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Abstract P : air density 
cp c 'rp 1: pitch at r = 0 and r = 0. 7 

One of the advantages for the shrouded tail ro- f1rp, linear blade twist 

tor of a helicopter is its better aerodynamic charac­
teristics over the conventional (isolated) tail rotor. 
In this paper, in order to make a deeper understand­
ing for the shrouded tail rotor, a thrust division fac­
tor q, which represents the ratio of the shroud 

thrust to total thrust of the shrouded tail rotor, is 
introduced and with the help of q, the slipstream 
theory for the static and axial flow states of the 

shrouded tail rotor are fully derived, so that varia­
tions of the thrust, po'wer and disk area against q 

for different cases are analysed. 

Next, an estimated method, based on com­
bined blade element theory and slipstream theory, is 
developed to evaluate the aerodynamic characteris­
tics of a shrouded tail rotor against it)s pitch. As an 
example, the thrust and required power of Heli­
copter Z - 9 shrouded tail rotor are calculated and 
compared with those of the isolated tail rotor. 

Finally, several conclusions are presented from 
above analysis and calculations. 

A, 
P,Cp 

Nomenclature 

disk area 
ideal induced power and its coeffi­
cient 
thrust division factor (see Eq. (2)) 

total thrust and its coefficient 
rotor thrust in shroud and its coeffi­
cient 
shroud thrust and its coefficient 

flow velocity far upstream 

resultant velocity and induced veloci­
ty at the disk 
resultant velocity and induced veloci­
ty far downstream 

Superscript 
( ) ' : shrouded rotor system 
( -) : nondimensional 

Introduction 

The development of a shrouded tail rotor (Fen­
estron ) may be traced back to the idea of earilier 
shrouded propeller or ducted fan in the 1930s' . The 

shrouded propeller was not seriously studied until 
the 1950s'- 1960s' when it was used as the 
propulsion system on ground effect machines and 
the lift system on V/STOL aircrafts (Ref. 1 ) . 
Compared to a conventional propeller, a shrouded 
one provides a greater thrust for equal power with 
same diameter, or produces same thrust with small­
er diameter under the condition of equal power. It 
can be explained as follows: 

a. the presence of a shroud substantially 
changes the slipstream downwards and converts 
more kinetic energy below the disk into pressure en­
ergy. 

b. the tip losses are reduced by weakening the 
three-dimensional effect at blade tips. 

c. a la:rge negative pressure area on the inlet lip 
of Fenestron is formed and an additional thrust is 
generated. 

Because of above attractive advantages of the 

shrouded propeller, it is considered for application to 
a helicopter as the shrouded tail rotor, e. g. , on he­
licopeer Dauphin in France and helicopter Comanche 
in USA. 
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However, the existing publications on aerody­
namic characterstics of the shrouded tail rotor are 

mostly the experimental results as well as the data 
of flight tests, and it seems that a relatively thor­
ough analytical investigation hasn't been found. 
There is lack of the thrust division relationship be­
tween the rotor in shroud and the shroud itself. In 
this paper, a thrust division factor q is introduced 

and an analytical estimation on aerodynamic charac­
teristics of Fenestron is developed. First, the 

thrust, power, and di~k area of the shrouded tail 

rotors with the variation of q are analysed by slip­

stream theory. Then, expressions for numerical cal­

culation are derived to evaluate the thrust and power 

again different pitchs by combining blade element 
theory and slipstream theory. Some conclusions are 

given. 

Slipstream Theory of Shrouded Tail Rotor 

Consider the slipstream of a shrouded rotor 

shown as Fig. 1. , and similar basic assumptions as 

for the slipstream theory of an isolated tail rotor are 

made to determine the relation of thrust, power, 
and flow velocity of a shrouded tail rotor. 

Figure 1. Schematic of slipstream through a shroud­

ed tail rotor in axial flow state 

Let How velocity far upstream be V 0 , then , 

for a shrouded rotor, 

V' 1 = V o + v' 1) 
V' z = Vo + v' 2 

1ntroducing the thrust division factor q 

q = T',jT' 

(1) 

(2) 

when q 0 , it corresponds to an isolated ro-

tor. 

