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DEVELOPMENT OF HORIZONTAL BULB HYDROTURBINES FOR HIGH HEADS WITH A WIDE
RANGE OF RELIABLE OPERATION MODES

The issues and directions for improving the energy-cavitation and operational performance of hydro turbine equipment of hydroelectric power plants
are considered. The paper analyzes in detail the directions for improving the main indicators characterizing the energy and operational advantages of
horizontal hydro turbines. Straight-axis Kaplan hydraulic turbines with a horizontal axis of rotation of the hydraulic unit have incomparable advantages
compared to hydraulic turbines with water supply using a spiral case, in terms of higher throughput and a wider range of operation. The practice of
hydraulic turbine construction has determined the range of heads for which different types of hydraulic turbines are used. The use of horizontal direct-
flow hydraulic turbines for heads of more than 40 meters encounters a number of problems of a hydrodynamic nature, strength, and reliable operation.
The paper analyzes the advantages of direct-flow bulb hydro turbines and the possibility of using them for high heads. New design solutions are
considered, for which Ukrainian patents have been obtained, allowing the use of horizontal bulb hydraulic units for higher heads (up to 300 meters)
and at the same time obtaining a wider operating area not only in terms of flow rates, but also in terms of heads. The use of twin bulb hydraulic units
will significantly expand the operational ranges of highly efficient and reliable operation of horizontal bulb hydraulic turbines at flow rates (power)
that allow them to successfully operate at variable peak loads of daily regulation. Based on the analysis of the working process of various horizontal
and diagonal turbines, the analysis of their universal characteristics, scientifically based proposals was developed for the nomenclature of twin bulb
hydraulic units. The design of a horizontal hydraulic turbine using inlet nozzle channels is presented. The use of nozzle diaphragms as elements that
create the angular momentum necessary for optimal operation of the hydraulic turbine makes it possible to use bulb direct-flow hydro units for high
heads (80-100 meters).
Keywords: bulb hydro turbine, runner, wicket gate, nozzle diaphragm, cate-blade relationship, efficiency.

€. C. KPYIIA

PO3POBKA I'OPU30OHTAJIBHUX KAIICYJBHUX I'IIPOTYPBIH HA BUCOKI HAIIOPH 3
IUPOKHUM JIIATTA3OHOM HAJIIMHUX PEXKUMIB EKCILTY ATAIIIT

