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1Evolutions in Mechanical Engineering

Introduction
300 to 800MW turbines were created in the 60s and 70s of the twentieth century to carry 

the base loads of power systems. Their further use to provide maneuverable, semi peak and 
peak loads has created a number of challenges related to the reliability, maneuverability and 
economical operation of equipment. And if until the 80s scientific research was aimed at 
studying thermo gas dynamic processes occurring in flow paths, starting from the 70s, much 
attention was paid to ensuring the reliability of turbines, investigating their thermal, thermal 
stress and thermal strain states [1-4]. 300 and 500MW solid fuel power generating units are 
supposed to be replaced with upgraded PUs of increased efficiency with a steam temperature 
of 565/565   ͦC or PUs with SACSP, while 300MW power units allow for installing CFB; 150 to 
200MW solid fuel PUs should be upgraded by implementing operation with CFB, and later by 
using CCGT with a fluidized bed under pressure and with coal gasification. According to the 
requests by domestic and foreign power engineers (Slovyanska TPP, Novocherkasska TPP, 
Troitska TPP, Ekibastuzska TPP, Aksu TPP), to replace obsolete and worn-out turbines with 
a capacity of 300, 500, and 800MW, specialists from JSC Turboatom have developed new up 
to date cost effective and reliable turbines designed to operate with improved parameters of 
live steam. To revamp Unit No. 6 at Slovyanska TPP by erecting two power units, Unit No. 6b 
and Unit No. 6a, JSC Turboatom has completed a project of a turbine operating at supercritical 
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steam parameters with an installed electrical power of at least 
330MW each, in the bay of dismantled equipment a two-shaft PU 
No. 6 with an electrical capacity of 800MW in the existing main 
building of Slovyanska TPP.

The purpose of the above revamping was to:

A. Increase the reliability of the TPP operation by replacing 
the obsolete and worn-out PU, which has worked out its life limit, 
with two new advanced PUs with an in-stalled electrical capacity of 
at least 330MW.

B. Erect new power units on the vacant site by carrying out 
dismantling work on the site of the decommissioned inefficient and 
environmentally unsafe PU No. 6.

C. Extend the service life of Slovyanska TPP through the 
construction of highly efficient PUs for supercritical parameters 
with an extended range of PU load regulation.

Further development of turbine engineering, associated 
with an increase in the initial parameters of steam, an increase 
in the unit capacity of turbine units, the drive for reducing their 
dimensions and masses, largely depend on an increase in the 
reliability and durability of turbine parts and assembly units, which 
include cast cylinder bodies. To assess the strength of the cast HP 
casing, which is one of the most critical and expensive elements of a 
steam turbine, limiting its service life, it is required to investigate its 

stress-strain state with respect to the operating conditions, caused 
by inhomogeneous temperature fields and internal pressure of the 
steam flow. In this regard, the correct assessment of the thermal 
stress state of the turbine casings is becoming ever more important. 
Since in most turbine casing elements the forces between parts 
are transferred by means of contact, and their temperature and 
strength are determined by the nature of the distribution of 
contact pressure, it becomes relevant to build refined models and 
methods for calculating the SSS of a structure in the contact setting 
[2]. A consistent consideration of these factors in determining 
and analyzing the SSS of the internal HP casing of the K-330-23.5 
steam turbine will make it possible to determine the degree of their 
influence on the real SSS picture, which will further allow us to 
evaluate the compliance of the results at each stage of solving the 
problems set by comparing them with the data of experiments and 
operation [2].

Problem Statement and Description of Calculation 
Methods
Formulation of the problem

At this stage, the SSS problem of the internal HP casing of 
the K-330-23.5 steam turbine operating at supercritical steam 
parameters (560  ͦС and 23.5MPa) is solved in an elastic setting, 
without taking into account the influence of temperature stresses 
and deformations as well as with taking into account (Figure 1).

