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ABSTRACT 

Two types of contra-rotating stages are con
sidered; the first uses guide vanes and the second is 
vaneless. The wheels of the first type use bladings 
which are mirror images of each other and they operate 
with inlet and outlet swirl. The second type uses 
dissimilar bladings in each of the two wheels with 
axial inlet velocity to the first wheel and axial 
outlet velocity for the second wheel. An analysis of 
their performance indicates that both types can reach 
stage loading coefficients comparable or larger than 
conventional turbines with the same number of wheels. 
A comparison of the contra-rotating stages with con
ventional ones indicate a significant stage efficiency 
advantage of the contra-rotating over the conventional 
single rotation stages due mainly to the elimination of 
stationary vanes. The off-design performance indicates 
that relative wheel speed must be controlled. The 
attributes of contra-rotating turbines suggest their 
potential use in high performance aircraft engines, in 
dynamic space power systems and in low speed industrial 
gas turbines. 

1, INTRODUCTION 

Although radial flow contra-rotating steam tur
bines were built as early as 1913 by Ljungstrom, little 
mention is made of axial flow contrarotating turbines. 
However, it is said that machines of this type were 
built in the U.K. and the U.S. Very recently, the 
development of an unducted fan engine using a multi
stage contra-rotating turbine was announced. 

The contra-rotating turbine under consideration is 
an axial flow stage comprising two wheels rotating at 
the same speed and equal torque but in opposite direc
tions (Fig. 1). Under these conditions, the swirl 
entering the first wheel has to be equal to the swirl 
leaving the second wheel. Such a turbine could make use 
of existing two-spool technology and can be considered 
as the building block of a multistage contra-rotating 
turbine. 

The main apparent attributes of the contra
rotating turbine are: 

1) The increase of work per unit mass flow 
resulting from the large changes in angular 
momentum made possible by the large relative 
rotational velocity. 

2) The elimination of stator vanes between wheels 
reduces the weight of the stage, and increases 
the stage efficiency since it eliminates the 
pressure drop, leakage and the cooling losses 
normally associated with vanes. 

3) The stage can be torqueless and eliminate 
gyroscopic effects. 

4) Negligible erosion rate through practical low 
speed operation. 

5) Reduction of particulates deposition through 
control of surface shear flow. 

. ( 1) f It was recently found that an analysis o 
two-stage counterrotating turbine efficiencies in terms 
of work and speed requirements was made for wheels 
operating at different rotational speeds and with dif
ferent inlet and outlet swirls. The analysis indicated 
the efficiency advantage was due to the elimination of 
the interstage stator. The analysis was concerned with 
the use of conventional blading in a contra-rotating 
stage. 

This analysis deals with two types of stages 
designed especially for contra-rotation. The first type 
uses inlet guide vanes when it operates as a single or 
first stage and the second is always vaneless. The 
wheels of the first type are mirror images of each 
other, the pressure ratio across each wheel is identical 
and each wheel operates with the same inlet and outlet 
swirl. The second type uses dissimilar bladings in each 
wheel, with an axial inlet velocity into the first wheel 
axial and an axial velocity out of the second wheel. 
The pressure ratio across the first wheel is larger than 
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I 

it is across the second whee l. This stage is an examp le 
of contra-rotating stages with dissimi lar b ladings in 
each whee l operating with identica l swir ls entering and 
leaving the stage. 

The purpose of this paper is to eva luate the design 
and off-design performance of such turbines designed for 
contra-rotation and to assess the fundamental issues 
raised by such a stage. A comparison is a lso made 
between the performance and stage efficiency of conven
tiona l sing le rotation and contra-rotating stages. 

2. CONTRA-ROTATING TURBINE STAGE WITH IN LET GUIDE VANES 

This stage is made up of a row of in let guide vanes 
and of two whee ls (a) and (b) rotating in opposite 
direction with the same rotationa l ve locity (U). The 
two whee ls have b ladings which are the mirror image of 
each other as sketched in Figure 2. 

2.1 DESIGN PERFORMANCE 
Figure 2 gives the ve locity triang les. 

conditions the whee l speeds are equa l, or Ua 
At design 
= ub = u. 

