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Summary. The design of a turbine s{age is considered 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 and 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 re la t iveto  the blades, vary with work output from the turbine stage. These curves enable a quick estimate 
to be made of a suitable turbine stage design to meet given requirements of mass flow and work output, and an example 
is given showing their application. 

I rgroduction,.--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 tile 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. 

I t  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 annuhls. 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 would 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. 
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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 velocity 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 Des ign . - -A t  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 swirl velocity with radius. In the free vortex 
design considered here, the law of variation of swirl velocity i s 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 × radius = constant 

axial velocity = constant 

and the nozzle efflux angle increases with the radius (tan ~ is proportional to r). 

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 pres.sure 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 tile 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 
f~ may leave the blade at some other radius r~. 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, i.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 

?~H = ulcl cos ~1 + u2c2 cos ~ + ~.~ {c~ ~ + Z~ ½v~ ~ + {c~". 

work done when reheat losses leaving 
is neglected . energy 

With free vortex flow design ulcl cos cq = const ,  

?'~sCs COS Ct 2 ~ c o n s t  , 

and, therefore, the Work done per lb of gas is constant over the whole blade annulus. 

Although the free vortex flow conditions do impose some twist on the s tat ionary 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 tile 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 tile 
radial  var ia t ion  of swirl can be neglected. 

The losses are sl ightly less than shown when reheat  is taken into account.  
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It  is readily seen tha{ wi th  zero swirl in the exhaus t 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, i.e. 

*AH = u:c: c o s  (7.1 --~ /~N ½el 2 @- ~B 1 9. + l c ? .  

n e a t  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 constant 
stage losses over the whole of the nozzle and blade annulus. For convenience in calculation the 
nozzle-loss coefficient 2~ was taken to be 0.1 over the whole nozzle height and the tm'bine per- 
formance estimated on the basis of a blade-loss coefficient ZB -- 0.1 at the blade root. With 
1Ktle 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 t h e  design than those at the mean dianieter. The lowest reaction and highest inlet 
Mach number relative to the blading occur at the root section. Also the root section i s t he  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. Reactio.n.--In the design curves the reaction is given at the root radius and the percentage 
reaction is defined as : - -  

I Isentropic heat drop across nozzles at root radius ] 
Reaction = 1 0 0  1 - -  Isentropic heat drop across the stage Iromtotal  pressure ] before the nozzles to static pressure aft of tile 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 given below, and it 
should be noted that  in the design considered it is assumed that  there is no " f la re"  thrdugh the 
blades, i.e. 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 relationshi. . p between 
the inlet and exit velocities relative to the blade. ~ For no reaction this relationship at the root 
of the blade is 

U12 ~ V 2 

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, 

c:? {l + - cos  < ,}  = (1 + c .  t + + - cos  
Clr J : . 

or ~ =  

where $ -- 

Cg ~ 

Clr 2 

2 cos ~.  + (1 + &) c~_ cos ~,  
Clr 

Rim speed 
C l  r - -  Gas speed from root of nozzles 

. . . .  (1) 

* T h e  losses a r e  s l igt l ty  less t h a n  s h o w n  w h e n  r e h e a t  is t a k e n  in to  accoun t .  
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With  no radial flow the ratio c2/c~ is obta ined from the  contfinuity equat ion for equal mass flow 
per uni t  area at inlet and exit  from the blades ; i.e. 

p~,c~, sin cq, = p2c= sin c~,, . . . . . . . . . . . . . . . .  (2) 

o r  
c~ p~r sin Cqr 
c~, --  p~ sin c%" 

With  zero blade loss (p~ = p~) and axial leaving velocity (c~, = 90 deg.) c2/c~ = sin cq,. Sub- 
s t i tut ing in equat ion (1) gives the  well known ratio for impulse conditions and no swirl, namely,  

COS C¢lr 

Clr  - -  2 

Owing to the  radial inflow through the blading with free vortex flow the mass flow per uni t  
area at ent ry  to the  blade root is not  equal to the  mass flow per unit  area at exit from the  blades 
and the  cont inui ty  conditions expressed by equat ion (2) no longer hold. The ratio c2/c~, at  the  
blade root has now to be de termined by integrat ing over the  nozzle annulus and equat ing the  tota l  
mass flow entering the blades to the  total  mass flow leaving the  blades. 

