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Abstract

This paper presents a design procedure for a constant stress low pressure steam
turbine blade. Such blades suffer from different types of loadings leading to different types
of stresses, like tensile and bending stresses due to centrifugal force and steam flow
loading. The centrifugal force is one of the problems that face the designers of blades
especially the long ones. One way to tackle this is by using twisted blades and/or using
variable cross-section area blades.

Six types of blades were studied in this paper. One for constant cross sectional area
blade as a reference. The other five are for reducing cross sectional area blades of varying
curvature. Reducing the cross sectional area reduces the mass of blade and hence reduces
the centrifugal stresses. The performance of the cases was then checked and found to be
within satisfactory ranges.

The results obtained are then utilized in the design of the constant stress blade. Which
was checked with references for three locations (stages) and was found satisfactory?
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1. Introduction
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Steam turbines are the core elements of the steam turbine power plants (Heat power
plants). They form the harvesting component of the plant in which the energy of the hot,
fast, and high pressure stream of steam is first transformed into kinetic energy by expansion
through nozzles, and then the kinetic energy of the resulting jet is converted into force doing
work on rings of balding mounted on a rotating disc.

Steam turbines have two important elements 21:

1. The stator (nozzle), in which the energy of steam is converted into kinetic energy, hence
into flow of high momentum.

2. The rotor blades, in which the high momentum stream of steam is forced to change
direction, and so reducing its momentum. The difference in momentum is a force applied to
the rotor blades forcing them to rotate. These blades are attached to the rotating shaft
(wheel), hence transferring this force to torque and then to power acting on the shaft.
Figure (1) shows the cross-section of a double entry steam turbine.

The rotor blades are the critical elements of the turbine. They carry the entire flow
loading. To design such a blade, the designer needs to calculate the flow properties at first,
estimate the flow forces, and evaluate the stresses on the blades.
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Figure (1) Cross section of a double entry steam turbine ©®

2. Blade Loading

The loading on a rotating turbine blade is composed of:
1. Centrifugal forces due to rotation.
2. Bending forces due to the fluid pressure and change of momentum.
3. Bending forces due to centrifugal action if the centroids of all sections do not lie along
one radial line.
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The steady stress at any section of a parallel sided blade is a combination of direct
tension due to centrifugal force and bending due to steam force. Both of which are acting on
that portion of blade between the section under consideration and the tip.

The direct tensile stress is maximum at the blade root and is decreasing towards the
tip [". The centrifugal stress depends on the mass of material in the blade, blade length,
rotational speed, and the cross sectional area of the blade.

However, the impulse turbine blades are subjected to bending stresses as a result of the
centrifugal forces, the tangential force exerted by the fluid on the blade and if the centroids of
all blade sections do not lie along the same radial line, an additional load is created.

While the reaction blades have an additional bending stresses resulting from the large
axial thrust as a result of the pressure drop occurring in the blades passages.

All turbine blades are subjected to vibration loads and hence, to stresses due to
vibration. It is worth mentioning that the bending stresses are also maximum at the blade
roots. The combined tensile and bending stress is, hence maximum at the root and diminishes
with radius.

For tapered blades the direct tensile stress diminishes less rapidly outwards the tips,
while the bending stress can be made to increase at greater radii. It is therefore possible to
design the blade as a cantilever, with constant tensile stress (centrifugal stress) and bending
stress and by doing so the blade material is much more effectively utilized.

The centrifugal stresses are more significant than other stresses as they have the greatest
effect on total stress. Centrifugal stresses are a function of the mass of the material in the
blade, blade length, cross-sectional area of blade (profile area) and rotational speeds. To
calculated the centrifugal stresses on a moving blade, assuming a single blade fixed to the disc
as shown in Fig.(2).
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Figure (2) Moving blade nomenclature
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Let Rr be the radius of blade at root section, and Rt be the radius at the tip. The area of
the blade profile in section (x) may be denoted as A(x). Let x be an axis chosen along the
blade so as to pass through the axis of rotation of the rotor. It is assumed that the centers of
gravity of all blade sections lie on the axis (x).

