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This study explores heat and
mass transfer processes in the
structural elements of an umbrella-
type hydrogenerator, as well as
the ventilation and cooling system
in the active components of the
hydrogenerator. A vertical synchro-
nous air-cooled hydrogenerator with
a rated capacity of 60 MW has been
investigated.

The task addressed relates to
the cooling efficiency of generator
components. Conventional ana-
lytical calculation methods do not
make it possible to identify local
overheating zones and pressure
distribution in complex ventilation
channels. Therefore, it becomes
necessary to use numerical meth-
ods and algorithms to calculate
and analyze the cooling efficiency
of the generator’s active parts.

The main result of this study is
the designed structure of the guide
channels (blades) of the rotor,
which provides the required air
flow rate of 45 m?/s. At the same
time, the maximum values of the
winding temperature do not exceed
the permissible values for class F
insulation.

The CFD calculation detailed
the action of the superchargers
and showed the real pressure in
the channels and the volume of air
passing through each section of
the generator. The error between
the results from CFD modeling
and analytical calculations is less
than 3%.

The results are attributed to the
detailed reproduction of the geom-
etry of the ventilation channels in
the 3D model, which made it pos-
sible to determine the real aerody-
namic resistance and cooling medi-
um consumption.

The proposed method uses the
boundary conditions of the third
kind for a comprehensive calcula-
tion of the conjugate heat and mass
transfer.

The proposed structure could
be implemented in the design and
modernization of air-cooled hydro-
generators
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1. Introduction

new ones. This is due to lower costs and less environmental

Globally, there is a steady trend to invest in the moderniza-
tion of existing hydroelectric power plants instead of building

impact [1]. The world hydropower market continues to grow,
especially in countries in Asia and Africa where hydropower
is actively evolving [2].




Increasing energy independence in developed countries
is always of strategic importance [3]. One of these areas is the
modernization of existing power plants. It makes it possible to
reduce dependence on imported fuel resources and ensure the
stability of the energy system under conditions of an increasing
share of renewable energy sources. For example, hydropower
generators used at stations with renewable energy sources are
able to effectively perform the functions of not only electricity
generation but also emergency reserve functions.

The issue of modernization of powerful hydropower
generators is becoming particularly relevant both in Ukraine
and around the world. This is due to the global transition to
renewable energy sources and the need to ensure the stability
of energy systems. Hydropower remains one of the most reli-
able and efficient types of green energy and hydro generators
play a key role in covering peak loads and maintaining the
frequency in the network [4].

In the world, a significant part of the hydropower fleet
consists of hydro generators that were put into operation
several decades ago and, sometimes, as early as the middle of
the last century [5].

For example, hydro generators are installed at hydroelectric
power plants (HPPs) such as the Sredneodneprovska HPP or
the Kremenchug HPP. These facilities require technical up-
grades [6]. Modernization of such machines makes it possible
not only to extend their operational life but also improve the ef-
ficiency, increase capacity, and enhance operational character-
istics. Modern technologies make it possible to replace outdated
insulation with class F materials, introduce more efficient
cooling systems and modern control and management systems.

Therefore, it is a relevant task to carry out studies on im-
proving the structure of a ventilation system in large-capacity
hydrogenerators, which could simultaneously allow for reliable
operation and high efficiency through reduced heat losses.

The introduction of current technologies in the hydro-
power industry of Ukraine opens up new opportunities for
integration into the European energy system and ensuring the
country’s energy security. The design of such large machines
is a multidisciplinary optimization task, covering electro-
magnetic, mechanical calculations, as well as cooling issues,
which often leads to conflicting requirements. The calculation
of magnetic and temperature fields of large hydrogenerators
is a very complex process due to the complexity of their struc-
ture, different material properties, and the nonlinearity of the
magnetization curve of electrical steel.

2. Literature review and problem statement

A combined design method for powerful salient-pole
hydrogenerators is described in [7]; it integrates analytical
calculations with numerical methods. The advantage of the
proposed approach is the high accuracy of results with a cal-
culation error of less than 4%, confirmed on the example of
the modernization of a real 110 MVA unit, which makes it
effective for multivariate optimization. However, the issues
of using the boundary element model to calculate the field
in the air gap, which did not directly take into account the
saturation of the magnetic core, requiring additional analyti-
cal adjustments, remained unresolved. The work also did not
disclose details regarding the calculation of power losses and
mechanical stability of rotor nodes.

