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Performance of existing annular jet air cushion vehicles (ACV) is

limited by the substantial loss in efficiency between the fan and the
nozzle. Because of the performance and design data available, axial

flov fans were used on most early ACV in spite of the inefficiency of

the axial fan in high payload to gross weight applications. The peripheral
fan showed promise of correcting these two major shortcomings of current
vehicles. A study was initiated to investigate the performance of

several types of transverse flow fans to determine if any were suitable
for an air cushion vehicle 1ift system.

Experimental investigation demonstrated that a flexible blade peripheral
fan not only provided a relatively constant efficiency throughout its
operating range but also promiséd increases in system efficiency of
from 30 to 40 percent. While such an increasd in performance can be
considered as a technical breakthrough, mechanical problems in producing
a practical fan of the type envisioned are still to be solved.
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In Ground Lffect Machines developed to date, generation of the lifting
cushion pressure has generally been accomplished by use of axial- or
centrifugal-type fans. Substantial reductions in efficiency result

from the elaborate ducting required with these, particularly from turn-
ing losses; moreover, these installations require expensive, complicated
structure and much of the potential deck area and cargo volume is rend-
ered unuseable. Considerable improvement in all these aspects, as well
as in stability and control, is offered through use of vane- or crossflow-
type fans installed around the periphery of rectangular planform GEM's.
This is the Frost Fan concept with which the project described in this
report was concerned.

This report presents the results of a program conducted to develop and
evaluate the Frost Fan concept. The data obtained from comprehensive
test programs made with small-scale models and full-scale fan assem-
blies are discussed in detail. A theory has been developed to explain
satisfactorily the performance of the Frost Fan. The theoretical work
accomplished and the comparison between theory and experiment are pre-
sented together with a study of recirculation theory. An elementary
theory of the crossflow fan is developed using concepts already well
established in fan aerodynamics.

Organization of this report is on the basis of presenting the most
significant and interesting information first. Thus, in view of the
importance and funding of research projects concerned with energy re-
covery in ground effect machines through recirculation of the lift
cushion air, Section One deals with this subject. Both experimental
results and newly developed theory are presented in evidence of the
need for a fresh look at the potential of recirculation.<: ‘)

Section Two is concerned with the evaluation of crossflow fans as a
means for generating lift cushion pressure with potentially high effi-
ciency. This relatively new type of blower lends itself well to the
peripheral fan GEM configuration that underlies the Frost Fan concept.

Finally, Sections Three, Four, and Five describe the small-scale model
testing performed, the development of theory pertinent to the Frost
Fan, and the results of full-scale testing of the first generation ver-
sion of this configuration.




1.

2.

L,

CONCLUSIONS

The good agreement between the theory developed herein and ex-
perimental results indicates that a satisfactory basis for de-
signing lift fan systems for ground effect machines has been

'establismdo

In general, the results obtained with the full-scale Frost Fan
assemblies are considered to be satisfactory. Despite the
losses attributable to tip roller friction, blade leakage and
end losses, efficiencies as high as 55 per cent were measured
with these fans. This is substantially better than the system
efficiencies reported thus far for any existing GEM.

It is concluded that the Frost Fan and the crossflow fan may be
capable of giving efficiencies in the order of 80 per cent
after the completion of additional development programs,

Finally, it is concluded that the recirculation system for
GEM's as it is presently envisaged, is inferior to the conven-
tional annular jet, requiring more power to generate a given
lift and being markedly unstable in heave at low hover heights.



1.

2.

3.

RECOMMENDAT IONS

The proof of the effectiveness of a component or principle is
whether it enables a more effective system to be built. For
this reason it is suggested that the knowledge of the perform-
ance characteristics of the Frost Fan acquired in this program
now be applied to a design study for a specific vehicle, in-
tended to perform a specific mission.

