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Summary.—The design of a turbine sfage is considéred on the basis of free vortex flow from the nozzles and blades
* and some of the factors which limit the design of an efficient turbine stage are discussed. :

As the flow conditions at the root of the blades are of greater importance in limiting the design than those at the
mean diameter, calculations of the stage performance are made for various values of nozzle angle, reaction and exhaust
swirl at the inner diameter of the nozzles anid blades. The results of these calculations are presented in the form of a

series of curves which show how the design conditions, such as mass flow per unit annulus area, rim speed and Mach

numbers relative to the blades, vary with work output from the turbine stage. These curves enable a quick estimate
ts of mass flow and work output, and an example

to be made of a suitable turbine stage design to meet given requiremen
is given showing their application.

Introduction.—In most text books on steam turbine design the flow relative to the nozzles
and moving blades is estimated on the assumption of a uniform radial pressure distribution at
outlet from the nozzles and blades. This enables turbines to be classified as :—

(i) Impulse turbines—when the pressure at inlet to the blades is equal to the pressure aft
of the blades and the velocity through the blading is almost constant.

(ii) Reaction turbines—when the pressure at inlet to the blades is greater than the pressure
aft of the blades and the flow is accelerated through the blading.

When the leaving velocity aft of the blades is axial the chief factor in determining whether
a turbine works as an impulse turbine or reaction turbine is the ratio of peripheral blade
speed to gas speed from the nozzles. With the assumption of uniform pressure distribution this
ratio is usually determined from the flow conditions at the mean diameter.

It is now well known that the centrifugal forces due to the swirl component of velocity from

the nozzles give rise to a radial pressure gradient across the nozzle annulus. With a uniform

static pressure distribution at outlet from the blades (this is approximately true if there is little
swirl in the exhaust) the pressure drop across the blading is greater at the tip than at the root.
The old distinction between reaction and impulse turbines ceases to apply, and turbines operating
with a high degree of reaction at the blade tip may have impulse conditions at the blade root.
This also means that the gas inlet angle to the blade varies considerably from tip to root. More-
over for impulse conditions at the mean diameter the turbine wotild have a pressure rise across
the blade roots (negative reaction) and with highly cambered blades this unfavourable pressure

gradient may cause high blade losses.

#* R.A.E. Technical Note No. Eng. 287, received 14th September, 1944.
1

(96122) -

R(ﬁ_})ﬂlﬁii‘@‘.’dﬂ RN e,
yd o o
//,

.

t

7 LiBraRY |



To avoid high losses due to the turbine working with an unfavourable pressure gradient across
the blade roots and incorrect blade inlet angles, any basis of turbine design should take into
consideration the radial pressure distribution at outlet from the nozzles. One such method
frequently used, although strictly it is only correct for zero nozzle and blade loss, is to design
- for free vortex flow from the nozzles (and blades if there is any exit swirl) ; that is with constant
axial velocity and with the swirl veloc¢ity in any annulus inversely proportional to the diameter
of the annulus. Unfortunately this adds somewhat to the labour involved in determining the
turbine design.

Some curves have therefore been prepared to enable a quick estimate to be made of the per-
formance and size of turbine required for a given work output. The design is based on free vortex
flow from the nozzles and blades.

2. Method of Design.—At outlet from the nozzles the radial pressure distribution for any form
of nozzle is determined from the vortex conditions for radial equilibrium'. 'When the nozzle angle
is fixed these conditions give the variation in swicl velocity with radius. In the free vortex
design considered here, the law of variation of swirl velocity is given and this imposes a certain
change of nozzle angle with radius. Neglecting losses* the variation in swirl velocity is given
by the free vortex conditions:—

swirl velocity X radius = constant
axial velocity = constant

and the nozzle efflux angle increases with the radius (tan o is proportiohal to 7).

