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THE STRUCTURE OF THE FLOW
BEHIND THE LAST STAGE

OF STEAM TURBINE AT THE LOW FLOW
RATE OPERATING CONDITIONS

Introduction. The results of experimental studies, which given in various scholarly research sources, have shown
that changes in the flow structure and the formation of a breakaway near a bushing (with a decrease in power)
begins in the outlet nozzle and gradually spreads towards the last stage of low-pressure cylinder. As a result, the
efficiency of the low-pressure cylinder and the power unit decreases.

Problem Statement. The data analysis has shown that recently powerful turbines often operate in off-design
modes. This leads to changes in the flow structure (the appearance of the breakaway near a bushing and the vortex
rotating in the inter-row clearance) and additional energy losses, especially in the flow path of low-pressure cylinder,
leading to erosive wear of trailing edges of the working wheel due to the suction of wet steam from the condenser.

Purpose. The purpose of this research is to consider the movement of the working medium behind the working
wheel in the outlet nozzle of the low-pressure cylinder and to evaluate the development of the breakaway near
a bushing in the axisymmetric setting under the low-flow conditions to obtain dependences that allow analyzing
the operation of turbine stages with a large fanning and preventing the turbine operation under the low- flow
rate conditions.

Materials and Methods. The methods for mathematical modeling of the processes in the flowing part of the
turbine under low- flow rate conditions have been chosen based on the experimental research of V.A. Khaimoo.

Results. The characteristics of the interaction of rotor blades with the breakaway near a bushing have been
given. The dependences that enable determining the characteristics of the flow behind the working wheel when
it flows out into the outlet nozzle have been obtained.

Conclusions. The proposed analytical methodology allows the use of a rational approach to the operation
under the low-flow rate conditions and the prevention of erosion wear of working blades trailing edges of the last
stages of low-pressure cylinder.

Keywords: breakaway near a bushing, outlet nozzle, low- flow rate mode, flow structure, and low-pressure
cylinder.
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The results of experimental studies of turbine
stage models have shown that in the presence of
an annular space behind the working wheel with
a cylindrical outer bypass and bushing, an axi-
symmetric flow with its breakaway from the bu-
shing is formed in low-flow rate modes.

The steam outlet in turbines is made through
an outlet nozzle connected to the condenser. The
outlet nozzle has a vertical plane of symmetry
passing through the axis of the turbine and pro-
vides a uniform steam load of the condenser at the
axial flow exit from the working wheel at the no-
minal mode. In this case, the stiffening ribs of the
outlet nozzle do not create large flow breakaway
when steam moves from the working wheel to the
surface of the condenser tube bundle (Fig. 1).

The operating turbine mode decreases because
a drop in the steam rate, including through the
working wheel of the last stage. In this case, a cir-
cumferential component of the outlet velocity
C,, arises behind the working wheel and the flow
in relation to the plane of working blades trailing
edges exits at an angle a, # 90°, i.e. it receives a
swirl in the circumferential direction.

Investigation of the flow rotating in the annu-
lar space behind the guiding apparatus at small
angles a, showed that the stability criterion is tga,
on the midline of the swirling flow behind the
guiding apparatus [1]. The analysis of the flow be-
hind the working wheel at low-flow modes sho-
wed that the “swirling” of the flow is the working
wheel, which does not have time to unwind the
rotating flow created by the guiding appara-
tus [2 — 6] and the angle a,, which taken on the
streamline G = 0.5 can be taken as a characteris-
tic of its swirl.

The presence of the outlet nozzle with a one-
way outlet of the steam flow to the condenser
with a decrease in the flow rate breaks the sym-
metry of the flow leaving the working wheel, in-
cluding breakaway near a bushing outside the wor-
king wheel.

Investigation of the temperature state of the
last stage carried out by E. V. Uriev [7], showed
that the symmetry of the interacting flows: main
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Fig. 1. Structure of the flow behind the working wheel of
the last stage with a large fanning: a — longitudinal section;
b — cross section; A — main flow; B — breakaway near a

bushing

and reverse from the area near a bushing break-
away along the bushing surface is observed within
the working wheel.

The movement of the working medium behind
the working wheel under low-flow rate modes and
the development of breakaway near a bushing in
an axisymmetric setting are considered in [8]. In
this case, the steam pressure near working blades
trailing edges becomes lower than the pressure in
the condenser, which ensures the formation and
maintenance of reverse steam currents from the
condenser to the area near a bushing breakaway.
In real conditions, the rotating flow runs in the
stiffening ribs and reverse currents are created in
this flow (in areas near a bushing breakaway),
along which steam is sucked from the condenser
into the area near a bushing breakaway (Fig. 1).
The driving force for the reverse currents is the
reduced pressure in the area near a bushing break-
away, created by the rotation of the main flow.

