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This study’s object is the aerodynamic
characteristics of the compressor diffusers in
hydrogen-cooled turbogenerators.

This paper reports a solution to the
task of improving the efficiency of a cool-
ing system discharge unit. This issue relates
to enabling the necessary gas consump-
tion while reducing the number of diffuser
blades. The problem was solved by introduc-
ing a seal with improved technological con-
trol capabilities and step-by-step optimiza-
tion of the diffuser flow part.

Another issue is the thermal loads on the
power components of the diffuser unit due
to the action of circulating currents and tem-
perature gradients. The problem was solved
by introducing dielectric and non-magnet-
ic elements into the structure, by additional
finning and multi-component design for the
diffuser strength circuits.

The main result is the designed
multi-component diffuser structure with a
number of blades of 20 while enabling a
head of Hy, = 978 mm H0. The adopted duct
opening angle was 20°. Other necessary geo-
metric parameters were determined. The
introduction of a multilayer seal made it
possible to reduce the gap between the impel-
ler and the diffuser to 0.9 mm. The proposed
design was tested on the bench at a manu-
facturing enterprise.

The results of the study are attributed to
the use of non-magnetic and dielectric mate-
rials (AISI 321 steel and fiberglass), as well
as the introduction of additional strength
decoupling elements.

A special feature of the proposed method
is the application of mathematical models
based on the basic equations of gas dynam-
ics, taking into account the composition
principles of engineering alloys and synthet-
ic materials. This could be achieved via a
step-by-step optimization of the design.

The proposed structure could be imple-
mented when designing and modernizing
hydrogen-cooled turbogenerators
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1. Introduction

turbogenerator failures, which almost always leads to long

Enabling trouble-free operation of turbogenerators re-
mains a problem that has not yet been fully resolved through-
out the entire period of operation of electric machines. The
reliability of a turbogenerator is significantly affected by the
trouble-free operation of its cooling system [1-3]. Insufficient
efficiency and reliability of the cooling system can cause

downtimes and high repair costs [4, 5].

When designing any electric machine, it is necessary
to comply with strict requirements stipulated by regulatory
documents regulating the thermal state of active and struc-
tural parts. The decisive influence in this is the choice of the
cooling system and, above all, the type of pressure or exhaust
elements (axial or centrifugal fans). Enabling a given cooling




gas flow rate Q for a given geometry of the cooling channels,
i.e., with constant hydraulic head Z = const, requires the
corresponding fan pressure H = Z - Q2. One way to increase
pressure H is to convert part of the dynamic pressure after
the impeller into static pressure. This transformation can be
obtained in a diffuser located behind the impeller. With ap-
propriate geometric parameters characterizing its flow part,
the diffuser also significantly contributes to increasing the
aerodynamic efficiency of the compressor as a whole.

One of the most important geometric parameters of the
compressor is the diameter, shape, and number of blades
in the blade diffuser, as well as their installation angles.
It should be noted that a violation of any of the geometric
parameters, leading to a deviation from its close to optimal
value, could lead to serious consequences. Namely, to a
violation of the flow structure, the occurrence of reverse
flows in the channel, which would lead to a decrease in the
aerodynamic parameters of the compressor (static pressure,
efficiency, etc.). The result is a decrease in the performance of
the centrifugal compressor and the associated deterioration
of the thermal state of the generator.

Devising a new method for designing diffusers using
mathematical models based on the basic equations of gas
dynamics with step-by-step optimization will make it possi-
ble to determine the optimal parameters of their structure.
Step-by-step optimization will be carried out by changing the
angle of attack of the compressor wheel blades.

The main structural elements of the discharge unit are
the diffuser units, shield mounts, and seals. The introduction
of structures made of non-magnetic and dielectric materials
into structural power components will reduce the impact of
circulating currents on the magnetic elements of the turbo-
generator located in the compressor area while maintaining
the reliability of the structure.

Therefore, studies aimed at designing an improved struc-
ture of the compressor diffuser in high-power turbogenera-
tors, which could simultaneously ensure reliable operation,
high efficiency due to reduced heat losses, as well as ease of
maintenance, are relevant.

2. Literature review and problem statement

One of the possible ways to improve the efficiency of a
multi-component diffuser is to change its flow part. At the
same time, for existing diffuser structures, one should strive
to reduce the number of blades in order to reduce aerody-
namic resistance. The introduction of an excess number of
blades into the design was dictated not by aerodynamic prin-
ciples but by the need to enable the required structural rigid-
ity to reduce deformations under thermal non-uniform loads.

Works [6, 7] describe methods for designing new struc-
tures of compressors, diffusers, and their elements. It is
shown that it is currently possible to switch to profile grilles
with a reduced number of blades. The advantage of these pa-
pers is the detailed study of all components and the coordina-
tion of their pressure characteristics with the general system
in which they operate. However, in the case of turbogenera-
tors, it is additionally necessary to ensure the safe operation
of pressure vessels. Therefore, along with the optimization of
aerodynamic parameters, confirmation of guaranteed suffi-
cient reserves for thermal load and mechanical strength is a
necessary condition.

The disadvantages of those studies are the lack of experi-
mental data for specific types of diffuser designs for high and
medium-power turbogenerators. The reason for this is the
lack of sufficiently large series of turbogenerators of similar
capacities with the necessary structure.

The main challenges associated with improving the effi-
ciency of the cooling system can be solved by designing new
diffuser structures with a reduced number of blades with the
accompanying redesign of the flow part. Currently, the dom-
inant methods for researching structural solutions are CFD
methods [8, 9]. Their disadvantage is that in order to obtain
reliable results, it is necessary to set boundary conditions at
sufficiently high accuracy. The reason why this is difficult to
achieve is the factor that different diffuser designs are used
for the same compressor structure, which leads to a spread
of more than 10% for its operating points. Accordingly, all
channels of the flow part must be regulated directly for each
individual instance of the turbogenerator.

In [10], the influence of the profile of the subslot channel
along the length of the rotor on the distribution of air speeds
in the radial channels and the efficiency of heat transfer in the
turbogenerator was investigated. In [11], the dependence of the
change in the compressor performance for hydrogen transpor-
tation was determined. The disadvantage is that the findings
cannot be fully applied due to the lack of consideration of
specific parameters of the main working fluid of the turbo-
generator cooling system (hydrogen with the specified purity).