Momentum equation gives the total thrust as 

T' = T'R + T's = pA'(V 0 + v' 1)v' 2 (3) 

and by Bernoulli's equation, 

T' = T', + qT' = pA' (2V, + v' 2 )v' 2/2 
+ qpA' (V0 + v' 1 )v1 

2 (4) 

Equating the right sides of Eqs (3) and (4), 

one obtains 

q = 1 
V 0 + v' 2/2 

Vo + v'i 
1 (5) 

The presence of a shroud (q o;C 0) substantially 

changes the slipstream downwards, and obviously 
V' 1 > (V' 2 + V,)/2, rather than V' 1 = (V' 2 + 
v,) /2 . 

In Figure 2, the variation of v' zlv' 1 or V' 2/V' 1 

with q is plotted, and it is seen that the induced ve­
locity ratio v' 2/v' 1 or the flow velocity ratio V' 2/V' 1 

decreases from greater than 1 to 1. But 
v', 

usually 7 
V I 

V' < 1 or ·V' 2 < 1 is not desired (Ref. 2), otherwise 
I 

the reverse pressure gradient flow and even flow 

separation would occur. So the magnitude of q 

should be restrained, namely, the contribution of 
v, 

the shroud should be restrained. For example, if 1 
VI 

1 3 v, 1 1 3 
= 0, 2 ,1,2 (ory,

1 
= 0, 3'2'5) (see Fig. 

v' 1 
2), then what corresponds to ----1 1 are q = -

v'1 2 ' 
1 1 1 
3'4'ands· 

In other words, the shroud is impossible to 
v, 

provide the thrust arbitrarily. The larger the t or 
V I 

v, 
V' I 

, the smaller is the contribution of the shroud. 

The- power may be written by the energy equa-

tion 
P' = pA'(V 0 + v' 1 ) (2V 0 + v' 2 ) v'd2 (6) 

Which is the same result as from the definition of 

power. 
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In order to clarify the gams of the shroud, 
comparisons between the shrouded rotor and the 
isolated one in three cases are made as follows: 

v' zfv' 1 

2.5,---------------, 

0.5: 0. 

OL_ ____________ ~ 

0 0.1 0.2 0.3 Q_d 0.5 0.6 

q 

V'2/V'1 
2.5,-----------------, 

0.5 V ofV' 1 3/~ .... 1 12 .... 1/:'. 0 

oL--~--~-----~-~-_J 
0 0.1 0.2 0.3 0.4 0.5 0.6 

q 

Figure 2. Variations of the induced velocity ratio 
v' ?,/r/ 1 and flow velocity ratio V' 2/V' 1 

with the thrust factor q 

a. Thrust comparison with equal power and same 

diameter: 

Let A' = A a~d P' P , then 

T' 
T 
T'• 

(7) 

T 

Substituting Eq. (5) into Eq. (7), a cublic e­
quation for T' jT is obtained. 

cT'J'--1-~ ?'J'- 1 0 _ 
T 1 - q V' I T 1 - q 

1 v, 
1 -qV'

1
)=0 (8) 

Fig. 3 plots the variation of T' fT againat q for 
v, 

different ~ . It is shown that, the thrust of a 
V I 

shrouded tail rotor is larger than that of an isolated 
tail rotor with same diameter under equal power. 

However, the increment ofT' jT is decreasing with 
v 

the increase of V'o , so the contribution of the 
I 

shroud i~ the greatest for static state, and the larger 
the V 0 , the smaller is the contribution. 