Po3risHyTi MHTaHHA Ta HANPSAMH MiJBHIICHHS CHEPrOKaBITALIMHMX Ta eKCIUIyaTalliiHUX IOKa3HUKIB TiIpoTypOiHHOrO 00aJHaHHS
rigpoenekTpocTanmiil. JIOKIaJHO MPOAHAI30BaHO HANPSMH YHIOCKOHAJICHHS OCHOBHHX IIOKA3HHKIB, IO XapaKTepU3yIOTh CHEPreTH4HI Ta
eKCIUTyaTaliifHi HepeBarn JIONaTeBHX TiAPOTYpOiH TOPH30HTANBHOrO THILY. [IpsAMOBICHI MOBOPTHO-JIONATEBI TiAPOTYPOIHH 3 TOPU3OHTAILHUM
PO3TaIyBaHHSAM OCi OOEpTaHHsI rigpoarperaty MaioTh HE3piBHIHHI IEpeBard B MOPIBHSAHHI 3 riIpoTypOiHamu 3 MifABEICHHSM BOIH 32 JOIIOMOIOIO
cripanbHOi KaMepH, B YaCTHHI OULIbII BHUCOKOI HPOITYCKHOI 3aTHOCTI 1 INMPIIOro Aiama3oHy ekcruryatanii. IIpakTuka rigpotypOo0ymyBaHHS
BU3HAUMIIA Jialla30H HAIOpiB, HA SIKi 32CTOCOBYIOTHCS Pi3Hi THIH IiApoTypOiH. 3aCTOCYBaHHS TOPU3OHTAIBHHUX MPSMOTOYHHX TiAPOTYPOiH Ha HAlOpU
nonaa 40 metpiB 3ycrtpiuae psin mpoGiieM TiAPOJMHAMIYHOIO XapakTepy, MILHOCTI, a TakoX HpoOieMm HafiiHoi ekcrutyarauii. IIpoanasnizoBaHo
nepeBary IPSMOTOYHUX KaICyJIbHHX TiAPOTYypOiH Ta MOXKIMBICTB IX 3aCTOCYBaHHS Ha BHCOKI HArmopy. PO3IIISIHYTO HOBI KOHCTPYKTHBHI PiIlICHHS, Ha
SIKI OTPUMAaHO NAaTeHTH YKpaiHW, IO JO3BOJIIOTH 3aCTOCOBYBATH I'OPH3OHTANIBHI KAICYJIBHI TigpoarperaTd Ha Bumi Hamop (mo 300 merpiB) i mpu
[IbOMY OTPHMAaTH IIMPLIy 30HY EKCIUTyaTalii He JMIIe 32 BUTPAaTaMH, a i 3a Hamopamu. BHKOpHCTaHHs 31BOEHHX NPSIMOTOYHMX Iigpoarperaris
JIO3BOJIUTH iCTOTHO PO3LIMPUTH CKCIUTyaTaliiHi Jiana3oHH BHCOKOC()EKTHBHOI Ta HaJiiiHOI pOOOTH TOPU3OHTAIBHHUX KalCyJIbHUX TiIpOTYypOiH Ha
BUTpaTax (HIOTYXKHOCTSX), SIKi JO3BOJIIOTH iM yCHINIHO (PyHKITIOHYBAaTH Ha 3MIHHHX, ITIKOBHX HaBaHTaXXEHHSX J000BOro perymroBaHHs. Ha ocHOBi
aHaJi3y pobOYOro Mmporuecy pisHUX FOPU3OHTANBHUX Ta AiarOHATBHUX TYpOiH, aHaI3y iX yHiBepcalbHUX XapaKTEPUCTHK OYJIO pO3pOOIEHO HAyKOBO-
0OIpYHTOBaHI PONO3UILIi 100 HOMEHKJIATYPHU 3[BOEHHUX NMPSIMOTOYHHUX Tigpoarperaris. [IpeacTaBieHO KOHCTPYKIIO FTOPU30HTAIBHOI TipoTypOiHn
3 BUKOPUCTAHHSM II/IBITHUX COIUIOBHX KaHANIB. 3aCTOCYBaHHs COIUIOBHX alapaTiB K €JIEMCHTIB, IO CTBOPIOIOTH HEOOXIMHMH [UIS ONTHMAalIbHOI
PoOOTH TiipoTYpOIHM MOMEHT KiIBKOCTI PyXy, JO3BOJISIE BHKOPUCTOBYBATH KalCyJIbHI MPSIMOTOYHI arperat Ha BUcoki Haropu (80-100 metpiB).

KurouoBi ciioBa: kancynbHa rigpotyp0Oina, poboue Koieco, HanpaBisilouMid anapat, COIUIOBHUII anmapar, KOMOIHATOpPHA 3aJISKHICTh, KOe(DillieHT
KOPHCHOI Jil.

Introduction. An analysis of the prospects for the
development of the electric power industry for the coming
decades shows that the increase in energy capacities will
mainly be associated with the commissioning of new
nuclear power units, and in the long term, thermonuclear
ones are also possible. This is due to the acute shortage
and high cost of organic fuel [1-6].

Due to the increase in energy consumption by urban
transport and facilities not associated with a round-the-
clock technological process, the share of peak capacities
of daily regulation is increasing. Therefore, with the
prospect of developing nuclear energy, many countries are
planning a significant increase in hydropower capacity
through the construction of new hydroelectric power
plants (HPPs) and especially pumped storage plants.

When developing new, more advanced hydro-turbine
equipment that is competitive on the world market or
when modernizing equipment in operation at HPPs and

PSPPs, naturally, in addition to the tasks of increasing the
reliability and durability of operation, reducing the cost of
building HPPs and manufacturing equipment, tasks are set
aimed at developing new technologies for converting the
energy of river flows into electrical energy, reducing
energy losses at thermal and nuclear power units in the
process of generating electricity by improving their
operation schedule, closer to working at base loads, while
covering peak loads of daily regulation is transferred to
more mobile hydraulic units for regulation [1-6].