In [12], an improved Taher-Evans cubic polynomial (TE-CP)
method for calculating the polytropic characteristics of centrifu-
gal compressors is presented. The emergence of significant dif-
ferences between the results when using different equations of
state is shown. Recommendations are given for using the same
equation of state throughout the entire time scale of the project
to avoid potential discrepancies. The advantage of this method
is the high accuracy of calculating the polytropic efficiency of a
real gas centrifugal compressor using the temperature-entropy
cubic polynomial path function. However, the algorithms used
cannot be implemented for a turbogenerator because of the lack
of parameters for pressure losses due to the geometry of the
main components.

Methods for calculating real gases for centrifugal com-
pressors are reported in [13,14]. They include the use of
several different polytropic path equations, as well as several
numerical integration methods. In [14], operational test data
for centrifugal compressors are additionally given.

The disadvantage of papers [13, 14] is that no research
was conducted for the case of increasing the pressure to the
required value using hydrogen as a working fluid. Without
additional research, these solutions cannot be extended to
turbogenerators operating with an excess hydrogen pressure
of 0.2...0.3 MPa. The reason is the need to use already fully
assembled turbogenerators with different diffuser config-
urations to conduct this type of tests. For many existing
turbogenerator designs, one of the current problems is the
issue of circulating currents. This problem arises due to the
presence of powerful magnetic fluxes created by the inter-
action of the electromagnetic field of the rotor and stator. It
becomes especially relevant for hydrogen-cooled turbogene-
rators with compressor diffusers made of magnetic materi-
als. The reason for its occurrence is eddy currents induced
when an alternating magnetic field (from the rotor during
its rotation) crosses the diffuser array. This phenomenon is
especially pronounced if the diffuser is closed in the current



circuit (stator housing - diffuser shields through bolts or
welded joints — guide vanes and inner walls of the diffuser).
The consequences of the action of circulating currents are
local heating (especially at the edges and corners), increased
thermal loads, and overheating of the insulation of the front
parts near the diffuser, energy losses as a result of an increase
in the temperature of hydrogen.

Another issue is the uneven thermal expansion of the
elements of the diffuser structure of the turbogenerator com-
pressor. This unevenness is caused by the action of circulat-
ing currents, blowing the diffuser with gas flows of different
temperatures, the proximity of the diffuser to other heated
elements (windings, stator core, etc.).

It is also necessary to consider the problem that arises
when using connections of different materials in the struc-
ture of the diffuser assembly. Its cause is that different mate-
rials have different coefficients of linear expansion.

These two issues lead to uneven loading on welded joints
and fastening elements due to temperature gradients. The
consequences can be loss of geometry and deterioration of
gas dynamics caused by deformation of the diffuser, violation
of fastenings and tightness, fatigue damage during multiple
starts/stops. The possibility of these damages makes it neces-
sary to provide excess safety margins by increasing the mass
and dimensions.

In work [15], the main types of turbogenerator designs
are described. When designing new elements for these struc-
tures and upgrading existing ones, options for replacing the
materials of the elements with non-magnetic and synthetic
ones are presented. In [16], a program for calculating the per-
formance of a centrifugal compressor is given, based on the
method of running consumption over time.

The disadvantage of studies [15, 16] is the lack of a prin-
ciple of criterion-based improvement of individual compo-
nents due to the small standard sizes of the components, for
which thermal deformations are not the dominant factor of
the force solution. The reason is that modern research on
the introduction of new materials into the design is mainly
carried out in the field of alternative energy, the generating
capacities of which are relatively small (compared to turbo-
generators). However, the application of these technological
advancements in classical energy requires adaptation of the
proposed solutions. As an example of the design features of
high-power turbogenerators, significant temperature stresses
and uneven loads on welded joints and fastening elements
due to temperature gradients can be noted.

Summarizing the above, as well as taking into account
the content of works [7, 11, 13], which elaborate in detail the
methods for modernizing injection systems, the following
conclusion can be drawn.

High-power turbogenerators may switch to more effi-
cient cooling systems by modernizing the structure of guide
devices and multi-component diffusers. But the problem is
the lack of methods for determining the optimal geometry of
diffusers, the design of which uses modern synthetic mate-
rials, while enabling the specified aerodynamic parameters
for high-power turbogenerators with hydrogen cooling. This
is due to the fact that there is currently no regulatory frame-
work for the use of these materials for such units. There is
also no algorithm for calculating multi-component diffusers
that combines the use of theoretical and experimental data
and effectively takes into account the complex mutual in-
fluence of the set of parameters on which the aerodynamic
characteristics depend, with their step-by-step adjustment.

3. The aim and objectives of the study

The aim of our research is to devise a new method for
designing diffusers using mathematical models based on
the basic equations of gas dynamics, taking into account the
principles of composition of engineering alloys and synthetic
materials, with step-by-step optimization of the structure.
This will make it possible to improve the efficiency of the
design of the discharge unit by reducing aerodynamic resis-
tance along the flow part, the mass of the unit itself, and the
effect of thermal factors due to the reduction of circulating
currents.

To achieve the goal, the following tasks were set:

- to conduct a study on the dependence of efficiency of the
compressor diffuser structure on the geometric parameters of
the flow part and the number of blades;

- to design a structure of a multi-component diffuser with
a minimum number of blades, which enables the required
gas flow;

- to design the structure and manufacturing technology
for the compressor diffuser power belt, which makes it possi-
ble to reduce the phenomenon of non-uniform deformations
caused by thermal expansions and significantly reduce the
phenomenon of circulating currents.

4. The study materials and methods

The object of our study is the aerodynamic characteristics
of diffusers in high-power hydrogen-cooled turbogenerator
compressors. The principal scientific hypothesis assumes
that the diffuser circuit is a closed system. The head charac-
teristic of the fan is used as the initial parameter. The output
parameters are the aerodynamic resistances of the turbogen-
erator cooling system. It is required to provide the required
vector and level of cooling gas speeds by profiling the work-
ing part of the diffuser.

The purpose of our study is to lighten the structure while
maintaining its mechanical rigidity and introducing non-me-
tallic elements to ensure a significant reduction in the influ-
ence of circulating currents.

To scientifically substantiate the effectiveness of the pro-
posed diffuser design, a number of studies were conducted
at different angles of attack and with different numbers of
blades using several methods. At the same time, a study on
the sensitivity of the air gap of the seal was conducted. Mini-
mizing the gap inside the seal makes it possible to guarantee
the absence of hydrogen leaks and provides normal aerody-
namic characteristics.