‘Since the density of the gas at outlet from the nozzles is greater at the tip than at the root
(this follows from the radial pressure distribution at the nozzle outlet) and the axial velocity is
constant over the whole nozzle annulus, then the mass flow per unit area is greater at the tip
than at the root. Thus, for constant axial leaving velocity from the blades, the stream tubes for
constant mass flow take the form shown in Fig. 1, and the gas entering the blade at a radius
7, may leave the blade at some other radius #,. The assumption that the gas enters and leaves
the blades at the same diameter, an assumption frequently used in turbine design to obtain
the velocity diagrams, is therefore not strictly correct except in special circumstances.

Using the notation given in Fig. 1, the relation between available, 7.e. isentropic, heat drop
across the stage (from total head to static pressure aft of the blades) work output, losses and
leaving energy for any stream tube is given by :

TAH == m,6, COS oty - 4,6, COS &5 - Ay 22 + 25 L0 + 1cy?

——
work done when reheat losses leaving
is neglected -energy

With free vortex flow design 1,6, COS &y = const ,

9Cq COS oty == const
and, therefore, the work done per 1b of gas is constant over the whole blade annulus.

Although the free vortex flow conditions do impose some twist on the stationary nozzles
they are convenient to take as a basis of design because of this constancy of work done. With
other forms of vortex flow it is generally necessary to integrate over the nozzle and blade outlet
areas to obtain the work done.

* The effect of nozzle losses are considered in Ref. 1. For reasonably efficient nozzles the effect of nozzle loss on the
radial variation of swirl can be neglected.

1 The losses are slightly less than shown when reheat is taken into account.
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" It is readily seen that with'zero swirl in the exhaust the pressure is uniform aft of the blades;
this implies constant heat drop over the stage, and therefore with uniform leaving energy the stage
: losses must be constant over the whole annulus, 7.¢.

C*AH = we, c08 oy + Ay 36+ g v 4 e’

——
Heat drop  Work done Losses, assumed
= constant = constant constant

If the stage losses are not constant the leaving velocity is not uniform and an integration
becomes necessary to obtain the exhaust leaving energy.

‘In these calculations the estimate of the turbine performance was made on the basis of conbtant
stage losses over the whole of the nozzle and blade annulus. For convenience in calculation the
nozzle-loss coefficient Ay was taken to be 0-1 over the whole nozzle height and the turbine per-
formance estimated on the basis of a blade-loss coefficient 1 == 0-1 at the blade root. With
little reaction at the blade root this implies that the blade-loss coefficient increases slightly to-
wards the tip of the blade in order to maintain constant stage losses.

The design considered: here is, in effect, based on root values of nozzle loss, blade loss, nozzle
angle and reaction. This was done in preference to designing on the mean diameter, which
would have given a slightly better estimate of turbine performance based on the same nozzle
and blade-loss coefficients, since the root conditions are, in general, of greater importance in
limiting the design than those at the mean diameter. The lowest reaction and highest inlet
Mach number relative to the blading occur at the root section. Also the root section is the most
important in determining the stiffness of the blade section, and a rough estimate of the section
modulus can be made once the gas angles at the root are known.?

3. Reaction.—In the design curves the reaction is given at the root radms and the per centace
reaction is defined as:—

R t —10001 — Isentropic heat drop across nozzles at root radius
eaction = Isentropic heat drop across the stage from total pressure
before the nozzles to static pressure aft of the blades

This definition means that a 50 per cent reaction turbine has approximately equal heat drop
across nozzles and blades.

With free vortex flow, the estimation of the ratio of rim speed to gas speed from the nozzles
to give a certain reaction at the blade root is complicated by the radial inflow through the blades.
A brief outline of the method used for determining the reaction is therefore glven below and it
should be noted that in the design considered it is assumed that thereis no ““flare” through the
blades, .. the tip and root diameters of the blade at inlet are equal to those at outlet. '

When the blade losses are known the amount of reaction determines the relationship between
the inlet and exit Ve1001t1es relative to the blade. . For no reaction this relationship at the root
of the blade is

v, = vt (1 + ip) .
From the velocity triangles at the root of the blade (with the assumed conditions of no flare
through the blading the gas at the root enters and leaves the blade at the same radius) this gives
for no reaction,

2 .
e {1 + & — 2& cos o} = (1 + 25) ¢,,° {c%g + &% 2% i—;cos ooy {5 .

