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Abstract. A software implementation of a multilevel method for calculating the force characteristics of
propellers based on the generalized Zhukovsky profile and a cascade model of blade interaction is presented.
The developed algorithm allows for the sequential calculation of aerodynamic characteristics from a single
profile to a complete propeller blade, taking into account flow separation and the mutual influence of profiles
in the grid. The method is based on an analytical solution to the problem of flow around a single profile without
separation and a numerical scheme for determining separation points using the Kochin-Loitsansky criterion.
Both similarity methods and a boundary element scheme with exponential convergence are used to calculate
profile grids. The complete propeller is calculated using the cascade method with integration of aerodynamic
characteristics along the blade radius. The developed software package reduces calculation time by
approximately 10,000 times compared to CFD methods. The implemented modular architecture allows the
results obtained to be used in optimization design systems and as input data for models such as the Actuator
Line Model.
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Annotamus. IlpencraBineHa mporpaMMHas peajH3aliis MHOTOYPOBHEBOTO MeTOJa pacdyéTa CHIIOBBIX
XapaKTepHUCTUK rPpeOHBIX BUHTOB, OCHOBAaHHOTO Ha 0000mEHHOM npodrre JKyKoBCKOTO U KacKaJHOH MOJIEIH
B3aMOJEHCTBUS JonacTeil. Pa3paboTaHHBIM anrOpUTM MO3BOJSIET BBHIIONHATH HOCIEIOBATEIBHBIA pacdéT
a’POANHAMHICCKUX XapaKTePUCTUK OT OJMHOYHOTO HMPOGHIIs 0 TOJTHOM JIOMACTH BHHTA, C YYETOM OTPHIBA
MOTOKA ¥ B3aUMHOTO BIHsiHUS npoduiiell B pemérke. B 0CHOBY MeToa MOJI0KEHBI AHATUTUYECKOE PeLICHHE
3a1a4n OO0TeKaHHUss OJUHOYHOrO MOl 6e3 OTPhIBA M YKCICHHAS CXeMa OMpeeseHHs TOYEK OTPBIBA IO
kputeputo Kounna-Jlotsiaekoro. s pacuéra pemérok nmpodueii mpuMeHSIOTCS KaK METOIBI IOZ00US, TaK
U CXeMa IPaHNYHBIX AJIEMEHTOB C SKCIIOHEHITHAIBEHOH CXOANMOCThI0. Pacu€r mojHoro BUHTa OCYIECTBIISIETCS
METOJJOM KacKaJoB C HWHTETPHPOBAHHEM ad’pOAMHAMHYECKUX XapaKTePHCTHK 10 PAJUYCy JIOMACTH.
Pa3paboTaHHbIl TPOrpaMMHBII KOMILIEKC 00CCIICUMBACT CHIDKCHUE BpeMeHH pacuéTa mpumepro B 10 000 pa3
no cpaBHeHMio ¢ Meromamu CFD. Peanmn3oBaHHas MopyibHas apXHUTEKTypa IIO3BOJISIET HCIIOIb30BAaTh
MOJTy4CHHBIE PEe3YJIbTAaThl B COCTABE CHCTEM ONTHMH3AMUOHHOTO MPOEKTHPOBAHUS U B KAa4eCTBE BXOIHBIX
nIaHHBIX U Moneneit Tuma Actuator Line Model.

KioueBble cioBa: rpeOHON BUHT; a3poArHAMUYECKHE KOA(PPHUIUEHTHL; Mpoduitb KyKOBCKOT0; KacKaIHBIH
METOJ; METOJ pemeEéTOK;, OTPhIB IOTOKA; YHCIEHHBIE METOJbl; IPOTpaMMHAas  peanu3aiis;
OBICTPOCHCTBYIOIIMUI pacyéT; MOTPAaHUYHBIH CIIOH.

Jasa nutuposanus: Cyxos A.Jl., ITerpo A.I'. IIporpamMHast peanu3anust MeToAa KacKaJHOro pacuéra TArU
rpe6ubix BuHTOB. Tpynst UCIT PAH, Tom 38, BeIn. 3, wacts 4, 2026 r., ctp. 207-216 (Ha aHITIHHCKOM SI3BIKE).
DOI: 10.15514/ISPRAS-2026-38(3)-56.