In [8], a comprehensive calculation method for large
air-cooled hydrogenerators is outlined, which iteratively com-

bines analytical modeling of losses, an air flow network,
and thermal networks to determine temperatures in all
active parts of the machine. It is shown that the use of this
approach makes it possible to obtain a complete overview of
the temperature gradient in the machine, including the stator
core, the stator winding protrusions and the rotor pole coil.
However, the issues related to neglecting the influence of the
local air temperature on its density and volumetric flow rate
remained unresolved, which could lead to a decrease in the
accuracy of the calculations. An option for overcoming the
difficulties is to conduct thermal state modeling on a three-di-
mensional model of the hydrogenerator, taking into account
all structural elements. This could allow for more accurate
and visual identification of local overheating locations on the
generator temperature map.

In work [9], capsule horizontal generators with a capacity
of 50 MW were considered, in which, due to limited dimen-
sions, the technology of evaporative cooling directly of the
stator core was used to cool the winding. The advantage of the
study is the comparative analysis of four schemes for the loca-
tion of cooling tubes, which proved the possibility of signifi-
cantly improving heat dissipation without a critical increase
in magnetic losses in steel. However, the work does not fully
address the technological difficulties of manufacturing a com-
posite core with integrated tubes and the issue of maintaining
the mechanical integrity of such a structure during vibration
loads. An option to overcome these difficulties is to abandon
the use of tubes and switch to air cooling. This approach could
increase the mechanical strength of the composite core, and
the use of three-dimensional modeling methods would help
in verifying the thermal calculation.

In [10], a complex pattern of temperatures in the elements
of a powerful hydrogenerator was constructed using a physi-
cally informed neural network to determine the permissible
overload limits in the forcing and emergency operation
modes. However, for training and using the neural network,
a model of the object of study, in this case a powerful hydro-
generator, must be previously built, calculated, and verified.
In [11], the gradient of temperature changes in the structure
of the hydrogenerator stator in different pressure ranges was
considered. The use of three-dimensional modeling methods
made it possible to obtain patterns of the thermal state of
the generator and analyze its sensitivity to voltage drops in
the network, changes in water temperature and cooling air
pressure. However, issues related to the establishment of fixed
temperature limits of 120°C and 155°C remained unresolved,
which does not take into account the cumulative degradation
of insulation according to the Arrhenius law. An option for
overcoming the difficulties is to analyze local overheating,
which makes it possible to identify critical zones where
a point breakdown of insulation can occur.

In work [12], the results of studies on the operation of
a generator with a capacity of 125 MW under the mode of sud-
den short circuit are reported. Operation in such a transient
process causes significant thermal and mechanical loads.
Three-dimensional transient heat conduction equations are
used to analyze thermal processes. It is shown that in the
generator model, the solution area of the stator temperature
field is defined as the range of the cross-section of half the
tooth, half the groove and half the axial core. This approach
makes it possible to significantly simplify the model, reduce
the modeling time, while maintaining the required accuracy
of the calculation result. The authors of the work considered
the application of the finite element method for the analysis



of the transient stator temperature field during a sudden short
circuit of the SF125-96/15600 generator in [13]. That paper
reports the results of the calculation of the short-circuit current
with a description of the derived heat conduction equations.
It is shown that the reliability of the parameters of heat conduc-
tion, convection and losses is confirmed by comparing the cal-
culations with full-scale measurements in the stationary mode.
Such a verified model was used to analyze the transient process
of a short circuit. However, the questions of how the rotation
of the rotor and its heating affect the thermal state of the stator
remained unresolved. The reason for this may be the difficulties
associated with the significant complication of the three-di-
mensional model and the addition of calculation regions with
small element sizes to it. An option for overcoming related dif-
ficulties may be some simplification of the calculation model or
the combination of small structural parts into a composite unit,
while preserving its properties and purpose.

In [14], the results of the study on the thermal state of
an electric machine with a transverse magnetic flux are re-
ported. In the course of the work, the influence of the design
features of the machine on the heating of the stator coil and
permanent magnets, which are the most temperature-sensi-
tive elements in the system, was investigated. It was shown
that the experiments conducted correlate with the results of
3D modeling. An important conclusion in [14] is that the sta-
tor coil in a machine with a transverse magnetic flux is heated
unevenly, with temperature fluctuations in areas where there
is no air circulation. The method proposed in the work re-
duces the temperature of the stator coil and permanent mag-
nets by 10%, which is important for the temperature stability
of the magnet. However, issues related to the replacement of
permanent magnets with electromagnets remain unresolved.
The reason for this may be the desire to simplify the design
of the machine by preventing the addition of a contact node.
However, electromagnetic excitation allows one to improve
the characteristics of the engine, its temperature stability of
operation, and minimizes the use of expensive rare-earth
materials. All this gives grounds to argue that it is advisable
to conduct research on improving highly efficient cooling
systems using controlled electromagnetic excitation instead of
machines with an unregulated magnetic field.

