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The TURBINES

Introduction

In the course Eundamental equations of turbomachinErywe touched the type of
turbomachinesalled turbereceptors which is the group of the turbines. We established there
the fundamental equations related to this type of machines.

But in this part of the course we did not study the optimal geometry to be given to the blades,
and thus also to éhchannel between these blades, for therotating channels (stators or
nozzles) or the rotating channels (rotors), so that the energy, mainly due to the pressure of the
fluid at the entrance of the machine, is transformed in mechanical energy avaratble

shaft using the best possible conditions, i.e. with the maximum efficiency.

This is what will be explained in this part of the course where we shall also examine the
internal organization of axial turbines that is the most common type of turtsedsiu the
industry or in aircraft and helicopter gas turbine engines. We shall also see some applications
of radial turbines (centripetal turbines) in hydraulic turbines.

The axial turbine is a turbeeceptor in which a fluid particle going through thaahine is
moving along a streamline at an almost constant distance from the shaft of the rotor. In the
radial turbine, the fluid is moving radialy inwards (from a large radius to a small radius).

Hydraulic turbines are driven by an incompressible flaglyater in hydraulic power stations

and oil in lubrication systems. Steam turbines and gas turbines are driven by a compressible
fluid, steam or gas, with well defined thermodynamic properties that are fundamentally
important for the quantitative studieelative to these machines, i.e. in the numerical
computations to estimate their power, mass flow rates, temperatures, cross sections, E

The working principle as well as the determination of the shape to give to the blades and the
interblade channel is tteer equivalent whatever the used compressible fluid, a gas or steam.

In the case of steam, one uses for the computations the requested tables and thermodynamic
diagrams for steam (e.g. the Mollier diagram) and, in the case of a gas, the law of perfect
gases or an entropy diagram of the considered gas (e.@mbustion gases).

Turbine design is more dictated by the thermodynamic characteristics of the fluid that by the
aerodynamics and of course that steam turbines will therefore be quite diffenepared

with turbines for gas regarding their architecture and the materials used. Large steam turbines
are commonly fed with steam at a pressure higher than 150 bar and 700;C whereas their
outlet section is linked with a condenser where the pressurgecknver than 0,05 bar. That

leads to a specific volume of the steam lower than 0,015 m!/kg at their inlet that can increase
higher than 25 ml/kg at their exhaust section, i.e. together with a pressure decrease larger than
150 bar the fluid expansion ratis larger than 900. In gas turbines, the turbine is fed at
maximum a pressure of 45 bar but at temperatures that can reach 1650{C. The pressure
decrease that takes place here down to the atmospheric pressure or a bit higher, goes togethe
with a spedic volume increase ratio of only a few tens.



Steam turbines of large electricity power plants have therefore much larger dimensions than
gas turbines. They will be equipped with a higher number of discs and rotating and non
rotating blade rows. Gasrhines have only a few rotor wheels but they are made of special
superalloys able to resist at much larger mechanical and thermal stresses.

As we limit ourselves here to the principles of the architecture and the working of turbines
(flows, forces, torquevelocity triangles, E) and not to the technological aspects or the
selection of the materials used for their construction, it is not very important that we make the
difference between steam and gas as the working fluid. We can suppose that we work with
steam and the numerical applications will be done using the Mollier diagram or steam tables.

There is no doubt that in our industrial world turbines are, and will remain for a long time,
quite crucial machines. Steam turbines are driving electric gereia large thermal and
nuclear power plants. Gas turbines are used in aircraft propulsion systems, in power plants
(for the base solution but also peak units or emergency solutions) but also for ship propulsion
and even in terrestrial transport vehgleln facilities above a given treshhold power, gas
turbines are now more often selected than diesel or gasoline engines.

A part of this course will also be dedicated to hydraulic turbines (used with water) where not
only axial turbines but also radialirbines and even hybrid turbines will be studied and
applications discussed.



Chapter 1

Stages of axial turbines

1. Organization of a stage- 2D flow

The simplest architecture of a turbine stage is made of a fixed distributiimdfese rotating
wheel. Distributor and rotor have vanes and blades, fixed for the distributor, mobile for the
rotor also called the receptor.

The problem is to determine the shape to be given to these vanes and blades so that, when the
working mode of th stage has been selected, the evolution of the fluid takes place with the
minimum of flow losses over the (fixed) vanes and the (rotating) blades.

In this study, we shall limit ourselves to the fluid flow located on the mean cylinder, which is
intersectng the blades and vanes on thespadn. One speaks about a 2D study of the stage.

If one examines a rotor of a turbine (Fig. 1), one notes that the blades have a limited
height/span equal to the difference of the radii of the tip and hub circumferences:

Nblage= I tip circumfE hub circum
and that this span is not constant over the axial direction.

The intersection with the mean cylinder determines the shape of the blades at trgggamid
This intersection is after that spread over a flat sarfachat gives the representation as
shown on Figure 2.

The 2D study consists in considering the distributor and the receptor as a grid of blades that

are with a constant distance between them (called the spacing or pitch, measured on the mear
cylinder) aml a constant span h. These blades are perpendicular to the stream surface that is
the surface tangent to the mean cylinder in the axial direction. One supposes also that the flow

is identical over the whole span of the blades.

One reduces like this theusly of the real 3D flow to this one, much easier, of the 2D flow,
with the following limitations:
- Limited span of the blades,
- Nonconstant span of the blades,
- No presence of the inner and outer carter,
- Swirling phenomena that can take place between aed ttve rotating blades not
considered.

That means also that, after that the 2D analysis has been made (what is a very valid and
currently applied solution for préesign exercises), one must understand how the real 3D
flow differs from the 2D and mainlgheck if the results from the 2D study remains valid in
reality.



o 1. Impulse stage or stage at constant pressure in the receptor

A. Impulse stage with one single velocity drop

1. Definition of the stage

In an impulse stage, the expansion of the gas isggiace ONLY in the channels of the
fixed distributor. That means also that, normally, the pressure remains constant in the
receptor.

In the nozzles of the distributor, the pressure energy of the gas at the entrance of the stage is
transformed, almoginly, in kinetic energy that is on its turn transformed in mechanical work,
available on the rotor shaft, when the fluid goes through the receptor channels.

The receptor being unique, the transformation of the kinetic energy in mechanical work
happens inone single velocity drop in the receptor what gives the name to this stage, an
impulse turbine with one velocity drop (or a single stage).

On Figure 2, we have shown the evolutions of the pressure and of the absolute velocity from
the inlet of the vanespuo the outlet of the blades.

2. Evolution of the gas/steandVelocity triangles

2.1  Computation of the flow velocity\at the outlet of the stator vanes

The evolution is sketched on a diagram (T,S) on Figure 3, that is very convenient for

gualitative discusions. The computations can be done very easily using a Mollier diagram (s,

h) and, less quickly but with a higher precision, using thermodynamic tables of the gas or the
steam.

