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SUMMARY

A method is outlined for making rap:id approximate estimates of the
design pownt efficiency of conventional axial flow turbines, For s number
of exasting turbines a comparison has been made between the predioted
efficicncies and the effaciencles actually recorded on test, As a result
of this comparason a final empirical correction to the calculated efficien-
clon is suggesbed to give final predictions which should compare favourably

with actual values, It appears from the analysis that the turbine stage
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mojor significance vhen considering stage efficiency. Contemporary units

tenperature drop coefficient, , ang the stage reaction are of

shov' relatavely poor efficiency when designed for a haigh temperature drop
cocfficient and the reflectioh of this upon the choice of an optimum tur-
brne désdabn for certain applicetions such as long range aircraft, industrial,

arid narine plent 1z briefly discussed,
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1.0 Introduction

During past years the officiency to be expected from a project turbine
design has been largely o matter of conjecture and no rational ncthod has
existed vhercby a faarly rcliable estimate might be made, The reason for
this has been praimarily due to the asbsence of relioble date regarding pres-
gure losses and deflections through a rov of turbins blades for specified
conditions of blade form, gas incidence angle, llach number, Heynclds number,
etc, Data of thig type 18 now being gradually accurulated, however, and
when complete information is finally available the task of estimating tur-
bine performance wall reduce to that of suatoble computation.  Nevertheless,
accurate computation will be comporatively lengthy and there will always be
& necd for a rapid approximate method for meking estinates of turbine
afficiency Jucs et the design point, The creation of such a method may
ultinately be expected to ucfine critical parameters controlling maximum
attainable turbine efficiencies as well as to affer a quick estimate of the
cfficiency of any specafac unit and thus may be doubly uscful tou designers
during the 1mrtial conjectural stage of a new cngine design.  The purpose
of tins note 15 to suggest a posszible woy of achicving this objective.

The method adopted has becen to calculate the possible efficiencies of
a wide range of hypothetical "40% reaction”" and "impulse" turbine sfages and
to indicate a way of deriving the cfficiency of any arbitrary unit by a
relatively simple process of interpolation between thesc hypothetical umts,
A finel empirical corrcetion is suggested which has been derived by direct
comparison of uncorrected cstimstes of efficiency for a number of turbines
with volues obtained by experiment,

The hypothetical reaction and impulasc turbines are of the sanmplest
possible conception and the wmportant assumptions made vith regard to their
performance may be listed =23 follows; -

(1) & flow of negligible corpressibility {or Mach number)

{(2) The performence of a stage 1s detormined by refercnce only to the
mean dlameter blade sections and it is assured thab ithe perfermance
w11l be unaffected by the valus of the hub ratio,

(3) The incidence on each row of every hypothetical turbine 1s 0°, or very
near, at the design point,

(4) The blade pitch/chord ratio in cach row 1s chosen to nake the blade
11ft coefficient based on outlct velocity (CLVZ) equal to 0,7 at the

design (zero) incadence,

These assumptions may appear Justifinble, from the point of view of
samplifying the computation, i1f 1t 15 wished praimerily to predact the design
point efficiency. In the caleulation of effaciency 1t 1s, of course, the
agsunptions regerding blade pressure losscg which predorunate,  Section 2.0
is devoted to a discussion of available information repgarding pressure loss
cocfficients relevant to turbine blading, Data on conventional turbinc
blades from both cascade and full scale turbine tests has indicoted that
variation of flow Mach number anflucnces pressure losses only to a secondary
degree so that the assumption of ncgligiple compressiblility is unlikely to
affect appreciably the calculated efficiency of a stage, oven i1f in practice
it operales ot high Moch numbers, providing thot the incadences ond Reynolds
numbers in the caleulation correspond to the true working condition of the
actyal turbine, Thc assumption that the perfornance of a stage may be
deduced by reference only to the mecan diameter "blade section is, perhaps,
open to more doubt at the present bime, particularly on stages in whach the
hub ratio is small and the blade roots operate close to impulse conditions.
On haigh reaction turbines no cvidence has yet been notced to suggest the
necessity for any "work done factors" and the calculated performance, based
vn mean diameter blade geometry, hos shown reasonable agreemcnt with avail-
able test results, On low reaction turbines, however, the problem 1s at
present more obscure and the assumption in question may be contributory to
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the over-cstimates of cfficiency on sore of these latter types of turbine
that are daiscussed 1n section 6.0,

