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Introductions

It is the function of bthe elements in a durbine oy compresso:z
stage to effect the transformation of enexygy from one Torm to anoil
with the mininum loss. In the past losses and efficlencies in %k
elements and stages of turbo-machinery have been defined and measy
in a variety of different ways each assoclated with the designer c
research worker in a particular field, The steem turbine designe
has in the main been concerned with high speed flow in impulse or
fifty degree reaoctlon slages. In the ges bturbine plant the degre
of reaction varies not only from stage to stage but with blade hei
within a particular stage and in axial flow compressors ‘the designe
has beon concerned with low speed flow, where for many applicatiox
the working Tluld could he regarded as incompressible.

Pregent day trends are towards steam turbine stages with vari
emounts of reaction in the moving blade and to compressoy stages w
with rising operating Mach numbers, the working fluld can no longe

be regarded as incompressible.

SUMMELY o

The enthalpy less in a blade element, which is the net lossg o
high grade energy caused by friction forces, is shown to consist o
& basic Triction loss plus an auxiliary loss which accounts for th

Pheating" effect of the friction worke. The auxiliary loss is

‘positive for compressions and negative for expansions. Relations

are derived between the enthalpy loss and other methods commonly u

to express the irveversibilities in the blade elements,. The sgua

involved are applicable to static or moving elements in exlal flow



turbines or compressors with high or low speed flow.

Paoctors affecting turbine or compressor stage efficiencies ar
accounted for by (a) defining an efficiency for the flow process 1
the stage and by (b) using the councept of blading (diagram) effied
It is shown that, while the "total to static" stage efficiency is
direotly proportional bo the blading efficlency, bthe "botal to toy
stage efficliency is almost independent of blading efficiency if b
prooessleffici@nay and blading efflciency are high.

Expresslons are developed Lor the blading efficiency and load
foctor in a stage for any glven reactlon effect in the rotor blade
It was found thot the conditions for maximum bleding efficiency co
best be obtained in terms of a oriterion which is called here the
"reaction coefficient". This analysis will £ill the gap between
exigtihg theories applying to the impulse blade and the fifty degyx
reaction blades

in most of the previous work in thie field of bhlading researec
uge ig wade of "atmespheric" alr in a wind btunnel. It was apprec
that o steam circuit could readily be adapted as & variable densit
sunnel Hence, using superhealed steam as the working fluid, it
decided teo explore the flow and loss charscteristles for & small

reotangular nozzle and impulse blade palir over a renge of Reynolds

- number and Mach numbey, An impoct tube and traversing gear were

designed 4o operalte in a relatively high pressure and temperabure
stream and were 80 arrvanged that the entire exit arem of either th
nozzle or blade could be complebely traversed.

A considerable amount of: caloulation is however involved in



velating the local impact tube readlings to local values of efficien

and in converiting these local values into mean effeetive values.

Hence & procedure is given here which will ease this bransformabion

and will take acdcount of compressibility effects, of variable dénsi
flow omd of supersonic Flow with the possibility of a shock wave
formation upstream of the impact tube.

The nozzle loss is confined to & thin wall boundary layer with
igsentropie flow elsewhere in the noszzle. The larger blade loss,
which is very sensitive to qulte small amounts of reaotion or CQOMm

pression in the blade passage, is greatest on the convex side of th

'blade, For this smell nozzle, the siream attains a constant efflu

angle in only & small central core of the flow with large variation
in angle as the nozzle boundaries are approached, This efflux
angle pattern remainsg unchanged with varying Reynolds number and

subsonic Mach number, . When +the Mach number increases beyond anity

“however, the pattern changes so that the stream conforms more 4o Wk

geometric outlet angle.

The observed variation in blade loss coefficient at high
Reynolds number is compared with eother similar work and confirms
t+hat a ceritical Reynolds number exists at 2 x 105 belew which value

thera is a substaniial increase in blade loss.
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BRumoxys

Ivntroduohion.

In the thermodyanamic design of turbines and compressors it
ig epsantial Tirvetly to decide on the basic feabtures of lhe
machine, In turbines, Tor example, one muat debermine whether
high specilic wmechanicel energy owbput is the aim ox whether
one may sacrifice some of this high specifie oulpub for an
increage in gross stage efficiency. It is then necossary 4o
declde on such factors as hlade ﬂpeaés, sirean veloceltiss and
dogrer of ronctlon or comprosSsion. Formerly in stean turbine
praotice the blading wes edther of pure impulae depign or a SOQ
reaction design, and for these coses the princinles on which the
rotor speeds end steam velocities were determined were widely
hnown and practiced. Hith the advent of the gas turbine plant
hovever, more use ls being made of bDlading where the degree of
rematian is other then 50° oy nero, both in the burbine and

gompressor, end this trend is {finding its way into present day

iy

ptean turbine practice. Once the cbove mentioned design features

have been optablished, it io neceseary to have aveilasble data on
Prickion eoeffTicients, efflux angles ete, and these are normally
obtained {rom experiments’on the proposed blading, With the
developnent of bhe gap turbine plant and especially wiith the
wial flow compressor, bthis work hes usually been done in
abtmospheric wind tunnels; where alr, passivg into the étmoaphere
thyough the proposed blading, i exowined with impact or pitot

tubes snd yavwmeters,



Purpose of the Present Work.

In the turbine or compressor stage the stage loss is o loss
of mechanical work energy which is affected by the loss of high
grade energy in the elements of the sﬁage. These element losses
are due to the effect of friction forces and it is necessary to
underaband fully the nature of a friction loss and to be able to
ecorrelate the various ways in which #he_irraversibilities in the
elements may be expressed. Part of the loss of mechanical work.
in the stege can however be dissociated Lrom the frlction losses
in the elements and depends on the form of the stage velocity
triangles, In turn the form of the velocity triangles is dependant
on the initial choice of such design parameters as the degree of
reaction and the loading factor for the stage,

When dealing with efficiencles in the turbine stage it is
desirable to separate friction effects from effeots assoclated
with the foxm of the velodity triangles. It is the object of the
present work to redefine the efficiencies associated with the sbtage
30 as 50 separate these effects and to do s0 in sueh a manmer that
the concepts may be mpplied to either the compressor or the turbine
gtage.

_ Due to the incrensing interest in stages which are not either
of an impulse or a fifty degrec reaction design it is proposed to
analyse the influence on the plage efficiency of degree of reaction,
blade speed to jet speed ratlio and loading factor. The anelysis
should be ocomprehengive enough to embrace turbine stages designed
for any positive or negabive degree of reaction and the theory
evolved should be aﬁplioable t0o the oompressor stage.

In most of ‘the previous work in this field of blading resesrch
use has been made of "atmosgspheric! alr in a wind tunnel, It was
appreciated that a steam e¢lrcouit could readily ve adapted as a
varioble densgity tunnel.s Hence it was decided to explore the flow
and loss ohargcteristics for a small recltangular nozzle and blade
palr using superheated steam as the working fluid. This entalled
more attention to the design of the instumentation compared with
the tmospherie" tunnel but the scheme allowed for testing over
a wider range of conditions.
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Paxt 1.

Using the concept of high and low grade energy the net useiful
high grade energy relessed by unit mess of working fluid in any
steady flow process la shown to be u»‘SVdP e lgfvr, where V is
the speeific volume of the working fluid, 4P the element,l change
in pressurc, f the frietion force per unit mass and v, the relative
veloclty of the working fluld, the term,ffvr being the friction woxl
done in the process. Comparing an adisbatic steady flow process
witﬁ a aimilar igentropic process the net loss of useful high grade
enerﬂy, which is often referred to as the enthalpy loss is shown b

J{fv * de? (V -V ) where V is the isantropie gpecific volum
Thus the enthalpy loss is divided into a basic friction work loss
term plusign auxiliary loss term which gccountﬁ for the heating.
affect of the friection work. The auxiliary term is positive for
compressions and negative for expansions.

The enthalpy loss ig related to other methods used to express
the irreversibilities in blade elementa,. Relationships are
derived between the enthalpy loss, the total head pressure loss,
the increase in entropy, the enthalpy loss coefficient, the total
hoad pressure loss coefficient, the hlade velocity coefficient,
the blode drag coefficient and the efficiency of the oxpansion or
compression process in the blade. The equatious involved are
applicable to static or moving elements in axial flow fturbines and
gompressors with high and low speed fLlow,

Two stage efficiency Gefinitions are used in turbine work, the

total to statie stage efficleney is the oriteri®? Of performence
where the exhmust kinetic energy is degenerated by frietion and the



vii

total to bobtal stage efficiéncy is used where the exhaust kinetic
energy is not degenerated. These stege efficlencies are derived
as Tunotions of (&) & blading or diagram efficliency and (b) en
efficiency for the stendy flow process in the slhage. The diagranm
efficiency dependﬁaon the form of the stage veloelly btrlangles
which in turn depends on the choloe of degign parameters for the
atage. These design yaraﬁéters are the blade gpeed to jet spead
ratio, the degree of reaction based on Lthe inlet total head
gondition of the working fluid and thetloaaing factores The
effiéiency of the expansion provess in the afage depends on ‘the
friction losses in the elements and is derived in terms of the
loss coefficients in the static and moving blade rows.

It ig shown that the lobal to static stage affiéieney is
directly proportionﬁl to the blading efficiency while the Gotal to
total efficlency is sensibly independant of blading efficiency
provided that both the blading efficlency snd process effiwiency
are high.

The axiel flow compressor singe effieiency is also derived in
ternms of o blading efficienoy aﬁd in terms of anc efficiency for
the compreassion process in the stage,

Having shown that the turbine stagé efficiencies are dependant
on the blading efficiency, an analysis is given of the way in which
the blading efliciwency varies with speed rolio and degree of reactic
It was found thatb ﬁhe blading efficiency gnd loading factor could
best be expressed in terms of (a) the blade speed o tangential
jet speed ratio end (b) a reaction coefficient For the stage, define

a8 the ratic of the reaction effect in the moving blade Lo the




viil

. kinetic energy available &% inlet to the moving blede. The
relationships between this reaction.coefficlent, the total head
degree of reaction and other ways in which degree of reaction is
sometimes defined are derived and the relative merits of the
different definitions discussed. The variation of loading factor
and blading efficiency is présentea in graphical Torm, The
optimum speed ratio for any given reaction coefficient is obtained
along with the value of the maximum blading efificiency. The
analysis is developed for stoges where the degree of reaction is
positive, zero, or negative and,iﬁ is shown thet when o stage is
deasigned for maximum blading efficiency the value of the blading
efficiency increases and the loading factor decreases as the degree
of reaetion is inecreased. | _

The way in which the blading efficiency of o compressor sbage
depends on the degign paremeters of the stoge can be seen by
looking upon the compressor stage as a similar turbine stage in

Wﬁﬁch &ll of the stage veloocities are reversed in direction,

Poart 2,

Ihe Determination in a stetic test rig of Local Totsl Head

Gfficlency of Pxpansion and of Stream Condition by means of an

Impact Tube and the Conversion of Local Values into Mean Effective

Valueg,

The waterial herain is associsted with the experimental methods
of obtaining effieiency and efflux angle, Evem when dealing with
the "incompresaible" flow of air through blading there is a

gongsiderable amount of caloulation involved in ral&ting the local.
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~dmpact tube or pitot tube readings to local values of elffieciency

and further in canvérting these loecal values into mean effective
values., The calenlations become even more ¢omplex when accound
mast be taken of compressibility effects, of variable density flow
and of supersonic fiaw with the posaibility of a shock wave
formation upstream of the impset tube. Hence in this section a

. procedure is glven which will eaée the transformation of the local
impact tube readings inbto local efficiency and loecal stream conditio
and finally will sallow these iocal values 1o be correctly converted

into mean effective values,

Part 3.

An Experimental Investigation into the Flow of Buperheated Stean
through 2 Small Nozpie and Iupulse (gero presgure drop) Blade

yielding results on Flow Pattern end Efficiency with Varying
Reynolds Number and Maoh Bumbexr, '

In this section experiments are described in which the flow
and loss characteristice of a small nozzle and impulse blade pair
were investigonted using superheated steam as the working fluid.