The gas at the entrance of the nozzles is at the conditions@o@dresure g, temperature
to (maybe the title 8, velocity  (often negligible). On Figure 3, the representative point of
the gas at the entrance of the vanes is D.

If the pressure drop in the stage B, is known (fixed or selected), the shape to hegito
the expansion nozzles of the distributor, can be calculated from the methods seen in the
course of thermodynamics. The ratigu: is called the expansion ratio of the turbine, ER.

The adiabatic expansion in the nozzle can be written:




ashho=hi=hy! ho
The value of the enthalply,can be determined knowing or estimating the reheat coefficient
L _hth
hy ! hy

as the enthalpy;h can be easily calculated using the isentropic law or (ead h,).

Then:

v, =2+ 200 ")y ! hy)

The isentropic evolution is represented by the vertical line DE on the (T,S) diagram (Fig. 3),
the real adiabatic evolatn is represented with the curve DF. In F, the pressurgdagthe
enthalpy h.

The loss in kinetic energy due to friction between sections 0 and 1 is represented by the
projection aregEF . It can be calculated using the followifggmula:

Vi -V

2ot =h-hy =E(-hy)

If, as it is often the case, the absolute velocity at the entransenegligible, the elements in
the entrance section can be considered as being the total eldfgents, ) and the velocity

. . .. V. . .
vi can be alculated using the speed reduction coefficiént -, with the following
Vli
formula:

v, =24/l Ih,
..:m

2.2 Velocity triangle in section 1

The construction of the velocity triangles requébtee elements from which only one, the
velocity v, is known at the moment. One supposes then that the tangential gpeédr,.is

also known (" is the rotation speed of the wheel in rad/s anthe mean radius at the
entrance of the wheel in meter) but also the anglmate between the absolute velooity

and the tangential ong, .

We shall come back on these choices afterwards in order to see if there is no optimal value for
these elements.

Figure 4 gives the velocity triangles in section 1. It allows the determination of the relative
velocity wy and the angle;$made between this erand . This velocity and angle can also
be calculated, using the following formulae:



W =uZ+Vv2" 2uyv, cod ,
v,cos’ ! u

COS#, =
W

2.3 Channel in the rotor blade® Relative velocity wat receptor exit

The shape to be given to the rotor channels imeiso that, considering the real flow (friction
losses), the pressure @ the exit of the reception rotor become equal to the pressatehe
entrance.

The tangential velocities on the mean cylinder being equak (w), the equation of the
kinetic energy applied to the flow in mobile channels, between the sections 1 and 2, is written:

W, " W
2

P: n "
| “vdp" w,
P

. we L ow? .
If p1 must be the same as fi needs:% =lw, <0

If the flow would bewithout any friction, w would be equal to w But, inreality, ws is lower
than w and the difference between the two is increasing when the losses are higher. The
application to this flow that can be considered as adiabatic, of the energy equation gives:

2 2

w, !l w
%=h1!h2

what shows that the enthglpf the gas has increased between the inlet and the outlet of the
rotor.

Knowing that the relative velocity has decreased in the reception rotor is a qualitative
information that does not allow the calculation gf W his calculation requests to know the
relative speed reduction ratio:

Wa

Wl

I =
with a value depending ov;, % is decreasing when the losses increases.

The coefficient! depends on the shape of the recepting blades, among others on their
camber, their chord, their pitch, the flow velocity &t their inlet, their thickness and the
direcion of w; with regard to the direction of the tangent at the entrance of the blades.
Experimental values have shown that the values of % are between 0,8 and 0,9. When % has
been selected/estimated, the relative velocityamd the enthalpy.ltan be caldated:

w, =!I w,
2"

2 2
h2:hl+W1 2W2 :hl'l'é."! Z)W?l

When positioning the representative pdgi{p. = p; hp) of the gas at the outlet of the rotor
on the diagram (T,S), one sees that the specific volume v of the gas / steam can be



determined, at the inlet {pn F) as wdlas at the outlet gven G) of the receptor. The flow
sections 1 and 2 are then to be calculated by using the equation of the mass flow rate and
considering the relative velocities &nd w normal to these sections. We have to note that in

a flow withaut any friction, w = w; and b = hy so that the points F and G are at the same
place and that the flow sections 1 and 2 are the same.

2.4  Shape of the rotor blades

An identical flow section at the inlet and at the outlet of the receptor is easily obtdieed w
we give to the blades a symmetric shape between the inlet and the outlet, i.e. by choosing an

exit angle !, of the blade complementary with the inlet andle(”, and “, are the solid
angles made by the tangents of the blades with the tangential velacitied u, ;! is
lower than 90j,/ , higher).

This is normally this geometry that is sekd due to the ease of its realizatidBut the real

flow requests, seen the reduction of w and the increase of v in the rotor, that the flow section 2
is larger than section 1. With symmetric blades, one satisfies to this obligation by increasing
the keight h of the blades between the inlet and the outlet of the wheel.

In a predesign exercise of a stage, one will always adopt a solid a_rllgiéthe blades equal
to the flow angle!, obtained from the velocity ingles at the inlet. In this way, the flow

direction at the inlet of the rotor is also tangent to the blade and there is no shock at the inlet.
If, later on, the working conditions (e.g. another rotation speed N) are so that the flow

angle!, becomes different from the solid angle, extra losses must be considered due to
shocks at the inlet of the blade.

2.5 Velocity triangle at the exit of the receptor

If one admits that!/, =/, and if one adoptsysnmetric blades, the value to be given to the
angle/,is I, ="#1I,. Aslong as the flow in the rotor remains sane, the relative velogity w
remains tangent to the blades at their exit ane !, .

"

Knowing w,=$ w, “,=#!", et u,=u, one can build the velocity triangles in
section 2 (Fig. 4) and then calculate:

v2=\/u22+vv§+2u2 w, cos/,

u, +w, cosf3,

cosa, =
V2

2.6 Losses in the rotor channels

Without friction losses, the velocities wand w, the enthalpiesihend hy, the temperatures; T
and T would be equal. Due to these frictions, www; and the relative kinetic energy at the
exit of the receptor is lower than at the inlet. The loss in kinetic energy is given by:



VVlz;WZZZrIZI.h:VVI; :Qn! 2)"%2

On the (T,S) diagra of Figure 3, this loss is represented by the projectedr®ea

2.7 Losses at the receptor exit

2
At the exit of the receptor, the gas still has a velocitgnd thus a kinetic energ\%, per kg

of fluid. This kineic energy is lost for the stage. The total enthalpy of the fluid, at the exit of
the stage, is:

V2
= +_2
h, =h, +
corresponding to the representative point H on the (T,S) diagram of Fig. 3. The loss due to the
kinetic energy at the exit is represed by the projection areaH .

