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A METHOD FOR RAPID SELECTION OF DESIGN CHARACTERISTICS OF
1-, 13-, AND 2-STAGE TURBINES WITH OPTIMUM ANNULUS TAPER

By Peggy L. Yohner and Robert E. English

SUMMARY

A method 1s presented for the rapid selection of & turbine design
wlthin speclfied aerodynamic limits. Tables present detalled information
on the over-all design parameters and velocity-diagram varisbles of each
design. Charts prepared from the tables facllitate the evaluation of
turbine diasmeter and exit radius ratio for a selected number of stages.
The turbine annulus was tapered to yield maximum work output. Aerody-
namic variables accepted as limiting in the turbine designs were: (1)
turbine rotor exit axial Mach number, (2) blade:row entrance relstive
Mach number, and (3) zero relative velocity change across a blade row.
Several examples demonstrate the use of the charts and tables.

INTRODUCTION

Some of the most important considerations in the Initial phases of
a turbine design are the number of turbine stages, the division of work
between the stages, the zerodynamic limits to be imposed on the turbine,
and the turbine dismeter. A rapid, accurate method of estimating the
turbine diasmeter for a selected number of stages and & given set of aero-
dynasmic limits would accelerate this preliminary phase of the design and
make i1t more definitive.

Reference 1 presents a method for rapid estimation of the aerodynamic
characteristics of l-stage and multistage turbines wilthin specified aero-
dynamic limits. Reference 2 contalns g similar method for l-stage tur-
bines with downstream stators (hereinafter called “l%—stage turbines).

In both analyses, annulus taper is an independent varigble whose magnitude
is left to the designer. Tapering the annulus is especiglly important at
high blade speeds, because turbine work can thereby be increased as much
as 85 percent. The selection of annulus teper for maximum turbine work
(or, alternatively, minimum turbine dismeter for a given work output)
requires considerable effort, even with the assistance of references 1
and 2.

ANCLASSIFIED
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The veloclty-diesgram anslysis of the present report considers tur-
bines having 1, L%, and 2 stages. The data of references 1 and 2 were
extended in the following ways:

(1) The amount of annulus taper was selected to produce maximum work
output. For simplicity, the inner wall of the tapered annulus was assumed
to be conical, even though such a specification probably does not produce
the greatest turbine work within the specified design limits; and the
outer wall of—the annulus was made cylindricel.

(2) For 2-stage turbines, deceleration in the second stator was
avoided. (In ref. 1, exclusion of those turbines with deceleration in
the second stator is left to the designer.)

(3) For those design problems in which turbine diameter is not speci.-
fied and minimum turbine diameter ls desired, cherts were prepared to
pernit rapid determination of turbine diameter.

(4) The range of blade speed was extended to both higher and lower
values. .

(5) The tabulasted results were expanded to present more information
on the internal flow of each design.

The turbine aerodynamic variables accepted as limiting in the design
were: (1) turbine rotor exit axial Mach number, (2) blade-row entrance
relative Mach number, and (3) zero relative veloclty change across a
blade row. Both the turbine exit axiasl Mach number and the blade-row

entrance relative Mach number were varied to yleld turbines of conserva-
tive, moderate, and critical design.

DESCRIPTION OF TABLES AND CHARTS

The sywbols used in this analysls are defined in appendix A. The
derivations of the equations and the methods of analyzing the 1-, L%—,
and Z-gtage turbines are described in appendixes B, C, and D, respectively.

Assumptions

The following assumptions were made to simpllfy the analysis:

(1) There is no radial variation in stagnation state relatlve to the
stator. : - .

(2) Free-vortex flow conditions prevail at each axial station.

(]
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(3) Any effects of annulus wall curvature or radial components of
velocity may be neglected.

(4) The losses cccur as follows:
(a) In a 1l-stage turbine, &ll losses occur in the rotor.

(b) In = l%hstage turbine, the losses corresponding to the

polytropic efficlency all occur in the rotor; additional losses in
the downstresm stator are consldered In the form of a stegnation-
pressure loss coefficient ®p = 0.05.

(c) In a 2-stage turbine, the entropy rise per stage is split,
with one-third occurring irn the stator and two-thirds in the rotor.

(5) The constant value for the ratio of specific heats Tp 1is 4/3.
(6) The turbine polytropic efficiency iy, is 0.85.
2

(7) The smount of exit whirl to be tolersted in turbines without
downstream stators can be assigned as & percentage of the turbine work

_va
Gzozm_
2gJAH

(8) In the l%—stage turbines, the downstream stator eliminates exit
whirl.

(9) In the 2-stage turbines, the inner annulus well is & single
conical surface from the first-rotor inlet to the turbine exit.

The effects of assumptions (4) to (6) on the results of the analysis
are described In the DISCUSSION.

Orgenizablion of Tebles

Each of tables I, II, and TII corresponds to a glven number of stages
and a particular combination of serodynamic limits. Teble IV summarizes
snd identifies these tsbles for easy reference. (In table identificationm,
& Roman numersal corresponds to the number of steges; a letter, to the exit
axial Mach number; and an Argbic numerel, to other limiting amerodynamic
variables.)

Flgure 1 shows the geometry of the turbines and the axial stations.
Figure 2 presents typlcal velocity dimgrams of the turbines. The tables
were prepared with blade-speed parameter ———gi—I as the independent

cr
varigble snd exit radius ratio (;h) as thé parameter.
t/o
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Construction of Charts

Charts were prepared from the tables to facilitate entry into the
tables. Both the =sbscissa and the cordinate of the cherts are dimension-
less quantities that the designer can evaluate from the requirements of
the turbine design. The sbsclssa and the ordinate were obtalned from the
teble informetion in the following menner:

WCDZ ¥l ( Ut )2
=4 (e (1)
*Pq,1%, 1,1 8g,cr,L
and
U 2
~gJAH (—gJAH)( t ) (2)
ag.,cr,l Uf Fa,er,l

2
It can be seen that the gbsclisse of the charts E% has a

“pa 1% a,cr,l
close relation 1o the parameter e described In reference 5, differing
only in that parameter e is expressed in terms of the compressor-inlet
stagnation conditions and this parameter 1s expressed in terms of-the
turbine-inlet stagnation conditions. This parameter 1s ugeful because it
relates the compressor end the turbine in a manner that 1s independent of

actual dilameter. The ordinate of the charts —%&QQE- is also expressed
8g,cr,l

in terms of turbine-inlet stagration conditions énd is independent of

turbine diameter.

The chart numbering system parallels that of the tables; that is,
data in table I(a) are plotted irn chart I(a), and so forth. Each part of
charts I and II represents Informetion corresponding ?o two parts of

tebles I and II so that both (L), pS Linit and fol) < 1.0 were sat-
3/n
isfied; that is, chart I(a)l contalns data from both tables I(a)l and
I(a)3. (Neither table III nor chart IIT exceeds either the Mach number
limit or the velocity-ratic limit.) Bach chart consists of a grid of
curvea representing constant Ut and EQ) . On charts I and II,
Bg,cr,l Tt/o
where applicsble, there is an additional curve representing those designs

v
for which (—é_-)z,h = 1imit and (W‘) - 1.0 simultaneously. Along this
curve, the slopes of some curves are discontlinuous because the turbines
change from Mach-number-limited to velocity-ratio-limited.

GLGY
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DISCUSSION -
Annulus Taper

Figure 3 compares the sttainsble work parameter of high-output
l-gtage turbines designed with optimum annulus taper and that attainable
from turbines without taper. The maximum benefit from annulus taper is
achieved at a combination of high blade speed and low radius ratio. For

I‘h) T U'b
-—) = 0.5 (fig. 3(a when ¥ = 0.8 snd ——be = 1.0, there is
(rt 3 (rig. 3(a)), (a)z,h 8a,cr,l ’

vl
a meximum increese of 85 percent in turbine work; when (?%)h =1.0 &nd
3

U

E;f_ELEf= 1.0, there is a maximum increase of 102 percent in turbine work.
sCcr, .

