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CALCULATION OF CFD-THERMAL MODELS OF OIL-COOLED
TRANSFORMER EQUIPMENT

The purpose of the study is to ensure designing of full-function and stable CFD-simulation procedure for integrated
thermal models of the transformers and the reactors, as well as to receive the approval of method of quality and abilities
using the calculation examples of full-scale models of the equipment, along with autonomous models of coil-type windings
having various design versions of heat-transfer intensification.

Research Methods. Computational Fluid Dynamics (CFD) method of mathematical simulation of nonlinear processes
as concerns hydrodynamics and heat transfer in the transformer equipment using finite-element analysis is employed.

The results obtained. The paper presents the main elements of technique for creation of mathematical models; it also
contains the examples of CFD-calculations as referred to axisymmetrical integrated models of furnace transformer and
gapped-core shunt reactor, as well as the models of windings having design approaches of heat exchange intensification
owing to «labyrinthy (partitions) and «alternation» (of number and locations) of axial cooling ducts.

Scientific novelty. Scientific value of applied methodological approach lies in the fact that the developed models are
the integrated ones, i.e., they consider geometry, loss, thermal parameters not only of the windings, but also of the main
structural elements and cooling system. This ensures the quality and the accuracy of simulation of heat-and-mass transfer
processes in complex structure of oil ducts and coils in the windings, enables to avoid erroneous «zigzag» oil flow
movement through the groups of coil regular structures (without labyrinth and «alternationy» of number and locations of
axial ducts under conditions of transformer oil natural cooling as was deduced in the certain studies.

Practical significance. Integrated models ensure calculation of oil temperature distribution within active part,
including winding fields, oil temperature field between the tank and the windings, temperatures at oil outlet from the tank
(top) and oil inlet into the tank (bottom). Calculations allow estimation of mean temperature distribution over the cross-
section of winding coils, mean winding temperatures by means of averaging of the temperatures within the coils, detection
of location and maximum temperature on the surface of conductors relevant to the most heated coil. The latter is treated
as winding hot spot temperature (HST) and used to evaluate the aging of the contacting insulation. Determination of
winding hot spot locations and temperatures (HST) is used as support data for installation areas of fiber optic probes for
measurement during type testing, as well as in operational monitoring systems of the equipment. The results presented

above are practically applied for industrial designing and testing of transformers and reactors.
Key words: transformers, heat-and-mass transfer, CFD-simulation.

INTRODUCTION

An important condition for ensuring reliability and
duration of operation (load capacity) of the transformer
equipment is efficient removal of active energy released as
the heat in the magnetic system (MS), the windings, the
conductive elements of active part structure, and the tanks.
Namely, efficiency of heat removal in the windings determines
essentially technical, mass-and-overall and economical
characteristics of the equipment. Therefore, within designing
availability of reliable calculation methods of winding heating
is of great importance [1]. This is especially true in the cases
of approaches of heat transfer intensification in the coils
due to oil labyrinth flow in the coil groups, provision of axial
ducts with alternation of their number and locations along
the coil width, etc.

Known methods of oil heating calculations, transformer
equipment windings within steady-state temperature mode
are conventionally divided in the following groups:

— «empirical method of overheating» [1-5] based on
application of heat equation, and empirical heat transfer
coefficients averaged over the coils’ surfaces, taking into
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account oil temperatures in place of coils arrangement along
the winding height and summation of temperature rises of
coil conductor surface over the oil, temperature gradient
along insulation thickness of elementary conductors and
common insulation of the conductors. Empirical methods
are widely used in industrial designing [6], however, their
application is limited to the range of empirical data by type,
size and design of the windings; in many cases these
methods do not allow the required accuracy to determine
hot-spot locations (HST) of the windings and their
temperature;

— methods of nonlinear thermal-hydraulic circuits both
within the windings [7-9], and for common thermal-hydraulic
circuit of the transformer, including external cooling system
(CS) [10]. When used, the complex processes in continuous
media as described by equation system (1) — (3), are
represented simplistically by zero-dimensional thermal and
hydraulic elements having the lumped parameters, that do
not allow to determine the local values of temperature and
velocity;

—methods of field simulation of thermal, hydrostatic and
hydrodynamic winding fields [11-14] based on the
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numerical solution of the problems (1) — (3) using various
additional simplifications as to their formulation; modern
advanced CFD methods (Computational Fluid Dynamics)
of mathematical modeling of hydrodynamics and heat
transfer processes in the transformers, in particular, using
the system of finite element analysis (FEA) [9, 15-23].

A similar group of methods is also emphasized in the
summary paper [24], where the first of these methods has
been defined as the empirical method of «correlationy; there
are also large-scale and detailed modern studies as regards
to CFD-modeling, investigation of transfer thermal
processes, measurements of windings HST, including the
method using fiber optic sensors.