Figure 1: Three-dimensional model of the K-330-23.5 steam turbine internal HP casing. Loading scheme. Boundary 
conditions for fastening the casing.
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a) Different longitudinal pressure on the walls of the casing. 
Determined from the loading scheme as the difference between 
the pressure on the external casing wall-loads of group “I”, and 
pressures on the internal casing wall-loads of group “II”.

b) The distributed load on the bores for installing diaphragms 
in the casing. In the loading diagram-loads of group “III”.

c) The degree of tightening flanged joint fasteners made of 
EP-182 (20Kh1M1F1TR) steel and modeled in accordance with [5]. 
In the loading diagram-loads of group “IV”.

d) Contact interaction in the flanged joint in the joint area.

e) Influence of weight loads.

The boundary conditions simulating the fastening of the casing 
in models [2]. The rigid fastening in the area where the lower casing 
half rests on claws and the restricting movement along the joint 
face in the area where the casing claws rest against the external 
casing grooves (Figure 1).

Description of the computational model

The three-dimensional model of the internal HP casing of the 
K-330-23.5 steam turbine was developed in the Autodesk Inventor 
Professional software package [2,6] and is now presented in Figure 
1. The upper and lower halves of the casings relate to 24 studs. 
The above-mentioned three-dimensional models also include 
symmetrical contact interaction of the flanges of the two halves 
of the internal HP casing, which allows us to more accurately 
determine its SSS. The FE model under consideration has several 
contact interaction zones. During the modeling of the casing, only 
the mutual contact interaction of the flanges was considered [2,7]. 
The FE three-dimensional model of the above internal HP casing 
features is described earlier in the paper [2]. The physic-mechanical 
properties of materials used in the manufacture of the internal HP 
casing and fasteners are given in Table 1 [8].

Table 1: Physico-mechanical properties of the materials of 
the internal HP casing and fasteners.

Material
Value

Young’s modulus 
Е∙10-3, Mpa

Poisson’s 
ratio ν

Density ρ, kg/
m3

EP-182 (casing 
studies) 215 0.3 7850

15Kh1M1FL 
(casing) 217 0.3 7800

Solution method

Given that the considered casing design is in a complex stress 
state, the assessment of its strength is based on the analysis of 
principal stresses according to the Maxwell-Huber-Hencky-von 
Mises limit state theory, also known as the distortion energy 
theory or octahedral shear stress theory [2,9,10]. The von Mises 
criterion states that failure occurs when the energy of distortion 
reaches the same energy for yield/failure in uniaxial tension [9,10]. 
Mathematically, this is expressed as

( ) ( )2 22
1 2 2 3 1 3( )

2equiv

σ σ σ σ σ σ
σ

  − + − + −  =  
  

                (1)

where σ1, σ2 and σ3-the principal stresses. σequiv - the equivalent 
stresses. The equivalent stresses are related to equivalent strains 
by the following relation:

2equiv equivE Gσ =                (2)

where G = E /(2(1+ ν)) is the shear modulus; E is Young’s 
modulus; ν is Poisson’s ratio.

Additional conditions of the contact problem

According to [7,11,12], the boundary contact problem is 
characterized by the presence of a contact zone of a known (stable) 
or unknown (unstable, variable) configuration. In this zone, there 
is no interpenetration of the surfaces of bodies, and the forces 
transferred because of contact cannot be tensile (considering the 
forces of surface adhesion in the contact zone, a certain level of 
“negative pressure” is allowed). According to the consequence of 
the general conservation law (the law of surface interactions), the 
contact forces on two contact surfaces must be equal in magnitude 
and multidirectional. In this case, forced contact can be carried out 
both with friction and without friction. As a result, the formulation 
of the boundary contact problem includes additional contact 
conditions and constraints, which can be described by the following 
equations, on the contact surface Sk [7,12]. 