In the latter case, (%%) = 1.334 (fig. 4 or table I(c)3), which exceeds

2,h
the currently accepted limits; the 85-percent increase of the first example
would be the more realistic of the two. Since both the preceding examples

U
—% - 0.7 and

are extreme, a more typical example might be Sa.cr .1
2 2

b
(;%)3 = 0.5; in this case there is & Z6-percent increase in turbine work
1

when QL'-) = 0.8 and (v-—?) < 1.0.
&/2,h Va/n

Rotor Inlet Mach Number Limitstion

Figure 3 also shows that, if rotor inlet Mach number can exceed nor-
mal limits, large amounts of work are availgble at high blade speeds from
turbines liwmited by veloclity ratio. PFlgure 4 shows the increases in rotor
inlet Mach number associated with this increase in turbine work for high-
output l-stage turbines. In order to show the potential gsin resulting
from eliminstion of the limit on rotor inlet Mach number, the design

U
information corresponding to the complete ranges of E;TEE—I and
2 J

r
(-r% is tsbulated for all 1- and li-stage turbines limited by velocity
@]

retio.

Inlet Radius Ratilo

Pigure 5 shows the variastion of turbine work with inlet radius ratio
for selected high-ocutput l-stage designs. Figure 6 shows this same
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varlation for selected high-output 2-stage designs. In both figures an
arrow indicates the inlet radius ratio that corresponds to the maximum
turbine work and is the design value in the tables. It can be seen that,
as the inlet radilus ratio exceeds the value for maximum work, there can
be & sudden decresse in turbine work. This is most critical at high blade
speeds and high radius ratios.

A comperison of figures 5 and 6 shows that the gain in work from
snnulus taper ls greater In a 2-stage turbine than in a l-stage turbine.

Tr U
For exsmple, when (F%)° = 0.5 and EE#EE—I = 0.6, the increase In tur-
2 2

bine work is 14 percent for the l-stage turbine and 43 percent for the
2-stage turbine.

Retio of Specific Heats Yo

In an effort to determine the effect of changes Iin Y from the

assumed value of 4/3, two l-stage deslgns were re-evasluated for Yp

varying from 1.3 to 1.4. The results are shown in figure 7. For low
blade speeds, there i1s no change in either inlet radius ratlio or turbine
work. At higher blade speeds, the effect is still quite small. The maxi-
mum error Introduced by assuming Tqp = 4/3 over this range is 1.6 percent

in turbine work and 0.6 in inlet radius ratio.

Polytropic Efficiency

In the same way, the effect of varying polytropic efficiency from
the assigned value of 0.85 was investigated by varying np 7. from 0.75
2

to 0.90. The results are shown in figure 8. The effect of varying poly-
tropic efficliency is grester at high blade speeds than at low blade speeds.

The meximum veriation in turbine work is 4.3 percent when g 2; = = 0.4,
U s 2

and 10.3 percent when L T = 0.8. The maximum veriation in inlet
a,cr,

radius ratio 1s 2.5 percent when = Ut = 0.4, and 5.0 percent when

u, 8,Cr,1
————— = 0.8.
8g,cr,l

It should also be noted in figure 8 that, as the assigned value of
turbine efficlency increases, the msximum turbline-work parasmeter decresses.
This veriation in turbine work is a dlrect result of the effect of turbine
efficlency on turbine pressure ratlo. Decreasing turbine efficiency

Py . o)
raises both the pressure ratio 5—2 and the ratio of densitles 53153
o J

SLSY
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acrossg the turbine. This effect cen be simply explained by considering

a set of conditions different from those used in the ansalysis: For given
values of turbine work, blade speed, and inlet and exit radius ratios,
and for a given set of turbine exit conditions, the increased density
ratio accompanying lower efficlency decreases the inlet axial Mach number
and thereby increases the potential turbine work capacity within the
specified design limlts.

Loss Assumptions

Assumption (4) in the DESCRIPTION OF TABLES AND CHARTS considers
that, for 1- and l%—stage turbines, the losses in the first two blade rows

are concentrated in the rotor, whereas for the Z-stage turbines the losses
are divided between the stator and the rotor. In order to determine the
effect of these differing assumptions on the finsl results, three l-stage
designs were computed with the loss distribution assumed for the Z-stage
turbines; thet is, one-third of the entropy rise occurs in the stator and
two-thirds in the rotor. All three designs were high-output l-stage tur-

v
bines <§;§) = 0.7 and (E:) = 0.5). The comparative results are
3,m 8/2,h

shown in the following table:

x U,
r—h) ry L All losses occur in rotor One-third of losses occur in Percent chenge
t/3] "a,cr,l stator, two-thirds in rotor
e I A ] e N (A [ W P Y
E; 2 Ulz.i,zi. 1 pa‘s"u)s’m Ft/2 Uﬁ;5 1 pa.a'a.,cr 3,m) Te/2 Ug,s p“.'.vcr I
0.5 0.1 |0.50 $.061 |O.4191] 0.5742 0.50 8.988 [0.4192 0.5742 ] -0.8 o] [}
.5 1.0 .840] 5.405 0530 5495 .825] 5.148 . 0601 .5514 -1.8 -4.8 |]13.4 -4
.9 1.0 .96 2.210 0050 -S5334 .965 2.188 0052, 53543 .5 -1.1 4.0 .2

The largest change occurs at a high blaedé speed and low radius ratio.
Decreasing the blade speed or increasing the redius ratio causes the
change in turbine work to approach 1 percent. In addition it should be
noted that, of the two welght-flow parameters, the turbine-exit weight-
flow parameter is much less sensitive to the logs assumptions and is con-
sequently more relisble.

Second-Btage-Stator Velocity Limitations

In order to determine the effect of the velocity limits of the
second-stage stator on design turbine work, these limits were decreased
and a selected group of designs was recalculated. Figure 9 shows the
comparative results. At high blade speeds the last three blade rows are
all limited by Mach number. As the blade speed is decreased, the second
rotor becomes limited by velocity ratio while the first rotor and second
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stator remain limited by Mach number. A further decrease in blade speed
changes the second-stator limitation to velocity ratio, and finally at

low blade speeds the last three blade rows sll become limited by veloclty
ratio. The effect of decressing the Mach number limit from 0.8 to 0.7 is

a minor decreasse in turbine work (5 percent at the maximum), but the
effect of decreasing the veloclity-ratic limit 1s a major decrease in tur-
bine work (3L percent or more). As the blade-speed parsmeter was decreased

to 0.2, it became impossible to compute & design for (%f)s = 0.6 &and
,I

v
Qvi)t = 0.9. The velocity level at the inlet to the second stator, dic~-

tated by the limit lmposed, was insufficlent to pass the necessary mass
flow even in a stralght annulus. It should be noted that at the low blade
speeds, where the second stator 1ls limited by velocity ratlo, use of ref-
erence 1 will yield ineppropriate results.

Comparison of Work Available

Figure 10 compaeres the amount of work avallable in 1-, l%, and 2-

stage turbines for selected design limitations. It is interesting to note

that at extremely low blade speeds there is more work availsble in a L%~

stage turbine than in & 2-stage turbine. The large work output of the
L%—stage turbine results from the large tangential velocity at the inlet

to the downstream stator. The inlet tangential velocity accepteble by
this stetor is independent of rotor blade speed and remains high even at

low speeds.
USE OF TABLES
General
The_charts facilitate entry into the tebles when turblne blade speed

and exit radius ratio are unknown and enable the designer to determine
repidly which of the many possible designs is most appllcable to the given

design problem.