The centrifugal stresses at the blade section are the centrifugal force in this section
divided by the area of the blade section, and can be found by formula:

6, (X)= 'l::((z) ................................................................. 1)

If an infinitesimal element (dz) be separated in section (Z) shown in Fig.(2), The force
developed by this element during disc rotation is therefore:

[ Sl (= & 7 NS )

Substituting Eq.(3) into Eq.(2) gives the centrifugal force in this element !:

AF o= p. @5 AZ). (RIHZ) .0Z eevieeeeeieieeeeeeeeeeeeeeeee e e e (4)

By integrating Eq.(4), the centrifugal force becomes:

F et (X)= ij P @F ARZ) (RIHZ).0Z coereeeeeieeeieeeeee et e, (5)

where:
Lb=Rt-Rr

The stresses from the centrifugal forces in a blade arbitrary profile can be determined by
the relationship:

0)2
A(X)

O :f (X):

[p._[ A@z).(Rr + z).dz} ................................................ 6)

Two types of blades were taken under consideration:
I) Constant Cross-Section Area Blade

For a blade of constant cross-sectional area, the centrifugal force given by Eq.(5) then
becomes:

F e (X)=p. 0° AZ) T (R G4 Ko VAP PR (7

79



Journal of Engineering and Development, Vol. 11, No. 3, December (2007)  ISSN 1813-7822
Integrating Eq.(7) gives:

F s (X)=po’ [Rr(Lb - x) + % (NS | [ (8)

It is clear that at the tip of the blade, that is when (x = Lb), the force F .+ (Lb)=0. Whereas

the maximum centrifugal force is at the blade root section when (x = 0).
To estimate the centrifugal stresses, Eq.(5), and Eq.(1) are used to give:

c.s(X)=p. o>, T(Rr SR 4) [ © 7 s 9

where:
A(Z) =A (X) = constant
It is clear that at the tip of the blade that is when x = Lb, the stress o¢f (Lb) = 0.

Whereas the maximum centrifugal force is at the blade root (x = 0). The maximum centrifugal
stresses for a constant cross-sectional area blade are.

6. (0= p.o Lb. (Rr+';2b) ...................................................... (10)
where:
Rm= Rr+|;b
2
G (0)= PO LDRM coeeeiiiiieeeeee et e et e e e s ssaneeeoune (11)

I1) Variable Cross-Sectional Area Blade

If the blade is of variable cross-sectional area, and to find the centrifugal force, it is
necessary to formulate the change of the cross-sectional area as a function of blade height.
Using the relation ),

A(z) =Ar- (Ar -At) (Lib) S (12)
where:
Ar— At
iR:In(Ar—Am) .................................................................. (13)
In2

The centrifugal force on the blade is determined by using Eq.(12) and Eq.(5) to give:
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2Lb 7 R
Fer(=po? | [Ar-(Ar-At) ({5) T(RI +2) 02 oo (14)

and,

Rr.z%! 7z Lb
_ 2 72 _(Ar—At) +
Fcf (X)=p.0 [Ar(Rr.z+?) T (o1 TR dx e

When x = Lb, at the tip of the blade, the centrifugal force is zero. While at the root
section of the blade, where x = 0 the centrifugal force is maximum and Eq.(15) becomes:
Rr.Lb Lb?

o, Lb
F ot (0) = poo® [Ar.LD (Rr + =2 )~(Ar-AY (=t )] e (16)

The Centrifugal stresses are determined by using Eq.(15) to determine the force divided
by the area given by Eq.(12), and the maximum centrifugal stress at blade root becomes:

Rr.lb Lb?®

6cf (0)= P(’) [Lb(RI’+—) (1-_)(§R+1 R+ 2

) T 17)

If the cross-sectional area varies linearly from root to tip then (R =1) and Eq.(12)
becomes:

A(z) =Ar- (Ar —At) (ﬁ) .......................................................... (18)

The centrifugal force as given by Eq.(5) and Eq.(18) becomes:
Lb 7
Fcf (0)=p.0” [ [Ar-(Ar-At) (Lo HRIAZ).Z i (19)

Integrating Eq.(19) gives:

F cf (x)=p.0? [Ar(Rr.z+ 22) (Arl_bAt)(er Z—)]|X ............... (20)

When (x=0) at the blade root, the centrifugal force is maximum and Eq.(20) becomes:

Lb2 Rr. Lb Lb?
Ar-At
)~ (Ar-AY) . :

F cf (0)=p.0’ [Ar (Rr. Lb+ ) (21)

And the maximum centrifugal stress is:

Lb2 Rr. Lb Lb?

o cf (0)= p.o’ [(Rr.Lb+ —)— (1-—)( 2

) [T (22)
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3. Bending Stresses

The moving blade suffers from the bending force in addition to the centrifugal force.
The bending force exerted by the working fluid on the moving blade is essentially a
distributed load, which in the general case varies along the blade height. The impulse blade is
subjected to bending from the tangential force exerted by the fluid ©!. Reaction blades have an
additional bending force due to the large axial thrust because of the pressure drop which
occurs in the blade passages. The blade without banding or lacing wire can be regarded as a
cantilever beam of a variable cross-section area which is stressed by a distributed load (q(x))
as shown in Fig.(3) The components of aerodynamic force (q), is the axial force (gqa) and the
tangential force (qw) shown in Fig.(3) this force produces bending load on the blade.