Wi th  axial leaving velocity this gives 

{r~ 2 - - r ,  ~} o2c~ = Ip~c~ sin cq 2~r dr, 

and therefore, for free vor tex conditions 

c~ sin cq, fp~ 2~r dr 
c l , -  ~ [ r t  ~ - -  r ,~ ]  o ~  

With  reaction the  same me thod  is applied for ob ta in ing  the  speed ratio ~, but  the  equat ion 
giving the value of ~ now involves a reaction te rm and becomes 

C2 ~ I R (1 + xN) (1 + k) - (1 + 
[ 1 _  1 R 28 7 ~  / - -  Clr  

l } 2 cos c% -t- (1 + 2~) c~ - -  C O S  ~2r  . 
elf 

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

and  R ---- percentage reaction 
100 

4. Gas Angles Relative to Blade.--The gas angles relative to the  blades are obta ined from the  
velocity triangles (Fig. 1). At the  root 

cot ¢ ? , - - c o s  a l , - -  ~ cot ~2, = 
S i l l  (Xlr ' 

+ c 2  
- -  COS ~2r  
Clr  

c__~_2 sin c¢~ 

5. Efficiency.--The turbine efficiency has been de termined from the  root conditions with the  
assumed values of nozzle and blade-loss coefficients XN --  0.1 and  ~t~ == 0.1. The curves, however,  
are p lo t ted  so tha t  the general design and efficiency can be es t imated  to sufficient accuracy for 
values of ±he nozzle  loss coefficient 2N within the  range ~%~ = 0-05 to 0.15. Unfor tuna te ly  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 rat io,  degree of reaction, deflection, incidence 
relative to the blade leading edge, Mach number and Reynolds number. 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. (,t N and ,t8 between 0.05 and 0.1). Kearton gives 3 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 ZN 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 ~s defined as 

work  doze + ou t l e t  ldne t ic  energy  

isent ropic  h e a t  drop f rom in le t  t o t a l -head  pressure to  ou t le t  s t a t i  c pressure " 

(2) Total-head efficiency ~r defined as 

work  don e 
i sent ropic  h e a t  drop from in le t  to tM-head pressure to  ou t le t  t o t a l -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 Calculatio~s.--The calculations were made for a range of nozzle angles f rom 
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 7/(y -- 1) = 4.0. No great error in design is introduced if 
substantially different values of cp are taken. 

The results of the calculation are shown plotted 
curves. These cover the following range of reaction 

(1) No reaction a t  root .. 0 deg. swirl 

(2) 10 per cent. reaction at root 

(3) 20 per cent. reaction at root 

10 deg. swirl 
20 deg. swirl 

0 deg. swirl 
10 deg. swirl 
20 deg. swirl 

0 deg. swirl 

in a non-dimensional form in nine sets of 
and outlet swirl. 

at root, Fig. 3. 
at root, Fig. 4. 
at root, Fig. 5. 

at root, Fig. 6. 
at root, Fig. 7. 
at  root, Fig. 8. 

at root, Fig. 9. 
10 deg. swirl at root, Fig. 10. 
20 deg. swirl at root, Fig. 11. 

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 

w o r k  o u t p u t  f r o m  t u r b i n e  

ava i l ab l e  w o r k  for  t h e  h e a t  d rop  f r o m  in le t  t o t a l - h e a d  to  ou t l e t  s t a t i c  pressure  " 

The constants to be used in conjunction with 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. I t  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 l~sually, little change in blade loss over an incidence range + 5 to -- 15 deg. 

7. Use of Curves.---7.1. Design of Turbi~w Stage.--Considering a turbine driving a compresso r the 
known quantities are 

ATc -- temperature rise per lb. of air through the compressor. 

Qc = mass flow through the compressor (lb/sec). 

Q - - m a s s  flow through the turbine (lb/sec). 

To -- . total-head temperature at inlet to turbine. 

P0 = total-head pressure at inlet to turbine. 

cp0 = mean specific heat at  constant pressure, during compression. 

cpr = 0.274, mean specific heat at constant pressure during expansion through 
the turbine. 

(cpr = 0.274 should always be t aken  in using the given curves. The estimated mean cp over the 
expansion will generally be within T 5 per cent. of this value mad differences substantially greater 
than this have little effect on the design). 

The temperature drop per lb of air through the turbine is 

cpc Q~ 1 
A T e =  0.27------4 " Q " ~1-~ x ATe, 

where ~t,,~ is the mechanical efficiency. 

With the value of A T~/To an est imate of the rim speed, annular flow area, iX~[ach number 
relative to the blade inlet and absolute Mach number in the exhaust can be obtained from the 
curves for any root nozzle angle ~nd 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 (4t/sec) ---- 157.2~/T0 X value of u/~c/To obtained from curve. 

(2) Mass flow per unit annulus area (lb/sec/sq in). 

= 1.64 X ~/To X value of P0 obtained from curve. 

(? 
(3) Annular flow area (sq in.) = Mass flow per unit  area" 

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

Rim speed (ft/sec) 
(5) Rim diameter in inches = (rpm/1000) × 0 . 2 2 9  
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I-Annular flow area ' ],/2 

(6) Radius ratio (r,/r,) = [4 × (rim diameter) "i + 1 I" 
J 

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

I n 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 b y  the fallowing limiting cond{tions :--- 

(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 .i~z Turbim Des@~.--(1) Disc Stress.--This fixes the maximum value of 
.u/~'To. The actual permissible value depends on the type and size of disc, i.e. whether the disc 
is bored or solid, single o r 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. 