The turbine design requirements will commonly consist of:
(1) Angulsr velocity w, radisns/sec
(2) Work per pound of gas -AH, Btu/lb

(3) Welght flow w, 1b/sec

SLSY
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(4) Turbine-inlet stagnation temperature T, °Rr
(5) Turbine-inlet stagnation pressure Pys 1b/sq £t

These turbine varisbles are not convertible to those in the tables without
some selectlon of turbine diameter. However, they are readily expressed
2

in terms of the chart varisbles, namely, . and —%EQQEF
xpa,laa,cr,l aa,cr,l
where
P
= o
Py,1 = I, (3)
and
T
- T
aa,cr,l = TIII + l gRTl (BS)
With calculeted velues for these parameters, it 1s possible to enter any
of the charts and determlne ETL&L'_' and (;h) .
a,cr,l t/o

In order to help determine which of the designs 1s most applicsable,
the tlp radius of the turbine may be calculated by

Ty = Ug Ba,cr,l (4)
8g,cr,1 @

and compared with a limiting or desired value. All designs with too large
a diameter may then be discarded, and only those that are reasonsble
should be further investigated through use of the spproprlate tables.

Interpolation in Tables

Any of the tables may be entered directly if a blade-speed parameter
and exlt radius ratlo sre known for any given set of turbine design limits.
In generel, linear interpolation in a given teble would be adequate, and
no more than one significant figure would be lost in “the result. However,
this is not always true, and the tabulated results should be scapned in
the reglon of lnterest to determine the method of interpolation to be
used. For exsmple, the pressure ratios corresponding to a high blade-
speed parsmeter are extremely nonlinear, and some other method of inter-
polation 1s sdvissble. The turbine characteristics do not vary linearly
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with rotor inlet Mach number; for many 1- and léustage turbines, two
values of rotor inlet Mach number are provided by parts 1 and 2 of tables
I and II and a third value can be obtained from part 3.

To illustrate the use of the tables, an example requlring direct
interpolation is shown. A l-stage turbine, with an exit axial Mach number

(—v—-)s of 0.6, & rotor inlet velocity limitetion (V ) of 0.6, an
m

exit radius ratic (fha of 0.83, and a blade-speed parameter " t T
8.,Cr ,

of 0.562 is investigated through use of the tables. Tsble I(b)l is indi-

- V.
cated. Linear interpolation is used to determine gJAH’ ( £z ) P
uZ PgBa,cr/3,m

(rh) -1 (Vé and ABy Interpolating with respect to Uy
) 5 \T7 . —
Tt/2’ Pz’ \V3/n’ »2-5 8a,cr,l

r - by
holding (;__E) = 0.6 ylelds gJ‘gﬁ = 0.980, and holding (EE) = 0.7 ylelds
£/3 vz £/3

-gdAH T
—E-E—'= 1.221. Then, interpolating with respect to (f%)s between the

Ug
-gJAH
preceding two numhbers yields the final —_EE— = 1.052. TIn a similar way

&
(i), = owsmee, (32), - ousss, 2t = v.en, ()
—Z )  =0.5246, |=2) = 0.663, o= = 1.61 = 0.780, and
Pefa,cr/5,m * Ty /e ’ Py >\ ’

OBy .z = T7.7°

EXAMPLES OF USE OF CEARTS SUPPLEMENTED BY TABLES
Design Specificatlions and Prelimlnery Calculations

To 1llustrate the use of the charts and tables, a turbojet engine
with high weight flow and high compressor pressure ratio 1s investigated.
Pour turbine designs are read from the charts: a high-output l-gstage

turbine, a high-output L%—stage turbine, a conservative 2-stage turbine,

and a moderate 2-stage turbine. The frontal area (in proportion to com-
pressor frontsl ares) of each of these turbine designs is then evaluated
and the most eppliceble ones are chosen. Thesge are further evalusted
through the use of the tsbles.

The turbine design requirements are specifled by the following
conditions:

SLSY

“
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Po
Compressor pressure ratio, P 8.0
in/C
Compressor polytropic efficiency, np c 0.88
2
Compressor equivalent weight flow, (g;—glg) 35.0 (1b/sec)/sq ft
o inAt C
t
Compressor equivalent tip speed, ) 1000 £t/sec
;ein C
Turbine-inlet temperature, Ty 2200° R
Compressor-inlet temperature, T;, o 518.7° R
Compressor-inlet pressure, Pin,C 2116 1b/sq Tt
The assigned quantities are:
Ratio of turbine to compressor weight flow, 1.0
(1+£) (1-b) P
Combustor pressure loss, 2 0.95
Pin/B
Ratio of specific heats in compressor, Te 1.4
Ratio of specific heats in turbine, 1y 4/3
Gas comstant, R 53.4 £5-1b/(1b) (°R)
2 -gdAH, _
The dimensionless parameters Aﬂ%— and 871-3 are then
ﬁpa,laa,cr,l aa,cr,l

calculated for use in entering the charts:

%0 = (7))
¢~ — 1
b, TC J
_ (1.4 (§3.4 )
~ \o.4/\778.2

0.2402 Btu/(1b) (°R)

B Yol
Po

Tep,c
AHg = fr;)c - 1.0 cp,CTin,C

in

129.7 Btu/lb

= :(9.0)0'52""7 - l.O](O.2402)(518.7)
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B = P (52),(5)
o in C Pin B

(2116) (9.0) (0.95)

18,092 1ib/sq ft

_ 18,092
a,1 ~ (53.4)(2200)

= 0.1540 1bv/cu ft, from eq. (3)

= ,Jz(%)(32.17)(53.4)(2200)

2078 ft/sec, from eq. (B5)

o =Q’ G+ £ - b)< Binm

a,1%a,cr,1 V6in/c Pe,1® a cr,l

(35-0)(1-0)(1000) s ‘VSle 7 [(o 15‘.&0)(2078)15'.:I

LS

= 0.0253
-gJ0Hy 3 (32.17)(778.2) (129.7)
z = z
8a,cr,1 (2078)
= 0.7520

Entry into Charts
All the following values are linearly interpolated from the charts.

Example 1. - Entry into chart I(c)l for a l-stage turbine with exit
axisl Msch number of 0.7 and rotor hub inlet Mach number limlt of 0.8
yields

— = Q0.645 and ('—) = 0.840
&,cr,l/T Tt/o,T

2

The location of the point on the chart indicates that the design is
limited by Mach number.

SLSY
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Example 2. -~ Entry into chart II(c)l for a l%—stage turbine with
exit axisgl Mach number of 0.7 and rotor hub inlet Mach number limit of

0.8 yilelds
U T
<—-——-t )T = 0.593 and (—]i) = 0.791

8a,cr,l T+/0,T

The entire range of this chart is limlited by Mach number.

Example 3. - Entry into chart III(a)l for a 2-stage turbine with exit
axisl Mach number of 0.5 and rotor hub and second-stage stator hub Mach
number limit of 0.6 ylelds

U I
<_E_) = 0.492 and (;ti = 0.817
#a,cr,1/T ' t70,T

Example 4. - Entry into chart ITI(a)2 for a 2-stage turbine with
exit axial Mach number of 0.5 and hub Mach number limit of 0.8 ylelds

U T
<__‘°_> = 0.459 and |2 = 0.533
aa,cr,l T It o,T

Evaluastion of Turbine Frontal Area

No limiting value for tip radius is specified in this problem, but
the comparative compressor and turbine tip areas may be evaluated as
follows:

(A_T)t ( Taror, 1) Ca,er,1) T (5)

()G
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Example 1.

(AT) _ (0.645)2(2078)2
t (1000)2(1.0)

(4.318) (0.645)%2

= 1.796
Example 2. -
AT\ 2
(@)t - (4.318)(0.593)
= 1.518
Example 3. -
GCE)JG = (4.318)(0.492)2
= 1.045
Example 4. -
Agp 2
<:‘E)t = (4.318)(0.459)

0.910

It can be seen from the preceding results that, 1f the compressor is
not the cowmponent which limits the engine frontal area, a conservative 2-
stage turbine (example 3) will meet the requirements. However, if the
turbine must be no larger than the compressor, lncreasing the turbine hub
Msch number limit to 0.8 (example 4) will more than satisfy this require-
ment. Examples 3 and 4 are further Iinvestigated through the use of the
tables.

