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This paper presents the results of o study oimed at providing o system-
atic method of rapidly estimating turbine efficiency level for o selected
set of velocity diagrams, The development of the method utilizes certair
basic concepls described previously in ASME und NASA pubhication.
by the outhor, in relating the blade-loss characteristics to the *urbine
mean-sechion velocity diagrams, The busic diug.om parumeter used in
the development is u speed wark purometer, defined as the ratio of
mean-section hiade speed squared 1o the over-all specific work output
Gthier fadtors consideied in the development include rumber of turbine
stages, stutor-exit angle, Reynolds number, and leaving loss. The results
of the analysis indude a purametric study of the effect of these variables
on efficiency as well us u comparison of the performance predicted by
the method with that ohtained experimentally,
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A Study of Axial-Flow Turkine
' - I . v
% WARNER L. STEWART Efficiency Characteristics it
5 Terms of Velocity Diagram Parameters
i )
{
5 The sercdynamic deslgn of axial-flcw ture- irg the efficlercy level and Included in the de-
I bires, in general, can be dividea into three velcpment are the number ci turbine stages, stater-
g phazec. The first phase 1s the selection of the c¢xit angle, Reynolus rnumber, and turbine-exit .
; over-al) requirements of the turblne and includes axial component of velocity head. Incliuded in :
; fluld used, temperature and pressuras levels, fluw  the paper will be the develepment of the roequlred
3 rate, power level, rctative speed, and perhaps a cquatlcns, applicatiorn of the eguaticns to show
E required etrficiency level. The second rhase is the effect of these varlables cn efficlency, and 'ﬁ
F the deterninatlon of the turblne gecmetry that finally a ccapariscn with scme avallable experi- p
d best meets these regquirements. The results c¢f rental resutts,
é this phase w2iuld be the determination aof the
& nwiter c¢f turaine stages, turbine and blading NOMENCLATURE
; sizing, blade turning, and rate c<f expansion ~?
B throagh the turbine, The gen-:ral nethol cof exu- A = blade-loss term defined by equation (ola) \
g cuting the srcond phase is through *“he c¢calcula- B = stage leaving-loss term defined by cgua- i
§ tlon. of the velccity diagrams in the frec-stream tion (21b) 'i
4 region before and after each blade rcw, The C = parameter defined by equation (74a) )
I third phase is then the evolution of the blade D = parameter defined by equation (24b)
% shapes that will meet the velccity-alagram re- k. = parameter defined by equatior (23] };
5 quirements and should invclve the use ¢f three-~ g = accglcraticn due tc gravity, 32.17 ft/ .
dimensional design prccedures to obtain the sur- sce” E{
face velocliy distributions (l)l and the exercis- h = specific enthalpy, Btu/lb '
ing of diffusion ceontrols upon these distribu- J = mcchanical equivalent cf heat, (6.2 ft-
tions (2). 1b/Btu ,
R The expected efficiency of the turbine tnat K = ccnstant ¢f proporticnallity, cquaticn -
; i1s evolved to meef the regquiremonts set p in the (22)
F first phase depends upon both the over-1ll gecri- L = blade kinctlic-cnergy losscs cdefined by
etry selccted ip phase twe and the detalled blad- eguaticns (19) and {20) N
ing desigr in phase three. The leve. of effilclen- { = blade helight, ft
i cy expected 1s a functlon of the sccend phase N = number of turblne stages
i threcugh the acrodynamic severity cf the selected Re = Reynolds riumber defined by equaticn (31) .
b vclocity dlagram, The additional effect of the r = mcan-scction raalus, ft :
é thiird phasec ¢n effliciency oceurs as a resuvlt of U = mecan-sccticn blade speed, fps f
ﬁ its sensitivity to such blade and mechanlcal de- V = absol2te gas veloclty, fps ”
E silgn features as surface loading, tralling-cdge W = relative gas velocity, (ps
d plackages, and tip and rwming clearancec. w = Weight-flow rate, 1b/sec
i‘ This pa}er prusents a method of estlmating 4 = rLator angle measured from axial dirce- —
B the level of -fficlency s a functlon of the ticn, deg
? selected velocity dlagrams that are needed in B = roter angle measured from axlal direc- b 4
ﬁ cornducting yhase two, The basic parancter usced tion, deg (j '
g 1s a speed-work paramcter ', defined as the 2 = adiabatic erficiency based on tctal to [l
{ ratvic of the mean-scction tlade speed squared to total-pressure ratio
f Lhe specific wark output, This raran.ter is Y, = adlsb tic c¢fficricney basad on total to o
' Lindlar te che ramiliar "larsen's Characteristic statl -pressare “atlo
Nopber™ deceribed in (). Other factors affect- A = specd-work raramcter, Ui/ pdabt R
| _— A= pas viscoslty, Wb/(rt) (sec)
' 1 Underlined mambers in parcnthescs deslgnate Vo= plade-Jet speed ratio ;g
Refercnces at the end of the paper. ¢ = cas densiiy, jof —_—
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Fig.1 Typical turbine-stage velocity dia-
grams showing noruenclature used