Phe nozzle is of reebtangular ¢ross-section and was made o0 suit a
gtandard setd of impulse blading. An impsct tube and btraversing
gear were designed so that the entire exit area of either the nozzle
or blade could he completely traversed. By this means locsl values
of total head pressure snd efflux asngle were obteined at nozzle

and blade outlet for a range 0f Reynold's number covering subsonic
and supersonic Mach numbers. The results were converted to mcan '

effective values of efficiency and efflux angle by the methods




deseribed in Part 2, and serve parbtly es an example of the
application of these methodg to blading rescarch. It was found
thet the greater part of the tobtal loss across the nozzle and blade
pair ocours in the "parallel" passage of the blade and that this
loss is very sensitive to quite small amounts of reaction or
cémpression in thg blade passaget. The nogzle loss is confined Go
g thin wall boundaxy 1ayér with isentroplic flow elsewhere in the
nozzle, The boundary layer iu the blade pas&age‘is more pronounce
then in the nozzle and is thickest on the convex side of the blado.
The &ffici@néy of both the nozzle ond of the nozzle and hlade palr
rise with increasing Mach number as the value of unity is spproache
At low Mach numbors there iz & rise in nozsle efficieney as the
Mach number decreoses but the efficlency of the nozzle and blade
pair, where the losses are greater, does not show this characterist]
For this small nozzle, the stream attaine a constant efflux angle
in-only a small central core of the flow, with large variations in
angle as the nozzle boundaries are approached. This efflux angle
pattern remains unchanged with varying Heynolds number and subsonic
Mach number. The efflux sugles iﬁ the central core however rise
slightly with inereasing Mach number up o unibty. As the Mach
nunber progressively increases beyond unity the efflux angle
patbern changes so that there is less variation in angle across
the nozzle and the stream conforms more and more vo the geometric
cutlet angle.

The tests on the impulse blade indicate a sherp rise in blade

loss as the chord Reynolds number is reduced to 2 x 105. Iin



X

appendix 3 the variation of loss cosificient at high Reynolds

40 and helps

numbey is eompared with sinilar work by Armastrong
to confirm his gonclusion:.that a coritical Reynaids nunber exists

et 2 x 105, helow which value there is & substantial inerease in

blode 108S.
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Introduction,

S8ince the impetus given Lo blading research by the advent of
the gas turbine plant, and especially by the compressor unit there
hes been an increasing interest in turbines and compressors of
widely differing types. These types ilunclude the radial and axial
flow turbine or compressor and the use of the shock wave in
gupersonic COMpresgors. Against this varied background it is
necegssary to be clear as to the nature and effect of losses in the
working passages in turbo machinery and as %0 how the losses may
best be determined experimentally.

The prineipal parts in turbines and compressors are the static
elenments which sct as nozzles or diffusers and the moving elements
whiaoh 28 well as being nozzles or diffusers are agents for the
tranagfer of mechanieal energy, The funotion of the static elements
is the interchange of eﬁthalpy and kinetice energy while that of
the moving elenents is the interchange of enthalpy on the one hand
with kinetic and mechanical energy on the other. The principal
factors affecting the efficiency of these energy interchanges,
nay be grouved under two headings.

These are s

(1) Those which cause the degeneration of high grade kiﬂeﬁie

energy into low grade energy.

(2) Those involved in the design and operation of the

turbine or compressor and which influence the conversion
of high grade energy to mechanical work energy.

The degeneration of high grade energy affects both the moving

and static elements and the logsses to which the elemants are
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liable under this heading are =

(a) The boundary layer or skin friction losss-

This loss is characterized by a velocity gradient in the flow
in the viecinity of the solid boundaries.
(b) Turbulent flow losgi=

This type of loss can effect the region within the boundary
layer as well as the maln stream and is due to random velocity
veriations with time, which are superimposed on the main veloolty
of flow. Thege random velocities cause an interchange of moss
between adjocent stream%lines with the result that shear stresses
pre set up within the body of the fluid.

(¢) Bddy Motion or vorticity lossesg:-

This is caused by sunall veristions in static pressure normal to
the prinecipal direction of the flow resulbing in secondary
circulatory mobtions beilng imposed on the main flow, The kinetic
energy for these secondary motions reduces the energy of the
main stream,

(d) Losses due to the separation of the boundary layerse

Under certain circumstances especlially in decelerating flow the
low energy boundary layer separates from the wall and is energised
by the main flow, This resulits in momentum mixing with
consequent loss,

(e) Shock losses at the entrance to the elements:~

These losses are due Lo misalignment of the fluid stream and

blade inlets csusing eddy Fformations,
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(£) Discontinulty lossest—

These losses are inherent in shock'diaconﬁinﬁities or sudden
changes in pressure, specific volume, temperature and velocity
and occur only in supersonie flow, Théae losses (&) to (£)
are known as reheat lﬁsées due to the faet that as the kinetic
energy disappears, the stream is "heated" by an energy quantity
equal to that of the lost kinetic energye.

Losses under the sagﬁnd heading areie

(g) Deviation lossesie

Thig loss is due Hto the variation in the direction of the fluid
£low from the direction dictated by the.solid boundaries of the
machine elements and affects the transfer of mechanical energy
CNLY «

and

(h) Leaving losseste

These sre losges in the amount of mechanical onergy transferrod
hecouse of‘the retention «in the fiuid strean of kinetic energy.
Other parasitic losses are those due to - dise friction,
windage and leakage of the working fluid pagt the machine elements.
The paramebters which influence losses may be ¢lassified agte
(1) Those due to'the geometry of the machine elements,
For exampie, the shape of the cross sectione normal to the
flow, the curvature of the axis of the elements, and the surface

finish of the boundaries.
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(2) Those due to the properties of the working fluid.
Por examples~ pregssure, beuperature, density, velocity, and
viseosity.

The object of the invesitigation is to analyse bthe effect
of these losses on the efficiecucy of energy transformatliong
to debermine the conditions for mexinum mechanical energy btransfer
from or to a working fluid, to establish a technigue for
measuring losses in machine elements with variable density flow
and to apply the technique Ho determine losses in & nozzle and
blade pair. |

With regard 40 the effect of friction, an attempt has heen
nede to show the basgiec nature of & Lrictional process, and to
distinguish the friction work from the net logs of useful energy
which is usually loosely celled the loss or frietion loss. An
analysis is made for the general case o0f the flow of the working
fiuld through a radial flow machine and the equations developed,
with suitable madification; may then reaﬂilﬁ be applied to any -
type of stationary or moving elementy., Particular reference isg
made 1o the effect of frictlion on the energy tranafer fterms in
turbo machinery snd to the different effects of friction in
expension and compression processes.,

A section of theory is devoted to the efficient transfer of
mechanical energy. In it a criterion is given which determines
the bast operating speed of the rotor blade for any given amount
of reaction or compression in the blade passage. In the theory

it is found b0 be convenlient to define a term crlled "Resecbion”
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Goefficient" amd the criterion mentioned above im given as a
funection of this Reacotion Qoefficient, The conflicting factors
of high specific mechanicel energy output and blading efficiency
are discussed for turbine bilades with reaction or compresegion in
the blade passage and for compresgor blading.

In testing for the effect of friction in turbine or
compressor clements, if the total head condition of the working
fluid entering the machine element is known, & traverse of the
outlet ares with an impact tube will allow local values of the
loss in total head pressure to be obtained. In the experimental
work here the machine elements used are a smell rectangular nozzle
and blade palr with superheated stean as the working fluid and |
the arrangement is such that the density of the steam in the
test seatiqn may--be readily controlled snd varied. The object
is to best the nozzle and blade pair for friction losses and
afflux angles under various operating conditions snd, taking
- a broader view, to establish a method of translating the results
of the traverse readings into mean values of efficiency. and
efflux angle which would be appl;cahle o any type of machine
element. To this end a section is devoted o the deternination
of local efficiency and local state point of the fluid fron
the obgerved impact tube readings, These local values over
the cross-section of the flow are then reduced to mean effective
volues. The method used applies generally in that the effect
of lorge density change within the element and the eflect of

gsupersonic speeds mey be accounted for.
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The proeblems presented by the flow of the working fluild
through the elements of turbe machinery have been taekled fron
nony wiewpolnts snd with incressing intensity since the turn of
the century. On tho theoretieal sids the elamsicel. theories
of petentiel flow, based on ¥uler's equations of motion For a
ﬁom.viﬁcaus flﬁia,"reﬁmasaﬁte& & major step forwerd in an abtempb
to demeribe by mathemstics the neture of fluid flow past and
around ¢0lid boundaries, Thewse eguabtions were used, for eXsmple,
to eoleunlate the pressure distribubion around cylinders, spheres,
and asrofoile and gowe Prasults which ware found Lo be in
substantiol sgresment wilith observebions, Various snonalies
were however apporent and these were susgpecisd o be due bto the
noegleot of fiunid friction. The ﬂaﬁi@y Btckes equations of
motlon, which moeount Ffor fluid fwictior, were found to be capable
of solntion in oniy o foew simple 08008

Prandtl was the first to give a practiconl approach to the
problem of fluid friecbion and vo ite effect on Lluid flow, He
divided the flow around bodies Lube regions where friotion
aéuld be noglectad and whevre the olossical theories of polentisl
flow could be spplied and into reglons where Irietion had to bs
aeeoaﬂfed foxry these heo réf@rra@ 0 s boundary layers, Bven
at thiz stege Prandtlls theoriss were the results of melbhematical

troatment confirmed by observabion.
The initisd experinental work was of course mesoclated with

sheom turbines. In 19210 Brilingﬂl investigoted logs cheracleristios
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for plate type impulse turbine blades. Using a static test
rig he determined the effeet of differen%‘blade inlet forms
and of eteéﬁ deflectionion the blade veloclty coefflcient,
The coefficient was showhn to decrease with increasing steam
deflection for a given inlet form. |

The most systematic approaech to finding experimental
coefficients in the early days was due to the work of the Steam
Nozzle Research Committee of the Institution of Mechenical
Engineers. This Gommﬁttee was formed in 1914 with the initial
aim of providing much needed information on the efficiency of
typical stemam turbine nozzle forma, The bulk of the experimental
work took place bebtween 1921 snd 1930 and is sumnmarized in
the sixth and final reportg. In the Committec's apparatus the
impulse prinoiple was used to obtain e nozzle velocity coefficient.
The momentum of the steam Jjet issuing from the nozzle was
measured by the force exerted by it on a Llat plate which was
placed at right engles to the direction of the jet. Great
care was taken bto ensure that all of +the jet.momentum was absorbed
at the plate and, since the plate had to be at right angles to the
mean direction of the je%, preliminary experinents to determine
the efflux angie of the jet were necessary. Thig efflux angle
wes initislly measured by o metal vane placed in the jet. Tests
were made on "cast in®" impulse noszzles, "built up" impulse
nozzles, Parsons blade type nozzles and on glementary wnozzles
with a straight axis. In the bulk of the experiments the efflux
angle was always less than the nominal outlet angle of the nozzle.

In addition it was found thot as the pressure ratio across the
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nozzle was decreased the efflux angle increased and so approached
e value nearer the geometric oubtleb angle. The difference
between the efflux angle and the geometric angle was found to
depend on the nozzle plate thickness and it was thought that the
proxinity of the flat surface, inclined at a small angle to the
stream at outlet, caused a suction effeot on the jJjetb. Thus with
the eurved type of outlet in the Parsons nozzles or with o
chomfered oullet the deviation of the jet Lfrom the geomebric angle
was not so great, In general the nozzle wvelocity coefficient
was found to decreanse with inoreasing stean vglocity from low
velocities up to approximately 800 f£t/sec, to remain fairly
constant to about 1600 £4/sec and to increase there after. The
minimum values of the coefficlient were found o be sensitive.to
the length of the"parallel portion, a large parallel portiowm being
detrimental. It was also found that a roughness on the nozzle
profile, produced by machining s screw thread on the nozszle had
on adverse effect on the coefficienmt. In an interesiing series
of experiments on straight_alementar? nozzles with different
inlet forms, it was found thet at high velocity (about 2,000 £i4/sec)
& nozzle with sharp inlet had a velocity coefficient almost as
high as 2 similar nozzle with a rounded inlet,

The impulse plate method of the Committee's apparatus was

‘used in an improved form by Giffen and Orang3

in work preceeding
1939 but not published until 1946, The object of this was to
investigate the rising characteristic of nozsle velocity

coefficient with decreasing steam velocity at low specds as
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obtained by the Nozzle Research Gommittee and the resulis were
in apparent disagreement with those obtained by the Committee,

4 deseribves

In a Parsons Memorial Lecture in 1939 Guy
experiments with which he was associsted wherein the vane method
of measuring efflux angle was dispensed with and a yawmeter used
Yo find local values of efflux angle at the exit of typical steam
nozzles. He again found that the mean efflux angle increased
with increasing steam speed and found thgt at higher wvelocities
the mean efflux angle is given very closely by sin™L opening/pitch,
In 1940 Dollin5 uged the reaction prihciple to obktsin stean
nozzle éfficiency. e supporﬁed the nozzles in a static testing
mechine in such a way that they hed limited freedom of torslonal
and axial movement and by means of balances measured the forces
necessary Lo restore the nozzles to their original position,.
Thig was ¢laimed to be superiof to the impulse plate mobthod
because, in addition %o giving efficieney, it also gave mean efiflux
angle, The results of tests on & group of reaction nozzles
showed that, as the pressure ratio was decreased, the nozzle
efficlency éontinuously incoreased up to the eritiocal pressure
ratio. Also the mean efflux angle was always greater than'ﬂ%ﬂ;givma

1 opening/pitch and indeed decreased slightly with deecrcasing

by sin”
pressure ratlo.