-

SLSY
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]

Entry into Tebles

Table IIT ylelds the following results:

13
Bx- 1 n) Us 1m“i5(P@E;) ﬂg Afyos| Py G@) v Q@) ¥ Gl ¥n
e (rf.)s Sa,ar,l| 2 |\PaPs,er/5,um|\e/2|885.5| B5 Aahﬁ;’” 5,0 \Fz f, (:)z,h i/t (‘)5,11 Vs ("I)L,h

deg

3 ]0.617| 0.492 3.107 0.4636 [0.768|1.673(3.17} 114.1 |-19.0(0.698]| 0.600 | 0.811] 0.600(0.862| 0.600
4 | .533| .459 35.599 4634 .751|2.105 |3.42] 115.8 |-20.9| .807| .800 |*1.000 *.777|1.000( .678

All of the tabulated values were obtained by linear interpolation from
the table except those values marked with a superscript (*). Example 4
is located in the table in & region very near the transition of the sec-
ond stator from veloclity-ratio-limited to Mach-number-limited, and linear

. . V3
interpolation would yield (ﬁ>t< 1.0 =znd (%)S,h< 0.8. Therefore, the

surrounding points were plotted and cross-plotted, and the desired values
were read from the cross plots. In each of the plots, encugh points
beyond the transition point were plotted to determine whether each point
to be used in cross-plotting was limited by velocity rastio or by Mach
number.

It can be seen from the foregoing results that examples 3 and 4 are
almost alike in some respects. There 1s almost the same amount of turning
in the first rotor (a glance will show this is the most critical blade row
in this region of the table) and almost the same amount of exit whirl.
There is less pressure drop across the turbine and less taper required in
example 3. Therefore, if the additionsal 4.5 percent in frontal area could
be tolerated, example 3 would provide the velocibty parameters for the final
design calculations. If the turbine frontal area is critical, specifying
en exit axigl Mach number of 0.5 with a limiting hub inlet relative Mach
number of 0.7 would probably yield a turbine of sufficient cgpebilities
and frontal area to satisfy the requirements.

CONCLUDING REMARKS

A method was devised for the rapid selection of 1-, l%—, and 2-stage

turbine designs within specified aerodynamic limits. The turbine annulus
was tapered to yield maximum work output. For glven sets of turbine de-
sign limits, charts permit determination of attainable vealues of blade-
speed parameter, exit radius ratio, and turbine dilasmeter from turbine
deslgn date commonly specified in turbojet-engine design. For ranges of
blade-speed parameter and exit radius ratio, detalled design information
is tabulated.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, October 17, 1957
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APPENDIX A

SYMBOLS
annular asrea, sq ft

tip frontal area, sq ft

sonic velocity, A/yeRt, ft/sec

critical velocity, 4/;§§ gRT, ft/sec

ratio of bleed air to compressor-inlet alrflow
specific heat at constant pressure, Btu/(1lb) (°R)

diffusion factor of downstream stator blades

parameter used ln relating compressors and turblnes,

2
77
t 3
—, Ib/sec
<At6in %in/c

fuel-air ratio

acceleration due to gravity, 32.17 ft/sec2
stagnation specific enthalpy, Btu/lb
mechanical equivalent of heat, 778.2 f£-1b/Btu
stagnation pressure, 1b/sq ft

static pressure, 1b/sq ft

gas constant, ft-1b/(1b)(°R)

radius, ft

entropy, Btu/(1b) (°R)

stagnation tempersture, °r

static temperature, °R

blade velocity, ft/sec

SLSY
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v velocity of gas, ft/sec

w weight-flow rate of gas, lb/sec

% welght-flow parameter, W/paaa,crAt

a flow angle of gbsolute velocity measured from exial direction
(fig. 2), deg

B flow angle of relative velocity measured from axial direction
(fig. 2), deg

T ratio of specific heats

ratio of stagnation pressure to NACA standard sea-level pressure,

P/2116

Tp polytropic efficiency

e ratio of stagnation temperatbure to NACA standard sea-level tem-
perature, T/518.7

o gas density, 1b/cu £t

o solidity, ratio of blade chord to pitch

o angular velocity, radians/sec

® stagnation-pressure loss coefficient of downstream stator blades

Subscripts:

a stagnation condition

B combustor

C compressor

h hub radius

i ideal -~

in inlet

m mean radius

o exit
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R rotor

38 stator

T turbine

t tip radius

Z axisl component

a tangentiel component

Superscripts:

' relative to rotor

* stegnation state relative to stator, which would exist if only

the exlel component of veloclty were considered

SLS¥
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APPENDIX B

METHOD OF ANALYZING 1-STAGE TURBINES

The following conditions were assumed in the computations for the
l-stage turbines:

(1) Flow through the turbine is adiabatic.

(2) At any given axiasl station, both stagnation pressure P eand
stagnation temperature T are constant radially.

(3) Free-vortex flow conditions prevail at each axial station; that
is,

3(xVg) OV,
= 5= =0 (1)

(4) Tip radius is constant from entrance to exit.

(5) Any effects of annulus wall curvature or radial components of
velocity may be neglected.

(6) The turbine working fluid obeys the perfect-gas law; that is,

% = Rt (B2)

(7) At the mean redius, pV,A is constant from inlet to outlet.
(8) The entire loss in the turbine occurs across the rotor.

The following constants were assigned:

(1) Ratio of specific heats T = 4/3

(2) Turbine polytropic efficiency Mp,T = 0.85

The following quantities were assigned and varied independently:

v
(1) Exit axial Mach number (l)

&/3.m

(2) Either rotor hub inlet Mach number (%%) or rotor hub velocity
2,h

1 >
ratio <§%)
3/h
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r
(3) Exit radius ratio (.r%)s

(4) Blade-speed parameter Ut
8g,cr,L
> 2>

-V,
(5) Leaving loes —2.5,0
ZgJAHi_S

The genersl method of solution was as follows: Values for both inlet
radius ratio (;5)2 and turbine-work parameter :EL__E:Q. were assumed.

h,3
For each assumed value of inlet radius ratio the tufﬁine-work peremeter
was varied until the computed rotor hub inlet wvelocity was equal to the
assigned limit. This assigned limit was elther in the form of Mach number
' Vs
Ge;) s, or velocity ratio (ﬁ%) . The 1nlet radius ratio was repeatedly
2,h 3/h _ )
increased by some increment A(;%)Z, usually 0.005, until the value of

turbine-work parameter began tc decreasse. The greatest value of turbine
work obtalned in thig manner was taken to be the maximum turbine work that
could be achieved by varying inlet radius ratio. See figures 1l(a) and
Z(a) for the axial stations and veloclty dilagrams, respectively.

Conservation of energy requires that
H - B = cp,T(Tl - Ts) = -AH (B3)

where o _ .

L

cp = (B4)

-‘
]
-

Criticael velocity is defined as

2

8g,cr = ?7£}i‘gRT (B5)
Combinstion of equations (B3), (B4), and (BS) yields
Tz vr - 1\ [~83AHy 3\ [ Uy \?
1 Y . Uy a,cr,l

SLSY



4575

-

NACA RM E57J09 . G 21

and

P
( Vo ale (Vg ,3,m gJAH)( Us ) (ﬂ (57)
8'za.,cr 3,m CgdOH) 3 UE 8g,cr,1/ \I3

The definition of total state reguires that

t T - v 2
-1 -EHED) (26)
T r +1 B’a,cr
As an aid in anslysis, a temperature T* was defined
2
Vv
¥ 2]
=T - T&TC—P- (B9)
which is identical to the relation
2
v2
™ = ¢t + 1
2chP (B10)

This temperature T¥ is herein called "axial stagnation tempersture"
because equation (BlO) indicates that, if the static enthalpy is increased
by the klnetic energy contained in the axisl component of velocity, the
temperature reached is T%*. Equations (B8), (B9), and (BlO) may be com-

bined to produce

ez el
RS T J(a cr)z -
where
a = AfveRt (B12)

Equations (B5) and (B12) may be combined to show that

V. v
Z_-.Z2 I_i‘_l% (B13)

8a,cr e z

It is now possible to evaluate the complete velocity diagrsms at the
turbine exit in terms of the critical velocity 8a,cr,3"
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From the isentropic relation

=T
%)r (B14)

and equation (88), the specific-mass-flow parameter can be expressed

1
7T

2 z
oV, - A Vv \'s
—2 {1 . i(e)+( Z) z (B15)
Pela,cr L &a,cr &a,cr 8a,cr

and can be evaluated at the turbine exit.

