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Abstract- Electricity is a very important issue in the
economic growth, progress and poverty eradication
of any nation. The future of any country depends on
the availability of electricity in that country. Steam
turbine is a prime mover that is very essential in the
generation of electricity. Most of the worlds’
electricity is generated using steam turbine. In the
operation of steam turbine, there are some critical
components that are affected directly by the super
heated steam. This paper presents a review on three
critical components; the blade, the rotor and the
sliding bearing. As a result of the effect of the direct
effect of the steam on the blade, some stresses will be
developed. These include the centrifugal stress due to
the action of centrifugal load on the blade, thermal
stress, centrifugal bending stress and dynamic stress
due to changing thermal load on the blade from the
steam. Thermal stress also acts on the rotor shaft
since the blade is attached to it. As the rotor rotates,
torque is produced which results in power generation
by the alternator attached to the end of the rotor
shaft. The stresses that will act on the blade must not
be more than the maximum allowable stress of the
blade material hence; the material will fail with time
during operation. Also, the shear stress on the rotor
due to effect of torque must not exceed the allowable
shear stress of the rotor material. The coefficient of
friction, the critical pressure and the heat generated
by the bearing at both ends of the rotor must also be
put into consideration and must not exceed that the
bearing can withstand in the selection of appropriate
materials for these critical components during
design.

Indexed Terms- Blades, Rotor, Sliding Bearing,
Steam Turbine and Super-heated Steam
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1. INTRODUCTION

Energy plays the most vital role in the economic
growth, progress, poverty eradication and security of
any nation. Uninterrupted energy supply is a vital issue
for all country today. Future economic growth
crucially depends on the long term availability of
energy from sources that are affordable, accessible and
environmentally friendly (Omojogberun et al. 2022).
Electrical energy has become an essential facet of life
in all spheres of modern society (Stuck and Schurdak,
2012). Electricity plays an important role especially in
developing economies because the efficient usage of
different resources depends directly on electricity
(Omar et. al., 2022).The world Electrical energy
consumption in the last thirty years has doubled and
keeps increasing with about 1.5% per annum (Khattak
et. al., 2016). Economic and population growth are the
most important drivers of growing global energy
demand (Almad et. al., (2014). Electricity can be
generated using a turbine as a prime mover to drive a
generator. There are four basic types of turbine
according to the fluid used namely; the gas turbine,
steam turbine, wind turbine and water turbine. All
work on the same principle but their specific design
differs significantly. Steam turbine is a prime mover
in steam power plant used in generating electricity.
Currently, nearly 90% of the electricity produced in
the United States is generated using steam turbines,
while about 80% of that produced worldwide comes
from steam generators. With such a substantial amount
of electrical energy being produced by steam turbine
generators, it is in the best interest of society to make
these generators as efficient and as sustainable as
possible (Stuck and Schurdak, 2012). Steam turbines
are one of the most versatile and oldest prime mover
technologies still in general production used to drive a
generator or mechanical machinery. Steam turbine has
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being in use for about two hundred years for
generating electricity (Khattak et al., 2016).

1. STEAM TURBINE

Any device that converts the chemical energy
contained in a fuel into mechanical energy (i.e. shaft
work) via combustion is called a heat engine. Heat
Engines are generally classified according to the
thermodynamic cycle they follow. The most common
heat engine in industrial application is the steam
turbine. (Kumana, 2018). The steam turbine is a
mechanical device that converts thermal energy in
pressurized steam into useful mechanical work (Reddy
et. al., 2014).

The operation of the steam turbine is based on the
Rankine Cycle (Figure 1). The Rankine cycle with
super heat shown in Figure 1 includes a steam receiver
which receives the steam from the boiler. In modern
plant, a receiver is used with one boiler and is placed
between the boiler and the turbine. It is also necessary
to provide a storage of condensate between the
condensate and boiler feed pumps since the quantity of
feed water varies with different demands on the boiler.

T - Temperature

s - Entropy

b .

Figure 1. The Rankine Cycle for Superheated steam
(Eastop and McConkey, 2003))

A schematic arrangement of a Power Station is shown
in Figure 2. In this, the fuel is used to heat the water in
the steam generator thereby producing the steam that
leaves the boiler via a nozzle at a very high
temperature and pressure. The high temperature, high
pressure steam entering the turbine spins the blades
that are attached to the rotor of the turbine and
produces the work that turns the alternator which in
turn generate electricity (electrical energy).
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Figure 2. Schematic arrangement of a Power Station
(Arunkumar et al, 2016).