Methodological approaches as to the CFD-modeling of
power transformer thermal modes of using the complex
models of transformer equipment composed of the MS, the
conductive structural elements, the windings and the external
cooling systems are presented in [16-21].

At consideration of mentioned works as regards to CFD-
modeling, the following notes should be made.

In contrastto [16-21], [9, 15, 22-24], the complex CFD-
modes of the transformers are omitted, and there are no
studies as regards to electrical reactors.

In [16], one of methodological approaches is used for
consideration of development and investigation of the
systems of consistent field macro- and micro-models of the
devices, the windings, the coil groups. However, experience
of practical calculations has shown that this approach has
the restricted application. Computation based on micro-
models of winding equivalent parameters and their further
application in the complex thermal macro-models has been
problematic.

At the same time, simulation of the windings, the coil
groups by means of consideration of their autonomous
models having specified boundary conditions is appropriate
[9,22-24].

In a sense, the most stable thermal-hydraulic processes
of oil motion (velocity fields) and the distribution of heating
(temperature fields) are demonstrated in all of these studies
using the windings with «arranged» direction of cooling
oil. Typically, this is achieved by means of so-called labyrinth
movement of oil in groups of horizontal ducts along winding
height separated by the guiding spacers. In the number of
studies [19, 20, 22, 23], it has been turned up that oil velocity
vectors can change oil direction in the case of natural
convection of oil in the windings with regular structure of
horizontal and vertical ducts. So, in the paper [19, 20]
«Analysis of flow pattern in the system of interconnected
ducts allows detecting of spontaneous zigzag flowing of oil
in groups, that directly affects the coil temperaturey. It should
be noted that in the certain experimental studies of such
nature of the velocity field is reported. The numerical studies
conducted by the authors of this paper have shown that
such results can be obtained by faulty settings of
computational process.

The above mentioned problem is to be focused on
creation of adequate mathematical model of oil flow in the

system of interconnected horizontal and vertical ducts of
the winding by means of invariant software. This issue was
especially considered in the study [17, 18]. The studies were
carried out using conventional winding models with limited
coil number (10, 3) placed in the thank with external SW. On
assumption as for laminar nature of oil flow it was determined
that in horizontal ducts oil flow makes a loop-like movement
with gradual increase of oil penetration depth to the coil
center as it flows from the bottom upwards along the vertical
ducts. Oil flow in the duct prompts the flow during formation
of Reyleigh-Bernard convection cells [25]. In [25] the effect
of destruction and detachment of oil boundary layer at the
area nearby the vertical surfaces of the coils is also noted,
which does not mean the beginning of turbulent (eddy)
motion of oil, but is caused by mixing of oil particles having
different temperatures. In both of mentioned studies [17,
18], there were no results as referred to straight-through oil
flow in the horizontal ducts. It is emphasized that numerical
studies were carried out using the winding fragments
consisting of limited number of coils.

But further in the studies [19, 20], during investigation
of complete integrated model of power transformer 140 MVA,
it was found in HV winding consisting of 156 coils that «in
horizontal and vertical ducts of the winding the steady-
state structures in the form of zigzag and/or loop-like oil
flow within the groups of horizontal ducts are created.» The
resulting numerical result is considered to be erroneous.

The relevance of the study is determined by the need to
creation of high-performance transformer equipment with
increased specific electromagnetic and thermal loads,
reliability of which is achieved also by means of heat transfer
intensification in the windings.

The purpose of the study is to ensure designing of full-
function and stable CFD-simulation procedure for integrated
thermal models of the transformers and the reactors, as well
as to receive of the approval of method quality and abilities
using the calculation examples of full-scale models of the
equipment, as well as autonomous models of coil-type
windings having various design versions of heat-transfer
intensification.

KEY ELEMENTS OF PROCEDURE

For the purpose of formation of mathematical models
and CFD-studies of oil-cooled transformer equipment the
following method basic elements (including the papers [16-
21], are presented as thesis).

1 Thermal processes in oil-cooled electrical devices in
the most complete formulation should be considered using
known Navier-Stokes equations of motion and continuity
of cooling liquid.

p(V-V)y ==V -(PI)+V-T+pg ,

%:u{(vmvﬂ)—év-ﬁf}, @
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V-(pv)=0, @
to be supplemented by energy-conservation equation
V-(-1ve)=0, -pC(¥-V8), 3)

where the following is designated: 6, p and y — fields of
temperatures, pressures and velocities of cooling medium,

QV(G) — apparent densities of heat sources, p(G), u(@),
C(6) and A(6) — oil density, its dynamic viscosity, heat
capacity and thermal conductivity, g — gravity vector, matrix
[ determines the direction of unit vector of selected
coordinates system.

