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SUMMARY

This report is divided into three main sections: the first dealing with re-engined
variants of the existing Avrocar; the second with the design of o lower powered
GETOL aircraft; and the third with a heavier and more powerful VIOL version.

The General Electric T 58, both as a shaft driven unit and as a gas genevator is
considered as a replacement for the J 69 engines of the Avrocar. The three systems
are compared with respect to various operating assumptions.

Two elliptic planform CETOL vehicles, powered by two Astazou Il engines, are
considered next: one propelled by the annular jet deflected aft; and the other by
separate propellers. Emphasis is placed on the fan propeiler combination in which
the fan system provides the ground cushion and the propeller provides the cruising
thrust .,

Lastly, two verions of VTOL vehicles, similar to the Avrocar but using J 85 engines,
are examined: a centrifugal fon version, and a lower pressure ratio axial fan version
employing a central jet. Emphasis is placed on the latter which was found to be the

best.

A summary of salient propulsive system details is found in Table I, following Section 5.
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INTRODUCTION

This report presents the propulsive system analysis conducted under Phase |
of the Canadian Government Program for the Avrocar. Both VTOL and
GETOL developments of the Avrocar are considered.

The main body of the report is broken down into separate sections for different
families of designs, the three engined versions, the Astazou powered GETOL
aircraft, and the J 85 powered VTOL design.

IHustrations of all the configurations to be considered are found in Figs.
1.1t0 1.7,

There is an Appendix to this report in which will be found an outline of the
methods followed in the calculation and a detailed consideration of the effects
of fan and nozzle size, fan pressure ratio, duct loss, etc. on typical lifting fan
systems. The methods used are obtained from Ref. 1 and Ref, 2.
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T 58 POWERED VERSIONS

.

Alternative Powerplants

Two suggestions for re=engining the Avrocar have been compared to the
present arrangement. The method has been to work out basic values of
thrust and specific fuel consumption as functions of Mach No. for each
configuration. Many assumptions have to be made to arrive at these basic
curves, so the effect on the curves of changes in these assumed parameters
is next studied. Although the parameters are varied one at a time, the
cumulative effect of several variations can be easily estimated.,

Cases will be described by a letter and a number such as "B-3", where "B"
refers to the powerplant being considered (see below) and "3" refers to the
operating assumption (see Section 2.2). Examples are given in Fig. 2.1,

The following powerplants and associated fan drive systems were considered:

Case "A" 3 Continental J69-T-9 discharging into 95% efficient 'tusks'
leading to an 80% efficient tip turbine. The turbine exhaust
mixes with the fan flow. The engines weigh 364 Ib. each.

Case "B" 3 General Electric T58-GE=6 driving the fan through a 95%
efficient set of shafts and gears. The engines exhaust separ-
ately from the fan flow. Each engine weighs 271 Ib. and
its gearbox 75 lb, ’

Case "C" 3 General Electric T58-GE=-6 with their output turbines
removed so that the engine becomes a simple jet engines.
Performance estimates were made from model spec. E-1012
assuming that the efficiency of the removed turbine was 90%.
The engines discharge into 95% efficient "tusks’ leading to
an 80% efficient tip turbine. The turbine exhaust mixes with
the fan flow. The engines, stripped of their output turbines,
weigh about 250 |b  ecch.

Alternative Cperating Assumptions

The following cperating assumptions were considered for each pawerplant. The
number indicating each condition applied to the graphical presentation as
stated in Section 2.1,

| The basic case - Sea Level. 100% ram recovery at fan and
engine intckes. Duct joss coefficient K = $.3. The fan
is 85% efficient and operates at 1.10 pressure ratio. Fig. 2.2
compares the basic cases for the 3 alternative powerplants.
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Alternctive Operating Assumptions (cont’d)

2, The fan pressure ratio is 1.20. Otherwise the same as the
basic case.
< The fan and engine intake pressure recovery is reduced to

values measured on the |/5th scale Avrocar model .

4. Only 90% of the gross thrust at the nozzle is considered
useable.,

8. 20,000 ft. altitude.

é. Supercharged engines. That is, the‘engine intake is relocated
inside the duct. No loss is assumed between the fan and the
engine,

Discussion of Operating Assumptions

(a) Fan Efficiency = 85%

Orenda Engines Limited in their design of the Avrocar fan, show its
peak efficiency to be 89%. 85% allows for a small amount of off design
operation. -

(b)  Tip Turbine Efficiency = 80%

Orenda Engines Limited estimated the maximum efficiency to be 83.4%..
Again 80% allows for a measure of off design operation.
(¢) Ductloss K = 0.3 :éf—
Yan

That is to say that the total pressure loss between the-fan and nozzles
is .3 times the dynamic pressure immediately behind the fan. This is
what would be expected from a cleaned up Avrocar. It would be
conservative if there was a large central jet.

(d)  Tusk Efficiency = 95%

Tests have shown an average total pressure loss of 5% through the tusk-
shaped duct delivering engine exhaust gas to the tip turbine.
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2.4

Discussion of Operating Assumptions (cont*d)

(e) T58 As a Gas Generator

General Electric has confirmed the feasibility of removing the output
free turbine from the T58 to convert it to a jet engine. The total
temperature of the jet can be found from the JPT, HP, and air flow

of the standard engine. The efficiency of the output turbine was-
estimated to be 90%. The total pressure of the jet is then determined.

Note that the standard engine considered was the 1050 HP model.
A 1250 HP model will be available shortly and this engine will give 19%

more power with a slightly lower SFC and only 4 |b. mcre weight.
(f)  Equating Total Pressures behind Fan and Turbine

This is only an approximation made to simplify calculations for tip turbine
configurations. In fact when fan and turbine exhaust flows meet, the
static pressures must be equal and the turbine exhaust total pressure will
be slightly greater than the total pressure in the fan flow. The approxi-
mation makes the results for cases A and C (cases with tip turbine)
slightly optimistic, but the error is not significant. However, since these
cases assume complete mixing of the hot and cold flows before the nozzle,
which is unlikely in practice, the result is again optimistic.

(g9)  Equating Nozzle Static and Atmospheric Pressures
This assumption is valid in free air but yields slightly optimistic results
in the ground cushion where the static pressure at the nozzles is above

atmospheric,

(h)  Supercharging.

This is discussed in some detail in Section 2.5.