Figure (3) Cross-section area of moving blade ©

The moment of this force and the stress due to it are both maximum at the blade root.
The bending stress diminishes with increase of the radius. If the blade is tapered, the bending
stress can be made to increase at greater radii. Consider the blade as cantilever beam fixed at
the root section. The bending moment effect is on the level of the main axes of inertia (u,v)
shown Fig.(3). The axial force !:

a=PLr.cf3 (VWo- VW3) cieiiiiiiiiiiiiiiiiierneereeeretsensncensasensnssnsensnns (23)

The tangential force ©:
gW =p, .CT3.(CT2-CT3) + (P2-P3).S verurerrurerenrrnierenrnrearereracensensanenn (24)

Or, when the axial velocity is constant cf2 = cf3, then:
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The tangential force:

QW = (P2-P3).S eeururenrureneueenrueenreesnceesnsensnsensessnssnsnsensnssnsansnsensnns (25)

The resultant force is:

where, the component force on the main axes (U,V):

The force for the axis (U):

QU = .SIN (Q) terinrnrnenierieirneeeeetnruenceecernsncescesnsasessesesasasssesnsnnne (27)

The force for the axis (V):

OV = (.COS (Q) trreururenrurenruarnrerurearueearacenseesnsesnssnsassnsessnssnsasensanss (28)

But Q is the angle between the force on the axis (v) and the result force shown Fig.(3),
then:

O 2D F St aurerreresereerererereseseseeseseseseseseseessasesesesesensesreseseseseaens (29)

D = AN () ettt e e e e et e et e e e e et e earenens 30

an " ( qw) (30)

st= [tan [ '_Xﬁ; T (31)
2

The bending moment about axes (V, U) at any section of the blade height is:

Lb

Mv = IQV(Z) Z=X)DZ e (32)
Lb

Mu= [QU(Z).@=X)0Z ....ooooooooreeeeeeee e (33)

The bending stress will be calculated for the following points in which the stress is
maximum B * as shown in Fig.(3).

83



Journal of Engineering and Development, Vol. 11, No. 3, December (2007)  ISSN 1813-7822

For the entrance or leading edge of the blade, the stress is:

Mv *vvl Mu *uul

O bil= L 34
bl lu lv (34)

While for the exit or trailing edge:

Mv*vv2_ Mu *uu2
lu lv

O b=

And for a point located at the intersection of the v axis and the back of the blade which
of course is subjected to compression stresses is:

Mv * vv3

O D T T 36
b U (36)

where, the negative sign is for compression.

4. Total Stresses

The total stress at a given point on a turbine blade may be found by adding the
centrifugal stress at that point to the bending stress.
The total stresses in leading edge point (1) of Fig.(3) are:

O L] = 0 Cf T Oh ceerereereneeneeenreseenarensesecencessenscessensesssensensennsensenses (37)
The total stresses in trailing edge point (2) are:

G 2 = 0 Cf T Oh2 ceeererereereeeraeerascesasesnscenssessscenssessscssssesnsennssennsens (38)
The total stresses in point (3) are:

O 13 =0 Cf T Oph3 cereereereeenrenienceecnrontencescnssnssnsscnssnsonsssnsonsanssssnsas (39)

5. Blade Terminology

It is necessary to define the parameters used in describing blade shapes and
configurations of blade. Blade profiles are usually of airfoil shape for optimum performance,
although cost is more important than the ultimate in efficiency, simple geometrical shapes
composed of circular areas and straight line are of ten used.
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The spacing or pitch of the blade is the distance between corresponding points of
adjacent blade and is expressed either by the pitch-chord ratio or alternatively the solidity.
When the blades are evenly spaced around a rotor, the pitch is the circumference at any radius
divided by the number of blades.

The Lift Coefficient (CL) is found by using velocity diagram and the solidity .