Subscerifes

a = first stage
1 = Intermediate stage
id = idcal
J = denoting Jet velcclty as defined by
equation (1¢€)
{ = 1ast cttzge
ro = rotcr
s = based on total to static conditions

aercss stage cr turbine
S = utator
= tangential component
= axial compon~nt
station upstream of stuge
= statlorn betwcern stator and rotor
= station downstream of stope
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Superseripts

! = absolute total state

- = gvereall
DYVELOTMENT

Speced-Work Tarameter

As pointed out in the intreducilcen, the
A 1c used as the basic
parameter 1n relating the efficlency to the vel-

onieed-wWork parameter

cclity-alagram parameters,
eler 1s deflned as

For a ctage thils param-

2
F

1
gd Ah! (1)

and can be ~onsldered as the ratlo of the enpcrgy
assoclated withh the mcean-secetion blade speed to

the stage speciflc werk outjut. Since the stage
specific work output can be written in terms cof

veloclty diagram quantities as

WL, M

w -
W U 2 u
2 \12 ‘/ ] V2
Y u
A-0.25 A0 50 A:1.09
IMPUL SE ZERO EXIT WHIRL, ZERO EXIT WHIRL

IMPLLSE

Fig.2 Turbine velocity-diagram types used as a function
of sprud-work parameter,)

U AV,
th!' = = ()
gJ
Arother csrression fer A can be cbtained as
X = --As (3)
u

Equation (3) shows that A 3s a measure of the

severity of the stage veloclity diagram in terms
of tne relation of the blade speed te chage 1n
tanger.tlai momentum. Fig.l presents a typ. .1

et ob stapge-velocdty diagrame showing the symbols
and statlon nomenclature used, The whirl parameter
Ay,
vezcciticr at the reter entrance and e¢xit by the

¢can be related to the absclube tangential

following equation:

BV = Vg - V2 ()
Using cquation (2) in (i) a different aay
vields a third equation fcr A as
A - cJ Ah! (
v
avE

uh
—

Thls eyguation 1. used later in the development.
For
ies normally from O to 1,00,

axinl-flow turbines the value of A var-
3 the parametcer ic
varied over this range, the assocliated type of
veloctity diagrar. also changes, These types are
1liustrated in Fig.? wharce veloclty diagrams for
, 0.2%, 0,50, and 1,00, arn

A A value of unity resulis in av, = U,

The velocity diagram uced for

three values of A
shown.
this value gener-
ally utllizes renction
both stator und
As X 1s reduced,

with, however, the
ing until at A=

or a velocldly incrcease
rotor irith zero cxit whirl,
zoro exdt whirl 1s maintalned
renction 1 the retor decreas-
¢.50 impulse conditions arc

Acrous335

rcached. 1n this paper imyalse condltions are
defined Lo occur wnen
; = W s
|'Ju’1 = \"u,,? (,)

of
stallc pressure across Lhe

and approximates the more famililar connotaticn
inmpulse as a censtant

Llade acw,
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References such as (2) have shown marked in-
creases in blade loss as negative reaction 1is
imposed. Therefore a limit on reactior of zero
(impulse conditions) is imposed on every blade
row, In view of this limitation, at values of A
below 0,50 the rotor 1s specifled to operate at
impulse with a subsequent requirement of negative
whirl at the\stage exit. Over the entire range
of A then the stage tangential velocities (ra-
tioed to the total change in whirl AVy) can be
written as