(c) 750 ft/sec 1_'2 t/sq in. for a two-stage nnbored 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 tile 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 slightlylower for a multi=stage disc having a large disc head. 

(2) Ce~,#rifugal Blade Stress.---For 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 

• call occur when the centrifugal-force blade stress actually imposes a limit on the rotational speed. 

In existing gas turbines using nimonic 80 b lade  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 abont 20 t/sq in. 

(3) Mach N~tmber.--Although no information is at present available to show what limits 
should be placed on entry Mach number relative to tile blades, entry M ach 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. 
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(4) Gas Be~zding Stress i~¢ 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. I t  is generally 
possible to keep the gas bending stress low bv increasing the blade chord, and the limit of increase 
in blade chord is largely determined by the i~ncrease in weight of disc and decrease in blade aspect 
ratio which the increase in blade chord entails. 

(5) Blade Heightand 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 Turbi~e.--The design of a two-stag.e 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, 

[ AT~I~ 4 
total-head pressure --=- P0 1 -- ~]rT0 J ' 

total-head temperature--  T o -  A Tot, 
where A T~I is the Work output from the firststage. 

The work output required from the second stage is A T~ where A T~2 = A T o -  A T~. In 
generM a satisfactory design will be given with A T~ approximately equal to A T~. 

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. 

N o .  , A u l h o r  

1 S .J .  Moyes . . . .  

2 P .G.  Gray . . . .  

3 Kearton . .  .. 
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A P P E N D I X  

Example of Use of Design Curves 

As an example consider the turbine design required for the following conditions : - -  

Qc = Q = 50 lb/sec, 

ATc = 175 deg. C, 

To = 800 deg. C -- 1073 deg K, 
P0 -- 57 lb/in. ~ (abs), 

~,,, = 0 .99 ,  

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 It/sec and a maximum flow area of 

Q Vro 195 sq in. These give limiting values of u/,,/To--O. 175 (maximum) and S po - - 0 . 0 9  

(minimum). 

From the given conditions A T~ To - - 0 .  145 and assuming "~N .... )~ = 0" 1 the turbine design 

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 tha t  with impulse no-swirl conditions at the blade root 
any design satisfying the stress requirements gives a high-entry Mach number to the blades. 
W{th 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 22~ 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 necessari lyhold in other instances. 

. 
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Design Particulars obtained from the Curves 

Nozzle 
angle 

Impulse, no swirl .. 

Impulse, 10 deg swirl 

10 per cent reaction, 
10 deg swirl. 

15 

20 

Assumed 
r, 

1.35 

1.35 

1.35 

.1-35 
1.35 
1-35 

1.4 

1-35 

1.35 

Calculated for assumed 

Conditions 

0.184 

0"181 

0"173 

o-173 
O" 167 
O. 155 

0.184 

0.176 

0-163 

Q 
S P0 

0"0672 

0.0875 

0.105 

0.0672 ---~" 
0.0875 I i  
0.104 

0.068 

0.088 

0.106 

r, 
7, 

1.41 

1 "34 

1.31 

40 
39 

1 36 

1 35 

~t 

0.1832 

0.181 

0'.1745 

0.1725 
0.1655 
0.153 

Calculated for corrected 
r, lrr 

Q V~o Mln 
S Po 

0-0685 0-63 

0.0865 0.72 

0.1035 0.85 

0.070 --0.67 
0-089 0-77 
O- 1055 0.95 

- -  0.55 

- -  0-66 

- -  0.83 

z]z 

87 

85.5 

83.1 

86.5 
84.8 
81-5 

87.8 

86.1 

83.0 

Remarks 

Blade stress -~ • , . , 
Rim speed f t o o  mgn 
Blade stress L . . . .  
Rim speed f roo  mgn 
High inlet Nach number 

Blade stress } 
Blade stress too high 
High inlet Mach number 

Blade stress ~too high 
Rim speed f~ 
Blade stress 
Rim speed too high 
High inlet Mach number 
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To 

ATe,. 

• TABLE ' 1 

Constants and Definitions Required for Use of Curves 

total-head pressure at entry to stage in lb/sq in. absolute 
total-head temperature at entry to stage in deg. C absolute 
heat  equivalent of work output from the turbine 

mass flow" through turbine × O. 274 

0 .24 t  temperature rise of Cold air through compressor × O. 274 " 

Q~ mass flow through compressor in lb/sec 

mass flow through turbine in lb/sec 

% mechanical efficiency of drive 

, or for turbine driving a compressor 

~B 

U 

9/s 

Clr 

62 

~ T  

K 

(r.p.m.~ 2 Centrifugal stress for untapered blade ---- 0.000605 X 1-]-60-0-/ 
with density 0" 3 lb/cu in.) 