2 Complex three-dimensional structure of core-type
transformer equipment is reduced to complex axisymmetrical
models in view of the fact that MSS cores, windings, insulating
cylinders nearby the windings and structure of yoke
insulation have the pronounced cylindrical symmetry.

3 Dimensions of cylindrical tank models are determined
based on the number of cooling oil in the tank of the device
under consideration. Heat dissipation of the tank into
ambient air is modeled by specified factors of heat transfer
from the horizontal and vertical surface, taking into account
the radiation and the convective heat exchange with air. In
cases of multi-phase designs the single-core thermal
structure is formed (with proportional release of active
losses).

4 The winding models do not consider the discrete
structure of vertical rods (or supports in the form of
«bridges») and horizontal spacers between the coils.

5 For qualitative (comparative) studies, for example, of
possible ways of intensification of heat transfer in the
windings, the models of autonomous models of the windings
or the coil groups with appropriate boundary conditions
are employed.

6 It is advisable to build up the special grid-scale models
based on the objectives of investigations and assumptions
of laminar or turbulent nature of oil flow.

7 To consider nonlinear properties of transformer oil, the
experimental data are used. [25]

8 For complex CFD-models of the transformer equipment,
two approaches to consider CS are approbated. The first
approach [16-20] lies in the fact that external CS is modeled
as the cylindrical element with appropriate volume of oil
that determines its dimensions as to design model. The
characteristic of heat removal known from engineering
calculations is specified for CS element [26]. The points of
CS connection to the tank correspond to actual design. The
width of the gap of CS design model branch pipes is
determined based on condition of equity of total flow
passage of the branch pipes in the model gap. As to the
second approach [21], the boundary conditions in the form
of velocity and temperature of inlet oil are specified. In both
approaches, the thermal parameters of CS and inlet oil are
determined by the appropriate calculation using the empirical
methods [6, 26].

9 At setting of heat sources, the losses in MS, structural
elements, windings and tank are assumed to be known
(constant), and could be estimated using the complex of re-
calculation [6] or best estimate calculations using FEA [27].

10 Both at calculation of equipment integrated models
and winding autonomous models, one of the key issues is
equivalenting of the parameters of complex discrete
structures of the winding coils due to the fact that number
of coils over winding height may be several hundred, and
number of elementary wires in each coil, for example, as
referred to CTC, could reach up to hundred wires.

The coils of transformer and reactor windings are wound
in radial direction using different types of conductors:
conventional conductors (CC), divided (DT) or transposed
(CTC) conductors. Elementary conductors can have enamel
or paper insulation, DT and CTC conductors have external
turn insulation. Two horizontal rows of elementary CTC
conductors are divided from each other by paper, cardboard
or fiberglass spacers. During numerical studies, the
mentioned complex discrete structure is presented as
homogeneous bodies with equivalent thermal conductivity
in horizontal and vertical directions.

Effective thermal conductivity leﬁ, of the material
(corresponds to the term «coefficient of thermal
conductivity») is estimated as the ratio of thickness L of the
material sample to its thermal resistance R and the area in
direction of heat flow /1S [28]:

oL
@ AS Ry )

The laws for estimation of total thermal resistance in
case of parallel and series connection of individual thermal
resistances similar for linear electric circuits are employed.
If heat flow is directed along the layers, A, should be
calculated in the same way as electrical conductivity of the
circuit with parallel resistance, in case of flow directed
perpendicularly to the layers — according to series circuit.

Resistance of the material based on estimation of effective
thermal conductivity:

Ry=_ L
T AS Ny ®)

For schematic contact between two bodies (Fig. 1),
calculation of effective thermal conductivity in the axial and
radial directions is analyzed.

In the axial direction z there is series connection of two
samples having thicknesses L, L, in direction of heat flow,
with the same section 4-B, when thermal conductivity of

each sample A;, A, is:
1 (L L
S 6
o A-B(xl Ay ©
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For schematic contact between two bodies (Fig. 1),
calculation of effective thermal conductivity in the axial and
radial directions is analyzed.

In the axial direction z there is series connection of two
samples having thicknesses L, L, in direction of heat flow,
with the same section 4'B, when thermal conductivity of

each sample A, A, is:

1 (L, L
Ry - (b, L) 6
T4 B(M 7»2] ©

Then, the effective thermal conductivity of the sample
having total thickness L, +L, and cross-section 4'B is:

}“Sejﬁ}; _ (Ll +L2)}"17“2 ) (7)
Ll7\’2 +L27\,1

e ~<_|

N N

' 1

| %

]

Z ~ !
; &

Fig. 1 — The model of thermal contact between two bodies

In the radial direction # there is parallel connection of
two samples having thickness B in the direction of heat
flow, with cross-sections proportional to lengths L , L

RPY _ B/A
eﬂ L17\.1 + L27\,2 : (8)

Then, the effective thermal conductivity of the sample
having the thickness B and total cross-section 4+(L,+L,) is:

Ll}\’l + Lz}\,z

Apar —
Ll + L2 : (9)

eff —

Obtained relationships allow estimation of the parameters
of anisotropic thermal conductivity depending on the
specific parameters of the coils and used conductors.