When developing hydro turbine equipment, along
with the requirements for improving operational
reliability, the following requirements are also put forward
[7-8]:

a) increasing the optimal efficiency and expanding
the zone of optimal operation;

b) increasing the average operating efficiency of the
hydro turbine;
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c) expanding the zone of reliable operation of a
hydro turbine in terms of heads and flow rates with high
energy-cavitation performance and with an acceptable low
level of non-stationary phenomena in the flow, during
operation in modes other than optimal;

d) speeding up the process of energy conversion
without reducing the energy-cavitation performance of the
hydro turbine, by developing more high-speed hydro
turbines, which will certainly lead to a reduction in the
cost of building HPP and manufacturing equipment, or,
when modernizing HPP, will increase the capacity of
hydroelectric units and electricity generation by increasing
the average operating efficiency and increase the
throughflow capacity of the flow path.

Formulation of the problem. The practice of
hydraulic turbine construction has determined the range of
pressures for which various types of hydraulic turbines are
used [8].

Straight-axis adjustable-blade turbines with a
horizontal axis of rotation of the hydraulic unit are
operated at heads up to 30-40 m.

They have incomparable advantages compared to
hydro turbines, in which the water supply is carried out
using a spiral case in terms of higher flow rates and wider
range of operating power.

The paper considers new design solutions that allow
the use of straight-axis hydraulic units for higher heads up
to 300 m and at the same time obtain a wider operating
area not only in terms of flow rates, but also in terms of
heads.

At HPPs, hydro turbines, passing in parallel water
flows, carry out energy conversion  without
interconnection of the working processes occurring in
each flow path of a single hydro turbine [4].

There are examples of hydraulic units with a
sequential arrangement of flow paths. In this case, the
water flow leaving the first hydraulic unit enters directly
into the inlet parts of the second hydraulic unit. This
arrangement was dictated by the desire to use two faster
hydraulic units for a total higher head, compared to that
for which each of them was designed.

However, this solution has not found wide
application, because the disadvantages of such a solution
prevailed in comparison with the advantages obtained.

The paper considers the issue of combining two
hydraulic units in series into one dual with a total
workflow, in which the cate-blade relationship, which
performs the interdependent rotation of the wicket gate
vanes (one or two) and the blades of the runners, ensures
the optimal distribution of actuated heads in various blade
systems and mutual coordination the moments of
momentum at the inlet and outlet of the blade systems,
necessary to ensure minimal hydraulic losses in the entire
flow path.

Development of a series of horizontal capsule
hydraulic units for heads up to 250 m. Twin bulb
hydraulic unit. The use of direct-flow hydraulic units for
heads over 40 m encounters a number of problems of a
hydrodynamic, strength nature, as well as problems of
reliable operation. However, these difficulties and
problems can be solved, and the advantages obtained from

the use of direct-flow units are undeniable [4, 8].

As is known, up to 75% of the costs in the
construction of hydroelectric power stations are purely
construction (concrete) costs. The cost of hydro turbine
and generator equipment rarely reaches 50 % of the total
cost of all work.

Bulb-type direct-flow hydroelectric units or with a
generator located in a pier, due to the absence of a spiral
supply and a curved draft tube, provide great savings in
reinforced concrete construction work, because they have
a minimum plan width and height of the hydraulic unit
block. The advantages of the direct-flow part from a
hydraulic point of view are also undeniable. Let's consider
them in more detail.

Direct-flow (bulb) hydroelectric units, such as those
at Kyiv HPP, Kaniv HPP, etc., despite the complexity of
the design and high metal consumption, have significant
advantages compared to hydro turbines with a spiral water
supply [8, 9]:

1. 30-40 % higher throughput, which allows, with
the same runner diameter, to increase power by 30-40 %
or reduce the runner diameter at the same power and
obtain significant savings in the size of the hydroelectric
power station and the metal consumption of reinforcement
embedded in concrete.

2. Higher efficiency at optimum and significantly
higher average operating efficiency (by 5-10 %).

3. Wider range of operation in terms of heads and
flows, wider maneuverability when starting and stopping
the hydraulic unit, which is important when working at
peak loads.