Let us further consider the change in the struc-
ture of the rotating steam flow and its effect on
the breakaway near a bushing.

Breakaway near a bushing. The energy con-
sumption by the working wheel to maintain the
breakaway near a bushing begins with the steam
flow rate @22: »» 1- €. from the steam flow rate cor-
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Fig. 2. Areas of vortex flows in the flow path of cogeneration turbine low-pressure

cylinder at low-flow rate modes

responding to the connection of the breakaway
near a bushing to working blades trailing edges
(Go, < Gu,, _,). Before joining the line G = 0 of
the main flow to working blades edges, the break-
away near a bushing develops outside the chan-
nels of the working wheel. However, areas near
a bushing breakaway on the convex side of bla-
des are formed inside the interblade channels,
which do not connect with the area near a bu-
shing breakaway behind the working wheel [8—
10]. The main flow passes along the channel, par-
tially rising in the radial direction. In this case,
the position of streamlines within the channels
is not considered.

With a decrease in Gv, inside the channels the
movement of the working medium in the radial
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direction increases. Behind working blades trai-
ling edges, narrow jets of the main flow are mixed,
a part of the working medium enters the upper
area near a bushing breakaway (Fig. 2).

The flow inside the working wheel channels, at
the first stage, moving along the conical surfaces,
passing with a decrease in Go, to the radial direc-
tion, comes out at a radius larger than at the inlet.

With the formation of a vortex rotating in the
inter-row clearance the working medium move-
ment in the radial direction is enhanced. The flow,
leaving the working wheel into the radial clearan-
ce is decelerated against the cylindrical surface
above the working blades and is divided into two
branches in the periphery. One branch is directed
towards the inter-row clearance and forms a ro-
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Fig. 3. Formation of the breakaway near a bushing depen-
ding on the height of the working blade and the volumetric
steam flow: I—IV are experimental model stages [8]; Icon,
IIcon are stages with a conical meridian bypass in the gui-
ding apparatus
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Fig. 4. Change in the position on the point attachment ra-
dius of the line G=0and G = 0.5 to working blades trailing
edges

tating vortex and the other branch towards wor-
king blades trailing edges.

The structure of the flow during its outflow
into the outlet nozzle and the movement in it dif-
fers from its movement in the annular channel of
the simulating experimental object.

The rotating flow behind the working wheel
moves in the outlet nozzle along the ruled sur-
faces and the breakaway near a bushing from the
bushing surface occurs at a relatively small cir-
cumferential velocity component C,, behind the
working wheel.

6

Interaction of working blades with the break-
away near a bushing. As characteristics of the
interaction of working blades with the breakaway
near a bushing are considered:

+ the relative volumetric steam flow rate Go,,_, =
= Go,,_, /(Gv,),corresponding to the moment

of the boundary line G = 0 connection to wor-
king blades trailing edges Go,__ at the radius of
the bushing 7, ,, where Go,,_ is the volumetric
steam flow rate at the considered mode, (Gv2)mIn

is the volumetric steam flow rate at the nomi-

nal mode; B
¢ the position of the boundary line G = 0 at wor-

king blades trailing edges r,_ in different mo-

des, characterizing the development of interac-
tion of the breakaway near a bushing with the

working wheel; B
« the position of the line G = 0.5 on working bla-

des edges 7,
¢ the angle a, as a factor of flow swirling by the

working wheel;
¢+ theinfluence of the angle

mode.

Processing the results of experimental stu-
dies [8, 11, 12] made it possible to obtain depen-
dencies for determining the named characteristics.
_ The point position of the line attachment
G = 0 to working blades trailing edges for stages
of different fanning, depending on the mode of
their operation is considered in Fig. 3. The value
Guo,, _, at the bushing level (zero length of the
Workmg blade [ = 0) is determined. This value is
the relative volumetric flow rate corresponding
to the attachment of breakaway near a bushing to
the working wheel, which characterizes the mo-
ment when the working wheel starts transmit-
ting power to the breakaway near a bushing, in
addition to the transmission of energy by the
main flow behind the working wheel.