The fo l lowing conditions exist between ang les; sa2 = 
ab , = a, and a 1 = ab? and, cr J = cr2 = cr , = �. It can 
also be assume B that Ehe axial component of ve locity 
(V ) is constant throughout the stage, The condition of 

co fltra-rotation, is 

Vx (tana - tanab2) = 2U, 

The tota l entha lpy change across each whee l can be 
written as 

6h a 

( 1) 

(2) 

The tota l entha lpy drop across the contra-rotating stage 
is; 

( 3) 

The stage load coefficient for the contra-rotating stage 
can be written as: 

o/ = 6h 1u2 
s = 4 (� tana - 1) = 4� tancr (4) 

where $ = v x lu is the f low coefficient. 

The stage load coefficient is p lotted as a function 
of the f low coefficient in Figure 3 for different va lues 
of the out let ang le cr, It can be seen that large va lues 
of o/ are achieva b le for moderate va lues of cr and t ; tR is defined as the f low def lection ang le in the rot �r. 
Figure 4 gives the f low def lection ang le in the rotor as 
a function of the f low coefficient for different va lues 
of cr. For a given re lative tangentia l ve locity Vx tana, 
equation 3 maximizes for; 

U=Vxtanal2. 

When this condition is satisfied, o/ = 4 and aa1 = ab2 = o. 

(5) 

In order to obtain a better insight, the contra
rotating stage can be compared with a 100% reaction 
stage having identica l guide vanes and whee l b lading 
(Figure 2). In a 100% reaction stage, there is no net 

pressure drop in the stator and a l l  the pressure drop 
occurs in the rotor. Since a = a in the contra
rotating stage, eq. ( 1) is id� �tica t2to the condition 
satisfied in the 100% reaction stage; 

2 

Vx (tana - tanaa 1) = 2U. 

Since equation 2 is equa l ly va lid for the 100% reaction 
stage, equations 3 and 4 a lso describe the performance 
of two 100% reaction stages. As shown in Figure 2, the 
contra-rotation e liminates the stator vanes between the 
two whee ls of a two stage 100% reaction turbine of a 
sing le rotation design. The significant pressure losses 
associated with this large f low def lection, t = 2cr, in 
the stator, and the mandatory exit swir l makesthe sing le 
rotation 100% reaction stage turbines unattractive, 

2.2 EXAM P LES OF LOCA L DESIGN AND PERFORMANCE 
A contra-rotating stage is designed for o/ = 4.0 and 

a = 70°. For this condition, $ = 0.73 and cr = 54° with 
a 1 = ab, = o. A lthough this stage operates with a high 
l S ad coefficient, the f low def lections through the guide 

vanes and the whee ls are moderate. This indicates 
favorab le aerodynamics for the contra-rotating stage as 
compared to other turbine designs with identica l load
ing. Comparab le 100% reaction stages wou ld have the same 
whee l design and stator vanes with a f low def lection ts = 108°. Comparab le impu lse stages wou ld have a f low 
def lection of 70°in the stator vanes and 108°in the 
rotor. 

A he lium turbine stage using these design para
meters together with an in let temperature of 1300 K, a 
rotationa l ve locity U = 500 mis and a po lytropic effi
ciency of 90% wou ld have a pressure ratio of 1.55. A 
combustion turbine stage with the same design parameters 
together with an in let temperature of 1500 K, a rota
tiona l ve locity of 450 mis and a po lytropic efficiency 
of 90% wou ld have a pressure ratio of 15.2. Both of 
these designs provide high pressure ratios. 

A combustion turbine of very low rotationa l ve lo
city, 100 mis, designed for the same design parameters 
and an in let temperature of 1200° K wou ld have a pressure 
ratio of 3,39 per stage o �2 r.84 per whee l. Using a 
conservative sca ling law of erosion rate with ve lo-
city, it is estimated that the erosion rate in this 
turbine shou ld be c lose to 1150 of the rate 
observed in a conventiona l turbine operating at 300 mis, 
a l l other conditions being equa l. The high pressure drop 
through the whee l shou ld assure the existence of suffi
cient shear forces around the b lading to sweep the 
particu lates, which wou ld otherwise deposit oy turbu lent 
diffusion and thermopheresis, from the b lades. Such a 
low ve locity contra-rotating turbine cou ld therefore be 

to lerant to f lows with particu lates as long as the 
partic les are not sticky. 