Baaronapuoctu. MccnenoBanue 6b110 ognepskano rpaatoM PH® Ne 23-71-10091.

1. Introduction

Calculating the power characteristics of propellers is traditionally considered one of the most
computationally complex tasks in hydro-aerodynamics. Full-volume numerical methods based on
solving Navier—Stokes equations (RANS, LES) provide high accuracy but require significant
computing resources and calculation time, which limits their application in the optimization design
stages. To analyze a large number of blade geometry options and evaluate characteristics at different
operating modes, methods are needed that provide acceptable accuracy at significantly lower
computational costs.

Classical analytical approaches, dating back to the works of N. E. Zhukovsky [1], A. M. Basin [2],
L. I. Sedov [3], and L. G. Loitsyansky [4], allow closed expressions for circulation and pressure
distribution on profiles to be obtained, but they do not take into account flow separation and do not
describe the interaction of neighboring profiles in the grid. The development of these ideas in
combination with numerical methods has made it possible to construct hybrid schemes that combine
the analytical form of the profile with corrections based on the solution of boundary layer equations
[5-7].

In recent years, a number of modifications to classical methods have been proposed, including the
cascade method, based on the generalized Zhukovsky profile and the introduction of universal
correction coefficients for calculating profile grids [8]. This approach allows us to move from local
calculations of single profiles to an integral determination of the thrust and torque of the entire
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propeller. At the same time, the accuracy is maintained at 10-25% compared to experiments and
CFD, and the calculation time is reduced by more than 10,000 times [8-10].

Between high-fidelity CFD approaches and simplified analytical methods, reduced-order models
such as the Actuator Line Model (ALM) [10] are widely used in propeller and rotor simulations.
ALM relies on precomputed aerodynamic characteristics of blade sections and distributes body
forces into the flow field, significantly reducing computational cost while retaining essential three-
dimensional effects. However, the accuracy and robustness of ALM critically depend on the quality
and availability of sectional aerodynamic data. In this context, the proposed cascade-based method
can be considered as an efficient supplier of aerodynamic characteristics for ALM and similar hybrid
models, bridging the gap between purely analytical approaches and full CFD simulations.

The purpose of this work is to describe the software implementation of a multilevel method for
calculating the force characteristics of propellers, including:

o calculation of aerodynamic coefficients of single profiles taking into account flow
separation;

o simulation of profile grids using similarity and boundary element methods;
o integration of force characteristics along the blade radius using a cascade scheme;

o formation of a universal software architecture suitable for rapid calculation and
visualization of results.

The developed software system is designed for use in parametric optimization tasks, as part of digital
twins of propellers, and for accelerated evaluation of characteristics as part of Actuator Line Model.

2. Process logic
The input data are:
o propeller geometry (distribution of installation angles and chords along the radius);
o coordinates or digitization of blade profiles;
o physical parameters of the medium: density p, axial velocity V.., rotation frequency n;
o calculation mode: unsteady, considering separation, grid method, or cascade.
The program performs the following sequential steps.

2.1 Profile approximation
Based on the digitized coordinates, the Zhukovsky conformal mapping is performed.

Here, z = x + iy denotes the complex coordinate in the physical plane, while Z represents the
complex coordinate in the parameter plane:

z-z, (z—zo)zo/zo

z+zg Z+Z

which ensures a smooth contour and analytical computability.

2.2 Calculation of a single profile

At this stage, the aerodynamic characteristics of an isolated blade section are evaluated for a given
angle of attack 0. The airfoil geometry obtained at the previous step is treated as a two-dimensional
profile in an incompressible viscous flow.

First, the pressure and velocity distributions along the airfoil surface are computed using an
analytical potential-flow solution for the Zhukovsky profile. The complex velocity field is obtained
from the derivative of the conformal mapping, which allows the surface pressure coefficient C, (x)
to be evaluated along the chord. Based on the resulting pressure distribution, the sectional lift and
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drag coefficients C,,(8) and C,(8) are calculated by integrating the pressure forces over the airfoil
contour. In the absence of flow separation, this procedure yields smooth and physically consistent
polars in the linear lift region.