0 £ A 0.5
Ywpl ooagl
avy 2 (7a)
Vu,2 1
v, -3 (7v)
0.50 £ A<1.00
v
u,l _
&V, 1 . (7e)
Vu 2
T d
e 0 (7d)

In the general case of the multistage tur-
bine, it 1s assumed that the mean-section blade
speed U 1s the same for all stages (constant
mean-section diameter), and each stage puts out an
equal amount of work. Therefore by defining A
as the over-all speed-work parameter of the tur-
bine, a relation with A can be obtained as

Y GO | CE
N

gl ah'  NgJ ah!

(8)

Another parameter often used in describing
turbine efflciency is the blade-Jet speed ratio.
This parameter ¥ is defined as the ratio of the
mean-section blade speed to the Jet velocity
corresponding to the ideal expansion from inlet
total to exit static ccnditions across the tur-

bine, That 1s
5 U
V = o=
where
v2
i -
—*- = 3h (10)
203 id,s

A relatlon between V and A can be obtalned by
use of equations (4) to {10) together wlth the
equation for static efficiency

5§ = — (11)

The resultant relation is
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Fig. 3 Graphical relation between blade-jet speed ratio and
speed-work parameter
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which shows the two parametcrs related by the
static efficlency. Therefore, 1f efficiency 1s

a functlion of one of these parameters, 1t must
also be a functicn of the cther. The parameter

A is used herein as it 1s related directly to

the actual velocity diagram whereas V 1is not.

The relation between ¥ and N 1s shown graphical-
ly in Fig.3.

(12)

Relation Between Speed-Work Parameter
and Efficlency

Two types ¢f stage efflciency will be used
in this paper. The first, total efficiency N ,
ls defined as the ratio of the actual stage
specific work output divided by the ideal specific
Wwork output ccrresponding to the tntal to tctal-

pressure ratlic acrcss the stage, That is,
]
| =—A}—17- (13)
A‘hid

The second type is the static efflclency N s
defined the same as the total efficlency except
that the 1deal stage specific work output cor-
responds tc the total to static-pressure ratio

across the stage. In equation form:

(1)

When multlistaging ts considered in this paper,

an over-all static efficiency ™M will also be
ucea, The relation between this efficlency and
the stage values can be obtalned consldering tnat
the stage speclflc werk outputs are the same,
Thus,

< - N Ah!
ah,

1d, o

s (15}




Any effect of reheat within the turbine is neglec-
ted in order that the equations developed are in-
dependent cf enthalpy level. This effect 1s also
relatively small, 1In view of this assumption
Aﬁid,s can te equated to the sum of those occur-
ing across each stage; that is,

&hyg,s = dhiq,a + (N - 2) Anfy 4 * Bhyq, 2,5
(16)

where a represents the first stage, 1 and inter-
mediate stage, and ! the last stage. The dir-
ference in the ideal specific work among these
stages occurs because, since.constant work per
stage 1s specified, the intermediate and last
stage will differ frem the first in terms of the
stator geometry and assoclated loss, and then,
of course, the last stage including the turbine
exit ieaving loss.,

Substituting equation (16} into (15) and
dividing through by Ah! ylelds
- N
"s 1, N-2._ 1
Ta My My (17)

Consideration of the relatiun between the
speed-work parameter and efficiency will be made
using the stage efficiency 775. The equation
for M 1s the same except fcr the deletion of the
stage exit kinetic energy loss term, Neglecting
reheat effects as described above, the 1deal
stage specific work output can be written as

v
2
Bhygq g = &' + Loy + Ly + %e3 (18)
where
v
——— = leaving loss
283 &
Lst = kinetic energy loss anross stator
2
v v2
Ly, = Adl 1 (19)
2gd 2gd
ch = kinetic energy loss across rctor
we 2
. ad2 M2
Lpg = - =5 {20)
2gd 2gJ

See appendix C of (4) to verify equation {18},
Substituting equation (18) into equation (14)
yields

", = o'
v§
Ah' 4+ Le¢ + L., + ——
st o 2g7
Dividing through by AVS and using equation {5)
yleld
A

”E =

(21)

7\+%(A+B)

where
2gJ{Lgt + Lyo)
A= ot (21a)
NG
2
v
B =(-2_ {21b)
avy,
To obtain 7, the term B 1s not usezd. The rela-

tlon between terms A and B and the diagram param-
eters of Interest must now be obtalned.