2
If %is a loss for the stage, it can nevertheless, if the machine is made of more than just one

stage, be recuperated, in total or partly, at the entrance of the next stage amdstimen
anymore a loss for the complete machine.
3. Power on the wheel shaft (R

r#, being the mass flow rate through the rotor, the power obtained from the fluid on this rotor
is given by the formula of EuldRateau:

P, =8, u(v, cos/ ," v,cos! ,)
withu="/!r_.

When using the relations of the velocity triangles as well as the kinetic energy equation (with
Uz = ly), one can write the following:

PR=rﬁR§;V2' v ue ngf

=&, ! h,)=r8.(, ! h,)

&/2|

W+(Dvdp Wf#
Yo

As, in this stage, = p, the last formula can also be written in this way:



ViV,
2

e

These formulae show clearly that the working principle of the impulse stage is as we have
explained it previously. The torque applied by the gas on tbeisogiven by:

P_ r&R(vl cosa, -V, COSO!z)fm
w

This formula shows how the variation of the velocity v, in amplitude and in direction, gives
birth to the force created by the gas on the rotor blades, leading to the rotation of the shaft.

The iseenthalpy line h =h is draught on the (T,S) diagram of Figure 3 and K is the
intersection point of this isenthalpy line with the isobar line p p.. The energy transmitted
by the fluid to the rotor (in J/kg) is represented by the projectiontdkea

Indeed:
L

thﬁ!h[zzr&R

4. Degree of reaction (R)

Per definition, it is equal to the ratio between the power of the fluid on the wheel in reactive
working, over the total power given by the fluid to the rotor:

me (P, )reaction

PR
w2 " w2 .
2 1 ;I:'?vdp" W,
AsiR=———2 =% 10
Vi Vo +W§ Wy + plvdp" W
2 2 2 :% f

The degree of reaction is almost zero. It is in fact slightly negative. It would be strictly zero
if there would not be any friction losses (= 0). It is the reason why this turbinecaled an

Cimpulse stage E or areCtion stage E.

5. Stage efficiency- Pre-design (see also the appendix on this part)
5.1 The stage efficiency /(;)

The stage efficiency . is, per definition, the ratio between tpewer of the stage and the
theoretical available power that is equal to the product of the mass flow§sateith the



1C

available kinetic energy if the expansion in the distributor is isentropic and complete, and if
there is pas no renmang kinetic energy at the exit of the stage.

This theoretically available power is theref@Feg. 3):

&% -, n)-agh s nf

and the stage efficiency can be written as follows:

_ (v, cos”, ! uv,cos”,) m.(, ! h,)

v Vii ", h)

Note that this stage efficiency is also equaathe product of the distributor efficien¢y, with
the rotor efficiencyn,. Indeed, . can be written:

L V2
. W, mg(uv,cos#, $uv,cost,)
E: 2X 2 ~ DR

v v

"2 "2

In this expression, the first ratio is equal to the distabgor stator or NGV) efficiency and
the second is the receptor (rotor) efficiency.

In @ 2, we had written that the values afahd of u had to be known in order to build the
velocity triangle at the inlet. We had chosen them mentioning that thisechad to be
reexamined afterwards with the view on an optimization. It is now time to determine the best
values to be given to these variables so that the stage efficiency becomes maximum.

In a stage design project, one can always adopt a solid a_pgie the blades at the inlet of

the rotor so that the relative fluid velocity, is parallel to the direction of the tangent to the

leading edge of the blade. Like this, there will not be any shock at the idl¢henelocity
reduction coefficient % is limited to the value ddrresponding to the friction in the rotor
channels.

If the choice for symmetric blades is made, as soon, & éstimated, one can build and
calculate the elements of the velocity triaggght the exit in function of those at the entrance.

One gets:

v,C08" , =u+w,c08$, =u! # wcos$, =u! #, (,cos",! u)

and thus: Ne = 2p 4
Vl

1 1

u u
cosa, ——+, | cosay ——
v, v,

what shows that: "¢ = (", ;u/v;# et$))
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with " ‘V—lz—#2 =1%79
D Tyz 7T 7

1

In this expression of the stage efficiency, the v u and v are present in the form of the

paramete|£ that is noted. This new variable is called thegged coefficieri.
Vl

=2t ooy 854, (o4 &

5.2  Optimal values of the elements in the velocity triangles

Normally, the distributor efficiency , is function of the angle;#hat is related to theamber
given to the distributor vanes. It depends also othat depends on its turn on the pressure

drop chute% and is thus related to the nozzle geometry (convergent or conwvergent

1
divergent) and of the vanes chord.

The velocity oefficient! is also function of#; and of the velocity ¥ because its value
depends mainly on the deviation andlg# ",. ! ,is also function of the relative velocity,w

Due to a lack of information about these functions, the optimizatidn. of function of all
these parameters has not been done. But, as the influenge#afar wy on ! jandy, is
limited, one can, in first approximation, suppose thaandy, are cmstant and just optimize
!'cin function of & and #

For a given value of # the stage efficiency will be maximum for the value of & that makes
the derivative ofy. with & equal to zero. The calculation of this\ddive shows that , will

cod , 2

r/ opt*

be maximum for" , = , and the stage efficiency is then equadto= 24, (1+"

This formula shows that the optimum value of the stage efficiency corresponds to the value of
#, thatmakes cos #as large as possible. For thaty#eds to be very small. But the smaller

#, the smaller the axial componentsin # of the velocity, what makes that the flow section

of the turbine needs to increase largely, leading to longer vanddaed that can become
exagerated.

Moreover, when #decreases, the efficiency of the stator nozzles that need to have a larger
chord and a higher curvature, is negatively influenced. For these reasons, in practical cases,
the angle #is chosen betweelb and 25;j.

The curve off _in function of & for a given value of # given on Figure 5.

The value of! , is typically between 0,9 and 0,96 and the oné dhetween 0,8 and 0,95 for
a value 6#, around 20j, the maximum possible value of the stage efficiency is around 0.8.
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5.3  Selection of a speed coefficient different from the optimum

cod ;

We have just seen that the optimum value of the speed coeff!cieﬁi IS . One can

V1
nevertheless design and build a machine for whishselected at a different value thgp, .

It is what it done when the pressure drop in the stage provides a valyestolavge that the
optimumvalue of the tangential velocity

_VC08", | v
w3 '3

takes an unacceptable value. This velocity cannot indeed go over a treshhold value related to
the material stresses due to the centrifugal effects and the thermal gradients in the superalloy
of the wheel and the blades. This maximum value of u depends on the nature of the metal of
the components and its temperature. It is normally situated between 250 and 300 m/s but can
reach in some special cases when the flow is not very hot something like/40@sing

special alloys and an adapted design (like a blisk).