To account for viscous effects and flow separation at higher angles of attack, an optional correction
is applied using the SeparationSolver module. The separation points on the suction and pressure
sides of the airfoil are determined according to the Kochin—Loitsyansky criterion [7], with additional
stabilization based on the Howarth postulate. The pressure distribution downstream of the separation
point is modified accordingly, which leads to a reduction in lift and an increase in drag in the post-
stall regime.

The resulting aerodynamic coefficients C,(6) and C,(6), computed both with and without
separation correction, serve as input data for subsequent cascade and blade-integration stages.

2.3 Calculation of the profile cascade
Two options are used:
e similarity method (using universal coefficients x(&)) [11];
e boundary element method (with exponential convergence according to Petrov [12]).

Let c;°‘°(e) and C3°'°(0) denote the lift and drag coefficients obtained for a single profile. For a
periodic cascade of the same profile and step h we introduce the non-dimensional correction factors

h c)® h (O
— = o=
l)’(cj C;olo ! zx(cj C)s(olo !

where c is the profile chord length.
A dedicated parametric study has been carried out using the saturation-free boundary-element
formulation [12] (including I correction by Howarth's postulate) for representative sections (NACA-
6409 and a Ka4-70 blade sections) and for angles of attack in the range —20° < 6 < +20°. The
results, summarised in Fig. 1., show that x,, and x, collapse onto quasi-universal curves that depend
almost exclusively on the relative step h/c. It is worth noting that the same result is obtained for the

circulation ratio.
For the practically relevant interval the scaling

C (0)=x,(h/0)CF°(O),  CF(9) = x(h/c)C*(9),

permits a direct evaluation of cascade polars by a single multiplication, thus eliminating the need
for the computationally demanding periodic-domain solution.

An empirical polynomial approximation for the cascade correction factor y(h/c) was obtained
based on numerical simulations within a practically relevant range of relative spacing. The
approximation is valid for 0.5 < h/c < 3.5 and should not be extrapolated beyond this interval:

x(E) = —0.0008E¢ — 0.08755 + 1.277&* — 7.098¢ + 19.4652 — 26.68E + 15.88.

The validity of this approximation was verified using a representative set of airfoil geometries,
including NACA 6409, symmetric NACA 0012-0018 profiles, as well as the blade section profiles
of the considered propeller. For each profile, the cascade correction factors were evaluated over a
range of angles of attack relevant to practical operating conditions. The obtained results indicate
that, within the specified interval of relative spacing and angles of attack, the approximation provides
consistent and physically reasonable corrections, largely independent of the specific airfoil shape.
At the same time, the authors acknowledge that a more comprehensive assessment of the
applicability limits would require extending the analysis to a broader class of profiles, Reynolds
numbers, and cascade configurations, which is considered a subject of future work.
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Fig. 1. Correction factors y,, = C;*° /Cf,010 (circles) and y, = CSs/c0 (squares) as functions of relative
spacing h/c. Marker legend: light-blue circle & blue square - Ka4-70 at (r = 35mm, §, = 155°);
orange circle & yellow square - Ka4-70 at (r = 11 mm, 8, = 125°);
grey circle - reference NACA-6409 (8, = 130°); line - polynomial fit. [11]

It should be emphasized that, due to the polynomial nature of the approximation, y(h/c) exhibits
unbounded behavior outside the specified range. In particular, for h/c > 4.385 the polynomial
yields negative values, which have no physical meaning. Therefore, the approximation should be
interpreted as a convenient engineering fit rather than a mathematically universal model.

2.4 Calculation of the complete propeller (cascade method)

The blade is divided into N sections with radii ;.
For each section, the local flow parameters are calculated:

Vi = (or)? + V3,
wr;
@; = arctan —,
ax

0; =0 — @
Then the forces on the element are found:
1
dT; = > pV? [Cy(ei) cos @; — C(8;) sin ¢;]c;, dr;,
1
do; = > pV;? [Cy(ei) sin @; + C,(8;) cos ¢;]c;m;, dr;.
Integration over the radius is performed as

T=BZdTL-, Q:BZin.
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2.5. Construction of characteristics
The dimensionless thrust coefficient, torque coefficient, and efficiency are calculated:

T Q JKT
pn2p¥ @ T pn2ps’ n 2TK g

T

Next, the dependencies K (J) and n(J) are constructed.