In work [15], the problem of operation of turbogenerators
in maneuvering modes is considered: covering peaks and dips
of the load. The use of the SolidWorks (USA) software package
is shown for modeling the distribution of mechanical stresses
in the tie prisms. However, the study focuses mainly on one
critical unit of the machine - the fastening of the core and tie
prisms. It is shown that constant load fluctuations provoke
critical fatigue of the stator core fastenings in the turbogene-
rator, which leads to accelerated thermocyclic degradation of
the casing insulation materials. An option for overcoming the
relevant difficulties may be the use of hydrogenerators as they
are much more adaptable to maneuvering modes.

A significant limitation of the reviewed literature [7-15]
is the lack of sufficient experimental data. This is explained
by the fact that the production of powerful hydrogenerators
is carried out according to individual projects or is small-
scale. This factor leads to a limited number of reports with
the results of field tests for hydrogenerators with different
design solutions. In this context, the priority tools are software
systems that use numerical modeling methods, the validity
and high accuracy of which are generally recognized today. In
particular, the computational fluid dynamics (CFD) method
described in [16, 17] has become widely used. The disadvan-

tage of the method is its high sensitivity to the accuracy of
setting the boundary conditions, which directly determines
the adequacy of the results obtained.

All this gives grounds to argue that it is advisable to con-
duct a study aimed at assessing the efficiency of the cooling
system and specifying the thermal state of medium and
high-power hydrogenerators. Such machines have significant
potential for transition to more efficient air cooling systems
by modernizing the structure of the discharge elements, in
particular, profiled blades on the rotor rim.

3. The aim and objectives of the study

The purpose of our study is to devise a method for assess-
ing the efficiency of the cooling system and determining the
thermal state of the active parts and structural elements of
vertical synchronous hydrogenerators of the umbrella type
after reconstruction using three-dimensional CFD modeling.
This will make it possible to determine with increased accu-
racy the parameters of the head and flow rate of the cooling
medium, which are necessary to maintain the temperature of
the active components of the hydrogenerator at an acceptable
level for class F insulation. In addition, this will make it possi-
ble to scientifically substantiate the feasibility of introducing
special guide channels in the form of profiled blades into the
hydrogenerator cooling system.

To achieve the goal, the following tasks are set:

— to build a detailed three-dimensional model of the hydro-
generator ventilation system in the SolidWorks environment,
which takes into account the geometry of the stator, rotor,
frontal parts of the windings, as well as air coolers channels;

- to determine by using CFD analysis the distribution of
velocity fields and pressure drops of cooling air in the venti-
lation channels, as well as define the required flow rate of the
cooling medium;

- to substantiate the geometry and efficiency of the pro-
posed guide channels (blades) on the rotor rim to ensure the
required air flow at nominal load.

4. Materials and methods

4. 1. The object and hypothesis of the study

The object of our study is the processes of heat and mass
transfer in the structural elements of the hydrogenerator, as
well as the ventilation and cooling system in the active com-
ponents of the hydrogenerator.

The principal hypothesis assumes the uniformity of the
distribution of additional heat losses over the external struc-
tural surfaces. In this case, it is assumed that heat generation
occurs in the conductive components, and additional air
friction losses are set separately over the surfaces they flow
around. The work accepts that heat exchange does not occur
between the foundation structures, and all losses are removed
from the gas cooler heat exchanger.

After the reconstruction of a high-power vertical synchro-
nous hydrogenerator, a stable thermal regime of its active
parts must be ensured under all operating modes, which are
provided for by the relevant regulatory documents and operat-
ing instructions. The use of new insulating materials, chang-
ing the geometry of individual components, modernization
of the excitation system and installation of modern control
devices lead to changes in heat flows and distribution of ven-



tilation air. Conventional analytical methods for calculating
ventilation systems provide only averaged characteristics and
do not make it possible to determine local pressure drops and
the velocity field of the refrigerant. First of all, this is due to
the complex geometric shape of the ventilation channels of
the stator and rotor cores, as well as the cooling paths of aux-
iliary elements. This complicates the assessment of possible
overheating zones, the influence of the geometric features of
the channels and the efficiency of the ventilation elements.
Therefore, there is a need to apply detailed 3D CFD simula-
tion, which makes it possible to reproduce the operation of
the entire cooling system under real conditions, compare it
with analytical models, and determine the optimal parame-
ters for safe and reliable operation of the hydrogenerator.