The attachment of the line G = 0 to working
blades trailing edges is characterized by a de-
crease in Go, by the movement of the attachment
point up to Go, < 0.05. In the range of variation
0 < Go,< 0.05 along working blades trailing edges
there is a significant change in parameters and

mid

sy O the stage idle

ISSN 2409-9066. Sci. innov. 2022. 18 (3)



The Structure of the Flow Behind the Last Stage of Steam Turbine at the Low Flow Rate Operating Conditions

characteristics of the flow, which is also accom-
panied by a change in angle a, at the outlet from
the guiding apparatus.

The movement of the position on the radius of
the attachment point of the line G =0 (r o_,) to
working blades trailing edges is considered in
Fig. 4. It has a general character for the studied
stages. A similar character is also observed for the
line G =05 (7, ,). -

The breakaway near a bushing at Gv, > Go,__
is deleted from working blades and does not af-
fect the structure of the working medium move-
ment inside the interblade channels of the wor-
king wheel.

Results of the study. The behavior analysis of
the circumferential velocity component C,, (Fig. 5)
showed that in the entire area of its variation (in-
cluding the turbine mode for stage IT) it is linear
and increases when the mode decreases.

The main influence on the change in the angle
a,ontheline G = 0.5 is exerted by the axial com-
ponent of the velocity C,, which has three areas:
0 < Go, £0.3; 0.3 < Go, < 0.45 in which this
change corresponds to the condition C,,= const
and the area 0.45 < Go, < 1.0 in which C ,, de-
creases with a drop in Go,; tga, is defined as the
ratio of the output velocity components on the
line G =0.5 -

tga,=C,./ Cy, (1

Angle a, is determined by the direct measure-
ment. o

The character of change in the ratio C,, / C,,
on the line G = 0.5 makes it possible to interpret
mode as the turbine mode, up to close to the lower
boundary of the transition area of working blades
sections when Gv, = 0.46 + 0.47, the transitional mo-
de when Go, = 0.3+ 0.46 and the mode of ventilation
losses development when 0 < Go, < 0.3 [13—15].
This mode is also accompanied by an increase in
the maximum temperature of the working medi-
um (steam) at the outlet of the working wheel [7].

The analysis of changes in Go,,, and Go,,_, with
decreasing the mode showed that the function
tg? B, can use as their characteristics when swir-

ling tef{e flow behind the working wheel (Fig. 6).
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Fig. 5. Change in the projection of the velocity C behind the
working wheel with a decrease in the mode on the line G = 0.5
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Fig. 6. Dependence of relative volumetric flow values on
g’ B, " (aty, = 0°): II—V are experimental model stages [8]

The character of these characteristics for an in-
compressible working medium can be represented
by dependences

Go,,, = 0.665 (1 — 1.048tg?py¢ —\0.1tgy, ), (2)
Go,,_, = 1.094 (1 — 2.587tg?p)"

2ff
—\/0.029tgym), 3)

and their ratio for the studied stages with a fan-
ning from 0.219 to 0.358 at change in the angle
0 =23°+28.5% is determined as follows

Bacyr
Gy, / Go,, = 1491 (1 — 2.245tg? B —

—\/0.0215tgy.). (4)

These dependences allow determining the flow
characteristics behind the working wheel when
its flows out into the outlet nozzle.

The calculation of characteristics at the inlet to
the outlet nozzle was completed with the use of
the example of the last (31%") stage of T-250,/300—
240 turbine. The geometrical characteristics of
the stage are as follows: the effective angle of the

flow exit from the working wheel [3;”:;/ =27.8° and
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the angle of meridional bypass inclination in the
guiding apparatus y_= 47°.

Computational studies were carried out with
the use of the above characteristic dependences
(2), (3), which made it possible to obtain the fol-
lowing values Go,,, = 0.40 and Go,,_, = 0.34.

Comparison of the experimentally obtained va-
lue on a full-scale object, which was performed by
V. A. Khaimov [11] (turbine operated at the com-
bined cycle power plant) Go,,, = 0.31 and values
calculated by the proposed method show satisfac-
tory coincidence.

Comparing the calculated values with the ex-
perimentally obtained one has shown that they
differ by 15%, on average. This is admissible for
problems of such complexity when passing from a
multivariate problem to its solution in a one-di-
mensional formulation.

The proposed method allows for calculated
value Go,,, to evaluate the range of turbine opera-
tion regulation, if the last stage does not consume
power.