Neverthelesa, the final empirical correction to the estimated cfficien-
cies which is derived by direct comparison wath experinent moy be expected
to all~wr to some extent for the non-validaty of the simplifying assunpiions
outlined above and to correct for the relatively inadequate nature of’ the
blade preesure loss data available,

2.0  Total pressure losses through rows of turbine blodes

Ls outlined in refersnce 1 the losscs arc sub-davaded into (1) profile
loss, {2) secondary lose, and {3) annulus loss,

The notation and sign conventicn used in this note 13 stated in Lppendax
I and 1llustrated an fipure 1,

2.1 Profile losses at zero blade 1ncidence

These are assesscd approxamately from references 2 to 5, In figures
2 and 3 the valuss of the profile loss cosfficient Y (defined as

P
Ty = profale 1955 ), for zero incidence are plotted against

Fhotupict ~ Potoboutiet
pitch/chord ratio for bladcs giving varaous gas outlet anglcs both for a
range of nozzle type blades, defined here by gy = 0%, and a range of impulse
type blades, defined herc by g4 = - ap. To find a value of Yp for an arbi-
trary blade scction 1t 18 necessary to determine the value of the quantities
gp/oz, to, and s/c for the blade counsidered and usc the expression:-

r ]

tp = T + (Br/ap)” X .
P (g, = 0% 17=2 p(B1 - - ) p(ﬁ1 - 0°) cereo(1)

when 31/a2 < O,

or Y = Yp
(61:00) o---.ooo-.(Z)

when B,/0, » O.

The values of ¥ oy and YP in equation (1) or (2) may
“(By = 0°) (By = = ay)

be obtaincd from figures 2 and 3 for the values of s/c ond 0, appropriate to
the blade under cons:deration,

1t should be appreciated that these curves are obtaincd from a number
of test results via a process of interpolation and cxtrapolation and are
necessarily approximate, The losses at low values of s/c arc estimated
roughly on the assumption that when the blades are so close together as to
touch one another the blade loss coefficicnt ruet be anfinite. The losses
measurcd on various reaction blades in dafferent tunncls agreed well but the
losacs meagured on wmpulsc blades have apparently varied widely in dafferent
tunmels (ef, refs, 3 and LY. It 13 thought that this latter varistion is
paxrtrally attributable to differcnces in tunnel gas sgtream turbulence, amount
of laminsr flow on the blades and peant of flow break awsy near trailing
edge, For the purposcs of turbinc pesrformance estirwbion the results from
tunnels showing the higher blade losses (references 4 and 5) have been selected
from which to determine the curves in figure > since thesc results are belisved
to be more appropriate to the order of turbulconce and asmount of Jaminar flow
that 18 lakely to exist in an actual turbine,



2.2 3econdary losses

These ore calculated from the empirical formule suggested in refercnce

1=

Scoondary loss. \ 2

= X =004 |1 - (31/02) Cr (3)'

Ptot - Payut ’ 'Vz e

outlat - outlet

when 31/a2 <0
2

C.I', YS = O.OL{-GLVZ coo.c-.-ol(l"')

when By /0, 2 0

This loss 18 assuncd to allow for tip cleorance, or shroud, loss 1n
addLtion to other louses associated with three dimensional flows, The tap
clesrance loss in practice, however, is an cbscure guantaty although sone
vnpublished test dota suggests thut the influcnce of tip clearance may be
severe, causing as much as 2 to é#? fall 1n efficiency for an increase of
tip clearonce of 1% of the blade height. Efficicncies celculated using
equation (3) for sccondory loss have shovm good agrecrient with test results
on high reaction turbines in which the tip clearances were roughliy 15 to .74
of the blade height and, since the profile losses on high reaction blades
can be farrly reliably estzmcted from cascade tests, 1t mlght be assumed
that equztzon (3) 1s opproxamately valid for clearances of ebout this value.
Turbanes with considerably larger clearonces might be cxpected to operate at
rather lower efficiencies than those calculated, but the magnitude of the
reduction Ls at present i1naeterrinate,

2.3  Annulus loss

Thig 2o asaoned as; -

Annulus loss ¥ 0,02 . e (5)

P - P a 7 o
0t tet St uttet &4

When applying this rule to high reaction nozzle guide vanes the loss
nay be halved since equation (5) 1a bascd ovn a high fraiction coefiicient and
may, therefore, over estimate the loss, particularly when the aspect ratio
15 small (as xs cften the case on a first stage nozzle row),