These high pressure ratios or large work per stage 
are characteristic of this type of contra-rotating 
turbine, 

2.3 EFFIC IENCY OF AN ADIABATIC STAGE USING A 
CONTRA-ROTATING TURBINE WITH VANES 
The design of turbines resu lts from a reasonab le 

compromise between performance, weight, cost and effi
ciency. The previous eva luation of the contra-rotating 
turbine stage has indicated that this stage cou ld have 
both a performance and weight advantage over conven
tiona l turbine stages of simi lar efficiency. 

The e limination of stator vanes, which gives a 
weight advantage, wi l l  a lso resu lt in a reduction of 
pressure drop losses and therefore a net efficiency 
gain. A first eva luation of this efficiency gain due to 
the e limination of the vanes can be obtained by compar
ing the efficiency of a sing le contra-rotating whee l 
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with the efficiency of an impulse stage operating with 
the same stage loading and flow coefficients. 

For the case of zero tip leakage, the stage effi
ciency of an impulse stage can be written as 

1 
11T impuls§ 

1 + 
( 2 ) 1 + tan a3 

where s and sR are the loss coefficient of the vanes 
and bl8�es respectively, and a2 and a, are the flow 
leaving angles from th� vanes and from the blades 
respectively. 

For a wheel of a contra-rotating stage. 

sw $ 2 (1 + tan2 B ) 
-----

2iji 1 + 

(6) 

(7) 

Since $ and 1jJ are the same for the two wheels, the flow 
in the vanes of the impulse stage is identical to the 
relative flow in a contra-rotating wheel so that a2 = 8 
and ss = sw· 

Therefore, the ratio of the contra-rotating wheel 
efficiency to the efficiency of the impulse stage can be 
written, neglecting second order 
terms, as 

1TTimpulse 
Where £ is the deflection angle in the impulse wheel. 

Since sR is strongly dependent on the deflection 
angle (which is larger in highly loaded wheels) the 
contra-rotating stage has a significant efficiency 
advantage which increases with both stage loading and 
flow coefficient. 

As an example, an impulse stage designed for 1jJ = 
2.0, $ = 0.73 and having a deflection of 108° is com
pared to a single wheel of a contrarotating stage opera
ting at the same conditions of 1jJ = 4 and $ = 0.73. The 
loss coefficient of the impulse wheel can be reasonably 
assumed to be sR = 0.74. The ratio of efficiencies is 
determined to be: 

1.0 29 
T impulse 

which corresponds to an efficiency advantage of the 
contra-rotating turbine over the impulse turbine close 
to 3%. 

However, this comparison does not include the 
influence of the guide vanes on the efficiency of a full 
contra-rotating stage, which can be written as 

11TCR 2 2 2 2 ( 9) 
�N$ (1 +tan a1l + 2s

w
$ (1 +tan s) 

1 + 8$ tan a 
In order to reach a more thorough un derstanding of the 
differences in performance and efficiency of the 
contra-rotating stage when compared to single rotation 
conventional stages, carpet maps of the stage efficien
cies have been prepared and superimposed on the perfor
mance plots. These plots give lj!, the stage loading 
coefficient, as a function of $, the flow coefficient. 

3 

Smith (3) developed such a carpet plot of effi
ciency, free of leakage losses, measured on model tur
bines of a family of aircraft engines. An analysis of 
the correlation of the data indicated that the losses 
were primarily attributable to the profile and secondary 
flow losses in bladings of large to moderate aspect 
ratios used in this family of 50% reaction turbines. 
Several authors (4,5,6) have tested their loss models by 
calculating the efficiency of a multitude of turbines 
similar to those tested by Smith. This mode of calcu
lation is a very laborious process. 1n this study, a 
loss model based on a correlation function will be first 
validated against Smith's data and then used for the 
evaluation of contra-rotating and co ��)ntional turbines. 
A loss model suggested by Hawthorne is used. It is 
based on the data of Sod 5rberg given in Ref. (7). For a 
Reynold's number of 2. 10 • The loss factor is written as 

s = 0.017 [1+(�)2 ][1+3.2 b/H] (10) 
where H/b is the as %ect ratio and E is the flow deflec
tion. The aspect ratio of these turbines was large to 
moderate and it can be reasonably assumed that the 
aspect ratio decreased for large flow coefficients. The 
aspect ratio was around 4.0 for the many turbines de

signed for flow coef ff]ients in the range of 0.6 to 0.7. 
Following Hawthorne, it is assumed that 

