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AHHoTanus. lccnenoBannue NOCBAIIEHO MOIEIMPOBAHUIO THIPOAMHAMUKY PbIO. B mporpaMMHOM KOMILIEKCe
OpenFOAM peanusyercss 4MCIEHHAsE MOJENb JJIsl ONUCAHUS NPOIYJIbCUBHOTO BOJIHOOOPA3HOIO JBMXKEHUS
PpBI00TI000HO IIIOBLIA B BSI3KOM HEC)KUMAEMOM JKUIKOCTH. B HCCiIe10BaHNY TPEIaraeTesi METO ] COBEPIICHUS
KoneGaHuii, OCHOBAaHHBI Ha AeGOpMAaIMU CETKH, JKECTKO CBSI3aHHOW € TeinoM. [ aBTOMAaTHYECKOTrO
OIpe/ICNICHUs]  KPeicepcKoil CKOPOCTM M MOIHOCTH, 3aTpayMBacMOil Ha JIBHXKEHHE, pa3paboTaHb
Bcriomorarenbabie Moayiu st OpenFOAM. IlpoBoauTest Bepudukanus npejuioKeHHOW B paboTe MOJeIH
MyTEM CPAaBHEHHUS C U3BECTHBIMH JIAHHBIMHU.
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yuciaeHHoe mojenuposanue; OpenFOAM.

Jas nurupoBanus: Hypues A.H., Mcmarmios JI.A., I'ymepoB H.H. Peamusanust umcneHHoit mopenu
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Baaroaapuoctu. HccnenoBanue Obu10 noanepxkaHo rpantoM Poccuiickoro HayuHoro ¢onza (mpoext Ne 22-
79-10033-I1).

1. Introduction

One of the most promising development directions in the aerohydrodynamics of unmanned devices
is currently the creation of propulsive biomimetic systems. The primary challenge facing developers
and researchers today is for biomimetic devices to achieve the same outstanding key
aerohydrodynamic characteristics as natural propulsors. Although active research into the mechanics
of bird and fish locomotion began as early as the first half of the 20th century [1-12], many aspects
of this field remain incompletely explored to this day (see, for example, the review works by Wu
2020 [13], Zhang 2022 [14], Coe 2024 [15], Nuriev 2025 [16]). Currently, direct numerical
simulation offers vast opportunities for studying the aerohydrodynamics of biomimetic systems.
This work focuses on building a numerical model of fish swimming and developing a toolkit for
analyzing its motion characteristics within the open-source software complex OpenFOAM.

The OpenFOAM software complex is deservedly considered one of the most tested, universal, and
powerful open-source packages for solving aerohydrodynamic problems. However, its toolkit for
simulating the propulsive motion of biomimetic systems is very limited: standard libraries and
utilities do not fully enable solving such tasks. At the same time, the package's open object-oriented
source code allows for the implementation and integration of any additional software modules.

The work [17] presented the Ika-Flow software library for OpenFOAM, designed for simulating fish
swimming using the overset mesh method. Based on the standard solidBodyMotionSolver class, the
fishBodyMotionSolver class was created in that work, which allows describing complex body
deformations.

This study explores a different approach for simulating the undulatory motion of a fish, based on the
deformation of body-fitted meshes. Based on the standard waveDisplacement class, the
fishWaveDisplacement class is created in this work to describe the undulating motion of the fish
body. Additionally, auxiliary modules UpdateBC and Power are implemented to determine the
cruising speed and the power consumption of the fish. Verification of the developed numerical
model is conducted by comparing the results with known data from Dong 2007[18].
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2. Mathematical Model of Fish Motion in a Viscous Fluid

Consider a two-dimensional fish model represented by a generalized Zhukovsky airfoil,
approximated in shape to the NACAOQ012 airfoil. The fish swims with an average velocity U along
the Ox axis of the Cartesian coordinate system. The kinematics of the fish motion are defined by the
law of motion:

y(x, t) = aA(x/L)sin(Zn(x/(AL) —ft)), 0<x<lL, 1)

where A(x) is the relative wave amplitude (A(1) = 1), 4 is the wavelength, f is the oscillation
frequency, and « is the oscillation amplitude of the tail tip. The oscillation profile is defined as:

A(x) =14 (x — D¢y + (x2 — Dc,.