The definition of polytropic efficiency and assumption (8) result in

,ﬁ*:r___
ﬂp,T YT-l)

P T P
= = -Tl) = o (B16)
3 3 3
From assumption (7)
(QVZA) 2 ! = (vaA) S,m (Bl7)

where

et ]

Combination of-equations (B2), (B5), (B17), and (B18) yields

2

r
)
PV To P Ny
T A = 2 (819)
a a,cr/2,m Pala,cr/3,m 372} ifgj
t/2

Turbine work may also be expressed as

Hl-33=d)

T2V 2

- TV 5

gJ

= -AH

(B20)

GLSY
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Manipulating equation (B20) gives

\C _girE (Ve Uy )
= = = + \T, = (B21)
a,cr/a,t Uy 3,5 \a,cx/1

The complete velocity diagrams at the turbine rotor inlet can now be
evaluated in terms of critical velocity 8g,cr,2"

By use of equations (B5), (B8), and (B1l2), it is possible to write

V! VA 2 1
(?) = (a ) Y +1 _ 2 (B22)
2,h a,cr/2,h T 1 - (Yo )( v )
Vip + aa,cr 2,h

From equation (B5) it is obvious thatb

v.'.% v ) '1'.';_:,)1/é
3,b T

(¥é> _ (?E%éi)z,h (B23)
: (a,cr

The definition of inlet weight-flow parameter is

Kl S cx i es)
where
w = (plvz,lAl)m (25}
and
Ay = wrf (B28)

The combination of equations (B18), (B24), (B25), and (B26) and the
use of assumptions (4) and (8) yield

= (pazz, cr ,m[ C‘k)i—l (527)
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APPENDIX C

METHOD OF ANALYZING 1%-STAGE TURBINES

The following conditions were assumed in the computations for the l%—
stage turbilnes:

(L to 7) Seme as for l-stage turbines (=ppendix B).
(8) The entire loss in the first stage occurs in the rotor.

(9) The chord length of the downstream stator blades is constant
radiaslly.

(10) Annular ares across the downstream stator is constant.

(11) The gas leaving the downstream stator has only axial velocity;
that iB, v6,4: = 0.

The following constants were assigned:
(1 and 2) Same as for l-stage turbines (appendix B).
(3) Mean solidity of downstream stator blades 03,m = 1.5.

(4) Stagnation-pressure loss coefficient of downstream stator bledes
&, = 0.05.
m

(5) Hub diffusion factor of downstream stator blades Dy = 0.4.

The same quantities as for the l-stage turbines were assigned and
varied Independently.

The general method of solution was as follows: A value for tangen-

v
tial Mach number at the inlet of the downstream stabor 1? 3.0 was
assumed. The specific-welght-flow perameter downstream of tﬂe stator was
then computed from two independent relations. In one case @ was used

to determine the pressure ratio through the stator, and in the other Dy
was used to determine the velocity leaving the stator. The value of

v
(Tg was adjusted until the two mefthods of computing —_EZZ__)

843,m Pas,cr/4,m
geve identical results. BSince these computations were independent of both
inlet radius ratic and turbine work, this trisl-snd-error computation was
solved, and then the method of solution outlined in appendix B was fol-

lowed. The axisl stetions and veloclty dlasgrams for l%—stage turblines
are given in figures 1(b) and 2(b), respectively.

SLSY
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From the definition of total state

T N RO 2

Equations (B5), (B12), and (Cl) may be combined to yield

-1/2
e e 5] @

& - @ (& @

The specific-mass-flow parameter at the inlet to the downstream
stator may be evaluated from equation (B15), where

{Vz a8 ) (04)
a,cr3m 3,m a,chm
V, v
.- O
Ba,cr/3,m 2 /3,m\8a,cr/3,m

A derivation similar to that used for equation (B1S) incorporating
assumption (10) yields

( ) (pa a.,cr):’;,_ (cs)
Pels,cr/4,m

Ps

where

and

+d

where == may be solved in equation (B5) of reference 4 as follows:

{p
"I
4.1 .g 1-[1+CT—;->Q[-)2] ’ (c7)
Fs ‘o AT R

W
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Incorporating assumption (11) into equation (13} of reference 4

yields
v IV l
4 8,3
b= <\ B V—> T 2oV (ce)

3 3

The solution of equation (C8) for (F v )4 h is
bl

&, Cr.
(eo)s
)
—.Y_— = -——-V—__ '-Dh + 1 4+ - 8,cr 3)2‘ (cg)
&a,cr/4,h ®a,cr/3,h 20, [—L—
b\8g,cr/3,0
where from assumption (9)
T
1+ (h)
= Oy | ——t= (c1o)

ek

By epplication of assumptions (3) and (ll), equation (B15) may be
written:

L

2 YT-l

V. Tp -1

LA =(V) R . v (c11)
paaa,cr 4,m aa,cr 4,h Ty + aa,cr 4,h

Bquation (C6) yields the specific-weight-flow parameter from the
pressure losses, and equation (C11) gives this parameter from the dif-

Ffuslion factaor.

The use of equatlons (Bl) through (B6) with (C4) and (C5) permits
evaluation of the complete velocity dlagrams at the turbine rotor exit
in terms of the criticsal velocity aa er,3"

Equations (B16) through (B27) specify the necessary informetion

to complete the calculation.

SLSY
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APPENDIX D

METHOD OF ANALYZING Z-STAGE TURBINES

The following conditions were assumed in the computations for the
2-stage turbines:

(1 to 7) Same as for l-stage turbines (eppendix B).

(8) The inner annulus wall is a single conical surface from the
first rotor inlet to the turbine exit.

(9) The axial lengths of the last three blade rows are equsl.

(10) One-third of the over-all stage loss occurs in the stator blade
row and ‘two-thirds in the rotor blade row.

(11) The velocity ratio across the hub of each rotor blade row is
never greabter than 1.0.

The following constants were assigned:
(1) Ratio of specific heats Tp = 4/3

(2) Turbine stage polytropic efficiency
Tp,T,1-3 = "p,T,3-5 = Up,T,1-5 = 0-85

The following quantities were assigned and varied independently:
. \'
(1) Exit axial Mach number \-Z& 5
R
(2) Rotor hub inlet limiting Mach number (L)  1imit = (%),  1imit
g a/2,n a/4,h

(3) Second-stage stator hub inlet limiting Mach number C'Qs hlimit
2

(4) Limiting velocity ratio across tip of second-stege stator
vV
(_3_> limit
Velt,

r
(5) Exit radius ratio |2
r+/5

U
(6) Blade-speed parameter (?afcr)l

2
-V§.5.m

(7) Leaving loss Egmiﬂi—g _ o
S
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The general method of solubtion was as follows: Values for inlet

r -
radius ratio (fh) » bturbine-work parameter gJAH] _5
t/2 Uh-g——s

J

were assumed. For each assumption of inlet

, and turbine second-

OBz _5
AHy g
radius retlo and work perameter, the second-stage work ratio wes veried

until the second-stege rotor hub inlet velocity satlsfied the assigned
l1imits. These assigned 1limits were: elther the rotor hub veloclty ratio

stage work ratio

v e
(vsT)h = 1.0 and the rotor hub inlet Mach number (—a—) 4,h$ assigned value,

Vi v
or (vg)hs 1.0 and (—5-)4,)1 = agsigned value.