Performance with Various Operating Assumptions

The curves of thrust and SFC vs Mach number for the t'hfee basic cases,

A-1, B-1, and C-1, are shown in Fig. 2.2.

Figs. 2.3 to 2.7 show the performance of the J6% (case A) version operating
under its basic condition compared with operation under the other five conditions
described in Section 2.3 .
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Performance with Various Operating Assumptions {cont’d)

It is anticipated that if more than one variation of the basic case is to be~
considered at the same time, an idea of the result can be had by taking
the sum of the variations, from the basic case. However, Fig. 2.8 has
been included to give a more accurate combinction of operating conditions
2, 3 and 4, which make up a typical case.

Figs. 2.9 :ta. 2.13 show the performance of the T58 shaft drive version (case
B) with various operating assumptions.

Figs. 2.14 to 2.18 show the performance of the T58 gas generofor verions
(case C) with various operating assumptions.®

As noted in Section 2.3, cases A and C may be slightly optimistic.

Note that case B has aratherdifferent shape of curve to A ahd C, falling off
more with forward speed. This has two causes:

(i) The separate exhaust for the turboshaft engine is a fixed size.
It provides some static thrust but at high speed has a negative
net thrust.

(i1) Heating the fan flow, as in cases A and C, increases the
velocity at the nozzle and improves net thrusty particularly
at speed.

The leveling of the thrust curve at high speed in case A may not be significant
since data for these speeds was extrapolated.

. In summary, the advantage of using the T58 as in cases B and C is its better

SFC and lower weight. lts lower thrust is not significant due to the more
powerful version available.

The advantages of a gas generator, as in cases A and C are:

(i) Less fcll off in thrust at high speed due to heating of fhe
fan flow. .
(ii) No gearbox with its weight, lubrication, load sharing, and

engine out problems.
The advantages of shaft drive, as in case B, are:

(i) More static thrust due to the use of a 90% efficient, close
tolerance reaction, turbine instead of the 80% mpulse design
tip turbine .



2.4 Performance with Varicus Operating Assumptions (_ont'd)

(ii) A minimum of hot ducts to insulate and cool.
(iii) A growth potential by merely strengthening the shafts and

gears whereas the gas generator versions would require new
tusks and tip turbine.

2,5 Engine Supercharging

It will be noted in the following sections that there is a slight gain to be had
by supercharging the engines, that is, by locating their intakes in the flow
from the fan. However, recall that no loss has been assumed between the fan
and the engine. This might be o fair approximation for case B-6, where the
installation could look like:

But for cases A and C there seems to be little alternative to a layout like .
the early Avrocar, represented by A-6:

The loss in this arrangement can hardly be negligible.



2.3

Engine Supercharging (cont'd)

An earlier calculation on supercharging the Avrocar indicated 108% of normal
thrust when there was no loss between the fan and engine. Allowing for
anticipated duct loss this fell to 104 -1/2% . Considering an additional 20°C
temperature rise in the duct, the thrust became 96-1/2% of the thrust available
when the engines were brecthing from outside. Therefore, some gain can be
obtained from supercharging but not enough to justify compromising other
features of the design. The use of intake ducts with significant loss or with
heat transfer into them may more than cancel any gain.
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3.1

3.2

(6.0

GETOL TYPE VEHICLES

in order to provide true VTG performance along with useful payload, speed,
and range, the designs grew to be of the order of 10,000 Ib, AUW. A new
approach was sought that would make the vehicle lighter, simpler, and
cheaper to build and operate. The key to this approach is the use of a ground
cushion for take-off and landing. This reduces the power required and the
powerplant weight. The smaller engines are more efficient at cruise power
settings and so the fuel load is much less. The final design weighed less than

7,000 Ibs.

The initial design was for a circular planform vehicle with a wing area of

314 sq.ft. However, in order to reduce the induced drag for short take-off,

the planform was changed to a 353 sq.ft. elliptic wing having the same effective
diameter (20 ft.) and hence the same ground cushion performance.

Axial Fan versus Centrifial Fan

Early layouts of the GETOL veticle featured a centrifugal impeller. This was
considered attractive because its radial delivery allowed installation in a thin
wing and simplified the ducts to the peripheral nozzle. However, such an
impeller is not as efficient as a corresponding axial fan, and its ability to
provide a large pressure rise in a single stage is not an advantagge for this type
of vehicle where only low pressures are required.

Fig. 3.1 compares the two types of compressor when driven by 1044 HP. The
axial fan was considered to be 85% efficient and to have a duct loss coefficient,
K, of .30. The centrifugal impeller is less efficient (80%) but has less duct
loss ( K = .20). The axial fan is shown to be superior as long as the fan (and
ducts) can be made reasonably large.

Power Required

From first layouts involving 2 Astazou turbo-shaft engines of 360 HP each, the
design was shown to be underpowered. Finally, the Astazou Il was selected.
This engine is rated at 522 HP, has a better SFC and weighs no more than the
360 HP version. With 1044 HP installed in a 4,400 ib. vehicle the take-off
distance to clear 50 ft. is about 600 ft.

It should be noted that there is a wide variety of engines available that can
produce the required HP, or slightly more, so there is every prospect of ¢ HP
stretch or a powerplant weight reduction if required. The Astazou Il and some
of the alternatives are compared below:
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Power Required (cont'd)

No. of Total HP

Engines Type SFC at T/0 Total Weight
2 Astazou Il .66 1044 HP 550 Ib.
1 Bastan V .68 1000 HP 482 Ib.
2 Artouste Il .65 1100 HP 820 Ib.
1 Turmo NIC .68 1100 HP -
1 158-GE-6 b4 1050 HP 271 Ib.
1 T58-GE-8 61 1250 HP 285 Ib.
2 Boeing 520-6 65 1100 HP 520 Ib.
2 Contirental 67 1000 HP 490 Ib,
2 P& W PT6-A-2 69 1000 HP 1500 Ib.

Selection of Fan Pressure Ratio and Fan Area

The lower the fan pressure ratio the greater can be the thrust produced by a,
fixed amount of horsepower. There are, however, two factors imposing ¢
lower limit to feasible pressure ratios. First, low pressure ratios mean high
mass flows and great sensitivity to duct loss; i.e. they can only be used in
conjunction with large fans and large clean ducts. Second, the momentum
of the large intake airflow must be efficiently converted into pressure energy
and recovered at the nozzle to avoid a crippling momentum drag in forward

flight.