By varying the constants c¢; and c,, we consider two of the most common swimming modes:
carangiform (¢; = —0.825,¢, = 1.625) and anguilliform (¢; = 0.323,¢, = 0.310).

The hydrodynamics are described by the system of Navier-Stokes equations. After non-
dimensionalizing velocity by the characteristic oscillation velocity of the tail tip U,z = 2maf,
spatial coordinates by L, time by L/U,s., and transitioning to the Cartesian coordinate system, the
governing system of equations is written as:

ou
— tu-Vu=-Ip+

~ V-u=0, )

——Au,
KCpB
where % is the dimensionless velocity, ¢ is the dimensionless time, and p is the dimensionless
pressure. The dimensionless parameters KC and  — the dimensionless oscillation amplitude and
dimensionless oscillation frequency, respectively — are defined by the following expressions:

2T a L*f
KC=——, =—

L v
where v is the kinematic viscosity.

Equations (2) are supplemented with boundary conditions specifying the velocity on the fish surface
S according to (1) and the fluid velocity at infinity:

U, = (—Uy, 0), 3)

where Ug; = U/U,q. is the dimensionless swimming speed of the fish. Hereafter, Uy, will be
considered either as a constant or determined from the condition of zero mean force over the
oscillation period, i.e., as the cruising speed.
In this work, the standard parameters used are KC = 0.2m,4 = 1.
The stationary Reynolds number is defined by the following expression:

UL

Re = :
v

Define the force vector F = pn — T - n (where T is the surface stress tensor) at each point on the
fish surface S. The thrust force coefficient C; and the power coefficient Cp are calculated as:
¢ = fs E ds C = fs Fyuy, ds
1 ’ 1 ’
ijgscLH ijgscLH
where F, and F, are the x-component and y-component of the force F, respectively, and p is the
fluid density (after non-dimensionalizat ion, p = 1). Note that the problem under consideration is
planar, so the characteristic height H of the fish can be taken as unity.
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3. Numerical Model

To solve the problem (1-3), a numerical finite-volume model is implemented in OpenFOAM.

3.1 Computational Mesh

The initial computational mesh is constructed around a stationary fish. The mesh is generated by
conformal mapping of a rectangular region 8 € [0, 21|, r € [1y, 7o ]:

(1 -m)?
e?" + m(m — 2e7 cos 6) Xor

(1-m? >

e?” + m(m — 2e” cos 6

My
x(0) = - (e" cos6 —m) <1 +

Mo
y(6) = Tersjn9<1 -

1+m
)
where 7, 6 are the polar radius and angle respectively, m is the thickness parameter, 1y, 1o, are the
minimum and maximum values of the polar radius. Mesh generation is performed using the

MATLARB toolbox utility [19], which provides a programming interface for creating meshes in the
OpenFOAM polyMesh format.

function generateProfileMesh /()

6 € [0,m], My

M ,
) x0=7(e0cos7r—m) 1+

(1-m)? )

e?" + m(m — 2e" cos )

o°

Generation of a structured hexahedral mesh around a Zhukovsky airfoil
Uses MATLAB toolbox for OpenFOAM
https://github.com/roenby/blockMesh

o

o°

%% INITIALIZATION OF PARAMETERS

caseDir = pwd;

toolboxDir = ['..' filesep 'meshingTools'];

% Create OpenFOAM case directory structure

meshDir = makeCaseDir (caseDir, toolboxDir) ;
copyGeneratingCode (meshDir, toolboxDir, mfilename ('fullpath')) ;
% Export parameters
compress = 0;

o

1 for compressing output files

o°

writePrec = 12; Writing precision in files

Tolerance for point identity determination

o

prec = le-6;