The limitation of u can thus, at high values @f Mmpose a calculation and a design of the
stage using a speed coefficiehtower than the optimum. The stage effi@grwould then

never exceed the value 6f indicated on Figure 5 for the angle chosen. The maximum
maximorum efficiency that can be obtained is given by the following formula:

$. =28, (+# ) (cos", % )

We have ¢ note that, in a prdesign, whatever the selected value fpone always considers
that in the working conditions of the design (thecatled Design Point conditions), the

velocity w; is tangent to the blades at the inléil:/a’l). The incoming flow is then

considered to be without any shock of the fluid against the blades, reducing therefore the
losses to consider.

6. Performance of a stage outside the design conditions (afésign)

6.1 Influence on the stage efficiency

The calculation of the stage fixes its construction characteristics: shape and dimensions of the
vanes channels (convergent or convergiwvgrgent channels, angle, ) as well as the blades

channels (anglels et !,).

What is the influence on the stage efficiency indgtign conditions ? The importance of

this question is of course due to the fact that a turbine is not always working in the conditions
for which is was calculated whatever the reason can be, e.g. chranlge atmospheric
conditions.
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The distributor had been calculated for a well selected value of the gaticalled (po/ p,)d

(d=design) and for this value, the stator channels are, depending on the machine, either
convergent or conveegtdivergent.

If, during operations, the pressure drop (expansion ratio) becomes differer(lp@;bpg)d :

- With distributor channels that are convergdivergent, the geometry calculated and
built for these channels is rather differemnh it should be with these new afésign
conditions and the nozzle efficienty, decreases;

- With distributor channels that are simply convergent, the flow will adapt itself to the
existing geometry andl, will not be largely influenced at the condition that the ratio

po/p1 (the ER) stays lower thap, / p, (pc being the critical pressure).

If the working conditions are so that u and v become different than the valaad w4 for
which the stag has been calculated, the performance of the rotor is not much affected when

the deformation of the velocity triangles is so that the rguietays identical teui.

Vi Vig
If it is not the case, the fluid angle, at the inlet of the receptor becomes different from the
blade construction angle,, and shocks takes place at the inlet of the rotor (Fig. 6). In order

to consider these shocks, the relative velocigyatvthe exit negs to be calculated using the
following formula:

W, =9 W =y, W

where the coefficient , remains function of the blade shape, of the blade dimensions and of
the inlet velocity w whereas the new coefficieit; is introduced to take into account the

presence of shocks: the maximum value ofs 1 (for g, :Fl) and it decreases gradually
with the increase of the differenﬁ - /31‘.

As far as the workinganditions are not differing too much from the design conditions of the
stage, the flow remains clean and it follows the shape of the channels between the blades.
One can expect that the relative velocityisvstill tangent to the blades at the exit & thtor

and/,=1,=1,,.

The real values of , <!/, and of! <! ,being determined by an effesign working

condition, one is able, with these new values, to build the velocity triangles and to calculate
the stag efficiency using the formula:

v u(vlcosll#vzcoslz)
E D

2
Y

It is in fact rather difficult to preletermine rather precisely how a turbine stage will behave in
off-design conditions, i.e. to evaluate the value the stage efficiepaten u and vy differ
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from the calculation conditions. It is for example quite complicated due to the lack of
quantitative information for the values to givertg, !/ , and! ;.

6.2 The stage characterigs

The stage characteristics is the curve of the torguenTthe wheel / shaft in function of the
rotation speed N or of the tangential veloaity: / r,,, at a given®,, a giver#P through the

stage and a fixed temyagure at the inlet.

T, :&:@(vlcoy #v,co8 L)

n

If we can accept that, =/, :we have:

V, cos#, =U."wcos!,
and then:

T, = (v, cos#, $u+"w,cos!, )r,

The mass flow rate and the expansion ratio being constant, the velotglso constards
well asv, cos ;. The velocity triangles at the inlet show that the relative velocitynereases
when the tangential velocity u decreases. For the parameti¢édecreases gradually when u
is changing compared witits design value quas ! ;is changing compared witﬁld. The
variations of u and ware more important than the one' in

Tr increases when u decreases. The performance (Tg(mé of the stage is a decreasing

function of N (Fig. 7). It is at very low rotation speed that the torque on the shaft is
maximum.

Another important performance curve of a turbine is the one showing the reduced mass flow
rate in function of the ER fovarious reduced rotation speeds.

7. Pressure drop in the optimum conditions

To obtain the maximum stage efficiency, ii is requested to work with:

4o _C0s"y 1
v, 2 2

If the entrance velocitygvis negligible, one has also:
Vi =\/§V1—§Vho—m

andthe value to be given to u to obtdip optimum is:

u" 0.5V2/11 # /1y,
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The tangential velocity u has some limitations. This can lead to limit the enthalpy drop
h,! h;, and thus the pressure drgg! p,, in the stage in order to reach the optimum value

of the stage efficiency.

8. Numerical example
LetOs consider an impulse stage fed with dry steam (title x=1) at the pressure of 12 kgf/cm'
effective.

The outlet pressure corresponds to a void of 90 %
The entrance velocityovs negligible and the reheat coefficient of the distribuiter0,1.

When putting the isentropic evolution on the Mollier diagram, one reads on it:
hy =665 kcal/kg

(1 kcal =4187 J)
hyj = 495 kcal/kg

The isentopic enthalpy drop reache$,! h; =170x4197J/kg , a rather low value

compared with the one available in large steam turbines. This gives a velocity at the exit of
the distributor:

v, =+/2,/0,94/170x4187=1132m/ s

To reach the maximum stage efficiency, the &gl velocity u should be 566 m/s, a much
too high value.

If u =300 m/s is the maximum acceptable value considering the material of the rotor and of
the blades, we obtain:

If in the formula of the stage efficiency:
$. =28, @+# ) (cos", % )

we take
', =095 = =09 cos! , =cosl8 =0,95

we obtain a stage efficiency of about 66%, a quite low value indeed.
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B. Impulse stage with two velocity drops or twestage impulse turbine

1. Need for two vebcity drops (or two stages)

When the pressure drop available and thus enthalpy drop is quite large, the values of v
obtained with the formula:
v =20 ") (! hy)

are not compatible with a working at the optimum stage efficiency in a stage witgla si
velocity drop, because the acceptable values for u prohibit a system working at speed
coefficient! near 0,5.

The too low efficiency can be explained by the fact that the fluid leaves the receptor with an
V2
important absolute kin'le:tenergy?2 that is lost for the stage.

The objective of an impulse stage with two velocity drops is to recuperate the major part of
this kinetic energy and to transform it in mechanical energy available on the shaft, by leaving
the fuid over a second rotor (a second receptor) that is, a priori, mounted on the same shaft as
the first one.