As an example, Fig. 2 shows the calculation results of
autonomous coils made of CTC, which ensure verification
of the present method of equivalent estimation of discrete
structure of coil conductors using anisotropic thermal
conductivity.

11 The experience of calculations has shown the
significance of quality settings of computational processes
which should ensure stable solutions of nonlinear systems
(1) — (3) and elimination of problem as to «spontaneous
zigzag oil flowing through the ducts groups» (without
labyrinth and alteration of number and locations of axial
cooling ducts) under conditions of natural cooling with
transformer oil. [19, 20, 22, 23]. The above mentioned problem
is to be focused on creation of adequate mathematical model
of oil flow in the system of interconnected horizontal and
vertical ducts of the winding by means of invariant software.

In the judgment of the authors the main method of
solution of the problem under consideration is application

Fig. 2 — Distribution of temperature field of DC coil in oil: at the top — with discrete conductor specification at the bottom — with
equivalent anisotropic conductivity
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of improved oil flow models if compared with standard
models. In particular, use of recommendations [29] related
to simulation of heat transfer in the ducts with intensifiers
by means of application of k-e, k-w models of turbulence
and wall functions separating the purely turbulent motion
zone which comply with logarithmic law, and the zone of
viscous sub-layers close to wall surface was found to be
reasonably effective.

After design experiments as to use of turbulence models,
for example, k-e with different wall functions, the desired
result was obtained for the scalable wall function (SWF).
The main idea of SWF is to restrict relative size of wall
viscous layer. This statement has showed impact-decreasing
effect of oil rate in the horizontal duct in regard to coil
heating. Effect of oil boundary layers detachment nearby
the vertical surface of the coils is observed [25]. Presence of
insignificant areas of stagnant oil in the ducts does not
cause coil overheating; zigzag oil flow along the groups of
winding ducts is eliminated. Moreover, distribution of
maximum and average temperature rise of the coils over the
height becomes almost linear, that is in line with experimental
studies [2].

CALCULATION EXAMPLES
INTEGRATED CFD-MODELS
TRANSFORMERS AND REACTORS

OF
OF

As an example, Fig. 3 shows the sketch of the design
model of one of the cores (phase) of of furnace transformer
EOCNK -45000/34.5.

Core losses in the magnetic system, the coils of internal
EW winding, the external LV2 winding and in the tank have
been estimated using appropriate calculations for the
transformer under consideration. The special element which
simulates CS heat transfer is included into the model. The
positions of oil inlet and outlet from the tank into the CS
represent the actual condition; at the area of inlet into the
tank an additional oil head is specified to simulate forced oil
circulation in the system due to installed pumps.

The geometry of the transformer model and calculation
results are shown in Fig. 4.

As the results of calculation during steady-state thermal
mode the following is determined: distribution of oil
temperature in the active part, including the winding fields,
temperature field between the tank and the windings, the
temperature at the points of oil outlet from the tank (top)
and oil inlet into the tank (bottom); distribution of average
temperatures over the section of the winding coils; the
average temperatures of the windings as averaging of the
temperatures in the coils, maximum temperature on the
surface of the conductors of the most heated coil treated as
HST during estimation of aging of insulation in contact.

Application of temperature fields of coils and oil in the
winding allows compliance with the requirements of IEC
60076-7 standard [30] as for estimation of HST temperature
rise above oil temperature in the windings directly, but not
in simplified way [1-6] — by calculation or based on
measured temperatures in central and top parts of the tank.

Measurement results obtained during testing including
those of fiber optic sensors at the area of upper winding
coils, correspond to calculation data with appropriate
accuracy.

e
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Fig. 3 — Sketch of CFD-model of the transformer: 1 — MS core; 2 - tank, 3 — CS; 4 — common pressing ring made of electric cardboard,
5 — top yoke insulation, 6 — cylinders of the main insulation, 7 — bottom yoke insulation, 8 — lower support segment from of electric
cardboard
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Under similar assumptions, CFD-model of the reactor
type ROM-80000/765 is considered (system of natural air
cooling ONAN) — Fig. 5. In contrast to the CFD-model of
the transformer, the reactor model has external CS with
boundary conditions at area of oil inlet into the tank.

The model takes into account the core of discrete discs,
the tie rod, the vertical cardboard cylinders of the main
insulation, the elements of upper and lower yoke insulation,
the common pressing ring made of electric cardboard. The
reactor winding is represented by four concenters separated
by axial ducts with «bridge» -type spacers. The geometry
of the reactor and the temperature field model are shown in
Fig. 5a.

