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Summary
This article presents the analysis of fin drag force in a Biomimetic Underwater Vehicle KEY WORDS
(BUV). To carry out numerical simulations Incompressible Computational Fluid artificial fish

Dynamics (ICFD) solver was used. The simulation model was verified in the designed
laboratory test stand. The laboratory test stand was equipped with specialized sensors
for force measurements and control of fluid velocity. An average value of fluid velocity
in the water tunnel was measured by specialized high accuracy ultrasonic flowmeter.
A vision system was used for analysis of laminar and turbulent flows in the fluid
structure interaction area. The research of fluid-structure interaction phenomena was
depicted using dimensional analysis.

fluid structure interaction (FSI)
computational fluid dynamics (CFD)
biomimetic underwater vehicle

Sazetak

Uradu se daje analiza sile otpora biomimetickog podvodnog vozila (BUV). Za provodenje KLJUCNE RIJECI
numerickih simulacija koristio se program Racunalna dinamika fluida (ICFD). Simulacijski . .

model provjeren je u posebno izradenom laboratoriju. Laboratorij je opremljen umjetna riba

interakcija u strukturi fluida (FSI)
racunalna dinamika fluida (CFD)
biomimeticko podvodno vozilo

specijaliziranim senzorima za mjerenje sile i kontrole brzine fluida. Prosjecna vrijednost
brzine fluida uvodenom tunelu izmjerenaje specijaliziranimivrlo preciznim ultrasoni¢nim
uredajem za mjerenje brzine strujanja. Sustav promatranja koristio se za analizu
laminarnih i turbulencijskih strujanja u podrudju interakcije u strukturi fluida. IstraZivanje
fenomena interakcije u strukturi fluida provedeno je uporabom dimenzionalne analize.

1. INTRODUCTION / Uvod

The Biomimetic Underwater Vehicles BUVs can be used in a wide
variety of underwater applications [1], such as monitoring [2],
investigation of sea region [3], [4] pollution detection, military
operation [5], [6], [7] and protection [8], [9], [10]. In comparison
to propulsion systems with the rotary propeller, the energy
efficiency is limited to 70 % and is 20 % less than the swimming
mechanism of real fish [11], [12]. The biomimetic underwater
vehicles (Figure 1) are more popular due to their advantages
like high-performance locomotion and manoeuvring in the
water, the secrecy of operation due to the lower acoustic
spectrum. The different kind of fish results from the long-time
of fish evolution. The body motion function of a specific swim

pattern is generally obtained from biologists [13], [14], [15].
The fish-like movement can be reproduced with fin made
from a flexible material or as a connection of the rigid body
with degrees of freedom depends on a specific swim pattern
[16], [17], [8], [18]. Many links needed to accurately reproduce
fish behaviour makes the robot model complex and its control
techniques more complicated. Therefore, efforts are to be made
to imitate the movement of fish with one piece of flexible fin
[19]. This enables investigation of the fluid-structure interaction
phenomena which is depending on many construction factors.

Due to the nonlinear fluid-structure interaction, the following
method was applied.Inthe beginning, the fluid without any obstacles

Figure 1 The Biomimetic Underwater Vehicles: a) miniCyberSeal [19], b) CyberFish [15]
Slika 1. Biomimeticka podvodna vozila: a) miniCyberSeal [19], b) CyberFish [15]
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was measured using Particle Image Velocimetry (PIV) method. Then,
examples with a cylinder were considered for verification of drag
force calculations. Having done the calibration of the laboratory
equipment an experiment for the fin was elaborated. The velocity
region with a laminar and a turbulent flow was identified and the
force for a different angle of attack was measured. The angle of attack
is understood here as the angle between a fin and a fluid stream.

This paper is organized as follows. Section 2 describes a
dimensional analysis for the steady-state problem. Section 3
discusses the results from numerical simulation made in LS-DYNA
package and Incompressible Computational Fluid Dynamics (ICFD)
solver. Section 4 provides the laboratory test stand, measurement
force and fluid flow methods description. In Section 5 the
experimental results with a comparison between the simulation
model and experimental results are depicted. Finally, conclusions
and future research are presented in Section 6.