4. More quiet operation of the hydraulic unit in
modes other than optimal in a wide range of changes in
flow rate (power) and head. Lower level of flow
unsteadiness.

However, direct-flow hydraulic units were not used
for heads over 30—40 m, due to the difficulty of creating
the necessary moment of momentum of the flow supplied
to the runner for optimal operation of the hydraulic
turbine without a spiral case.

The invention [10] completely solves this problem
and allows the use of direct-flow hydraulic units for heads
from 30 to 200 m or more with a capsule layout of the
hydraulic unit or in concrete piers (columns). In this case,
along with the above, the following advantages, which are
characteristic only for this constructive solution, will take
place:

1. The range of reliable operation in terms of
pressure from Hy up to (0,25-0,3)Hna with high
efficiency, while maintaining a wide range of operation in
terms of the flow rate.

2. The advancement of direct-flow hydraulic units
to heads over 100 m allow extending the advantages of
these hydraulic units to the range of heads where Francis
hydraulic turbines are used, which allows:

- with the same diameter of the runner, more than
double the power of the hydraulic unit (i.e., reduce the
number of hydro units at HPPs, reduce the metal
consumption of hydro turbine equipment and especially
the metal consumption of reinforcement embedded in
concrete, etc.);
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- for HPPs, where there is a need for the draft of the
reservoir up to (25-30 %)H.x (for example, the Central
Asian republics with irrigation agricultural technologies)
allows in the hot summer months with a small inflow of
water into the HPP reservoir to generate electricity with a
sufficiently high efficiency and a low level of unsteady
flow in the hydro turbine tract (low level of pressure
pulsation and vibration of the hydroelectric unit) and at
extremely low heads;

-increase the average operating efficiency by
5-15 %, i.e. increase electricity generation by the same
5-15 %.

This problem is solved by installing the twin bulb
hydraulic unit in the water conduit, with runners of a
hydraulic turbine or a pump-turbine of a diagonal or axial
type [8-10].

It consists of two turbine-generators located in the
same water conduit one after the other, united by a single
control system with a triple cate-blade relationship
between the opening of the guide vane, common to two
turbine-generators, and the turning angles of the blades of
the runners.

Fig. 1 shows the twin bulb hydraulic unit. It consists
of a water conduit 1, stay vanes 2, a common wicket gate
3, two turbine runners 4 and 5, two hydro generators 6 and
7, and two shafts 8 and 9. Each runner is of axial or
diagonal type. Fig. 2 shows a three-dimensional model of
the twin bulb hydraulic unit.

=
w
[~

Fig. 2. 3D model of the twin bulb hydraulic unit

Twin bulb hydraulic unit works as follows [8-10].

A non-circulating water flow (with a zero moment of
momentum relative to the axis of the units) through the
water conduit 1, the stay vanes 2 flows onto the guide

vanes 3 (set at a certain opening).

Passing the guide vane 3, the flow enters the runner
4 with a certain circulation and causes it to rotate. The
rotation of the runner 4 is transmitted to the rotor shaft
(not indicated in the drawing) of the hydro generator 6. At
the same time, the guide vane 3 creates a part of the
moment of the momentum generated by the runner 4, and
the runner 5, rotating in the opposite direction, provides a
non-circulating flow at the outlet in the optimal mode.
Therefore, passing through the runner 4, the flow acquires
a negative swirl (circulation). From the runner 4, the flow
with a negative swirl enters the runner 5, where this
circulation of the flow is depleted, and the flow exits
without circulation. The rotation of the runner 5 is
transmitted to the hydro generator 7.

The backwater created by the runner 5 improves the
energy cavitation characteristics of the runner 4, which
makes it possible to operate the runner 4 at heads
significantly higher than the limiting heads for existing
direct-flow hydraulic units. During operation, the guide
vane 3 can change the opening angle (depending on the
mode of operation). With a change in the opening of the
guide vane 3 through a cate-blade relationship, the angles
of rotation of the blades of the runners 4 and 5 (triple
regulation) are changed to ensure maximum efficiency in
a wide range of regulation [11].