A similar restriction was put on the velocity into the second-stage

v
stator. The velocity ratio at the tip (75- A was assigned, and the hub
4

inlet Mach number C—é was evaluated. If this Mach nunber.exceeded its

s
assigned limit, then @)3 n was set equal to 1ts assigned limit gnd the
k)

tip velocity retio (%3.) was computed.
4/%

While the inlet radius ratio waes held constant, the turbine-work
parameter was varied (with the iteration just described being carried out
for each trial value) until the first-stage rotor hub inlet velocity sat-
1sfied the assigned limits. These assigned liT.Pi'bS were ldentical to those

v
for the second-stege rotor; that is, either ‘—rz; = 1.0 and (V)
vl

Do =
' 3/h &2,h
asslgned value, or (V?,-) < 1.0 and Z—) = agsigned value.
3/n 82,0

The inlet rsdius ratio was successlvely increased by an arbitrary

T
increment, A(;-]—n- = 0.005, until the value of over-all turbine-work param-

t/2
eter began to decrease. The greatest value of turbine work obtained in
this manner was taken to be the meximum turbine work that could be

achieved by varying inlet radius ratio.

Figure 1(c) shows the assumed 2-stage turbine geometry and axial
stations, and figure 2(c) shows the velocity diasgrams.

SLSY
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Equations (B3) through (B15) permit evaluation of the velocity dia-
grams, in terms of the critical velocity, and the speclfic-mass-flow
parameter at the turbine exit by rewriting the equations to apply to over-
all turbine conditions where necessary. For example, equation (B6) would

become:
w - (E )
S T -5
— =1 - Dl
Ty (TT +1 a,cr 1 (o)

Equations (B3) to (B5) combine to become

2o T EE )R e

Tg rp+ 1\ g2 A _5/\8g o, 5

and thus all necessary temperature ratios are deflned.

If the expansion across the second turbine stage were isentropic
with the gases expanding from some inlet pressure PS to scme ideal exit

pressure Pz ;, this expansion could be expressed
J

Jr_
-1
Py T\ T
= =\5 (D3)
5,1 S

However, from the definition of polytropic efficiency the actual expan-
sion is expressed

Yo
p,T,3 —S(TT-l)

( (pe)

The losses AS that occur during the actusl expansion may be expressed
in terms of the ideal and actual pressures as

P

R 5

AS, =--ln( ) (p5)
55 F T \Bs 4
From assumption (10)
P P
1 1B (5 ) =Bl %
2
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Solution of equation (D6) for stator pressure ratio ylelds

P _ (P5 )1/3 (D7)

Pz \P5,1

Equations (D2), (D4), (D7), and equations (B15) to (B21) permit
evaluation of complete veloclty diasgrems at the second-stage rotor inlet

in terms of the critical velocity &, .. 4, Where
J 2

—gJAHS_S _ -gJAHl_'s AH3_5

oz Z M el

and evaluation of the specific-mass-flow parasmeter, where

(2,46, )

from assumptions (8) and (9).

Equations (B22) and (B23) define the second-stage rotor hub inlet
1

v'
velocity in terms of the specified limits (—a—) and (V—%) .
4,h 5/n

A derivation similar to that for (BL9)} yields

r 2

1 - ()
p & " \pa P T\ 2
a“a,cr/3,m a a,cr/4,m\"3 1 - (.E)
Tt/3

where

I r
@) -5, )
Ty /3 It/2 I /5

from essumptions (8) and (9).

From assumption (3) and the velocity dlagrams
2 2 2 2 2
o R ESD, - €25 e
Bg,cr/3,m Tn/3|\Va/t Ea,cr/4,t &a,cr/3,m

e——

SLSY
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where
Ty 2
L. 2.0 _ (D13)
I‘m rh
1.0 4+ —
e

\
and ({i‘)‘t has been assigned. Substitution of (D12) in (B1S5) yields

-1
z VIt
cr)‘1= t}) (D14)

\'Z V,
Z ) may be evaluated and then (a 6 ) may
a,cr/3,m a,cr/3,m

be evaluated from equation (D12).

From equation (D14} (a

A derivation similar to (B22) yields

I 2| : (
A = D15)
2/3n  ®a,cr/3,h NYT + 1'-1 _ (TT__'j)(__V )2

T +1 aa,cr 3,h

If the result of equation (D15) exceeds the assigned limit, (g) is
set equal to the limit, and from equation (Cl) 3,h

(D16)

i =(§)3h TTz‘*lr -11 _
) ’ ANEEETN

a,cr/3,h
From assumption (3) and the velocity dlagrams

2 2 2 2
v (‘r ? Vv
8g,cr/3,m Tm/3 {\&a,cr/3,h 8a,cr/3,m

where
r
2 b
T T
. t (D18)

rm . Ih

1l + .=

Ty
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Substitution of equation (D17) in (B1S) yields

oL

v V. Te-lf Vv 2 rh 2 T
G2 €20 FR D O RIED)
pa.aa,cr 3,m B‘a,cr 3,m 7T+l &,Cr, a, 3,

v
Vz 6
Again (‘ ) may be evaluated from eguation (D19) and then (5————)
&a,cr/3,m 3,m

a,cr
may be evalusted from equation (D17). Velocity diagrams and assumption
(3) permit evaluation of (§:¥E; 5,4 and then

(%) - & )s.e

A % (D20)
Ba,cr/4,t

It is now possible to evaluate the complete velocity diagrams at the first
rotor exit in terms of the critical veloclty a4 cr,3-

By repeating the procedure outlined for the second-stage rotor, the
specific-mass-flow parameter, the velocity diagrams at the inlet to the
first-stage rotor in terms of the critical velocity a, r 2, and the

Tirst-stage rotor hub inlet velocity in terms of the specified limits
L4

\'J
(%;) and (ﬁé may be evaluated.
2 3‘’h

A derivation similar to that for equation (B27) yields

Gl Q’az‘z,cr) [ C‘h] (p21)
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L NACA RM E57J09

TABLE IV. - SUMMARY OF TURBINE DESIGN CONDITIONS

1-Stage turbines l%--Sta.ge turbines

2 Table Teble
(L) v\ |-V6,0.m (V__) (z'_ A

& 2,h v:‘S h 2 & 3,m 8 2,h V.":’) h
0.6 |<l.0 0.01 |I(a)l]| 0.5 0.6 |<1.0 [Iz{a)l
.8 |<1.0 I(a)2 .8 |<1.0 |1II(a)2
-—— 1.0 I(a)3 — 1.0 {I1(a)3
0.6 |<1.0 0.02 |T(p)1l| O©.6 0.8 |<1.0 |TI(b)L
.8 |<1.0 IEb)Z .8 |<1.0 [IX(p)2
——— 1.0 I(v)3 - 1.0 |TI(b)3
0.8 |=mw== 0.02 |I cgl 0.7 0.8 |<1.0 |II(ec)1
1.0 [<1.0 I(c)2 1.0 |<1.0 [II(c)2
- 1.0 I(c)3 - 1.0 |II(c)3

2-Stage turbines

e

2 Teble
92 0. ., . 3. D
8/2n 3,0 \®/4,n|\"s/n \V&/t \V5/n| 2&870E
0.6 '

. <1.0 0.01 |IIT{a)l
=.8 £1.0 I1I(a)2
<0.6 <i.0 0.02 |III(b)l
=.8 =1.0 III(p)2
<0.8 <1.0 0.02 |III(c)
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(a) 1-Stage turbines.

—

(c) 2-Stage turbines.

Figure 1. - Annulus geometry and axial
stations of turbines.
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(b) I%hStage turbines.