F A

2, Total dose

. o -
The total loss Fhroughja row of blades 1s the sun of the couaponent

losses | .
Total loss . \ :
’= Y,t '=Y +Y +Y ..n.-l-uc-.(6)
Pyot - Polat P
Qvoutlet outlet- ;o
‘4 -
tor N B - ‘G:v‘-l . K

J
N Y o oEia | . N . :
3,0 Caléuletldn ™8T the sfflclen01os Of a serics of hyvothetical impulse
and reaction turbines

Assuming that the Mach nmumbers of the flc 78 1n o turbine stage are
sufficilently low to treat the gos density as a constant then 1% 25 shown in
Appendix IT thot:-
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r] = = 2 2 -oo--o--(?)
V. [Yt secTa_ + A t sec a )
1 1( 1) ) 3 L
-7 h
u U |
l ~— - (tan a, + M tan op) |
T
By
Where, m = uscntropic total head stage efficicncy
Yy = total loss coefficient in stator row
Ytr = total loss coefficient i1n rotor row
Moo= VN
ay e,

1% 1s further assuned that,
(1)  "he incidence angle on each row ls zero (1.0, By = a, By = aj).
{(2) The value of h/c on each row is 2,0,

(3) 'The value of s/c on cach row 18 such as to give a volue of GLV

on each row equal to C,7 when the incidencc is zero, 2

(4) ZLosscs in each row are asscssed as shown in section 2,0,

(5) v&11 = v&2 , (i.e. » = 1.0),

Tt then becomes possible t2 calculnte from equation (7) the stage
efficiencies of a wide range of hypothetacal rultistage 5G4 reactzon turbines
(in which Onp = 0) and .wltistage inpulsc turbines (in which ay = 91 = - a2)

Reaults from such a computation are 1llustrated in figures 4 ond 5, where the
calculated stage efficiencics of 1ultistage impulec and reaction turbines are
plotted agoanst corresponding valucs of the stage temperature drop coefficient
for a number of valucs of stabtor gas ovutlet angle, a,. Stage efficiencivs of
single stage turbines are alsc indicated,

¥hen the outlet swirl from a rotor row i1s ncgative {(1.c. in the same
darcction as the darection of rotation) then the assumptions regarding blade
loss dactate an identacal stage efficicncy for both multistage and single stage
turbines. When the cutlet swirl 1s positive then the single stage efficiency
for a given value of temperature drop coefficient and G, 18 greo ater than the

correspondang multistage stage effuicicncy due to the fact thot the inlet nozzle
row to a single stage turbine will have less deflection and less loss than an
interstage nozzle in a multistege turbine., In practice, however, 1t should be
rexembered that the ocutlet swairl from the more efficient single stage turbine
may lead to high oxhaust duct losses, or lousses in an extra row of diffusing
vangs (2f such s stator row 18 insertcd downstrean of the rotor row to remove
he swarl velveity), which may wore than conpensate the higher ctage officilency
of the turbine 1tself,

The curves in fagures 4 and 5 xllustrate that:-

(1) 1f the outlet swirl fro. the rotor 1s negative or slightly positive
the turbine effaciency for a given value »ff the temperature drop
coefficient increases as the nozzlc outlet angle, a,, 15 increased,

{2) for a fixed valuc of nozzle outlet angle there is on optimum value
of the temperature drop coefficient, at which the stage effaiciency
has a maximum valuc,

(3) Hicher nexmrma stage efficiencics are obtainable from reaction
shages than fron apulse stapes.
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With regard to (1), caleculaticn suggests that little inprovement of
efficiency 1o to Pe derived by excceding stator outlet angles of 70%, although
1t is not possible to be very specaific on this point due to the absence of
appropraatc turbine or cascade tunnel data,

L.,0 Derivation of the effaiciency of an actual turbine

For interpolating from the curves to find the efficiencies of arbitrary
turbines in which the reaction lics between % and 50% the following procedure
is suggested: -

(1) For the turbine under consideration find:-

(a) the design velue of 2.k éAT [nean value per Etage]
U
r

() +he value of (31/02) at mean diamcter (or the design value of
(G1/G2) ot mean diameter 1f the blade angles are unlmown or

undetermined),
(¢)  the velue of a_ at mean diameter,

(4) the design value of CIV on the rotor at mean diameter,
2

2 From fi e b, for the above value of E;ERLQE and a , fand .

UTJ.