2

, — (1 + 4 ) 2 Ay e
or £ = , cee e e {1)
2 cos oy, + ( —i— A ) cos Oy '
- ’ % Rim speed
where £= C—h_ = Gas speed from root of nozzles

* The losses are slighty less than shown when reheat is taken into account.
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With no radial flow the ratio ¢,/c,, is obtained from‘the continuity equation for equal mass flow
per unit area at inlet and exit from the blades; 7.e.

P1C1r SIN 0y, = pols SIN &y, , .. .. .. .. .. .. .. (2)

Ci . Py S111 Uy

or = © .
Ciy Pa SHI Oy

With zero blade loss (p;, = p,) and axial leaving velocity (o, = 90 deg.) c/e;, = sin &,  Sub-
stituting in equation (1) gives the well known ratio for impulse conditions and no swirl, namely,
% COS ty, |
¢, 2
Owing to the radial inflow through the blading with free vortex flow the mass flow per unit
area at entry to the blade root is not equal to the mass flow per unit area at exit from the blades
and the continuity conditions expressed by equation (2) no longer hold. The ratio c,/c;, at the

blade root has now to be determined by integrating over the nozzle annulus and equating the total
mass flow entering the blades to the total mass flow leaving the blades.

With axial leaving velocity this gives
7 {7} —‘1/,2} psCs = [piCy SIn oy 2y dy |
and therefore, for free vortex conditions

Co sin oy, [py 2ny dr
C1r 7 [7t2 — 7/1'2] Ps

With reaction the same method is applied for obtaining the speed ratio &, but the equation
giving the value of & now involves a reaction term and becomes

R (14 2y) (1 + &) o)
1 — R —(1‘|‘)‘B)Clrzi""23§2

|
1+
e |

’

2 {cos o + (1 -+ 23)2—2 cos ocer,
1r

where £ is a reheat factor which depends on the nozzle loss, reaction and pressure ratio across
the stage (k=0 for iy =0)

)

__ percentage reaction
and R = 100

4. Gas Angles Relative to Blade.—The gas angles relative to the blades are obtained from the
velocity triangles (Fig. 1). At the root Lo

Ca
& -} —cos oy
cot = CO8 %y = £ cot B, — Ciy ’
iz sin oy, LR ] 27 Cy .
~=SIN &y
Cyy =

5. Efficiency.—The turbine efficiency has been determined from the root conditions with the
assumed values of nozzle and blade-loss coefficients 4y, = 0-1and A, == 0-1. The curves, however,
are plotted so that the general design and efficiency can be estimated to sufficient accuracy for
- values of the nozzle-loss coefficient 1, within the range 4y = 0-05 to 0-15. Unfortunately no

simple correction is possible to allow for other values of the blade-loss coefficient. '
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The actual values of the blade and nozzle losses depend on several factors, such as the geometry
of the blades and nozzles, pitch/chord ratio, aspect ratio, degree of reaction, deflection, incidence
relative to the blade leading edge, Mach number and Reynolds numiber. Ultimately it is hoped
that wind-tunnel tests will provide a basis for the estimation of these losses and so give some idea
of the attainable turbine efficiencies. So far only a few results are readily available, and these
indicate that the mean losses for the aspect ratios normally used (about 2-0) lie roughly between
5 and 10 per cent. (1y and 2, between 0-05 and 0-1). Kearton gives® a curve, deduced from a
few test results, showing the variation in velocity coefficient with nozzle efflux angle, but it is
not known under what conditions of aspect ratio, Reynolds number etc. this applies. The curve
is shown in Fig. 2 plotted on the basis of iy against nozzle angle and indicates a rapid increase
in loss with decrease in nozzle angle below about 15 deg.

