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Propulsion System Development for V[; STOL Transports

J. T, Kueney*
General Electric Company, Cincinnale, Ohio

The evolution and technology development of the high bypass ratio tip turbine lift fan and

fift/cruise fan propulsion systems are presented.

The characteristies of the high bypass pro-

pulsion system arc reviewed and compared Lo olther subsonic propulsion concepts. Funda-

mental aerothermodynamic aspects of the system are examined, including internal and ex-

ternal aerodynamics.

model and full-scale investigations ave presented.

Significant results from extensive mechanical and aerodynamic scale

Suggested airerall applications in light

and medium V/STOL transports based on this technology are presented.

Nomenclature
rJ = t{urbojet
TF = low bypass ratio turbofan engine
L/CF = high bypass ratio tip turbine lift/eruise fan
e = gross thrust
Iy = mnet thrust
Cr_p = Installed ihrust coeilicient = {(measured thrust
minus drag)/(ideal thrust)
Pry = nozzle total pressure
7 = ambient pressure
Copy = total nacelle drag cocfficient = /gy A
Cpar = afterbody boattail drag coellicient = D/gA
Corp = forebody pressure drag cocflicient = 13/¢ A
Cor friction drag coeflicient = D/qq A
Th = drive flow temperature
7 = ambient temperature
N/gyz rotor corrected speed
W/etiz/s = drive corrected flow
P = drive corrected pressure
BPR = bypassratio

Introeduction

TUDIES conducted by ﬂ'xe General Eleetric Company in
1957 under s )()Ils()lshl}) of the Transportation Rescarch
Command of the U. 8. Army (TRIECOM) indicated that one
of the systems that showed considerable promise was a con-
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revision received August 11, 1965. The author wishes to thank
the T an\p(nmtlon heseau/h Command of the U. 8. Army for
permission to discuss the results of the scale model nacelle testing;
FluiDyne for their cooperation; Tech Development of Dayton,
Ohio, the manufacturer of the scale model cruise fan; and the
members of V/STOL Operation of General Eleetric whose work
made this paper possible.

* Manager, GI1/6 Installation Aerodynamics, Advanced
Engine and Techunology Department. Member ATAA.

vertible system that used the jet engine for eruise ﬂm it and a
it fan driven by turbine buckets mounted at the tips of the
fan rotor for takeoff and landing. These two components
are coupled pneumatically through a diverier valve that
cnables the same gas generator 1o be u=ed for hoth 1ift and
Criise.

The initial phases ol the development of this propuision
svstem have been completed and over 600 hr of full-seale
static and wind-tunnel operation have been  demonstrated
suceessfully, culminating in the XV5A rescarel alreralt
application.

The initial lifs fan concept was designed speeifically for wing
mounting or adapted to fusclage mounting but always with
turbojet operation for the cruise mode. The aiveralt were
surveillance-type cruising at A/ = 0.8, Subsonic trausport
atreraft cruising at M/ = 0.7 to ;ll = 0.8 will not be powered
by turbojeet engines, since Tans offer such great cconomy.
With this basie ])hﬂt)\()phv in mind, General Blectrie has
sonducted many studies to combine the obvious zu,{v;s,uiugcs
of the lift fan into a high bypass vatic system.  Thus, was
born the lift/cruise fan.

Some of the significant aspects of a development program
including system studies, full-seale, and scale-model tech-
nology designed to demonstrate the system performance for
the lift/cruise fan arc given in this paper.

Discussion

The original lift fan system was made as ‘thin’ as possible so
as to fit between the spars of a 109, thick wing. Initial
testing at NASA Ames included both fan in fuselage and fan in
wing configurations as shown in Fig. 1. Both the fan in wing
and fan in fuselage installations demonstrated predictable
performance, the lift being approximately 2.8 times the J83
turbojet thrust. The fan tip diameter of 62.5 in. for the fan
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Fig. 1 Full-scale lift fan testing.

rotor had been chosen based on tradeoff studies of weight,
diameter, lift, and lift-to-weight ratio. In order to minimize
installed dimension between the wing spars, it was decided to
make the turbine a partial admission design so space would
not be required for ducting the propulsion gas to fill the outer
half of the turbine.