(3) From fagure 4, for the same value of 2.Kp. 8T g o fand ﬁR and
| \ 2 |
(61/6’2)}{- Uy

Then o first &pﬁroximation to the stage efficiency may be deduced as:-
(51/0‘2)]:-{ - (31/@2)

no= " - (TIR -‘ﬂI) -..-».....(8)
1+ ([:*1/0J2)R

This =3 an approxination bascd on the assumption that when interpolat-
ing for efficicney between a,5q% reaction and an inpulsc turbine stage havang
a given value of 2K éﬂT the efficiency varics parabolically with 61/@2.

vl
m .
This law 1s empirical and is -derived fron a few sarple calculations of the
efficiency of turbines varying reaction,

If the value of CLV on the rotor is greater than 0.7 then the efficlency
2
found from (8) should be corrected to:-

2

) AU €}

This correction 1s araad cnpiyicel and 1s approximately derived from a
rurber of calculations off thoe. etticiencires of turbines having various valucs
for blade piteh/chord ratiro, )

1 r 1y
= 1 - (1 =m0 [0.875+ 0125 |—2
T (8) LA} » lOT

The above procedure has been cutlined for a single stage turbine., For
a rultistage turbine mean values for the parancters 2.k éAT (por stage),
&
m
51/a2, ay, ond GLv2 should be sclected, The corresponding stage efficlency
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may be assuned to represent the turbine overall effaciency.

This latter assurption saves a Turther step in the corputation and also
may tend to reduce errors an the prediction since it will be seen later in
section 6,0 that the prcdictions in most instances are higher than correspond-
ang experimental values, The assumption that overall efficiency equals stege
efficiency may reduce this dascrepancy 1f the overall pressure raiio and
nurber of stages 1s large,

A typical example of the application of this methoed 1s grven in Appendix
I11,

L., Addational corrections for Reynolds number, blade size, and blade
aspect ratio

The turbine officiencies ag dotermined by the forcgoing analysis are
wntended to apply tu stages in vhich the mean Reynolds number = 2 x 109, mean
rotor agpect ratio = 2,0, and mean blade chord » 0,8"., If the actual values
of these parameters in a turbine under consideration differ appreciably from
these then it is desirable to correct the predicted efficiency accordingly.

A suggested correction for Reynolds murber is gaven in fig, 6, this
correction being based primarily upon results given in reference 6., Suggested
corrections for aspect ratio and blade chord are illustrated in fag, 7. The
blade chord correction is intended to allow for increased losses that may be
cauged by poor profile shapes and relatively larpe trailing edge thicknesses
on blade chord lengbths less than 0,8%, The corrections for aspect ratio and
blade chord are relatively snall, the farst being derived very approximately
from the expression assumed for annulus loss, gilven in sectaion 2,3, and the
last being quite arbitrary.

5.0 QComparison of predicted and cxperirental effaciencies

In figure 8 a comparison is made of the predictcd efficiencies of a
number of turbines with experimental results that are available, It im
amportant to note that the cxperimental efficiency valucs are relevant to the
deasign point of the units, The cxperimental efficicncy at the desaign point
of a turbine seldom coincides with the maxirmun efficiency developed; the
latter usually ocecurs at an appreciably lower power output than the design
figure and corresponds to a lower operating incidence on the blade (or lower
numerical value of Z2.XP.4T ) than the design value. It will be noted that

T
ul
the predictions agree fairly well with experiment for those turbincs having

low numerical values of Z.K éAT per stage (gonerally high reaction turbines)
U
ul
but for those having high nunerical values of 2.K’éAT the predicted efficien-
U
N}
cies tend to be considerably greater than the experimental velues, This may,
perhaps, be primarily attrabutable to either or both of the folluowing causes
(1) the formula for secondery loss under-estiinates the general level of the
basic secondary loss in high deflection, low reaction, blade rows working with
a typical flow daistribution at inlet to a turbine rotor row, or (2) the varia-

tion of percentage error with 24§£§§2 shovn in fig. 8 18 largely coincidental
Ury
and represents an extra loss of ef%lciency caused by large tip clearances,
annulus flare, effect of hub ratio, or other rcasons not accounted for in the
prodaictions, Possible causes of e¢fficiency losses mentioned in (2) nay be
exempled as follows: turbane No, 12 had a step in the outer anaulus wall 1in
front of each rotor row; turbines Nus, 7 and 9 had a reletively large flare
on the ocuter diameter of the amulus wall acrogs the rotor row; turbine No,
8 had blade profiles with a relatively high degree of curvature (on both cam-
ber line and blade for.) over the leadang half of the blade sections and tip
clearances of the order of 2}% of the blade height; the large errors on tur-
bincs Nos, &£ and 6 are probably due to a particularly low value of hub ratioc
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on these turbines which led to a large numerical value of 24§§4§£ at the