Stodolaﬁalao gives the results of efflux angle tests but
in this case on sgingle convergentd parallei nogzles with
overcritical expansion. The nozzles were mounted in a nozgzle

holder with the axis of the nozzle pointing vertically upwards
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and the ountlet face of the nozzle machined off obliguely bto the
axis. The effiux angle distribution was apparently obtained
by-phatogr&phiﬁg the steam jet and making messurements from the
phdfographs. The results show that for small pressure maﬁios,
in the region of 0.2, the nozzle angle increased by as much as

44 degrees al the inner or shorxter boundary with a small positive
- ox naegative deviatlon at the outer boundary.

A congiderable impetus to blading research cane however
with the advent of the gas turbine plant. The need foxr a
compressor which would be efficient at wide operating conditions
led to a great deal of work on compressor blading. The principal

contribution is that of Howell7

in his paper "“Fluid Dynemics: of
Axial Compressors" in whioh he pays particular attention to the
variabtion of blade loss with incidence of the gas stream. Air
was uwsed as the working fluid.in wind bunnels with cascades of
wooden blades, and detailed traverses were mede of the oublet

flow areas of the cascade with pitot or impasct tubes and yawmeters.
Thus for a gilven compressor caseade average values, usually ithe
arithmetic mean valuéé, of total head loss and of stream
deflectionuvwere obtained for various btunnel setbtings or incidence
angles of the inlet stream. This in turn gave the permissable
roange of efficient operation of the cascade, since poinis of _
poasltive or negative stall were obtained by the above methods. in
addition the total loss at 2 given incidence was dlvided into a

profile loss or skin friction loss which could be measured at

the mid height of the cascade, a secondary loss due to - trailing
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vortices formed by unequal static pressure distribution within

the blade ﬁassage and an avpnulus loss due to skin friction at

the annulus walla. Pluid speed effects on the loss characteristics
in cCompressor caseades were allowed for by making use of criteris
known ag criticel and maximum Mech number.  Oritical Mach number
ig reached at inlet to the blading when, at & given incidence,

there 18 a distinetd increase in loss as the.inlet speed is ralsed.
Maximum Moeh number is obbtained when the cascade chokes and the .
losses are ey’ great that there le no praaaﬁre rigse in the blading.
Maoximum Mach number was found Ho increase conbinuously from large
negative inecidence to large positive incidence, Critical Mech
nunber on the other hand inereases from large negeotive incidence

to approximatel&uzero incidence and decreases thereoaiter, The
progre=ssive increasse in loss between criticel and maximum Mach
number ig expressed in g simple graphicel form in terms of the
gobual inlet Mach wvunber snd the efficiency at critical Mach number,
Proceoding from the results of his research Howell evolved rules

of procedure which are the pregent dey basis of subsonie

compressor design,. Details of these are given in papers by

9

.

Hawells and by Howell and Bonham

Podd

in hig paper "Practical Aspects of Cascade Wind Tunnel
Research" gives details of low speed and high speed (up to Mach
Wo« of ome) wind tunnels and of the methods and indsruments used
in obserﬁing flow pattern and losg, The methods givea in this
paper are substentially the same as those used by other

investigators including Hawell, The suecess of the ocascade work
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on compressor bvlading led to an sppreciation of the need for more
information on turbine blading. Ainl@yll in his paper "The
Porformence of Axial Flow Turbines® glves results of similar
casecade wind tunnel testing on turbine:blade sections. The work
on bturbine blading is however not as comprehensive as that on
compressor blading and is often limited to cascade testing and
subsequent modification of o proposed blade section until a
suitable profile is obtained. Attempts have been nade, notably

12 and GarterlB to correlate the resultis of ecascade testing

by Wesks
with the c¢lassical theories, mentioned previously, of potentisl
flow in order to obtain & logical procedure of calcoulation which
would relate the known basie laws to the performance of a turbine
or compressor stage. These methods have still to obtaln
widespread reéognition and experimental work is still the basis of
the depign. |

A Teature of all cascade wind tunnel work is the use of the
plitot tube or impact tube to measure local total energy leaving
the blade. The tube itself has been the subject of much

10 & 14 15

investigation notably by Todd and Hodkiuson™ ., With

sultable precautions it gives ah acgcurate method of obtaining
local values of blade loss. In o supersonic stream, however,
modification must be made to the observed impact tube pressure
to obtain the gtream Hotal head pressure, due to the formation

of o detached shoock wave in front of the impact tube hole.

16

Details of these modifications are given by Bairstow ™ and

Duranle.
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- The volume of present day knﬂwleﬂge on thelbehaviaur of
turbine and compressor elements is considerable. The future
needs of industryry will nevertheless demand an increasing research
programime on blading elements. The effects of high snd low
deflection and of varying degrees of resetion in Hturbine blades,
the effects of hlade form and pltch espeecially in supersonic
compressors, bthe effects of compressibility, Reynolds nuwbewr,
secondary flows and of rediel equilibrium are some of the subjégts
reguiring further inveatigation. One disadvantage of cascade
wind ﬁunnels is that the teat sections normally operate at one
pregsure and usually the exhsuat Lfrom the cascade is to the
atmosphere. This atmospheric exhaust has many obvious advantages,
but it does preclude besting te find the effeois of large dansity
.change. In addition the design df a variable density wind tunnel
with its assoclated compressor is relatively difficult and is
expensive. The apparatus used here, while not giviug the .
flexibility of varisble change imherent in the atmospheric
cascade tunnel, does give awsimple way of obtaining a variable
dengity test section using a steanm boiler plant in place of a

compressor cirocuit.




PART 1 (a),.

IR

Methods of obtaining the high grade energy exchanged betwesn
the working fluid and its surroundings in flow and non Tlow

processes with particular reference to the effect of fricilon
in the steady flow process.
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Part 1 (a).

Mothods of Obtaining the high gvade energy exchanged belween
the Workin Pluld and its surroundings in ¥low and Non-flow
processes with nartioulay refervence o the effeeb of frlctlon
in a ote&dv Flow Process,

In turbines and COMpressOrs we are cbncerned in the main
with the steady flow process and in particular with the
transfer of mechanical work energy from or to the working
fluid. Since the welaitilonships between kinetic energy

~ghanges, mechanlcal work bransfer berms and the changes in

the properities of state of the working fluids in steady flow
processes, are but one particular (though extremely imporbant)
applicatlon of more general laws, 1t is fruitful 4o consider
the methods available for obtaining eunergy btransfer in
different processes.

Seebion 1 - Procesﬁés without friction,

Consider a cylinder fitted with a "welightless" piliston
where the space between the piston and the cylinder head is
filled with Ml ibs of a perfect gas at pressure Pl and
specific volume Vl. (Figs lay b, 0, and d). The volume oOF
gaa involved is theun Vl = Mlvl The original bvoundary of
the system is shown by the dotted lines and the pressure of
the fluid in the surroundings of the system is P, (92-4.91)

In considering the subseguent behaviour of the gas in the
systen we shall presumé that no'heat crosses the systenm
boundary and that effects of friction may be neglected.

In case (&) (fig. la) suppose that bthe gas expands
glowly to ¥y 80 that atiall times equmlmbrlum is established
between the ges and its surroundings, This means that n
variable restraining force (P) must be maintained at the piston
rod, of such a magnitude that this force, together with the
force exerted on the piston by the £luid surroundings, is only
alightly less than the gas force on the piston. The total




work done by the gas which appears entirely as displacement
work at the plston (the fluid boundary) is given by

/ f
g =1 1 y - 1

This total work may be divided into useful external work done
on the foree,yj :and into work which is absorbed by the
surprounding fluid at the fluld boundary. The useful external
work is then

PV, - P, V '
! [( : ;-12 % ”’?2.("2"’1)] — (2
and this equation may be rearrangea 0 give
P, V., - P,V Py s
(2R - (1 (DY) 7, v, (3).

In case b and e (fig 1lb and ¢) a stop is fitted to the piston
and the gas in the system is initially contained in a rigid
closed vessel, We shall presume that the piston is fitted
with s suitably shaped nozzle, which may be opened or closed
instantaneously,; and that at bthe nozzle exit an ideal impulise
rotor is fitted, which is eapable of absorbing all of the
kinetic energy supplied to it. Suppose that the nozzle is
opened allowing the pressure inside the vessel to fall.
In practice, 1f the vessel is 1argé compared with the throat
ares o0f the nozsle, and if the nozzle is sultably designed
we may essume iaentroPiewexpansion in the vessel and in the
nozzle. .

Iet My P and V be the instenbtaneous mags, pressure and
speciflic volume of the gas remaining in bhe vessel sometime
after the nogzle is firvst opened,

1 M, . _

By applying the steady flow energy equation to the instentaneous
ejection of mass M through the nozzle, the elemental kinetie
energy generated at the nozzle exit, when the pressure inside



the vessel ig P,is given by

. -
M pEy BV - P, V) (5).
Henee the total kinetic energy genersted at nozzle exit, as
the preesurs ingide the vessel falls from Pl to Py i given by

1

P 1 My |
p, @D

this gi?es

My ¥y

*ﬂﬂﬁf* (Py =P ) =M, “"""T (2 - (ﬁ“JX ) PVs (7).

and is identical with the work obtained al the turblne.
Cage b If the pressure inside the vesséel is allowed to fall
to P2, then from equation 7 it can be shown that the total
kinetic energy is given by
1 _

oV, = Py V P o

1 ‘1L T2 2 L2y ¥
which is identical with squation 3.
In this event all of the orliginal My 1bs of gas whether
finally insidé'dr outside the vessel, has exponded from 1 -~ 2,

(1 - (F") ) is the mass which haeg discharged from the

vessel and has been exhausted against the back pressure Pé.
Rogers and Mayhewls appfnaeh’ the problem of case (b) by applying
the unegtveady flow energy. equatlon angd th@y show that fthe
kinetic energy (or turbine work) is equal to the decrease of
internal ehe?gy of the ges in the vessel minus the enthalpy
of the flulid which haas left the vesael, It can of course
be ahown that this gives the same result as that derived in
equation 8. |

Coge Ca If the process is sbopped: by elosing the nozzle
when the pressure inside the vessel reaches P, then the
total kinetle energy generated can be shown from equation 7



to be

P,V Vo = P, V
1X11 3*M1(1~<r> 7) (2 ]

1.
P oy =
(2).

Here My (ymo'? is the megs which remains inside the veasel

--Ml(l-m(p-) ) By Vy

1
and has expanded from 1 « P (fig le). My (L w—(%w)'? ) is the
L

mass which has expended from 1 -~ 2 and has been discharged
against the back pressure Pg;

In cosea and b all of the original mass of gas expands
from the initial state (1) to the finel pressure P,. The
total high grade energy released appears enbirely as
displacement work in (a) and as a combination of displacement
work and kinetic energy in (b). TFor either case the total
high grade energy relessed is given by J;dev. where P is the

pressure of the gus in the systen (SY) and 4V is the elémental
change in total volume. In (&) and (b) the displacement
work dones by the gas in the system, on the fluid surrounding

. Po, ¥
the system is M (L - (ird ) Py Voo
1
Her@ My (1 = (ﬁ-) ) ¥V, is fhe-botal volume of surrounding

fluid which is displaced and Ba is the constant pressure of
the fluid in the surroundings, Thiy displacerent work at the

fluid boundary cen be written as PaVy where P is the pressure
' 11

of the surrounding fluid and AV the total elemental change in
volume at the surroundings. This boundary displacement work,
which is absorbed by the surrounding fluid, is not in general
useful work and the useful high grade energy released,
(equations 3 or 8), may be written as

PV — ( P4V

. (10).
By 5U

AR



In cese (e) where the process ceases when the pressure in

the vessel is Py the system may be divided into two paris. 1

The first part being that which conbuins the mass, My (§-) ¥,
L

whioch is finally left in the vessel, and has expanded from 1 -~ P.
L
The second is that containing the mass, M, (T - (%.)'? ) which
1 .

ia finally outside the vessel having expanded from 1 - 2,
Although no single pair of properties can be used to describe
the final gtate of the gas in the system, the total high grade
energy relessed iz obtained by finding | PAV for each of

the parts of the sysitem (eguation 9)., “Thus for case (¢)

the useful high grade energy released ls given by

deV + / Pav - [ Pav
SU

Mags remaining mnass finally .
in the vessel, oubtside the
vessel,

In the general case a system nay be divided into a number of
parts and in sddition the system may be in conteat with
surrounding fluid at a number of points, at each of which the
£luid pressure may be different, and indeed at each point the
fiuid pressure may vary during the process. For this
general cage the useful high grode energy released will be

given by [}j'PdV] - % [5/PdV} . (11).

