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EFFECTS OF COMPRESSIBILITY IN WING-TMMERSED

LIFTING FANS FOR VTOL AIRCRAFT

I TRODUC TION

In reference 1 a rather simplified theory of axial-
flow wing-immersed lifting fans for VTOL aircraft was presented
for the purpose of preliminary design and size and weight
estimation.

gﬁt the time of writing disc loadings of about 200-
LOO 1b/ft< were considered, and it was felt that the effects
of compressibility on the design of the fans could be neglected.

Reference 2 investigated the effects of fan disc
loading on the weight and cost of VTOL powegplants with gross
disc loading varying from 200 to 1000 1b/ft<. The resulfing
curves of welght and cost were lowest but rather flat 1n the
500-1000 bb/ft region, showing optima lying between 500 and
750 1b/ft<, depending upon the criteria of either weight or

cost.,

In view of these conclusions, demonstrating the
desirability of using the higher disc loadings, it was felt
appropriate to introduce some questions of compressibility.
The present memorandum is intended primarily as a record of
some not very recent work on that subject.

Two main effects of compressiblility are apparent,
the one dealing with the geometry of the fan and its influence
on disc loading limits, the other with the efficiency of the
fan, as affecting the drive power requirements,

The memorandum here deals only with a particular type
of fan, necessarily very shallow for wing-immersion, in which
the prime object is to accelerate as efficiently as possible a
large mass flow of air to high velocity Iin the shortest possible
distance. This precludes the multi-staging of compression with
a final expansion through a nozzle, such as in effect is done
in turbojet engines,

GENERAL RELATIONSHIPS

Considering the fan as an air accelerating device,
producing thrust as a result of its exit axial velocity

o e
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V ft/sec, after a change from 0 to V in the interior, the
general form of the relationship between the thrust, power,
and efficiency, remains substantially the same, whether
compressibility is taken into account or not.

This is demonstrated below, for as in reference 1,

neglecting any pressure terms on the ocutlet faces, the thrust
X produced by the fan

x=l’fg=ﬁ£}£ 1b.

28
Where W = mass flow of alr through the fan, 1b/sec.
P = density of the air at outlet, 1b/ft7,
A = net cross-sectional area, or the active or blade-

swept area of the fan at outlet, ft<,

The kinetic energy of the fan discharge

3
= Wve_ /ay3 ft. 1b./sec.
g ;g

and if the overall efficiency of the fan =’?, then

Pay3 =m v

2g
where Y = input power to drive the fan, ft. 1b./sec.

By derivation from the above relations and

% = ‘262 and V = /Eg?ﬁ

which when V i1s eliminated give

2
X o 22
E g(X;%)Z
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This is an expression for the net disc loading X/A
in terms of the power loading X/Y, the efficiency” , and the
alr density P .

The only difference in thils from reference 1 is that
the density 2 and area A are specifically to be taken as being
at the outlet of the fan.

If compressibility is neglected, F’and A are constant
through the fan, but if it is taken into account, the density
varies, thus also affecting the area and the internal geometry
of the fan.

As the disc loading rises so does the variation in
density, and also the axial velocity V of the air increases
until, in ecombination with the peripheral velocity of the fan
blades, a relative velocity 1s reached which falls into the
transonic reglon, with a consequent drag rise of the fan blades
aerofoils, and loss in fan effioiencyf7 o

It is these two effects of compressibility that are
discussed in the following sections of the memorandum,

FAN GEQMETRY.

For the purpose of the present analysis the fan may
be split up into two distinct parts, as shown in figure 1.

a) The Bellmouth in which the air is accelerated
from a static condition to an axial velocity V
at the expense of a pressure drop AP.

b) The fan rotor in which the pressure drop AP is
regained at the expense of the drive power Y.

Also necessary for any fan with a single rotor are
stator gulde vanes to correct for swirl at the outlet. These
vanes may be placed elther at the inlet or the outlet of the
rotor, and with two counter-moving rotors there is in fact no
need for them because the two rotors may be used to correct
each other. In any case conditions of flow through the vanes
are such that no large differences of pressure occur, thus
permitting omission of them from any further discussion in
this memorandum,
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3,1 Constant Area Rotor.

The more obvious type of fan rotor is located in
a parallel duct following the Bellmouth, and 1s therefore called
a constant area rotor., Referring to figure 1, with subscripts
0, 1 and 2 denoting the ambient statle, rotor inlet, and rotor
outlet conditions, the following ideal (reversible adiabatic)
relations are established if compressibility 1s taken into

account: - 2
P

222
129

Thrust X = and A2 = A, = A constant.

1
Net disc loading based on the actlive or blade-swept area A

i
PaV>

g

X =
A

o
144

By continulty FHY1 = FLVE . V2 = ;T_ Vl

_ 5 _ P Py {P\ Y=l
S O e S g
g vl

Therefore

P = ) - P =
X ¥ 2k o} Y 0 Y
22p (et () I‘(—) - 1]
R y =1 K, FI __Pl
and
=1
Vl == i‘. (E_].'.) Y
VE Pl po

There is a 1limiting net disc loading when the Bell-
mouth throat chokes and ?1/P0 reaches the coritical value of 0.53.