U
blade root, with appreciable "recompression", even though the mean diameter
sections, on which the performance 1s estimated, had relatively high reaction,
1t 1s very improbable that these causes may wholly explain away the discre-
pancies between the caloulated and experimental results and some part of the
error must be accountable to the simplify:ing assumptions made in sections
2,0 and 3,0, It is possible, for example, that an improvement might be made
to the calculation by altering the form of the secondary loss formula given
in sectiocn 2.2 to give substantially higher secondary lcsses on impulse
bledes, but the doubt attached to the true source of the error makes it
degirable to await further tests on cascade tunnels and turbines before any
specific alterations are considered in detarl, However, since the errors
vary fairly ccnsistently with stage temperature drop coefficient a simple
empirical correction to the estimated efficaencies is advoceted, The sugges-
ted correction 1s shown by the broken line in fagure 8 and is intended to
gave final efficiencies which should be attainable in practice providing care
1s taken to provide smooth annulus walls, without a large flare, together
with relatively small blade tap or shroud clearances.

s

6,0 Note on the choice of an optimum turbine design

Figure 8 1s particularly interesting in that it shows that the experi-
mental efficiencies of high work capacity turbines (1,e, those having a
large numeracal value of 2.K éAT } have been consistently low, In particu-

Up

lar 1t is fair to state that in most instances these test efficiencies are
lower than those anticipated when the units were designed. Very broadly,
the design point efficiencies show a tendency to fall from about 9% or
slightly more for high resction designs (in which 2.K éAT aQ -2,0 to -2,5)

U

m

to about 80% for hgh gas deflection, low reaction turbines (in which

—2—'1(3:‘2—42 0 -5.0). Tt is well known that the thermal efficiency of a simple
U

gas turbine plant 1s particularly susceptible to the expansion efficiency,

A change in expansion efficiency on a simple gas turbine plant without heat

exchanger from 80% to 9% may increase the thermal efficiency of an sngine

from 15% to as much as 25% (as 11llustrated by Crowe, ref, 8), On an air-

craf't jet engine, without heat exchanger, of 6:1 design pressure ratio (sea

level static) flying at 500 m.p.h, the reduction of specific fuel consump-

tion for the same increase in expansion efficiency mey be of the order of

20% (cf, Reeman, Gray, and Morras; reference 9).

The analysis 1in sections 5.0 and 6.0 suégests that turbine efficiency
may, for a _first approximation, be regarded as dependent upon the design
value of Zaf éAT and that the highest efficiencies are obtained with nearly

U
50% reaction, high nozzle and blade outlet angles, low outlet swirl, and

2. Kp, AT
‘“Ef%?__ equal to -2,0 to -2,5. On many contemporary aero engines the value

m
of §4§E§§£ ranges between -3,5 and -5.0, these numerically high values

Upy

generally belng adopted to keep engine weight and size as small as possible,
Figure 8 indicates, however, that the penalty imposed upon turbine efficilency
for reducing turbine size to a minimum mey be severe, Although a low engine
apecific weight may outweigh specafic consumption in importance on a short
endurance interceptor fighter aircraft the sperific consumption becomes very
mich mecre important on long range airoraft; it scews probrble th t in

2.Kp.AT

———‘—2-— Of s Lbout
Ui

sony instonecs turbines hoving 5 stoge v lue of

-2.5 .ty inprove the engine specific consumnption
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more than Qnou%h to compensate for the higher weight as corpared with one

having §4§£5é_ of 4,0 to -«4.,5 and thus provide a betfer enginec for such
U

long range aircraft,

The use of low numerical values of 2:£R.AT on many contenporary umts
U2

would imply, speaking broadly, esither {a) maintaining the same number of stages
and increasing the blade speeds by 30 to L% or (b) maintaining approxamately
the same blade speseds and increasing the nuwaber of stages, in nany instances
doubling the original number, liethod (a) is obviously impracticable af pre-
sent maximum permissible disc stressss are not to be greatly exceeded, so that
method (b) may be wore acceptable in practice., Doubling the numbsr of tur-
bine stages {keeping the same mean blade speeds) rmght be expected to nearly
double the weight of the turbine corponent (including rotor, stator, and bear-
ing support members) on a single stage umit, If doubling the nuaber of stages
necessitated replacing = single bearing overhung construction by a 4o bearing
aggembly the corponcnt weight wey be rather more than doubled, Thus the
increase in aero Jet engine weight caused by doubling the number of stages
may, very approximately, be 15% - 25%, depending upon whether the original
turbine were a single or two stage unat.