Thus, the use of the twin bulb hydraulic unit can
significantly increase the average operating performance,
expand the operating area in terms of head and flow rate,
increase efficiency, and makes it possible to use a direct-
flow scheme for higher pressures [8-10].

As in any hydro turbine, the working process is
carried out by creating a torque on the runner of the hydro
turbine (which is determined by the total moment of
hydrodynamic pressure forces on the blades) equal to
[4, 9]

My = PQ[(E)l - (m)z J_ AM s,
where pQ(E)l = ﬁp(rvu Jv,ds — the total moment of
S

momentum of the liquid in the cross section S; at the inlet
of the runner; pQ(rvu )2 = §p(rvy v,ds - the total

$2
moment of momentum of the fluid in the cross section S,
at the outlet of the runner; AM,,s — loss of momentum of
the fluid due to friction on stationary surfaces and leakage
in the seals bypassing the flow path.
In accordance with the Euler equation for a hydraulic
turbine:

% = (E)l - (E)z '

where 1y, — hydraulic efficiency of the hydraulic turbine; H
is the head of the hydraulic turbine; g=9,81 m/c?
o — frequency of rotation of the rotor of the hydraulic unit.

During operation of a hydraulic turbine, the
hydraulic efficiency depends on the level of hydraulic
losses. In the balance of losses, especially in off-design
(far from optimal) modes, a significant part of the head
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loss is circulating losses: H, :—(rvu)z.
ng

In the optimal operating mode, these losses are close
to zero, since (rvu )2 ~0.

The working process of the twin bulb hydraulic unit
with a combinatorial system for turning the guide vanes,
the runner blades of the first hydraulic unit and the runner
blades of the second hydraulic unit from the conditions of
a minimum total head loss (maximum efficiency in the
currently operating mode) is more complex.

On the basis of the analysis of the working process
of various axial and diagonal turbines, the analysis of their
universal characteristics, scientifically based proposals on
the nomenclature of twin direct-flow hydraulic units were
developed [7-10].

Two turbines of diagonal or axial type, the shafts of
which are placed horizontally, are installed in the flow
path of the twin bulb hydraulic unit (Fig. 3). The choice of
layout is determined by the head of the designed hydraulic
unit (Table 1).

Fig. 3. Schemes of the runner layouts and cross-sections of the
twin bulb hydraulic unit:
a — two axial runners; b — diagonal and axial runners; ¢ — two
diagonal runners

Table 1 — Head ranges for the different runner layouts

Scheme a b c

Head range, m | 40-75 | 75-180 | 180-320

If we designate:

DT ey T s T o 19
HO :{ﬁ(rvu)l} and HYY = —Z(rvu)z}

for the first hydraulic unit and

© (_) 2 ® (_) )
H? :{—1 rv, } and H® =| —=2-(rv, }
bolmg ? o mgt M

for the second hydraulic unit, then the head generated by
the first hydraulic unit will be

1 1 2
HE, =HE -1,
and by the second hydraulic unit
2 2 2
HE =HP -HP.

It should be noted that the rotor of the second
hydraulic unit rotates in the opposite direction with

respect to the direction of rotation of the rotor of the first
hydraulic unit and the negative moment of momentum

determined by the head H{Yis positive for the second
hydraulic unit: ‘— Hél)‘ =H®.

With increasing the head, the moment of momentum
of water in front of the runner (V,r), increases and for its
formation in the inlet elements of hydraulic turbines,
spiral cases and an increased number of stay vanes are
used (at heads of 400 m and more). The difficulty of
creating the moment of momentum necessary for the
optimal operation of the hydraulic turbine is one of the
main reasons that impede the advancement of direct-flow
hydraulic units to higher heads. Therefore, in world
practice, direct-flow hydraulic units up to 40 m of head
are used, in which the angular momentum of the flow
leading to the runner (with a non-spiral supply) is created
in the stay vane channels and guide vanes.