%% GEOMETRIC PARAMETERS AND DISCRETIZATION

1 =1; % Cross-section side length
nr = 250; % Number of cells in radial coordinate
nth = 250; % Number of cells in azimuthal coordinate

%% CREATE BASE BLOCK (HALF GEOMETRY)
b = unitBlock(nr, nth/2, 1);

% Coordinate parametrization
°

th = pi * b.points(:,2); % Azimuthal angle [0, pil
Z =1 * (b.points(:,3) - 0.5); % Vertical coordinate [-1/2, 1/2]

o°

% PROFILE COORDINATE TRANSFORMATION

% Profile transformation parameters

r0 = 0.028; % Radius at the body

r inf = 3.5; % Radius at outer boundary
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m = 0.074; % Airfoil shape parameter
m_inf = (1 + m)/2; % Normalization coefficient

o

% Calculate radial coordinate
rr = r0 + (r_inf-r0) * (b.points(:,1)) - 1 * (b.points(1,1));

% Calculate shift for symmetry

X00 = m_inf/2 * ((exp(r0) * cos(pi)) - m) *
(1+(1-m) "2 * (exp(2*r0) + m*(m - 2*exp (r0)*cos(pi))) ™ (-1));
% X coordinate transformation (conformal mapping)
X = m_inf/2 * ((exp(rr) .* cos(th)) - m) .*
(1+(1-m)*2 * (exp(2*rr) + m*(m - 2*exp(rr).*cos(th))).”(-1)) - X00;
% Y coordinate transformation (conformal mapping)
Y = m_inf/2 * (exp(rr) .* sin(th)) .*
(1-(1-m)*2 * (exp(2*rr) + m*(m - 2*exp(rr).*cos(th)))."(-1));
% Apply transformation to base block
b.points(:,1) = X;
b.points(:,2) = Y;
b.points(:,3) = Z;

%% MAPPING UPPER HALF-PLANE TO LOWER HALF-PLANE
Create block copy
b2 = b;

o°

% Rotation to create symmetric half
b2 = rotBlock (b2, [pi 0 0]); % Rotate around X-axis by 180°

% Merge two halves into complete geometry
b = mergeBlocks (b, b2, prec);

o°

% BOUNDARY SURFACE PROCESSING

% Merge upper surface patches

ind = patchesInPlane(b, [0 0 1/2], [0 0 1], prec);
b = mergePatches (b, ind, 'top',6 'patch');

% Merge lower surface patches

ind = patchesInPlane(b, [0 0 -1/2], [0 0 -1], prec);
b = mergePatches (b, ind, 'bottom', 'patch');

%% EXPORT TO OPENFOAM POLYMESH FORMAT
writePolyMesh (b, meshDir, writePrec, compress) ;

fprintf (Mesh successfully generated in directory: %$s\n', meshDir) ;

Thus, a computational domain with an approximately cylindrical shape of radius about 9 is obtained,
discretized into 6.25 X 10* hexahedral cells (see Fig. 1).

To simulate the undulatory motion of the fish body, a dynamic mesh method is used. The
deformation of the internal volume mesh is calculated by solving the Laplace equation for the
displacement field. To minimize cell distortion, the diffusion coefficient is chosen inversely
proportional to the square of the distance to the moving boundary, which localizes deformations in
its vicinity. The displacement of boundary points is implemented in the fishWaveDisplacement
module, described in Section 4. The surface velocity of the body is automatically determined from
the computed mesh displacements and passed to the hydrodynamic solver.
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Fig. 1. Characteristic structure of the initial computational grid.