H/b = 2.5/$. (11) 

Using equations (10) and (11), the efficiency of 50% 
reaction turbines can be evaluated and the results can 

be compared with the data of Smith. Considering the 
scatter of the experimental data, the overall agreement 
between prediction and data is quite good and it justi
fies the use of relations (10) and (11) in the evalua
tion of efficiencies for both the contra-rotating and 
the single rotation turbines. Fig. 6 gives the stage 
efficiency of the contra-rotating turbine stage with 
guide vanes and Fig. 7 gives the efficiency of a conven
tional impulse stage. A general comparison indicates 
that the efficiency advantage of the contra-rotating 
turbine increases with stage loading coefficient and to 
a lesser extent with flow coefficient. For example, for 
a flow coefficient $ = 0.6 and a one wheel loading 
coefficient of 1jJ = 1.5, (3 for a contra-rotating stage 
made of two wheels) the stage efficiency is n = 94.8% 
for the impulse stage, n = 93.0% for the 50% reaction 
stage and n = 95.33 for the contra-rotating stage. This 
reveals a 1.5% or better efficiency advantage of the 
contra -rotating stage over the other two single rotation 
designs. For the same flow coefficient $ = 0.6 and 1jJ = 

2.0 (4.0 for the complete contra-rotating stage), the 
stage efficiency is n = 9 2.3% for the impulse stage, n = 
91.3% for the 50% reaction stage and 94. 2% for the 
contra-rotating stage, an efficiency advantage of at 
least 1.9% for the contra-rotating stage over the other 
two. This efficiency advantage increases with both 1jJ and 
$. 

Modern engines have made significant improvements 
in component efficiencies since the time of Smith's 
work. A valid loss model for the most recent engines is 
not readily available, it would no doubt result in 
higher turbine efficiencies but the relative advantage 
of the contra-rotating turbine would remain the same as 
indicated by equation (8). 

In high pressure ratio stages the flow can become 
supersonic and Mach losses can ensue. Let us examine 
the influence of Mach losses on the efficiency compari
son between contra-rotating and impulse stages. For 
equal work, the total temperatures behind each wheel are 
equal for the two turbines. Since 
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cr<cr2impulse and V2<V2impulse (12) 

and the static temperatures in the contra-rotating stage 
are higher than the corresponding temperatures in the 
impulse stages. Considering the equality of velocities, 

v1 impulse = w2 and w2 impulse = v1 = v2 c13l 

the associated Mach numbers are lower in the contra
rotating stage than in the impulse stages which implies 
that the Mach losses in an impulse stage should be 
larger than for the contra-rotating stage of equal 
performance. It is apparent that the contra-rotating 
turbine has a significant efficiency advantage over the 
impulse machine of identical output, and this advantage 
can be even greater for cooled turbines. 

2.4 LOCAL OFF-DESIGN PERFORMANCE 
In the evaluation of the off-design performance, we 

can assume that the relative leaving angles, cr and s, 
remain constant. The enthalpy extraction from each wheel 
can be written as: 

Wheel (a): 
Wheel (b): 

(14) 
( 15) 

In order to achieve U = U and 4h 
condition must be satisfieB. a 4hb, the following 

tan cr 
vx3 u -- tan s - -Vx1 Vx1 

(16) 

This condition indicates that the guide vanes would have 
to be variable if the wheel speeds were not controlled. 
When the above relationship is satisfied the off-design 
enthalpy extraction is 

Since tan s = 2 (� )D and we define V 
x 

Revealing that the loading coefficient 
dependent on the flow coefficient. 

v 

is linearly 

4ha + 4hb U ljl = ---- = 4 [2.c-vl 
u2 x D 

c-2.l - 1J u 

v 
For example when, ( �)D= O. 73 

'" 4[ 2 
o/ = o. 73 ·u 

v 
- 1] 

(or 70°) 

( 17) 