The mentioned Figure should be provided with further
clarifications. The tie rod located inside the core has a
complex, but not cylindrical shape, which does not allow

a) b)

Fig. 4 — CFD-model of the transformer EOCNK - 45000/34.5:
a) — temperature fields, b) — velocity fields

proper heating based on specified losses, so it is omitted in
the geometry of design model, and oil duct between the rod
and the internal surface of the core corresponds to the actual
condition.

Oil velocity field in the tank and the active part of the
reactor is shown in Fig. 5b.

The enlarged fragment of the reactor upper is shown in
Fig. 6.

Detailed analysis of temperature fields and rates of
cooling oil over entire height of EW internal winding, in LV2
external winding of the transformer, as well as in winding of
the reactor, including the fragment of its upper part, is the
evidence of achieving the quality simulation of heat transfer
in both integrated models of the equipment and also as
referred to the effectiveness of applied mathematical CFD-
simulation techniques. Oil movement in the windings has
no numerical effects of cross-through flow of oil.

Type testing of the rector has also confirmed the
appropriate compliance of calculation with measurements
of oil temperature in the tank, average winding temperature
and HST of winding

a) b)

Fig. 5 — CFD-model of the reactor ROM-80000/765:
a) — temperature field, b) — velocity field
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CALCULATION EXAMPLES CFD-MODELS OF
AUTONOMOUS WINDING

Calculation of temperature rises of common winding
(CW) with labyrinth (with the partitions) and of series
winding (SW) with «alternation» of number and locations
of axial cooling ducts of autotransformer rated for capacity
83.3 MVA s investigated as an examples of CFD-models of
autonomous windings. Both methods of heat transfer
improvement are well-known, employed for production of
power transformers and reactors, and represented in the
industrial procedures [1-6] with application of «overheating
empirical method.» However, empirical methods do not allow
estimation of HST of the coils with required accuracy, and
this is the task of CFD-calculations.

CW winding has been simulated as autonomous group
of upper coils. At the right and the left (along the coil ends)
the model is limited by vertical insulation cylinders, on the
top — by pressing rings, at the bottom the section is made at
the center of height of lower coil model. Dimensions of the
coils, vertical and horizontal cooling ducts correspond to
design sizes; the geometry of the coils has simplified
(rectangular) shape; filling the coil with the conductors is
considered in specified thermal properties of the coils. Upper
top coils generate the upper passage of labyrinth oil
movement. Labyrinth oil flow is formed by means of
horizontal partitions arranged in external vertical cooling
duct above coil 1 and below coil 8.

Oil temperature at inlet to the bottom planes of vertical
cooling ducts of the model is determined based on method
[26]. Oil velocity in the lower ducts of the model is assumed
from known assumption that oil consumption is proportional
to the winding losses.

Calculation results are shown in Fig. 7. It has been
determined that the maximum HST was in the fourth top
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coil. Its absolute temperature makes up 94,4°C, which is
appropriate at ambient temperature 20°C due to permissible
value 78 K of HST temperature rise above ambient
temperature.

Obtained result is explained as follows. To top three coils
of upper path of the labyrinth the higher horizontal ducts
are adjacent than those adjacent to the coils 4-8. Increased
oil rates in these ducts are characterized by reduced hydraulic
resistance of oil, as well as by forced acceleration of oil rate
due to oil labyrinth flow — Fig. 7b. The factors mentioned, as
well as uneven losses in the coils caused by eddy currents in
the coil conductors due to axial and radial components of
magnetic induction have formed the conditions under which
the coil 4 is the most heated one. Labyrinth oil flow has an
effect both on both the uneven temperature field of oil,
conductors of the coils — Fig. 7a, and also on oil rate field in
vertical and horizontal ducts — Fig. 7b.

SW winding with alteration of number and locations of
axial cooling ducts was studied using the same approach —
Fig. 8. The coil pairs with small horizontal duct between
them are arranged along the winding height. In the top coil
of each pair there are two internal axial ducts; in the bottom
coil — one duct. Such arrangement of axial ducts provide the
conditions similar to labyrinth oil flow. This causes increase
of oil rate both in said internal axial ducts and in adjacent
areas of horizontal ducts — Fig. 8b, due to unevenness of
additional losses in the coils, both over coil height (maximum
losses occur in the conductors of the first coil) and in
different groups of the conductors along radial dimension
of each coil. These factors create the conditions of uneven
temperature field in the coils and within the surrounding oil
— Fig. 8a. These factors create the conditions of uneven
temperature field in the coils and within the surrounding oil
—Fig. 8a. HST of upper coils makes up 94,7°C.
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Fig. 6 — Fragment of CFD-model of the reactor ROM-80000/765: a) temperature field, °C; b) oil velocity field, m/s
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b)
Fig. 7 — Model of upper part of CW winding with «labyrinth»: a) temperature field, °C; b) oil velocity field, m/s
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a) b)
Fig. 8 — SW having «alternate arrangement» of vertical ducts: a) temperature field, °C; b) oil velocity field, m/s
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Medium voltage windings (MVW) having nine coils of
upper passage of «labyrinthy», and low voltage windings
(LV) with additional vertical duct at upper four coils of the
transformer also rated for 83.3 MVA have been estimated.
The results are shown in Fig. 9 and 10.