Conslderation of Blade-Loss Term A

The term A represents the contribution of
the blade losses to the stage inefficiency.

These losses are assumned to be proportional te
the following:

(a) Reynolds number to the -1/5 power.

This assumption represents the normal manner 1in
which the loss 15 assumed to vary with Reynolds
number (2),

(b) The reciprocal of the cotangent cf the
stator-exit angle, This function, described in
(5), reflects the variation in the ratioc of flow
area to surface area,

{(c) The average specific kinetic energy of
the blade rows based on the entering and leaving
velocities, This assumption is described in (5)
where 1t was also assumed that the contribution
of the rotor kinetic energy level to the loss was
twice that of the stator. This assumption will
be used in the subject development with the ad-
ditional assumption that for an interstage stater
between A of O and 0.50 this weighing varies
linearly from 2 to 1 to yield stator losses more
consistent with experiment., Using f{ A} tc de-
note thls weighing function, the following is
evident:

Rotor:
0 < A 1,00 -7
f(A)p = 2
Stator - single or firs% stage:
0 £ A< 1.00
f{A)gy = 1 (
Stator - 1lntermediate stage:
0 € A <€ 0.50
f{A)gy = 2(1 - A)
0.50 <« A C1.00
f{A)ge =1

N

(22)

-
Fig.4 presents a graphical representation of this
function.

Using the assumptions described in the fore-
going, the equation for Lgt + Lpgy can be written
as

-1/5
K Re
Lot + Lpg = _K_(Re)”"/°

2gJ cot a

x [r( A)st(vg + vf) + 1 ,x)m(wf + wg)] (23)




and therefore using equation (2la) the equation
for A becomes

-1/5
A=xlRe)T7 TRSNCR r(A),on] (24)
cot a 1
where
2 2
Va + V
¢ = _0_2_1 (242)
avg
W
av2
u

The relation between the parameters C and D and
must still be determined.

Parameter C. To obtain the stator kinetic
energy parameter C in terms of A let the velo-
cities in the numerator be split up into their
components, Flg.l. This ylelds, when using the
stator-exit axial component of velocity as repre-
senting the average,

2 2 2
- va,l + Vu'o + Vu'l

Cc
ave
or
v ~2 /V N2
€= (1+ 2 cotla ) (—“—ll) +&A—u!2
.Avu vuj

(25)

The value of vu,l/AVu and Vu'o/AVu used depends
upon the type diagram and therefore the level of
> . Using the relations of equation (7) and
assuming in the case of the interstage stator
that the whirl leaving the roter (V, >) is equal
to that entering the interstage stator, the fol-
lowing equation for C is obtained:

Single or first stage: ' 3
04 A¢0.50

C = {1+ 2 cotla )(A +-§)2

0.50< A € 1,00
C=1+ 2 cotla 1

Intermedfiate and last stage: 7(26)
0 ¢ A¢g 0,50
; 1,2 2
¢ = (1+2cot?a)(A +3) +(A-_]2-)

0.50 < A <1,00
C=1+2 cotza.l

7/

Parameter D, To obtain the rotor parameter
D In terms of A the numerator of equation (2U4b)
1s split up into velocity components as dcne for
C, Thus,

2 2 2
va,l + Wu,l + Wu.z

D = (27)

2
ave
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STAGE SPEED-WORK PARAMETER, X

Fig. 4 Variation in f()) with \ as described
in equation (22)

Now
wu,l = Vu,l - U (28}
and

Wy o= V- U - av, (29)

Substituting equations (26) and (29) into

equation (27) an” using the definition fcr A in
equation (3) yield
D=2 cotza 21 Vu, 1 -
Avu
+ _lLLl - A . 1
BVy
Using equation (7) then ylelds
0<A%0,50 i
D= 2cot251 (A +l‘-+-]l
P 2
0.50< A $1.00 (3¢)

D=2cotla + (1 - A)2+ A<

Thus the required expressi-n for D is obtained.