When operating the twin hydraulic unit in modes

other than the optimal drawdown of heads H{, and

H3 in the first and second hydraulic units is

redistributed (according to a cate-blade relationship) in
order to minimize energy losses in each operating mode.
This also leads to a redistribution of the moments of
momentum of the fluid in front of and behind the first
runner and in front of and behind the second runner. The
cate-blade relationship of the turn of the blades of the first
and second runners as a function of the opening of the
guide vanes (i.e., changing the water flow or power of the
twin hydraulic unit), along with a decrease in all types of
hydraulic losses, minimizes the circulation losses of the
flow leaving the second wunit, and, consequently,
minimizes friction losses when flowing around the second
capsule.

The fact that for two capsules we have one inlet and
one outlet flow organ will certainly lead to an increase in
efficiency and in the optimal mode of operation compared
to Francis hydro turbines.

Bulb hydraulic unit using nozzle diaphragms. The
main disadvantages of the twin bulb hydraulic unit [10]
are the long length of the hydraulic unit along the axis of
rotation of the hydro turbine-generator rotors, the
complexity of the design, which leads to the complexity of
the maintenance of the hydraulic unit, the complexity of
the work process control system.

The useful model [12] is based on the task of
increasing the average operating and energy-cavitation
indicators of direct-flow horizontal bulb hydraulic units,
expanding the operating area in terms of heads up to
80-100 m.

The task is achieved by the fact that in the turbine in
front of the guide vane a nozzle inlet diaphragm of the
hydraulic turbine is installed, which is a series of specially
profiled curvilinear (spiral) confusing nozzle channels
placed around the circumference in front of the guide
vane. They provide the necessary moment of momentum
for good operation of the hydraulic turbine for heads up to
80-100 m and a uniform flow supply to the runner along
the circumferential direction and along the height of the
guide vane. In this case, the vanes of the nozzle
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diaphragm also play the role of stay vanes, which provide
reliable support for the hydraulic unit capsule.

In the Fig. 4 a meridional section of the horizontal
direct-flow bulb hydraulic unit is shown; in the Fig. 5 the
nozzle confusor channel is presented in plan.
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Fig. 4. Horizontal direct-flow bulb hydraulic unit
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Fig. 5. Nozzle confusor channel

The horizontal direct-flow bulb hydraulic unit
includes a metal capsule 1, in which an electric current
generator, bearings, a thrust bearing, auxiliary equipment
are located; a nozzle inlet diaphragm 2; guide vanes 3;
rotary-vane runner of axial type 4; a draft tube of straight
axis type 5.

The horizontal direct-flow bulb hydro unit consists
of hydro turbine and electric generator equipment [12].

The hydraulic turbine is the drive of the electric
current generator, converting the water flow energy into
the mechanical energy of rotation of the rotor of the
generator and works as follows. The flow of water with a
certain head and flow rate is supplied to the area of the
nozzle inlet diaphragm 2. In the confuser, specially
profiled nozzle channels located around the circumference
in front of the guide vane, the meridional and
circumferential components of the flow velocity increase.

At the same time, the necessary moment of the flow
momentum and uniformity in the circumferential direction
and height of the guide vane are created for optimal
operation of the hydraulic turbine, providing high energy-
cavitation performance of the hydraulic turbine. Next, the
flow enters through the vane channels of the wicket gate
3, which is a control device, into the interblade channels
of the axial-type runner 4.

The rotation of the runner blades is carried out due to
the control system in accordance with the cate-blade
relationship on the opening of the wicket gate vanes,
ensuring minimal energy loss [11]. Next, the flow with
minimal losses is diverted to the downstream pool through

a straight-axis draft tube 5 [12].

Thus, the use of direct-flow horizontal hydraulic
units for higher heads (up to 80-100 m) makes it possible
to extend the advantages of these units (such as higher
throughput, providing greater turbine power with the same
runner diameter, higher energy-cavitation performance
and operational reliability) to the above-mentioned heads.

Conclusions. 1. The use of twin bulb hydraulic units
in special capsules (bulb hydraulic units) or in a concrete
pier makes it possible to obtain hydraulic units with a
wide range of operation in terms of heads and flow rates
for heads of 50-250 meters and higher, increase the
average operating efficiency by 5-15% and provide
reliable operation.

2. The use of nozzle diaphragms as elements that
create the moment of momentum necessary for optimal
operation of the hydraulic turbine allows the use of direct-
flow (bulb) hydroelectric units for higher heads
(80-100 m).
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