SY SU
In case (d), (fig 1ld) the weightless piston is initially
fitted with a stope. If the stop is suddenly removed the gas
in the system is subjeoted to a free unrestrained expansion
and directional kinetioc energy willl be released in various
amounts throughout the sysiem. Referring again to cases
(b) and {e¢), the rate at which the process proceeds depends
on the size of the mnozzle in relationship to the vessel, and in
thermodynamics the energy relationships are independant of
the time baken for a process Ho be completed. Thus in case



(4) removal of the stop at the weightless piston is
equivalent to replacing the piston with a nozzle of the same
8T8 . The process proceeds &t a rapid rvate and approach
velocity will be generated in the vessel as well as at the
nozzle exit, In practice the directional kinetic energy will
be reabsorbed as random molecular energdy butb, if’ﬁmapostulateé
thet viscous drag forces will be absent, then cese (d) is the
same thermodynamic problem as cases a, b, or ¢, The system
in case (d) cammot be conveniinbily divided into two parts
as in case (e), and to obtain the high grade energy released,
at any given time, (by using equation 1l) the pressure~volume
history of all the elements of the system would have to be |
accounted for. _

In & steady flow process & mass of ges, contained within
a system boundary, already possesses kKinetiec energy as the
system moves towards a control volume, During this approach
to the control volume the properties of state of the gns
remain constant and theve is no deformation of the system
boundary. Within the conbtrol volume all of the elements of
magss in the system suflfer the same zeries of pressure volume
changes. Again in the exhaust the properties of state remain
congthant. The total high grade energy released is given by

(’ pav.
3Y

To obtain the useful high grade energy released, one must
congider the displacement work done on the system by the fluid
boundary at inlet, where the pressure is constant at Pl, as well
88 the work done by the system on the fluid boundary at exhausty,
where the pressure is congtant at Pg.

Thus from equation 11 the net 4displéacement work absorbed

by the fluid surroundings is

é[fmﬂ - -Plfav1+r2fav2n-Plvl+Ia2v2
sU




and the useful high grade energy released is

SY B5Y

(12),



Section 1L « Summary.

There are & number of ways for obltaining work done and
kinetic energy changes in closed systems and 1n open systems
with steady and unsteady flow. Thege inelude the non-~flow
energy equation, the steady and unsteady flow energy eguations.
These relationships have been applied here, to processes
where friction may be neglected, H0o illustrate the nmeaning
that may be atitached to areas on the pressure volume diagran
in all ol .bthege sysitemns. .

It is shown thot, whea any of the elements of mass, which
together comprise the toftal mass within a system, suffer a
pressure-volume change the summation of ‘deV for 8ll such
elements gives the botal high grade energy released in the
PYrOoCess. This high grade energy way appear as & combination
of mechanical shaft work, displacement mechanical work,
displacement work done at the fluid boundary on the surrounding
filuwid, and in increase of direcitional kinetic energy, which is
reteined by some or all of the elements of mass,

A distinction is made between the btotal high grade
energy released in the process and the useful high grade energy
released. The useful high grade energy released being the
total high grade energy less the displacement work done on
the fluid surrounding the system. This useful high grade
energy for any flow or non-flow process is given by equation
11 and for the particular case of a steady Llow process
equation 11 reduces to - rr VidP.

) 4
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Jection 2, ~ The steady flow process with friction in the
elements of Purbo Machinery. |

In all actual turbo-machinery elements tThere iz some
degeneration of high grade energy to low grade molecular
energy by frietion forces. In the previouns section we have
sgen how the high grade energy involved in a process may be
obtrined. In this section the influence of friction on the
relationships derived in section ls will be considered by
studying a steady flow process through the rotor blades of &
centrifugal machine (Fig. 2.).

In the flow of any real f£iuwuid fthrough the blades of
turbinecor compressor elements the properties and veloeity
of the fluid are not constent over eny given cross-section in
the flow, Ag the fluid molecules pass through the blade
pagoage, those molecules in immediate contact with the blade
surface are at rest relative to the blade. Thus there is
relative motion between layers of molecules resuliing in
momentum transfer from one layer ‘o another. This involves:
resisgtonce to the flow and results in a drag forece on the blade,
Henece iln any real flow, frictior results in an uneven
distribution of properties and velocity normel to the mean
direction of the flows In eddibion, it is the differcnce in
static pressure at o given cross-secbion hetween the goncal®
and convex sides of the blades, that results in blade 1ift.

In an scoount of bleding performence for axial flow
turbines -and compressors by Shepherd 19, the 1ift and drag
forces on the blade are related to the change of whirl velocity
between inlet snd outlet, to give the work energy transferred,
Since friction is involved it follows that the whirl components
of veloecity are not wniform over bthe inlet or outlet
cross-gection and the wse of average values of these velocity
components is implied in Shepherdt!s analysils, Thus
Shepherd combines the elffects of a non uwniform distribution
of fluid properties with the essentials of & one dimensional




flow breatment.
As a general exomple of a steady flow process with
friction consider the motion of a working fluid fhrough
the rotor blades of a centrifugal compressor. The
arvongement is shown in fig 2. The fluid enters at radius
», o% the rate of m 1b/sec and leaves at radius r,., The
rotor vane is defined by the path 1l = 2, lying between the innerx
and outer radil and Wy is the angular velocity of the vane,
At radius r let
n = the radial velocity of the fluid,
g = the tangential veloeity of the vane.
w = the absolubte enguler velocity of the fluid,
Ty = the absolubte tangential velocibty of the fluid.
v, = the velocity of the fluid relative to the vene.
v = the absolute veloeity of the fluid,
V = the gpecific volume of the fluid.
?’“ the angle between the tangent to the vane and the
redius .
and b = the breadth of the passage.
We shall presume that the properties and velocities ars
constant with angular position at a given radius, a state
which is approached as the number of blade passages is ineressed,
In such a one dimensional. btreaiment it is then necessmary o
presume that the force of friction 1ls concentrated at the
boundary (see Rogers and Wayhew 20).
Thus at radius » _
let fl = the total frietion force tangential to the vane. ,
and Fl = the total force normsl to the vane,
A2 each elemsnt of mass arrives at radius r its acceleration
along and perpendicular to the radius may be shown to be

au 2 dw
at

T - O P and v 4+ 2uw respectively.

Phus for & continuum of particles passing through radius
r the radisl and tengential exbermal forces on the fluid are
m (du ~ Erd’a) - Ft ging@ = flcoa;ﬂ ~ 4P2 7 rb
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and m (rde + 2uwdt) = Flcos y + fl 3:111;9 reapectively.

This gives the radial force per unit mess flow as _
@ - wPrdt = 7 sin @ - feos @ - EEZ L (13).

and the tangential foree per unit mass flow as
rdow + 2uwdt = F cos # + £ pin @

Where F and & are forces per unit mess flow.

The elemental work inpubt at radius r per unit mess is obtained

(14).

from equation 14 as
AWE = (rde + 2u wdt) r Wy (15).

now Wy = wry dvpy = wdr + rde and udt = dr | (16).

s AWIL = (rde + vwdr) ey (17).

This well known relstionship is given by Hunsaker and
Rightmiregl. In their generalized approach to the problem

the external forces are obltained by considering the momentum

of particlies entering and 1eaving a control volume and the

rate of change of momentum is referred to two arbitrary
directions mutually at right angles., In the analysls shown
here some simplification is obtained by choosing at the ouiset
reference directlions along and at right eangles to the radius.
Jince however this involves a moving coordinate system, account
nust be taken in eguationsl3d, and 14 of centrifugal and coriolis
accelerations, (Shapirogg). For turbines and compressors the
gonbtrol volume is the space within an annulus concentric with
the axis of rotation. In Hunsaker?s analysis it ls assumed
that the momentum within the control volume does not vary with
time and that the veloclty and direeticn of the fluid are
uniform entering and leaving the conbtrol surfaces, that is at
the inner and outer radil of the annulus, These assunptions
are in accord with the provisions stated earlier when dealing
with a one dimensional flow with friction . From the geonetry
of the veloecity triangle at », u2 + (s --vw)gu vre or in
differential form

ooedvy + vds = w, (rdvy + vigdr) = udu +sds + vydvy - v.av,,

(18).
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Hence from';7

S AWE = oy (rﬂvw + Vpdr) = vav + sds - v dv,, (19).
Bouation 17 is an sxact differential
2 2
v2 - v2 32 - 82 vr’ = Vo
A W = (8,7, o 8%, ) = 2 1*2 l‘?‘ 1. 2
. 2 Wo 1 Wl @ 2 2
(20).

. From lG,and'uéing the mass flow equation, 13 and 14 may be
expressed as

2
- v | |
. W dy aRv 219
du - - P " F sin;ﬂ - cos;ﬁ - R ( |
ang _
il 2 i
dvg ¢ Vg g = F cosg +  sing _(22).

Eliminating F from 21 and 22 gives .( )
2 dr dr £u 23).
VAU - Yy M u tan;ﬁ de + uvy tan;? - - APV o s e

T GOB &
nOW U tang = 8 =~ Vyy U = V., COS P and-gg - g%u
Hence from 23
udn + vEdvy, = 8dvy + wvds - 4PV - fv, ‘ (24).
Hence from 19
dpv + fvr w (WI -~ vdv (25).
and
APV 4 £v,, = 8ds ~ v, dv,, (26).

Bouations 25 and 26 apply o any steady flow process with
friction. There is no Testriction in the proof +to adiabatic
flow and the eguatlons may be used where there is o combilnstion
of frictlon and hestling from & reservolir external to the systenm.
The steady {low energy equation gives

AH » 4dQ = dWI - vdw (27)
or de 4 PAV + VAP = dQ = QWI - vdy (28).
where dl and de are the changes in enthalpy and internal

energy in the process and dQ is the heat supplied from an
external reservoll.
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Interpretation of egquation 25 for gieady flow compression
and expanslon PIrocessed. '
For a compression progess from 1 -~ 2, eguatbtlion 25 gives

2 i
2 2 v -V '
f dPvV + ( v, = WL + LI e (29)
1 i )
2 2
Vl - VE . «
Wi 4+ > is the total high grade energy absorbed in the

2

N
Potal high grade energy utilized in the process a proportion
2

compression and S fvr is the friection work. Thus of the

of 1t, the frietion work, is degenerated and 4PV gives
that part of the high grade energy used, which }s usefully
employed in creating the pregsure rise. For an expansion
process equation 2% 1g best written as

~ APV = aWD + vdv + fv,, (30,
or for an expansion from % -2
2 2
APV = WD 4 ~= L. +§i“’r — (32).
2 “ 1

1
where g dPV is a positive area on the P~ V diagram,

2

In section 1A it was shown that for an isentropic siteady flow
PROCESE = /f aPv, (equation 12), gave the useful high grade
energy released, The tobal high grade energy released belng
the sun of the useful high grade energy ond the work absorbed
by the fluid surroundings. In adnsidering equ&tioni 30 ox

31 & further distincetion must be made. The term.‘fg drv

nay again be regarded as the total useful high grade energy
which is ever relessed during the exponsion process.

However duriang the process a part of this energy is degenerated
by friction to low grade energy so that the net useful high

APV - fv., or WD + 7S
2 1 F

Comparison of on adiabatie steady flow progess with friction
and o similar diasbatic process without friction,

grode energy released is S
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Suppose that in Gthe diabatbtlc process the heat supplied
from an external reservolr is such that The path traced out
by bhe stabte point of the working fluid is the same as thet
in the adiahatic process.

Hence from 25 o o | o
Por the adlabatiec, j/ arv + f/ fv,, = f’ (AWI - v&v)f._”(Bﬁ);
L 1 KX

(33)‘

2 2
and for bthe diabatice J{ APV = J/ (dWL - ?dv)fso
i 1 '

For & compression process since ‘fdPV is common 32~33, or

.Efvr, gives the extra high grade energy required to effect
thé pressure rise, o
For an expansion ,{1 fv? is the loés of useful high grade

energy released.
From 27 for the adiabatic

A = (AWI - vav). e 34) 6
and for the diabatic
GH = 4Q = (VI - vav), _ . (35).
3ince dH ig common 34 -~ 35 = 32 w 33 gives
2 2
AR = fvr (36)¢
1 1 ——

1e2e the friction work in the adiababtlc process is equal %o
the low grade heat energy supplied in the diabatic process,.
Hence referriag Ho figuréu 37the area a 2 1. b on the T/?D
diagrem represents theée heab supplied in the diabatic process
or the friction work in the adisbatic process,
Interpretation of the "non~-flow" emnersgy equation anplied 1o
a syvabem which is subjected o an adiabatic one dimensional
gteady flow process with frictione
Por an adiabatic steady flow process with friction equations
286 and 25 give

0 = de + PAV = fv,, (37).
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In the non-flow adiabatic process in a closed sysiem this
equation ig usually written, o = de + dAWD. AWl is then the net
Hotal high grade energy releosed. Equation 37 is in accord
with the ccnclusionTgreache& for isentropic processes in

sectlon la. The PaV agein gives the total high grade
L
energy released and includes the work absorxbed by the

gurrounding fluld. The net useful total high grade energy

released is obbtained by subitracting the friction work from
2
Pav, and this quantity of high grade energy is obtained
1 .
by depleating the store of internal energy of the system.