4. 2. Basic technical parameters of the hydrogenerator

The study considered the synchronous vertical hydrogene-
rator SVKr 1347/150-96 manufactured by PAT "Ukrainian En-
ergy Machines", designed to operate as part of a hydroelectric
unit at the Kremenchuk HPP. As a key element of the power
system, it is designed to generate peak power, as well as per-
form the functions of a high-speed emergency and frequency
reserve. The unit operates under the nominal mode S1 in
accordance with the international standard IEC 60034-1-2004.

Its rated power is 75 MW - A (active power - 60 MW) at
a rated voltage of 13800 V and a frequency of 50 Hz. The rated
power factor of the machine is 0.8 (inductive).

The generator has a vertical design, protected type, with
a thrust bearing on the turbine cover. The design includes one
guide bearing in the oil bath of the upper crosspiece. The rotor
is connected directly to the shaft of the rotary-blade vertical
hydroturbine. The rated speed is 62.5 rpm, but the generator
is designed for coasting speeds up to 175 rpm.

The overall and design parameters of the generator are as
follows: the stator bore diameter reaches 12970 mm, and the
length of the active stator steel is 1500 mm. The stator housing
is welded from six sectors, which are attached to 12 founda-
tion plates through special transition plates with radial pins,
which makes it possible to compensate for thermal expansion.

The stator core is a magnetic core assembled from stamped
segments of cold-rolled electrical steel sheet 0.5 mm thick,
coated with insulating varnish. The stacking is performed "in
a ring" directly at the assembly site. The core is divided into
packages in height with ventilation channels between them
for effective cooling. The stator boring surface and grooves
have a semiconducting coating to prevent surface discharges.

Electrical parameters include a rated stator current of
3138 A and a rated excitation current of 995 A. The machine
is characterized by a short-circuit ratio of 0.95 v.o. and a sta-
tistical overload of 2.4 v.o., which indicates its high electro-
magnetic stability. The rotor flywheel moment is 49700 t - m?,
which provides sufficient mechanical inertia.

The excitation system is made according to a static thy-
ristor self-excitation scheme without the use of series trans-
formers. The contact rings and brush traverse are located
inside the stand installed on the upper crosspiece, which
provides their protection from external influences.

The ventilation system is implemented in a closed loop
with air cooling in 18 water coolers located on the outer
casing of the stator housing. The necessary head for air circu-
lation is generated by ventilation struts on the rotor rim. The
cooling water flow rate through the air coolers is 500 m3/h,
through the thrust bearing oil coolers - 60 m3/h, and through
the bearing oil coolers - 20 m3/h. The maximum operating

temperature of the cooling water is 28°C, and the maximum
temperature of the cooling air is 40°C.

Three-dimensional modeling using the CFD simulation
was chosen as the research method. As a simplification,
a separate calculation of the superchargers was performed: the
pressure characteristics of the fan and the characteristics of the
pressure loss in the hydrogenerator ventilation system were
specified, which were obtained from analytical calculations.

To ensure the operation of the ventilation system, guide
channels (blades) were designed on the rotor rim, making it
possible to provide the required air flow at the rated power of
the hydrogenerator.

The operability of the designed structure was confirmed
using CFD analysis and comparison of its results with the
analytical calculation from the hydrogenerator manufacturer.

4. 3. Study of the design efficiency

A study of the thermal state of the hydrogenerator
SVKr 1347/150-96 of the Kremenchuk hydroelectric power
station, which belongs to the umbrella type and has a capacity
of 60 MW, was conducted.

To perform this study, it is necessary to preliminarily
determine the permissible ratios of the pressure capabilities
of the injection elements and the aerodynamic resistance of
the ventilation tract of the hydrogenerator. Additionally, it is
necessary to calculate the gas consumption through the active
and structural elements of the generator to determine their
thermal state. In addition, power losses for ventilation and
friction of rotating parts against the air will be obtained with
the possibility of choosing boundary conditions in thermo-
elasticity problems.

The ventilation system of the entire structure of the hy-
drogenerator with a capacity of 60 MW of the umbrella type
occupies a large volume (over 50 m®) with the presence of
small (up to 5mm) and large-sized (up to 5m) parts in it.
The combination of the specified factors leads to the need to
simplify the solution of the problem.

The required power of the ventilation system’s pressure
element is determined using the following formula

__HQ
1000-n°

¢y

where 7 is the efficiency of the fan; H is the head; Q is the
volumetric flow rate.

The criterion for the convergence of the calculation is
the minimum ventilation losses while ensuring the cooling
medium flow rate required for cooling the machine and the
degree of uniformity of the temperature fields of the "active
parts” of the generator.