The experimental method involved conducting measure-
ments on operating samples of TGV series turbogenerators
with a capacity of 200 MW and 325 MW.

In the experimental study, correlation analysis was used,
which determined the convergence of temperature changes
for the gas cooler - turbogenerator ventilation duct system -
diffuser. Due to the coincidence of the temperature gradient,
the convergence parameter of the general three-dimensional
calculation was achieved.

The experiments were carried out on turbogenerators
operating under rated load and at nominal pressure of hy-
drogen of a certain purity. Diffusers on different samples of
turbogenerators had different numbers and angles of blade
installation, as well as, accordingly, different geometry of the
shape of the blades and inter-blade channels.



The second method of our
study was three-dimension-
al modeling using the CFD
method. As a simplification, a
separate calculation of the dif-
fuser was performed: the head
characteristics of the fan and
the characteristics of pressure
loss in the turbogenerator ven-
tilation system were specified,
which were obtained from ana-
lytical calculations.

The disadvantage of the
typical diffuser design is its ex-
cessive rigidity. With a signifi-
cant temperature difference, it

leads to incorrect operation of
the seals due to uneven rigidity
of the structure. This, in turn,
causes uneven deformations
and, as a result, displacement
of the seals. The classical solu-
tion from engineering mechan-
ics cannot be applied in this
case since a decrease in the
rigidity of the main elements
of the diffuser structure leads
to deformations caused by the
difference in hydrogen pressure
inside and outside the circuit.
When designing the pro-
posed structure, a method of
composition of metal and di-
electric materials was used;
they have significantly differ-
ent coefficients of thermal expansion. At the same time, the
fastening of these elements was provided by stainless steel
bolts and the additional inclusion of insulating sleeves in the
structure, which make it possible to damp mechanical loads.
To confirm the operability of the designed structure, a
gas-dynamic calculation was performed based on existing
methods [8,9]. The results of the calculation were correlated
with full-scale tests at a manufacturing company’s test benches.

5. Results of research into the proposed structure of
the compressor diffuser in a turbogenerator

5.1. Research into the efficiency of compressor dif-
fuser design when changing its parameters

Our study aims to determine the optimal parameters for
the structure of a compressor diffuser in a turbogenerator
with a capacity of 325 MW manufactured by JSC “Ukrainian
Energy Machines”, which could make it possible to improve
its efficiency. The study is based on the criteria for optimizing
the flow part and choosing the number of blades.

The general view of the compressor diffuser in the turbo-
generator TGV-325 is shown in Fig. 1.

When considering the issue of changing the number of
diffuser blades (z4;p) in the TGV-325 turbogenerator, it should
be borne in mind that the currently available centrifugal
compressor structure has been tested by long-term operating
experience. It has proven efficient at many thermal power
plants under various climatic conditions.

Fig. 1. Diagram of a compressor diffuser in the TGV-325 turbogenerator

The results of our research were obtained through a
three-dimensional CFD simulation in the SolidWorks Simu-
lation Flow software package, as well as from field studies on
a compressor sample at n = 3000 rpm for diffusers:

- with a different number of blades (zq; = 28...56);

- in a wide range of installation angles (a3 = 5...24°);

- with values of the radial gap between the impeller and
the diffuser (§ = 0.9...2.5 mm).

To obtain a qualitative picture of the influence of the geo-
metric parameters of the diffuser, experimental data obtained
on a full-scale model of a centrifugal compressor of the TGV-200
turbogenerator with a capacity of 200 MW were also used. The
diffuser blades of this compressor are made straight, unlike the
curved diffuser blades of the TGV-325 turbogenerator.

In order to determine the optimal design parameters of
the compressor diffuser, an analysis was conducted on the
possibility of its use with the number of blades zg4;= 20.
Other parameters (D3, Dy, bs, by, a3, a4) applied were in ac-
cordance with the drawing of the compressor diffuser in the
TGV-325 turbogenerator (Fig. 1). The cooling gas discharge
scheme with a blade diffuser is shown in Fig. 2.

The following parameters are determined according to
the scheme shown in Fig. 2:

- D3 — diameter at the inlet to the blade diffuser (m);

- D, - diameter at the outlet from the blade diffuser (m);

- b; - width of the blade diffuser at the inlet (m);

- by — width of the blade diffuser at the outlet (m);

- a3 — angle of inclination of the blade (or flow) to the
circle at the inlet to the diffuser (°);



- a4 - angle of inclination of the blade (or flow) to the
circle at the outlet from the diffuser (°);

— Raverblade — radius of curvature of the centerline of the
diffuser blade profile (m).

bs=bu 7

ZA m A-A

o Rover biade

Fig. 2. Cooling gas discharge scheme with a blade diffuser:
1 — spiral assembly; 2 — blade diffuser; 3 — slot diffuser;
4 — centrifugal impeller

The radius of curvature of the centerline of the diffuser
blade profile is determined from the following formula

D? - D?
- s M

4-(D,cosa, - D, cosa,)’

aver.blade

The average angle of expansion of the inter-blade channel
of the diffuser (the average angle between the side walls of
the channel, which determines the degree of its divergence)
is determined from the following formula

D
N 2-———2—cosa, -
— 180 . 2.Raver.blade . (2)
aver z ) D4
4 |-———=——-cosa,
2-R
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The main task of the diffuser is to increase the static pres-
sure of the gas due to the kinetic energy of the flow. The high-
er the flow velocity at the outlet of the compressor impeller
(Caeale = 235 m/s), the more developed the diffuser should be.
The blade diffuser makes it possible, with the same decrease
in gas velocity due to an increase in radius (as in a bladeless
diffuser), to additionally reduce the velocity due to forced rota-
tion of the flow from the tangential to the radial direction. At
the same time, the component of the circumferential velocity
decreases and the angle of the flow exit from the compressor
increases. As a result, the blade diffuser allows the gas to be
compressed with smaller radial dimensions than in a bladeless
device and on a shorter gas path within the diffuser.

One of the important criteria when calculating and
choosing the shape of the flow part of the blade diffuser is
the number of blades. To provide the required cross-section
and maintain the shape of the channels formed by adjacent
blades, the number of blades should be minimal.