2. Organization and way of working
The impulse stage with two velocity drops contains:

- A fixed distributor D in which the gas expands from thetiplessure pdown to the
pressure p the velocity increases frowy =0~ v,. The pressure remains constant in

the rest of the stage.
2

. . L V. .
- A first receptor R transforms a part of the kinetic energ§¢ in mechanical work.

2 2

The gas leaves the receptor with a kinetic ené’ﬁgy VEl but still high.

- Afixed inverter I, in which there is no transformation of any energy, receives the fluid
leaving R with a velocityv, that has a direction incompatible with a rotation in the

same direction af, for a second rotoR" mounted on the same shaft. The inverter |
modifies the direction of the fluid and-ocgientatest in the right direction before its
entrance in the second receptor. This inverter is not mandatory if RO and ROO are
allowed to turn in opposite directions.

- A second receptd® that transforms the kinetic energy of the fluid, atiit®t, in
mechanical work.

The gas / steam leaves this second receptor with a low absolute velocity and thus a lost kinetic
energy at the exit of the stage that is limited.
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As already, the pressure remains constant in the two receptors and in the.inverte

3. Evolution of the fluid BVelocity triangles

3.1  Absolute velocity at the exit of the distributor

We sketch again the evolution of the fluid on a (T, S) diagram (Fig. 9).

The initial state of the gas / steam is Po or % and v, the velocity ¥ being,most often
negligible.

When we know the pressure and the reheat coefficiertor the velocity reduction | it is
easy to compute the velocity (cf. supra).

3.2 Velocity triangle in section 1

If the selection othe angle! ;and of the tangential velocity, is made, one can, as for the

impulse stage with one single velocity drop, easily build the velocity triangles in section 1,
exit of the distributor channels and inlet of the first rotordelaow. These triangles are
represented on Figure 10. The velocityamd the anglé, can also be calculated.

3.3  Shape of the rotor bladel® Relative velocity at the exhaust
The pressure remains constant in the rotor, the relativeityela, is lower than w We have:
w, =/ w,

with !~ the velocity reduction coefficient of the first rotor blade row. One can then
calculate the enthalpy; lusing:

2| 2
2R )

=y

and todefine in G the state of the gas / steam at the exit of the first rotor (Fig. 9), after the
evolution through this rotor following the line FG.

We suppose that the blades have a symmetric shape, with regard to a surface perpendicular tc
the rotor axis.

In the case of a machine in design conditions, the ahgté the blades at the entrance is
chosen equal to the flow angle given by the velocity triangle.

3.4  Velocity triangle in section 2

If the blades have a synatmic section,/ , =180 " /.
As w = u knowing w allows (Fig. 10) the construction of the velocity triangle in section 2.
One calculates thew, et/ , .
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3.5 Shape of the vanes in the inverter

These fixed vanes are supposed toymensetric. Their function is to collect the fluid leaving
the first receptor with the velocity,\and the flow anglex,, and to modify its direction under

an angle! ,, in this case equal to 180i,, on the second receptor.

In the design conditions, the solid angl_g at the inlet of the inverter is taken equal’tp,

the fluid angle at the exit of the first receptor. .
If the flow at the inlet of the secdmreceptor is CleanE:

=, =180 -,

3.6 Evolution of the fluid in the inverter

The equation of the kinetic energy, applied to the fluid flowing through the fixed channels
between the vanes of the inverter, can be written:

2n 2

V, V. Ps w o

=82 = Vdp W,
2 P2

and the energy equation gives:

2 2
vyl v

Tz hh

dp being selected to be zero, if the flow would be without friction:
v,=Vv, eth!h,
In reality, due to the friction,
vz<Vvy, andhz>h

Thanks to the (experimental) velocityduction coefficient of the inverter, the velocityand
the enthalpy hare calculated using:
i 2)
2

_ 2
vo=!,v, et hy=h,+

The evolution in the inverter is following the line GH (Fig. 9), H representing the state of the
fluid at the exit of the inverter.

3.7  Velocity triangle in section 3

When knowing vy, $3 and 4 = W, one can, as shown on Figure 10, build the velocity triangle
in section 3, and extract the values gfamnd%.
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3.8 Blade shape of the second rotor

In a machine project, one selects thedsalngle of the blade$_3, at the inlet of the second

receptor, equal tég of the fluid at the exit of the inverter. We suppose also that these blades
are symmetric.

The angle!, is larger than! |, the blades of the second receptor have less curvature than in
the first one, thus less friction losses.

3.9  Velocity triangle in exhaust section 4

The flow in the second receptor is similar to the one in the first receptor. |&atieergelocity
at the exit is lower than at the inlet.

This velocity is equal to: w, =/ w

with v " the velocity reduction coefficient of the second rotor.
The enthalpy his calculated by:

)

The angleﬂ of the blades being known, the velocity triangles (Fig. 10) can be draught and v
as well ass, can be calculated.

The evolution, on a (T, S) diagram (Fig. 9), is along the line HK, with K the representative
point of the stte of the fluid at the exit of the second rotor.

3.10 Loss at the exit of the stage

2
The kinetic energy of the gas, in section 4, is gé‘lﬂl

This energy is lost for the stage. Point L, on Figure 9, is representative of the diaté.ofl
at pressure jpand total enthalpy:h:

If the fluid flows through a third stage, this kinetic energy can be recuperated, totally or
partially, under a calorific form available at the inlet of this third stage.

4. Power Pk on the rotor

The power transferred from the gas to the two receptors is:
o= Po+ P

with, using the formula of EuldRateau:



PI; = n}'? u(vl COS"I ' V2 COS"Z): rn;?(htl I h[2)

PFI; = rﬁ;u(vscOSas—v4coax4)= r&;?(hts_hm)

When supposing®, = &, = &, then:
P, =&, u(v,cos/ ," v,cos/ ,+v,cos ," v,cod ,)
=&, (h,! h, +h,! 1)
As in flows in fixed channelsh, =h, andh, =h, :
R, =my(ho ! h,)

Have a look at what is representing the rajd, on the (T, S) diagrar

5. Stage efficiencyb Pre-design of the stage

5.1 Definition of the 2stage efficiency

We define the stage efficiency as the ratio:

. (! hy)

= (hy! hy)
that can also be written:

. _ ®u(Vicos! #v,cos! ,#v,cos! ,#Vv,cos!,)
E 2

& Vi
2
4 u(v cos ;" v,cos , +v;cos " v,cod )
=211 1 1 2 2 3 3 4 4
vj v

In this formula, the first ratio is nottgrelse than the efficiency of the distributqy.

20

When the blades show a symmetric shape and that the angles of these blades are taken eque
to those calculated by the study of the flow (velocity triangles), the values to give to the
velocity reduction coefficients, or the estimation of these values, allow the computation of all

the elements of the second ratio from uarnde; .