(¢c) 2-3tage turbines.
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Plgure 2. - Typical velocity diagrams for turbines.
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(a) Turbine-exit redius ratio (-—h) = 0.5.
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Blade-spaed parameter, na—e_gﬁ r
¥

- (b) Turbine-exit radiva Tatio (—r—h-) - 0.7,

Figure 3. ~ Effect of anmulus taper on work output of l-stage turbines. (1";)5 o - 0.7,
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Flgure 4. - Rotor-inlet Mach numbers for high-output

1-stage turbines with optimum tsper limited by
v ¥
2
velocity ratio. —_ = 0.7; = 1.0.
a 3m ! (vgh
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Pgure 5. - Variation of turbine work with inlet radius ratio in high-output l-stege turbines.
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Turbine-work parsmeter,
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Figure 6. - Variation of turbine work with inlet ragius ratio in high-output 2-stage turbinea.
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Figure 7. - Effect of varlation in ratio of specific heaits on
inlet radius ratioc and maximum work of l-stage turbines.
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t0 maximum work output.
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Turbine polytropic efficiency, Tp,T
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Pigure 8. - Effect of.varistion in tur-
bine polytropic efficiency on inlet
radius ratio and maximum work of 1-

stage turbines. =2 = 0.7;
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Figure 9. - Effect of second-stage stator-velocity limitation on design work of 2-stege
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Figure 10. - Compsrison of work avallsble in 1- 1i-, and 2-stage
turbines for selected serodynamic limlts. j

T 1
+ /o in,R,h e in,S,h

Vin Vin
— limit = r limit= 1.0.
Vo /R,A o /8,t :

slsy



4575

NACA RM E5TJ09

69



L NACA RM E57J09

e 2 )
H \Tt/3
FEEE 0.9 N

slay

-gJAH

83,cr,1

Dimensionless turbine-work pareameter,

& .7 TEas
4 H 1}
.6
B x HHH
. 1L .5
: a3 / Ut
i ) H :,aa,cr,l
} X i il
1.0 shas
- l :
13 ganm
1 Iy H =4
i )
i H
az. b
i i i
HH
1 L]
i 1
1 3 -8 e
EREE A . 7
HH :
£ 311
' e i R .6
v i H 1 H
- ARARS Bt (v i
+ Ni _.:E - = 0.8 H
R HeH H H Frh 2;h
EEEH R TP R
‘:' - H ST H L4 f Vé H
: =1} = 1.0
b -] v, h THH
H HHE " 3
H . 2 R P - :

.02 .04 .06 . .08 .18m2 A2
Dimensionless turbine weight=flow - speed parameter,

3
#Pa,1%s,cr,1
V! Ve
. \a <0.6;{yr] =1.0.
2,h 3/h

(a) (%5)3 = 0.5. )
s

Chart I. - l1-Btage turbines. v



4575

NACA RM ES57JOS

~gJAH

2

Dimensionless turbine-work parameter,

a,cr,l

a

.8
! T .6
1.4 } N
¥ .5
T Uy
1 2a,cr,1
H1.0;
1.2 T H
% .9
1.0 1
.8 2
: ]
.6 f
.7
4 =
.2 Tanmn " £.5
FH -----“” B .4.
o] .02 .04 .08 .08 .10
Dimensionless turbine weight-flow - speed peremeter, ————w—"z%———
TPg,1%,cr,1

1
¥ Vz)
2. \ & <0.8 - <1.0.
(“)z,h- ; (Vé n

(a) Concluded. (—z) = 0.5.
. a 5,m

Chart I. - Continued. 1-Stage turbines.

71



4575

NACA BM ESTJ09

72

* . Iy
Tt ‘e x t = ¥ FoI ¥ nw. —HHEE T 1 : w.u_
+H am tH t b + i : 4
: ¥ T ¥ 1
T 1 Ht
1 - ]
1 T
+ i I
T 1
o o "
3 Q
A s -
-~ o -..
| 8|28 .
HitH
J | P e e )
4 @ T
B = H =
i aun 5
L 1 0
1xn X" %
.- .
t
HE
12 3 :
D HHH H
e ;
T
¥ A .
HHH I 1)
. O o
} g <
0 H }
M * 1y 8
T anm
us ettt
a3
H
o . :
A i manm
b
L = :
o Yt 1
[P : &
mans I
1 o anes . = I T ai
H e eran H
Nu 1 NN
1 '~ 3
i * FETITT
W ey
[ o o2
rorerotreriEe H i
Q ©0 A o o @ 0 ~ o o
. . . . . v . . .
— ~ — o~ —

fxo¢r
T (]

—— 2 ‘roqomered FIOM-SUTQANG SESTUOLSUSUL]
Tora- 2 X

Pa,1%,cr,1

x
1-Btage turbines.

- Continuved.

Chart I.

Dimensionless turbine weight-flow - speed parsmeter, ———g——



[}

4575

CW-10

NACA RM ESTJ09

Dimensionless turbine-work paremeter,

8a,cr,1

= )‘
1.8 ;2
HE
.8
1.6 7
.6
.5
1.4
Ug
8p,cr,1
CHPe] l.o
1.2
.9
1.0 H
.8 .8
.8
.7 HR VY
T a/2
4 g :'
. .8
F :/Vz
lgr] =1
V= /n
.5
.235_1- =
o4k
T .2 I
[o} .02 .04 .06 .08 2 .10
Dimensionless turbine weight-flow - speed parsmeter, — S — —
Kpa.,lai,cr,l

vl
v’ 2)
2. [— 0.8 (—-,- <1.0.
(E)Z,h ; Vz/h

z
b) Concluded. —') = 0.86.
®) (a 3

F).

Chart I. - Continued. 1-Stage turbines.

73



74

IAH
2
a,0r,1

a

Dimensionless turbine-work parameter,

NACA RM ESTJO9

it g
1.8 : .7
£
1.4 5
1 -t
i e, 00,1
== 1.0
1.2 k
.9
1.0
.8
.8
P B zzesbeinan
- HH .7
.4
¥ 0.8
; ey Baanii FH
2 145 t HH
H 1T ) Hi T+
3
g .2 i Eatt
.02 .04 .08 .08 10 .12
° W

Dimensionless turbine welght-flow - speed parameter,

— e
(V') (Vé) %Pg,1%g,cr,)
i. {— < 0.8 £ 1.0.
a Z,h 3 F

v
(e) |2 = 0.7.
a8/3,m

Chart I. < Continued. 1-8tage turbines.

ol

4

gloy -



4575

CW=10 back

NACA RM ES7J0O9 o

2
8a,cr,1

Dimensionless turbine-work paremeter,

1.8

Ut

:a'a.,cr,l

—

1.0

1.4

,..
MRy

P

H iH.2

o] .02 .04 .06 .08 ol .10
Dimensionless turbine welght-flow - speed parameter,

3
¥ v %Pa,18s,0r,1
2. T Sl.O; vr <1.0.
2;h 5/h

¥

z
(c) Concluded. (T) = 0.7.
3,m

Chart I. - Concluded. 1-8Stage turbines.

75



76

-gJAH

2
8g,cr,1

Dimensionless turbine-work parsmeter,

8.8
H .7
1.4
.6
5

1.2
1.0

.8

8
.6
.7
.6
.4
H f .5

PN EAEESAT NE! .4

o] .02 .04 .08 .08
Dimensionless turblne weight-flow - speed parameter,

_wf
3
"Pg,1%,cr,1

1
1 VZ
1. (V—a') = 0.6} ('\TT) < 1.0.
2,h 3/h

{a) (sz)s o 0.5.

Chart II. - l%-stage turbines.