The optimal shape of the channels formed by adjacent
diffuser blades should meet the following recommended
conditions:

1) for a given cross-section, the hydraulic radius of the
channel should be minimal. The best practical approxima-
tion to this requirement should be a square cross-section at
or near the inlet of the diffuser;

2) the diffuser channel should have straight walls of the
housing;

3) the number of blades should be minimal, which satis-
fies the optimal shape of the channel.

The optimal length is set (best) at the lower limit of the rec-
ommended lengths. According to the basic equations from gas
dynamics, it was found that the length of the inter-blade chan-
nel of the diffuser should be four times greater than the dis-
tance between the inlet edges of two adjacent blades (I = 4a).

Diffusers with different numbers of blades are shown
in Fig. 3-5.

Fig. 3. Sketch of a compressor diffuser with z,;= 20

Fig. 4. Sketch of a compressor diffuser with z,;= 28

Fig. 5. Sketch of a compressor diffuser with z,;= 56

Comparing three diffusers with zg;r= 20, zgy=28 and
Zqif = 56 with the same blade installation angle a; = 20°, we
obtain the following data:

—for z4;y=28 - 1 =4- 69 = 276 mm, with actual [ =162 mm,
the excess of the recommended over the actual is 1.7 times;

—for z4p=20-1=4-110 = 440 mm, with actual [ =129 mm,
the excess of the recommended over the actual is 3.4 times;

—for zg;y= 56 - [=4- 27 = 108 mm, with actual [ = 222 mm,
in this case the channel length is 2 times greater than the rec-
ommended one.

The diffuser channel with zg; = 56 according to the rec-
ommendations is larger (longer) for this number of blades
and installation angle. This means that with an increase in
the gas flow rate in the inter-blade channel, additional losses
appear, associated with the appearance of vortex zones and a
change in the structure of the gas flow. For this reason, the ef-
ficiency of work for increasing the static pressure decreases,
and the losses that occur when the gas flow passes through
the diffuser cross-section significantly negatively affect the
aerodynamic performance of the compressor. In turn, the
shape (geometry) of the diffuser channel with zg=20 is
less effective, under the same compressor operating mode,
compared to zq; = 28. This is a consequence of the increase



in the cross-sectional area and the decrease in the length of
the inter-blade channel;

4) the expansion angle of the diffuser channels must be
equal to or less than the angle set for straight diffusers with
a uniform velocity at the inlet. For straight conical diffusers
with large cross-sections, the expansion angle is 8°.

Let us compare three diffuser designs by the degree of
expansion (diffusivity) of the interblade channel:

—for zgiy=20: b /a =172/110 = 1.56;

- for zg;y=28:b/a =125/69 = 1.81;

~for zgiy=56:b/a=65/27 = 2.41.

The recommended degree of expansion for diffusers with
parallel side walls and an angle of expansion of about 8.5°
isb/a=1.6.

Increasing the length of the channels by more than
b/a > 4 does not improve the operation of the diffuser since
the positive effect of converting velocity into pressure is lost
due to additional losses in the diffuser and vortices.

Long and curved channels cannot
improve the conversion of velocity into Hs,
pressure since, in this case, the flow is

H,0 (Hy = 9220 + 9420 Pa), and the efficiency according to
curve 12 is n = 0.57 (Fig. 7).

The plot of Hyy,, = f(Qgqs) dependence of the centrifugal com-
pressor of the turbogenerator type TGV-325 is shown in Fig. 8.
The curves on this plot are constructed based on the results of
data obtained during the simulation of purges in the SolidWorks
Simulation Flow software package using the CFD method. The
diffuser parameters at which the curves of Hgy, =f(Qqqs) de-
pendence were constructed: 1 - az = 20°, zgr= 56, § = 2.5 mm;
2-a3=20°% zgy=56, 6=09mm; 3- a3z=22° zgr=56,
6=09mm; 4- a3=20° zgr=28, §=09mm; 5- a3=24°
Zqif = 56, 6 = 0.9 mm. The point values on the plot are obtained
from the results of experimental data from tests of the centrifu-
gal compressor at a manufacturer’s bench.

According to the plot of Hgy, =f(Qgs) dependence,
curve 3 (Fig. 8) for zgy=28, a;=20° at a gas flow rate
Qgas =22 m?3/s, the compressor head is Hgy, =975 mm

pushed to the wall with a smaller curva-

H,0 (Hyyn = 9565 Pa).

ture of the channel where high velocities
are restored again;

1000

5) the selection of inlet angle as is 900

carried out after selecting the optimal
800

geometric ratios of the dimensions of the

diffuser channel.

The dependence of static pressure 70

on the mass flow rate of the cooling

gas Hy = f(Qgqs) is shown in Fig. 6. The 699

diffuser parameters, at which the de-

\
N

pendence curves depicted in Fig. 6 were 50

constructed, are given in Table 1.

The dependence of efficiency on 400

8RB

the mass flow rate of the cooling gas

//
=
re
- p
P
)
N
>

7 =f(Qqay) is illustrated in Fig. 7. These 300

i
S

[
N
AN
=
N
©
———
_—ry
=
)
N
>
ko
N
S

dependences were obtained during a full-

8.~

"
oo
B
&
=]

(¢

=y

(2]

200
scale study of a centrifugal compressor for

turbogenerators TGV-200 and TGV-325.

T gy

The diffuser parameters, at which the

\\
=
NS

e Quas,

dependence curves shown in Fig. 7 were

1] | mYs

3

constructed, are given in Table 2.

The plots (Fig. 6, 7) show the results
of research on the complete family of
fans and diffusers with possible param- [\, A

10 15 20 25 30

Fig. 6. Dependence plot Hs; = f(Qyas)

eters for TGV-325 turbogenerators. A os
wide range of our research allowed us to

[ 15

evaluate the basic technical parameters,

such as head and flow rate, as well as the 051

N\

e

main geometric characteristics. During
further design development, the result- o4

LAY
s

.,/0

:E:‘—‘

ing family of curves has made it possible

y a
7

Wa/4

to select the parameters for the diffuser

BN
AR

/

with the minimum number of blades, °°

1)
N\

provided that the required gas flow rate

pd
o
L~

7

is ensured. 0,2

Efe

A\ '\
NK
N\

EA

The resulting curves 25 and
26 (Fig. 6) indicate that the diffuser

4%
o

=

(e}

blade installation angle a; =20° at a
gas flow rate Qgqs =22 m3/s, required

4
Qgas,

m'/s

for cooling the TGV-325 turbogenera-
tor, provides the maximum compressor
head. This head is Hy, =940 + 960 mm