On the general surface Sk of elements with conditional numbers 
1 and 2, the following coupling conditions must be satisfied:

a) force for stresses σ

1 2 ( ). 0, , 1, 2,3 1,2mn mn
m jv m n jσ σ− = = =                     (3)

b) kinematic during adhesion (displacement of U in the same 
basis as the coordinates x)

( ) ( )(1) (2)
. 0, , 1, 2,3m m m m mx U x U v m n + − + = =                    (4)

( ) ( )(1) (2)
. 0, , 1, 2,3m m m m mx U x U m nτ + − + = = 

                 (5)

where νm, τm respectively, vectors components of the outer 
normal to contact surface and tangent to this surface. During 
slipping (with or without friction), condition (5) is not used 
[7,11,12].

Among the set conditions are:

c) Negative values of normal components of contact forces

( )( ) 0, 1, 2mn
m n jv v jσ < =                 (6)

d) mutual non-penetration of bodies

( ) ( )(1) (2)
. 0m m m m mx U x U v + − + ≤                     (7)

Inequalities (6), (7) are the basis for the determination of the 
current contact surface configuration.

The force interaction of surfaces in the contact zone Sk can 
occur under conditions of adhesion or slippage. In the case of 
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adhesion, that is, with ( ){ }min
min , / 3v sτσ µ σ σ≤  (σs is actual 

material yield strength),

mn
vv m n kv v s Fσ σ

∧

= =                 (8)

1
3 22 2

1
( ) ( )mn mn

vm m n kn
v v v s Fτσ σ σ

∧

=
 = − = ∑                (9)

Or mm kU s U
∧

=                 (10)

During slipping, that is, when { }minmin , ( ) / 3v sτσ µ σ σ>
we have

,mn
vv m n kv v s Fσ σ

∧

= =                 (11)

or ,vv m kU U s U
∧

= =                          (12)

and, at 
0 .sin( ),vF Uτ τµ σ

∧

≠ → = −
                       (13)

    

where (1) (2)( ).m m mU U Uτ τ= −  is projection of the vector of 
mutual displacements, tangent to the contact surface. If there is 
no need to take friction into account (if the coefficient of friction μ 
is equal to zero) during the calculation, then these conditions are 
simplified to

mn
v vv m n k v m kv v s F or U U s Uσ σ

∧ ∧

= = = =                   (14)

In the process of minimizing the target FEM functional, 
additional constraints (3)-(14) are usually taken into account by 
one of two methods: (PM) and LMM. PM is distinguished by its 
economy of memory and time resources and has become quite 
widespread when solving frictional contact problems. In turn, LMM 
is known for its accuracy [7,13]. However, it may lead to incorrect 
convergence of the solution. Considering the need to quickly solve 
contact problems that arise during the production and operation 
of power equipment, the PM was adopted to solve the considered 
problem. In contact problems, the penalty term includes the 
stiffness matrix of the contact surface. This matrix stems from the 
concept that one imaginary body penetrates another [11]. The 
stiffness matrix of the contact surface is added to the stiffness 
matrix of the contacting body, so that the incremental equation of 
the FE becomes;

[ ].b cK K u F+ =                     (15)

where: Kb is the stiffness matrix of contacting bodies; Kc-
stiffness matrix of contact surface; u-displacement; F-force.

The magnitude of the contact surface is unknown [14], 
therefore its stiffness matrix, Kc, is a nonlinear term. The total load 
and displacement values are

totF F= ∆∑                    (16)

totu u= ∆∑                            (17)

where: Ftot is the force vector; utot-displacement vector.

To derive the stiffness matrix, the contact zone (encompassing 
the contact surface) is divided into a series of contact elements. The 
element represents the interaction between the surface node of one 
body with the respective element face of the other body [13]. Given 

the nature of the numerical simulations only the sliding mode of 
friction will be presented. In this case, the tangential force acting at 
the contact surface equals the magnitude of the friction force, hence 
the first variation of the potential energy of a contact element is;

sgn( )c n n t t n n t t d t t tf g f g k g g g k g gδ δ δ δ µ δΠ = + = +         (18)

where: kn represents penalty terms used to express the 
relationship between the contact force and the penetrations 
along the normal direction; kt-penalty terms used to express the 
relationship between the contact force and the penetrations along 
the tangential direction; gn-penetration along the normal direction; 
gt-penetration along the tangential direction;

n n nf k g=                     (19)

sgn( )t t d t tf g k gµ=                    (20)

The FE software, for the penalty method, assumes that contact 
force along the normal direction is written as follows:

. . .cont penetr contK x F∆ = ∆                      (21)

where: Kcont. is the contact stiffness, defined by real constant 
FKN (scale factor) for contact elements; xpenetr.-distance between 
two existing nodes on separate contact bodies; Fcont.-contact force. 
FE software automatically chooses the real constant FKN as a scale 
factor of the stiffness of the underlying elements.