The changes in guide vane outlet angle (cr) required 
to maintain equal work from each of the two wheels are 
small. The angle can vary from cr = 54° at design to cr = 
64° for a flow coefficient varying between .73 and 1.5. 
Other types of control can be considered depending on 
the application • . 
2.5. DESIGN OF A CONTRA-ROTATING STAGE WITH GUIDE VANES 

Section 2.2 dealt with the local design considera
tions applicable to high hub/tip ratio stages. In this 
section, the design of stages of lower hub/tip ratios is 
considered. Constant work is assumed along the radius. 
Under this assumption, the load coefficient is highest 
at the hub section of the wheels. This condition of 
constant work can be written; 

2UV tancr x 2UCV tans - U) x u� . ,µh 12 (19) 

4 

where f is the stage load coefficient at the hub 
section� 

Using (19) we can write, 

tans = 

and 

tancr 

ljlh r h 2 -(-+-) 4<!>h r r h 
(20) 

(21) 

The constant work condition along the radius implies 
constant angular momentum and results in a free vortex 
design. The relative inlet angle 8 is derived from 1 ljlh r h r 1 

tans, 4 ( r - r ) � (22) 
As an example, table � givgs the flow angles cr, s, and S and the deflection in the rotor c =8 +S for a 

wheel1with a hub to tip ratio of 0.7 andruslng the 
conditions: fh=4, <1>=73, 8=70°, and cr=54°. 

TABLE I 

r/r t cr s, ER -----
0.7 54° -0 70° 70° 
0.8 50 °5 -19°5 70°1 50°.6 
0.9 47° -32°2 70°5 38°. 3 
1.0 43°5 -45° 71 .5° 26°.5 

The flow and the blading are fairly typical of a free
vortex turbine design with moderate deflection and 
twist. The blade leaving angle B is almost constant with 
radius. The deflections decrease with radius, the local 
efficiency should increase with radius and the blading 
twist is moderate. The bladings should therefore be 
relatively easy to manufacture. 

3. THE VANELESS CONTRA-ROTATING STAGE 

This stage consists of two wheels (a) and (b) with 
dissimilar bladings rotating at the same velocity (U) in 
opposite directions. The velocities entering and leav
ing the stage are axial. The two wheels and associated 
velocity triangles are sketched in Figure 8. 

3.1 DESIGN PERFORMANCE 
The axial velocities are assumed constant and the 

wheel rotational velocities are equal; U =U =U. Since 
the absolute velocities at the entrance £0 �he stage are 
axial, the tangential components of the corresponding 
relative velocities are equal to the rotational velocity 
or 

U=Vx.tans1a=Vxtansa3b (23) 

The enthalpy change across the first rotor can be 
written 

and across the second rotor as 

The total enthalpy drop across the stage is; 

or 
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V=2($.tans2a-1). (26) 

This load coefficient is half the value obtained in 
equation 4 or is identical to the expression derived for 
a 100% reaction turbine stage, but these other two 
stages have significant exit swirl. 

Figures 9 and 10 give plots of the load coefficient 
and flow deflections (€ and eb) in the wheels as a 
function of the flow co�fficient for different values of 
8 • The flow deflections are given by 
2a 

ea =B2a-s1a and eb=s2b+a3b with tans2b =tans2a-2/$ (27) 

The first wheel (a) makes use of high stagger blading 
with moderate deflection whereas the deflection is large 
in the second wheel (b). The second wheel becomes 
impulse when a2b =s3b or using (23) and (28) when 

tana2a=31$ (28) 

When the second wheel is impulse, equation (26) yields a 
load coefficient of: 

A value of the load coefficient of 4 is a practical 
upper limit for this stage since larger values would 
entail diffusion in the second wheel. 

3.2 EXAMPLE OF LOCAL DESIGN AND PERFORMANCE 
Consider a vaneless stage designed for the same 

conditions as those used in 2.2, namely V:4 and $ =0.73. 
The blading angles are; 

B1a =82b=s3b =54°, s2a=76.3°, €a =22.3° and €b=108°. 

This stage is made up of a first wheel with a blading of 
high stagger and low deflection whereas the second wheel 
is impulse and is identical to the impulse wheel dis
cussed in 2.2 for the same performance. 

The arguments brought forward in 2.4 concerning the 
off-design performance are also valid for this stage. 
They indicate the need for a direct speed control such 
as variable pitch on one of the two wheels or the use of 
external controls. 