3.2 Numerical Scheme

The solution to problem (1-3) is conducted in OpenFOAM in integral form. The discretization of
terms in the system of motion equations is performed as follows: the unsteady term is approximated
at the centers of the computational mesh cells as the product of the average value of the integrand
function and the cell volume; temporal derivative discretization is implemented using the second-
order Crank-Nicolson scheme with parameter 0.9; for computing other volume integrals in the
control volume system of equations, the Gauss-Ostrogradsky theorem is applied, and the resulting
surface integrals are represented as a sum of integrals over cell faces and approximately computed
using the midpoint rule. The characteristic Courant number did not exceed the value 0.1.

Function values and normal gradients on cell surfaces for internal cells of the computational domain
are interpolated from function values at the centers of adjacent cells.

Pressure on cell surfaces is computed using linear interpolation (Gauss linear). For variable
interpolation in convective terms, the limited NVD scheme GammaV with a parameter of 0.5 is
used. In diffusion terms, normal velocity gradients on cell surfaces are computed from velocity
values at the centers of adjacent cells using a second-order symmetric scheme with non-
orthogonality correction (Gauss linear corrected).

The solution of the discretized hydrodynamic problem in the domain is performed using the PIMPLE
method, which combines the PISO and SIMPLE algorithms. The solution of the pressure equation
system is carried out using the preconditioned stabilized bi-conjugate gradient method (PBICGStab)
with a geometric-algebraic multigrid preconditioner (GAMG) and a combined smoother
(DICGaussSeidel), where DIC smoothing is followed by Gauss-Seidel smoothing. For solving the
velocity equation system, the bi-conjugate gradient method (PBICG) with a preconditioner based on
incomplete LU factorization (DILU) is used. The PIMPLE algorithm employs three outer corrector
iterations, and one iteration each for pressure field correction and non-orthogonality correction.
Calculations are performed distributedly using MPI technology with domain decomposition.

4. Implementation of Additional Software Modules

As part of the numerical model implementation, the following additional OpenFOAM modules were
developed: fishWaveDisplacement — for simulating undulatory boundary motion (fish body),
UpdateBC — for determining cruising speed, and Power — for calculating power consumption.

4.1 fishWaveDisplacement Module

The fishWaveDisplacement module was based on the source files of the standard waveDisplacement
module, with subsequent modifications made to them.
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The main changes in the header file include renaming the class to
fishWaveDisplacementPointPatchVectorField and adding new private fields required for simulating
fish biomechanical motion, specifically:

private:
vector amplitude_; // wave amplitude
scalar omega_; // angular oscillation frequency
vector waveNumber ; // wave vector
scalar cl_; // envelope coefficient cl
scalar c2_; // envelope coefficient c2

In the implementation file "fishWaveDisplacementPointPatchVectorField.C", the constructor with
dictionary was extended to read new parameters:

fishWaveDisplacementPointPatchVectorField

(
const pointPatch& p,
const DimensionedField<vector, pointMeshs>& iF,
const dictionary& dict

fixedValuePointPatchField<vector>(p, iF, dict),
amplitude_(dict.lookup ("amplitude")),

omega_ (readScalar (dict.lookup ("omega"))),
waveNumber_(dict.lookupOrDefault<vectors> ("waveNumber", Zero)),
cl_(readScalar (dict.lookup("cl"))), // reading coefficient cl
c2_(readScalar (dict.lookup("c2"))) // reading coefficient c2

if (!dict.found("value"))

{
}

updateCoeffs () ;

}

The core displacement calculation algorithm is implemented in the updateCoeffs() method. First,
mesh and time data are obtained:

void Foam::fishWaveDisplacementPointPatchVectorField: :updateCoeffs()
if (this->updated()) return;

const polyMesh& mesh = this->internalField() .mesh() () ;

const Time& t = mesh.time() ;

const scalarField points(waveNumber & patch().localPoints()) ;
scalarField xCoord = patch() .localPoints () .component (vector: :X) ;

The core algorithm is as follows:

const double timestart = 0.05;