Due to gland leakage and tip-clearance losses the actual turbine efficiency will, in general, be
below that estimated on the basis of wind-tunnel tests alone. On this account, therefore, it is
safer to base the estimate of turbine efficiency on slightly pessimistic values of blade and nozzle
loss. :

On the curves two values of turbine efficiency are given:—
(1) Static efficiency 7 defined as

work done + outlet kinetic energy
isentropic heat drop from inlet total-head pressure to outlet static pressure

(2) Total-head efficiency %, defined as

work done
isentropic heat drop from inlet total-head pressure to outlet total-head pressure -

For arithmetical convenience an approximate method was used for calculating total-head
efficiency which assumed that the isentropic heat drop from inlet total-head pressure to outlet
total-head pressure was equal to the isentropic heat drop from the inlet total-head to outlet
static pressure less the heat equivalent of the leaving energy.

The error involved, although generally small, gives a slightly optimistic value of turbine
_efficiency for the large nozzle angles at the higher pressure ratios. '

6. Results of Calculations—The calculations were made for a range of nozzle angles from.
15 to 40 deg. and for ratios of tip radius to root radius of 1-2 and 1-4. The value of specific
heat was taken as 0-274; this gives y/(y — 1) = 4-0. No great error in design is introduced if
substantially different values of ¢, are taken. R '

The results of the calculation are shown plotted in a non-dimensional form in nine sets of
curves. These cover the following range of reaction and outlet swirl.

(1) No reaction at root .. 0 deg. swirl at root, Fig.
10 deg. swirl at ront, Fig,
20 deg. swirl at root, Fig.

(2) 10 per cent. reaction at root 0 deg. swirl at root, Fig.
10 deg. swirl at root, Fig.
20 deg. swirl at root, Fig.

(8) 20 per cent. reaction at root 0 deg. swirl at root, Fig.
10 deg. swirl at root, Fig.
20 deg. swirl at root, Fig.

PND U1 W

P4t (D

0.
1.

Each figure is divided into two parts; one part gives the total-head efficiency, rim speed, mass
flow per unit area and Mach numbers plotted against work done; the other gives the static
efficiency, work ratio and the gas angles relative to the blades at the root plotted against work
done. The first part is the more important for determining the turbine scantlings. The second
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enables an estimate to be made of the blade-root camber ; this is useful in estimating the stiffness

of the blade section. The work ratio was used in the intermediate calculations and gives the

ratio of D '
work output from turbine

available Work for the heat drop from inlet total-head to outlet static pressure

The constants to be used in conjunction VVlth the curves are given in Table 1.

Once the conditions at the blade root are known the conditions at any other radius can be
readily determined. The relationship between root values of nozzle angle, blade inlet and outlet
angles and those for any other radius are given in Table 2. It should be noted that the blade
inlet angle need not necessarily be made equal to the gas angle, since wind tunnel tests show
that there is ysually little change i in blade loss over an incidence range + 5 to — 15 deg.

7. Use of Curves.—7.1. Design of Turbine Stage.—Considering a turbme driving a compressor the
known quantities are

47T, == temperature rise per 1b. of air through the compressor.
Q, = mass flow through the compressor (Ib/sec).
Q = mass flow through the turbine (Ib /sec).
T, = total-head temperature at inlet to turbine.
P, = total-head pressure at inlet to turbine.
¢, = mean specific heat at constant pressure, during compression.

c,r = 0-274, mean specific heat at constant pressure during expansmn through
the turbine.

(c;r = 0-274 should always be taken in using the given curves. The estimated mean ¢, over the
expansion will generally be within F 5 per cent. of this value and differences substantnlly greater
than this have little effect on the design).

The temperature drop per 1b of air through the turbine is

Gy Q 1
ATo=Go72° ¢ ", < AT

where 7,, is the mechamcal efficiency.