S annular flow area in sq in. 

Rim diameter in inches ---- Rim speed (it/see) 
(r.p.m./lO00) X 0.229 

Radius rati° ( rtJP ~ I4  S ~/2 
\ Goot / ---- + 11 

× (rim diameter) ~- J 

( r t i p y  '000598p°QT0 [ValueofQ~/T0][Valueo f u 
r-~oo,,' ----- 1 q-0  • (r'p'm'/1000) 2 ]2 

Po J -VY0 

nozzle-loss coefficient (defined by nozzle loss = ~ 1~ 2 from the nozzles) N~o~ where cl is the leaving velocity 

blade-10ss coefficient (defined by blade loss = X~½vd" where v2 is the leaving velocity 
relative to the blade)) 

rim speed (ft/sec) ----= 157.2~¢/T0 × value of u /v 'T  o obtained from curve 

mass fl0w lb/sec/sq in. annulus area) 1.64 Po = × value of Q- ~/TFo obtained 
s P0 from curve 

velocity of gas from root of nozzles (ft/sec) - 157.2 I I + 3.N) ...... 

K] velocity 0f gas leaving the stage (ft/sec)=-157.2 ~ /{  A T,~ 1_ __ 7/~ ] } 

total-head efficiency of turbine--6btained from curve 
static turbine efficiency 

work ratio obtained from curve 

Total-head pressure at outlet from stage ----- Po [1  " A T~ ]~ 
r/r To 

Total-head temperature at outlet from stage = To -- A T~ 

(96122F 

× S (t/sq in. for blade material 

132 



TABLE 2 

Relation between Root Values and. Values at Any Other Radius 

Gas efflux angle from nozzle . . . .  

Gas ent ry  angle to blade . . . . . .  

Gas efffux angle from blade . . . . . .  

Root  value at radius r, Value at any  radius r is given by  

~ l r  

tilt 

tier 

tan  el = r_ tan  ix 1 7r 

c°t f l l = r c ° t  f l l " - - C r ,  r , - - ) )  
X cot c~ 1T 

r, 
X cot  c~2r 

Leaving angle f rom stage = 90 ° - -  swirl angle ~2, tan ~e = -  tan  ~2, 

' r  e Velocity from nozzle . . . . . . . .  cl, cl e = cl, ~ sine~lr + re cos el, 

Leaving velocity f rom stage . . . . . .  ce, 

(l--R) AT~'~ E~I 
p l, = P o 1 K -~o -J Static pressure at outlet to nozzles . . . .  

Degree of reaction . . . . . .  . .  RR 

~'re 2 c2e~ 622r {sil]eC~2r2[-~cos ¢~2r} 

/51 = Po { 1 -  ( l - -R)  AT, o. cl e ~ '  
K T O c l ,23  

R = 1 - -  (1 - -  RR) { s i n e e ~  

+ ~e  cose*.l~) 

I2 
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tNLET CONDITIONS: 

PO " PRESSURE ~ - - "  
TO - To"e~,~ HE~D~__ 

TEMPERATURE 

\ 

NOZZLES 

X ,7 vZi21'ioi' i:: 
NOZZLE LOSS = i/p_ ~tNC ~ 
PER LB 

PER LB 

~I "-,,, \ lr t VELOCITY RELATIVE TO 
BLADES AT ENTRY 

V~. VELOCITY RELATIVE TO 
BLADES AT OUTLET 

C ~  o(l NOZZLE EFFLUX ANGLE 
2 Bt GAB INLET ANGLE TO BLADE 

.B~. GAS OUTLET ANGLE FROM BLADE 
,~a LEAVING ANGLE FROM STAGE 

u.z 90 °-,(~ SWIRL ANGLE 

SUFFIX ~ IS GENERALLY .USED TO DENOTE ROOT VALUES 

Fig 1. Diagram showing notation used in text. 

~'N 

0"0B 

0 "06. 

0.0~ 

0.02 

0 10 ° ~O ° 30 ° ¢0 ° 

NOZZLE ANGLE 
Fig. 2. Variation of nozzle loss coefficient with 
nozzle angle (taken from Kearton's Steam Turbine 

Theory and Practice). 
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50o 
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40 ° 
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_ 30 ° 

Z5 ° 
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O<IR 

--~O o 

OqO 
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0 9  

085  
~T 

I+  0-1- A~ 

O'75 

0"70 

0"65 

0.15 

5 ~o q I'J 

Oq0 

0 0!  

0.05 
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~ ~  RIM SPEED 

@ 

Trp RADtU6/ROQT RADIUS 

I: ~, 

~IR- NOZZLE EFFLUX AN~LE AT ROOT 

0"~ 

0'15 

040 

To I.I To l.I 

Turbine designs impulse at root. No swirl. C&Icu]ated for I~ = ~ = I0 per cent, c? = 0,2741 x = 1.333. 