With Po = standard atmosphere, 14.7 1b./1n.2
v = 1.4 and y-1/y = 0.286

The limiting disc loading

X 1 2, 1 10.2861, 1 .0.286 ]
= 2x1l . 7x1hlx x (0.53)°¢( s [E J -1} =995
A 0.286 0.53 0.53 b./ft.°

|
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In an actual case where the adlabatic compression
efficliency of the rotor may be say 85%, the corresponding
figures are not too different, with

X/A = 1000 1b./ft.2, vl/v2 = 1,56
Conditions at the 1imit are 1llustrated in figure 1

Thus 1t is seen that 1n a constant area rotor, D)
besides the limiting net disc lvading of about 1000 1b./ft. a
there 1s an undesirable excess of axial alr acceleration before
the rdétor with a deceleration in the rotor itself, a condition
gulte probably prejudiclisl to efficiency. Also, in an actual
case, with a hub occupying part of the gross disc area, and
inlet guide vanes perhans preceding the rotor stage, the
zross disc loading 1limit would be below the above net figure,
and therefore inadequate to fulfill the regquired top 1limit of
reference 2 (1000 1b./ft.%).

3.2 Constant Velocity Rotor,.

Following uv» the conclusions of the previous section,
it is further obvious that a rotor with at least constant axial
veloclty would be preferable,

Assuming therefore that Vl =V, = V constant, the

1deal relations come out as below:-
A2
'T'hrust Y = P.e_.__z_v

as

2
Net disc loading based on largest active rotor area = XE_
X
: /1

By continuity PlAl = Fu g T ity

7 P =t
Alsc V = ¢ giTO —— [} - (_l )

vy=1 PO

w|~u

'—l
St
<2 |

. . r=1
P2=Fo 8”“{%: Fi=€% (§—°) i =Po(
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Therefore
X ST =
= L o ¥
= 28, oy 45 | i) 1
2 0 1
and
x-" ‘]-_
;E = EE (32) Y = (El) Y
T o 5 Py

The limiting disc loading in a standard atmosphere,
when the bellmouth throat chokes and Pl/P0 = 0.53,

X 1 1 0.286 >
s
1l

In an actusal case, with rotor adiabatic compression
efficiepcy = 854, the limiting disc loading 1s the same 1560
1b./ft.<, but the area ratio is slightly different, with
Ae/Al = 0.655.

At the above limiting disc loading the rotor becomes
all supersonic, since the axial veloclty is exactly sonlic,
and the relative velocity therefore supersonic,

Under and approaching such circumstances operation
is 1ikely to be very unstable, with efficient performance
only at the design point (Reference 3).

However, as pointed out later in the memorandum,
operation 1s likely to be satisfactory at the gross disc loading
of 1000 1b./ft.<, which is the horizon of the present study,
Conditions at this loading are 1llustrated in Figure 1.

The constant velocity rotor therefore probably
covers any gross disc loading that may at present be foreseen
as practicable. The necessary area ratlo AQ/Al is plotted,

against net disec 1oading, in Figure 2, using an assumed com-
pression efficiency of 085%.
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FAN EFFICIENCY.

The fan overall efficiency in the general relation-
ship

. 2
i g‘x/;we

is probably best obtainable from experimental tests, since
it covers all the losses in the bellmouth and stator gulde
vanes, etc., as well as the losses in the rotor itself,

However, rough comparative values may perhaps be
usefully derived from the rotor efficiency, which 1is 1tself
traceable to the basic rotor blade aerofoll characteristics
of 1ift and drag, as shown in Reference 1,

The rotor efficiencyﬂ?r, though related to, is not

of course to be confused with the adiabatic compression effic-
iency of the previous sections.

From reference 1l.=
AT S —
‘7r = 1 T Py
L .D2, 1:0+(8)°
L 3¢ 1+&

aerofoil 1ift/drag ratio

5
[41]
Lp §
@
=t
e
)
]

axial /tip velocity ratio

? e
I ]

hub/tip radius (or diameter) ratio

Reference 1 and subsequent analysis also establ ished
that approximately® = K¢ , where K = 0,68 for single rotor
fans, and 0.38 for counter-moving fans. These limits of the
hub/tip ratio @ are based on the fact that the hub is the
most critical part of the fan blade design. Here the relative
air velocity is at its minimum along the blade length, due to
the reduced peripheral speed, so that the 1ift coefficlent Cp,

is strained to the 1limit in order to meet the required pressure
rise through the fan rotor. The values of 0,68@ and 0.38¢ for

(@ have been calculated on the basis of CL = 1,9 as the limit
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for an isolated aerofoil, which is then considered in a row
or cascade of other aerofoils, and corrected accordingly.

There is a large amount of literature on aerofoil
characteristics., References lj and 5 were particularly chosen
as applicable to the present study. Their 1ift/drag ratios
versus Mach number for 6% two dimensional aerofoils are com-
bined in Figure 3.