Boguation 37 may be written as
o + fvr = de + pPav

In the form of equation 38 the frioction term appears along

with the external heat term suggesiting that in its effect
friction is of the same nature as heab. In equation 37

on the other hand frietion appears ag & work term. in fact
friction ils the mechanism whereby high grade work enevrgy is
degenerated to low grade emergy and is is shown in the comparison
of the diabatic and adiabatic process the effect on the working
fluid, of the low grade energy created, is bthe same as that of
gupplying the same amouni of heat from sn external reservolir.
{see equabtion 36).

In present day concepts heat 1s considered as energy in
transfer across the boundary of a systom. With this
definition there should e 1o need to refexr to "external® heat
since all of the heet entering the system must come from
an external source, In a one dimensional treatment of
fluid frietion the friction foree occurs at the bhoundary
and the low grade energy created could be considered as
crosging into the sysbem at the boundary. Sincee in the
actual process howevery Ifriction ocours within the body of
the £luid there would sppear to be room for the terms internsl

(38).

heating or reheating,
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The adiabatle gteady flow process in axial flow turbow
machinery elements,
Toguation 27 glves

dH + vdv = awl (39).
or H02 - HOl = WI . (40).
i.ce the change in total head enthalpy is egual to the
work inputb.
Por axisl flow elements where there is no apprecisble radial
ghift equations 25, 26, and 27, which are alternative

expressiong for the net useful high grade energy, give

dH + v, dv, = o (41).

or H°2r - Holr = 0 (42).
i.e. the relative stagnation enthalpy remains constant across

the moving blade row, the relative stagnation enthalpy being that
obtained by complete diffusion of the relative velocity. |
From 25, 26 and 27 the total high grade emergy involved may be

expressed ag $-
Por 'a compressiont
the total high grade energy absorbed ig 5 5

2 2 2 2 v v
V" - v T r
1 2 adBv 4 fv. = 1 2
WI + s - |, 1 2 = Hp= Hy __ (43)
and for an expansion g
the net useful high grade energy released is o
2 2 1 2 V., 2 = v

Comparison of an adiabatie flow process and a similar

isentropic process for axiel flow elements.

Congider an adiabatic steady flow process (1 = 2) and
an isentropic process from the same inlet state point to the
gsame final pressure. (see figures 4A and 4B).

For the isentropic compression process the high grade energy
absorbed is
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2
Ve = Vo

WIs + 7S H

1 e—

1
and for the isentropic expansion the useful high grade cnergy

2 {25 v ? - v 2

released 1is

Vzg “-Vi t - Trpg T Tmy |

- = o dpv, = e = Hy = Hyg __(46).
Prom 43 and 45 the extre high grade onergy required . in
adliabatlic compression compared with the isentropic compression
vrz - 2

iS ? 2
" ' r2
w-4541mr+§lﬂw-vgn 8 = Hy = Hy, (47

and this ig a loss of initial high grade energy.
For the expansions the loss of useful high grade energy
released is ' o 5

WDS +

2 1 . Vrgﬁ - Vr2 '
46 = 44 = L £V, - , dP(V = V) = 5 = Hy = st.__(4a
The loss of useful high grade energy in 47 and 48 is known
as ‘the enthalpy logs, _

Referring to figures 4a and 4b the enthalpy loss may be

divided intbto the basice fridction work loss in the process,
2 .
( fv,, = area a2lb on the /¢ diagrem), plus an suxiliary

1
loss term, ( g dp(V = V) = area 122  on the B/V or 1/p
e 1

diagrausy which is the result of the "heating" effect of the
ffictioﬁ WOI'K e Kearton23 refers brlefly to this division of
the enthalpy loss for compressions., . Por the expanslon process,
fig 4b, the auxiliary term is negative showing that the increase
in specific volume causes some of the basic Lriction work loss
0 be returned as useful high grade energye. In gimilar
expangion and compression processes tharefore, where the bagle
friction work is the same, the loss of high graode energy will

be greateslt in the coumpression process.
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Sectlon 2 ~ Summary.

in a steadﬁ £low process in the elements of turbo-machinery

the frictlon work is glven oy £ v, where T is the friction
~foree per uni¥ mass and v,, the Veloclty of the working fluid
relative to the moving blade. Priction is the mechanism hy
which high grade energy is degenerated o low grade energy.
The low grade energy produced l1s equal in magniﬁude to the
frietion work and causes an inorease in the inbternal energy
and in the specific volume of the working fluid. Thisg
"heaﬁing" effect of friction is the same as that which would
ocour in a disbatic process without friciion where the heat
supplied from an external reservolr is equal in magnitude 10
the friotion work, in a steady flow compression process,
whore one 1s iInterested in the efficient utilization of
gvailable high grade enefgy to oreate & pressure rise, the
friction work is that proportion of the btotal high grade
energy used, which is degenerated snd does not produce pressure
rise. - The high grade energy which is usefully absbrbed is
given by {dPV. »
For the steady flow eXpansion process the term -~ J/ dPV gives
the total useful high grade energy ever preduced during the
Process. During the process howevery part of this energy,
the friaetion work, ig degenerated and the difference
( - I‘VdP - J,fv ) is the nebt useful high grade encrgy released.
Comparing a steady adiabatic flow process with a similar
isentropic process, the logss of useful high grade energy is
given by

ffvr + fdP(V -V,
fhe "heating" effects of the basic friction work loss ocauses
an increase in the apecific volume 9f the working fluid so
that the actual specific volume (ﬁ}ﬁié'éreater than the
isentropic specific volume (V_). Henoe the loss of high
grade energy way be divided into a friction work term plus




an auxiliary loss term reflecting this heating effect of the
friction work. In compressions bhe auxiliery loss texm is

positive so thabt friction results in more high grede energy

being reguired. In expansions the auxiliary loss term is

negative and theve is o rebturn of some of the frietion

work as useful high grade energy.

20,
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Tosses and lose coefficients in axial flow turbo-machinery
elenents ~ a review of the methods used $0 express losses in
blade elements and their interrelationships.

21,
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Part 2 (D).
Losces and Logs Goefficisnts in Axial Flow Turbo-Mechinery
Elements. -~ A review of the methods used to express losses in
blade elements and thelr interrelstionships,.
Section l,~The axial flow turbine blade element.
Conaider a steady adiabatic expasnsion in the wvotor blade of
an axial flow turbine stage from inlet state poinﬁ 1 to the
state point 2. (Ffig 5).
The loss of useful high grade cnergy known as the enthalpy
loss is given by equation 48 as

2 1 2 2
A Py, - AP(V~Y ) = Tap ¥ = Hy = H
1 r o g 2 2 = Mog
Vi 2
dividing by ~p~ this gives
‘H, = H
. 2
gv 8 . % -1 (49),
T'o T2
. 2
2 v
rza
Hor = H '
The ratio : 28 = é; is known as the enthalpy loss
v
Yofe .,
coefficient. The ratio i = X, iz the blade velocity
s _ 2
| . vrg
coefficient and the ratio — a ZZOT s the relative
7 D _
Tog

total head effigiency of expansion in the moving blade.
Eguation 49 gives the relationship between thess methods of
expressing the loss as

ra/z
The irreversibility in the expansion may also be expressed

- H '
E - ....._...E..EE ==I -—-2——- -]l = % - ] (E’O)-
oY
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as the increase in entropy during expansion i.e. ag
Do = Loy or @5 = 4. For this adiebatic process the

the change‘in entropy 18 entirely due to internal friction
effects and is sometimes called the lnternal entropy change.
It can be shown that, where sueh an ilrrveversiblé incresse in
entropy occurs in a gycle, the logs of eyele work is given by
the product of the change in entropy and the lowest temperature
at which heat is vejected in the cycle.

From figure 5 assuning the relationships for a perfect
gos the entropy inerease is given by

lll
2 -
- = oy log, ' (51).
Po = Fos T
Bouation 42 gives Ho = H, or T, Lo and, while
. 2r 1r 2v lx

there is no change in relative total head btemperature across
the moving blade row, the drop in relative total head preseure
affords another way of expressing the logs.

From 51 T, T, D, Y- ]
Opp o o 1ry ¥
Fo~ Pog = ¢ 1084 T x oy ¢, Logg (po )
Par H, - H <F
- rn haad 2. :
A P2 = Pag = = O 108, (1= ~Ep—n)
Pog, = P, ¥ o 1 . s
=m O l()é!" (l 4 ir 21 ) ?"" _ —— (\56.)0
B e B _
Car

Thie relates the entropy increase with the enthalpy loss and

with ke loss in relative total head pressure. This loss in
. relative total head pressure furnishes a usefnl method of
determining losses in practice and is usually expressed'as a
total head pressure logss coefficient defined a8

P - D |
Y = olr 021‘ . e (53).
¥ /02 s

Substituting in 52 for the enthalpy loss and total head pressure
loss from 50 and 53 respectively gives
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This gives

-l 2
Po- prs = - Gy log, (1L~ ¢ X? M2r )

Y 2 Yo 1
¥ My "

3 )
(1 + L}lmg;)g/“”
Where M,,, is the relative outlet Mach number,
Tiguation 52 relates the losses while equatiocn 55 relates the
eorré8ponding logs coefficients, Useful approxinmate
relationships may be obbtained from these eguations using the
series expression for log (1 + %) where x is small.
Hence approximately from 52 and 55 |

= cp log, (1 +

H, = H Po 0
) 2 2s . . o ( P1ip 2r) Y 2
' 2r. '
YR "%; M2r2 (56)
= )
¥ - L 2 ¥y e £96 )
I
Hence approximately y
T= £ (s 5L w2y ¥-1 A (57).
and when M2r< 1
xag(la-—g—mgf.) (58).
and for incompressible Llow
Y = £ (59)0
A Turther method of expressing the irreversibility in the
blade is the use of a blade drag coefficient (GD). Phis
is given in bterms of bthe pressure loss ccefficient (Y) as
. 30(
G, =Y p/le 2524 (60).

con 0(2



ADIABATIC COMPRESSION (1-2) N THE

ROTOR RLADE QOF A COMPRESSOR STAGE .
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where P/c is the piteh to chord ratio for the blade, o,

the mean direction of the fluid as it passes through the
blade and o( the fluid efflux angle, the angles belng
messured from the axial directiocn.

-The enthelpy and total head pressure loas eoef+1oloﬂts
are sometimes defined as

H - .
2 2 . ;
3 vJ"
23
Py Po
and ¥, = Bt zg (62).
q % /928 Vrg -
g

If these definitlons are used relationships similazr to
those above are obtained but in terms of the relative

igentropic outlet Mach number M2
2 A

Section 2 « The axial flow compressor element.

Consider an adiabatic steady Tlow compression process in

the rotor blades of an axial flow compressor stage from the
inlet sbate polnt 1 to state point 2 (fig 6).

In the compression 1 ~ 2 the loss of high grade energy

compared with an isentropic compression from state point 1

to the same outlet static pressure is8 given by equation 47 as

" Bnthalpy loss = H, = Hog (63).

In compressions however one ig often concerned with the
snergy absorbed in the actual adiabatic process in resching
the Tinal outlet total head ProOsSsSULE . Compared with an
isentropic compression from gtate point 1 to the outlet Hotal
head pressure the loss is given by

"fotal head" enthalpy loss = Hoz - H02 (64).
: r sy

The general expresaion for eanthalpy loss is given in

equation 47 as
ji v, *+ 5@? (Vv = v,)
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In equations 63 and 65 the frichbion work term is common (as
is the entropy increase) but because the specific volume
V2 iz greater than the specific volunme Vgﬁ the auxiliary

loss term is greater in 64, Hence H - H By -~ H,
. °2r C2gp 7 2 &B

In compressions either of these definitions of enthalpy loss
may be used and they are related spproximately by the
expression

H - H - T_-TOI' (H, = H,_ ) | (65)'
%on O2ap 2 2 28 : o
For the compression the enthalpy loss coefficient is defined
H - I '
o E- . %op O2sp
et ¢ Ly P
r
1
H - H H - I
: Qo1 O2gr O2sp L (504
5 v o 1
Ty lr

where ? ope L8 the relative totel head efficlency of
compression for the moving blade,.
The total head pressure loss coefficlent:. for o comnpression
1lg defined asPo - P

¥ 1

g .
+)
l“3 l r

Ogr (530).