Since friction and leakage losses are of considerable impor-
tance it is logical tc look for a design concept which will
minimize these factors. A revised Frost Fan configuration is
presented in this report which eliminates tip rollers altogeth-
er and minimizes end-plate and blade-tip leakage. In addition,
this revised configuration permits the use of flexible plastic
or sheet metal blades, thus considerably reducing total fan
weight. It is strongly recommended that a follow-on study be
conducted to develop and evaluate this new configuration.

Despite all the work that has been done in study and applica-
tion of recirculation principles for GEM air cushions, this
phenomenon is sufficiently complicated for past efforts to be
regarded as negligible in relation to the amount of theoretical
work yet to be decne. It is suggested that effort would most
profitably be spent on fundamental experimental and theoretical
investigations into the basic aerodynamic phenomena involved in
recirculation.



INTRODUCTION

SOME REMARKS ON COMPONENT AND SYSTEM EFFICIENCY

The process of producing the optimum design for any vehicle is concern-
ed mainly with optimizing the most important operational parameters.

In designing a transport aireraft, for example, great stress is laid
upon achieving a minimum figure for the total operating cost per seat-
mile over the operational ranges for which it is designed, a d nearly
all other requirements are subordinate to this.,

The important performance parameters for a Ground Effect Machine (GEM)
are not easy to define. First, there seem to be innumerable opera-
tional roles open to GEM's and the question of which are the most im-
portant parameters will differ with mission characteristics., Secondly,
GEM technology is so new that only fairly simple performance criteria
can be justified, because of the relative inaccuracy involved in making
performance estimates. It would be very rash, for example, to place
much emphasis on second order optimizations based on cruising speed,
because the methods available for estimating drag are still very inac-
curate, and there is not even general agreement as to the parameters
against which experimental results should be correlated.

A fairly obvious efficiency p.rameter is the power required per pound
of payload to hover at a given height above the ground plane. Provided
that the known effects of body shape on drag, together with the effects
of jet geometry and momentum flux, are kept in mind, it seems reason-
able to believe that a configuration optimized for this hover criterion
will also be close to optimum in cruise.

The determination of optimum configurations is often attempted without
extensive design layouts on the drawing board and without stress anal-
yses of the various structural configurations to determine the sizes of
the structural elements and their associated weights. E.gperience with
older types of airborne vehicles indicates that without such layouts
and analyses those design studies are often valueless and usually plat-
itudinous. Although such design studies are often based on reasanably
valid approximations such as relating structural weight to the vehicle's
overall dimensions, for example, they miss the point that design is
still very much a creative art. That is to say, the number of compro-
mises is so vast, and many of them are so ill-defined in terms of quan-
titative effect, that the choice between them cannot be programmed on a
computer, but must be made by an experienced design engineer. The most
that can bu expected from a design study alone is the optimum geometry
for a vehicle or one particular and rigidly defined configuration, and
even hare human ingenuity and inventiveness can often obsolete the re-
sults before the ink ‘s dry.



With these reservations in mind, it is reasonable to assume that the
optimum GLM components are those which result in maximum payload {or a
given hover height and power consumption. For example, a single,
centrally located axial fan may be nore efficient than a number of
small ones mounted around tine periphery and may also be lighter when
the transmission weights are taken into account. However, if the duct
lossas dissipate nhalf the power supplied, the more complex peripheral
fan system could be the opt%mum of the two,

The most usual GEM configuration is based upon one or more centrally
located fans and ducting which channels the air from these fans to the
peripheral jet nozzle. In general, the wetted area or these ducts will
be in the order of twice the plan area of the vehicle, even withouu in-
cluding frames and turning vanes, Moreover, this ducting usually in-
volves two right-angled bends, each involving losses of the order of

50 per cent of the local dynamic head, and some diffusion. It is not
surprising then that 40-50 per cent of the energy put into the airflow
by the fan is typically dissipated before the air reaches the exhaust
nozzle. Thus a fan which is 80 per cent efficient at its design opera-
ting point is really only 40 per cent efficient when the necessary
ducting is taken into account.