The inlet flows in the rotors and in the inverter are without shock, so the valgee tio the
velocity reduction coefficients depend only on the blade shapes (vaaseseen previously).
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In order to find the optimum value to give to w,and o, , one has to establish and discuss a
expression bthe stage efficiency like:

"E = f("D;U/Vl;#l;$I;$I1$") (" ” >"')

5.2  Computation of the tage efficiency

The elements of the velocity triangles in section 4 are found in function of those of section 3,
that we found based on those oftamt 2 that is based on section 1. One finally gets the
following expression:

v,COS#, =u+w,cos! , =u$" ‘w,cos!,
=u! # (v,cos",! u)
V, COSa, = -1, V, COSL,

V, COS#, =u+w,cos!/, =u$" w,cos!/,

=u!# (vycos",! u)

and using the rati?/u— =1 (speeccoefficient),
1

$. = 28! |0+# Ycos", % )odL+#, Wo+#') +Q+#" ¥ # (cos', % )

In reality, the blade shape in the two receptors and the inverter is not identical (Fig. 10) and
thus the coefficients ',/ | and " are not the samey{ >v'). Nevertheless, in order to ease
the discussion of the expression/qf , we assume :

It results in:

5. =25, Y [ “posnodgr® 4+

5.3  Triangle of the optimal velocities in section 1

As in the case of the stage effiogy for the impulse turbine with one velocity drop, the
influence of a small variation of the values of the ariglen/ ; and oY is neglected.

Il follows that #. =#.(",;!) and hat the maximum of this efficiency must be found in
function of these two parameters.
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The expression of . shows that:

“ (+! 2 kos”
opt = 2‘2+! +! 2)

#Emax =#D(1+” ﬁ'-'-” 2)opt

what gives then:

With the followings values:! =0,85 ;=09 I, =17

we find: 'ox=013 and /. =064

n 2
The stage efficiency is zero fér=0 (thus u=0) and = (H 0%,

=2/ ..
+u +II 2 opt

The curve off _ in function of! is given on Figure 11.

6. Performance of an existing stage in offlesign conditions

Once the machine built, it is quite possible that it is used in working conditions whemd v
u are differenfrom the design valuesyand .

It follows thenthat: ! #1 (=1, ) ", #",(=",0) !1.#1,(=!5)

Shocks are present at the entrance of the blade rows:
w,=!w=/Jtow o ==

i"Ir

11l are coefficients with a value decreasing gradually when the foltpdifferences
1,

T #" ||| Fs# 1| increase.

As far as the flow remainsdfanE, i.e. it follows the direction imposed by the shape of the
blades for the different exits, one admits that:

I = ;e = Y = T

1 1 2 21" 3 3
One can then draw the velocityangles and compute, using the formuld gfgiven before,
the value that the stage efficiency will get for working regimes different from the design
point. The validity of the values obtained far will be improwed with the better estimates of

!I', and! .

The stage characteristicg(N) is, as for the impulse stage with one single velocity drop, a
decreasing curve of N.

7. Optimum speed coefficient and pressure drop

The optmum value of the velocity coefficier# is a bit lower than 0,25.
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If one neglects o, one finds vi=~/241" #/h," h, and I ' 0,25, This leads to
u" 0252 # h,! h, with /' the velocity reduction coefficient of the distributor.

The value of u being limited (e.g. lower than 300 m/s), the isentropic enthalpy @hap h
thus the pressure drop-p1, must be limited.

8. Numerical example

Considering the case of aggsure drop and of an isentropic enthalpy drop identical to the
values of the single velocity drop example. The absolute velocay the inlet of the rotor is

equal to 1132 m/s.
With a twovelocity drop turbine, the optimal value of u is about equaB®m/s. This value
of u is certainly acceptable. The stage will thus be able to be used / to work at its optimum

velocity coefficient thus delivering a maximum stage efficiency.
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C. Impulse stage with three velocity drops
9. Reason to build it- Organization

When the available enthalpy drop is extremely important, the absolute velocity of the gas and
thus its kinetic energy at the exit of the second receptor can still be very high. This induces a
large loss for the stage except if, through a second fixesiter, one sends the gas towards a
third rotor.

The impulse stage with three velocity drops will be made of a fixed distributor, where the
whole expansion of the gas is taking place followed by three rotating receptors having in
between two fixed inwgers. The pressure remains constant in the rotors and inverters.

10. Optimum value of the velocity coefficient and of the stage efficiency

One follows a similar rational as for the previous case with two velocity drops, and finds that

: : . : cos/
the optimum value ahe velocity coefficient is “, = L thus about 0,125.

For this value of! , the stage efficiency). of the impulse stage with three velocity drops is
maximum and reachebaut 50%.

11. Comparison between the three types of impulse stages

The optimum value of the speed coefficient decreases gradually as the number of velocity
drops increases. That is interesting for what concerns the use of the available isentropic
enthalpy dop, which can be higher and higher.

Nevertheless, at the same time, the value of the maximum stage efficiency is also decreasing,
not a good point. This reduction of the maximum valué ofis so that the number of speed
drops is neer higher than 3. Itis most often equal to 2.

Figure 12 allows the comparison of stage efficientigsn function of§, for the three types
of stages. It clearly shows that, for the valued odbetween O anecosi, the difference in

efficiency between the stages with 2 or 3 velocity drops, is minimal, whereas the cost of a 3
velocity drop stage is much higher.

Globally, it is normally more interesting to use avelocity drop stage with a speed

coefficient lower than(%gl, than a 3velocity drop stage working at ifs optimum.
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a 2. Turbine reaction stage

12. Organisation

The reaction stage includédsig. 13):

A ring of stationaryblades (called stator vanes or NGVs and connected to the external
casing) that form a set of nozzles in which the steam or gas pressure decreasgs from p
(stator vanes inlet) tojf{stator vanes outlet). Due to this expansion, the steam or gas

2 2
- : Vo, Vi
kinetic enegy increases fromzi to ?1

- Aring of rotating blades, fed by the stator vanes, in which the steam or gas pressure

2 2
. - VoV
decreases fromygo . Simultaneously, the kinetic energy decreases ﬁtzérto—z2 .

Therefore, pressure andnkitic energies are transformed into mechanical energy on

the shaft supporting the disk and the rotor blades.

Two issues have to be studied:

- Shape of stator and rotor blades in order to convert the energy as efficiently as

possible,

- Equations that desbe the energy conversion from a qualitative and quantitative point

of view.

13. Transformations and velocity triangles

13.1 Stator vanes (distributor)

At the inlet of stator blades, the fluiddbaracterized by the pressukg the temperature {or
the steanqguality or dryness fraction x@nd the velocity & The point 0 (Fig.14) represents
this state.

