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Abstract

The development of an algorithm for numerical simulation of the loop-shaped
stator core duct of the air-cooled turbogenerator has been undertaken for the
purpose of studying the character of air flow in it, finding the places of recir-
culation and determining the aerodynamic characteristics. In the numerical
algorithm, two methodologies for modelling turbulent flows are considered:
firstly, stationary methods, namely RANS (Reynolds-averaged Navier-Stokes
equations) using the Menter’s Shear Stress Transfer (SST) turbulence model;
and secondly, non-stationary methods, namely large eddy simulation (LES)
using the dynamic subgrid-scale Smagorinsky model (DSG). A comparison of
these calculation methods with experimental results has been carried out. It is
evident that, upon the attainment of the aerodynamic characteristics of the
duct and the measurement of the pressure drop across the air coolers during
the unit operation, the determination of the actual air flow rate through the
stator core of the main packages will be possible. The present study demon-
strates that the aerodynamic characteristics obtained by the LES and RANS
methods yield close results in the area of the expected design air flow rate of
3.25l/s at a rated speed 3000 rpm of the turbogenerator. The discrepancy be-
tween these results and the experimental value does not exceed 8%. Concur-
rently, the LES method offers a realistic depiction of the temporal progression
of airflow, thereby enabling estimations of the vortices’ structure and pressure
fluctuations. Conversely, RANS does not necessitate a protracted computation
time and facilitates the acquisition of an averaged depiction of the flow with a
satisfactory degree of accuracy. Moreover, it does not demand labour-inten-
sive tuning of the solver to ensure the convergence of the problem. The vali-
dation of the computational algorithm was carried out on a full-scale experi-
mental model of the duct. The experimental model was created using additive
technologies, namely, it was created on a 3D printer from PLA plastic and de-
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scribes the duct geometry and surface roughness with high accuracy.
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1. Introduction

The enhancement of the active power of air-cooled turbogenerators is inextricably
linked to the continual refinement of cooling systems.

The implementation of a comprehensive air-cooling system for large-capacity
turbogenerators represents a novel engineering paradigm. In the co-modern
stage, the following factors are given consideration: the optimal choice of winding
scheme and number of parallel branches [1], the use of a new anisotropic phe-
nomenological model of iron losses taking into account material properties [2]-
[3], the use of insulating materials with increased thermal conductivity [4], and,
of great importance, the selection and intensification of the cooling system [5]-
[8]. This phenomenon can be attributed to the advancements in air-cooled turbo
generators, which have attained substantial power ratings. For instance, Gen A
(GE) has achieved up to 400 MV A [9] and SGen-1000A (Siemens) has attained up
to 370 MVA [10].

The relevance of intensification of the cooling system of air-cooled turbogener-
ators remains constant, and is contingent on the ongoing development of modern
numerical methods for calculating aerodynamics problems [8] [11] [12]. In this
context, the library of turbulence models is expanding, with methods for solving
stationary and non-stationary problems, and their models for the energy industry,
being adapted. Furthermore, optimisation problems are being performed [13],
and there is a wide introduction of validation of computational models by means
of full-scale experimental models based on additive technologies.

In the turbogenerator of the T3F series of the Elektrosila plant, a physical sepa-
ration of the stator and rotor cooling circuits has been performed. This has re-
sulted in the elimination of the ingress of heated air from the rotor and stator
pressure ducts into the stator exhaust ducts [14].

The generator has a closed ventilation cycle. The stator active steel and rotor
winding are cooled directly by air, the stator winding is cooled indirectly. The
necessary flow rate and circulation of cooling air are provided by two centrifugal
fans mounted on the shaft on both sides of the rotor barrel and axial and radial
ducts of the rotor winding, the movement through which is carried out due to
different radii of rotation at the inlet and outlet of the ducts.

Turbogenerator ventilation block diagram and schematic diagram for cooling
the main part of the stator core with loop-shaped cooling ducts are depicted in

Figure 1.
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Figure 1. Turbogenerator ventilation block diagram and schematic diagram for cooling the
main part of the stator core with loop-shaped cooling ducts.