Figure 3 shows the schematic diagram of the flow
process of a steam turbine operation. The chemical
energy of the fuel is converted to heat energy of the
steam in the steam generator or boiler and then into
kinetic energy or rotational energy of the rotating shaft
(Rotor) of the turbine that turns the alternator to
generate electricity.

Kinetic Energy o rotational

Chemical Energy of Heat Energy of energy of rotating shaft Electrical Energy
the fuel M the Steam ™ ™ of the generator

Figure 3. Schematic diagram showing the flow
process of the steam turbine operation

Figure 4 shows how the fuel is used to heat the boiler
that generate the high temperature, high pressure
steam which enters the turbine via the nozzle at a very
high speed to spin the the turbine blade and rotate the
rotor or shaft which turns the alternator to generate
electricity. The low temperature, low pressure steam
enters the condenser where it is pumped back into the
boiler for further steam generation. In the simple
schematic representation shown in figure 4, a fueled
boiler produces steam which is expanded in the steam
turbine to produce power.

Heat

Figure 4. A schematic representation of a steam
turbine power system ( EPA, 2015; Darrow et al.,
2015)

Ill.  STEAM TURBINE CRITICAL
COMPONENTS

The steam turbine has various parts such as the blades,
rotor, bearing, casing, seals valves, diaphragms,
governors, labyrinth seals steam chest etc. This paper
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present a review on some Steam Turbine components
viz the blades, rotor, and sliding bearing which were
identified as critical components of steam turbine
since they are directly affected by temperature,
pressure and flow rate/speed of the steam.

Steam Turbine Blades

In the thermal power station, the steam turbine is the
prime mover which generates enough torque to
produce power from generator. Steam turbine obtains
its power by the adiabatic expansion of steam flow
through the blades. Turbine has several parts which
participate in the conversion of kinetic energy to
mechanical energy (Nurbanasari, 2014). The turbine
blade in a steam turbine plays an important role in this.
The failure in a steam turbine is a prevalent occurrence
and has a strong correlation with the forces acting on
the blade, which are centrifugal forces, centrifugal
bending, steady steam bending, unsteady centrifugal
forces due to lateral shaft vibration and alternating
bending. Steam turbine blades are the heart of turbine
which experiences the most intense static and dynamic
conditions throughout their life span. Therefore,
analysis of blades is compulsory to avoid any failure.
Figure 5 shows the airfoil geometry of the steam
turbine blade.
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Figure 5. Airfoil Geometry (Kareem et al., 2018)
o Possible Loads on the Steam turbine Blade
The Centrifugal force on the blade

Steam turbine is a fundamental component in most
electrical power generation systems around the world.
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Their efficiency and capital cost are dependent on the
quality of the blade root which secures the
thermodynamic aerofoil sections to the high speed
rotor. Steam turbine converts the heat energy of the
steam into useful work. The nozzles or fixed blades in
the turbine are designed to direct the steam flow into
well-formed, high-speed jets as steam expands from
inlet to exhaust pressure (Ganesh et al., 2016). The
blade and the blade attachment belong to the most
highly stressed components in a steam turbine
generator. The high turbine speed and the dead weight
of the blade makes the steam turbine to be subjected to
enormous centrifugal forces during plant operation
(Maha, 2018). Figure 6 shows the Load and Stress
Distribution due to Centrifugal Stress. Figure 7 is the
schematic representation of centrifugal force acting on
a rotating shaft.
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Figure 6. Load and Stress Distribution due to
Centrifugal Stress (Naumann, 2007)

Evaluation of the Centrifugal force

mw2

F= mo’r =

Figure 7. Schematic representation of centrifugal
force (Vegi, 2013)

The centrifugal force on an element dr at a radius r is
given by

dF = (yadr)w? (Vegi, 2013) 1)
where, ¥ = specific weight of blade material, kg/m?
a is blade cross-sectional area, m?; and

® is angular velocity = % (rad/sec)
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Total centrifugal force exerted at the blade root is
2
F = [fyadro? = 52 = 1) @

where, 1 is tip radius, and r. is root radius

the relationship becomes; F, = %A(%)Z (3)
where:

Alisannulararea= A4 = n(r¢ —r?)