The performance objectives required 2400 Ib. of rozzle thrust statically to
give an adequate hovering height plus a thrust for 0.2g acceleration. From
Figs. A.3 and A.4 of Appendix ‘A, assuming a vaive of the duct loss factor
K between .3 and .4, Ae/HP would be about 2.1, allowing for a thrust
loss of about 5% . The fan drive efficiency is taken as 97% so that the fan
area would be 2.1 x 1044 x .27 = 2130 sg.in. On this basis, a fan area of
15 sq. ft. (1160 sq.in. )} was chosen. Although the optimum fan pressure ratio
would be about 1,055, pressure ratios of 1.05 to 1.065 would give almost
equal hover perfermance with take-off power.

However, if the engines are throttled back the fan rpm and hence pressure ratio
will decrease. Similariy, ir forward flishit where the ram pressure tends to
increase the density of the air in the ducts, if the nozzles are not restricted the
fan pressure ratio will fall . Then fo acrieve maximum performance there must
be some method of uniformly making small adjustments to the riozzle areas.
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3.4.1

3.4.2

3.4.3

3.4.4

Evaluation of Duct Losses

-

A comprehensive set of data for the determination of pressure losses in duct
components is found in Ref 3

Intake Pressure Recovery

While hovering, AP/, is assumed to be cbout 10 which resuits in a pressure
recovery of ,9972.

At M = .4 the air should flow info the intake quite smoothly giving a pressure
recovery of .985. Hcwever, below M = .4 the pressure recovery will involve
a combination of the above two conditions, as assumed in Fig. 3.2,

90° Bend Below Fan

For minimum duct loss in this section, the arrangement shown in Fig. 3.3 would
be recommended. It consists of splitting the duct into four segments and
adding an annular guide vane. This immediateiy improves the radius ratio -
{duct radius) while maintaining a reasonable aspect ratio for each séction
duct width

- i o i ! AP . 086 could
of the duct. Based on this geometry a duct loss “‘;—— B could be

an

expected.

Wing Ducting

This consists of 36 straight walled ducts leacing to the exit nozzle assemblies.

Based on diffusion angle the average AP = .027, or 021 based on fan

q

dynamic pressure. in most of the ducts a uend is required at the entrance to

the exit nozzle assemblies. Considering cascades to be installed in bends

exceeding 20° the average AP~ 0893, or .048 based on fan dynamic
G

pressure ,

Exit Nozzle

Due to wing structure, the nozzle exit assembly is restricted to o depth of
about 5 inches which requires a small radius bend. The resulting small ratio

of bend radius to passuge depth would give o high duct loss but an improvement
may be gained by adding a turning vane % increase the radius ratio. Still
further improvement would be gained by adding splitter plates to reduce the
aspect ratio of the individua!l ducts. Vv.ith this arrangement, which is shown in
Fig. 3.4, o duct loss AP/ = .16 could be achieved.

i
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3.6

11.

Operufi'hg Assumptions

Powerplants: Two Astazou Il engines rated at 522 SHP {take-off power).

Note:  The information available for the Astazou Il engine is limited to
take-off and maximum continuous power settings. Data from the
758 was used as a guide for determining the fuel flow corresponding
to various percentages of maximum continuous power,

Power transmission efficiency = 9%
Engine intake efficiency = 100%
Fan intake efficiency = 85%
Fan area = 15sq. ft. = 2160 sq.in.
Total duct loss factor 2P = 0.32
Sfan .

Total nozzle exit area:

1950 sq.in. at M = 0

1200 sq.in. at M = .1

940 sq.in. at M - J

800 sq.in. at M = .3

740 sq.in. at M = .4
Gross thrust recovery = 95%

Performance

Considering the sea level case at take-off power for a range of pressure ratios,
we obtain the thrust curves shown in Fig. 3 5. Optimum thrust occurs at fan
pressure ratios ranging from 1.055atM = 0 to 1.14at M = .9. However,
this range of pressure ratios is too great for the fan to accept. Therefore, we
have selected the variation of areas as shown in Fig. 3.6 which results in the
variation of fan pressure ratio from 1.06 ot M = 0 to 1.09% ct M = .4,

for take-off power. The selected variation of nozzle exit area with Mach
number is shown replotted in Fig. 3.7. This variation cf exit area is not
affected by reduced power or altitude.

On the basis of these exit areas, the thrust for a range of power settings and
Mach numbers at sea level was calculated as shown plotted against fan pressure
ratio in Fig. 3.8. In Fig. 3.7 the sea level thrust is replctted against Mach
number for a range of power settings. The drag curve is included in Fig. 3.9,
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Performance (cont’d)

Ib. fuel/hr
Specific fuel consumption thryust horsepower for various power settings and
at sea level is shown in Fig. 3.10. Figs. 3.11, 3.12, and 3.13 show thrust,

drag and specific fuel consumption at 10,000 feet.

Residual engine thrust has been added to the basic fan thrust for all speeds
except M = 0. From Fig. 3.9 and 3.12 we see that the cruise speed will
vary from M = .33 at sea level to M = .36 at 10,000 ft. The top speed
at sea level is 268 mph. :

Propeller Version

Looking at the thrust curves of the preceding paragraphs, one is struck by how
small the thrust horsepower is, at speed, compared to the engine horsepower.

For example, at 268 mph, THP = T x __5\/36 = 800 x 5'2% x%zé%% = 572 HP

whereas the two engines are producing about 1170 HP. That is, the efficiency
of the energy transfer from the engines to the air is 49%. With a propeller we
can expect an 80% efficient transfer, assuming 5% mechanical loss and an 85%
efficient propeller. Of course, this 80% does not apply right down to zero
speed. It has been assumed that the static thrust is limited to 3.5 |b. per engine
HP.