The present paper considers the algorithm of numerical simulation of the cool-
ing duct of the loop-shaped stator core of the stator of the turbogenerator of the
T3FP series of high power. The aim of this study is to examine the nature of air-
flow in the duct, identify areas of recirculation, and determine the aerodynamic
characteristics.

The numerical algorithm under consideration employs two distinct methods of
turbulent flow modelling: firstly, stationary RANS methods utilising the SST tur-
bulence model, and secondly, unsteady LES methods employing the DSG model
[15].

The calculation methods are then compared with experimental results on a full-
scale physical model. The document provides a concise overview of the experi-
mental procedure conducted on the physical model of the duct, accompanied by
a comprehensive evaluation of the measuring equipment employed for the aero-

dynamic characterisation.
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It has been demonstrated that the solution to the unsteady problem of air flow
in the considered duct reflects the most natural (physical) character of its flow.
Furthermore, it allows fluctuations of the flow to be seen and places of its recircu-
lation to be identified visually. In future studies, this approach will facilitate more
precise calculation of the associated heat transfer problems, particularly in the
most stressed nodes of the generator, such as rotor cooling, end packages of active

steel, and others.

2. Experiment on a Physical Model of the Turbogenerator
Stator Duct

The experimental setup consists of an air flow source, a 13.85 mm diameter cali-
brated measuring nozzle with a Prandtl tube installed in it, a receiver with a static
pressure sampling point upstream of the cooling duct inlet, and a mock-up of a
single cooling duct. The printed mock-up and 3D model that were studied are
presented in Figure 2.

Source model of loop-shaped

% stator core duct

Section of a
loop-shaped turn

Printed layout
assembled,
consisting of
five parts

Figure 2. Source model of Loop-shaped duct and printed layout assembly.

The configuration of the object under consideration consists of five constituent
parts, which are printed on a 3D printer from PLA plastic. The selection of this
number of components is attributable to the geometric constraints of the printer’s
print area. Each component has been integrated with a spike connection to its
counterpart within the mockup, ensuring a robust mechanical linkage is estab-
lished. The joints are sealed with adhesive. The dimensions of the duct are virtu-

ally identical to those of the main stator segment.

2.1. Scope and Methodology of Measurements

The aerodynamic characteristic is dependent upon the pressure drop, which is in
turn dependent upon the air flow rate through the duct. In the course of the ex-
periment, the air flow rate was determined by the Prandtl tube in the calibrated
measuring nozzle, and the static pressure readings in the receiver were recorded.

The schematic diagram of the laboratory model is presented in Figure 3.
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Figure 3. Schematic diagram of the laboratory model.

The mean value obtained from the repetition of the experiment on four occa-
sions (for each Reynolds number) was utilised. The air temperature was measured
at 20°C.

The experimental readings were recorded using the following instruments: the
differential pressure meter Testo 512 (20 hPa) and Testo 506 (200 hPa), the Ba-
rometer Testo 511, and the Hygrometer Testo 610.

The air flow rate is defined as the product of the average air velocity and the
cross-sectional area of the measuring tube. The mean air velocity is determined
from the dynamic pressure readings in the measuring tube using the tube coeffi-
cients. The air density is determined from the absolute pressure and temperature

of the air at the measuring point.

2.2. Measurement Results

The pressure drop for the constructed characteristic is defined as the difference of
static pressures at the inlet and outlet of the stator duct. Figure 4 shows the aero-
dynamic characteristic of the duct.

The air flow rate of 3.251/s shown in Figure 4 is the design flow rate through
one loop-shaped duct and is created by the action of centrifugal fans installed on
the rotor. The value of the air flow rate is of paramount importance in ensuring
that the thermal margin of the design is maintained at rated load. The design’s
thermal margin is defined by the limit temperatures of the stator winding and the
active steel of the stator core, which are set at 125°C. It should be noted that this
is the expected value of air flow rate through a single loop-shaped duct of the sta-
tor core at rated speed of 3000 rpm during operation of the generator. This is
specified on the basis of the generator acceptance test data. This value is deter-

mined by the calculation department in accordance with the factory methodology.
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Figure 4. Experimental aerodynamic characterisation of the duct.