(Vegi, 2013)

e Centrifugal Stress on the blade

The centrifugal loads caused by rotation are the
primary source of stress on the blade (Ganesh et. al.,
2016). Blades are important components of steam
turbine which can failed due to the stress arising from
centrifugal and bending forces (Heidari and Amini,
2017). The blade in the steam turbine is exposed not
only to stress due to centrifugal force but also to stress
due to the pressure of steam on the blade. Equation 4
is used to determine the centrifugal or tensile stress
which occurs basically at the root of the blade.

s, = —<—mr? (Vegi, 2013) ()

Aroot

where; S, Fcand aretare centrifugal or tensile stress,
centrifugal force on the blade and root area of the blade
respectively.

e Thermal load on the blade

The thermal effect on the blade results in thermal
stress and thermal strain and as the temperature
approaches high extremes, the blade material expands
by a significant amount. The Strain related to this
change in temperature is given by the Equation 5.

er = a(AT) 5)
where 7 is the strain in the blade material in a specific
direction and o represents the linear thermal
coefficient of the same material after a change in
temperature (AT) have been determined. Since the
material properties are known, basic Hooke’s law will
be used to determine the magnitude of the expansion
by using the Equation 6.

6r = epxL (6)

The thermal stress on the blade can also be determined
using Equation 7

Othermal = E"a"At (7
where;

E is Young Modulus of the material, ~ is Coefficient
of thermal expansion and,
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o Centrifugal Bending Stress

If the gravity center of the blade section and the gravity
center of the blade root are not in a straight line at
different heights, centrifugal bending stress is
generated and because centrifugal force acts on the
center of mass and periphery of this area, which causes
the tensile stress to concentrate on one side of the
blade's center of gravity line and the other is
compressive stress. The blade is designed to
compensate for the airflow load at the center of the tip
of the blade. Blade designers use the effect of
centrifugal bending to counter the effects of airflow
bending (Zhu, 2019).

Op = My/[ (8a)
When the strain is known, the bending stress can also
be calculated using the equation

op=eXE (8b)
where; &, E are Strain on the blade and Young
Modulus of the blade material respectively.

e Dynamic Stress

Dynamic stress is as a result of the vibration generated
in the turbine blades due to non-uniform flow of the
steam. For example, nozzle-wake interactions and
structural features interfere with airflow. The vibration
of the blade leads to the fluctuation of the stress in the
blades. If the amplitude of the stress fluctuation is very
small, the stress induced does not exceed the stress the
material can bear, but sometimes it is more than the
blade material can bear. At given amplitude, the blades
undergo high cycle fatigue, causing them to suddenly
fail after many cycles, and greater stress fluctuations
will lead to greater stress in the blades. The low fatigue
cycles which lead to blade failure are relatively few.
The dynamic pressure can be considered only in a
situation where there is a greater stress fluctuation than
blade material cannot bear.

e The Steam Turbine Rotor

The steam turbine rotor is the spinning component that
has wheels and blades attached to it. The blade is the
component that extracts energy from the steam. The
rotor carries the blades which converts the thermal
energy of the steam into the rotary motion of the shaft
and as the shaft rotate, torque is transmitted that leads
to the generation of power. Figure 7 shows a typical
steam turbine rotor to which the blades are attached.
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Figure 7. Steam Turbine Rotor

e The Torque Transmitted by the Rotor Shaft

Since the rotor is a rotating element during operation,

torque will be transmitted during operation. The

torque transmitted can be calculated using Equation 9

and the power can be calculated using Equation 10
X T XD3

=

where; D and 7 are the rotor shaft diameter and the

shear stress respectively

Shear stress of the material is given by

Shear stress = 0.75 X

(ultimate tensile strength) (Roymech.org, 2023)
(10)

2nTNT

P~ (11)
where; N and T are the rotor speed in revolution per
minute (rpm) and torque respectively.

Torque transmitted by rotor shaft =

Power =

e Thermal Stress in Rotor

Thermal stress plays important role during turbine
cold start up. When power plant starts up and down or
changes load, the internal of rotor metal will produce
the temperature gradient, due to the presence of the
temperature gradient, rotor will produce thermal stress
in the unstable conditions. When steam turbine starts
up, the temperature of rotor surface gradually rise with
steam temperature rising, temperature of the central
part change lag behind the rotor surface, the rotor of
steam turbine is subjected to variations in short period
of time due to this start and stop cycle of the turbine.
This causes sudden changes in the temperature with
transient thermal stress in the rotor. The surface of the
rotor may produce crack and the stress field of the
rotor is influenced by the temperature field, when
temperature is biggest between rotor center and
surface, the thermal stress is maximum (Bian and Li,
2013).