The thrust of a propeller driven vehicle at take-off and maximum power is
given at various altitudes in Fig. 3.14. The corresponding fuel consumption
is shown in Fig.3.15, Figs. 3.16 to 3.19 show the thrust and SFC for a wide

range of power settings,

Comparison of Fan and Propeller Version

A comparison of Fig. 3.9 and 3.16shows the propeiler version to be far
superior to the fan version. The fan version can produce orly about 60% of
the thrust of the propeller version. However, due to higher weight of the
propeller version (6,600 ib.), the drag is higher for this vehicle. Based on
the estimated drags, the power required for cruise is given for each vehicle

in Fig. 3.20. The lower drag of the fan version partially compensates the
higher thrust of the propeller version, so that the latter is not very much faster
at take~-off power. But for typical cruise speeds the propeiler version needs
up to 16% less power and so will have much improved range .
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VTOL TYPE VEHICLES

These vehicles were of circular planform and powered by two JE5 engines
rated at 2700 Ib. static thrust ot sea level . :

For the first vehicle, considered in Sections 4.1 and 4.2, the engines were
mounted so as to exhaust into a common duct to drive a turbine. The turbine
was geared to a centrifugal fan operating at a pressure ratio of 1.5. Although
the centrifugal fan has a lower efficiency than the axicl fan, there is a
reduction in duct loss since the 90° bend necessary below the axial fan is
eliminated, (i.e. with the peripheral jet arrangement used).

In addition, the free turbine may be designed to a higher efficiency than a

tip turbine (approximately 88%, as opposed to 80%) allowing a greater HP

to be extracted from the engine flow. As was pointed out in para 3.1, the
advantages of the less efficient centrifugal fan cre not realized at low fan
pressure ratios. Hence, the compromise pressure ratio of 1.5 was selected.
On this basis the low pressure ratio axial fan will be much supérior at low
speeds, but the centrifugal fan will give better performance at high speeds due
to the lower fan flow and momentum drag.

The axial fan version which employs a central jet is considered in Sections 4.3

to 4.5,

A third vehicle, briefly considered in the design stage, was similar to the
axial fan version employing the J85 powered axial fan system for hover and
low speeds only. Two TS58 engines, with power turbines removed, powered
the vehicle in cruising flight  Thus fuel consumption in cruise was reduced
considerably . However, such a design would invelve additional weight and
expense, and have a slightly lower speed. The design was therefore dis-
continued.

Operating Assumptions = Centrifugal Fan Version

Engine intake pressure recovery = 100%
Turbine efficiency =  88%
Turbine pressure ratio set arbitrarily at 2.3:1 (with take=-off

power, the resulting turbine exit fotal
pressures range from 15 5 psiat M =0
to 21 .9 psiat M = .9)
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Operating Assumptions - Centrifugal Fan Version (cont'd)

Power extracted from turbine (Sea Level):

8500 HP atM = 0
8670 HP atM = .2
9310 HP atM = 4
10320 HP atM = .6
13650 HP atM = .9
Fan drive efficiency = 95%
Fan intake pressure recovery as per |/5th scale Avrocar model tests,

extended as a quadratic (Fig. 4.1)

Fan operating efficiency = 80%

Fan exit area = 1000 sq. in.

Duct losses:

; _ B
Peripheral nozzles P/qfqn = K =70.2
Jet pipe = 98% total pressure recovery from turbine
Cross thrust recovery = 95% at all speeds
Total pressure loss, = 5% (engine thrust case)

Performance - Centrifugal Fan Version

Maintaining a constant fan pressure ratio of 1.5 with military power produces

the variation of nozzle exit area with forward speed as shown in Fig. 4.2.

The performance at sea level and 20,000 ft with military power is given in
Figs. 4.3 and 4.4 which show net thrust vs Mach number. Residual engine
thrust has been added tc all forward speed fan thrusts. For the hover case it

is assumed that this residual thrust will be spoiled in some manner since to divert
it downward to increase hover thrust would impose contrel problems. The
approximate drag curves have been shown which indicate a sea level top speed

of about 583 mph.

[t was considered if it would be practical to close the fan down and operate on
engine thrust alone during high speed flight From Fig. 4.3 and 4.4 it can be
seen that the increase in sea level top speed would be about 50 mph wrile at
altitude the gain would be even greater. However, the drag rise Mach number
for such a vehicle would probably occur at about M = .65 Taking this into
account, the sea level top speed with the fan operating would be about 535 mph
and the gain in using engine thrust directly would be negligible. In addition,
the weight and complication of incorperating a jet pipe diverter vaive and a
device for fairing over the fan intake make the use of direct engine thrust un-
attractive. A further disadvantage is that the control system, which depends
upon the gyro stabilization of the impeller, wouid have to be changed.



4.3

4.4

Axial Fan Version

This vehicle employs two J85°s as gas generators driving a turborcter, A
central jet is empiloyed both for hovering and forward flight, supplementing
the peripheral nozzles. Exit guide vanes incorperated on the central jet
reduce the exit area as they are rotated from the vertical hover positions to
the forward flight position. The aft peripheral nozzle arrangement consists of
vertical nozzles (hover) and horizontal nozzies {forward flight). During
transition from hover to forward flight the aft hover nozzles are shut off and
the horizontal nozzles opened. In addition, the forward peripheral nozzles
are closed down by means of transition vanes which alter the focussing prop-
erties fo reduce drag and optimize exit arecs with forward flight conditions.

During transition the division of airflow to the central jet and peripheral
nozzles is altered due to the changing exit areas.

Operating Assumptions = Axial Fan Version

Fan intake pressure recovery

Static = 1.0
M= .2 = ,9938
M= .4 = 788
M= 6 TR * ¥
M=.9 z 249
Engine intake pressure recovery = 100%
Turbine tusk pressure recovery = 95%
Turbine efficiency =  80%
Fan efficiency = £&5%
Duct Losses: f (from Ref.3)
an
Forward peripheral nozzle= .30
Central jet = .10

.35 (hover)

.25 (forward flight)

Aft peripheral nozzle
Aft peripheral nozzle

These duct losses have been confirmed by tests reported in Ref, 4,

Gross thrust recovery

Hover = 100%
Forward flight = 93%
Engire residucl - 95%

Fan area = 3800 in.



4.4

4.4.1

4.5

4.5.1

Operating Assumptions - Axial Fan Version (cont'd)

Central jet exit area: .
Hover = 2300 in.g
Forward flight = 1310in.°
Peripheral nozzle exit area (total)
Hover = 1730in.2
Forward flight = 1400 in.
Turbine exhaust duct loss — =
q
Exhaust exit area = 457 in.2

Engine Analysis

Engine data for the civil version of the J85 used was limited. However,
existing data does include sea level power settings down to corrected values
of 85% rpm_ For power settings below 85% the non-dimensional curves were
extended with the aid of data from a previous version of the J85,

For the sea level static case a turborotor turbine exit total pressure equal to
18 psi was selected and an exhaust exit area = 457 in.2 was established on
the basis of output from two J85's operating at 100% rpm. This exit area was
then applied to all operating conditions to determine the HP absorbed by the
turbine (and fan). Figs. 4.5 and 4.6 show HP vs Mach number for a range of
power settings at sea level and 20,000 ft. The residual net thrust is given in
Figs. 4.7 and 4.8. Fuel flows are given in Figs. 4.9 and 4.10.