// Envelope calculation
scalar shapeFactor=(1.0+ (xCoord/1.0-1.0)*cl_+c2_* (xCoord*xCoord/1.0/1.0-1));

if (t.value() < timestart)
{
// Smooth start with linear amplitude increase
Field<vectors>: :operator=
(
(t.value() /timestart) *amplitude *shapeFactor*sin(points-omega *timestart)
)i
else
// Main operation mode
Field<vectors>: :operator=
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(
amplitude_ *shapeFactor*sin(points-omega_*t.value())
)i
}

fixedValuePointPatchField<vectors>: :updateCoeffs () ;

}

At the end, the new displacement value is set in the boundary conditions through the assignment
operator Field<vector>::operator=.

The write method was also extended to output new parameters:

void Foam::fishWaveDisplacementPointPatchVectorField: :write (Ostream& os) const
{
pointPatchField<vectors>: :write (os) ;
os.writeKeyword ("amplitude")<<amplitude_ <<token::END_STATEMENT<<nl;
os.writeKeyword ("omega")<<omega <<token::END STATEMENT<<nl;
os.writeKeyword ("waveNumber") <<waveNumber <<token::END STATEMENT<<nl;
os.writeKeyword("cl")<<cl <<token::END STATEMENT<<nl; // linear coefficient
os.writeKeyword("c2")<<c2 <<token::END STATEMENT<<nl; // quadratic coeff.
writeEntry ("value", os);

}

Note that the algorithm implements a smooth motion start mechanism to avoid abrupt initial mesh
restructuring in the computational domain. The timeStart parameter defines the time over which the
amplitude reaches its steady-state value.

4.2 UpdateBC Module

The UpdateBC module was developed based on the source files of the standard forcesCoeffs
module, with subsequent modifications made to them.

The main changes in the header file include renaming the class to UpdateBC and adding new private
fields required for the cruising speed search algorithm, namely algorithm parameters:

scalar omega_; // oscillation cyclic frequency

scalar v_st_; // initial velocity value

scalar dv_start_; // initial velocity correction step

scalar per max_; // minimum number of periods between corrections

scalar per first_; // number of periods before first velocity correction
scalar corr time ; // time required for correction

scalar epsilon_; // convergence criterion for averaged force

word inletPatchName ; // inlet patch name

word outletPatchName ; // outlet patch name

And algorithm state variables:

scalar v_stl; // current velocity value

scalar v_st0; // velocity value from previous correction

scalar F_av; // current averaged force value

scalar F_av_last; // averaged force value from previous period

scalar F_av_old; // averaged force value from previous correction
scalar timerl; // smooth correction timer

scalar per; // period counter

scalar per m; // current required number of periods between corrections
scalar da; // velocity increment

In the implementation file "UpdateBC.C", the read method was extended to read new parameters:

bool UpdateBC::read(const dictionary& dict)

{
forces::read(dict) ;
dict.readEntry("inletPatchName", inletPatchName_) ;
dict.readEntry ("outletPatchName", outletPatchName ) ;
dict.readEntry ("omega", omega_) ;
dict.readEntry("v_st", v_st_);
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dict.readEntry
dict.readEntry
dict.readEntry
dict.readEntry
return true;

"dv_start", dv_start_);
"per_max", per_max );
"corr_time", corr_time );
"epsilon", epsilon_);

}

The main algorithm for searching the cruising speed is implemented in the execute method. First,
the parent class method calcForcesMoments is called to compute current forces, and temporary
variables are created:

forces: :calcForcesMoments () ;
const auto& coordSys = coordSysPtr_();

const vector localForce (coordSys.localVector (forceEff())) ;
scalar Fx = localForce[0]; // force increment per time step

scalar tstep = mesh.time().deltaT().value(); // time step

scalar frequency = omega_/2.0/M_PI; // oscillation frequency
scalar time p = obr .time().value() + tstep; // time within period
time p -= floor(time p * frequency ) / frequency ;