By methods similer to that for an expansion process it mey
be shown that the entropy inerease is relaited %o the enthalpy
and total head pressure losses by the relationship

H - H 0,
lr ar
fﬁe - }”ég - c log (1L - _ﬁb )
1lr
Po, = P ¥-1
= - o log. (1 - °1r °2r) ¥ (52¢c).,
B e yol — :
T

and substitubing in 52e¢ for the enthalpy and pressure losses
from 50c and 53¢ gives



280

Port 1.(b) ~ Summary.

The loss of useful high grade energy in a rotating turbine
blade passage is variously expressed as an increase in entropy,
a blade velocity coefficient, an enthalpy logs coefficient
or a8 a botal head pressure logs coefficient,  The
relationships between these various methods for expressing
the. loss are gilven in equations 50 and 55, They may be
applied to a static nozzle or blade row in which case the
relative velocities, Mach numbers etc become absolubte values.
Approximate relationsihips between the coefficients which suffice
in weny epplications are given in equaltions %56 to 59,

The method by which the loss in the blade row ig
expressed has historieal assoclabions with the technigues
of loss measurement available at the ftime to the research
worker, The earliest maethod was that used by the steam
turbine designer in which “he "worked back" from overall test
figures to determine the efficiencies of the elements.

Iater the impulse plate method was used to determine the
total forece of the jet issuing from a nozzle or blade.

Here the loss was expressed as a nozzle ox blade veloecity
coefficient, With the advent of the gas turbine, with its
agsociated pitot tube technique for loss debermination, the
logses are given as a tobtal head pressure loss coefficlient.
When comparing date from bthese sources it should be borne

in mind that the stean turbine data may be obtained from |
high apeed teslts whereas the gas turbine cascade tests are
usually for Mach nmumbers less than 0.5. Before making a
conparison therefore, Mach number effects should be accounted
for by applying eguation 5H7T. In addition, results from tests
using the impulse plate method give three dimensionel loss

in the blade. Horlock24, who hes previously summerized for
the burbine nozzle or moving blade the relationships given

in thils section, »points out that the rssulits apply To an
imaginary two dimensional flow having the same flow rate and
overall losses as the actual stream,  In a bhree dimensional



flow there is & small dliscrepency between the sguare of the
veloeity coefficient and the btotal head efficiency. This
diserepancy increasges with decrease in nogzzle efficiliency.
Values Ffor this discrepancy are given by Kedrbton 25.

With regard bo the total head efficiency of the nozzle
or blade row Kearton26 uses & different mebhod to express the
loss. He splite the Hotal loss inbo two parts. The first
part is bthe loss of kinetlic energy between the oubtlet of
the previous row.and the immediate inlet to the row under
consideration. This loss is accounted for by using a
carry over coefficlient: The remainder of the total loss is
then attributed to effects within the blade passage.

Horlock points out that this division of the total logs is

cartificial since the boundary layer behaviour within the

blade is dependant on the entry flow, In additlion it has
been shown here that the bulk of the blade passage loss is
given by ‘ffvr and the average value of Vo within the
pagsage is affected by the entry velocity.

Loss cdefficients and efficiencies for axisl flow
conpressor blading avre defined in this section and their
inter-relationship -is given in egquations 50¢ and 55¢, the
corresponding approximate forms are given in squations 56¢
and 590, Meost of the present data on compressor blade loss
is Tor low speed flow (Mach number £0.5) where the loss is
expressed as 2 total head pressure loss coefficlent.

However there is o tendency at present for the operating

29,

Mach numbers to greatly exceed 045, This in turn necessitates

high speed cascade tesving where it nay be convenient o
express the loss as an enthalpy loss coefficient.

In turbine and compressor robor blade elements (flgs 5
ond 6) the high grode energy released (or absorbed) in the

process is given by the enthalpy difference Hl - Hy (ox H2"H1)

and for each case tThe loss of high grade energy is given by
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Hy = Heo o0 On the otvther hand the guantities 1 - H
2 28 0 2

i

ir

nd H, = Hl) which appear in the definitions of relative
lr

total head efficlency cannot be expressed in teyms of high
grade energy assoclated with the moving blade. The losgs
in the rotor blade however depends largely on the term

jifvr which suggest that bthe blade be examined in a gtatic
test rig, where the pressure and btemperabure afé inlet are tvhe
same &8 bthose for the moving blade, but where the inletb
veloeclty is made equal to the actual inlet relative velocity.

In this case the guantities Ho - H, and HO ~ Hi are the
lr lr

high grade energy released or absorbed vespectively in the
static test rig, in expansion or compression from or to the
total head pressure. Again in the compressor element (Ligure
6) two definitlons for enbhalpy loss are given, These are
the enthalpy loss H, - Hgﬁ and the "tobal head" enthalpy loss

Ho - 30 N Phe relabtionship between thenm is given in
e 2rs

eguation 65, The total head loss has o meaning in terms of
high grade.energy only for a similated:static test on the
element. These points are referred to again in the -
definitions of efficiency given in the next section,
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PART 1 (o).

Efficiencies in axial flow turbihne and compressor stoges. emmme
A method of expressing the efficlency of the flow process
in the stage and the interrelationships between the process

efficiency, the stage efficiency and the blading efficiency.
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Seetbion 1, ~ Bfficiencies in the Turbine Stage.

Phe function of the Tollowing section is to correlate
the various ways in which the efficlency of a turbine stage
mey be defined and to relate these efficiencies to the losses
in the individual elemeuts which comprise the stage.
Definitions of the efficieuncy of a turbine stage depend on
the application for which the stage is intended. The function

of most turbine stages, one possible exeeption being the
turbine of a turbo-jet engine, ig the efficient production

of mechanlcal work evergy and stage efficiency definitions
reflect this facb. in all turbine stoges however one ig
concerned with a steady flow procegs in the stage and in the
elements which comprise the stage. At the outzet here an
efficiency definition for the steady flow process is given
which is applicable either 4o the nouzzle row, the moving blade
row or to the stage, and whicgh ls independant of the use mede
of the stage,

Consider the turbine stage shown in figure T. The
working fluid enters the turbine nozzle at condition 1, total
head condition 0L, and expands adiabatically to the state
point 3 at oublet from the moving row. -

(1) The efﬁicienqy_of'@xpansion.

The efficiency of the expansion process in the nozmzmle (N),

or in the rotor blade (R) or in the gtage (8) may be defined as

Vet useful high grede energy released in
adiabatic expansion from the inlet condition
%n to the exhaust preassure.

Useful high grade energy released in isentropiec
expangion from the inlet condition to the
exhaust pressure.

Hence from equation 44
for the nozzle (fig 7B)

e - 1 (66).
N Hl - HZS 1+ Hy = 325
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For the rotor blade (fig TD)

_Hp -ty 1 (67).
R Hy - Ty, 1 o+ 3= Hi
and for the stage (Lfig TA)
. Hr‘_gg_ ) _— . (88).
. '3 T “3ag
1o+
| Sy = by

Bxpresgion for the stage efficiency of expansion in bterms of
the lossea in the elements.
The increase in enbtropy for the sPage is

f/B" %388 = Py~ P * #o = #og

Henoe from equation 56

T
Hy = Hyy, = Hy = Hy  + 1’%‘ (H, - Hy,) (69).

Hence from 68 snd 69
z . 1 {70},

& by |
and from 67, 68, and 70

é 3 ‘j: 3" (71)'

S 3

1 3.
ik IR R PR

where R is the degree of reaotion for the stage

H, - H |
‘defined ag R = ngTT[% ' ve———— (72)0
1 .
alternstively from T0 and 50 ,

Z - 1 _ — (T73).

ol 7 2

3 ( f 5 Ty

“+ R P

- H3
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(2) The total head efficiency of expangion.

in many instences one is more concerned with the final
high grade energy available at the end of a process rather
than with the energy released during the process,

The final available high grade energy is obitalned by

rearranging egquation 44 as
2 ' )
v .
: 2 : (74).
IIl-IIQaWD'*T .

Ho belng the enthalpy corresponding to the sbtate point
1

reached after isentropic diffusion of the inlet absolute
velocity.

The total head efficiency of expansion for the nozzle
rotor blede, or stage, may be defined as

Final savailable high grade energy obtained
in adiabatic expansion from the inlet total
? .. head state to the exhaust pressure,
0

Pinal available high grade energy obtaihed in
isentropic expansion from the inlet total
head state o the exhaust pressure.

This gives
for the nozzle (fig TB).

I - H '
_ % 2 1 (%)
1 1ty i
o, | 2
1
for the robtor blade (fig 7D) |
' 1 __{(16).
R S e
0p 3
and for the stage (fig TA) .
% 3 RO ) (D).
os ~ Hj = H3ss 1+ 53 3ss
1 5 - M
04 3



Hence Tfrom 69

j " et L » — (18).
o8 | .
72 ( Hy = Hy ) # Hy = Hy
1+ = 0 =H
1 Ol 3
from 75 this gives
2 i ——t s —— o
08 j ——
3 1 3 s
1 + TE ( - 1) (1L » Ro) + ﬁ;ﬂ:ﬂﬁgﬁ
| ol 1
Where Ro, the "total head" degree of reaction is defined as
H, = H | o
RO = o (80).
HG - HB et
1
Prom 67
_ . 1 (81).
3%} )

14+ g2 - 1) (L = Ro) # (—2— - 1) Ro
2 20N E;R
Alternatively from 78 and 50

7 _ 1 5 (82).
Q5
v22 vr3 _
TB ( EN 2 ) 4+ ER P2 .
TE Hel v H3 Hol - H3

In figure TC the appropriate relative total head enthalples
for the expaunsion proeess in the rotor blade are shown.
Iﬁfwili be noted that the defdnition of total head efficiency
of expansion for the moving blade, given by equation 76, is
not the same as the relabtive botal head efficiency ( or)
which is related o the losa coefficients fox the blade in
gquation 50. As has been pointed out previously the

enthalpy drop H0 - H2 cannot be expressed in terms of Ghe
lr
release of high grade energy and the relative total head

efficiency should be regarded as the total heand efficiency
of expansion obtained in a simulated static test. rig.
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{3) 8tage efficienoy - the turbine as a producer of
mechanical work energy.

The efficiencies of expansion in the stage, which are
related above to the irreversibilities in the flow through
the elements of the sbtage, are oconcerned with the production
of high grade energy. This high grade energy is a
combination of mechanical work energy and kinetic energy
and in the design of the stage one tries to ensure that as
much ag possible of the high grade energy appears asg

nmechanical work.
Phe stage efficiency (distinet from the efficiency
of expansion in the stage) is defined as

- Actual mechanical work oubputb
1dcal Hechanlcal WOrk OUGPUb

The actual mechanical work output is given from eguation 40

as H - H = Wha The ideal mechanical work output depends
1 °3

on the higtory of the exhaust kinetic energy after t@g working
fluid leaves the moving row. This kinetic energy(~g ) is

known as the leaving kinetic energy, or carry over kinetic ehergwn
The t&%al 0 static stage efficiency.

For single stage turbines which are not fitted with an
exhaust diffus er. or for partinl admission stages of stean
turbines, where in each case bthe exhoust kinetic energy is
degraded by friction, the final condition of the working fluid
is given by the state point 3x (2figure 8). ‘The siyge
gnthalpy loss is increased by X%w. and the ideal work output

s H - H ,
04 laa,

For this case the stage elfficlency is known as the "jotal
to statie" efficiency ( Zts) and is given by
H. - H

. WD O 93 1 -
) » R we " J
2%t8 (1ggal? -iel 388 H3 H3ss + vy
B — 2
H H

01— 93 e (83).
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Qr
N 1 N (84).,
'Z%s 2 v 3 V3ZA
1+ gN ) * ER e
.L? “’ﬁo v 110 Ho - ﬂ 'Ho -
~ 1 3 93, 3 1 3

The total to totel stage efficiency.

For cases where the exhaust kinetic energy is notb
degraded, e.g. in a single stage turbine fitted with an
exhoust diffueér, or in s.multistege turbine where the
nozzle blades are designed to absorb the leaving kinetic
energy, the effootive stage exbhoust pressure ie P°3. (fig. 8).

The ideal work output is then given by an isentrople
expansion from state polnt OL to the Hotal head exhaust v 2
pressure P03. © Thiag is glven approximately by Hol - HBSS - ~%w

and the stage efficiency which is kmown ag the "total to
total" efficlency is given by

H -~ H
Z = 70 e W s - I 111 {830
o iss 3 “3 3sg , «
1 5 L+ g=w - ‘
| °1 93
oy ’
7 L o . 1 (86).
g T T Vo |
D v2 g
L s o3 (EN T R
T2 -—ﬁo ~ 1‘10 - I‘T
1 3 l 3

Thie definition of total toe total stage efficiency in terms
of the loss coefficients of the slements is due to Hawbthorne
Special application of the total to tobtal efficiency.