Based on the analytical calculation of the ventilation
system, in order to maintain the operating temperatures
of the active parts at an acceptable level (according to
DSTU EN 60034-1 for the insulation heat resistance class F),
it is necessary to ensure a gas flow rate (pumping) of 45 m3/s.
For this purpose, it is necessary to design and calculate the
power of the centrifugal blower located on the rotor, which
provides an air flow rate of 45 m3/s, and analyze the resulting
pressure in the ventilation ducts for "pushing” the system and
the acting pressure on the structural elements.

The main features of the operation of this hydrogenera-
tor include the fact that the cyclic elements of the rotor are
simultaneously a supercharger, for which temperatures must
also be determined. A significant advantage is the possibility



of applying symmetry conditions for 1/4 of the design. In this
case, the arrangement of all elements, including air coolers,
is cyclic.

In the problem under consideration, the hydrogenerator
cooling system is a forced, air-water one, with a closed air
circulation cycle through the "active” and structural parts of
the machine. The forced air is supplied by a rotor, in the rim
of which radial ventilation channels are made.

The air enters the rotor star windows and the upper
fan from above from the upper air duct, from the lower air
duct air is supplied to the star windows and the lower fan.
From the rotor star, under the action of the excess pressure
created by the rotor, the air passes through the channels in
the rotor rim, in the interpole space, in the air gap, through
the ventilation channels in the stator core and is collected in
the chambers of the stator housing. After the fans, the air is
directed through the chambers of the frontal joints and the
channels of the pressure combs, through the gap between the
"active” stator steel and the housing, as well as through the
holes in the internal shelves of the housing. Air enters the
chambers of the stator housing, where it is combined with
the air that has passed through the "active” stator steel and is
directed to 12 air coolers. In the air coolers located along the
perimeter of the hydrogenerator housing, heat is extracted
from electromagnetic and mechanical energy losses. After the
air coolers, air is supplied through the upper and lower air
ducts to the inlet to the rotor star and fans. In order to avoid
significant air flows through the gaps between the stationary
and rotating parts of the hydrogenerator, it is allowed to install
air separation shields.

The cooling medium of the hydrogenerator is air at nor-
mal atmospheric pressure and a temperature of Tg; = 40°C.

In order to ensure the effective functioning of the venti-
lation system and achieve the required volumes of cooling
air circulation during the operation of the hydrogenerator at
rated power, special guide channels in the form of profiled
blades were designed and implemented on the rotor rim.
Fig. 1 shows a sketch of the designed blade.

Axis of rotafion

Fig. 1. Sketch of the blade profile

Analytical calculation of the superchargers was performed
using the classical method applying classical equations of gas
mechanics [18], which exploits the basic equations from gas
mechanics.

4. 4. Investigation of velocity fields and pressure
drops of cooling air using the CFD method

The Navier-Stokes equations were used as the basic math-
ematical model, which described a three-dimensional un-
steady flow of a heat-conducting viscous gas under pressure.
The effects of flow turbulence on the flow parameters at the
statistical level were taken into account. For their prediction,

the Reynolds-Favre averaged equations were used. The result-
ing system of equations takes the following form [19]:
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where p is the density; V is the velocity; p is the pressure; E is
the total energy per unit volume; oy is the viscous stress ten-
sor; 7; is the turbulent stress tensor; gy is the heat flux vector
component; qJT is the turbulent heat flux vector component.

The result of the above-described averaging in the equa-
tions is the appearance of additional terms - Reynolds
stresses. In SolidWorks Flow Simulation (USA), the transport
equation for turbulent kinetic energy and its dissipation
rate — the k-¢ model is used to close this system of equations.
It should be noted that the use of the standard turbulence
model k-¢ KES is possible only in high-Reynolds calcula-
tions (on a relatively coarse grid with wall functions).

The calculation of flows in models with moving walls is
performed by setting the appropriate boundary conditions. In
order to reduce the dimensionality of the calculations, the cal-
culation of flows in models with rotating parts is performed
in the coordinate systems associated with the rotating parts
of the model. In this case, the condition must be met that the
fixed parts of the model must be axisymmetric with respect to
the axis of rotation (axisymmetric simplified model).