It is important to note that the reduction of the nunerical value of
2., Kp AT
2
Ugy
velocity at cutlet from the furbine and perriat small cutlet swirl, This may
reduce the exhaust cone losses 1n a Jet engine appreciably and this in 1tselfl

nay contribute a valusble increase in the total expansion efficiency which
would be additional to that obtained by the higher turbine component effiaency.

and use of high stage rcaction will result in a reduction of axial

On land-bound industrial gas turbine plant and on maraine plant low gpeci-
fic consumption 1s again irmportant, together with plant capital cost, In
general the inherently higher efficiencies of high reaction turbines nay be
expected to reduce running costs wmore than enough to compensate for higher
anitial capital costs when compared with low reaction turbine umts.

7.0 Conclusiong .

(1) An emparical method of predicting the efficiency of any conventional type
of axial flow turbine is suggested. The values of efficiency so deduced are

estimated 1n accordance with neasurements of pressure loss coefficients in tur-
bine blades obtained from cascade tunnels and a few turbinc experimental results.

(2) Predacted values of efficiency on high reaction turbines are an good

agreement with available experimental results., Substantial errors are noted,

however, on low reaction turbines, These errors appear to be dependant, to a

first approximation, on the mean value of the paraneter 2.50.87 (per stage)
U2

and an empirical correction to the calculated efficiency becomes possible

which will give fanal predictions having real significance,

{3) The calculations indicate clearly the influence of nozzle oubtlet angle
and. the parameter Z2.5p.0T (per stage) on turbine cfficiency., The highest

u.2
m
calculated efficiencies occur on 5C% reaction turbines having high gas outlet
angles from tvhe bladaing and 2.502.00 of -2 0 %o -2.5,
2
Un
(4) On many applications of the gas turbine plant 1t 1s very probable that
the use of a relatively large turbine having high resction and low numericsl
value of Z.ER.AT  (about -2,0 to -2.5) ey result in a better engine than
p :
U
1
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one having a turbine component of 1inmimun s1ze and weight with a hagh numer:i-
cel value of 2.Xp.8T (stage), This applies essentially to jet engines for

2
Un
long range aircraft, and to plant for industrial and marine use,
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APFENDIX 1

Notation and convention of signs

(a) Notation

stator outlet gas angle.

rotor inlet gas angle.

rotor outlet gas angle,

stator inlet gas angle,

stator outlet blade angle.

rotor inlet blade angle,

rotor ocutlet blade angle.

stator inlet blade angle.

stator stagger angle,

rotor stagger angle,

rotor blade velocity at inlet to row,

rotor blade velocity at ocutlet fron row,

gas velocity at outlet from stator row.

gos velocity relative to rofor inlet,

gas velocity relative to rotor outlel,

gas velocity at inlet to stator row.

axial velgeity at anlet to rotor row,

axial velocity at outlet fror: rotor row,

gas whirl velocity at outlet from stator,

gas wharl velocity relative to rotor ainlet,
gas whirl velocity relative to rotor outlet,
gas whirl velocity at inlet to stator,

total pressure upstream of stator row,

total pressure downstream of stator row.
static pressure between stator and rotor row.
total pressure relative to rotor row at inlet to row,
total pressure relative to robor row at outlet from row.
static pressure downstream of rotor row,

total pressure after rotor row,

vaz/va1.
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¥ ratio of specific heats,

ol gas density,

Xp specific heat at constant pressure,

R gas congtant,

Yio total loss coefficrent for a stator row.

Tin total loss coefficient for a rotor row,

c lade ¢hord,

a blade prtching,

h bladce heaght,

Gva blade 1ift cosfficient basced on outlut velocity.
E} loss of total pressure through a rotor row (relative to blades),
Z% loss of total pressure through a stator row.