As the pressure drop-p. is created in stationary nozzles, one can write:

v, =V +2(hy - hy)
v =220 " Xh ! hy)

The velocity y, which was neggible for impulse turbines\¢ was low compared to the

enthalpy drop &h;), cannot usually be neglected for reaction turbines. The pressure drop in

the stator vanes follows the transformatieh (Fig. 14).
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13.2 Inlet section of rotorblades (receptor)

As the angle/ | and the peripheral velocity are known, the velocity triangles at the inlet of

the rotor blades can be drawn (Fig. 15). Consequently, the relative velg@tdwhe angle
!', can be determined.

13.3 Rotor blades (receptor)

Another pressure dropip, has to take place in the intelade channels of the rotor. The
kinetic energy equation, for a rotating system, applied to the flow through the rotor channels,
can be written:

P n "
="1 " vdp" w,
P

As dp is negative, the relative velocity i8 higher than w

The energy conservation equation gives:

As W is equal to y theses equations are similar to those used for flows irratating
channels (inteblade channels of the stator), the relative velocity w replacing the absolute
velocity v.

The interblade channels of the rotor must be designed as expansion nozzles in which the
relative velocity must rise.

If the losses are negligible (i, is equal to zero), the expansion in the itiade channels

of the rotor follows the transformatidtl 2, (Fig. 14). But as the real expansion involves an
increase of the entropy, the point 2 which represents the finaloft#te transformation is
located at the right side of poit The curve L2 is pseuddigurative representation of the
real evolution in the rotor.

The point 2 is determined using an experimentdleat coefficient " given by:

B,
h!h,

nrn =)=l

Thus:

The shape of rotor blades depends on the ar@aadt. During a stage design project, we
are choosing, = 3, .
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As the iret relative velocity wis subsonic, the shape of the iAdade rotor channels must
be designed as convergent or convergivgrgent nozzles in order to obtain an expansion of
steam. This can be done when choosing appropriate blade shape and height.

Convergent nozzles are used when the pressure drop must be limited in order to obtain an
outlet relative velocity wlower than the speed of sound. For convergent nozzles, the Figure

16 clearly shows that the values of angEsatE dependon the variation of flow cross

sectionalarea (perpendicular to the axis) that must be completed. As the distance between 2
blades is constant in sections 1 and 2, the &@&sstional area variatiaos achieved by acting
on the blade height.

If 1,=1, A=A (Figure 16a) and neglecting the losses, we have ww. Therefore, no

expansion and no variation of absolute velocity are achieved in theblater channels.
There is no energy conversion and no mechanical energy is available on the shaf

13.4 Velocity triangle at the outlet of rotor blades

When u, w; and /, are known ( , is selected equal 1g,), the velocity triangles at the
outlet of rotor blades can be drawn (Figure 15) #nd, the values of,vand ! ,can be
calculated.

2
The absolute kinetic energyzl is lost if this turbine stage is not followed by another stage or

component that can take benefit from this energy.

14.Losses Recovery
Energy loss in intevane channels of the stator is equal to:

2 2
v v

=n!h,

It is represented on ag diagram (Fig. 14) by the projection akg¢a

Energy loss in inteblade channels of the rotor is equal ! h,,

and it is represented by the projection az_ﬁa

LetOs compare the sum of these losses (i.e. the projectidid22¢awith the stage loss

represented byfz (as the real transformati follows G1-2 while the ideal losfree
transformation would follow @®): a part of losses in the stator, represented by the area
@1 2 2 ) isrecovered over the stagdhis can be explained by the fact that friction losses
in the statovanes are converted into heat that is partly recovered in the rotor blades.
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15. Power delivered to the rotor (receptor)

The powerP; delivered by the fluid to the rotor is given by the EdRateatequation:
P, = r&u(v, cos/ , " v,cosl ,)

Using the velocity triangles and the kinetic energy equation, for a rotating system, applied to
the flow through the rotor channels, the ExRateau equation can also be written:

&vf'v

1
% 2

2
s # ]
2 +(Up vdp) = By +’&RW/'

which shows the operating principle of turbneection stage.
The torque applied by the fluid on the rotor blades is given by:

i . (v,cosl  #v,codl ,)

"

As:

v,cos”, =u+wcos/, andv,cos”, =u+w,cos/,
This torque becomes:

i = r&R (W1 C03ﬁ1 -W, COSﬁZ)I’m
w

This formula clearly shows that the anglgsand !, are very important regarding the energy

and power conversion. In the case of blade shapes of Figure 16a, no torque can be delivered
to the rotor on the contrary of the blades of Figures 16b and c.

16. Degree ofreaction

The degree of reaction is defined as follows:

R= (PR rZaction
(PR )lotale

or:

o 5 _ .[:zvdp—w';

- V - W
2 2 2 Jj dp—w

According to the pressure drop in the rotor blades, the degree of reaction can sometimes be
higher than 1. The stage is then consideredsap@rreaction stage.
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17. Parsons turbine reaction stage

Frequently, the stator and rotor blades are designed with the same shape (or angles). However
rotor blades are rotated by 180j around their symmetry line (Fig. 17).

Therefore:#, =" $/, and # =" $/,

Moreover the blade height is selected in order to obtain a constant axial velocity over the
stage.

This kind of turbine stage is calledP@rson<: name of the inventor of the reaction turbine
(1884).

Therefore, in a Raons turbine, the velocity triangles at the inlet and the outlet of the rotor
blades (Fig. 18) are symmetrical about the axial direction.

Soiv, =W, =V,;v,=w, and a,=q,

When a turbine includes multiple Parsons stages, every stator and rotor bladey efagee
has the same shape: only the blade height varies over the stages.

From now on, we will suppose that reaction stages are always Parsons stages. However, other
types of reaction stages exist and are used.

18. Degree of reaction of Parsons stageEnthalpy drop

From the definition of the reaction degree:

R= 2
vf!vzz! Wl we

2 2

and taking velocity triangles into account (Fig. 18), the reaction degree R is equal to 0,5.

Regarding the enthalpy drop in stator and rotor blades, one can write:

h'!h=

viibvg_vlv .
1 5 0 =1 5 2 (stator or distributor)

(rotor or receptor)

h!h =

w, ! w
2

Thusth,—h =h -h,

The real enthalpy drops in the stator and in the rotor are equal.
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As the blades have the same shape, tHeeae coefficients! and £ of the stator and the
rotor are almost equal.

But: hy" hy, :}f—,hl and h"h, = I} Ih.z

So:  h!h =hth,

The isentropic enthalpy drops are also equal.

Moreover, the point 1 (§. 14) is very close th, so:h; ! h, " h ! h,

Finally, hy —h; = h; - h,

In conclusion, for Parsons stages, the enthalpy drop, which is due to the pressure drop
p,! p,across the stage, is almost diudistributed between the stator and the rotor.