With the value of 4T »/To an estimate. of the rim speed, annular flow area, Mach number
relative to the blade inlet and absolute Mach number in the exhaust can be obtairied from the
curves for any root nozzle angle and for various values of reaction and exit swirl. At first it will
be necessary to assume a value of the ratio of tip radius to root radius, but this can easily be
corrected once an estimate of the required flow area has been obtained. The above important
factors governing the turbine design are derived from the curves as follows :(—

(1) Rim speed (ft/sec) = 157-24/T, X value of #/4/T, obtained from curve.
(2) Mass flow per unit annulus area (Ib/sec/sq in).

=1-64 x \/P;%o % value of % J (%: ) obtained from curve.
Q

Mass flow per unit area °

(3) Annular flow area (sq in.) =

(4) Centrifugal-force stress for untapered blade == 0-000605 (rpm/1000)* X flow area in sq in.
(tons/sq in. for blade material with a density 0-3 1b/cu in.).

. im speed (ft/se
(5)’ Rim diameter in inches = errzr;%i?mgogsec) x 0229 -

6




Annular flow area 'll’/"‘ “

(6) Radius ratio (r,r) — 13 % trim diametery T |

(7) Estimates of Mach number are obtained directly from the curves.

In general the turbine r.p.m. will be fixed by the compressor design, and then it will often be
found that the design of turbine is fixed by the following limiting conditions :—

(1) Disc stress.
© (2) Blade centrifugal-force stress.
(3) Mach number relative to blade inlet or in exhaust.
(4) Gas bending stress.
(5) Radius ratio.

In some instances these limiting conditions may also fix the permissible r.p.m. When no limiting
factors are involved there would be some latitude in the turbine design. If high efficiency were
desired the turbine would be designed for a good aspect-ratio blade (2 to 4), a fairly high degree
of reaction at the blade root and no outlet swirl. On the other hand if low weight is the chief
requirement the turbine would be designed with low reaction and exit swirl. |

An example showing the use of the design curves is given in the Appendix.

7.2. Limiting Factors in Turbine Design.—(1) Disc Stress.—This fixes the maximum value of
u/+/T,. 'The actual permissible value depends on the type and size of disc, 7.e. whether the disc
is bored or solid, single or multi-stage, and on the relative depth of blade roots. From present
experience a satisfactory disc design can be obtained with the following rim speeds and maximum
centrifugal stress. ‘ ' : :

(a) 900 ft/sec and 15 t/sq in. for a single-stage unbored disc.

(b) 800 ft/sec and 20 t/sq in. at the bore for a single-stage bored disc with ratio of bore-to-rim
diameter 0-2,

(¢) 750 ft/sec 12 t/sq in. for a two-stage unbored disc.

The value of disc stress for a given rim speed does, of course, depend on the blade and blade-
root loadings, and with lightly loaded discs, rim speeds greater than the above values may be
possible for the same stresses.

The maximum permissible disc centrifugal-force stress depends on the temperature and
material of the disc. For existing gas turbines the centrifugal-force stress is generally about
15 t/sq in. for a single-stage disc and slightly lower for a multi-stage disc having a large disc head.

(2) Centrifugal Blade Stress.—TFor a given rotational speed and mass flow this limits the blade
annulus flow area and so fixes the nozzle efflux angle. Conditions of work output and mass flow
can occur when the centrifugal-force blade stress actually imposes a limit on the rotational speed.

In existing gas turbines using nimonic 80 blade material the centrifugal-force stress in the
blade at maximum r.p.m. is often about 11 t/sq in. The blades have a high degree of taper and
for a parallel-sided blade the corresponding stress would be about 20 t/sq in.

(8) Mach Number—Although no information is at present available to show what limits
should be placed on entry Mach number relative to the blades, entry Mach numbers greater than
0-75 should be avoided as far as possible.

Similarly the Mach number of the leaving velocity in the turbine exhaust should be kept as
low as possible.