Taking as example the constant veloclity rotor, it is
first necessary to find an expression connecting the axial air
velocity and the fan tip speed with the disc loading, in order
to relate disc loading to the rotor efficlency f?g .

Gross disc loading, based on the whole fan ares, as
in reference 2, 1s of prime interest. Denoting this as 2,

¢

L= Tte

where 1 = fan tip radius at the rotor inlet.
Assuming the rotor inlet as the point where the hub relation
@ = K¢ applies, the blade swept area A, at the inlet

= n [’:2- (91:)2‘]=m?[1-92‘]
Therefore
X _ Z

Kl ) 1l - (P'_¢>)2

With reference_to the 883510h on the constant velocity rotor

2 A
PAN _ P11 . x _ Pyl
X = —— gnd Sh
£ p 2 rs 1 g

: s g

£ 7 e = 4K
Therefore = L.l (r¢)]

: y=1
Now V = d/ggRTo ~L e 2% ) T.]
y~1 fo

P, P el
and [, = f: = ( = ) ¥ from both of which
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Introducing the fan most suitable for high disc locading, with
counter-rotation, when K = 0.38, gives

2 1
Pov [ T ve =
7 = 1-0.1u5<—):|1- -1
g U L 2gRT ;%T— }

where U = fan tip spseed.

It follows that rotor efficlency//R may be obtained
in terms of the disc loading Z and tip speed U, since Z glves
V from the above expression, and V and U in turn giveg¢ and
hence Q. .

Values of L/D in the expression for /)R are obtainable
from Figure 3, since the Vach numbers of the rélative air vel-
ocities from hudb to tip may be derived from U and V. Relative
veloclty at the tip

e e re———

B o
e
and at the hub = /& '.J2 + V

Figure I has been derived in this manner, assuming
that the Mach numbers of the relative air velocities are
referred to the temperature Tl'

The use of maximum, rather than actual working, L/D
values 1s justified on the grounds that approximate relative,
not absolute, efficlencies have been sought, Unlike in air-
craft wings, an aspect ratio of infinity may be assumed for
the fan blades, since end losses must be negligible, thus
resulting in some of the rather high L/D values which are
shown,

Figure L shows the variation of relative rotor effic-
iency /]JR with gross disec loading Z, at three different tip
speeds’ The range of gross disc loading covered is from near
zero to the 1imit imposed by the choking of the fan bellmouth
throat._ At a tip speed of 1000 ft./sec. this 1limit is 1326
1b./ft.2, equivalent to the net disc loading of 1560 1b./ft.°
previously found.
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If it is assumed that the overall fan efficiency
is directly related toﬂg , then values of /) may be derived,
and are also shown in Figure |, where for simplicity they
are related by a constant increment tof)g (rather than
perhaps the more correct constant multiplier). The assump-,
tion is thatd) = 80% at a gross disc loading of 500 1lb./ft.c
and tip speed = 800 ft./sec.

The fan efficiency.”) then obtainable at a gross
dlse loading of 1000 1b./ft.° 'and tip speed 800 ft./sec., for
exsmple, is 70%. At these conditlons, the corresponding axial
velocity is also (by ccincidence) 800 ft./sec. and rotor tip
inlet relative = 1130 ft./sec. or Mach 1.07. Reference 6 has
demonstrated that steble efficient operation is possible over
a wide range of speeds, at reliable inlet Mach numbers of at
least 1.1 and under.

CONCLUSTIONS.

is In an axial flow fan, of which the rotor has a con-
stant cross-sectiongl flow area, compression choking in the
throat of the bellmouth inlet 1imits the net dise _losding,
based on the net flow area, to about 1000 1b./ft.2, The 1limit
of gross disc loading, based on the gross area, is corres-
pondingly lower, depending uron the area occuried by the hub,
There is also a deceleration of the axial velocity in the
rotor which is probably prejudicial to efficiency at high

disc loadings.

SR In a fan, of which the rotor has a constant axial
flow=-velocity, and correspondingly decreaging flow area, the
1imit of net dise loading is 1560 1b./ft.©. Gross disc
loading 1s correspondingly lower than this figure, depending
upon the hub size but adeguate to cover the horizon of the
present memorandum, which is 1000 1b./ft.€ . The required
flow area reduction at the loading 1limit 1s about 357%.

3 Due to compressibility effects as a result of high

"“ach number, pasrticularly at the tip, the efficiency of a fan

decreases with disc loading, at disc loadings over about

500 1b./ft.€. Thus in a fan with finite hub size, (wH ch
itself depends on the disc lo2ding), and where the efficiency
might be say 00% at a gross disc loading of 500 1b./rt.2,

tip speed 80Q ft./sec., the corresponding efficiency at

1000 1b./ft.€ is estimated to be roughly 70%, and at the
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limits of disc loadlng even lower (50 - 557%)

It The loss in efficlency at high disc loading implies
higher power to drive the fan, and hence greater size and
welght of the puower generator. Multi-staging of compression
in the fan, and final expansion through a nozzle may be good
for efficiency, but is very likely not possible in wing-
immersion, and probably merely shifts the burden of size and
welght increase from the nower generator to the fan.
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