(b) Convention of signs

Thais has been chosen to follow directly from that already well estab-
lished in axaial compressor theory in this country (ref.10), The extension
of the compressor system to a typical turbine stage is 1llustrated in fig. 1.

It should be noted, with the arrangenent drawm, that the sign of the
outlet gas angles, blade angles, and swirl velocitiea relative to each row
become negative. Furthermore the blade velocity must als> be regarded as
negetive an order that the stage temperature rise {or work done on the gas by
the blading) shall be negetive (1,e., & temperature drop across the stage for
a turbine).

The sign to be attributed to a gas swirl velocity is always the same as
thot of the associated vector swirl angle.

Gos axial velouclity is always positive,

It is amportant to sppreciate that the signs to be attributed to the
gas swirl angles and velocities rmust always be determined by reference to the
blade row waith which these velceity conmponunts are darcetly associated. In
other words, the sign attributed to absulute velocities and angles (1.e,
velocities and angles which would be registered by instruments which arc
stationery relatave to the mochine casing) must be dectermined by reference
to the rmediately adjacent stationary blade row, The signs attributed to
relative velocities and angles must be determined by reference to the immedz-
ately adjacent movang row (relative to which the velocities and angles are
supposed to refer),

NOTE: The swarl velocity at outlet from a turbine i1s always nsgative when it
swirls in the same darection as the direction of rotation of the rotor.
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APPENDIX II

Derivation of expressions for turbine stage
eff1ciency and temperature drop coefficient

It is aasumed that the ilach numbers of the flows through the stage are
sufficiently low for the density to be treated as cunstant without appreciable
error and that the stage pressure rataio, P3/P1, 18 sufficiently snall to make
the approxamaticn that

Y
r ' =1 g t
P./P, = L N e (=) o AL (10)
349 2L - et sasana
T1J i Ty
where AT' = iseatropic total temperature rise across the stage.

It i=s also asswied that the wmean loss of totel pressure in any blade row
may be represented by a coefficient, Y4, where:-

Total bead loss = Tydp.V_ 1ot

Thus the total head loss 1in the stator row becomes
v 2

1 2

[Gos 0,

and the total head loss in the rotor row (relative to the blade row) becores

2
v
as

Cos Up

1

Only an axial flow stage of constant nean diameter wall be considered, so
tha.t U1 = Uz.

Work done on gas/1b, of gap = Ko, AT = U(Va2 tan ag - Vg, tanagg)...(13)

(Note thet this work 13 negative on a turbine, with the convention of signs
adopted),

From the velocity triangles at inlet to and outlet from the rotor row:-

V,, tan a.,

a4 U -V, tanaq ceenens cevenes (1)

1

v tan GB

U -, tan o
)

d‘z 2 ------

I}

Thus, combining (13) and (15) and assurming that the "work done factor" (0)
= 1.0 for a turbine,

v
a
2Hp. 00 o, Tt (tan a. + M tan o,) Creaeens ...(16)
u2 U o) 2

From equations (11) and (412)
[ v 2

WD lu.fiL__ . cee (A7)
1

Cos Oy

mj

8

Pz - P1 - Yt
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v 2
a
Pz = Pp =Yg .3 2 ceeennn (18)
r r r Cos a,
From the Bernoulli equation; -
v 2
1 LA
Py = Pstat2 * 7P A
r Cas 0q ]
v 2
P3 = P tat +, 5,0, 2 l
r staty l Cos ap
v 2
and P P + 5 |22
5 = Pagap, * B
3 Cos ay

Combining these wath (17) and (18) we may obtain

P, - P P
27 o2y 202 sec?e, -2 380202 + secs, - sec2s )
3 a4 3 1 0

2

v 2 2
T V’&,1 (Yts.sec ag + A .Ytr.seczaz) cereveaeedd19)

which may be shown 1o reduce to:-

3 T 2 ‘ 2 7]
— 1
. = Kp. AT - 7V, (Yts secag + thtr.sec a2) ceeeness(20)

T

Now from equation (10)-—

(D = e ... (21)

(P, =Py) .
3 1 \

But the equation for a.perfect gas gives:-

P
2. R.p. = Kp. (Y~1)
T
Therefore, from (21),:-
P, - P o -
—-‘-)—-——--—-—-—- = K_P.AT ...--.-...---noontf(zz)
P
For a turbine;- ey " = LI
S’ta.ge AT' .......-.-.ucc-oc00(23)