10 15 20 25 30

Fig. 7. Dependence plot 7 = £(Qyas)



Table 1

Diffuser parameters for which the dependence curves H,; = f(Q,,s) were constructed

Curve No. | Angle as, ° | Number of blades zqy, pcs. | Presence of a guiding device (blades curved against rotation) Blade shape
1 5 56 Without the device Curved (not shortened)
2 5 56 With the device Curved (not shortened)
3 8 56 Without the device Curved (not shortened)
4 8 56 Without the device Straight
5 8 56 With the device Curved (not shortened)
6 10 56 With the device Curved (not shortened)
7 17 56 With the device Straight
8 6 28 With the device Curved (not shortened)
9 14 56 With the device Straight
10 8 28 With the device Curved (not shortened)
11 17 56 Without the device Curved (not shortened)
12 16 56 With the device Curved
13 16 56 With the device Curved
14 12 56 With the device Straight
15 14 56 Without a device with a narrower Straight
16 14 56 Without the device Curved (not shortened)
17 14 56 Without the device Straight
18 12 28 With the device Straight
19 16 56 Without a device with a narrower Curved
20 16 56 Without the device Straight
21 16 56 Without a device with a narrower Straight
22 16 56 Without the device Curved (not shortened)
23 12 28 Without the device Straight
24 - - Without the device -
25 20 56 Without the device Curved (shortened)
26 20 56 Without the device Cut by connector
Table 2
Diffuser parameters for which the 7 = 7(Q,,s) dependence curves were constructed
Curve No. | Angle a3, ° | Number of blades zg;, pcs. The presence (.)f a guiding apparatus Blade shape
and the direction of blade curvature
1 56 Without device (anti-rotation) Curved (not shortened)
2 56 Without device (anti-rotation) Curved (not shortened)
3 56 With device (against rotation) Curved (not shortened)
4 10 56 With device (against rotation) Straight
5 12 28 With device (against rotation) Curved (not shortened)
6 12 56 With device (against rotation) Curved (not shortened)
7 16 56 Without device (anti-rotation) Straight
8 16 56 Without device (anti-rotation) Curved (not shortened)
9 16 56 Without a device with a narrower (against rotation) Straight
10 16 56 Without a device with a narrower (against rotation) Curved (not shortened)
11 16 56 With device (according to rotation) Curved (not shortened)
12 12 28 With device (against rotation) Curved
13 12 28 Without device (anti-rotation) Curved
14 16 56 Without device (anti-rotation) Straight
15 20 56 Without device (anti-rotation) Straight

Based on data on the periodic tests of the TGV-325 tur-
bogenerator at the bench of the enterprise JSC “Ukrainian
Energy Machines”, the compressor head at a hydrogen purity
of 97.5% was 985 mm H,O (9660 Pa).

Therefore, according to the plot (Fig. 8), the diffuser blade
installation angle a; = 20° is the most effective when using
a compressor with a gas flow rate Qgqes = 22 m?/s. This flow
rate is necessary for normal cooling of the turbogenerator.
This angle is most consistent with the angle of flow exit from

the compressor impeller at high gas flows and provides max-
imum head.

Using the three-dimensional simulation data and test re-
sults, a theoretical curve can be constructed at three points.
The dependence of compressor static pressure on the number
of blades Hy, = f(zqy) at installation angle a; = 20° with the
same blade profile geometry is shown in Fig. 9.

A detailed analysis of our study’s data allows us to conclude
that the compressor pressure parameters do not follow the usual



linear dependence on the number of blades. Fig. 9 demonstrates
that with the number of blades 28 the value of the cooling gas
head reaches a local extremum. A further increase in the num-
ber of blades leads to shading of the channel. The consequence
of this is an increase in the speed of the cooling gas, which leads
to an increase in resistance, and the result is a drop in head.
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or ratio b, (Fig. 2) are the secondary derived structural
2
parameters. The desired shape of the diffuser channels is

determined by diameter D, and the number of blades zg;s.

However, in the case of turbogenerators, based on their
design and electrical features, the size of the outer diameter of
the built-in compressor is strictly limited by the
frontal parts of the stator winding located above
it. Therefore, in accordance with the requirement
of the electrical strength of the dielectric gas gap
between the diffuser and the uninsulated end of
the ventilation tube of the rod in the frontal parts
of the stator winding of the turbogenerator, an
increase in the outer diameter of the compressor
(diffuser) is not possible. It must be within the
maximum permissible value D, = 1670 mm, test-
ed and approved in operation.

When designing a diffuser, it is also neces-
sary to check the opening angle of the curved
inter-blade channel in the radial plane
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where [ is the length of the channel along the
center line (m);
Saver 18 the opening angle of the equivalent
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Fig. 8. Plot of H,,, = f(Qyas) dependence of the centrifugal compressor in

the TGV-325 turbogenerator
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Fig. 9. Plot of compressor static head versus number of blades

Given the results above, a decision was made to use a
structure with 20 blades. This number is the minimum at
which it is possible to provide the necessary head charac-
teristics of the compressor by adjusting its basic geometric
parameters.

5. 2. Proposed design of a turbogenerator compres-
sor diffuser
When designing a compressor diffuser, it is necessar

D,-D
to take into account that the diffuser height > 2% 3/
2

It is recommended to choose angle &4y up
to 8-10°, at least not more than 12°.

The assessment of the diffuser design ac-
cording to this criterion for z4;r = 20 is based on
the results of the calculation according to the
following formula
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With the number of blades zg; = 20, the opening angle
iS Ogyer = 60°, which exceeds the recommended value by
five times.

With the number of blades z4 = 28, the opening angle
iS Ogper = 34°.

With the number of blades zg;r = 56, the opening angle
is Sgver= 12°.

According to our results, it can be concluded that in
a diffuser with zgy= 20, the conversion (braking) of the
gas flow velocity is less effective, due to the appearance of
flow disruptions from the blade surfaces. At installation
angle a3 = 20° and a4 = 53°, the diffusivity of the inter-blade

channel exceeds the recommended value by five times. The
consequence of this is a sharp increase in total pressure
losses due to vortex formation caused by changes in the flow
structure in the channel. This, in turn, causes a decrease in
the static pressure, which, at a given coefficient of hydraulic
resistance of the network on which the compressor operates,
causes a decrease in gas consumption and a corresponding
deterioration in the thermal state of the turbogenerator.