The conservation equations of mass, angular momentum,
and energy in a Cartesian coordinate system rotating with
angular velocity £ around an axis passing through the origin
take the following form:
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where u is the fluid velocity; p is the fluid density; S; is the
mass-distributed external force per unit mass; & is the thermal
enthalpy; S§,, S¥, S§ are the additional interfacial exchange
terms due to the interaction of Euler-Lagrange particles;
Qp is the heat source or flow per unit volume; 7j; is the vis-
cous shear stress tensor; q; is the diffusion heat flow; ©Q is the
angular velocity of the rotating coordinate system; r is the dis-
tance from the point to the axis of rotation in the rotating ref-
erence frame; k is the kinetic energy of turbulence; hd, is the
individual thermal enthalpy of the m-th component of the
mixture; y,, is the concentration of the m-th component of
the mixture.



The subscripts denote the summation over the three coor-
dinate directions.

The mass-distributed external force per unit mass is deter-
mined from the following formula

Si — Siporous +Sigravily + Sir‘”aﬁ””, (7)

where S, - resistance of the porous medium; Sf" avity _ grav-
itational force, defined as S&™ =pg, (g - component of
gravitational acceleration along the i-th coordinate direction);
Spotation _ rotation of the coordinate system.

porous
i

5. Results of research on the hydrogenerator
cooling system

5.1. Three-dimensional physical model and defined
basic parameters for three-dimensional calculation

The results of calculating the dependence of losses on the
volume of pumped air are shown in Fig. 2. It demonstrates
the dependences of head characteristics of the system and the
head characteristics of the fan. The intersection point of these
plots corresponds to the operating point. It can be seen that
when pumping 45 m3/s, the required head should be 235 Pa.
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Fig. 2. Dependence of losses on the volume of pumped air

The operating characteristics of the fan depending on the
flow rate of pumped air, Q (m3/s), are given in Table 1.

Table 1
Fan performance characteristics
Parameter ID Value
Q, m%/s 38 40 45 50 60
P, Pa 75 130 235 340 470
7, 1. U 0.5 0.54 0.65 0.7 0.75
N, kW 63.2 65.6 73.6 81.6 96.8

A detailed three-dimensional model of the hydrogene-
rator ventilation system was constructed in the SolidWorks
environment, which takes into account the geometry of the
stator and rotor channels, the frontal parts of the windings,
and the air coolers (Fig. 3).

The initial data for the calculation are as follows: geomet-
ric parameters of the structure; rated speed - n = 62.5 rpm;
temperature — Tgqs = 40°C; initial pressure in the system -
Pgym = 101325 Pa; hydraulic resistance of air coolers — 250 Pa.

Fig. 4 shows the cross-section, for which the results of the
calculation of the operating pressures are given below.

CLomputational area

Fig. 3. Calculated three-dimensional model
of a hydrogenerator
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Fig. 4. Calculation cross-section along section A-A

For further comprehensive research of the hydrogenerator
SVKr 1347/150-96 at the Kremenchuk HPP, a three-dimen-
sional model of the hydrogenerator ventilation system was
built using CFD methods. According to the results of ana-
lytical calculations, the parameters of this model are set ac-
cording to the parameters of the head characteristic obtained
during the research (Fig. 2) and the operating characteristics
of the fan (Table 1). This is confirmed by the plot of the depen-
dence of losses on the volume of pumped air (Fig. 2): the head
characteristic of the fan intersects with the resistance curve of
the cooling system at the operating point. The operating point
has the following parameters: P = 235 Pa, Q = 45 m?/s.

5.2. Results of investigating the distribution of ve-
locity fields and pressure drops of cooling air using the
CFD method

The results of ventilation calculations in the form of distri-
butions of pressures and speeds of cooling air along the rotor
and stator channels, performed in SolidWorks Flow Simula-
tion, are shown in Fig. 5-8.
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Fig. 6. Distribution of dynamic pressure through
the stator channels

The results of the calculation of dynamic pressures for the
rotor and stator are illustrated in Fig. 5, 6, respectively.

The gas flow rates through the rotor and stator channels
are shown in Fig. 7, 8, respectively.
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During the three-dimensional calculation according to the
proposed CFD method, the speed and pressure of the cooling
medium were determined. In the working elements of the rotor,
the speeds of the cooling air are in the range of 6-8 m/s (Fig. 7).
In the stator ventilation channels, these speeds are in the range of
5-6 m/s (Fig. 8). In the locations of the frontal parts of the stator
winding rods, the speeds are in the range of 6.6-7 m/s (Fig. 7, 8).
At the same time, at the inlet to the gas cooler, the speeds of
the cooling air are from 4.5 to 5m/s. The calculated cooling air
head is 235 Pa. The temperature of the cooling medium (without
adding mechanical and electromagnetic losses to the calculation
conditions) almost does not increase (the excess is no more
than 1°C, which is within the measurement error zone). This is
explained by the low degree of pressure increase and significant
air consumption. Later, these parameters were used to deter-
mine the cooling quality of the hydrogenerator design, namely
the total refrigerant flow rate, which was 45 m3/s. In turn, this
allowed us to take these above-mentioned data as the starting
point when determining the optimal parameters of the discharge
unit for guaranteed removal of heat losses with a value of 73 kW.