T'jT 
1.4~---------------; 

1.3 

1.2 

" / 

0 

-:?' .· . 
.......-_..A. _ .... ~ 1/3 
~> 

1/2 

3/5 

o.,L---~--------__j 
0 0 1 0.2 0_3 0.~ 0.5 0.6 

q 

Figure 3. Variation of the thrust ratio T' /1' with q 

When V 0 = 0 , i. e. , in hover state, the thrust 

ratio can be written as 

T' 1 
y= ~l-q (9) 

T' R --y= ~(1-q)' (10) 

These indicate that always T' R < T , and 1'' > 
T. T' 31- T'R 

When q = 0. 5, T = , 2 "'"1. 26 and T 
3.,-
. 1 

y-;;;"'"o.63. 

b. Power comparison with same diameter and e-

qual thrust 

Let A' = A and T' = T , then 
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P' 
p 

V' 
(]- q) _1 

v1 
20 - q) 

The relation of P' /P against q is shown in Fig. 

4. The required power of a shrouded rotor is smaller 

than of an isolated one in this case. Smallest power 

is required for static state and with the increase of 
v, 
F , the decrement of P' /Pis getting smaller. 

1 

P'JP 
1.1,--------------~ 

0.7 

0.6'--~--~-~--~-~----' 
0 0.1 0.2 03 0.4 0.5 0.6 

q 

Figure 4. Variation of the power ratio P' jP with q 

For the static state, i.e. V 0 = 0, Eq. (11) 
becomes 

P' = !l=Qq p 

and P' JP ""' 0. 707 for q = 0. 5. 

(12) 

c. Disk area comparison with equal thrust and 

power: 

Let T' = T and P' = P , then 

(13) 

When V 0 = 0 

04) 

The above equations give the relation of A' /A 
against q both the same for axial and for static 

states. 

Thus, the disk area of a shrouded rotor might 
be reduced to half of that of an isolatod one if the 

shroud is well designed to cause the total thrust e­

qually divided between the shroud and the rotor ( q 

= 0. 5 ), 

Aerodymanc Calculation of the 

· Shrouded Rotor by Combined Blade 

Element Theory and Slipstream Theory 

In order to evaluate the aerodynamic character­

istics of a shrouded rotor for different blade pitch 

angle, the blade element theory is required further. 

For a linear twist and constant chord blade, 
the blade element theory (Ref. 3) gives 

C'r, =a r a~<'i'o+ t:.;:>r- (3.) 
'o 

Jz + (t70 + v' 1)2f.df. 

-af C, J'+ (V,+v')' 
. 'o 

<V,+v',Jdr (15) 

As the inflow angle ~, is usually larger for 
shrouded rotOr over isolated one, it is approximately 
expressed here by a series of first three terms, 

(3. 

Integrating Eq. (] 5) gives 

C'r, ""'- tc,[ J. + V'f­

-ro Jg+V'f+ 
+ V'fln 1 + )J_-,--+-V_'_i J + 

ro + Jg + V''I 

06) 

~---

+ C2 ( Jo + V'f)' )<ri + V'f)') 07) 
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Where 

1 - - 1 -cl = 3a=aV'I + C,raV
1
1 + 4a=a.11}'V 1 i 

1 1 -
C2 = a=a[ 3'1' o+ 4Lir (1 - r0 ) -

_l_p, (1- l.) + .l_y,. 
3 l f 0 35 I 

(1- _1,)- 35517'1(1- :,)] 
ro ro 

Uniform induced velocity is assumed in deriva­

tion because it is more reasonable for a shrouded ro­
tor (Ref. 2). 

Combining the expressions of slipstream theory 
and blade element theory, an equation including the 

thrust division factor and induced velocity can be ob­

tained 

(18) 

From Eq. 08), the induced velocity and thus 

the thrust a.nd power of a shrouded tail rotor might 
be determined. 

Sample Calculation 

As an example, the thrust and induced power 

of Helicopter Z- 9 shrouded tail rotor are calculated 

and compared with that of the corresponding isolat­

ed tail rotor. 