Having assessed the above requirements and comparing
the results obtained and the geometry of the diffuser chan-
nels, the following conclusions were drawn:
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1. The use of a diffuser design with blades made accord-
ing to the drawing in Fig. 1 with a total number zg;= 20
compared to zgy= 28 significantly worsens the efficiency
of the blade diffuser in increasing the static pressure of the
compressor under the same operating modes.

According to the constructed curve (Fig. 9), the change
in the compressor head will be 12%. As for the geometry of
the inter-blade channel, the length has decreased by 20%,
and the cross-sectional area at the inlet of the channel has
increased by 57%. Based on these data, we can say that the
compressor pressure will decrease by 15-30% and will be
about 690-840 mm H,0 (6770-8240 Pa), which is confirmed
by the data of a three-dimensional simulation conducted in
SolidWorks Flow Simulation.

2.In order to improve the parameters of the diffuser with
Zqif = 20 and maintain the head at the level of the compressor
with zg;r = 28, the following parameters were adopted:

- an increased radius of curvature of the blade profile to
Rpiade = 1500 mm;

- an increased blade length to [ = 387 mm;

—a changed “direction” of the blade profile curvature,
the swapped trough and back according to the sketch of the
proposed new compressor diffuser;

- a provided gap between the diffuser and the compressor
impeller at the level of 0.9 mm.

A sketch of the proposed structure of the new compressor
diffuser with zg;r = 20 for the TGV-325 turbogenerator with a
capacity of 325 MW is shown in Fig. 10.

3. To comply with the above parameters, it is necessary to:

- take the channel opening angle &g, = 20°, which
does not exceed, but is within the previously tested value
Oaver = 34° (at zgqyr = 28); this provides the necessary com-
pressor head, and thus improves the efficiency of the in-
ter-blade channel;

- increase the channel length to 190 mm; while the over-
all dimensions D3 = 1316 mm and D4 = 1670 mm remain the
same, and the recommended [ =4-a = 4-85 =340 mm will
exceed the actual one by 1.8 times.

Fig. 10. Sketch of the proposed compressor diffuser
structure with z = 20

After changing the shape of the diffuser blades, the de-
gree of expansion (diffusivity) of the inter-blade channel is
ensured at the level of b/a =119 /85=1.4.

Thus, the shape of the inter-blade channel achieves sig-
nificant similarity with the shape of the TGV-325 diffuser
channel, and the compressor head remains at the level of
compressors with the number of blades zgy=28 and the
blade installation angle a; = 20°.

5. 3. The structure designed and the proposed man-
ufacturing technology for the compressor diffuser
power belt

We have designed the structure and proposed a manufac-
turing technology for the power belt of a multi-component
compressor diffuser in the turbogenerator with a capacity
of 325 MW. The designed structure makes it possible to re-
duce the influence of uneven loads on welded joints and fas-
tening elements, which arises due to temperature gradients
and uneven rigidity of the structure.

The general view of the proposed structure of the diffuser
shield for the compressor in the turbogenerator TGV-325 is
shown in Fig. 11. This structure meets the requirements for
the electrical strength of the dielectric gas gap between the
diffuser and the uninsulated end of the ventilation tube of
the rod in the frontal parts of the stator winding in the tur-
bogenerator.

Stator housing

W ==:
\,M | 0

Fig. 11. Drawing of the proposed structure for a diffuser
shield: 1 — main element of attachment of blades;

2 — additional rib; 3 — diffuser cover disk; 4 — shield
attachment ring to the diffuser; 5 — fiberglass gasket;
6 — bolted connection; 7 — bolted connection; 8 — flange;
9 — fiberglass gasket; 10 — rotor seal; 11 — shield seal;
12 — bolted connection; 13 — fiberglass sleeve

The main element of the blade fastening is represented
by element pos. 1 (Fig. 11), which is made of stainless steel of
grade AISI 321. AISI 321 steel has high performance qualities
and is characterized by resistance to corrosion and high tem-
peratures. These properties enable the possibility of its use in
aggressive environments. Due to the replacement of magnetic
steel grade S235 according to the DIN EN 10025-2:2019 stan-
dard, which is used in many existing structures of diffusers for
TGV-325 turbogenerators with AISI 321 steel in the proposed
design, decarburization of steel is excluded.



The application of fiberglass as the basic material of
the cover disk and AISI 321 steel as the main material of

the blade fastening element makes it possible to signifi-
cantly reduce circulating currents and overheating of the
structure. This is achieved by breaking the current circuit
(stator housing - diffuser shields through bolts or welded
joints — guide blades and inner walls of the diffuser).

Due to the fact that the diffuser perceives loads
caused by uneven deformation of the stator housing,
and the gap between the impeller and the diffuser &
must be at the level of 0.9 mm, an additional rib pos. 2
was installed (Fig. 11). In this case, the weld of the rib
with the main body of the structure must be of equal
strength along the entire length. The necessary strength
and corrosion-resistant properties of the weld can be
achieved through the use of argon welding technolo-
gy (ISO 4063:2009, ISO 15614-1:2017).

When welding stainless steel, it is necessary to take
into account that when the seam is overheated, the materi-
al becomes excessively fusible. Also, when the temperature
rises above 500°C, the product completely loses its resistance
to corrosion. All this occurs due to chromium oxide, so it is
worth avoiding overheating or cooling the part.

The easiest way to comply with temperature parameters
is to reduce the current strength by 1/5 of the values that are
suitable for steels of the same thickness without ligatures.
It is also necessary to take into account the high coefficient
of linear expansion. Metals tend to shrink, which provokes
the appearance of cracks in the joint areas. To prevent this,
it is necessary to observe the gaps specified for different
materials in the regulatory documents for welding stainless
steels (ISO 14343:2025, AWSD1.6/D1.6M:2017). It should be
borne in mind that a high level of electrical resistance can
lead to overheating not only of the part but also of the solder
material. To summarize, during the welding process, it is
necessary to carefully monitor the following criteria:

- temperature of the metal of the part;

- temperature of the solder;

- gap between the parts to be welded;

- current strength.

For the proposed diffuser structure, steel seals of the rotor
pos. 10 (Fig. 11) and the shield pos. 11 (Fig. 11) were designed,
which are shown in Fig. 12, 13, respectively.