The Equation for thermal strain comes from the linear

coefficient of thermal expansion multiplied by the
change in length of the element
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1=l
o= (12)
where  is the temperature coefficient of thermal
expansion

I = final length of the rotor shaft

[, = initial length of the rotor shaft

61, is due to temperature increase and is given by
6l = aldt (13)

e The Steam Turbine Bearing

Bearing is a mechanical element that allows relative
motion between two parts such as shaft and housing
thereby reducing friction between the moving part
(Bhandari, 2014). Bearing aids in the rotation of
objects (BYUU’s, 2022). The bearing is used at the
end of rotor to support the weight of the rotor. Sliding
bearing is typically provided to the entire steam
turbine to maintain axial position of the rotor. The
major type of bearing used in the steam turbine is the
Babbitt bearing. This is because Babbitt alloys offers
corrosion resistance, excellent wetting, low wear and
friction resistance and are known for their hard/soft
composition.

The major parameter considered in the design of the
sliding Babbitt bearing are the coefficient of friction,
the critical pressure and the heat generated during the
operation of the steam turbine.

o The Coefficient of Friction in the Design of Sliding
Bearings

The coefficient of friction in the design of bearings is
of great importance, because it affords a bearing the
means for determining the loss of power due to bearing
friction. The coefficient of friction of a full lubricated
Journal bearing is a function of three variables which
are;
ZN o4 1
P, c'd
Coefficient of friction may be expressed as

ZN d 1

w= 0G0 (14)

w, o, Z, N, Py, d, I and c are coefficient of friction, a
frictional relationship, absolute viscosity of the
lubricant (kg/m-s), Speed of the Journal bearing in
rpm, bearing pressure on the projected bearing area in
(N/mm?) (bearing pressure can be calculated using;
load on journal/l x d), diameter of the journal, length
of the bearing and diametral clearance respectively.

The coefficient of friction for journal bearings
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== (Z”)(§)+k ( Khurmi and Gupta, 2019)

=77 (7,
(15)

k = factor to correct for end leakage and it depends

upon the ratio of length to the diameter of the bearing

(i.e. I/d) for instance, k =0.002 for l/d ratio of 0.75 to
2.8 ( Khurmi and Gupta, 2019).

o The Critical Pressure of the Journal Bearing

This is the pressure at which the cut film breaks down
so that metal to metal contact begins. It is called
critical pressure or the minimum operating pressure. It
is obtained as

zn (d)z (=) Nimm2  (Khurmi and Gupta,

P=—/|-
€ 475x%x106 \¢ d+l

2019) (16)

For steam turbine (Main)
Bearing pressure (Pp) = 0.7 MPa to 2 MPa, Z = 0.002

t0 0.016 kg/m-s, 2¥ = 14, £=0.001 and = = 1 to 2
Pp d d

For safety reason the highest values are taken from the
table in machine Design by Khurmi and Gupta, 2019

Ifé: 2 , therefore, | = 2d

Substituting into the equation
ZN d\? [ 2d
Fe = 7sx10s (?) (d+2d) (17

o Heat Generated in a Journal Bearing

The heat generated in sliding journal bearing is given
by the Equation 19

Qg = uWV (Nm/sorJ/sorwatts) ( Khurmi and
Gupta, 2019) (18)

where;

u is Coefficient of friction, W is load on the bearing in
Newton

Load on bearing = Pressure on the bearing in N/mm?
% projected area of the bearing in  mm?

=P (l % d) (19

V is Rubbing Velocity (m/s) =" (20)
N is speed of Journal in rpm = shaft speed

Therefore,
Q= up(xd) (TN/ ) (21)
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CONCLUSION

In the steam turbine operations, the various stresses on
the blades (centrifugal stress, centrifugal bending
stress and the dynamic stress) must be put into
consideration during design, the torque and power
transmitted by the rotor as well as the coefficient of
friction, the critical pressure and the heat generated by
the steam turbine bearing are very vital on these
critical steam turbine components. These critical
components determine the efficiency of the steam
turbine and inappropriate attention on these parts can
affect the efficiency of the steam turbine and indirectly
on the whole steam power plant. In order to ensure the
efficiency of these critical turbine components (blade,
rotor and bearing), it is necessary to ensure that;

i. the combine stresses (centrifugal stress,
centrifugal bending stress and the dynamic stress)
must not be higher than the ultimate (maximum
allowable) stress of the blade material.

ii. the allowable shear stress at the design stage must
not exceed that of the possible rotor material to be
chosen.

iii. the critical bearing pressure as well as the heat
generated by the bearing should not exceed that
which the bearing can withstand.

In order to ensure this, it is necessary to find out at the
design stage that the stresses on the blades, rotor and
coefficient of friction as well as maximum pressure
and heat generated on the bearing does not exceed that
the material can withstand by developing a system
models (either mathematical or computer model) for
estimating these parameters to accommodate for
temperature changes as well as vibration for optimum
power delivery.
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