It has been determined that in MV winding with
«labyrinth», the most heated coils are the first, the third and
the fourth (from the top) having the same HST temperature
93,7°C.

Upper coils in LV winding have rather low heating, it makes
up 94,9°C in the sixth coil, and 96,7°C in the seventh coil.

Labyrinth oil flow in MV winding and presence of
additional axial ducts at upper four coils of LV winding create
uneven temperature and rate (velocity) fields similarly to
winding structures shown in Fig. 7, 8, and this determines
specific location of windings’ HST and their temperature
values. It should be noted that it would be problematic to
determine with required accuracy the locations and HST
temperatures using presented calculation examples of CFD-
models of autonomous windings by means of empirical
procedures [1-6].

The obtained results have confirmed the reduction of
HST heating and average winding temperature rises at the
expense of adopted methods of heat transfer improvement,

and are used to justify the locations of installation of fiber
optic sensors for the measurement both during transformer
type testing and within operation.

CONCLUSION

Complex CFD-models of oil-cooled transformers
equipment using magnetic systems, main structural
elements, windings, tanks and external cooling systems and
external cooling systems have been developed, the results
of which are employed in practice of industrial designing
and testing of the equipment.

The study ensures quality simulation of heat and mass
transfer in integrated models of the transformer equipment
that is the evidence of the effectiveness of applied
mathematical methods as regard to CFD-simulation.

For the conditions of natural oil flow, recommendation is
given as to application of turbulence models, for example, k-
e with scalable wall function (SWF). This statement has
showed impact-decreasing effect of oil rate in horizontal
duct in regard to coil heating. Effect of oil boundary layers
detachment nearby the vertical surface of the coils is
observed. Presence of insignificant areas of stagnant oil in
the ducts does not cause coil overheating; zigzag oil flow
along the groups of winding ducts is eliminated.
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Fig. 9 — Model of MV winding with «labyrinth»: a) temperature field, °C; b) oil velocity field, m/s
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Calculation examples using autonomous CFD-models of

windings with different method of heat transfer improvement
by means of specific design solutions: «labyrinth» oil flow,
alternate arrangement and introduction of additional vertical
ducts along the coil width, represents the possibility of
improved estimation of hot spot temperatures of the
windings, and validation of the points to be used for
measurement of local temperatures using fiber optic sensors.
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30

a maKolc A8MOHOMHUX MOOenell KOMYWKOBUX 0OMOMOK 3 PI3HUMU KOHCMPYKMUSHUMU cnocobamu inmencu@ikayii
MenioooMiny.

Memoou docnioxncens. Buxopucmanuii CFD-memoo (Computational Fluid Dynamics) mamemamuunozo mooento-
6aHHA HENIHIHUX npoyecis 2iOpOOUHaMIKU I Meni100OMIHY 8 MPAHCHOPMAMOPHOMY 0ONAOHAHHI 3 3ACMOCYBAHHAM
cucmem CKiH4EHO-e1eMEeHMHO20 AHATI3Y.

Ompumani pezynomamu. [Ipeocmagneni ocHo6HI enemenmu MemoouKu opmysanns mamemamuyHux mooenei i
npuxnaou CFD-po3paxynkie ocecumempuynux KOMRAeKCHUX Mooernell nepemsopiosaIbHO20 mpancghopmamopa i wyH-
MYBANLHOCO PeAKMOPA 3 NPOMINCKAMU 8 CIMPUICHI MACHIMHOT cucCmeMu, a maxodic mooeneil 06MOMOK 3 KOHCMPYK-
MUBHUMU cnocobamu iHmencu@ikayii men100OMIiHy 3a paxyHok «1abipunmyy (nepe2opoook) ma «noYepelcHOCmi
(4ucna ma micys) 0CbOBUX OXONOOHUX KAHAIS.