Reynolds Number. In {6) it 1r shown that,
although the Reynolds number based on mean camber
length baslically affects the momentum thickness,
blade helght is the beiter basis because of a
serles of counter-balancing effects on the loss
as described in the reference, Therefore in this
development the Reynolds number Re will be based
on the blade height and in addition wlll be basecd
on the veloclty and density level leaving the
stator:

e = (eViyl
PA
The value of ¢ will be taken tc correspond i-
the turblne-inlet total conditions. If V; is ex-
pressed In terms ¢f Vy and o j; and 1t is assumed
that a ; varles within sufficiently close limits

]
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Fig.5 Turbine-stage efficiency as a function of speed-
work parameter

that the angle effect is relatively small, then
(evyl, 1 (PVy) 2mrd
Re = =
P 27r K

Since 2v»r! 1s the annulus area, the follow-
ing simplified definition is obtained and used in
this paper:

Re =
(31)
The equation in this form can be used to represent

the Reynolds number for the whole turbine regard-
less of numper of stages.

W
T

Consideration of Stage Exit
Kinetic-Energy Loss Term B

The term B represents the contribution of
the stage exit kinetic-energy to the turbine loss
when the efficlency 1s rated based on total to
static-pressure ratio. This tern can be expres-
sed in terms of A by first spiitting the numera-
tor into its velocity components. Equation (21b)
then beccmes

2
Ve 5 4+ V
B = -1;_2_2_11& (32)
Avy

In general, the stage exit axial component of
velocity 1s greater than that of the average
represented by that at station 1. So defining

2
E =<vx,2)
Vx,ln

and using it in cquation (32) yleld

v ¢ VAN
B =E X.l + ul(_
av, avy

Then intrcducing the stator angle a 7,

{33)

6

& oot et g g gt % e e % s

2
B =E cot? ¢y (——L-vu ]\ + (-—J—Vu zj {34)
AVu / AVu
Introduclng then the relations in equation (7),
the following working relations are obtained

0< 4 <0,50

2, 2
B=Ecot2dl</\. +%) +(,\ -%) (35)

0.504 A< 1,00
B = E cot?d;

Summary of Equations Used _

A review of the equations will be made in
functional form to indicate the method used for
computing the stage and over-all erfipiencies as
well as to indicate the required input informa-
tion:

Ns = 1N, Moy My, Ty o) (17)

M= t(A, A, B = 0) (21)

Ns = £{A, A, B) (21)

A= f(K, Re, @, C, D, £{A)ge, £{A),) (24)
B =f(E, a;, A) (35)

C=f1lA, a,) {26)

D=1f(A, a;) {30)

Re = f(w, [ r) {31)

Prom these functlonal relaticnships the fol-
lowing are needed tc make an efficlency calcula-
tion:

w

An «l' E) Kl N

Since w, p , and r are used only to odbtain
Re, with Re used in the efficiency equations,
then Re 1tself will be considered cn the input
variable in the analysis results section.

RESULTS OF STUDY

Stage-Efficlency Characteristics

Using the method Just described for obtain-
ing turbine efficiency for glven diagram param-
eters, the stage-efficlency characteristics were
Tirst computed over the range of P of interest
(0 - 1,00) considering the other parameters con-
stant., The value of K was selected as 0.4 since
this value yielded analytical efficlencies that
checked closely the experimental efficliencies
obtained in the Transonic Turbine Program con-
ducted at the labcratory Eee (1), e. gJ . The
stator-exit angle « 1» Reynolds number Re, and
exlt axial energy parameter E were selected at
representative values of 709, 106, and 1.0 re-
spectively.
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Fig.6 Effect of Re, 1, and E on efficiency
at N = 1.0, K=0.4