For the particular case of © btypleal stage in o mulfistage
turbine, which is designed for a constant earry over
velocity, the total to total efficiency given by 8%

reduces o

- H, | .
L) 7 .
jétﬁ - Hgss 32 B S— D

27
L 4




1«24 the total to tobal efficiency is then identical with
the efficiency of expansion in the stage.
(4) The blading or diseram efficiency.

For a given ideal stage isentbtropic heat drop, Ho - H3ss
1 ¢

the total head efficleney of expansion in bhe stage debermines
the high grade energy made available. It i3 the function

of the rotor bhlade to counvert gome of this high grade energy
into mechanieal work energy. The blading or diagran
efficiency is defined here asg

. Mechanical work energy produced
'Zla Total high grade energy availavle
to the rotor blade.

3¢00 2
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Hy, = H V3
- WD -k 73 L1 ol (88).
'213 H - H H_ - H 0o~ "

This definition of blading efficiency differs somewhat from
that normally used for impulse stages, but is consldsred

by the writer to have & wider spplicatisn foxr both turbine
and compressor stages. A comparison with the usual lmpulse
definition is given in subgseotion 6.

(5) Relationships between the expansion efficiency, the
blading efficiency snd the stage efficiencies.

From 83, 87 and 77

Hol > H03 Hol - KO ﬁol - H3
E—3 L] X
Zts Eol = Hyge o T3 Hol =~ H3ag

o ?ts = 2]3 x 208 —— (89).

From 85 and 77

| ) v32/2
;2 } Hol - Hg; ) os %B;l- ﬁ3ss . (90),
! H w H - 2 =/
66 0y 3as™ V2 1 - H& 2
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and from 38 and 77

(1 - ? ) Do = v3¥/2 o (91)s
flonce Prom 90 and 91 |
? o ;7,013 m () - 7B ) zos . {92).
b R ZB] Zba
or Lyom 89 '
. zﬂm o D0n (93).

" 7
R el L
j?Oﬁ Z?ts 2?33 08 2?09
e'

(6) Desisn paremeters and the “impuls 'sﬁage.

Conslder an axial flovw turbine sbage where the axiepl
velooity is constanta. {(Ligure 7).
Lesien Porvametora. importent design parameters for The stage
(2% oI T

Hy, - H
. : 2 3
The total head degree 0f reaction, Ho = E;ﬁ:fﬁg
a3
The blade speed to jeb opeed r&tio.//ﬂ e vs
2
The work done factor or loading factory 24 = 1P
" gz
3 . . WD
The blading ox diagyam efficlency, B * e
0q 3
IT valuen of Ro and are chosen Tor the stage then the
gtage veloelty txisngles may be drawn to an unknown scale.
Thas the initlial cholce of o and dobermines ll the velocity

ratios in the sbage, from which bthe loading factor and blading
afficiency mey also be obtained. The ‘oteld head degree of
reaction may’be neggﬁive, AOTC OF positive corresponding to
the veloaity ratio r&/vr? being £ 1, = llor‘>'lAra&peatively.

L

Tatholpy choanges in the siago. iIf any one of the atage
veloolties or any one of the encrgy quantitles involved in
the design paramneters (e.g. the blade speed or the speciflc
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work output) is chosen, then the magnitude of all wvelocities
and energy quantitieé for the gtege are determined. This
being so the enthalpy changes across the nozzle row and moving
blade oW are Knowhe in figure 9A enthalpy levels
corvesponding to positive, negative and zero degrees o0f
reaction ars shown, When the degree of wreaction is positive
the quantity Hy - HB ig known as the reaction effect. For
negative degrees of reaction the quantity HB - H2 ig called
here the compression effect. :

Pressure changes in the stage., The pressure changes across
the nozzle and blade row depend in the first instance on the
location of the procese in the H / @ field. When however

the initial state point is known the enthalpy changes %nd
element losses are the controlling factors. Possible pressure
changes corresponding to positive and zero degree of reaction
are shown in figures 9B and 90 reapectively. For negative
degrees .of readtion possible pressure changes are shown in
Ligures 9D and 9E, To encompags these possibilities the
total head efficiency of expansion for the stage is best
retained in the form of equation 79. i.e. as

7 ) T‘ - S Ho=H e 19D
08 -
1 42 (= - 1) (L = Ro) + yomp®
a oN ) 3
In this equation the expression
Hy = Hy H, - H
0, 73 o 3

1s the fractional stage loss ocouring in the moving blade.
Ro pogitive figure 9B. For positive values of Ro equation
94 gives ‘ '

Ao amo (= - 1) (95).
04 3 %Ii

where EER is the officiency of expansion il' the moving blade.
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Ro = Oy Tigure 80, For zero degree of reaction equation 94

glves , .
géglﬁﬁiﬁ - gém;Z;?l% | (96).
o,m B3 . Moy 7 M3 "

where Hy - H3s is the isentropic enthalpy drop in the moving

blade, This enthalpy drop covresponds to the pressure drop
required Lo maintain a constant releative velocity in the

moving blade pasgage. 1he mero reaciion stage may be regarded
ag a speclal case of a gtage with a pressure drop in the
mnoving blade where the efficiency of expansion in equation 95
is zero. o

Ro negative, {izure 9D, Where Ro is negative there is g5
pressure rise in the moving blade passage and equation 94

may be wribten

3 38 38 7 T2 8 (97).
I’I . H - HO ( l e IT3" ""“'"' 'i 12"'" —— ) e RG ( l - Z QR) N ——
0
where oR iz the efficiency of compression in the rotor

blades. When the degree of reaection is negative it is better
%0 work in terms of a degree of compression defined as

H, - H
3 2 (98).
ROO = I io - ﬁ3 ' )
1

in which case equation 97 reduces to

H3 - H s ..

H w1 - Ryo (1~ 2033
04 3

If the efficiency of compression in the blade passage is

zere then there iz no pressure rige in the blade psesage

and we are dealing with the zero pressure drop impulse stage.

(figure 98). Bouation 99 then gives

(99).

113 - HBS H3 - 112 ._ | |
o e ™ Roe —_ (100).

The zero pressure drop impulse sbtage should therefore
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e regerded ag o special case of a gtage designed to have a
compression effect in the blade pussage, where the efficlency of
compression 18 ZEro.

o In such an impulse stage the blade passage loss is often

expressed in terms of a blade velocity coefficient defined

89 K = 3/VI’2.

I% will be unobted that this definition for the zero pressure

: 2
 drop blade is ldenticsl with K = x'.‘%/vl,,?’ which is the
8

general definition used in equation $0. TFor the zero
pressure drop impulse stage the usual delfinition of blading
efficlency l1s

H - H
I 99 3 (101).(Kearton28),
?B foy ™ M2

Hgl - H2 being the kinetic energy available to the moving
blade, _
Por the Hotal to statlice efficiecuncy in the stage this gives
Jwe = Jon = %a —_ (102]
This reletionship is similar in form 4o the expression given here
for total to static efficiency (equation 89) which may also
be applied to the zero pressure drop impulse stage. This 1s

%*bs_ = %os- x %1’3 | (,89)',

Tguation 101 may be shown to give

a1 . 1
- v, & 2
? - r Vao (103).
B g. 3 )
1+ éER . ﬁ'*' 2 (Horlock34).
° %3
while from eguation 38 N
| N | Va2/ 104).
?1'”* 1 LB . (104)

Ql 03
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It will be seen from eguation 103 that the uweual definition
of blading efficiency for the impulse stage inceludes a term
to nocount for the blade passage Loss. Thug when using

this definition it is assumed ot the outset bhat it will notb
be possible to recover, as useful pressure rise, some of the
energy associated with bhe compressor effect available to

the rotor blade, so that all of the available eompression
effect beocomes irreversible enthalpy loss,
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Section 1 = Sumnary.

Definitions of efficienocy of expansion {eguation 68)
and of botal head efficimdyofexpansion (equation T7) for a
turbine stage are given, which account for the irreversibilities
of the flow process in the sbage and which are independant
of .the application for which the bturbine is intended. Since
the definitions are for the flow process they may be applied
to the individuvwal elements of the stage. The efficiency of
expansion for the stage is given in Serms of the elementd
efficiencies and degree of reaction in squation Tl and is
related to the Lloss coefficlents of the elements in equation
73, Por the total head efficiency of expansion in the stage
the corresponding relationships are given in equations 8l snd
82, where equetion 81 involves the tobtal head degree of remction.

Thus for a given total head stage isentroplc heat drop
(H":L - Hy 0 Tigure 7) the total head efficiency of expansion
determines the totel amount of high grade energy made
available to the rotor blade, The blading or diasgram
gfficiency, defined ivn equation 88, then determines the
proportion of this high grade energy which appears as
mechaniecal work energy, the remeinder being retained by the
working fluvid as leaving kinelic enevgye.

Two definitions of stage efficiency (as distinet fronm
gfficiency of expansion in the stage) are given, Here one
is eoncerned with the wvatio of actual to ideal work obtained
in the stage. In applications where the leaving kinetic
energy is degraded the total Hto static stage efficieney is
the criterion of performance and where the exhaust kinebio
energy is not degraded the total to total stage efficlency is
used. The relationship between the total to total stage
efficiency and the losg coefficients in the elements is due to
Hawbhorne® ! and is given here in equation &6,

The total to static and total Lo tobtal stage efficliencies
are related to the blading efficiency and total head stage
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efficiency of expansion in equations 89 and 93. It will De
seen that if the total head efficiency of expansion is assumed
constant then as the blading efficiency inocreoses both stage
gffiociencies aléb inerease.  Hence from the point of view

of stage elecloncy it is desirgble to design the burbine stage
for maximum bleding effioiency.

The aotual'variation in the stage elfficiencles with
blading efficiencyy for different values 0f the total head
efficiency of expansion, im showa in figure 10, It will
be noted that, whereas the total to:etatié gtage eificiency
varies directly with the blading efficiency, the rate of
change of toval to total stage efficiency depends on the
blading efficilency range. For high walues of blading
efficiency (above say 0.6) the variation in total to total
efficiency ig small. Thils variation does however ilncrease
as the efficliency of expension decreases,

It has been shown that a choice of total hpad degree of
reaction and of blade speed to jet speed ratio determine the
form of the stage velooity triangles end the blading efficiency.
It follows from this that as the blading efficlency varies,
the deflection suffered by the gas in the blading e¢lements
will change, The effect of this variation in gas deflection
on the loss coefficients in the elements, should be taken
account of in assesihg the variation in gtage efficiencies
with blading efficlency.

There are two possible definitions of an impulse stage.

- The "pure" impulse stage should be taken as one where the degree
of resction is Zero. In practice this means that a pressure
drop across the blade passage is necessary to maintain the
relative veloeity constant within the passage. The traditional
impulze stage, where there is no pressure drop across ‘the

moving blade, should be regarded as a special caose of a blade




which is designed to utilize an increase in enthalpy (or
compression effect) in the blade passage, bubt where the
efficlency of the compreasion process 18 %10,

46.
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Section 2, -~ Phe Axial Flow Compreggor Stage.

The axial flow compressor stage as a "reversed" turbine stage.
- CGongider the axial flow turbine stage shown in figure 11lA.

Ags discussed in the previous section a choice of total head

degree of reaction, blade speed to jet speed ratio and

specific work done determines all the velocities and enthalpy

changes in the stage, If all the stage velocitlies are

somehow maintained in magnitude but reversed in direction the

stage will operate as a compressor stage in which the enthalpy

inoreases in the rotor and stetor blades will be equel in

magnitude to the corresponding enthalpy drops in the bturbine

368.8€ . Uging the nomenclature of the turbine stage the

veloclities of the corregponding compressor stage are shown

in figure 11B, It will be noted that the enthalpy increages

in the elements of the compressor stage are determined by the

choice of total head degree of reaction, blade speed to jJjetb

spé%d ratio and specific work output for the tbturbine stage.

The pregsure changes in the elements of the stages depend

on the element logsses as well as on thé'enthalpy changes in

the elements, Thus, while we may consider that the velocities

off the compressor stage are the reverse of those in the

turbine stage, neither stage is reversible in the thermodynamic

SNV .

A complete comparison between the stages is obtained if
the turbine is fitted with an exhaust diffuser to utilize bhe
leaving kinetic energy V32 2 e Phe exheugt diffuser of the
turbine gtage is equivaleunt to the inlet gulide or nozzle
blades, which precéed the rotor blade, in the compressor
atage,

It will be noted that (a) the velocity ('3) entering the
compressor stage rotor blade is egquivalent Lo the veloeity
entering the turbine stage diffuser and {b) the velocity ( 1)
Leaving the compressor stage diffuser is equivalent to the
velocity of approach to the hurbine stage nozzles. This
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veloelty does not appear in the velocity trisngles.
Bfficliencies in the axial flow compressor stage.