The design of these elements includes three consecu-
tive steps:

- the geometry of the seals forms;

- the resulting seals are attached to the flange
pos. 8 (Fig. 11) made of non-magnetic steel using bolted con-
nections pos. 6 and pos. 7;

— the flange-seal geometry is correlated.

With such a scheme, despite the large diameter of the
main shield (due to the use of several force solutions of
the bolted connections), damping of thermal displacements
caused by deformation of the stator housing will be enabled.

In the proposed solution, the diffuser cover disk
pos. 3 (Fig. 11) is made of fiberglass. To attach it to the main
blade mounting element pos. 1 (Fig. 11), bolts made of stain-
less steel pos. 12 (Fig. 11) are used. In this case, two fiberglass
bushings pos. 13 (Fig. 11) are used, which provide the neces-
sary installation accuracy, which makes it possible to exclude
additional deformations for the seals, shown in Fig. 13. The
use of two fiberglass bushings provides the necessary instal-
lation accuracy, which makes it possible to exclude additional
deformations for the seals. The seal on the rotor side is com-

posite and consists of three segments: the first is fiberglass,
and the rest are made of stainless steel.
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Fig. 12. Drawing of the steel rotor seal (view A, Fig. 11)
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Fig. 13. Drawing of the steel seal of the shield (view B, Fig. 11)

6. Discussion of results based on investigating the
proposed structures of the turbogenerator compressor
diffuser and the diffuser power belt

The principal factor characterizing the efficiency of the
compressor is the dependence of dynamic head on the mass
flow rate of the cooling gas Hgy, = f(Qgqs). This dependence
for the centrifugal compressor in the TGV-325 turbogenera-
tor (Fig. 8) was established from the results of CFD simula-
tion. The calculations took into account the parameters of the
working fluid (hydrogen). Given that analysis of the results
obtained by the finite volume method required determining
the reliability of the resulting values, characteristic points
were locally determined. To confirm them, tests of the cen-
trifugal compressor were carried out at the manufacturer’s
bench. That allowed us to eliminate the shortcomings of
works [6-9] through the availability of data from full-scale
tests carried out at manufacturer’s benches with injection
units of various configurations. The difference in speeds
according to the results of blowing by the CFD method and
full-scale studies ranged from 0.5% to 1.2%. The calculation
was carried out according to the hydrogen consumption
parameters as the product of the speed and the area of the
characteristic cross-section of the inter-blade channel.

The results of technical reports on the TGV-325 turbogen-
erators allow us to conclude that the diffuser blade installa-



tion angle a3 = 20° is the most effective when using the com-
pressor to blow gas flow Qges = 22 m?/s. This angle is most
consistent with the angle of flow exit from the compressor
impeller at high gas flows and provides maximum head. The
dependence of static pressure of the compressor on the num-
ber of blades Hy = f(zq4y) at installation angle a3 = 20° with
the same geometry of the blade profile is shown in Fig. 9. It
demonstrates that with the number of blades z4;= 28, the
value of the cooling gas head reaches a local extremum.

An increase in the number of blades leads to an increase
in the speed of the cooling gas, and as a result, to an increase
in aerodynamic resistance (head drop).

Given the above, a decision was made to use a structure
with 20 blades. Based on this solution, we further designed
the geometry of the flow part with step-by-step adjustment of
the geometric parameters to determine their optimal values.
The resulting calculation data were confirmed by the re-
sults from tests conducted on operating samples. The purity
of hydrogen during the tests was in the range of 97...98%.
The above allowed us to eliminate the shortcomings of
works [10, 11] by sequentially analyzing the head character-
istics of the system with a small step increase in parameters
with subsequent tests on operating samples. These parame-
ters include head, number of blades, gap sizes, etc.

Our work reports a new concept for designing a turbo-
generator compressor diffuser by determining the geometric
parameters of its flow part.

The proposed structure has made it possible to solve
the task of enabling the required flow rate and head of
the cooling gas for the ventilation system in a high-power
hydrogen-cooled turbogenerator. Our study has made it
possible to design an effective multi-component struc-
ture of a diffuser compressor with the number of blades
Zqif = 20 (Fig. 10). The shape of the inter-blade channel,
in this case, achieves significant similarity with the shape
of the diffuser channel in TGV-325 while the compressor
head remains at the level of compressors with the number
of blades zg;r = 28. The current study was performed using
ASME PTC-10 methods taking into account the structure
features and parameters of the working fluid of the cooling
system (hydrogen) in a turbogenerator, which eliminated
the shortcomings of work [12]. In our study, the correlation
of design parameters along the entire structural path of the
diffuser was introduced.

This work used classical gas dynamics equations. Reli-
ability analysis of data from our calculation was correlated
based on experimental data. That allowed us to quickly
conduct a study on the possibility of reducing the number
of blades to decrease the aerodynamic resistance of the flow
part. Performing a study of the proposed compressor struc-
ture on a bench at the manufacturing enterprise with an
excess hydrogen head of 0.3 MPa allowed us to obtain actual
data. That has made it possible to eliminate the shortcomings
of [13, 14] through the use of experimental values of the cool-
ing gas parameters.

Our paper reports a new concept for designing a diffuser
shield attachment, diffuser seals, their structural elements,
as well as basic power components.

The study was conducted in two directions: reducing
the mass of the structure and decreasing the effect of
circulating currents. In world experience, these goals are
achieved by separating the seals from the general structure
of the shields, which have fairly high rigidity. However, this

path has a significant drawback: to attach these elements,
it is necessary to build additional frame structures, which
worsen the cooling system and increase the mass of the
turbogenerator.

Unlike the above, in our study it was possible to divide the
diffuser structure into components. The first part was made of
stainless steel with additional fins, and the second part (cover
disk) was made of fiberglass (Fig. 11). This solution allowed
us to proceed to the optimization of the flow part, which was
carried out both computationally and experimentally.

The final stage of the work was the design of a seal
structure made according to the “puff pie” principle,
which includes fiberglass and metal non-magnetic compo-
nents (Fig. 13). This solution has no analogs and allows for
technologically accurate setting of seal position through the
introduction of additional special bushings made of fiberglass
pos. 13 (Fig. 11).