19. Stage efficiencyand pre-design study
19.1 Stage efficiency

The stage efficiency is given by:
. b h,)
) rﬂRﬂ 'h,)

or:

_ ulv,cos#, $v,cos#,)

E

2
1%
?°+ho$h2i

The velocity triangles (Fig. 18) and the enthalpy dropshan stator and the rotor can be
determined ifv,,uand! , are known (due to relationships between kinetic energy variations

and enthalpy drops).

Therefore,! . can be expressed in function af u and # in order to find optimum values of
o, and of the velocity coefficie#t.

We assume that blade angles are equal to flow afigles’ ;" , =" ;/, = 1;:/,=1,).

As

ho= o h )=l WY
h'hy =2y )= 252 =
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P u(v,cos”, $v,cos",)
E™ 2 2 ¢ f2
Vo Vi SV,

2 1%/

In this expression:

V,cos , =u+w,cos", =u#v,cos ;
and
— — 2 n
V=W =u?+Vv2" 2uv,cod

Substituting in the expression of the stage efficiency and using theyramhich is the
%

velocity coefficient , we find:

2/ (2cos", % )

1+# .
o (2cos", %)

$e =

1+

This equation can also be expressed (in order to facilitate the discussion) as:
_ 2
1+¢& 1
-+
1-¢ &(2cosa, - &)

Ne

19.2 Optimization ofa, and !/

The reheat coefficient! depends on the curvatu of flow streams. If this influence is
neglected, we can suppose, as a first approximation, th/af = Const The expression of
I c shows that the efficiency is maximum for:

- I, as low as possible. €hefore,a, is selected around 20j;
- " =cod ; and thus the velocity coefficient is close to 1.

The stage efficiency is equal to zero whén=0 and " =2cos/ ,

For” =", =cod ,, the maximum stage efficien is equal to:

4 = 208" )cos!
frac 18" +(1+" )coS !,

The graph ofy. in function of! is a kind of parabolic curve as depicted in Fig. 19.
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20. Off-design operation of the stage

If, once the turbine stage is built, the pressin@ p, - p, differs from the design pressure
drop(po! pz)d, or if the peripheral velocity u differs fromy,uthe velocity triangles are

modified and the flow angles become different from blade angles. Shocks occur attbg inl
blade rings that adversely affects the stage efficiency.

To take this phenomenon into accowsigwdown oefficients! ; and! ; are used and their
values depend on the shock intensity: the maximum value is 1 when there is no shock and
so",=",et!,=!,. The values of/ ; and! ; decrease when increasing the difference

between the flow and blade angl#‘so( _O‘ and‘! ) #Z‘).
The kinetic energy losses due to shocks at blade inlet are given by:
2 2
LV BT R (KN
6‘ 17 2 an 6’ 1) 2

Flow velocities at the outlet of stator and rotor ifliexde channels are, taking shocks into
accountgiven by:

Vlz\/%ilvo)z"'@-! Xhol hy)
wy = )+ 0 Tt

If the operating conditions do not deviate too much from the design conditions, we can
assume that, at the blade ring outlet, the flow angles are nevertheless identical to blade angles

(thus @, =, and 8, = ,). Using equations developed previously and selecting values for
the coefficients

the velocity trianglegan be drawn and then, the stage efficiency, the torque and the power
delivered by the fluid to the rotor can be calculated by the following equations:

_u(y,cos",! v,cos",)
ho! b,

#E

and
% =&, (v,cosl , #v,cod , ),

For the same pressure drop, the stage charaictéostve of the torque fin function of the
rotational speed N or the peripheral velocity u) is a decreasing curve.



33

a 3. Comparative study of the stage types

21. Optimum velocity coefficient

The velocity coefficient optimum values of the impulse stag# one or two velocity drops,

and of the Parsons reaction stage are compared regarding their influence on the pressure drop
enthalpy drop and peripheral velocity.

The T-s diagrams of these three kinds of stages are depickeg.if0.

The isentropicenthalpy drop that can theoretically be achieved over the stagdqiOthe
impulse stages ar@2; for Parsons reaction stgge called! h,.

The optimum values of the velocity coefficient are:

- Impulse stage with 1 velocity drop,,, = oS, ! %
- Impulse stage with 2elocity dros: 5, = Cojal z%

- Parsongeaction stages,, = cosa, ~1

If we assume that

- Whatever the type of stage, thelreat coefficients are identical and equal tp
2
- The kinetic energy\%‘)can be neglected (this approximatisrmorerough for Parsons

stage than for the two impulse stages

then, from the generabfmula:

V<X h)

we can write

vi=kyh!'hy

In this formula

- for impulse stagedh, - h; = Ah,
! his

- for Parsonstage 4," h; = >




34

Substitutingv, by /L the values of u, when operating at the optimum velocity coefficient,
* opt
are:

- Impulse stage ith 1 velocity dropu " %k I'h,

- Impulse stage with 2elocity dros: u " %k I'h,

- Parsongeaction stageu! k &this

Therefore, for the same value of the isentropic enthalpy!diop

u u u

impulse2drops< impulseldrop < Parsonsreaction

What is even more important, from a practical aspect, is to be able to compare enthalpy drops
that can be usedvpen the peripheral velocityna, Which depends on the material employed
and on the temperature, is imposed)

LetOs write previous formuiafollows:

2
- Impulse stage with 1 velocity drop h; :%, that will be used for compactness

purposes,

2
- Impulse stage with 2elocity drogs: ! h :%, that will be used when long life of

the system is required and a high effincg,

. 2u? . . . .
- Parsonseaction stage ! h, :?, for a high efficiency in a neoontinuously

operated application.
Thus, when operating at the optimum velocity coefficient, the isentropic enthalpfoditbe
impulse stage with 2 velocity drops4stimes higher than the impulse stage wiitiielocity
drop and 8 times higher than the Parsons stage.
The impulse stages are therefore well suited to obtain a large enthalpy drop in a few stages:
they areCcompact.
22. Stage efficiency

Fig. 19clearly $iows that, when operating at the optimum velocity coefficientPdmsons
reaction stage has the highest efficiency, what is a key advantage



35

How does the efficiency vary when the operating conditions deviate themdesign
conditions?

To answer toltis question, we need to build the curves of the stage efficiency, for the three

types of stage, by giving ta and v, (and thus té :E) valuesdifferent from the design

V1
conditions.These curves, drawn in function/af have a similar shape than those of Figure
19, although, at right side and at the left side of the design concﬁ'tjlgnsgoptj, these curves

are located under thoselgure 19.

Thus, the efficiency variations, close the maximum value, are lower for tiRarsons
reaction stage than for the two impulse stage®ther words, when the velocity coefficient
differs from the value that was given during the stage design (in order to obtain the maximum
stage efficiency), th stage efficiency deviates faster from its maximum value for an impulse
stage (with 1 or 2 velocity drops) than for a reaction stége.Parsons turbine is said to be
Cmore flexibleE. This is only valid if the operating conditions do not too muchediffom

the design (flow) conditions.