2.Av,, .S
CL = VLG (40)
or,
2.AVv,
CL="= TS O (41)
. c
Solidity (SO) = PR R (42)
Spacing(c) = Z'S'R ................................................................. (43)

The solidity factor (SO) depends on the chord and pitch of the blades. The pitch in turn
depends on the number of blades used.

6. The Design of a constant stress blade

To minimize stresses on long blades, they are designed with variable cross sectional area
along the blade height. The cross sectional area of tapered blades may be varied in such a way
that the centrifugal stresses are uniform over most of the blade length. Therefore, where the
peripheral speed of the blade is maximum the mass per unit length of blade is minimum, and,
where the resultant centrifugal force is maximum, the blade section is maximum. This gives a
more uniform stress blade than would be obtained in a blade of constant cross section. In
order to obtain an even more uniform centrifugal stress, the blade is often tapered in
width ™. To calculated the area along the blade as shown in Fig.(4), let (A) be the
cross-sectional area of the blade at radius (R), and (A+dA) the cross-sectional area at radius

(R+dR). And suppose o is the uniform centrifugal stress. Then, F¢ is the internal force in

blade at radius R.F¢ + dFcf is the internal force in blade at radius R+dR, and A. dR is the

Volume of the blade element. Centrifugal force on blade element=p . A . ©*. R . dR
Equilibrium equation of element:
F,+dF +(p.A.0*°.R.dR)=F
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Figure (4) Design of a constant stress blade [8]

The internal force on the element is:

dF ,=-p.A.0°.R.dR

Thensince F ;=0 . A
and, F ;+d F;=o0.(A+dA), Therefored F ;=0c.dA

Substituting into Eq.(39), the area element becomes:

p.o”.A.R

ccf

dA=- dR

or,

2
dA _ o 'p'RdR

A O e

After integration, Eq.(42) becomes:

InAr _ p.®°
A 2.0

(RZ = RI2) eeerreereeereenreeesveenseeesneen,

ISSN 1813-7822

where, in this design the centroids of the various cross-sections area should, as far as possible,
lie on one radial line so as to eliminate bending due to inertia forces. By setting the line of
centroids a little forward of the radial line, the bending moment due to centrifugal force may

be utilized partially to counteract the moment due to impulse.
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7. Results and Discussion

Table (1), list the six cases taken in this study. Figure (5) shows the variation of
cross-sectional area with blade height. It shows that the greatest area removed is between
case A and case E.

Table (1) Type of cases

Cases | Blade edge | Blade cross-sectional area ‘R
1
1

A straight constant
B straight variable
C straight variable 0.577
D tapered variable 1
E tapered variable 0.431
G Constant stress -
——Case (Al 4 _
—B—ase (B)
—k—Case (C) 350 -
—a—rase (D
—#—rcase (E) 300 -
——rCase (G

230

200

130 4

100 4

blade height {mmj)

45
)
!

0

0 0pooz 00004 00008

cross-sectional area [mg ]

Figure (5) Variation of cross-section area with the blade height

Figure (6) shows the variation of centrifugal force with blade height at point (1). It
shows that the centrifugal force reduces with blade height for all cases. However, case A
(constant cross-sectional area) produced larger force while case E produced the minimum
force. The variation is seen to be linear. This is due to the fact that the centrifugal force is a
function of blade mass, with blade height increase; the remaining mass of blade reduces,
hence producing less centrifugal force. Comparing case A and case E, it is noticed that the
centrifugal force in case E reduces to less than one half of the centrifugal force in case A, this
is because the area of the blade is reduced as was show in Fig.(5).
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Figure (6) Variation of centrifugal force with the blade height point (1)

Figure (7) shows the variation of centrifugal stress with blade height at point (2). The
centrifugal stress in case E is one half of the centrifugal stress in case A at blade root
(maximum stress), because of reducing the centrifugal force. Variable cross sectional area
with constant stress, case (G) gives acceptable stress. This is clear when comparing case (A)
with case (G), in case A the assumption is a blade of constant cross sectional area. While case
(G) the blade is tapered. This taper reduces blade sectional mass, hence reducing the stress to

less than one half that of case A.
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blade height (mm)

100

50

0

400 ]
350
300 A
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—+—case (G)

0

40 80

120 160 200

centrifugal stress (Mpa)

Figure (7) Variation of centrifugal stress with the blade height point (2)
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Figures (8), (9), and (10) show the variation of bending stress with blade height for
points 1, 2 and 3, respectively. It is noticed that the bending stress in case E is larger than the
bending stress in case A, because of the reduction cross sectional area.