1n Fig. 5, the variation of the thrust coefficient 
ratio againat ..pitch angle at 0. 7R is drawn in hover 
state for different q (Note here the condition of e­
qual power is not insisted). When the pitch is not so 

large, the shrouded 'tail rotor will produce less 

thrust than the isolated one with equal diameter. 
However, for larger pitches, it will provide greater 

thrust. The conclusion verifies experimental results 

for Gazelle shroud·ed tail rotor in Ref. 4. 

Owing to the stall limitation, the maximum 
pitch of conventional tail rotor is lower ( <30°) than 

that of Fenestron '· the latter is 38o for Helicopter Z 
- 9. In fact, when the pitch of Fenestron ap­

proaches the maximum pitch, the increase of total 

thrust ~s getting more rapidly. 

Fig. 6 shows a plot of the power ratio C' pjC, 

against pitch rp 1 in hover state for different q. Less 
power is required for Fenestron than for convertion­
al tail rotor With same size. 

If Fig. 5 and Fig. 6 are combined, a conclusion 
will be drawn that the improvement of aerodynamic 
characteristics for Fenestron is increasing with the 
increase of q. 

C'r/Cr 
\.1 

q 

. O.IJ 

0.1 
02 

09 . 0.'3' 

0.4 
0.8 

0.5 
0.7 

5 10 15 20 2S 3C S5 

prich angle at O.Trl(deg) 

Figures .. Variation of the thrust coefficient 
C' r/C r with the pitch 9' 7(hover) 

The variation of thrust coefficient ratio C' r/Cr 
agant q and powes coeffic~ent ratio C' pfCr againt q 

in a given axial flow state is plotted in Fig. 1 and 

Fig. 8. Comparing with hover flight, similar 
curves ar.e obtaind but more rapid decrease of the ra­

tios is seen for axial flow because of decreases of the 
section angle of attack. 

0.3 

0.3 

0.6 
0.4 

0.5 
0.4 

5 \0 \5 2·) 25 00 ~5 

pitch angP. a: O.?R(Ceg) 

Figure 6. Variation of the power ratio C'_..jCp with 
the pitch <p ,(hover) 

I I . 8 . 5 



C'r/Cr 
12 

'{', 

30 

o.s 

20 

OS .1!? 
. 10 

0.4 
0 0.1 0.2 ,, C.4 o.s 

q 

Figure 7. Variation of C' r/Cr with q in axial flow 

state of shrouded tail rotor 

1.2,---------------, 

0.8 

06 

0.4 

30 
...... 25• 

20 
15 

C.2o'-----,-0.-1 --0:-,---0-,.3---0.-< ---'0.5 

q 

Figure 8. Variation of C' pfC1 
P with q in axial flow 

state of shrouded tail rotor 

Conclusions 

The following conclusions .may be drawn 

through above analytical investigation on aerody­

namic characteristics of shrouded tail rotor: 

(1) The thrust division factor q relates to the 

flow velocity ratio V 0 jV' 1 and V 1 JV' 2 , and for a 

given V 0 jV
1 

1 , the q increases with the decrease of 
V' 

V' 2 /V' 1 , but usually V' 2 < l isn't desired, so q 
1 

should be retrained, i. e. , the contribution of the 

shroud is not unlimited. 

(2) Under the condition of equal power, to-

than that of an isolated tail rotor with equal size, 
while the thrust of rotor in the shroud is always 
smaller tha'n that of an isolated tail rotor, and the 
increment of total thrust is getting smaller with the 
. v, 
mcrease of V' . 

1 

(3) With equal thrust, the required power of 

Fenestron is less than that of an isolated tail rotor 

and this decrement will be getting smaller with the 
increase of v·ofV' l . 

(4)· With equal thrust and power, the ratio 
of the disk area between the shrouded and isolated 

tail rotor is decreasing linearly against q. 

( 5) For the same pitch, but not so large, the 

shrouded tail rotor will produce less thrust than the 
isolated one with equal diameter, while for larger 

pitch aniles, the former will provide greater thrust. 

( 6) it is shown that the improvement of aero­
dynamic ef.ficiency of shrouded tail rotor lncreases 
with q. 

1. 
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