7



(4) Gas Bending Sivess in the Blading.—This is often a limiting factor but is one which can only
be taken into consideration in conjunction with turbine weight and efficiency. It is generally
possible to keep the gas bending stress low by increasing the blade chord, and the limit of increase
in blade chord is largely determined by the ncrease in weight of disc and decrease in blade aspect
ratio which the increase in blade chord entails.

(5) Blade Height and Radius Ratio—Even though the blade stresses may not be unduly high,
values of the ratio tip-to-root radius greater than 1-5 are generally undesirable since they give a
highly twisted blade. Difficulties of manufacture are thereby increased.

Also relatively long blades (high aspect ratio) are liable to give greater trouble due to vibration
than shorter blades, and long blades are usually associated with high values of tip radius/root
radius. :

7.3. Two-stage Turbine.—The design-of a two-stage turbine follows from the design of a single
* stage. The leaving conditions from the first stage give the entry conditions to the second stage,
that is, .

A Tle ‘
) ] Lyl
total-head temperature = T, — 47T,

total-head pressure = P, [1

where 4T, is the work output from the first stage.

The work output required from the second stage is AT,, where AT,, = AT, — AT,. In
general a satisfactory design will be given with 4T, approximately equal to 47,

It will usually be found that any conditions limiting the turbine design occur in the last stage
and that the first stage design can be chosen to suit the dimensions fixed by the last stage.

REFERENCES
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2 P.G. Gray .. . . .. The Stresses in a Turbine Rotor Blade. R.A.E. Tech. Note No. Eng. -
: 214. November, 1943. (Unpublished). .
3 Kearton .. .. .. .. Steam Turbine Theory and Practice.



APPENDIX

Example of Use of Desz’gn Curves
As an example consider the turbine design required for the following conditions :—
Q. = @ = 50 Ib/sec,
- A4T,= 175 deg. C,
- Ty =800 deg. C == 1073 deg K,
P, = 57 Ib/in.? (abs),
= 099,
r;p.m. = 12,000.
Centrifugal force stresses in the disc not to be greater than 15 t/sq in. Centrifugal force stress in

an untapered blade not to be greater than 17 t/sq in. Mach number at entry to the blade not to
be greater than 0-75. ‘ .

The stress conditions give a limiting rim speed of 900 ft/sec and a maximum flow area of
195 sq in. These give limiting values of w#/4/ Ty= 0-175 (maximum) and %%’ =0-09

(minimum).

AT, ~ ' . .
From the given conditions Tw = 0-145 and assuming iy = 1, = 0-1 the turbine design
0

for 0 deg. of swirl, impulse at root, 10 deg. swirl, impulse at root and 10 deg. swirl, 10 per cent.
reaction at root can be obtained as shown in the following table.

From the following table it is apparent that with impulse no-swirl conditions at the blade root
any design satisfying the stress requirements gives a high-entry Mach number to the blades.
With swirl the disc stress conditions are eased somewhat since the work output can be obtained
at lower rim speeds, but the blade stress requirement can only be obtained for nozzle angles
greater than 20 deg. when the inlet Mach number is between 0-77 and 0-95. For 10 per cent.
reaction and 10 deg. swirl the results are shown plotted in Fig. 12 and a satisfactory design is
possible for nozzle angles between 20} and 224 deg. In this particular example the limitations
imposed by the disc stresses are roughly the same as those imposed by the blade stresses, but this
would not necessarily hold in other instances.

(96122)
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Design Particulars obtained from the Curves