The mechanical properties of the contact layer are described in 
terms of contact stiffness;

. . .contK f E h=                               (22)

where f is the contact stiffness coefficient, 0.0001 100f< < ; 
E-is the Young’s modulus, МПа; h-is the characteristic linear size of 
the contact area.

To build the matrix of rigidity of the contact surface, the value 
of mutual penetration on the sealing surface of the flanges was 
taken to be close to the roughness height, namely 0.0025mm [7]. 
To overcome the influence of the meshing upon the results of the 
analysis and to improve the accuracy of the solution an adaptive 
solution will be used [13,15]. In FE software the desired accuracy 
of a solution can be achieved by means of adaptive and iterative 
analysis, whereby h-adaptive methodology is employed.

Analysis of the Result Obtained
As a result of the calculations, stresses were obtained in the 

walls of the internal HP casing (on the external surface in the area 
where the toroidal part of the casing mates with the horizontal 
connector flange and in the meridional section of the casing) for the 
K-330-23.5 turbine (Figure 2) is obtained. As a result, it has been 
established that:

A. The SSS of the internal HP casings is three-dimensional, 
and a complex deformation pattern is observed.

B. In general, the level of stresses in the walls of the casing is 
small, but there are zones of increased stresses both on the external 
surface in the area where the toroidal part of the casing mates with 
the horizontal connector flange and on the internal surface in the 
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area where the steam inlet mates with the cylindrical part of the 
casing.

C. Maximum deformations are experienced by the toroidal 
part of the casings in the bridge between the steam supply pipes in 
the radial direction.

Figure 2: Distribution of the equivalent stresses in the internal HP casing.

The nature of the distribution of contact pressure at different 
tightening forces corre-sponding to the initial tightening with a 
stress in the fastener of 300MPa and the stresses in the fastener, 

varied during the relaxation process, of 240MPa and 180 MPa in the 
middle and at the end of the overhaul period is shown in Figure 3.

Figure 3: Contact pressure level at the inner belt of the flange sealing surface under different tightening torques.

Conclusion
For the first time, an estimate is made of the SSS of the internal 

HP casing for K-330-23.5 steam turbine with the elastic deformation 
of the casings in a three-dimensional setting. This task was very 
relevant during the design and production of the elements of the 
specified turbine. The solution to the problem in a three-dimensional 
setting made it possible to assess the degree of influence of various 
geometric stress concentrators, such as steam pipes and horizontal 
connector flanges, and note that there is a pronounced difference 
in the nature of the distribution of the equivalent stresses in the 
region of transition of the cylindrical part of the casing to the 
toroidal one. A numerical study has been performed of the contact 
interaction between the flanges of the upper and lower halves of 
the casing in the elastic setting about the effect of the groove. It 
is shown that the guaranteed tightness of the flange connection 
for scheduled repair in 40 thousand hours of the operation of the 
turbine according to GOST 24278-91 is confirmed by the calculation 
data using the proposed improved methods; the flange connection 
does not open from the side of the inner belt. Based on the obtained 
results, the recommendations for improvement HPC inner case of 
K-330-23.5 turbine have been developed, which allow to get rid of 
several preventions of the negative phenomena caused by the high 
stresses in the structure. The proposed approaches and methods 
of calculation are implemented in the calculation practice of JSC 

“Turbulator” and used in the calculations and design of individual 
parts and assemblies of high and medium pressure turbine 
cylinders for supercritical parameters of steam Po=260÷300ata 
and To = 600  ͦC with a capacity of 600÷700MW.
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