3. Numerical Modelling of the Duct

The section presents numerical modelling of a loop-shaped duct. Two methods of
turbulent flow modelling are considered in this study: RANS and LES. The most
expeditious yet least precise methodologies are the stationary RANS methods.
Conversely, RANS do not consider the non-stationarity of the flow, and as such,
improvements to the methodology are required. However, RANS steady-state mod-
elling does not require lengthy computation times and can predict the flow with
reasonable accuracy. In order to obtain more detailed information on unsteady
flow motions, LES methods are utilised. The proposed methodology involves the
modelling of small-scale turbulence and the resolution of large-scale turbulence.
Concurrently, it necessitates the most extensive grid discretisation and a substan-
tial computational expense.

For each method, a suitable grid discretisation is selected to achieve a specific
dimensionless coefficient y+. Indeed, this parameter is contingent upon surface
roughness. For LES, the grid should be sufficiently fine to resolve small, almost
isotropic turbulence scales [16].

Prior to grid construction, an approximate estimation of the initial cell height
(Ay) in the prismatic layer configuration was conducted using the Blasius expres-
sion, which is based on the determination of local parameters, including the fric-
tion coefficient (C), wall shear stress (7,), and mean velocity (Vinew) [17]. A pris-
matic layer correction was performed for each Reynolds number. In the case of
the LES model, the dimensionless coefficient y+ was found to be less than 1 in the
wall region of the modelled duct. For the SST RANS model, the same parameter
was below 5.

Each numerical simulation method is characterised by a common implementa-
tion sequence in the form of the following steps: parameterisation of input param-
eters such as geometries, mesh setup, solver selection and setup, turbulence model
specification with appropriate settings, solution and generation of report files. The
computational model (see Figure 5) consists of a receiver, a duct and the air outlet
region of the duct.
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Figure 5. Calculation model.

3.1. RANS Method with SST Turbulent Model

The steady-state and isothermal flow of air is considered in the problem. The air
density is assumed constantly and recalculated for the temperature and absolute
pressure of the air in the experiment. The Reynolds equations and the finite vol-
ume method are utilised for the purpose of modelling.

SST model, a widely employed turbulence model in the field of electrical engi-
neering, has been selected for this study. The model under consideration contains
two equations that use the Boussinesq assumption in order to model the Reynolds
stress tensor. The Boussinesq assumption is a theoretical framework that estab-
lishes a correlation between the Reynolds stress tensor and velocity gradients,
thereby facilitating the understanding of turbulent viscosity. This simplification
enables the use of a single variable, turbulent viscosity, in lieu of the six unknowns
present in the stress tensor [18]. The problem was formulated numerically using
the algorithms SIMPLE, AMG Linear Solver, and Gauss-Seidel Relaxation
scheme.

The chosen turbulence model combines the advantages of the k-¢ and k-w mod-
els for predicting aerodynamic flows and, in particular, for predicting boundary
layers at strong unfavourable pressure gradients, which is observed at a sharp turn
in the considered duct. To achieve convergence of the solver, the local disbalance
of the stored variable in each control volume was below 0.01 (Residual). The value
of the dimensionless coefficient y+ was selected below 5 by choosing the number
of elements in the prismatic layer and specifying the specific height of the layer in
the duct region.

The transport equations for the kinetic energy and specific dissipation read (1):

%+Uja—k=Pk—ﬁ*ka)+i (1/+(7kvt)ﬂ ,

ot oX; oX; oX;

0 0 0 0 10k o @
—w+Uj—w=aSZ—,Ba)2+— (v+0'kvt)—w +2(1—F1)0'w2———w

ot oX; oX; oX; @ OX; OX;

The closure coefficients and equations constants are presented in Table 1.