2. DIMENSIONAL ANALYSIS / Dimenzionalna analiza
The dimensional analysis was conducted according to
the Buckingham theory [16]. The functional relationships
between the variables involved in a physical phenomenon are
independent of the chosen system of units. The principle allows
expressing all the information contained in the relationships
between physical variables of the problem in a very compact
form, using a reduced number of dimensionless variables.
It reduces the number of measurements and numerical
simulations needed to characterize a specific flow problem.
The analysed problem is a steady flow of an incompressible
fluid of density p and viscosity p around the cylinder with diameter
R (2D phenomena). The second analysis was provided for the
inflexible fin mounted on the motor shaft (2D analysis) [16]. The fin
angle was changed in a range compared to the fishtail movement.
Since the incompressible flow is analysed it can be assumed that
the equation of continuity and momentum can be decoupled from
the equation of energy, and the equations are needed to determine
the pressure and the velocity fields. The force over the body involves
surface integrals made up with the pressure and the velocity fields
and that is why only the continuity and the momentum equations
have to be considered. In addition, because the problem is analysed
as a steady one, no initial conditions are required. With respect to the
boundary conditions, the flow filed far away from the cylinder needed
to be specified. The next assumption is connected to velocity and
pressure. The far-field fluid velocity relative to the body is aligned along
the x-direction, and the far-field pressure takes a uniform value.
According to the Pi theory, the number of independent and
dependent variables should be defined. Since there is a steady-
state problem the time is not taken under consideration. The
independent variable is a spatial variable while the dependent
variables are velocity and pressure. The drag force (Fd) exerted by
the fluid on an analysed object (a cylinder or a fin) depends on a
surface, a density, a viscosity and a fluid velocity. The expression
defining the drag force can be written as [20]:
Fd:f(p'urUrA) (1)
where:
U - is the far field fluid velocity
The dimensions of the magnitudes y, F, can be expressed in
terms of the dimensions of p, A and U as following formulas [20]:

[Fa] = [p][W[U?][A%]

[u] = [pIU][A] @

According to the Buckingham theory, there is n =4 and k =
3 and consequently the number of dimensionless parameters
linked to the original expression is n + 1 - k = 2. These two
parameters are constructed to transform y, F into dimensionless
variables using p, U, A.

Thus: Iy = F;/(pU%A?)
(3)
n, = (pUA)/u
Next, writing in the non-dimensional form the next formula
can be written:
Fa/ (pU24?) = f(pUA/p) @

where:

pUA/u - is the flow Reynolds number;

F;/(pU?A?) -is the dimensionless parameter i, proportional to
the drag coefficient C,, defined as:

Cy=Fy/ G pUZA) (5)

where:
A-is a frontal area of the obstacle exposed to the flow.

In the case of the cylinder, the frontal area is A = 2Rh, where
his the height of the submerged part of the cylinder. The frontal
area for a fin depends on the angle of attack according to the
formula: A = length*cos(a), where: a - is the angle of attack.

It can be seen that the drag force coefficient only depends
on the Reynolds number. Therefore, during simulation and
measurements, the Reynolds number was changed by the
different fluid velocity and by different characteristic dimensions
(the radius of the cylinder or the fin angle of attack).

To carry out the numerical simulations LS-DYNA
Incompressible Computational Fluid Dynamics (ICFD) solver has
been used. The modern and efficient solver may run as a stand-
alone CFD solver, where only fluid dynamics effects are studied,
or it can be coupled to the solid mechanics solver to study loosely
or strongly coupled Fluid-Structure Interaction (FSI) problems.

First, the classic flow around a cylinder was considered to
confirm the solver’s ability to correctly reproduce simulated
phenomena. The flow around a cylinder has been widely used
both as a numerical validation test case as well as a research
case [21], [22]. Depending on the Reynolds number [23], [24] the
following behaviours of the flow can be identified:

Re < 50 - a steady laminar flow with symmetric separation
(Figure 2a),

50 < Re < 160 - 190 - a Karman Vortex street (Figure 2b),

190 < Re < 1300 - a laminar-turbulent transition; a turbulent
separation and reattachment, a turbulent wake.

According to the available literature [22], the comparison
was focused on the two values of viscosity corresponding to
the Reynolds number values of R, = 40 and R_ = 100. In the
considered case, the values of pressure and lift was compared
to those available in the literature and simulation to ensure
correctness of the research where regime of the Reynolds
number should be in a range from 100 to 120.