5. 3. Substantiation of the geometry and efficiency of
the proposed guide channels (blades)

A comparison of the results of calculations performed analyt-
ically and using SolidWorks Flow Simulation is given in Table 2.
The calculations performed showed that the air flow rate when
using the designed channels (blades) on the rotor rim is 45 m3/s
at a static pressure of 235 Pa, and additional losses caused by
air friction on the rotor elements are 75 kW. This provides the
necessary air circulation inside all ventilation channels of the
hydrogenerator. The necessary pressure drop of the refrigerant
for its normal passage through the gas cooler is also provided.

The temperature of the "active parts” of the hydrogen-
erator did not exceed the limits of permissible values in
accordance with the requirements of DSTU EN 60034-1 for
the insulation heat resistance of class F, according to elec-
tromagnetic calculation, at an air temperature of Tg; = 40°C.
Table 3 gives the results of calculating the temperatures of the
hydrogenerator components.

Table 2
Comparison of analytical and three-dimensional
calculation results

Calculation P, Pa Q,m3/s | N, kW
Analytical 235 45 73
3D (SolidWorks Flow Simulation) 235 45 75
Table 3

Temperature of generator components under a rated mode

Temperature,
Parameter ID 5’, oC

Maximum rotor pole temperature 70

Maximum rotor winding temperature 96

Maximum stator winding temperature (front part of 74

the lower rod)

Maximum stator winding temperature (slotted part) 77

Maximum stator winding temperature (front part of 30

the upper rod)

Average stator winding temperature 76

Maximum stator steel temperature (tooth) 80

Maximum stator steel temperature (back) 72

Maximum pressure comb temperature (top) 95

Maximum pressure comb temperature (bottom) 100




Based on the results given in Table 3, one can see that the
maximum temperature is reached in the comb of the pres-
sure flanges, which are not conductive elements and have no
restrictions on the insulation class. The temperature values
obtained for the conductive components of the hydrogener-
ator are at a lower level. There is no significant temperature
difference within one node (for example, a difference in the
active steel of the stator core). Accordingly, the constructed
cooling system is effective and balanced in terms of tempera-
ture distribution and allows the temperature of the active
components of the hydrogenerator to be within the permis-
sible limits according to the technical requirements for this
class of machines.

6. Discussion of the results of research of the
ventilation system and thermal state of an umbrella-
type hydrogenerator

As a result of our review of the related literature, it was
determined that the key problem is the difficulty of accurately
determining aerodynamic resistance and local overheating
zones by analytical methods. However, in this work, an
algorithm combining theoretical calculations with detailed
three-dimensional CFD simulation has been developed and
successfully tested.

The calculation method proposed in the study combines an
analytical component for the injection components, based on
classical equations of hydro-gas dynamics, and a general calcu-
lation method for the cooling system. A feature of the general
calculation method is the problem of the compressor and gas
cooler in the form of areas with increased and decreased pres-
sure. The boundary conditions are set along the contour of the
entire machine in the form of the first and third kind.

The constructed three-dimensional model (Fig. 3) fully cor-
responds to the design documentation for the SVKr 1347/150-96
hydrogenerator for the Kremenchuk HPP. Owing to close
cooperation with the manufacturer, it was possible to avoid
unnecessary simplifications that reduce the accuracy of the
calculations. Unlike the approach considered in [7], in which
significant abstractions were used due to the complexity of
the design, the result of our study was obtained on a model
with detailed geometry. This allows us to take into account the
influence of each part of the hydrogenerator on aerodynamics,
which was previously practically impossible within the frame-
work of classical models.

The work used numerical methods for three-dimensional
modeling and analysis of the cooling efficiency of the active
parts of the hydrogenerator. Unlike the method given in [8], in
which the determination of power losses and temperatures is
carried out using an iterative process, the approach we proposed
allowed us to immediately obtain a solution to the problem.
This became possible due to the correct combination of clas-
sical gas mechanics equations with the modern CFD analysis
method in the SolidWorks Flow Simulation environment. The
calculation of the distribution of dynamic pressures (Fig. 5, 6)
and gas velocities (Fig. 7, 8) confirmed the correctness of the
selected configuration of the flow part. This combination of
methods allowed us to achieve high accuracy of calculations.
The difference between the data (Table 2) obtained by analyti-
cal method and numerical modeling was 2.67%.