3. Software implementation structure

The developed software implements a multi-level approach to calculating the power characteristics
of propellers. The architecture is modular and allows for sequential steps to be performed—from
profile approximation to blade radius integration (Table. 1).

Each calculation level has a separate class that implements specialized methods.
Table 1 General structure of the software.

Class Main function Related methods
Airfoil storage of coordinatesand  approximate (), transform(),
approximation of the plot ()
Zhukovsky profile
FlowSolver analytical calculation of calculate cp(),
pressure and velocity integrate cl cd()
distribution along the
profile
SeparationSolver determination of find separation points(),

breakaway points usingthe = correct cp()
Kochin-Loitsansky

method, taking into

account the Howarth

criterion
Cascade calculation of correction compute chi (),
factors yx, yy for the profile | apply correction()
grid
BladeSection storage of radial section evaluate for section()
parameters and local angles
of attack
Propeller integration of forcesalong  integrate thrust(),
the blade radius, obtaining integrate torque ()
Kr, Ko, n
Visualizer plotting graphs Cy(x), plot cp(),plot kt kq()
Cy(a), Kt(J) and reporting
data

The overall computation workflow is organized as follows. First, the Airfoil class approximates the
blade section geometry using the Zhukovsky transformation. Next, FlowSolver evaluates the
pressure and velocity distributions and computes lift and drag coefficients for a given angle of attack.
If enabled, SeparationSolver corrects these coefficients by accounting for flow separation. Cascade
applies interaction corrections for a periodic blade grid. Finally, the Propeller class integrates
sectional forces along the blade radius to obtain integral thrust, torque, and efficiency coefficients.

4. Interface and data output
The program generates:

e tables of pressure distributions and coefficients C,, C,;
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® graphs CP(X), Cy(a)i KT(])! KQ(])a

e a text report (CSV or JSON format) with the parameters of each section and the final
characteristics of the propeller.

The results can be used:
o to evaluate the efficiency of the blade geometry;
e asinput data for CFD models such as the Actuator Line Model;
e as part of the optimization design contours for propellers.

5. Results

For single profile, the aerodynamic coefficients C, (a) and C, (o) were computed for NACA 6409
profile in the range —4° < a < +12°. The obtained curves show excellent agreement with
experimental data [13], with a deviation not exceeding 10 % up to a = 8° (Fig. 2). When the flow
separation module (SeparationSolver) is activated, the stall angle and the reduction of C,, after a ~
16° are correctly reproduced in calculation (not shown on the plot).

1,6
1,4 Cy /

1,2 /
1 /
Experiment
0,8 /
OpenFOAM
0,6 /

—Described

/ method
0,4
0,2 /

-6 -4 -2 0 2 4 6 8 10 12

XFOIL

Angle of attack (degrees)

Fig. 2. Comparison of calculated and experimental C,,(a) for NACA-6409.
Here, the parameter a denotes the angle of attack expressed in degrees.

For the complete propeller, calculations were performed for the Ka4-70 geometry (D = 0.1 m, n =
500 rpm) using the cascade method. The blade was divided into 10 radial sections. The calculation
of the thrust coefficient showed Ky = 0.59, which is comparable to the result Ky = 0.53 in RANS
and the OpenFOAM calculation. At the same time, the calculation using the method described above
provides a time saving of approximately 10,000 times. All calculations can be performed on a
standard laptop (Intel i7-1255U).
The results confirm that the developed method provides a reliable compromise between
computational speed and physical accuracy. The use of analytical representations for the Zhukovsky
profile and the Kochin—Loitsansky separation model ensures smooth behavior of force coefficients
across the stall region, while the cascade correction allows for accurate evaluation of mutual blade
interaction.
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Although the approach does not resolve three-dimensional effects explicitly, the resulting error
remains within 10% compared to CFD and experimental data, which is acceptable for preliminary
and optimization design stages.

The modular implementation also makes it possible to embed the developed solver into higher-level
frameworks such as digital twins of propellers, real-time control models, or actuator-line-based flow
simulations. Thus, the presented method combines analytical transparency, numerical stability, and
high computational performance, making it suitable for parametric optimization and conceptual
design of marine propellers.

In the present study, the primary focus is placed on the thrust coefficient as a representative integral
characteristic.

The extension of the validation to torque and efficiency coefficients, as well as to a broader set of
propeller geometries, is planned as future work.
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