! ~R I 3- - PRESSURE RATIO ACR056 STAGE 

40 ° I TOTAL HEAD ENTRY PRESSURE Po ~ 05 
/~/--\ \ ~-~'-.~ - STATIC HEAD EklT PRESSURE ~ u. 

: ~ -- i o 
" -  ", / - ' , : ~  x ~ / / ~ ' / ~ °  M ~ . -  AgSOLOT5 MACH N9 AT OUTI=.ET 

o l   ,T=REA 

. ~  ~ . s s ~  _ - .  
. - -  

0 /~ ~ ~ ~ 3"6 
0'4 

WORK PER UNIT HA65 

I 
0 0.05 O.IO ~Tw I÷>,~ 0.15 0 a- 
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0,70 
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0.50 

0 .40 - -  

0.30 
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40 ( 
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. . . . . . .  ~C,R  
- - - ~  . . . . . .  _-i-5o 

. . . . . . . . . . . .  ~_ . . . .  r - -  - ~ ' 0  o ! 
. . . .  Z5 o 

- 35 ° 

STATIC HEAD 
EFFICIENCY 

. . . . .  , . . . .  ~ s o ~ , ~  

v 
40 ° 

~ ~  35° 

- ~  , ~ 30 ° " C~AS EPCLUX ANC~LE 
FROM 8LAOE ROOT 

_ - - - - ~ <  \~ ~ __~4~,~ 
. _ _  ! . . . . .  

- ~ ~ ~ 30 ~ 

0"05 

~g. 4. 

GAS ENTRY ANEaLE 
TO 8LAOE ROOT 

, - .... ---~_ ----?_0 o ' 

I oC ,~  

, - _ [- . . . . .  --]s ° , 
I 

OqO ~ ~+x~ 0 15 O.PO 
To • i , i  

Turbine design impulse at root. 
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/~f.~ ~?" 3o o , 
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40° ~JR " NOZZLE EFF UX 4NCILE AT ROOT 

"t" • PRESSURE RATIO ACROSS STAGF. 
TOTAL MEAD INLET PRE~SUR- r . 

: 5T~:rlC HEAD FKIT PRESSURE" P~ 
b'-~'.--",. .^o M a : A850LUTE MACH N? AT 

0"15 . , / [ ~ . _ . _ % ~  #u OUT' ST 

,7%1. 8 o 

5 Po4 m . , , ' / /  500 
°°  biA55 FLOW 

; PER 
\-.-~% _-~--k--\~ I..o U~,T A*EA O.IO 

~ ' f~-~-~[ 4C / I 35° /  30 ° M , ~ ' X ~  0.05 ~ ! _ ~  I o 

M 9  ~ / /-J~'-/~/~--~i IZ5 MACH N e AT ENTR'f r'O . . . .  

~,~ ~ ~ 5  - 0.8 

"4~I ~ ~ --"- 

I 
WORK PER UNIT MA55 i 

, I 

C a l c u l a t e d  f o r  ~ = ;~  = 10 p e r  c e n t ,  G = 0 . 2 7 4 ,  7 = 1 .33;3 .  
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" 'T - PRESSURE RATIO ACROSS STAGE 

. TOTAL HEAD INLET PRE55URE Po 
" 6TATIC HEAD EXIT PRESSURE 
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0-15 / ~ Z  / , ~ o 
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~5 MASS FLOW 
o.so y .  \ \ - " % .  PER 

, ~ ~ 5 o  ' 

0-05 . . ¢'- /~_.~-~j ~.0 ° MACH kO- AT ENTRY 

s ~  ~5 

0-6 / 

WORK PER UNIT MA5$ 
I 

0 0.05 O-IO ~Tw I+xN 0.15 0-20 

Calculated ~or 2~ = 2~ = 10 per cent, c~ = 0 .274 ,  ~ = 1 .333.  
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Fig .  7. T u r b i n e  design 10 per  cen t  r eac t ion  a t  root .  
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Fig.  8. Turb ine  design 10 per  cent  reac t ion  a t  root.  

0.,9 

0.89 
O.B8 
0"87 

0'85 
0.85 

I+ 0.9 {o4- XN) 
I+ AN 

60 ° 

50 o 

/3~R 

400 

30 ~ 

20 deg. swirl. 