RACA RM ESTJ09

slgy



4575

NACA RM E5T7JO0S

~gJAH

2
®a,cr, 1

Dimensionless turbine-work paremeter,

SO 77
.8
7 .7
1.6
.6
E.5
1.4 : L
Ba,cr,1
1.0
1.2 '
.9
1.0
’ ; .8
f=1
1.6
-4 7 .5
' (), -
FEEC e - 2/2,h :
.4 =
(32), = o
'—r = -
.2 = Vs
.2
o] .01 .02 .03 .04 .05 P .06 07
Dimensionless turbine welght-flow - speed parameter, —_—
v V3 *Pg,18a,cr,1
2. - £0.8; I =< 1.0. )
2,h 3/h
Vz
(=) Concluded. { = = 0.5.
&/3,m
$

Chart II. - Contimued. 13-Stege turbines.



NACA RM ES5TJO9

4575

10

wo?

.08

.08

.04

%Pa,l18%a,cr,1

v o
6; -v—s,-h<l- .

=0

v')
&/z,h

= 0.6.

13-

-v—z-)
a 3,m

(b} (
- Contlinued.

Btage turbines.

78

1 (

.02

Chart II.

[ 1]
o r~
° et ¢
-1 @ HH
£ n o 3
2lo
-
%_r_ H
PHHHT
THUTH
o FEREEEEEECY H
’ i 1
FIE H
] i
sy &
.
1
a
at :
i i S
. H P i
amnu u o '3 :
@ M1 u HH, H :
M T ANE 1T Fl
T
HH
et Ll ymguRR 2w, ! N 1
: HHHH :
: R P P
@ i ~ . < . . «
i A ~ A
' [t
Tfao‘e,

4

— ¢ -
e Joqemesed YIOA-SUTQINY SS3TUOTSUSWE(

Dimensionless turbine weight-flow - speed parameter,

0



4575

NACA RM E5T7J09

~gJAH

2

8a,cr,L

Dimensionless turbine-work parameter,

.8
e 7
1.8 R
.8
5
1.4 ": Uy
2g,cr,1
1.0
1.2
.9
1.0
.8
SR
.6 .
.6
-4 : 5:
4
Y v ]
.2 7r (— = 0.8
b '3‘ &/2,b
£ - 1.0
.1 B \Vsh -
) .02 .04 .06 . .08
- Dimensionless turbine welght-flow - speed peremster,
W
% ad
pa.,l a,cr,l

4
¥’ vz
2. (- <0.8j (—s) <1.0,
(a)z,h Vi/n ~

(b) concluded. (.vl) = 0.6.
e 3,m

Chert IT. - Continued. J%'--Bta.ge turbines.

79



80

-gJAH

2
8g,cr,l

Dimensionless turbine-work parameter,

.8
«7
1.8
HEr .6
.5
1.4 Ug
8g,cr,1
1.0
1.2
.9
1.
.8
4
.6
-4HEE .5
A
° .3
H .2
%Y
4] .02 .04 .08 .08

Dimensionless turbine weiguh;é;-flow - gpeed perameter,

() (v?z_)s n - 0.7.

2

Chert IT. - Continued. li-Stage turbines.

NACA RM E5TJO9

glsy



NACA RM E5709. SR

2.0 prre
0.9 2)
BHE\Tt/3
.8
1.8 +
.7
.6 ,
1.8 4 .5 +
Uy,
: HHF 8g,c0r,1
1.0
1.4
5 b
g 5 ]
t Nuld ; H
g 1.2
3
]
(=1
,: .8
g 1.0 : 7
4
£o
",’—:_! ¥
o .7 85
w a I =
o .8
g :
3
u
o
a 7
a | : -6
5
1]
.4 (!—) = 1.0
¥ e/2,h ,
.2 A
(7") = 1.0
BAH .1 3/h
o] .01 . .02 .03 .04 .05 wmz .06 07
Dimensionless turbine welght~flow - speed psrsmeter, ———————

*Pa,1%a,cr,1

v'
2, (3-'-) <1.0; (T?) <1.0.
8j2,h z/h

(¢) Concluded. ({1) = 0.7.
3,m

Chart IT. - Conciuded. J%—St-.age turbines.

81



82

~-gJAH

2
8g,cr,1

Dimensionless turbine-work parasmeter,

L Y NACA RM E57J09

2.4 Jl:{
i
2.0 lL_ U‘t
[y H
RN Za,cr,l
i 0.8
EtE I_-’- Jill | "
l'6 1 A | =
I u
i H .7
IREESEES B
1.2 H
f i .6
.8 i
I HE -5
Lp ] (3 "
.4 ; R
0' ! " | |r”zejr
- .8 e 5
zrh) 1.6
Ty i+ 5
/S FHHEH
0 .01 .02 .03 .04

Dimensionless turbine welght-flow - speed parameter,

war”

e

3
Trpa,laa,cr,l

"\&/2,n” \&/3,n" \%/e,n ™ "7 \Va 0’ \Ve v’
vz)

a - = D

(a) (a 5,m = 05

Chart III. - 2-Stage turbines.

N
SN
=3
A
=
e



83

.03

2. 4

HH

L .5

.3

.2

02

imm

g5

.6
Nesk

. T TR

-

Pyt

S

aa.,cr,l

)

Th

by

1

4 K1
s iy
" L

T
L
e

(

axma

2.8

.'..mml ‘xoqouwsred YIOM-IUTQIN] SEOTUOTSUSWI]

NACA RM ES7J09

I
£ |8
mzf
g |
s §
4 &
Q

A

Y.
?’) = 0.5.
Sm

(a) Concluded. (

2-8tage turbines.

Chert III. - Continued.



84

-gJAH

a2

Dimensionless turbine-work parameter,

a,cr,l

L . NACA RM ESTJ09

2.4H0 .
: 1 W i U 113
2.0H = T L
: H NE “a,cr,l CHHEHE
S G 0.8
SR S
AN N -
1 n N
l.6 ] :::‘ N FH
.9} e N L 7 :
- i “_ i+ unBERRkE
-8 b
1.2 H 55 T am 1] HH =
. o7 H
-_¢ H
Tt J'J T : ] rh) _-
lll ” TTTINL H 6: — 1
) ...6.' HA \Tt /5 T
.8 ) d’_‘” I Lulr‘ .
n 4 i _-O'éﬂ—--—-
R T 1
HHH =
] e Y, .5
s EH 17 e /
-4 B T H £ e
i |
H ._l | i 1T i _#u. H Ll 1 '__ ]
A e S S
0 .01 .02 .03 .04 2 .05
Dimensionless turbine welght-flow - speed parameter, wws
"Pg,18g,cr,1

"\2/2,n’ \&/3,0" \®/a4,n T P\ Ve \Va ' \Vs/y T

(v) (VZ) = 0.6
2)g.n OO

Chart IIT. - Continued. 2-Stage turbines.



NACA RM ES5TJO9

~-gJAH

2
8a,cr,l

Dimensionless turbine-work perameter,

2.8 ¥ b +H
- E Uy
‘ t 8o, 0r, L
TR
2.0 BNk
e
EE AT ~
§i2En ShIE L e
1.6 H E‘%
SEEENSEEILNEIANLN I”E::
R L s
L.2E L3 {
.9 3 1
HE H
-7 4 LS
.8 } -6 £E
m : 1__ HY
L
r HEH
AL, # .4
.4 [HHEERDE ' P
e 1 A
f Tafats 55 py -3
i . 2
HH T {1 B
s} .0l .02 .03
Dimensionless turbine welght-flow -
w2

speed parameter, —_——
RPg,18g,cr,L

4 1
2. (Y_) , (z) , (v_) < 0.8;
a/2,n” \&/3,n \&8/4hn
(-V_z') (Vs) (V‘i) < 1.0
1 ) v ]2 = Ve
\Vz/n Y/t \Vs/n~"

Vg
'bCoclded.(—) = 0.6.
(b) Conclu 2/5,m 0.8

Chart ITT. - Continued. 2-8Stage turbines.
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Chaxrt III. - Concluded. 2-8tage turbines.
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