DOI: 10.4236/jpee.2025.138011

198 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2025.138011

D. Verkhovtsev et al.

Table 1. The parameters of SST model.
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Constants
Oy Ok2 O O w2 71 72
1.176 1.000 2.000 1.168 0.5532 0.4403
i B ﬂ* K a Cp
0.0750 0.0828 0.0900 0.41 10 10

In the table yis the distance to the nearest wall and v, is the turbulent kinematic
viscosity. The coefficients of the SST model are a linear combination of the corre-

sponding coefficients of the k-£ and 4w turbulence models.

3.2. LES Method with the Dynamic Smagorinsky Subgrid Scale
Model

The problem under consideration is that of unsteady and isothermal air flow. The
air density is assumed constantly and recalculated for the temperature and abso-
lute pressure of the air in the experiment. The modelling process involves the uti-
lisation of subgrid-scale (SGS) models and implicit LES techniques, which are
based on the finite volume method. The utilisation of SGS models in conjunction
with implicit LES is a methodology that has been employed in this study.

LES balances between accuracy and computational cost, allowing complex tur-
bulent flows to be resolved in greater detail than RANS models, but at a lower cost
than full direct numerical simulation (DNS).

In the selection of a mesh for LES turbulence models, a pivotal consideration is
the mesh structure and density, which should be adapted to the model’s particu-
larities and the physical processes occurring in the flow. The cells should be suffi-
ciently diminutive to capture the substantial vortex structure. It is generally ac-
cepted that the diameter of the cell should be smaller than the scale of the vortices
that are to be modelled. It is generally recommended that the cell size is set to

between 1/20 and 1/50 of the length of the characteristic vortex scale. In the vicin-
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ity of walls, it is imperative to employ smaller cells for the purpose of capturing
velocity gradients and other pertinent flow parameters. The implementation ne-
cessitated the utilisation of a prismatic layer comprising four layers, with a total
thickness ranging from 0.1 to 0.2 millimetres, contingent upon the airflow rate
through the duct. This corresponded to a y+ value of approximately 1.

The DSG model is utilised, which, in contrast to the classical Smagorinsky
model that employs a single constant C,, calculates a local constant (Germino-
Lilly) as a function of flow and time, C; = C{(x, . This approach facilitates the
acquisition of the correct resolution of wall-limited flows without the necessity of
employing damping functions [19] [20].

Time-Step was chosen 0.005 s with the inner iterations equals 10. Maximum

physical time was specified 1.5 s.

3.3. General Assumptions and Boundary Conditions

The boundary conditions adopted in the RANS and LES problem are as follows:

¢ The entry point to the duct is facilitated by a receiver, the surface of which
determines the inlet velocity.

* The exit from the loop-shaped duct is connected to the region on the boundary
of which the static pressure condition Py = 0 Pa is set.

* In order to enhance the convergence of the problem, the initial velocities were
varied in in Cartesian coordinates within the range of {-2, from -3 to -8, 0}
m/s.

¢ The local imbalance of the stored variable in each control volume (residual)

was found to be below 0.01.

4. Numerical Simulation Results

The results of the calculation are then subjected to rigorous analysis and valida-
tion. The primary arguments have been addressed. The following section will out-

line the respective advantages and disadvantages of the two methods employed.

4.1. Aerodynamic Characteristics

As illustrated in Figure 6, the aerodynamic performance is evaluated through the
utilisation of both LES and RANS methodologies, complemented by experimental
characterisation.

The characteristics provide close results in the area of the expected design air
flow rate of 3.251/s (for this purpose, Figure 5 in the lower right corner shows the
calculation deviation from the experimental curve in %). The discrepancy with

the experimental value does not exceed 8% for the expected design air flow rate.

4.2, Airflow Distribution

As demonstrated in Figure 7, the distribution of the velocity vector within the
cross-section of the duct is depicted, along with the distribution at specific mo-
ments of time. These moments of time correspond to the solution of the unsteady
problem by the LES method, with a calculated air flow of 3.25 I/s.
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Figure 6. Aerodynamic characteristics by LES and RANS methods.
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Figure 7. Velocity vector distribution in the duct cross section for an air flow rate of 3.25
I/s.