3.3 EFFICIENCY OF THE VANELESS STAGE 
Assuming adiabatic wheels, the turbine stage effi

ciency can be written as 

1 + 4($ tan a2a -1) 

(29) 

+ 1) 

The stage efficiency can be computed making the same 
assumptions as those used in 2.2. The constant effi
ciency curves are plotted in figure 11. They indicate 
that high efficiencies can be achieved for different 
combinations of high load and flow coefficients. A 
comparison of figure 11 with figure 6 indicates that the 
vaneless stage has an efficiency advantage over the 
single rotation stages which increases with load and 
flow coefficients. This vaneless contra-rotating stage 
has a significant efficiency advantage over conventional 
tur�ine stages of equal performance as discussed in 2. 2. 

5 

This efficiency is derived from the lack of vanes in the 
stage. However for high pressure ratio applications, 
the higher Mach losses of the vaneless stage will reduce 
some of the efficiency advantage described above. For 
cooled stages, the elimination of stationary vanes and 
their associated cooling losses results in a further 
significant efficiency advantage. However, the latter is 
mitigated by the higher cooling requirement of the first 
wheel associated with a relative stagnation temperature 
higher than the absolute total temperature there. 

3.4 DESIGN OF A VANELESS CONTRA-ROTATING STAGE 
As discussed in section 2.5, constant work is 

assumed along the radius and the load coefficient 
achieves its maximum value at the hub, v • This condi-
tion can be written as h 

or 
tana2a=[vh/2 . (rh/r + r/rh)]/$ 

The velocity triangles yield; 

and 

tana2b:[Vh/2.(rh/r - r/rh)]/$ 

(30) 

( 31) 

(32) 

As an example, Table II gives the flow angles and 
deflections as functions of the radius ratio for a stage 
designed for Vh =4, $ =.73 and a hub to tip ratio of 0.7. 

TABLE II 
r/r t 81a'B3b o 82a 

0 
82b 

0 
ea 

0 €b 
0 

0.7 54 54 54 22.3 108 
0.8 57.4 75.8 40 18.4 97.4 
0.9 60.5 75.6 19.6 15.1 79.9 
1.0 63 75.5 -2.3 1 2.5 60.7 

The first wheel uses a high stagger blading with 
rather small deflections whereas the second wheel has a 
nearly constant inlet angle with radius and an appreci

able twist. The "degree of reaction" increases from 
zero at the hub, increasing toward the tip in the se
cond wheel. 

4 .  ROTOR-ROTOR INTERACTION 

The large relative velocity between rotors will 
affect the fluid mechanics and acoustics of the contra
rotating stage. 

The acoustics of turbomachinery ducts was first 
studied by Tyler and Sofrin (S) and the same cut-off 
condition of noise propagation exists for the sound 
generated by contra-rotating turbomachinery. (Acoustic 
modes above the cut-off condition move with an abso
lute supersonic velocity and propagate without attenu
ation). 

The acoustic modes, generated by one wheel having 
B blades and turning at an angular velocity � due to 
the interference of an adjacent wheel with B blades 
and moving at angular velocity � , have an angular vel
ocitv ("1) which can be written a� : 

w = 

where m "'.: an 

B n +mBn a a --------

B - mB 
a 

integer (positive 

(33) 

or negative). 
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This relation indicates that the ratio of the 
number of blades of adjacent wheels should not be in
teger. 

For a conventional turbine, the roto�-stator
_

in

teraction can be obtained by making SJ= 0 in equation 

33 and it yields as in ref. (8) 

Ba Ila 
w = B - mB a 

(34) 

The addition of the term, Bil in the numerator of 
equation 34 to yield equation 33 indicates that more . acoustic modes are likely to be above the cut-off condi
tion in a contra-rotating turbine than in a conventional 
turbine operating at the same angular velocity (Ila) and 
making use of a similar number of blades. 

The problems of rotor-rotor interaction including 
the effects of wakes impinging at relatively large 
negative incidences on the ?�ynstream rotor are being 
treated in detail by Mosca. 

