. Here, p was density
of the fluid and 1000 kg/m3 was used since the working fluid was
water, Ajer was cross-sectional area of the jet and uje; and Uyepcle
were the velocity of the jet and the vehicle, respectively. It was
noted that the thrust force driving underwater vehicles directly
depends on the jet velocities.

A squid is known to be from the family of cephalopods in the
underwater world and typically uses her mantle cavity along with
her nozzle for locomotion in water. Briefly, a squid pulls the water
into her mantle cavity from the openings located near her head
prior to move. Then, she contracts her mantle cavity wall by build-
ing up pressure inside to eject the water thru her nozzle backward
and she gains large acceleration in the opposite (i.e., forward) direc-
tion. Although high pressure inside a mantle cavity of a squid has
capability to compress the water, a nozzle of a squid plays a key role
to obtain required thrust the squid needs. Particularly, a squid has a
quite unique nozzle with a flexible tissue allowing fluid (i.e., water)
to exit from the mantle cavity only in one direction (i.e., toward the
outside). Furthermore, a squid can change her nozzle diameter dur-
ing under water swimming. Therefore, in this part of the study we
are interested in the effect of a nozzle diameter on a squid’s jet
velocity. Nozzle diameter of the squid used in the simulations was
measured to be 1cm. It was realized that diameter of nozzle can
expand or contract due to its muscular tissue structure. Therefore,
2cm (0.02m), 1cm (0.01 m) and 0.5cm (0.005m) nozzle diame-
ters were chosen to investigate the relation among the jet velocity
of the real squid, the modified and the ellipse shaped squid mod-
els. Aje¢ values were calculated to be 3.1417E—4, 7.8539E—05 and
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Fig. 19. Effect of three different diameters on jet velocity for two different velocity programs of the real squid (top (a and b)), ellipse shaped (middle (c and d)) and modified
squid (bottom (e and f)) models (a, c and e results are for velocity program with t=0-0.5s while b, d, and f results are for velocity program with t=0-1.0s).

1.9635E—05 m? for the nozzle diameters of 0.02, 0.01 and 0.005 m,
respectively. Therefore, Fig. 19 shows the effect of different nozzle
diameters to the jet velocity for squid swimming velocities up to
10m/s. It is noted that when diameter of a nozzle becomes 0.005 m
during water ejection, all of the squid models would require largest
jet velocities to sustain the same squid speed. This implies that an
underwater vehicle resembling a squid shape should have a nozzle
diameter around 0.02 m because larger nozzle diameter seems to
cause smaller jet velocities. This probably leads to a more efficient
underwater vehicle.

3.5. Jet efficiency study

When an underwater transportation is considered, the jet effi-
ciency is an important parameter to evaluate performance of
an underwater vehicle. Moslemi and Krueger [9] explained jet
efficiency parameter using propulsive efficiency that could be

. _ 2 . .
quantified as 1 = - ——— e Ureic)” Here, Uyepice 1S the underwater

vehicle’s velocity while Ujs stands for the jet velocity of the vehi-
cle. Fig. 20 shows propulsive efficiency results of the real, ellipse
shaped and modified squid models for nozzle diameters of 0.005,
0.01 and 0.02m at two different velocity programs. It is docu-
mented that the propulsive efficiency is the highest when the
nozzle diameter is 0.02 m for all models regardless of the followed
velocity programs. Besides, propulsive efficiency at nozzle diameter
of 0.02m is two to three times larger in magnitude than propul-
sive efficiency at nozzle diameter of 0.005m for all bodies. This
implies that the use of a larger size nozzle strongly contributes to
higher propulsive efficiency. The results also demonstrated that the
propulsive efficiency of the modified squid model is slightly more
than the propulsive efficiency of other models because the mod-
ified squid model has a more streamlined body shape than both
the real squid and ellipse shape models. It was also noted that the
propulsive efficiency of the modified squid can be nearly 10% and
4% more effective than the ellipse shaped and real squid models,
respectively.
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Fig. 20. Propulsive efficiency variation with Reynolds number of three different diameters for two different velocity programs of the real squid (top (a and b)), ellipse shaped
(middle (c and d) and modified squid (bottom (e and f) models (left column results are for velocity program with t=0-0.5 s while right column results are for velocity program

with t=0-1.0s).

4. Conclusion

This study investigates swimming characteristics of squid like
models numerically. Particularly, a real squid, ellipse shaped and
modified squid models were set to motion from rest by following
a desired velocity program. It was realized that although models
look similar to each other, the forces they were exposed to dur-
ing acceleration were quite different. The total force combination
of drag force, added mass and basset forces were introduced and
calculated for two different velocity programs. It was noted that
all models suffered from pressure drag during the early stage of
their motion and the modified squid model required less thrust
force than other two models to reach the same commanded veloc-
ity program. The effect of the nozzle diameter was also examined
in this study and it was documented that a larger nozzle diame-
ter provided higher propulsive efficiency values. It was concluded
that hydrodynamic characteristics of the studied bodies can explain
the behavior of a body at various velocities under the water and
provide valuable design parameter information on an underwater
vehicle.
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