0.9 

0.B5 

-[I+k~) Cos~KIR 
0"8 

oq5 

0.7 

0.65 

0.15 

5 Po l.L 

0.05 o.i To" ~ 045 0,~ 
~ lR I 

,u "-- ~ / 15 ° 

\K'Tx/'/7 ~~oo I 

j  Bs- I-- 
I /  V4o>/i~. / .------ f I 

I ' ~ C " / !  / / ' -~ f-'x 30 

~ / 2 ~ " " ' - ~  35 I - - - P 4  y~f-,J 
/ ~ / - .  ! o c<m - NOZZLE EFFLUX AN~LE AT ROOf 

~ f  I 4Oo T = PRESSURE RATIO ACROSS 5TABE 

. ~ ~-~ OTAL HEAD ENTRY PRE55URE Po 

/.~'~~s° 5TA~,C HEAD E~T PRESSURE ~o 
/,2" " ~ / ~ ~ ,  Ma = ABSOLUTE MACH N °- AT OUTLET 

~" / . , j  ~ .. '~.. ~ ~.. - -  " ~ " - ~ , 5  ° MASS FLOW PER 

0.05 r - . - "  , ,-~'/ i / / 30 ° I .. 
r rCN - ~ ,' ' / ~ 4 - - - - - - / - - - -  ~5 o MACH NoA1 EN'fRI 

~ . ¢ _ - - / - - - / - - ~  , / .,, ~ . ~ o - -  ~ _ _  

,, / • . . , - _ _ _ ~ ~ /  . .1__0 o<,R TO BLADE ROOT o ~ % ~ / ~ ~  ~ ~o 
o , 6 _ . . 4 , . ~ .  ~ . ~  . . . . ~  

UNiT MASS 

I 
0 0.05 0.1 ~Tw I+AN 0.15 0.2 

To ~. I 
Calcula ted  for 12~ = l~ = 10 per  cent ,  c = 0.274,  7 = 1:'333 

0.2 

0.15 

0.05 

MIR L+~k~ 
i.o Tq- 
0'9 
0'8 

0.7 

0"6 

0"5 
0'4 



0"~' 

0.7 

0-6 

0.5 

0.4  

0.3 

70 o 

60 ° - 

50 ° 

• & T w  I ~ ;k~4 

0"05 O.lO T~ ~5 ' O.~O 
I l - - I  - -  15 ~ 

- - ~ - - -  ~ - - - -  ~0 o ~-,R STATIC HEAD _ 

,s 

I 

~-. 5o ~ L / " ' ~ ' ~ / ~ " ~  / ~ ' ~ '  ~ WORK R A T _  

~ o . . . .  1,4 

! %.1..o 

~-------~---___~,~"--,, 35 ° ! TO BLADE ROOT 

- -  ~ ~ ~ ~ ------------ ZO ° 

e'CiR 

0.05 OilO &TW I+XN 0.15 O'PO" 
To I,I 

Fig. 9. Turbine design 20 per cent reaction at  root. 

0-90 

0.59 
0.68 

0.87 

0'86 
0"85 

i÷o.8(o, i - x 
I + A N  

70 ° 

60 ° 

50 o 

40 o 

50 ° 

~O ° 

No swirl. 

0'9 

AT__~. 
0"05 0"10 To ,.I 0.I5 O'Z0 

O.B5 

+0-6 (0 .1 -  A~ 

O "75 

O 70 

0.15 

"- po VTT- 

o.10 

0.05 

0 

Calculated. for Xa ---- A~ = 10 per cent, G - -  0-274; 7 = 1.333. 

- - - - -  1- _ _ . i  IR 
15 ° - 

I TOTAL HEAD 

• / y  

. I SPEED 

• 

~ - -  550  ' 0,15 

/~j/~ f ~ TIP RADIUS/ROOT RADIUS 

/ , , . ,~40o OCiR, NOZZLE EPFLUX ANGLE AT ROOT 
,/" ~ ~. i" = PRESSURE RATIO AC~O6b 5TAC~E I 0.I0 
- - / / > ' ~ " ~  ~.  ~ ~5 ° TOTAL MEAD INLET PRESSURE Po 

.x~," \I~->~ ~ 2 ~ . , .  : STATIC MEAD EXIT PRE65UI~E'IS~"~ 

/>f/ \\ - - - ' ~ v ' ~ -  ~ ' ~ I UNIT 'REA 

r ~  , 40 ° MAEH S ~- AT ENTRY D.9 
\ 

~7" ~+"~"~"~"~"~'/~ ~ 35: 300 a--5 ~ ro BLADE ROOT. ]'B 

' o ~  " /" ;" ° ' ' ~  ~_~0 15 o 

WORK PER UNIT biAS5 
i 

0 . 0 5  O.IO ATw l +kN O'15 O'P..O 
To I . i  



0-8 
,~ 

0.7- 

0.6 

0 .5 -  

0.4 

~0.$ - 

50' 

40" 

30 o 

0 L 

aT,,',' I+~M 
0,05. 0.1 To" -]~T-0.15 0,~ 

717 

- -  - -  ZO° ~" I ,STATIC HEAD 
~ - - ~  ~-- " ~ ':5° EFFICIENCY _- 

- - - - -  I ; 4  

! 

o a~,8 EFFLUX ANGLE 
.---F " ~ < " ~ ' / ' ~  ~ / .  30° FROM ~ADE ROOT 

I C5 ° I - 

=_ -Z5 o 

---- 80 o 

I O(IR 5 0 

I 
0"05 0.1 z~_y..Zw. I+ xu 0.15 0"?-. 