Performance = Axial Fan Version

Hoveri ng

With 60% of the fan flow going to the central jet, Figs. 4.11 and 4,12 show
that optimum hover performance would be had with g central jet area of

2640 in.2 and a peripheral jet exit area of 2130 in.“, However, for design
purposes the central jet area was reduced to 2300 in. 2 which gives a corresp=
onding peripheral jet exit area of 1730 in.2  While not giving optimum
performance, an almost equal thrust is obtained, as shown in Fig. 4.11. In
addition, with full power the pressure ratio of 1.12 is compatible with that
required for normal cruise power.

To simplify the analysis, the peripheral flow duct losses were combined.



4.5 Performance - Axial Fan Version (cont'd)

4.,5.2 Forward Flight

During forward flight, the aft peripheral hover nczzle is closed off and the
horizontal thrust nozzle opened along with a reduction in areo of the forward
nozzle. Also, the central jet guide vanres gre deflected aft giving an area of
1310 in.2. Based on this central jet crea and 100% engine rpm, fan thrusts
were calculated for a range of fan pressure ratios and flight Mach numbers.
This is shown in Fig. 4.11, The corresponding peripheral nozzle exit areas
are given in Fig, 4.13,

In previous work it was shown that the peak in the thrust curve for a particular
flight speed will be produced with a fixed exit area regardiess of the horsepower
delivered to the fan. Therefore, selecting the optimum areas from Figs. 4.11
and 4,13 will give a schedule of exit areas with flight speed. However, in
selecting the exit areas consideration must be given to fan pressure ratio and
the actual advantage of varying the areas with regards to thrust. If the area
was scheduled to give peck thrust at all speeds (M = 2 to .9) pressure ratios
of 1.16 to 1,22 would have to be produced by the fan for 100% rpm. The
higher pressure ratios would be difficult to attain with an axial flow fan. In
addition, the wide range of pressure ratios required would introduce problems
in fan design.

If a fixed exit area is selected the pressure ratio will reduce with forward speed
for a fixed power setting. However, if only enough power is used to overcome
drag, the pressure ratio will increase with flight speed and designing the fan

for the average pressure ratio will allow quite efficient fan operation throughout
the speed range. In Figs. 4.14 and 4 15, thrust is shown plotfted against Mach
number for sea level and 20,000 ft. for g range of power settings, having

assumed a constant exit area of 1400 in.%. The percentage of total fan airflow
to the central jet is reduced from 60% at the hover to about 49% with forward
speed.

Another alternative in selecting the periphera! jet exit area is to choose a line
between the optimum thrust line and the fixed exit area line on Fig. 4.11. As

an example, consider a fan pressure ratio of 1.16 for the 100% rpm case. From
Fig. 4.13 we again establish the required exit areas which are shown in Fig.4.16.
Based on this schedule of areas the final plot of thrust vs Mach number is shown

in Fig. 4.17 for a range of power settings. Decreasing the peripheral jet exit
area causes an increase in the percentage of fan airflow going to the central jet
as shown below:

Mach Peripheral Jet Percentage of Fan
_No. Exit Area (in.“) Airflow to central Jet

2 1160 23 7
4 215 =
6 730 o4.
9 530 71

(Gl e e JNae]



4,5.2

4.5.3

4.5.4

Forward Flight {cont’d)

A comparison of Figs. 4.14 and 4.17 show that the scheduling of the exit area
produces a gradual increase in thrust as foward speed increases. The maximum
speed at sea level is increased from M= 61 to M = .67, This is clearly
shown in Fig. 4.20. Note that the suggested wing surfaces are not expected
to influence the propulsive system.

All thrust values in Figs. 4 .14, 4,15, 4.17 and 4,20 include the residual
engine thrust given in Figs. 4 7 and 4.8, While hovering it is assumed that

the residual engine thrust will be either deflected to the sides of the vehicle

to cancel itself out or spoiled to reduce its value. At the present time no means
have been devised by which this residual thrust may be used usefully during
hover, )

Effect of Reducing Flow to the Central Jet

From recent model tests it appears that for hover, an 80% fan flow to the
peripheral nozzle would be required for best stability. In Fig. 4.18 thrust is
given for the full range of central jet flows. From this we see that for 20% fan
flow to the central jet, a thrust of 10,730 Ib. could be obtained with full
power = .a thrust reduction of 600 Ib. from the assumed case. The corresponding
exit areas are given in Fig. 4.19 for the range of central jet flows which show
that a central jet exit area of 690 sq. inches should be used. '

As before, the nozzle areas required for forward flight will be dictated by the
central jet area during hover  That is, the central jet Mow must be deflected
aft and in doing so the area is reduced by rotation of the guide vanes. Although
the central jet area was taken as 1310 sq.in. for the forward flight cases, the
new area would be about 350 sq. in. Consequently, the optimum thrust would
be reduced since the higher loss peripheral duct system would be handling the
major part of the fan flow. However, the thrust loss would be partially compen-
sated by reduced momentum drag due to the optimum thrust occurring at higher
fan pressure ratios for all speeds and power settings.

Warming the Fan Intake Flow

The flow from the turbine is exhausted to atmosphere at the upper surface behind
the fan. This leads to the possibility of hot air being drawn into the fap during
hover, especially if the vehicle is facing downwind. A short investigation of
this showed that the thrust loss would not be too significant as long as the hot
air did not reach the engine intakes. For example, an average temperature rise
of 10° across the fan would result in a thrust loss of less than 1% The net result
is that for a given horsepower input and fan pressure ratio, the temperature
reduces the airflow which is partially compensated by o lower duct loss and an
increase in jet velocity . It is assumed that the exhausted flow would not re-
circulate to the engine intakes placed in the leading edge of the vehicle.



4.6

4.7

19.

Comparison of Axial and Centrifugal Fan Versions

Fig. 4.21 shows the variation of thrust with Mach number for the axial fan
version, centrifugal fan version, and basic engine thrust case, all using

military power. From this we see the advantage of using fow fan pressure

ratios for hovering and at low speeds. However, at speeds abave M = .42 the |
centrifugal fan version provides better performance than the axial fan version.
At speeds greater than M = .57 the direct engine thrust case provides best

performance.