If we could eliminate duct losses by some form of peripheral fan, it
would only have to be 40 per cent efficient to break even with an effi-
cient centrally located fan. Moreover, we could afford a, somewhat
greater weight penalty for a peripheral fan, since we should be saving
the weight of the ducting.

It was these considerations which resulted in the original concept of
the peripheral fan, and it was soon found that no loss in efficiency
need be accepted and that under the right conditions such a fan could,
in fact, be as efficient as its axial flow equivalent. On the score of
weight also, it was found that the area of skin needed to form the fan
case was comparable with the amount of material required for ducting
the air from a centrally located fan. Moreover, since the peripheral
fan case can be used as the basic structure of a GEM, it is serving two
purposes and enables a substantial overall saving in structural weight
to be made.

It was felt that these considerations were sufficient to warrant a de-
tailed examination of the peripheral fan concept. As the investigation
proceeded, however, it became evident that such a system had other po-
tential advantages, some of which might possibly be of more far-
reaching importance to GEM technology than the original features of
high system efficiency and low weight.



SOME DISADVANTAGES OF AXIAL FANS

We start with the assumption
that an annular jet GEM is
initially resting on the
ground or water and that its
jet nozzle exit is therefore
close to or in contact with
the surface. Thus, the air
mass flow through the system
will be negligible when the
fans are started up and will
remain so until the vehicle
starts to raise itself to
its operating hover height.
Once it is hovering, the
airflow relative to an ele-
ment of one blade will be as
depicted in Figure 1. Figure 1. Blade Angle of Attack.

INFLOW VELOCITY

ROTATIONAL VELOCITY

Q- is the blade pitch angle, measured from the plane of rotation
¢ is the inflow angle defined by tan ¢ = U'/.ﬁ."

JLy is the rotational velocity, flL being the rotational speed in
radians per second and P* being the radius of the blade element
from the shaft centerline

U 1is the inflow velocity, or the speed at which the air is sucked
through the fan,

Some very simple relationships can be written down immediately from

the geometry of Figure 1, and these equations are the basis for all
axial fan theory and, incidentally, for helicopter rotor theory as well.
First of all, the lift on the blade element can be obtained from the
relationship

Section lift coefficient = (lift curve slope) x (angle of attack)

Qo (1)

The angle of attack is

ol = (pitch angle) - (inflow angle)

9 -9 (2)



If the blade pitch angle 9 is small - say less than 25° - then the in-
flow angle will be even smaller. This means that we can use small angle
approximations and say that

tan¢&ﬁsin¢"§‘/¢
cos ¢>¢== 1.0

If we do this, then equation (1) becomes
(o- )
¢, =ax = a(8-¢)= a o (3)

Tnis simplification enables us to obtain closed form solutions for fan
performance and etficiency, resulting in a considerable reduction in
the amount of computation needed to optimize an axial tan design and to
determine its performance for off-design-point conditions., It also en-
ables us to determine more precisely the contribution of the fan to the
dynamic stability of a GEM, an effect which has hitherto had to be neg-
lected in stability analysis. It is of interest to no.e that a theory
developed along these lines (References 1l and 2) was used in the design
of the Frost Mine Search Head Carrier GEM for U, 3. Army Transportation
Research Command and that the full-scale vehicle performance gives ex-
ceptionally good agreement with theoretical predictions.,

We now go back and consider the problems of take-off, when the air mass
flow through the system is zero, so that tne inflow velocity (S ) is
zero, For this case the lift coefficient is

¢ = a®

The maximum lift coefficient obtainable under full-scale conditions is
about cﬁ = 1.6 (and for mouel GEM's it can be very much less, of the
order of 0.5 - 0.8, depending on the blade section used). So, if the
blade pitch angle is greater than

G___q _\e
Q 0.\

2 16°

- then the blade will be stalled and the vehicle may not be able to
take off at all.



In practice, the fan
will induce swirl under
conditions of zero mass
flow, as shown in Fig-
ure 2, and this will
further reduce tne
pressure rise generated
by the fan.