Haykosa nosusna. Haykoea yinnicme 8UKOpUCMAHO20 MEMOOON02IUHO20 NIOXOOY NONASAE 8 MOMY, U0 PO3POOLEH]
MoOeni € KOMRAEKCHUMU, MOOMO 8pAX08YI0Mb 2eoMempilo, 8mpamu, Mmeniogi napamempu He mintbKu 0OMomox, a u
OCHOBHUX eNleMeHmi@ KOHCmPYKyii i cucmemu oxonooxcenns. Haykogoio nosusznoio pobomu € 0ocsaeuents agmopamu
Ne6HUM AKICHUM HANAUWIMYBAHHS 0OYUCTIOBATLHO20 NPOYeCy CMAN020 piuleHHs 3acobamu iHeapianHmHoi cucmemu u-
cenbHo20 MoOentosanis neainiinux pienans Hae’e-Cmoxca. Lle 3abe3newuno axicms i mounicms MoOenNO8aHHs NPo-
yecie menioMaconepenocy 6 CKAaoHiti Cmpykmypi MACIAHUX KAHAAI8 I KOMYWOK 8 00MOMKAX, 00360AUN0 YHUKHYMU
OMPUMAHO20 8 0eSIKUX OOCHIONHCEHHAX NOMUTKOBO20 «3UT3ATON0O0IOHO20%» PYXY MACLA NO SPYNAX Pe2YIAPHUX CIPYKIMYD
Komywox (be3 nabipunmy i 6e3 «noUepesCHOCMIy YUCAa Ma MICYb OCbOBUX KAHAIB) 3d YMOB NPUPOOHO20 OXON0O0ICEHHS
MpanchoOpmMamopHumM Maciom.

Ilpakmuuna 3nauumicme. Komnnexcri mooeni 3abe3neuyioms po3paxyHox po3nooiny memnepamyp Macid @ ax-
MUBHIL HACMUHUY, BKTIOYAIOYY 001aCmi 0OMOMOK, Noje MeMnepamyp Macia mixc 6aKxom i 0OMomKamu, memnepamypu
6 micysx euxody macia 3 baxa (8epx) i 6xo0y 6 bax (nu3). Pospaxynxu 0o3eonsiioms usHauumu po3nooin cepeoHix
memnepamyp no nepemumy KOmyuiox 00Momox, cepeoHi memnepamypu 00MOmMOK WIAXOM YcepeOHeHHs MeMnepamyp
8 KOMYUIKAX, BU3HAYEHHS MICYS] | MAKCUMATLHY MeMNepamypy Ha No8epxHi NPoGiOHUKIE HAOLTbW HAZPIMOT KOMYWKU.
Ocmanmi, aKi maymauamscs Ax memnepamypu nauobinow nacpimoi mouku (HHT) o6momoxk, suxopucmogylomscs npu
oyinyi cmapinnsa 0omopknoi izonayii. Busnavenns micyv i memnepamyp HHT 06mMomok euxopucmosyiomscs oisl
06IPYHMYBAHHSA MICYSI YCMAHOBKU ONMOBOIOKOHHUX OAMUUKIE 01 BUMIDI6 NPpU MUNO0BUX BUNPOOYSAHHAX | 8 eKCHIYAMa-
yitinux cucmemax monimopunzy obnaonanus. Ilpedcmasneni pesyrsmamu 3acmoco8ani 8 npakmuyi NPOMUcI08020
NPOEKmy6anHts i 6UNPoOy8aAHHs MPaAncHoOpMamopie i peakmopie.

Kniouogi cnosa: mpancghopmamopu, mennomaconepenoc, CFD-mooeniogannsi.

WBanxos B. @.!, Bacosa A. B.2

'Kanz. TexH. Hayk, HauajpHHK Oropo ITAO «3anopoxrpanchopmaropy, YkparnHa

“Benyuiuit nmxenep-kouctpykrop ITAO «3anopoxrpancdopmarop», YkpanHa

PACYET TEILIOBBIX CFD-MOJIEJIEI TPAHC®OPMATOPHOTI'O OBOPYIOBAHUS C MACJISTHBIM
OXJIA’KJTEHUEM

Llens pabomui 3axniouaemcs 6 0becneyeHuu pactemno20 NPOeKmMupo8anUs NOTHOPYHKYUOHATLHOU U YCINOUHUBOU
6 guruucaumenviom npoyecce CFD-memoouxoii mooenuposanus KOMNIEKCHbIX Menaioeslx mMooeneli mpanchopmamo-
PO8 U peakmopos, a maxaice 8 anpodayuu ee KA4ecmad u 603MOACHOCHEN HA NPUMEPAX PACYEOo8 HAMYPHBIX 00paA3|086
060py006anus, a MaKdice ABMOHOMHBIX MOOeell KAMYUEeUHbIX 00MOMOK C pA3TUYHBIMU KOHCIPYKIMUBHBIMU CROCOOA-
MU uHmencugurayuu menioooMmena.

Memoowt uccnedosanuit. Hcnonvsosan CFD-memoo (Computational Fluid Dynamics) mamemamuuecko2o mode-
JUPOBAHUSL HENUHETIHBIX NPOYECCO8 CUOPOOUHAMUKU U MenT1000Mena 6 mpancghopmamopHom 060py0osanuuy ¢ npume-
HeHUueM CUCmeM KOHeYHO-D1eMEeHMHO20 AHANU3A.