Note: the field v_stl in the class constructor is initialized with value -20, which is necessary for
detecting the first correction:

if (v_stl<=-19)

{
v_stl = v_st0 = v_st_;
per m = per first_;
per=0;

}
The core algorithm is as follows:

if (time_p < tstep)

F_av *= tstep * frequency_;

if (fabs(F_av) > epsilon_ && per > per_m &&
fabs (F_av - F_av_last) < epsilon_/50)

{

timerl = corr_time_;
scalar dv;
if (per_m == per first )
{

dv = dv_start_;

per m = per max_;

}

else

dv = -(F_av * (v_stl - v_st0) / (F_av - F_av_old));
da = dv * frequency / timerl;
per = 0;

F av_old = F_av;
v_st0 = v_stl;

if (timerl > 0.99999)

timerl -= 1.0;
else

da = 0.0;
F_av_last = F_av;
F_av = 0;
per++;

}
Then force incrementation and smooth velocity change are performed:

F av = F_av + Fx;
v_stl = v_stl + da * tstep;

169

Nuriev A.N., Ismagilov D.A., Gumerov N.N. Implementation of a numerical model of fish swimming in OpenFOAM. Trudy ISP RAN/Proc.
ISP RAS, vol. 38, issue 3, part 2, 2026. pp. 161-174.

Finally, the new velocity value is set in the boundary conditions by bypassing constness:

const fvMesh& mesh = refCast<const fvMeshs>(obr ) ;
label inletPatchId = mesh.boundaryMesh() .findPatchID(inletPatchName ) ;
const volVectorField& U = mesh.lookupObject<volVectorFields> (UName_) ;
const inletOutletFvPatchVectorField& constVvl
refCast<const inletOutletFvPatchVectorFields>
(U.boundaryField () [inletPatchId]) ;
inletOutletFvPatchVectorField& vvl =
const_cast<inletOutletFvPatchVectorField&s> (constVvl) ;
vectorField& rVvvl = vvl.refvValue() ;

forall (vvl, iFace)
rVvvl [iFace] = vector(v_st1,0,0);
vvl.updateCoeffs() ;

A similar procedure is performed for the outlet patch.

Note that the secant method is implemented to find the cruising speed (F,(U) = 0), and the velocity
changes smoothly to avoid disturbances in the calculation. Additionally, for correct algorithm
operation, a check is performed for flow establishment (|F, — Fl%t| < £/50), where Fl3 is the
averaged force from the previous period.

4.3 Power Module

Like the previous module, the Power module was based on the source files of the standard
forcesCoeffs module, which were then modified to compute motion power.

The main changes in the header file include renaming the class to Power and adding new private
fields necessary for power computation, namely:

private:
vector power_; // power coefficient vector
scalar magUInf_; // freestream velocity magnitude
scalar 1lRef ; // characteristic length [m]
scalar Aref ; // characteristic area [m2]
autoPtr<OFstream> coeffFilePtr ; // pointer to output file

In the implementation file "Power.C", the read method was extended to read new parameters:

bool Foam::functionObjects::Power: :read(const dictionary& dict)

{
if (!forces::read(dict))

{
}

dict.readEntry ("magUInf", magUInf ) ;

return false;

if (rhoName_ != "rhoInf")

{
}

dict.readEntry ("1Ref", 1lRef );
dict.readEntry ("Aref", Aref );

dict.readEntry("rhoInf", rhoRef );

return true;
}
The main algorithm for power computation is implemented in the execute method. First, the parent
class method is called to prepare data and temporary variables are created:

bool Foam::functionObjects: :Power: :execute ()

{

createFiles () ;
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const volScalarField& p = lookupObject<volScalarFields (pName_ ) ;

const volVectorField& U = lookupObject<volVectorFields (UName_) ;

const surfaceVectorField: :Boundary& Sfb = mesh_.Sf () .boundaryField() ;
tmp<volTensorField> tgradU = fvc::grad(U);

const volTensorField& gradU = tgradU() ;

const auto& gradUb = gradU.boundaryField() ;

scalar pRef = pRef /rho(p);

power_ = Zero;