In the current study, the task of improving the thermal
state of the turbogenerator elements was solved by replac-
ing the cover disk material with fiberglass and introducing
new insulating elements. The issue of power separation was
resolved by reducing the mass through additional finning of
the structure and designing multi-component assembly for
power circuits. A separate seal with improved technological
control capabilities was also introduced. The above has made
it possible to eliminate the shortcomings of [15, 16].

Our study has made it possible to scientifically sub-
stantiate the effectiveness and feasibility of using the
designed new structures of a multi-component diffuser for
the turbogenerator compressor, mounting of the diffuser
shields, diffuser seal, and their structural elements, as
well as basic power components. Modern structure trends
in mechanical engineering were taken into account, and
the use of new materials was proposed. Existing methods
of gas-dynamic calculations did not take into account the
multi-component structure of hydrogen-cooled turbogen-
erator units.

The main feature of the proposed method is the combi-
nation of theoretical and experimental parameters, taking
into account their complex mutual influence and step-by-step
adjustment to determine the optimal geometric parameters.

The high adaptability of the devised method for design-
ing diffusers using mathematical models based on the basic
equations from gas dynamics with step-by-step structure
optimization allowed it to be implemented in the workflow
at LLC “KhEMZ” (Kharkiv, Ukraine).

The results of our study could be used while designing
new medium and high-power turbogenerators, as well as
when retrofitting existing ones, which involves replacing and
upgrading the injection system components. For example,
hydrogen-cooled turbogenerators with a capacity of up to
500 MW, which are the main generating capacities at many
power plants in Ukraine.

This study has limitations regarding the application of
the method to electric machines with a rotation frequency of
1500 rpm or 3000 rpm. Adaptation to other rotation frequen-
cies requires additional research.

As an area of further research, it is planned to conduct a
full-fledged three-dimensional analysis of the cooling system
injection complex. The results of analysis could provide a sci-
entific justification for the choice of new materials, provided
that the necessary uniform strength and uniform stiffness of
structures are ensured when designing the complex as a whole.



Further advancement of the proposed method involves
the use of various criterion equations and methods for cal-
culating the stress-strain state. This could make it possible
to design the structures of multi-component diffusers for
turbogenerator compressors, diffuser shield mounts, as well
as their main power components, which would provide the
necessary strength and cooling gas flow rates over an extend-
ed range of rotation frequencies.

7. Conclusions

1. We have drawn in detail the arrangement of blades on
a diffuser for the TGV-325 turbogenerator with a capacity
of 325 MW. According to the table of possible parameters for
diffuser structures, which can be realistically implemented
and have no technological limitations, a family of curves for
the Hy; = f(Qgqs) and 7 = f(Qqqs)- dependences was construct-
ed. Based on the gas dynamics equations and CFD simulation
methods, a family of curves for dependences Hgy, = f(Qgas)
of the operating modes for the basic compressor in a turbo-
generator was built. At that stage of our study, the emphasis
was on the structural and technological layout of the diffuser
assembly in terms of choosing the minimum gap.

It was found that the installation angle of diffuser blades
a; = 20° is the most effective when using the compressor to
blow gas at flow rate Qqes = 22 m*/s. This angle at high gas
flows provides maximum head. According to the plot of the
dependence of static head of the compressor on the number
of blades Hy = f(zqy) for installation angle a; =20°, it was
established that the value of the cooling gas head reaches a
local extremum at zg;r = 28.

In order to reduce the aerodynamic resistance of the
flow part of the diffuser, the minimum number of blades
Zqif = 20 was determined, at which it is possible to provide the
necessary head characteristics of the compressor by adjusting
its basic geometric parameters.

2.1In the course of analytical calculations using gas-dy-
namic equations, the use of a structure with 20 blades was
scientifically substantiated. The compressor head remains at
the level of compressors with the number of blades zq;;= 28
and is Hy; = 978 mm H,O.

It was found that at the angle of installation of the blades
to prevent flow disruptions from blade surfaces az = 20° and
the number of blades z4;r = 20, the appearance of flow disrup-
tions from the blade surfaces is observed.

In order to improve the parameters of the diffuser with
Zqif = 20 and maintain the head at the level of the compressor
with zg;r = 28, the following parameters were adopted:

- an increased radius of curvature of the blade profile to
Rblade = 1500 mm;

- an increased blade length to | = 387 mm;

- the changed “direction” of the blade profile curvature,
the swapped trough and back according to the sketch of the
proposed new compressor diffuser;

- the gap between the diffuser and the compressor impel-
ler was provided at the level of 0.9 mm;

- the channel opening angle &, = 20° is adopted;

- the channel length is increased to 190 mm.

When the above conditions are met, the shape of the
inter-blade channel achieves significant similarity with the
shape of the TGV-325 diffuser channel. The compressor head
remains at the level of compressors with the number of blades

Zaif = 28 and blade installation angle a3 = 20°. An additional
advantage of the proposed structure is the reduction in mass
due to the smaller number of blades.

3. In our study, we managed to divide the diffuser struc-
ture into components. The first part was made of stainless
steel with additional fins, and the second part (cover disk)
was made of fiberglass. This solution makes it possible to
optimize the flow part by reducing the gas dielectric gap be-
tween the cover disk and the frontal parts of stator winding.

It was proposed to replace the material of the main el-
ement of the blade fastening, which is magnetic steel S235,
with non-magnetic AISI 321. Fiberglass was proposed as
the main material of the cover disk and AISI 321 steel as
the main material of the blade fastening element. Their
use makes it possible to significantly reduce circulating
currents and overheating of the structure due to the break-
ing of the current circuit (stator housing - diffuser shields
through bolts or welded joints — guide blades and inner
walls of the diffuser).

When designing the proposed structure, a method of
composition of engineering alloys and synthetic materials,
which have significantly different coefficients of thermal
expansion, was used. In this case, the fastening of these
elements was provided by stainless steel bolts and the addi-
tional inclusion of insulating sleeves in the structure, which
made it possible to damp mechanical loads. To provide
additional rigidity of the structure while reducing its mass,
additional finning was carried out.

Recommendations have been offered on the technology
of argon welding of stainless steel elements.

The final stage of our work was the design of a multi-
layer seal structure, which includes fiberglass and metal
non-magnetic components. This solution allows for techno-
logically accurate installation of the seal position through
the introduction of additional special bushings made of
fiberglass. This provides the opportunity to achieve the op-
timal value of the gap between the impeller and the diffuser
¢ at the level of 0.9 mm.
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