Forthe R =40 case, the boundary layer separation point of the
laminar stationary flow was analysed as well as the reattachment
length. For the Re = 100 case the frequency of the vortex shedding
was studied through the Strouhal number defined as:

St = E (6)
where: T

R —is the diameter of cylinder,
U - is the incoming velocity,

T —is the oscillation’s period.
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b)
Figure 2 Graphical representation of the flow around a cylinder
for: a) Re = 40, b) Re = 400 [22]
Slika 2. Graficki prikaz strujanja oko cilindra za: a) Re = 40,
b) Re =400 [22]

3. SIMULATION RESULTS / Rezultati simulacije

The simulation model consists of an inflow with a prescribed
velocity, an outflow with a prescribed pressure, two free slip
conditions for the remaining boundaries and a non-slip condition
on the cylinder. It also contains two meshing boxes which will
allow a finer volume meshing around the analysed object and its
immediate wake. A complete description of the model’s geometry
for the cylinder analysis is depicted in Figure 3a. The resulting
volume mesh after running the test case is shown in Figure 3b.

13488401

12826401
12142001
Luarwor H

10786401
10120001 _
84955400 _
8770e300 _

80058400
FAzIBH0
B74Be400
6.072400
53970400
a722e400
4n4gee0n_

23730400
26998400
20246400
13800400

672601
0.000e400

b)

Figure 3 a) The graphical example of generated mesh for the
flow around a cylinder, b) A fluid velocity for Reynolds number
of 100 for a cylinder
Slika 3. a) Graficki prikaz generirane mreZe za strujanje oko
cilindra, b) brzina fluida za Reynoldsov broj 100 za cilindar

A fluid velocity around the fin for a Reynolds number of 100 is
presented in Figure 4 a, while the fluid velocity for the fin with the
angle of attack a = 30 [deg] is presented in Figure 4 b.

Figure 5 and 6 include a comparison between the presented
analysis and the results achieved from literature [21]. It can be
noted that the global behaviour of the presented analysis is in good
agreement with the reference results. Starting from the Reynolds
number of 40, the error regarding the total drag slowly expands
going from 3.8% for Re = 40 to 7.5% for Re = 2 when comparing
with the results given by [1]. This can be explained by the fact that,
as the Reynolds number decreases and the viscosity increases,
the hypothesis used by the Fractional Step method of the solver,
(i.e. the diffusion term of the solution due to the viscosity is small
compared to the convection term) is slowly reaching its limits. It
can also be noted that the error regarding the lift coefficient slowly
increases going from 4.1% for Re = 80 to 6.6% for Re = 160. To
reduce this error, a finer mesh was used. Finally, for the Reynolds
numbers of 4 and 100, some further observations can be made.
For the Reynolds number of 40, the boundary layer separation
angle occurs at the angle of 540 and the distance between the
reattachment point and the cylinder is equal to 2.3 which is in good
agreement with the results from literature [21]. For the Reynolds
number of 100, the Strouhal number is equal to 0.165 which is in
the vicinity of the results given by [21] and [25].
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Figure 4 A fluid velocity for the fin with an angle of attack:
a) a=0[deqg], b) a=30[ded]
Slika 4. Brzina fluida za peraju pod kutom:a) a =0, b) a = 30
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Figure 5 Comparison of the Total Drag Coefficients obtained
from the presented analysis (in red) and the results (in blue)
given by [21]

Slika 5. Usporedba ukupnih koeficijenata otpora dobivenih
prikazanom analizom (crveno) i rezultatima (plavo) u [21]
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Figure 6 Comparison of the Total Lift Coefficients received from the
presented analysis (in red) and the results (in blue) given by [21]
Slika 6. Usporedba ukupnih koeficijenata podizanja dobivenih

prikazanom analizom (crveno) i rezultatima (plavo) u [21]

In Figures 7-11 results of simulations are presented for the
inflexible fin with different angle of attack. The fluid flow around
the fin is presented and the drag force is depicted below each
figure. The simulations were done for constant fluid velocity
equal to 0.2 [m/s]. The drag force from simulation model and from
experiment in the water tunnel is fit enough for further analysis.

Figure 7 The drag force Fd = 0.06 [mN] for the fin witha=0
[deg], v=10.2 [m/s]
Slika 7. Sila otpora Fd = 0.06 [mN] za peraju s a =0, v= 0.2 [m/s]

Figure 8 The drag force Fd = 1.3 [mN] for the fin witha =10
[deg], v=0.2 [m/s]
Slika 8. Sila otpora Fd = 1.3 [mN] za peraju s a = 10, v= 0.2 [m/s]

Figure 9 The drag force Fd = 19.6 [mN] for the fin with a =30
[deg], v=0.2 [m/s]
Slika 9. Sila otpora Fd = 19.6 [mN] za peraju s a = 30, v = 0.2 [m/s]

Figure 10 The drag force Fd = 99.8 [mN] for the fin with a = 60
[deg], v=0.2 [m/s]
Slika 10. Sila otpora Fd = 99.8 [mN] za peraju s a = 60, v = 0.2 [m/s]