Therefore, from equations (23), (22) and (20),:-
- *p. AT (21)

s, 2
KR._AT - 2 ‘Va’i

n
stage

’ (Y ecla, + AO.Y sec2)

« \lgg B€C 0Oy sty )

v

Combining (23) and (16), we may obtain for a turbine staie

1
2

TIstage - V
1 -5 )

1 Y. scc GO + 22 R seg?a2l

[(U/V tana + . tan a2)(
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APPENDIX T11

Examnle egtirate of the efficiency
of a sangle gtage turbine

The followaing 1liustrates the apnlication of the nethod to predict the
efficiency of turbine No, 2, fipurs 8,

The relevant data at 1/d for this turbine may be listed as follows,

Bo = ©&°
61 = '160
o, = -6%,8°
- o
02 - 5802!‘
Rotor g/c = Q.64
Rotor h/e = 1.71
Va‘] = Vaz, i,e. A =1,0
For zero incidence on rotor aq = B, = 16°
1 005202
Value of Cp, on rotor = 2,8/c (tan aq - tan ay) -
2 cof Oy

N}~

where tan oy, = % (ten a; + tan ap)
Substituting sbove values gives:-

GI’V2 = 0.812

From eguations (14) and (46), when A = 1.0

. ten o, + tan o
Q.KDéﬂT s o oo . o %2 2.19
U an ag + tan o4
16
B/es = - = - 0,27
172 58.4

From fig, 5, when 2.4P,0T = -2,19 and ¢, = -63.8°%;

UmZ

87.5%

ft

T

i

From f1g, &, when 2:5R:8% = _2 49 ang ag, = -63,89; 1

2
Uy

92.5% and (By/op),
= ~0.09
Then from equation (8), the first approximation to turbine efficiency: -

2
n o= 92.5 - 1027 - O-QEL (92.5 - 87.5) = 92,3
4 -0,09 |

Stnee COpp  on rotor is greater than 0.7 then a second approxination, from
equation (9) becomes: -

2
Moo= 4~ (1 ~.923) (0,875 + 0,425 x (93§%3) ) = 91.9%%

L
Finally, correcling for rctor aspect ratio fron fig. 7.

n o= 91,95 - 0.25 = 91,7, for Ry = 2 x 102
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ROTOR _ASPECT RATIO CORRECTION.
+1 T
/
0
- 2 3 2 5 6 7
ROTOR ASPECT RATIO
BLADE ‘SCALE’  CORRECTION,

+1

04 06

08 |0 2 ! 4 |6
BLADE CHORD  (INCHES.)



ISENTROPIC EFFICIENCY

OVERALL

ERROR (%)

CONFIDENTIAL

COMPARISON OF PREDICTED AND
EXPERIMENTAL EFFICIENCIES.

FIG. 8.

X PREDICTED EFFICIENCY
® TEST RESULT

100

T
20

Xx
ﬁ lﬁ@ ”zC ’ 1
e ®| &
14

80 ’
70

™

o ﬁfﬁﬁg ﬁm@iﬁ '

fE d9¥E gudde | g

N | hih: R 5
ol S oo usuc N

—or M| SNY Non Q@ = 4
5Q l

0 I (4 J'JST 4 S [od
— 2Kp9 I T (per gTAQE)
Un

+8

| -y M| Ny t\Inm Q /
o

44
" |
-+ + // P
2} + A" ///
~ /’
=+ /“/
0 + =
A [EXPERIMENTAL ERROR
-2} POSSIBLY GREATER THAN 2%
-4
0 i 2 3 4 S =
?
— “:Keq Y ST (rER STAGE)

p5E1ESS-) RT2 KD ptfsoct UM









C.P. No. 30
{12,884)
A.R.C. Technical Report

PRINTED AND PUBLISHED BY HIS MAJESTY’S STATIONERY OFFICE
To be purchased from
York House, Kingsway, LONDON, wcC2 429 Oxford Street, LONDON, W 1
PO Box 569, LONDON, SE1
13a Castle Street, EDINBURGH, 2 1 St. Andrew’s Crescent, CARDIFF
39 King Street, MANCHESTER, 2 Tower Lane, smstoL, 1
2 Edmund Street, BIRMINGHAM, 3 80 Chichester Street, BELFAST
or from any Bookseller
1950
Price 48. od net

PRINTED IN GREAT HRITAIN

DS 61654/ K3/ 2078 5.0. Code No. 23-9006-30