Calculated for assumed

Calculated for corrected

Assumed 77, #,/7,
- Nozzle
Conditions angle 7 - Remarks
7y u ) Q Vv T() ﬁ uw -Q‘ ) V T()' M 7
VT, S P, 7, VT, S P, | % 7
15 1-35 0-184 0-0872 1-41 0-1832 0-0685 0-63 87 Blade stress > high
Rim speed f 100 11§
Impulse, no swirl .. 20 1-35 0-181 0-0875 1-34 0-181 0-0865 0-72 85-5 | Blade stress too hich
o Rim speed 00 T8
25 1-35 0-173 0-105 1-31 0-1745 0-1035 0-85 83-1 | High inlet Mach number
15 .1-35 0-173 0-0672 | 1-45 0-1725 0-070 0-67 86-5 Bladé stress | 4 ioh
Impulse, 10 deg swirl 20 1-35 0-167 | 0-0875 1-40 | 0-1655 | 0-089 0-77 | 84-8 | Blade stress J 00 M8
25 1-35 0-155 0-104 1-39 0-153 0-1055 0-95 81-5 | High inlet Mach number
15 1-4 0-184 | 0-068 1-415 — — 055 | 87-8 | Bladestress\ ..
Rim speed too high
10 per cent reaction, 20 1-35 0-176 0-088 1-36 — — 0-66 86-1 Blade stress too high
10 deg swirl. o Rim speed 00 g
25 1-35 0-163 0-106 | 1-35 — — 0-83 83-0 | High inlet Mach number




0-
temperature rise of cold air through compresqor X 67974

Q.

"TABLE '1
‘Constants and Definitions Required for Use of Cuyves

total-head pressure at entry to stage in Ib/sq in. absolute - Coes

total-head temperature at entry to stage in deg. C absolute

heat equivalent of work output from the turbine
mass flow through turbine x 0-274

241 Q,

74 0y,

,or for turbine driving a compressor

mass flow- through compressor in Ib/sec

mass flow through turbine in Ib/sec

mechanical efficiency of drive

" nozzle-loss coefficient (defined by nozzle loss = Avze,” where c, is the leaving velocity

from the nozzles)

blade-loss coefficient (defined by blade loss = 1,1v,* where v, is the leaving Velocfty
relative to the blade))

rim speed (ft/sec) = 15724/ T X value of u/4/T, obtained from cﬁrve

mass ﬂOW Ib/sec/sq in. annulus area) = 1-64 - Z’,— X value of g YP—‘_’ obtained
: ~ 0
- from curve o
1 f f f les (f 2 \/ —R) 4 Tw}
velocity of gas from root of nozzles ( t/sec) — 157 { I 4y K

velocity of gas leaving the stage (ft/sec) = 157-2 J { a7, [ZT J

total-head efficiency of turbine—obtained from curve
static turbine efficiency

work ratio obtained from curve

Centrifugal stress for untapered blade = 0- OOOGOS( IOOO ) X S (t/sq in. for blade material
with density 0-31b/cu in.)

Rim diameter in inches —

S

annular flow area in sq in.

Rim speed (ft/sec)
(r.p.m./1000) X 0-229

root

Radius ratm( “p) [ S 4 1" 1/2

(G2 -

root

Total-head pressure at outlet from stage = P, [1 —

=1+ 0- 000598P

7 X (rim diameter)? J
Q (r.p.m./1000)
7,
4 [Value of ¢ \/ ] [Value of —=

AT,
Hr Jh

%Al

Total-head temperature at outlet from stage =T, — AT,

(96122)>
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TABLE 2

" Relation between Root Values and. Values at Awny Other Radius

Root value at radius 7,

Value at any radius # is given by

Gas efflux angle from nozzle

4
%y, tan oy = —tan o
7”‘
7 v ¥
cot fy =—cot B, — (- — -
Gas entry angle to blade Bas by 7, Prr (7, 1')
: X cot o,
7 r 7
cot B, = - cot —( ==
Gas efflux angle from blade Bor & 7% Par (r,. 7 )
X cot a,,
. . 7
Leaving angle from stage = 90° — swirl angle Oty tan oy, = " tan o,
" s r
. 2 9 - 7 e
Velocity from nozzle cq, 6% = ¢, 9 sin®u,, + Sz CosPar,
L P locitv § o 2 . s r2
eaving velocity from stage Cor 62 = c,% 3 sinay, 4 7 Cos%ay,

Static pressure at outlet to nozzles

P {1 (1—R) AT, @
Ir—+0 7

K T,

Degree of reaction

Ry

12
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