The results of these calculations are shown
in Fig.5 where stage efficlency 1s presented as
a function of the stage speed-work parameter A
Considering first the total efficlency % , 1t 1is
seen that at high values of X , % 1is quite
high, 0.88 or greater at values of A between
0.80 and 1.00. As X\ 1s reduced to 0.50 (the
limiting value for zero exit whirl) ? reduces
to approximately 0.84. 1In this range (0.50< A K
1,00) the intermediate-stage curve coincides with
the first-stage curve since thelir respective
stators are identical, At A = 0.50 a break in
the curve 1is seen tc occur and results from the
change from zerc exit whirl condlticens to that
of impulse. Then as A 1s reduced below 0,50,
two curves form, the solld line representing a
first or single stage, and the dashed line repre-
senting an Intermediate or last stage. The
single-stage curve 1s seen toc reduce in value as
A 1s reduced below 0.50 with ¥ becoming C.75
at A = 0,20, As A 1s further reduced, % drops
off very markedly, reaching 0 at A = 0, As A is
reduced below 0.50, ! for the intermedlate stage
starts to deviate dcwnward ccnsiderably frcm the
single~stage curve, being approximately 5 points
lower at A = 0,20, This difference 1in effi-
clency 1s, of course, due to the Intermedlate
stators becoming considerably different from
those of the first stage, having conslderably
more turning and lower reaction.

The stage statlc-efficlency characteristics
are alsc shown in the'figure. The general trends
with A are similar but at a lower level, This
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Fig. 7 Multistage turbine static-efficiency characteristics as a
function of over-all speed-work parameter

of course 1s due to the leaving kinetlc energy
beilng considered a loss. The degree of differ-
ence 1s however considerably different for the
zero exit whirl case as compared te that cf im-
pulse, In the range 0.50< A <« 1,00 the efficiency
difference is 5 to 8 points. In the impulse range
as A is reduced considerably belcw 0.5 this dif-
ference beccmes much 1aréer, being, for example,
17 points at A 0.20 (single-stage case).

This increasing difference is due to the increased
required negative exit whirl out cf the stage.

The effect of independently varying the
Reynoclds number, stator-exit angle, and stage-
exlt axial-kinetic-energy loss parameter cn effi-
clency 1s shown in PFig.6 for the case of the
single-stage A values of 0.25, 0.50, and 1,00,
The solid vertical line in the figure represents
the so-called base values of 100, 709, and 1,
respectlvely, such that the efficlency character-
istlics shown on thils line coincide with those of
Fig.5.

The variation in stage efficlency with Re
is shown over a range from 104 to 107 and shown
for all parts cf the figure a gradual reduction
in dboth total and static efficlency as Re 1s re-
duced, This of course occurs because of the
Reynolds number effect included 1in equation (24)
fecr term A.

The effect of statcr-exit angle a 1 on stage
efficlency 1s shown over a range from 60 to 80
deg. It can be seen that for all A -values con-
sidered the maximum total efficiency % cccurs
at an angle on the crder cf 60 deg with curves
flat in thls reglen., As the angles are lncreased
beyond 70 deg, % starts te fall off markedly.

The indication of an optimum angle occurs because
of the twe counterbalancing effects of the co-
tangent angle function in equaticn (i)

represent-
ing the effect of angle on the surface area per
unit flew, and the angle functlons in equations
(26) and (30) representing the effect c¢f angle
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Fig.8 Multistage turbine static-efficlency characteristics
as a function of over-all blade-jet speed ratio

on the average kinetic energy level and therefore
the loss per unit surface area. A similar optimum
condition 1is seen to occcur for % o but shifting

to a value of a ; on the order of 74 deg. This
large shift in optimum angle occurs because of

the additional angle functions in equation (35)
which reflect in the effect of angle on the stage
axlal component of leaving loss.

The effect of E on efficlency 1s shown over
the range from 1 to 2., It 1s shown only for Vs
since it enters only in equation (35) which af-
fects this efficlency only. The efficlency is
seen to drop off as E 1s increaced and of course
occurs because of the increased stage exlt axial
component of leaving loss,

Over-all Efficlency Characteristics

In order to 1lllustrate the effect of stage
number N on the over-all turbine-efficiency char-
acteristics a set of calculations was made over
a range of N from 1 to 16 using equation (17).
Representative values of Re, « 1» and E were
taken at 106, 700, and 2, respectively. The
value of 2 for E was selected since in general
the turbine-exlit axial kinetlc energy 1s greater
than the average. The results of the calculations
are shown in Flg.7, where the over-all statlc ef-
ficlency ’ﬁs 1s presented as a_fUnction of the
over-all speed-work parameter -\ over the range
of stage number considered., The plot 1is presented
cn a log-log basls in order tc separate the
curves adequately in the 1léw X range. An addi-
tional reason for plotting the curves on this
basis will be described later,