As pointed out in Section 4.2 the drag rise will impose strict limits on attainable
speeds with the centrifugal fan version and engine thrust case. However, the
axial fan version is practically unaffected by the drag rise. Therefore, there

is little gain in top speed by choosing the centrifugal fan or by using engine
thrust directly. The top speed for the axial fan version if 505 mph, while the
attainable speeds for the centrifugal fan version and engine thrust case are

533 mph., and 540 mph, respectively.

The main advantage in choosing the centrifugal fan or engine thrust case lies

in the fact that they can operate with a substantially reduced power setting
with only slight reduction in speed. For example, if the power setting is
reduced to 95% rpm (normal continuous), the engine thrust case would provide
a cruise speed of about 510 mph (siightly higher than the axial fan version with
military power) with a fuel consumption of about 4300 Ib/hr. The axial fan
version operating at military power would consume 5320 Ib. fuel/hr. However,
the difference in fuel consumption would tend to diminish with reduced cruising
speed as the required power sefting becomes equal for the two cases.

Fig. 4.22 shows how any type of fan could stand to benefit from a shaft drive
installation using T58 engines. The performance gain can be attributed to the
efficient engine, close tolerance power turtine, and lack of duct loss between
them., However, it does not take into account other design problems caused
by such an arrangement,

Recent Intake Tests

Tests are being conducted by Orenda tngines Limited to determine the losses
associated with the projected intake designs. The results of these tests cre
soon to be published in Ref. 4.

The intake pressure recovery for a bell-mouth intake located behind a wide
cockpit canopy (see Fig. 1.3), ond including the effect of the non-uniform
conditions at the fan, is shown in Fig. 4.23. Cn this curve is also shown the
pressure recoveries already assumed in Figs. 3.2 and 4.1 which were based on
early tests of a |/5th scale model It is seen that the recent Orenda tests
anticipate significantly more loss, because they account for the losses through

and below the fan due to forward speed as well as the pressure loss in the

intake itself. »
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Recent Intake Tests (cont*d)

The canopy in front of the fun has the beneficial effect of increasing the bell-
mouth lip radius where needed most and the tests showed a large improvement
when a canopy, representative of the present design, was added to the basic
shape. It is anticipated that development of the cancpy shape possibly combined
with the introduction of guide vanes above the fan to ensure axial fan entry flow
will improve pressure recovery further, so that the coriginal assumption may
eventually be achieved.

However, it is interesting to consider the effects of the Orends results on the
propulsive system performance results ciready obtained. The effect on the re-
engined Avrocar and on the GETOL developments will be slight because of the
lower speed range and because the favoured CETOL development does not use
its fan in forward flight  However, significant penalties can be expected for
the VTOL developments at high speeds. A comparison showing the effect on
maximum power at Sea Level is given in the following table:

Maximum Power at Sea Level

Mach Number .2 .3 A .5 .6

Assumed Pressure Recovery .9%6 752 986 .$78 .968

Calculated thrust (Ib) 8,000 6,700 5,650 4,750 3,950

Test pressure recovery 992 978 958  .933  .905 g
Corrected thrust (Ib.) 7,840 6,080 4,390 2,675 880

Percent of calculated thrust 98 21 73 56 22

The reason for the drastic fall off of thrust at the higher speeds is that the intake

arge number ct speed) without
Then the difference between

pressure recovery reduces the gross thrust {a very
reducing the momentum drag (also ¢ large number,
these two large terms, the net thrust, can fall off very rupidiy.

S i

If the Orenda test results are followed the top speed will be reduced by about
90 knots (to about 345 knots) but ot a more rypical cruise speed, say M= .3

(200 knots) the engine rpm will have to e increcsed from 78 to about 82 percent
and the fuel flow go up by 11 percen:.

However, it is emphasized that the test results whose effect is illustrated above,
constitute no more than a spor check on existing intcke conditions, with a partic-
ular fan, since no attemnt was made to develop the desigii  Further improvement
can doubtless be made, possinly ro the point of justif irg the original assumptions,
which were themselves taken from earlier tests, but tests which did rot inciude a

fan .
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Gross Thrust Recovery

Full scale tunnel tests with the Avrocar have shown the thrust to be much
lower than expected. A low gross thrust recovery could account for the
deficiency as shown in Fig. 4.24. However, the assumed gross thrust
recovery of 5% can be justified.

The vehicle gross thrust is expected to be less than the sum of the gross thrust
of the nozzles because:

(i) the nozzles do not all point straight downstream and so
some of the jet momentum is wasted,

(i1) the flow from the front and central jets loses some of its
engergy from skin friction drag-on the vehicle undersurface.

From the side elevation of the aircraft only the rear peripheral jets are seen

to discharge horizontally. The front and central jets, although they discharge
30° downward, will attach to the undersurface of the aircraft and be rotated
to a horizontal direction by the Coanda effect. However, in plan view there
are some sideways velocity components because the vanes in the rear peripheral
jets of the circular vehicle are limited to a 60° deflection and the yaw control
in the front peripheral jet will only turn the flow through 45° in the horizontal
plane. Then 21% of the total weight flow is misaligned by up to 48° at the
ends of the rear peripheral jet, while 12% is misaligned by up to 27° at the
ends of the front jet. This part of the thrust recovery factor is the cosine of
the angle of misalignment, and for the whole vehilce it averages 97.2%.
Although a downward deflection of the rear jets is needed to trim,the thrust
loss from this scurce has been allowed for in an increased induced drag
coefficient.

Now account must be taken of the extra drag caused by the high velocity flows
from the front and and central jet in contact with the aircraft underside. For
example, at M = .3 the flow would normally be of the order of 400 ft/sec.
(i.e. 14% above freestream velocity) while the flow from the nozzles is at
about 600 ft/sec. If we base the drag on a quarter of the profile drag
coefficient of the whole aircraft and one half,of the wing area, the drag of
the lower skin is 29 |b., engines off, and 64 Ib. engines on; a drag increase
of 35 Ib. But the total nozzle thrust is 15,900 Ib. at this speed so the gross
thrust recovery from this cause is 99.6%.

The overall gross thrust recovery is then .972 x .996 = 96.8%. Therefore,
the adopted value of 95% is slightly conservative .