Conclusions. The analysis of scholarly re-
search literature sources based on theoretical re-
search and operating experience of powerful co-
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CTPYKTYPA IOTOKY 3A OCTAHHIM CTYIIEHEM ITAPOBOT
TYPBIHU TPU MAJTOBUTPATHUX PEKUMAX EKCITJIYATATLIT

Beryn. Pesysnsrati excriepuMeHTaIbHUX JIOCIIIKEHD, HaBe/IEHUX B PISHUX HAYKOBUX JpKepeJiax, oKa3allH, 110 3MiHa CTPYK-
TYPH MOTOKY i (hopMyBaHHs NPUBTYJIKOBOTO BiApUBY (IIPU 3HUKEHHI MOTYKHOCTI) MOYMHAETHCA Y BUXIAHOMY TaTPyOKy
Ta MOCTYIIOBO MOIIMPIOETHCS B GIK OCTAHHBOTO CTYIIEHs IIIJIiHAPA HU3bKOTO TUCKY. 1le cripuuntsie 3HMmKeHHs e(heKTuB-
HOCTI pOOOTH IUITTH/PA HU3BKOTO THCKY Ta YCHOTO eHEProOJIOKY B IIJIOMY.

IIpo6GaemaTuka. AHaII3 JaHUX TT0Ka3aB, 110 OCTAHHIM YacOM IIOTY KHI TypOiHM 4acTo MpallolTh Ha HEPO3PAXYHKOBUX
PEKUMAX, 110 [IPU3BOAKTD JI0 3MIHU CTPYKTYPHU MOTOKY (TI0SIBA TIPUBTYJIKOBOTO BiIPMBY Ta BUXOPY, IO 00EPTAETHCS Y MIZKBIH-
11€BOMY 3a30pi) Ta BUHUKHEHHS 10/JaTKOBUX BTPAT €Heprii, 30KpeMa B IIPOTOYHIH YacTUHI IUJIiHApa HU3bKoro THCKy. Lle cipu-
YUHSIE epo3iiiHe 3HOMEHH BUXIIHUX KPOMOK POO0OUYOro KoJieca 3a PaXyHOK ITiICMOKTYBaHHS BOJIOTOI ITapK 3 KOHAEHCATOPA.

Mera. Po3sriisizt pyxy pobodoro cepeioBHIIa 3a poOOYNM KOJIECOM Y BUXIJHOMY MaTPyOKY IHUJIHAPA HU3BKOTO THCKY Ta
OIIIHIOBAHHS MI0/I0 PO3BUTKY ITPUBTYJIKOBOTO Bi/[PUBY B OCbOCUMETPHUYHII ITOCTAHOBILI TPY MAJOBUTPATHUX PEKUMAX IS
OTPUMaHHSI 3aJIe;KHOCTEH, SIKi JI03BOJIATH aHaJIi3yBaTH POOOTY TYPOIHHMX CTYIEHIB BEJIMKOI BisSJIOBOCTI Ta He JIOMYyCKaTH
eKCIUTyaTallito TypOiHU Ha MaJIOBUTPATHUX PEKUMAX.

Marepianu it MeToId. 32 OCHOBY B35ITO €KCIIEPUMEHTAIbHI Jlocipkentst XaiMoBa B.A., 10 SK1UX 3aCTOCOBAHO METO/IU Ma-
TEMaTUYHOTO MOZIEJIIOBAHHS TIPOLIECIB, 110 MPOTIKAIOTH Y MPOTOYHi YacTHHI TypOIHM Ha MaJIOBUTPATHUX PEsKUMAX eKCILIyaTallii.

Pesyanbratu. HaBeeHo XapakTepuCTHKI B3a€MO/Iii pOOOYNX JIONATOK 3 IPUBTYJIKOBUM BiZiprBoM. OTPUMAHO 3aJIE3KHOC-
Ti, SIKi I03BOJISIIOTH BU3HAYMTH XaPAKTEPUCTUKY TTOTOKY 32 POGOYMM KOJIECOM TIPU HOTO Teuil 10 BUXiZAHOTO MaTpyOKYy.

BucnoBku. 3anmponoHOBaHWIT aHATITHYHWI /X I03BOJIUTE PAIliOHAIBHO TAXOANTH /10 €KCITyaTallii Ha MaJIOBUTPATHUX
PEKUMaX i He I0IYCKaTU ePO3iHHOr0 3HOCY BUXIIHUX KPOMOK POOOUHNX JIOIATOK OCTAHHIX CTYTEHIB IUJIiH/IPa HU3bKOTO TUCKY.

Kuwouoei croea: unisap HU3bKOTO THCKY, IIPUBTYJIKOBUN Bi[PUB, BUXiHUI 1aTPyOOK, MAJIOBUTPATHUIT PEXKUM, PYX POOO-
4OTO cepeloBUIIA.
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