For these reasons, it
is often necessary to
have variable pitch

blades on an axial fan - SWIRL

or else to mount the

blades at an angle of Figure 2. Conditions at Blade
16° or less. Element for Zero Mass Flow,

When the GEM is flying at its operating height the inflow velocity will
be equal to the air volume flow rate divided by the fan area. Now the
airflow rate, or the mass inflow, is fixed by the operating height and
jet nozzle geometry, for a given vehicle weight, so the only way we
have of varying the inflow velocity in practice is by varying the work-
ing area of the fan.

For maximum fan efficiency in cruise, we need to get maximum lift or
pressure rise from the blades for a minimum power loss, and it can be
shown that this occurs when the ratio

ct blade section lift

¢, — blade section drag

is a maximum. This maximum occurs at an angle of attack which varies
with the camber of the aerofoil section and certain geometrical proper-
ties of the fan, but a typical value might be X gpy = 9% Thus, if the
blade pitch angle is 16°, the inflow angle, § , must be 16° - 9° = 7°,
Since the air mass flow is fixed, as explained above, the only way we
can obtain this optimum inflow angle is by using an appropriate combina-
tion of fan area and rotational speed. Moreover, the fan rotational
speed - or more specifically, the circumferential tip speed - is limit-
ed by aerodynamic compressibility, so that the considerations outlined
above define quite precisely the working area of the fan.

The optimum fan size is quite large when a large hover height is re-
quired and immediately poses problems of where to put the payload,
since the fans and their associated inlet ducting assemblies account
for a major portion of the GEM's upper deck. Also, if only one fan is
used, the problem of torque reaction assumes some importance and can
only be remedied at the expense of additional pressure losses in the




jet air supply. These compromises can be very serious, although they
have often been neglected because of the very low operating height-to-
diameter ratios, and therefore low specific mass flows, of the exper-
imental vehicles presently flying.

So fir, we have only (9
<id:red design F
p- 1at operation, but 1.0 g
in practice any real A

vehicle is often
operated away from
its optimum design
condition. For
example, the need
for maximum terrain
clearance under
certain conditions
will usually make
this the design
point, in associa-

tion with maximum 0 | |
engine cruise power 0 50 10° 150
output and maximum INFLOW ANGLE, ® (deg.)

all-up weight. Thus,

design point fan

speed will correspond

with point A in Figure 3. Variation of Fan
Figure 3. Efficiency With Inflow Angle.

If we now wish to operate at an all-up weight which is less than the
design point value, the mass flow required will be less, and therefore
so will the overall efficiency, corresponding to point B in Figure 3.
If we now decide to extend our range by reducing the ground clearance,
such as in traveling over flat terrain or smooth water, for example, we
find that the inflow angle is further reduced, and the efficiency drops
to point C in Figure 3. Indeed, in some configurations it is possible
to drop to half the hover height and yet to suffer an increase in the
power required.

To a certain extent these adverse effects can be minimized when an in-
ternal combustion engine is used if the engire is capable of maintain-
ing output through a wide range of operating speeds. For a gas turbine,
on the other hand, where there is very little engine shaft speed varia-
tion available, no relief is possible without use of a complicated and
expensive transmission.




In the realm of stability,
an axial fan also suffers
from a number of disabili-
ties. In steady pitch,
for example, as illus-
trated in Figure 4, the
increased back pressure

in the jet nozzle close to
the ground causes the
greater part of the air-
flow to be diverted to
the higher nozzle, thus
greatly reducing the
pitching stability. This
effect, which is also a
possible cause of high
speed, nose~down pitch,
can only be eliminated

by using a multiplicity
of fans, Figure 4. Asymmetrical Airflow Effect.

Typical experimental curves for a small axial fan with a relatively high
blade pitch angle are given in Figure 5. When the blade angle is lower,
the stall shown in Figure 5 can be avoided, but the efficiency falls off
much more sharply as the back pressure is reduced.
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