5. CONC LUSIONS 

1) Two types of contra-rotating stages are con
sidered: the first uses guide vanes when it operates as 
a single or first stage and the second is vaneless. The 
first type uses bladings which are the mirror image of 
each other. The vanes and rotor blading are the same as 
the bladings which would be used in 100% reaction tur
bines. The second type, vaneless, uses dissimilar 
bladings in each of the two wheels with an axial inlet 
velocity to the first wheel and an axial outle� velocity 
for the second wheel: the first wheel uses a high stag
ger and low deflection blading whereas the second wheel 
has a low stagger and high deflection blading. Both 
types can reach stage loading coefficients comparable or 
larger than conventional single rotation turbine stages 
with the same number of wheels. The first type can be 
used for high work, whereas the stage loading coeff�
cient of the second type is limited to a stage loading 
coefficient of four. The second type is an example of 
contra-rotating stages with dissimilar bladings in each 
wheel operating with identical swirls entering and 
leaving the stage. The elimination of the vanes between 
wheels provides weight, length and performance 
advantages. 

2) The stage efficiency of the contra-rotating 
turbine is compared to that of conventional impulse and 
50% reaction stages. The comparison indicates that the 
contra-rotating turbines have a substantial efficiency 
advantage over the conventional stages for moderate 
pressure ratios. This efficiency ad�antage is �ostly 
derived from the elimination of stationary blad1ngs and 
to a lesser degree from the use of moderate deflections 
in the bladings. In high pressure ratio stages, Mach 
losses should be smaller in the contra-rotating stage 
with guide vanes than in the impulse stage of identical 
performance; but the Mach losses should be higher in the 
vaneless contra-rotating stage than in the other two 
types of stages. For turbine stages requiring cooling, 
the contra-rotating stages will provide a substantial 
reduction of cooling losses associated with the elimina
tion of stationary vanes which require more cooling than 
rotating blades. However first wheel of the vaneless 
stage has an inlet relative stagnation temperature 
larger than the stagnation temperature based on the 
absolute velocity. The elimination of the stator vanes 
should also result in reduced leakage losses. 

3) The different attrib�tes of contra-rotating 
turbines are: high specific power, high efficiency and 
the possibility of balancing both torques and gyroscopic 

effects. These attributes suggest the potential use of 
contra-rotating turbines in high performance aircraft 
engines, in dynamic space power systems, and in low 
speed gas turbines designed to be tolerant of parti
culates in their working fluid. 

4) Free vortex blade designs of both types of 
contra-rotating turbines are relatively easy to 
manufacture. 

5) The off-design performance indicates that 
controls will be needed to maintain the desired rotor 
speeds. 

6) The elimination of stator va.nes brings forth 
the phenomena associated with rotor-rotor interaction. A 
preliminary analysis of the acoustic modes generated in 
a contra-rotating stage indicates that more modes are 
likely to propagate than in a conventional turbine stage 
operating at the same angular velocity and with similar 
number of blades. 
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NOMENCLAT URE 

e: 
,;h: 
H/b: 
m: 
U: 
V: 
w: 
Cl" 
e: 
€: 
n: 
�: 
w :  
n: 
�: 
11i: 

number of blades on a wheel 
total enthalfy drop across a stage 
aspect ratio based on blade chord 
integer related to an acoustic mode 
rotational velocity of a wheel 
absolute flow velocity 
relative flow velocity 
absolute flow angle measured from the axis 
relative flow angle measured from the axis 
flow deflection angle in a blade row 
stage efficiency 
loss coefficient of a blade row 
angular velocity of an acoustic mode 
angular velocity of a wheel 
flow coefficient 
stage loading coefficient 

Subscripts 

a 
b 
1 
2 

3 
x 
s 
R 
r 
D 
h 
t 
N 
w 

first wheel 
second wheel 
upstream of first wheel 
between wheels 
downstream of second wheel 
axial component 
stator 
rotor 
radius 
design condition 
hub 
tip 
nozzle 
Wheel 

Fig. 1 SKETCH OF AN AXIAL FLOW CONTRA

ROTATING TURBINE 
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Fig. 8 VELOCITY TRIANGLES IN A VANELESS 
CONTRA-ROTATING STAGE 
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Fig. 9 FLOW DEFLECTION IN FIRST ROTOR OF A 
VANELESS CONTRA-ROTATING TURBINE STAGE 
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