Inspection of Flg.7 shows that for a given
number of stages N the trend of is with A is
essentlally the same as that on a stage basis
(compare with Pig.5), The curves, however, are
displaced toward lower A -values as the number
of stages 1s increased, This occurs, cf course,
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Fig. 9 Comparison between experimental and computed effi-
ciency
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because of the attainment of similar A -values
and therefore comparable levels of Mg at the
lower A values when the additional stages are
used, It can also be seen that in the high X-
range (0.,25% A £1.00) only one or two stages
are necessary for high efficiency. As A is re-
duced below this range, increased number of stages
are required in order to keep the efficlency at
a reasohable level, The dashed line shows the
envelope of maximum 4L that occurs at the point
where A = 1,00. From this 1t follows that at
this maximum efflclency point N = 1/&{ from
equation (8).

As pointed out in the development section,
another parameter, the blade jet speed ratio v ,
1s commonly used for correlating efficiency.

This parameter 1s more meaningful from an opera-
tional standpoint in that the operating condi-
tions, turbine speed and pressure ratio {uniquely

‘specifying Vv ), are imposed with efficiency and

:} being dependent. Since a relation between

A and 7 1s established in Fig.7, a relation
between ﬁs and ¥V can be obtained by using
equation (12). Also from this equation 1t can _
be seen that VY 1s a function of the product 'T'Is?\.
Therefore a line of constaq} ¥ on Flg.7 repre-
sents a curve of constant Mg A . Since the plot
shown 1s on a log-log basils, such a curve would
be a straight line at a slope of -1, One such
line is shown in the figure, that at ¥ = 0,2,

It can be seen that, to achleve a given
increase in effliclency, a larger number of stages
1s required at a constant v than at a constant

; . This occurs because, 1f one conslders a
constant blade speed, an increase in efficiency
at a constant A means at a constant actual speci-
fic work. On the other hand, at a constant V
with constant speed, the 1ncrease in efficilency
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occurs at a constant ideal specific werk. As a
result, the actual specific work increases, re-
quiring the additional stages to yield the same
increment in efficiency.

The efficlency characteristics in Fig.7 are
replotted in Fig.8 as a function of this blade-
Jet sgeed ratio, At ¥ = 0,2 the correspondence
in ’QS with that of the previous figure can be
noted.

COMPARISON WITH EXPERIMENT

The method described in this paper was used
to compute the design efficiency of a number of
turbines that have been investigated experimental-
1y at the laboratory in recent years, These tur-
bines covered the following range of the diagram
parameters used in this paper:

8x10* - 4.6x106

Re

€1 550 - 80°
E 1.3 -1.8
R 0.06 - 0.97
N 1-3

A compariscon of the experimentally obtained
efficlencles with those predicted is presented
in Fig.9 where ccmputed efficilency 1s shown plot-
ted against that measured. Both total and static
efficlencles are shown since some of these tur-
bines were of the turbojet type where total effi-
ciency was measured, and others were of the turbo-
pump and APU type where static efficiency was
considered of most importance, From the figure
it can be concluded that a reasonable agreement
between the experimental and computed efflciency
was obtained.

CONCLUDING REMARKS

This paper has presented the development of
equations to be used in calculating the efficiency
characterlstlcs of axial-flow turbines in terms
of thelr veloclty dlagram parameters, The check
with available experimental data showed that the
method was reasonably accurate in establishing
this level, It might be noted again that the

efficiency level 1s also a function of the design
of the blading to meet these selected velocity

diagrams, The value of K selected was based on
the performance of a turbine that had reasonably
good surface velocity distributions with a re-
sulting near-optimum solidity, close running and
tip clearances, and small trailing edge block-
ages. The value of K would certainly become
higher if the solidities and veloclity distribu-
tions were nonoptimum, or if excessive running
and tip clearances or large trallling-edge block-
ages were used. Such considerations should also
be consldered in the final selection of the de-
sign efficiency level,

Finally, the method described has been pro-
grammed for tie IBM 704 computer at the labora-
tory. Anyone wishing a copy of this program or
Information on the programming method can feel
free to contact the author.
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