Ilonyuennsie pezynomamet. Ilpedcmagienst OCHOGHbIE dNEeMEHMbL MEMOOUKU POPMUPOBAHUL MATNEMATNUYECKUX
mooeneii u npumepvr CFD-pacuemos ocecummempuynblx KOMRAEKCHIX MOOeLell NeYHO20 MPAHCHOPMAmopa u uiyH-
mupyioue2o peakmopa ¢ 3a30pamu 8 CIMepIICHe MASHUMHOU CUCIeMbl, d MaKice Mooeneli 0OMOMOK ¢ KOHCMPYKMUG-
HbIMU CROCODAMU UHMEHCUDUKAYUY MENT00OMeRA 3a cuem «1abupunmay (nepe2opooiox) u ¢ «4epedo8anuem» (Hucia
U Mecm) 0cegblx 0XAaxHcoaroujell KaHaIos.

Hayunas nosusna. Hayunaa yennocmo uUCnonb308aHH020 MEMOOON02UHECKO20 NOOX00A 3AKTIOUAEMCs 8 MOM,
umo paspabomanmvie MOOeIU AGIAIOMCA KOMNAEKCHLIMU, MO €CMb YHUMbIBAION 2e0Mempuio, nomepu, meniosvle
napamempul He MOALKO 0OMOMOK, HO U OCHOBHBIX DEMEHMO8 KOHCIMPYKYUU U cucmembl oxaadxcoenus. Hayunou nosus-
HOUl pabomul A675eMCst OOCMUdICeHUe A8MOPamMu ONPeOeleHHbIMU KaueCmEeHHbIMU HACMPOUKAMU BbIYUCTUMETbHO20
npoyecca ycmouuu8o20 peuleHus cpeocmeamu UHGAPUAHMHOU CUCTEMbl YUCTEHHO20 MOOTUPOBAHUS HETUHEIHbIX
ypasnenuii Hagve-Cmorxca. 9mo obecneuuno kayecmeo u mo4HoCms MOOEIUPOBAHUs NPOYECCO8 MENIOMACCONEPEHOCd
8 CIOJICHOTL CIPYKMYPe MACTAHBIX KAHANO08 U KAMYuleK 8 00MOMKAxX, NO380IUN0 U30edHCamsb NOYHEHHO20 8 HEKOMOPbIX
UCCTIEO0B8ANUSAX TIOAHCHO20 «3U23A2000PA3HO20%» OBUIICEHUs MACAA NO SPYRNAM Pe2YIAPHbIX CIPYKmyp Kamyuex (6e3
nabupunma u He3 «4eped0BanUsLy YUCIA U MeCnl 0CebIX KAHAL08) NPU YCI0BUAX eCINEeCEEHHO20 OXANUCOeHUS. MPAHC-
@opmamopubiM MAcIOM.

Ilpakmuueckaa 3navumocms. Komniexcnoie mooenu obecneyusarom paciem pacnpeoeneHnis memnepamyp Macia
8 AKMUBHOU YaACMU, 6KII0YAs 00AACMU 0OMOMOK, NOJe MeMnepamyp MAcia mMexcoy bakom u 06Momxamu, memnepa-
Mypbl 8 MeCmax 6bix00a macia u3 baxa (6epx) u 6xooa 8 bax (Hu3). Pacuemul no3gousitom onpedenums pacnpeoesenue
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CPeOHUX meMnepanmyp no ce4eHulo Kamyuex 00Momok, cpeoHue memnepanypbl 0OMOmMoK nymem ycpeoHeHus memne-
pamyp 8 Kamywikax, onpeoeierue Mecma u MakCUMAaibHol memMnepamypy Ha No8epxXHOCmU NPo8ooOHUK08 Hauboiee
Hazpemoti kamywiku. Ilocreonue, mpaxmyemvie Kax memnepamypsi Haubonee nacpemoi mouxu (HHT) obmomok,
UCNONL3YIOMCSA NPU OYeHKe cmapeHus conpukacaioweticss uzonayuu. Onpedenenue mecm u memnepamyp HHT obmo-
MOK UCRONIL3YIOMCA Ol 000CHOBAHUA MECA YCIMAHOBKU ONIMOBOIOKOHHBIX OAMYUKO8 05l USMEPEHUT NPU MUNOBbIX
UCHLIMAHUAX U 8 DKCHIYAMAYUOHHBIX CUCEMAX MOHUMOpuHea 06opydosanus. [Ipedcmasnentvle pe3yiomamsl npume-
HeHbl 8 NPAKMUKE NPOMbIULTIEHHO20 NPOEKMUPOBAHUS U UCHLIMAHUSL MPAHCHOPMAMOPO8 U PEAKMOPOS.
Knrouesvie cnosa: mpancopmamopul, mennomacconepenoc, CFD-moderuposanue.
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