Figure 11 The drag force Fd = 150.2 [mN] for the fin with a = 90
[deg], v=0.2 [m/s]
Slika 11. Sila otpora Fd = 150.2 [mN] za peraju s a = 90, v= 0.2 [m/s]

4, THE LABORATORY TEST STAND AND
MEASUREMENT METHODS / Laboratorij za
testiranje i mjerne metode

For the verification of the simulation model, the laboratory water
tunnel was prepared and equipped with sensors (Figure 12).
Two measurement systems were used: the first one for the Fluid-
Structure Interaction (FSI) force measurement and the second
one for the fluid velocity control. The different shapes of the fins
can be driven by the servo-mechanism (Dynamixel AX-12+) with
maximal moment torque 1.5 Nm mounted on the transparent
plate. The transparent plate allows using of digital image
velocimetry methods. The digital image velocimetry methods
were used to determine laminar and turbulent areas of the fluid
and fluid-structure interaction based on permanent markers with
neutral buoyancy highlighted by a linear laser. In addition, the
fluid velocity is measured using the non-invasive method with
an ultrasonic flow meter. An external pump with adjustable fluid
velocity was implemented in the laboratory test stand.

4.1 Force Measurement System / Sustav za mjerenje sile
The force interaction between a fin and fluid was measured
using two precision strain gauges mounted on both sides of the
water tunnel (Figure 13). The ball bearings were used for friction
reduction and for direct transmission of a force from the fluid-fin
interaction into the precise strain gauges system. The scheme
of the force measurements is presented in Figure 13. The
analogue signals from strain gauges were converted to digital
form with 12-bit resolution. For analogue to digital converter
input equal to 3.3V the resolution of the force sensor is equal to
81*10-6 N per one bit. The total range of the measurement force
determined by two strain gauges is 0.2 N. Performed laboratory
stand to measure force was presented in Figure 14.
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Figure 12 The laboratory water tunnel: 1 - PC, 2 — micro-control-
ler unit (MCU), 3 - servomotor, 4 - fin, 5 — strain gauges, 6 — ball
bearings, 7 — external water pump, 8 — ultrasonic flowmeter

Slika 12. Vodeni tunel u laboratoriju: 1 - PC, 2 - jedinica za
mikrokontrolu(MCU), 3 - servomotor, 4 - peraja, 5 - dinamometri,
6 — kuglicni leZajevi, 7 — vanjska pumpa vode, 8 - ultrasonicni
mjerac strujanja

F

b)

Figure 13 a) Measurement scheme of force X and moment
of force N on the basis of forces F1 and F2 obtained from the
precise strain gauges; b) the photo of strain gauge for force
measurement up to 0.1 N
Slika 13. a) Shematski prikaz mjerenja sile X i trenutka N na
temelju sila F1i F2 dobivenih s pomocu preciznih dinamometara;
b) slika dinamometra za mjerenje sile do 0.1 N

Figure 14 The laboratory test stand with the cylinder and the
fin (both are purple color) for the drag force measurements
Sluka 14. Laboratorij s cilindrom i perajom (oboje oznaceno
ljubicastom bojom) za mjerenje sile otpora

4.2 Particle Image Velocimetry (PIV) Measurement
System / Sustav mjerenja s pomocu velocimetrije slike
Cestica (PIV)

The camera with slow-motion option was used for tracking the
permanent marker (with neutral buoyancy) highlighted by green
linear laser (Figure 15a). Next, the movie was converted to the
series of images and the format of each image was changed to the
grey one (Figure 15b). To remove uneven illumination issue (such
as shadows) the histogram matching algorithm was applied.

Figure 15 The fluid flow behind the cylinder with permanent
markers highlighted by the linear laser, a) the picture made
during laboratory tests, b) the picture after conversion to the
grayscale and the histogram equalization
Slika 15. Strujanje fluida iza cilindra s permanentnim markerima
oznacenima linearnim laserom, a) slika nastala tijekom
laboratorijskih testova, b) slika nakon pretvaranja u sivu skalu i
izjednacavanja histograma

The normalized cross-correlation function based on
the grayscale images was used to determine the template
displacement in each frame from the vision system. The
template size was chosen in relation to the fluid velocity, the
area of investigation and the camera performance. For the
fluid velocity calculation, the algorithms of normalized cross-
correlation function were used [26]:

Tyl f 0 Y) = fur]lttc —uy —v) — ]
(Self e = il Tople—uy—v) - 82}

yw,v) = @)

where:

f—isthe image,

t - is the mean of the template,

f;,v —is the mean of f(x,y) in the region under template,

u - is the fluid velocity along the measured fluid path,

v —is the fluid velocity perpendicular to the measured fluid path.
For the best-correlated images the normalized cross-

correlation function achieves the global maximum (Figure 16).