400

240

blade height (mm)

go

0 5 10 15

bending stress (Mpa)

Figure (8) Variation of bending stress with the blade height point (1)

—e&— case (A)
—— case (B)
—a— case (C)
—®— case (D)

—¥— case (E)

blade height (mm)

O
\v)

-5 0 5

bending stress (Mpa)

Figure (9) Variation of bending stress with the blade height point (2)
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—e&— case (A) 400
—— case (B)
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Figure (10) Variation of bending stress with the blade height point (3)

Figures (11), (12), (13) show the variation of total stress along the blade for points 1, 2
and 3, respectively. It is noticed that the value of bending stress didn't affect the value of total
stress because the bending stress is very little as compared with the centrifugal stress.

400 —o—case (A
—— case (B)
—&— case (C)
—&— case (D)
320 + %¥— case (E)
£
E 240
=
(@)}
‘O
e
L 160 A
@
o

80

0 T T T
0 40 80 120 160 200 240

total stress (Mpa)

Figure (11) Variation of total stress with the blade height point (1)
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blade height (mm)
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Figure (12) variation of total stress with the blade height point (2)
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400
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total stress (Mpa)
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Figure (13) Variation of total stress with the blade height point (3)

Figure (14) shows a comparison centrifugal stresses between the constant area blade
case (A) and the constant stress blade case (G). It shows that case (G) is better and hence safer
at the root section, the critical and maximum stress section. While at the upper half, both have

similar stresses. This figure shows that Case (G) is favored up on case (A).
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240

160

blade height (mm)

80

(6]

400
—@— case (G)
320

—e&— case (A)

\

o] 100 200 300

centrifugal stress (Mpa)

Figure (14) Comparison between constant cross sectional area blade case (A)
with constant stress blade case (G)

Figure (15) shows the performance of the blades. It shows that all the cases drawn fall

within the acceptable range of lift, 1.

Lift coefficient {CL)

---caze (A BC)
L e LR ()]
- =rase (E)

relative blade height

0.5 0.ya 1

Figure (15) Performance of blades

Figure (16) shows a comparison of the case (G) to stages (11, 13, 15) taken with that of
Ref. [7]. It shows an acceptable loading trend.

1. —— Rt [20] ]
gg —m—Flef 0]
T e e ey _ . _ . - | —i—stage 11 ase{G)
E ——stage 12Case(
ne - | ——stage 15 CaselG
Lf_\_& Pp———
6 I SO
\0.4 -------------------------
L'G‘l:l.z -----------------------------
© ., ,
1} 0.z 0.4 0.G 0.g 1 1.2
relative blade length

Figure (16) Comparison of case (G) with Ref.[7]
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8. Conclusions

1. In design of rotor blades, the centrifugal stress must be calculated because it is considered
the main source of stresses applied to the turbine rotor blade.

2. The maximum stress is at the blade root.

3. To minimize stresses, it is a normal practice to use variable cross sectional area blades.

4. Design of a constant stress blade gives a blade with less stress at the lower half and a
similar stress at the upper half.

5. Reducing the blade material by reducing the blade cross section did not affect blade
performance.

6. Comparison of calculated stresses with literature was good.
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List of Symbols
Ar = Cross section area of blade root.
Am = Cross section area of blade middle.
At = Cross section area of blade tip.

= Is the area of blade at radius R.
Fcf = Centrifugal force.

= Raduis.
Rr= Radius from shaft center at root blade.
Rm = Radius from shaft center at middle blade.
Rt = Radius from shaft center at tip blade.
m = Mass of blade.
Lb = Blade height.
Mv, Mu = Bending moment about the axes v,u.
w= Speed in radians.
p= Density of blade material.
cf2.cf3 = Axial velocity of inlet and outlet.
Vw2, Vw3 = Whirl velocity of inlet and outlet.
C= Relative velocity.
Nb = Number of blades.
p2, p3 = Pressure inlet and outlet of moving blade.
s= Spacing or pitch from two moving blade.
p;= Density of steam.
ocf = Centrifugal stress.
ot= Total stresses (tension and bending).
Ocfm = Is the centrifugal stress at mid height for constant cross-sectional

area.

Ob1, Ob2, Op3z = Bending stresses in point 1, 2, 3.
VVL,vVv2,vV3= Destines from the axis u and the point 1, 2, 3.
uul,uu2,uu3= Destines from the axis v and the point 1, 2, 3.
Iv, lu = Moments of inertia of axis vv and uu.

94