{onsider the axiel flow compressor siage shown in
figure 12. The working fluid enters the rotor blade (R)
at condivion 1, and leaves al condition 2. The fluid
passes through the diffuser blade (D) leaving this blade at
condition 3. In the rotor blade, stator blade or in the
stage we are inbterested in the efficient ubtilization of
availgble high grade energye. The high grade energy available
to the votor hlade or to the stage is the kinetic energy ot
1 plus the work input to the rotor bhlade. The high grade
energy aveillable to the diffuser blade is the Kinetlo energy
leaving.the rotor blade. In either of the elements or in the
atage part of the votal high grade energy initially available
remaing at outlet as directional kinetie suergy when the

compression process ceases,
(1) Efficiency of compresgion,

For any one element or for the stage the efficiency of
the compression process mey be defined as

Total high grade energy absorbed during isentropic
conpression from the inlet condition to the
;? . exhsust pressure,
¢

Kctual tobtal high grade energy absorbed in
adiabatic compression from the inlet conditbion
to the exhsust pressure.

Hence from 43
far the diffuser blade (figure 12D)

H - H Hy o H
38 2 3 = 78 (66@)0
-~ g — l £ o s e
;%cn w3 - Hy H3 - 112
for the rotor blade (figure 12B)
Hy., -~ H H,~ H
28 1 P 2 (67¢).
ot ] l - T FacEwT—— 1
/203 Hy = Hy Hp = Hy

and for the stage (figure 124)

- Hygg = Hy 1 - By HSgg (68c).
?cs 0y =0 “ H -
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2, Total head efficiency of compression.

If at outlet of eithenofthe ¢lements or of the stage
the remaining kinetic energy is absorbed in a reversible
manner the pressure attained is the meximum actual pressure
possgible from the process. The actual exhaugt totel head
presaure ig thus the maximum pressure which cen be reached
in the actual process when all of the available high grade
energy ot inlet is absorbed. In the total head efficiency
of compraession o comparison is made bebween the achtual
available high grade energy at inlet and the ideal high
grade energy, which should be avallable at inlet, o attain

the same btotal head pressure.
Thus bthe total head efficlency of compression for
either element or for bthe sbage is defined ayg

Total high grade energy required at inlet to attain in..
iqeﬂtrapic oompressiah the. total, haad exhaust
. Pressurs’ of “the ‘aetunl- brodehs, - ,
o0 Actual total high grode energy required &b inles )
to atbtain in adiabatic compression the actual
exhaust total head pressure.

Thus for the diffuser blade (Ffigure 1.2D)
H ilr a1 w H

0 Q Q
3 39 (75¢).
= H—-—mu—n-—-H—- PR - T e .
ced 0q - Ho

for the roﬁor blade (figure 128)

H - H H - N |
1 05 0p4 | (76¢2).

f - ° 28 ] e T JOE——
H ~ H ' ~

' oeR 0n 1 0, 1

and for the stage (figure lZA)

#, 0
368 § 388 (77¢)
70 cs 0 =" - H

»

Rebationshlps between the element efficiencies of compression
and the stage efficiencies of compression,
Using equations 65 and 56c¢ it may be shown that approximately
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T

and - | - TGB

HOB - Ho._'ias - H‘“.B . 3033 » 71.-:—2-— (Hy - Hy.) (69c).
Hence for the efficiency of compression in the stage 68c¢ and
690 give

20& Hy = i)

This may bhe expregsed in terms of the element efficlencies
given in eguations 660 and 67 ag

?cs =1 - ((1 - ZQD) (1 = Re) + T"' (1 - Zéﬁ) Re) (71e).

where Re ig the degree of compression for the atage defined as

o = 5y . (72¢).
k S |

albernatively iOﬂ mey be expressed in terms of the total

head enthalpy loss coefficlents (equation 50¢). It is shown
in equatian-Gﬁ that approximately

Rg =

H, = I (u B} T-—-—-—-TQ £ v-—z—rla
2 28 T;; %or - Sogr "0 cR
r 2
and 7
- - iy Vo2
Hy = Hy, “m;; ( H°3 1{038 ) m foD
0
3
Hence from 70¢ 5 5
Py Eep "2/2 13 By £ I'1./2
=1- g R e - ))
e °3 3 1 2 "oy 37 H

(73c).
By similar methods the corresponding relationships may be

obtained for the total head efficiency of compression.
These are P
_ 0y
H = H +
o 0 = Ho - H
-1 . 3 35 ¥ ( 2 22‘3) (780).
0CS Hos

-

-
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or 1o

2 I [(l Z 1)) (1 -~ Roe) # ET.""& (L = 2(:1{) Rac] (81e)
nas |

whaye the tobtal head degyoe of compression is defined as

, X w U
| | 2 T 7 (80c)
3 x v, @
and Z 2" *3}@ 0 f q
el 3 2 OR 2
=i~ -13:- )+ = (7 AN -))
ocs 3 3 2 ”?r 3 1 (826)
o & '.e

3¢ Bloding efficiency, tobal e Gotel and toisl to static
efficieney in the eompressor stose.
Blading efficioncy. In the design of a turbine stoge R
ig desirable: o awrange for o bigh value of the blading
officieney. © The veloeity brisngles for the stage and the
blading @ffici@mgy aro fixed by & choice of total head degree
of reacitlon, hlade mp@éd Bo Jjel speed ratio, snd specilic
worlk dome, the blading efiiciency being a function of degree
of veaction snd hlade speed B0 Jet speed ratic only. Thus
for & given specific work output a choice of hlading efficiency
for the stage in effect weans choosing a veiue for the stage
leaving v@laaiﬁy; IT this same design i9 used os o compressoyr
stage, by meinteining the megnitude of the velociitiea bub
reversing thelr divections, the work inpub in the compressor
gtage will bevegual in wagniitude bo the work oubtput in the
turbine ebage, and the inlet absolute velocity (vl figure 13)
o the compressor giange rotor blade will be debermined by
the initial choles of blading @ff&ﬂien»y.

The blading or diagranm eiflciency for the compressor

stage is defined ag ﬁﬁ = H@ (86¢)
. 1 ! e _(dBe),
WL+ v,a = Tji l"""—--"‘i‘i“-~ " —
B 1 ¢3 1
3-!!.

Thus the blading efficleney for the compression sbage gives
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the proporiion of the total high grade energy, available
at inlet to the stage, which ls mechanical work energy.
The total to total efficiency for the compressor stage,

While the efficiencies of the compression process in
the abage have involved the total high grade energy avalilable
to the stage, it is with the efficlent use of mechanical
work energy that we are mainly concerned.

The total to total efficlency for the compressor stage
ig defined as

Minimum work input required to attain the
;? - actual outlet totel head pressure of the stage.
et

T Zcotual vwiork 1Aput required Lo reach Lhe same
total head pressure.

Thug 20’51; V-!-Ifq (see figure 13).
H - H H -~

o - %359 oy, - ] - 03 %358 (85¢).
c¢tt Ho - HO Ho e HO
3 1 3 1

and the efficiency may be expressed in terms of the loss
coefficients in the slements as

V:22 q vrjg. |
= ] e gﬂ + 0}3. (Tg E(.”-R P4 )) (860)0
3 04, op 03 0y

If the tobtal to total stage efficiency is applied to a
typical stage in a multlstage compressor where the "carry
over® velooity is consbant then

H - H .
_ P3ss °1 Higg = My . (87¢)
¢t Hb - H H;"“":"HZ‘ es —__(dTc})e.
3 1

l.e. the total to total stage efficiengcy: is the same as the
efficieney of compression in the stage. |
The total to static efficiency in the compregsor stage.

In the case of a single stage turbine one has a cholce of
Fitting or not fitting an exhaust diffuser. TFor the single
stage compressor however the inlet nozzle or gulde vanes
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are an eggsentisl part of the stage. Phe roll of these
nogzle vanes for a typical stage in a muliisiage compressor
lg assumed by the preceeding stoges Hlence there is no
parallel in the compressor stoge for the total to static
efficiency of the turbine stage.

Relationship between blading eflficieuncy, total to total
atage efficlency and total head efficiency of oompre851on
in the compressor stag

FProm 85¢ and 77e

v12/2
- H, - ﬁl
- 389 . | (90¢).
L5 SR v
ﬁocs 035&1 1

and from 88¢ and TTe

_ 1 - Z;ZB _ N2/ | (91e).
g = |

oca %3s8 1
This gives y
A/ocs)

% = ] - (l oy V/
et ZB

 Hence from the stage efficiency view-point it is desiraeble
to work with high values of blading efficiency, which means
in effect operating the stage with o low approasch velocity
at inlet Go the roltor blade.

_(93¢).
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Section 2 = Jummary.

An analogy between the axial f£low bturblne and compressor
sbtage is given, which is a useful tool with which to study
the effect in the compressor siage of the sbtage design
parameters. The compressor siage 1s counsidered as a similerx
turbine stege where the velociby vecbtors of the turbine stage
are reversed in direction, If the two designh parameters,
the total head degree of reaction and the blade speed to jJet
speed ratio are chosen for the turbine stage then the form
of the wvelocity triangles, the blading efficlency and ithe
loading factor are determined for both the bturbine stage
and its compressor counterpari, This approach Tacilitates
the interpretation of the role of the compressor stage
elements., Por example, it is evident that theiinlet guide
or nozzle blades of bthe compressor stage are eguivalent to the
exhaust diffuser of the turbine stage., The analogy would
be complete for & turbine and similar goumpressor stage where
there were no losses in the elements, so that each stage was
algo reversible in the ithermodynanic sense. Then the pregsure
drops associabed with the turbine stage would be equal in
magnitude to the corresponding pressure increases in the
compressor stage.

In dealing with efficiencies in the compressor stege, the
proceedure adopted is the same asg that used in the turbine
stage. Definitions are given of the efficlencies of the
compression process in the elements and in the stage, and
the interrelationships between the stage and element
efficiencies are developed. The total head efficiency of
compreassion in the stage is given-in equation 97¢ aund is
related to the element losses in equations 8lo and 82c.

In the botal head efficiency of compression we are
concerned with the high grade energy available at inlet to
the stage to effect o pressure rise. This high grade
energy is the sum of the work input to the stage and the kinetic
energy generated in the inlet nowzgle blades, which preceed
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the sbage. The proporbion of kinetlic energy to work energy
in the avallable high grade energy depends on the initial
cholce for the blading efficiency of the stage. Since however
we are partlcularly concerned with the work energy sbsorbed,
a definition of btotal to total stage efficlamy ls given which
is the ratio of the mimimum bo the actual work required to
attain the maximum pessible stage pressure. (equation 85c).
A relationship between the total to botal sitage efflcimncy,
the blading efficlency and the total head efficiency of
compression in the stage is given in equatlion 93c. It will
be seen that, for a congtant btotal head efficlency of compression,
the stage efficiency lneresses as the blading efficlency
inereases.

With regerd to the votal to tetal stage efficiency it
will be noted that the definition given here is similar bo
one which is sometinmes called the "total head efficiency of the
gtage". This latter efficiency is however usually applied
fron the state poiunt at inlet o the statlionary nozzle blades
and would therefore take account of losses in these blades,

In a turbine gtage the total to static efficiency is
the criterion of performance where there is no exhaust
diffuser, In a ocompressor stage however, kinetiec energy must
be generated at inlet to the rotor hlade and hence the
esoguivalent in the compressor stoge of the burbine exhaust
diffuser must always be present. There is thus no parallel
in the compressor stage Lor the total to statie efflioiency of
the turblne stage.
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PART 1 (d)s

Conditions for maximun blading efficiency in axlal flow
turbines and compressors - factors affecting the choice of
design parameters Tor the stage.






Part 1 (d).

Conditions for maximum blading efficlency in axial flow
turbines and compressors - factors affecting the cholicge’

of design parameters for the stage.
(L). The blading'efficiengx; Congilder the axial flow
turbine steage shown in figure 14. We shall presume that
the stage axial velocity is constant, which means that the
blade heighte at inlet and outlet are adjusted to mllify
the effect of the ochange in specific volume across the
moving blade. The reaction effect in the moving blade ig
Vo 2 - v, 2

e
H2 - H3 = 3 5 2 and we shall define a reaction
coefficient (@) given by
| V, 2 = Vi 2
H. = H 3 2 _ |
G = 2 3 @ __(105).
H, -H, Vo<
1 :
The work done is given by
WD = o (vr3 cos /?3 * sz - ) (106).
Prom 105
2 2 _ 2 2
v,2 o+ (vr3 cos /53) - (v,° + (vwg -~ 8)%) = & v,
G v, 2
wvac08 fBa= V2 + (v = 3)2 (1.07)
3 3Jcos Wo s 1 7
Hence from 106
G v, 2
WD = 8 ( "_ﬂggu. + (v, = 3)2 + v, = S) (1.08)
cos“ol Wa Vo

uweing the blade speed to tangential jet speed ratio
= g/v, this gives '
b W, 8
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