CONCLUSION

Table 1 presents a summary of the various vehicles considered it is difficult
to compare the two types since in the case of the CETOL we have a light
weight, low powered vehicle requiring anly sufficient hover thrust to provide
a reasonable ground clearance on take-off and landing; whereas the VTCL
vehicle is heavier and must he high powered to enatle it to hover ocut of
ground effect. Consequently the GETGL using a propelier for forward thrust
has a lower SFC than the VTOL vehicle.

it is seen that for the GETOL circraft powered by two Astazou |l engines, the
axial fan and propeller combination is far superior to an axia! fan system from
the propulsion point of view. Although there is a weight penalty, the overall
performance is improved due to the higher operating efficiency of the propeller.

Considering the VTOL vehicles powered by two J85 engines, the axicl fan
system has far better hover performance than the centrifugal fan system. Also
the axial fan system is the more efficient in forward flight up to speeds of about
300 mph giving it the better overall performance. The introduction of a central
jet in combination with the peripheral jet increases the performance of the axial
fan version over that of a similar vehicle using orly peripheral jets. ‘

[t is proposed that only 20% of the fan flow will emerge at the central jet but
any increase allowed will provide a thrust improvement.



TABLE 1

PROPULSIVE SYSTEMS OF VARIOUS AIRCRAFT

Type of Aircraft AVROCAR T58 DEVELOPMENT GETOL DEVELOPMENT
Engine Three J69's Three T 58°s Two Astazou Il's
Propulsive system tip driven shaft drive tip driven shaft drive fan and
turborotor axial fan turborotor axial fan propellers
Engine Weight (lb.) * 1,090 810 750 550 550

M = 0, Sea Level

Max , thrust (Ib) 6,650 6,500 5,550 2,430 2,430
Fuel flow (Ib/kr) 3,160 2,040 2,040 690 690

M = .3, Sea Level

Max , thrust (Ib) 3,320 2,560 2,420 930 1,520
SFC (Ib.fuel/THPhr.) 1.25 .78

M =3, 10,000 ft.
Max. thrust (Ib.) 2,700 1,950 1,950 710 1,150

SFC (Ib.fuel /THP hr.) 123 W

* — these weights are for the engines alone and do not include remainder of the propulsive system.

VTOL DEVELOPMENT

Two J85%s
centrifugal tip drive:
impeller turborotor
710 710
7,600 11,300
2,400 2, 400
6,000 6,600
1.32 1.19
, 600 5,000
1.41 .30
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APPENDIX 'A!

List of {llustrations

Fig. No, Title
, Al Thrust per Horsepower vs Fan Pressure Ratio (K = C.1)
A2 Thrust per Horsepower vs Fan Pressure Ratio (K = 0.2}
A3 Thrust per Horsepower vs Fan Pressure Ratio (K = 0.3)
\“ A4 Thrust per Horsepower vs Fan Pressure Ratio (K = 0 4)
A5 Net Thrust per Horsepower vs Fan Pressure Ratio for Various Mach Numbers
{100% Gross Thrust Recovery)
ALb Net Thrust per Horsepower vs Fan Pressure Katio for Various Mach Numbers
{95% Gross Thrust Recovery) )
A7 Sec Level Cruise Thrust vs Sea Level Static Thrust
’ A.8 Cruise Thrust at 10,000 ft. vs Sea Level Static Thrust
A.9 Cruise Thrust at 20,000 ft. vs Sea Level Static Thrust
A.10 Thrust vs Fan Pressure Ratio for Various Duct Loss Factors
A1l Thrust vs Fan Pressure Ratio for Varigus Fan and Mozzle Exit Arecs.
A.12 Specific Fuel Consumption vs Fan Pressure Ratio (Sea Level)
A.13 Specific Fuel Consumption vs Fan Pressure Ratio (10,000 ft.)
A.l4 Specific Fuel Consumption vs Fan Pressure Ratio (20,000 ft. )
A.15 Specific Fuel Consumption vs Mach Number = Effects of Fan Pressure Ratio
and Cross Thrust Recovery (20,000 ft.)
A.16 Specific Fuel Consumption vs Mach Number - Effects of (Gross Thrust Recovery

and Intake Pressure Recovery (20,000 ft ) (Fan pressure Ratio = 1.2)
b

A7 Specific Fuel Consumption vs Mach Numuer - Effects of Cross Thrust Recovery
and Intake Pressure Recovery (20,C00 ftr.) (Fan Pressure Ratio = 1.3)

A.18 Specific Fuel Consumption vs Mach Number - Variatior with Fan Pressure Ratio



APPENDIX "A'

LIFTING FAN THECRY

Introduction

A method is outlined for the analysis of lifting fan vehicles and takes into
account such variakbles as horsepower, fan pressure ratio, fan area, nozzle
exit area, and duct loss factor. The method is then cpplied to sea level
static conditions to show the variation of thrust/HP considering cal! these
variables.

A typical vehicle is analyzed next, which extends the previous work to
include specific fuel consurption and the effects of forward speed and
altitude.

Operation in the ground cushion is not considered.

Theorz

The horsepower delivered to the fon can be found once the drive efficiency

is known. Then with the introduction of fan pressure ratio and fan efficiency,
the temperature rise through the fan is determined. Finally, the duct loss will
establish the nozzle exit pressure and thrust.

For an adiabatic process the work done on a unit mass is given by the
expression: '

work = wCplaT
or HP - wCplaT
- 550 %

1.637 x HP

- h/sec.
Al

Therefore, airflow w =

where A T is the temperature rise through the fan and is equal to

y-1

T Py 20

Ta-Ty = 2. (_i) Y -1 .

3 /77 Pr‘

F Z
where Ty = fan entrance tempercture
: )
T = fan exit temperature
3
’ farn exit pressure
Pq/ = fan pressyre ratio = Fonsrees
7 tan entfrance pressure

’7F = tan efficiency



The shape of the exhaust passage determines the pressure josses incurred and
exhe

by relating the total ioss in the exhaust svstem to the dynamic pressure at the
fan exit (qF) the duct loss cceficient is preduced.