Modeling of hydraulic processes in the cooling system is
the main aspect of this study. Unlike works [10, 11], in which
physically informed neural networks are used, our 3D mod-

eling makes it possible to detect zones of local overheating.
The use of neural networks gives only an averaged predicted
picture of the thermal state. The method used in this study
makes it possible to detect places of critical overheating, in
which insulation breakdown is possible. In addition, unlike
studies [12, 13], in which the analysis was limited only to the
stator, this work implements a comprehensive approach. The
result of our study makes it possible to assess the thermal state
not only of the stator but also of the rotor with its poles and
the damper system. The study revealed that local overheating
zones occur in places with maximum heat release, such as
the inner parts of the rods and local places of the stator core,
which are surrounded by air with a speed approaching zero.
This allows for a more accurate assessment of the insulation
heat resistance margin for the entire unit, and not only in its
individual units.

In addition, the results of this study complement the stra-
tegic directions of energy modernization. Unlike work [14],
which considers only excitation from permanent magnets,
the result of our study is based on the use of electromagnetic
excitation for the rotating part of the hydrogenerator. The re-
sults of studies in [15] are related to the mechanical strength
of hydrogenerator elements in maneuvering operating modes,
while our study offers a specific modernization of ventilation
units, adapted to the needs of hydrogenerators.

The results reported in the study allow us to determine
the heat flows in complex ventilation ducts. This becomes
possible due to the use of third-kind boundary conditions for
nodes on the model boundaries when calculating using the
finite element method. This study allows us to scientifically
substantiate the permissible ratios of the pressure capabilities
of the discharge elements and the aerodynamic resistance
of the ventilation tract of the umbrella-type hydrogenerator.
Thus, it has been proven that the modernized ventilation
system enables the normal operation of the hydrogenerator in
long-term operation. The determined aerodynamic discharge
parameters and the verified CFD analysis method can be
successfully used to calculate the thermal state and reduce
ventilation losses in the hydrogenerator.

The practical value of the above research results relates to
the possibility of their direct implementation when designing
new series of medium and high-power hydrogenerators and
when modernizing existing rotors.

However, it is worth considering certain limitations of this
study. The proposed results and modeling conditions primar-
ily relate to umbrella-type hydrogenerators with air cooling.
When trying to apply these data to machines with hydrogen or
direct water cooling, significant adjustments will be required
both in the three-dimensional model and in the heat transfer
coefficients. The results of our study were obtained for the
stationary operating mode S1. When analyzing non-stationary
or starting modes, as well as during sudden changes in load,
the obtained data could be used as a base point for dynamic
calculations. It is important to understand these application
limits for further implementation of the methodology in the
design of new series of similar hydrogenerators.

As a priority area for further research, an in-depth
three-dimensional analysis of the cooling system’s injection
complex has been identified. This would allow for a detailed
picture of the pressure distribution in the most complex zones
of the ventilation tract. This approach could make it possible
to optimize the geometry of the injection elements to mini-
mize aerodynamic losses and ensure the necessary air flow
under all generator operating modes.



7. Conclusions

Funding

1. A complete three-dimensional model of the hydro-
generator ventilation system has been built, including the
geometry of the stator and rotor ventilation channels, frontal
areas, coolers, and air ducts. CFD analysis in SolidWorks Flow
Simulation has made it possible to obtain detailed velocity
and pressure fields that cannot be determined by analytical
methods. That has made it possible to accurately identify the
nature of the air movement and potential overheating zones,
as well as determine the required cooling medium flow rate.

2. It was established that the designed guide channels
(blades) on the rotor rim provide the required air flow of
45m3/s at a static pressure of about 235 Pa. This confirms
the sufficient pumping capacity of the ventilation system to
maintain the standard temperatures of the active parts at
rated power. CFD calculation detailed the action of the super-
chargers and showed the real pressure in the channels and the
volume of air passing through each section of the machine.

3. Temperature analysis has confirmed that all hydrogener-
ator components operate within the permissible limits for class
F insulation. The maximum temperatures of the windings,
stator steel, rotor poles, and pressure combs do not exceed the
limit values, even at an inlet air temperature of 40°C. This
means that the modernized ventilation system is able to pro-
vide long-term S1 operating mode without the risk of local
overheating and insulation degradation. Comparison of CFD
results with analytical calculations demonstrated a high level
of convergence - the error did not exceed 3%. This confirms
the correctness of the proposed modeling methodology and
the possibility of its application for verification and refine-
ment of analytical models.
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