It is evident that, in accordance with the dynamic flow pattern, vortex for-
mation is manifest in the area of sharp expansion of the cross-section at the point
of transition from the tooth to the yoke. It is noteworthy that the intense turbulent
flow surrounding the left side of the duct is more pronounced in comparison to
the right side, and it is likely that this contributes to a higher degree of heat release,
leading to increased losses in that specific region of the duct.

Consequently, the LES method is capable of reflecting the process of air flow in
a realistic manner and allows for the estimation of the vortex structure and pres-
sure fluctuations.

As illustrated in Figure 8, the velocity fluctuates at characteristic points over a
time period of 0.45 s by LES methos.

DOI: 10.4236/jpee.2025.138011

201 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2025.138011

D. Verkhovtsev et al.

40 1 m/s
35
30 100
25
20 90
15 |
30
15
2
10 1 70
PN 60
8
E 10?) 30
Q
< 90 3
> 80 2 40
70
60
o - B
30 20
25 4
10
20
15 y 3 0
Z X

10
1 1.1 12 13 14 15

Time (s)
Figure 8. Distribution of velocity vector in the duct cross section for air flow rate 3.25 I/s.

over a time. 1, 2, 3, 4-velocity pulsation at characteristic points (red crosses) highlighted by

circles.

The steady-state RANS (averaged) air flow pattern is illustrated for the nominal
design flow rate (Figure 9).

0 10 20 30 40 50 60 70 80
Velocity (m/s)

Figure 9. The steady-state air flow pattern is illustrated for a nominal design flow rate of
3.251/s.

It is evident that, in general, SST RANS does not necessitate a protracted com-
putation time. It facilitates the acquisition of an averaged depiction of the flow
with a satisfactory degree of accuracy. This is achieved without the requirement
for labour-intensive tuning of the solver or the duration of the solution itself for

the convergence of the problem.
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5. Conclusions

The present paper undertakes numerical modelling of the cooling duct of the
loop-shaped stator core of an air-cooled turbogenerator stator.

Two methodologies for turbulent flow modelling were considered in order to
study the nature of air flow in it, to find the recirculation points and to determine
the aerodynamic characteristics. The first methodology was the stationary RANS
method using the SST turbulence model. The second methodology was the un-
steady LES method using the Smagorinsky dynamic subgrid model.

The validation of the methods was carried out on a full-scale experimental
model of the duct. The experimental model was created using additive technolo-
gies, specifically, it was produced on a 3D printer from PLA plastic, and it accu-
rately describes the geometry of the duct and the roughness of its surface.

The findings demonstrate that the aerodynamic characteristics derived from
the LES and RANS methodologies yield closely aligned results within the antici-
pated range of the calculated air flow rate of 3.25 I/s at a rated speed 3000 rpm of
the turbogenerator. The discrepancy between these calculated values and the ex-
perimental measurements is found to be no greater than 8%. Concurrently, the
LES method provides a realistic depiction of the temporal progression of airflow,
thereby enabling the estimation of vortices and pressure fluctuations. Conversely,
RANS does not necessitate a protracted computation time and facilitates the ac-
quisition of an averaged depiction of the flow with a satisfactory degree of accu-
racy. Moreover, it does not demand labour-intensive tuning of the solver to ensure
the convergence of the problem.

Undeniably, the LES method requires further validation on coupled heat trans-
fer problems due to its advantages over RANS, namely the creation of realistic air
movement in time, which is especially important when considering heat transfer
from the duct walls. It is evident that, in order to enhance the reliability of the
calculation results, it is imperative to consider the heat transfer along the gap
length, in conjunction with the edge effects of the various cooling schemes of the
stator core. This includes radial cooling of the stator edge packets. These consid-
erations should be given due consideration in subsequent studies and in the reso-
lution of coupled heat transfer problems, encompassing the LES and RANS meth-
ods, with a view to facilitating a comprehensive comparison. As with any compu-

tational method, direct validation is required.
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