}
The core algorithm is as follows:
for (const label patchi : patchIDs_)

{

const vectorField& Uc = U.boundaryField() [patchi];

vectorField £T
(

Sfb[patchi] & devRhoReff (gradUb[patchi], patchi)
)i

vectorField fN

(
rho (p) *Sfb [patchi] * (p.boundaryField () [patchi] - pRef)

)

vectorField £ = fT + fN;

power_[0] -= gSum(Uc.component (0) * f.component (0)) ;
power_[1] -= gSum(Uc.component (1) * f.component (1)) ;
power_[2] -= gSum(Uc.component (2) * f.component (2));

Then the power coefficient is normalized:
const scalar coeff = 1.0/(0.5*magUInf *magUInf_ *magUInf *Aref );

power_[0] *= coeff;
power_[1] *= coeff;
power_[2] *= coeff;

Finally, the results are written to a file and output to the log:
if (writeToFile())
{
writeCurrentTime (coeffFilePtr ());
coeffFilePtr_ ()
<< tab << power_.x()
<< tab << power_.y()
<< tab << power_.z()
<< endl;

}

Log << " Cp " << power_ << nl;

return true;

}
The writeIntegratedHeader method was also modified to output the power file header:
void Foam::functionObjects::Power::writeIntegratedHeader
(
const wordé& header,
Ostream& os

) const

{
writeHeader (os, "Power coefficients");
writeCommented (os, "Time");
writeTabbed (os, "Px");
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writeTabbed(os, "Py");
writeTabbed(os, "Pz");
os << endl;

}
The module allows computing motion power by components (P, P, P,) and outputting results both
to a file and to the console, providing convenient monitoring of the propulsor's energy characteristics
during the calculation.

5. Testing and Simulation Results

Fig. 2 shows images of deformed meshes for carangiform and anguilliform swimming styles
obtained during testing of the fishWaveDisplacement module.

i
D

Fig. 2. Images of grids in a deformed state for carangiform (lefi) and anguilliform (right) swimming styles.

The results show that despite relatively large mesh deformations, its key metrics including maximum
skewness and non-orthogonality remain within acceptable ranges (see Fig. 3), ensuring the required
calculation accuracy.
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Fig. 3. Graphs of the maximum skewness and non-orthogonality of the computational grid over the period.

The results of the cruising speed search module are presented in Table 1. They show that as the
parameter increases, the simulated biomimetic swimmer reaches a cruising speed approximately
equal to the oscillation amplitude of'its tail tip velocity, which agrees well with known data for living
fish [20-21].

Table. 1. Calculation results for finding the cruising speed.

Carangiform style Anguilliform style
B Ust B Ust
2500 0.7725 2500 0.7566
5000 0.9011 5000 0.9069
10000 1.0328 10000 1.0465
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Model verification based on integral characteristics was performed for the carangiform swimming
style. Period-averaged power coefficients were compared with data from the article Dong 2007[18]
at different values of dimensionless oscillation frequency at the Reynolds number Re = 5000. The
comparison of results, presented in Fig. 4, indicates that the developed model accurately describes
the characteristics of the biomimetic propulsor.
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Fig. 4. Graph of the period-averaged power coefficient (Cp) versus the dimensionless oscillation frequency 3,
compared with data from the article Dong 2007[18] for carangiform swimming at the Re = 5000.

6. Conclusion

This work developed a numerical model for simulating undulatory fish motion in the OpenFOAM
package. The presented results confirm the correct operation of auxiliary modules for simulating
undulatory motion, determining cruising speed, and calculating power consumption. The developed
toolkit provides an effective method for future analysis of fish propulsion hydrodynamics.
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