"in I.~ 

Fig.  10. 

~AS ENTRY ANQLE 

TO BLADE ROOT 

Turbine  des ign  20 per  cent  reac t ion  a t  root .  

0.9 
0.89 
0"8~ 
0.87 
0.B6 
0'85 

60  ° 

500 

40 ° 

30 ° 

~0 o 

10 deg. swirl .  

o 
o,9 

0-85 

O'g 

0.75 

0,7 

0.65 

0.15 

O ,~o/-;~, s"~ v I.L 

O.I 

0.05 
z~Tw I+XN 

.0.I To 1.1 0.15 0.~ 

F / =  ° 

~ ~ ~  FOTAL HEAD 
~o~ ., -E~clE-&-7- 

,/x/~ o _f~ I 
/ //j-"~1- ~0° 

~ . .  3 0  , 

35 TIP RADIUS,,/ROOT RADIUS 
/ ' ( - .  

- 1"4 

tR=NOZZLE • EFFLUX' ANGLE ATROOT 
T" - PRESSURE RATIO ACROSS STAGE 

TOTAL HEAD ENTRY PI~E,55URE g 
= STATIC HEAD EXIT PRE&SURE"I~ 

35 ° Ma = ABSOLUTE MACH N -° AT OUTLET 

~ ~  ~ 4°0 clASS FLOW PER ~ ~ ~ --L 

005 

) MACH N -° AT ENTRY 
-L->-~z--- ~5o o g ~LA~-~-: ).:__//__/L/~ ~ T -  - - - ~ ~  ~ ~,~ - 

o ~ ] ~  ~i~'5 ° - 

WORK PER UNIT MASS. 
I t 

0.05 0,1 ATw. I+ AN 8.15 9.~ 
To I.I 

Calcula ted  for Az = A~ = 10 per  cent,  c, = 0.274,  y = 1 "333. 

O.2 

l_u FZ~ 

n.i~ 

0'9 
0"8  

0"7 
0"I 
O-S 
0"4 



l '0 

ATw I+AM 
0 0.05 0.I % H 0.i5 B'Z 

6° ' STATIC HEAD - t.o o 
' ~ ~ _  30o ~5[ EFFICIENCY. i 

08 # ~ , ~  o(,~ 

0"7 -- ~- ?.0 o 

TIP RADIUS / 

/ ./.o i 

o.e 5 40° 

,'~ "2--~--r," 30 ° I IGA5 EFFLUX ~LE ~ . ~ ~ ~  Io /F~OUBLA~RO~ 

,o° / 

& ~ o  

• . ~ aO o 

- - - ~ 5  ° , 

~A6 ENTRY ANGLE 
TO BLADE ROOT 

0 0,05 0.1 & T w  I+kN 0.15 0.£ 
To I- I 

~ig. 11. Tt~bine desi~ 20 per cent ~e&ct£on at root. 

0.8'~ 
0"85 
0.87 
0-8(; 
0.8S 

i+~%N 

50 ° 

50 o 

- / ~  

40 ° 

30 ° 

gO o 

20 d e g .  s w i r l .  

g T w  t+ k~ 
0 0.05 04 - -  - -  0.6 0.~ 

0'9 

~ ~ ~ - - _ _ ~ i o  TOTAL ~AO 
0.85 - . -  7c-- - - ~ ~ Z O  o EFFICIENCY 

.~/ ~'~5 ° c<,~ 
" ~ I  ~/'~m o 

0'75 - OO RIM 5PEED 

2 I - - -  ,-4 
/ c< IR- NOZ/.~E EFFLU;( ANNLE AT ROOT 

-~ T -PRESSURE RATIO AER055 STAGE 
° TOTAL HEAD EHTRY PRE%URE Po 

~ 4 0  ° ~ STATIC HEAD EXIT PREBSURE'P~ 
, ~ Ma - ABSOLUTE MACH N °- AT OUTLET - 

/ / ~ ~ . . ~  35' 30 ° 

, \./Jfx \ \ ~ o MA55 LOW P R 
0, V A <  x I ~ 5  ~ 

) ' 1  ,, - -  

, \ \ 35 .no J ivlACH N -°AT ENTRY 

M,V__I~.o.B I / / /I / 1 ~  ~0 ° I'O BLADE ROOT 

~ _ ~ . ~ ~  ~_. i - _ ~  
..#'~ [ / / . / t f  ~ I 

WOrK PER U.,T MZsS 
i I 

0 0,05 0.I A'I'w i÷xM 0-15 O'C 
% H 

C a ] c ~ l a t e d  f o r  IN = ~t~ = 10 p e r  c e n t ,  cp = 0 " 2 7 4 ,  7 = 1 - 3 3 3 .  