K = AP!OSS

qF
The nozzle exit total pressure

P = P, - AP = P, - Kqp

e - 3 loss

when the fon area equals the nozzle exit arec ther:

qF = 9 = Py " P
where Py = atmospheric pressure
Therefore, P, = Py - K (P = Py = P3 + Ky
1+ K

AL 2
AP, = &P - 4R = ,a(A; ) qa,
and 4P - a P
L] * K(Ae)Z]
P
AP;
Therefore, Pe = &F + p = + p

L - — AT 21
e a []+K(Z§)j S

I 1 atio (p_ ) may now be found. Then neglecting ground effect
The pressure ratio (p, /p.) Yy 1ow fourd. Then neglecting ground effect,
G/Fe =

the gross thrust

_n
"
/_b
>
<L
w

oF Fq = (]JT> ( —E> = 2"?"CE~ b —P}:— Y-1 >_}



A3

Theory {cont-d)

\/v'ﬁ

»
; v
i i ; -ati / + alu . —_— v b
Knowing the pressure ratio p/ Pe he values oz and AF~ moy be
read directly from air tables  The terms, W ,VT «nd P are known values.
Hence, gross thrust and nozzle exit area may be calculated. The fan arec may
alsc be determined from Ae//-\{

In most cases not all of the gross thrust will be recoverable due to the direction
of the thrust force., For example, a peripheral jet vehicle while hovering would
probably have about 95% ot the thrust force acting in o vertical direction. In
addition, momentum drag may cause serious losses with forward flight. In forward
flight the net thrust

T = Fg (gross thrust recovery factor } = MV

where MV = momentum drag = mass airflow x flight speed in ft/sec.

Thrust per Horsepower - Sea Level Static

Considering the thrust equation in Section A.2, the nozzie exit total pressure
depends on the fan pressure ratio, duct loss factor and the ratio As/Af - Also,

the temperature is a function of fan pressure ratio, fan efficiency and inlet
temperature . The thrust equation is then completed by introducing airflow which
is a function of HP from whicl thrust mey be represented by T/HP. Also, since
Ag and Ay are functions of airtlow they may be written as Ag/HP and AF/,HP'

Craphs can then pe plotted to show T/HP versus fan pressure ratio for verious
values of Ag/yp, Af/pp ©S shown in Figs. A.1, A.2, A.3, cnd A 4 for *

K = 0:1, 0.2, 0.3, aord 0.4, respectively.

In Fig. A.5, net thrust per horsepower is piotted against fan pressure ratio for

various Mach numbers at sea level with Ag = Ac. 100% gross thrust recovery

is used .,

Fig. A.6 shows a similar vlot witn 957¢ gross thrust recovery.
! calculations, ¢ fan adiabatic efficiency of 85% has been assumed. .

For a



A4l

A.4.2

Application of Theory to a Typical Vehicle

The vehicle chosen for this analysis was powered by two General Electric
T58-GE-8 engines {1258 SHP each) which were driving an 85% efficient fan
)

through a 95% efficient drive system. Fan pressure ratios ranging from 1.05
to 1.50 were considered:

The three following causes were studied:

(a) Sea Level M=0to M= .7
(b) 10,000 ft, M =0t M= .7
{(c) 20,000 ft. M= 0to M= 7

The basic results are plotted in the form of cruise thrust versus sea level static
thrust (Figs. A.7 to A.?) and specific fuel consumption versus fan pressure
ratio {Figs. A.12 to A, 14).

Calculations were based on Ag/A¢ = 1.0 which gives near optimum thrust for
the type of duct systems used on peripheral (et vehicles,

Thrust

With A, = Ag it isseen from Figs. A.7 to A 9 that for any altitude, thrust
optimization is obtained with pressure ratios below 1,05 for speeds up to

M = 0.2. With increasing speed the fan pressure ratio required for thrust
optimization increases, with a higher fan pressure ratio required for the higher
loss system,

Figs. A.10 and A. 11 show thrust versus fan pressure ratio for Ae/Af 2 1.0,

. . £ s y
In Fig. A.10 a fan area of 3000 in.” is used ond the thrust shown for various
duct loss factors. In Fig. A_11 thrust is shown for various fan areas with a
duct loss factor of 0.3

Specific Fuel Consumption

Specific fuel consumption is given in terms of Ib. of fuel/THP hr_* As shown
in Figs. A.12to A.14 for ostimum 5FC the fan pressure ratio increases as
forward speed increases, with the higher loss svstem cptimum ot o higher fan
pressure ratio than the lower loss system . FHowever, at the higher speeds the
gain in SFC is negligible compared with increase ir far pressure ratio beyond
the optimum . Altitude produces a slight decrease in SFC ot the opfimum fan
pressure ratio remains nearly constari,



A.5

—

s r. E s /
Specific Fuel Censumption (

cont-dj +

As would be expected, reducing ram pressure recovery and gross thrust recovery
has its greatest effect af the higher Mach. numbers  This ditference is shown

in Fig. A_15. With o constant of 1.2 fan pressure ratio and duct loss factor of
3, the combined effect of B0% ram pressure recovery and 9595 gross thrust
recovery reduces the SFC by abeout 5% while moving the minimum value of SFC
fromM = 32 toM = 4.

v

in Fig. A.16, various combinations of ram pressure recovery and gross thrust
recovery have been assumed with ¢ fan pressure ratio of 1.2 and duct loss factor
of 0 3. These SFC curves are compared to those for typical 758 and Tyne turbo-
prop installations . A similar comparison using 1.5 fan pressure ratio is shown in

Fig, A 17.

Fig. A.18 compares the SFC of a typical T58 turboprop installation with the SFC
of loss free T58 powered fan vehicles, with various fan pressure ratios

Central Jets

Most of the lifting fan designs have had peripheral jets but some also make use
of a central jet. This is an advantage, as far as internal aerodynamics go,
because it usually means that that portion of the fan air passing out the central
jet has suffered less duct foss. It follows then that with a central jet a vehicle
can be expected to produce more thrust per horsepower.

Central jets are particularly useful during hovering and low speed operation.
The additional exit area and the low loss passage leading to it encourages the
fan to pass a large mass flow of air at ¢ low pressure ratio. This produces
maximum gross thrust.

-

In cruising flight a higher fan pressure ratio is desirable and this can be achieved
by restricting ihe nozzle area. If the peripheral nozzles were restricted the
duct losses in the system could Le further reduced but this would be mechanically
awkward and only useful if the central jet was aft facing. It might also reduce
the power of the pilot's controls. A simole solution is to close off the central
jet, or reduce its area while deflecting it rearward .
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