Analysis of the maxima global and local functions (7) allows

checking whether the template size is suitable for the desired

accuracy. The best solution of the velocity calculation is for the

one global maximum. In Figure 16 an example of normalized

two-dimensional cross-correlation calculation results is

presented for the image with resolution 480x640 pixels.
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Figure 16 The result of normalized cross-correlation calculation
Slika 16. Rezultat izracuna normalizirane unakrsne korelacije

The fluid velocity was verified in comparison to
measurements made by a high-class accuracy ultrasonic
flowmeter using the normalized cross-correlation function.
For the calibration process, the undisturbed flow was taken
into consideration. In the next step of research, the normalized
cross-correlation function will be used for analysing the laminar
and the turbulent area and their impact on the undulating
propulsion system characteristics [27], [8].

5. EXPERIMENT RESULTS / Rezultati eksperimenta
The drag force was calculated analytically according to the equation
(5) and then compared with the results from the simulation and from
the measurements. The drag coefficient for cylinder was adopted
from literature [24] Cd = 0.45. Because the results obtained from the
analytic formula, from the simulation model designed in LS-DYNA
and from the measurements in the laboratory water tunnel were very
similar (Figure 17), it was assumed that the simulation model and
the laboratory test stands are ready for the fin analysis. A restriction
is only connected with the minimal value of the force that can be
measured by strain gauges. It means that the force measurements
system is too low for the fluid velocity below 0.1 m/s.
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Figure 17 The drag force for the cylinder based on the
analytical relations (red colour line with circle makers) and from
the measurement experiment (blue line with square markers)
Slika 17. Sila otpora cilindra na temelju analitickih odnosa (crvena
crta s okruglim markerima) i mjernog eksperimenta (plava crta s
kvadratnim markerima)

Having done the verification for the cylinder the fin analysis
was performed. In Figure 18 results from measurement in the
water tunnel are depicted. The maximal velocity achieved from the
experiments was dependent on the angle of attack. For the higher
angle of attack the fluid velocity was lower due to the losses in the
water tunnel. For the a = 30 [deg] the maximal fluid velocity v=0.3
[m/s], while for the o =90 [deg] the maximal fluid velocity was equal
to v =0.21 [m/s]. For the a = 0 [deg], the fluid flow velocity was
very similar to the flow without any obstacles, but the strain gauge
system was unable to measure such a low force acting between
the fluid and the fin. Due to measuring range of the strain gauges
some measurement errors occurred for the fluid flow below 0.1
[m/s]. On the other hand, the differences occurred for the velocity
higher than 0.2 [m/s] were caused by the turbulent flow made by
narrowing of the water tunnel. That is why the verification of the
simulation model for the fin was made for the velocity of 0.2 [m/s].

Drag force for fin
200 T T T

180 -

0.25

015
v [m/s]

0.3

Figure 18 The drag force produced by the fin for different angle
of attack (results of measurement in the water tunnel)
Slika 18. Sila otpora koju stvara peraja pod razli¢itim kutovima
(rezultati mjerenja u vodenom tunelu)

6. CONCLUSIONS / Zakljucci

The presented dimensional analysis allows expressing all the
information contained in the relationships between physical
variables of the problem in a very compact form, using a
reduced number of dimensionless variables.
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The laboratory water tunnel was depicted focusing on
applied measurement sensors and methods of analysis. The
cross-correlation method was presented and discussed. This
method will be used for visual testing of the fluid-structure
interaction. What is more, the presented vision system will be
used for the impact of design parameters on the analysis of
undulating propulsion characteristics. The drag force analysis
for the cylinder and the inflexible fin shows that the simulation
model can be developed for mechanical aspects for the flexible
fin consideration and the propulsion force analysis.

The simulation model made in LS-DYNA package and
Incompressible Computational Fluid Dynamics (ICFD) solver was
presented and results were discussed. Although the simulation
method has been successfully verified, it is one of the stages of
testing fluid-structure interaction. In the next step of research,
a mechanical solver will be implemented to study material fin
flexibility. By using vision system not only the fluid velocity can
be analysed, but the flexible fin deflection can be estimated. The
final results of this research will be the set of characteristics with
undulating system properties for a one-piece flexible fin.
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