0.5 

6"poV ~.1 

3'2 

?o~ ~-:r- 

]'05 

1,0 v [-I 

0.9 

0"7 
O'G 
0.5 
0.4 



~'0 

0.5 
J 

I 

. J J  

HIGH INLET I~CH NUMBER,5-1~" 
. , a  

/ MACli NUMBER LIMITATION 

QV~o 

O, IO ~HIGH BLADE ~ 
STRESS 

~ v 
J 

J 
BLADE STRESS LIMITATION 

0.05 

0,20 

0 "15 

~HIGH DISC "-~ ~' 
STRESS 

DISC STRESS LIMITATION 

15 ° 20o 25 ° 

NOZZLE ANGLE 
~ig. 12. Turbine desigzl with I0 per cent 

reaction and 10 deg. swirl at blade root. 

23 
(96122) I¥t,  14/806 K.5 3J51 Hw. PRINTED IN GREAT BRITAIN 



I~. & N. go. 2841 
(7999) 

A.R.0. Technical B;vport; 

Publications of the 
o 

Aeronauucal Research Committee 
TECHNICAL REPORTS 

C O M M I T T E E - -  
I934-35 Vol. I. 

Vol. 

i935-36 Vol. 
Vol. 

i936 Vol. 

Vol. 

I937 Vol. 

Vol. 

z938 Vol. 

Vol. 

I939 Vol. 

Vol. 

ANNUAL REPORTS OF 
C O M M I T T E E - -  

I933-34 is. 6d. (is. 8d.) 
1934-35 Is. 6d. (IS. 8d.) 

April I, 1935 to December 3 I, I936. 
193 7 2s. (2s. 2d.) 
1938 IS. 6d. (Is. 8d.) 

I939-48 In the press 

OF T H E  AERONAUTICAL RESEARCH 

Aerodynamics. 4us. (4us. 8d.) 
II. Seaplanes, Structures, Engines, Materials, etc. 

4os. (4os. 8d.) 
I. Aerodynamics. 3os. (3os. 7d.) 

II. Structures, Flutter, Engines, Seaplanes, etc. 
3os. (3os. 7d.) 

I. Aerodynamics General, Performance, Airscrews, 
Flutter and Spinning. 4os. (4os. 9d.) 

II. Stability and Control, Structures, Seaplanes, 
Engines, etc. 5os. (5os. Iod.) 

I. Aerodynamics General, Performance, Airscrews, 
Flutter and Spinning. 4os. (4os. 9d.) 

II. Stability and Control, Structures, Seaplanes, 
Engines, etc. 6os. (6is.) 

I. Aerodynamics General, Performance, Airscrews, 
Sos. (5Is.) 

II. Stability and Control, Flutter, Structures, Sea- 
planes, Wind Tunnels, Materials. 3os. (3os. 9d.) 

I. Aerodynamics General, Performance, Airscrews, 
Engines. Sos. (Sos. 1 ld.) 

II. Stability and Control, Flutter and Vibration, 
Instruments, Structures, Seaplanes, etc. 63s. 
(64s. 2d.) 
T H E  AERONAUTICAL RESEARCH 

4s. (4 s. 4d.) 

INDEXES TO T H E  TECHNICAL REPORTS 
C O M M I T T E E  ON A E R O N A U T I C S - -  

December I, I 9 3 6 - - J u n e  3o, 1939 . R. & M. No. 
July I, I939 - - J u n e  3o, 1945. 
July I, I 9 4 5 -  June 30, I946. 
July I, 1946--December 31 , i946. 
January I, 1947 - -  June 3 o, 1947. 

His 

OF T H E  ADVISORY 

185"o. 
R. & M. No. i95o. 
R. & M. No. 2050. 
R. & M. No. 215o. 
R. & M. No. 2z5o. 

Prices in brackets include postage. 
Obtainable from 

"g,g . ~  ~ o 
s Statmnery l vx~ j  

is. 3 d. (Is. 5d.) 
is. (Is. 2d.) 
is. (Is. id.) 
zs. 3 d. (is. 4d.) 
Is. 3 d. (IS. 4d.) 

Office 
York House, Kingsway, LONBON, W.C.2 429 Oxford Street, LONDON, W.1 

P.O. BOX 569, LONDON, S.E.1 
13a Castle Street, EDINBURGH, 2 1 St. Andrew's Crescent, CARDIFF 
39 King Street, MANCHESTER, 2 Tower Lane, BmSTOL, 1 

2 Edmund Street, BlmV, INGHAM, 3 80 Chichester Street, BELFAST 

or through any bookseller. 

S.O. Code No. 23-2541 