This combination of gas gencrator, diverter valve, and lift
fan can be used logically for cruise propulsion by turning the
1ift fan 90° as shown in Fig. 2. For illustration purposes, the
partial admission turbine is not change in this figure, although
this is a very significant difference between the lift fan and the
lift/eruse fan.  The lift/eruise fan system is basically an aft
fan arvangement where the fan is not coaxial with the gas
generator and all of the exhaust energy of the gas generator 1s
extracted to drive the tip turbine fan system.

LIFT FAN

Fig. 2 Evolution of a tip turbine cruise fan from a tip
turbine lift fan.
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Thermodynamie Analysis

Thermodynamic studies are presented in IMigs. 3 and 4 to
show the basic differences between the turbojet (T), low
bypass turbofan (TF), and the lift/cruise fan (L/CI7) eycles.
In these analyses, the systems all utilize the same gas gen-
erator as a basie power unit. In each case, the gas generator
is assumed to be operating at the same power setting, and
bypass ratio changes are assumed to be achieved with the
over-all gas generator compression ratio being held constant.
The gas generator cycle used in these studies represents mod-
ern day technologies of 13:1 compression ratio and 2000°
turbine mlet temperature.

These data show a clear and significant advantage for the
lift/cruise fan system compared to the turbojet and the low
bypass turbofan, both on an uninstalled and on an installed
basis. These data also indicate the high subsonic speed
potential of the lift/cruise fan system together with the
thrust augmentation at takeoff conditions.

System weight studies provide another performance advan-
tage for the lift fan system as shown in Fig. 5. Since V/STOL
transports are expected to require hovering times greater
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Fig. 4 Turbojet, turbofan, and lift/cruise fan sfe vs Mach
number characteristics.
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ihan 6 min, the high bhypass fan system is shown to have a
tonificant lift-to-weight ratio advantage.

“These weight studies also have demonstrated that coupling
the Lift/eruise fan system to the gas generalor results inoan
inerease in the basie gas generator and fan thrust to weight
catio at sen lovel conditions relative to o Lurbojet, as showa
i 10, the T/ ratle iz 259

These configurations have bypass ratios from [ to 2.0, ,\
the bypass ratio is increased to higher values i the 10 o
vange, it may become desirable to use a gearbox in the con-
centrie lan to maintain the desived ratio of fan to furbine
specd. For bypass matios o the 6 to 15 range, and unigue
remote fan arrangements, the geared parallel fan and
wurbine eruise fan can be considered,

The 111<><'1'121hi<=21? }Lm\‘ breakdown for the tip-tur
cruise fan systen is shown in Fig, 8. Unlike the 5t
cussed plauoud;, the Lift/cruise fan incorporates a full ad-
misston arrangement with the duets from the gas generator
exhaust enveloped in a high speed nacelle cowl shape.  'The
flow from the turbine covers the outer ])(‘nph(n\ only with fan

n

At a bypass re

[

poedis-

: | { | flow exhausting through the center portion of the nacelle.
L | ‘ ! This feature has been used 1o incorporate a unique two posi-
e ~§' - o S tion nozzle for high-speed operation.  This two-position

RELATIVE THRUST / WEIGHT RATIO

sruise fan other than the

nozzle 1s the only control in the lift

B8 BYPASS RATIO |
normal gas generator controls.

Fig. 6 Uninstailed thrust/weight ratio of tip turbine
cruise fans at sea level (relative to turbojet).

greater than fm‘ o turbojet.  These data do not inchud
nacelle cowlings and therefore are uninstalled, but include all
the componen 1t re quired for test cell running.

Lift Cruise Fan Geometry

The evolution of the lift/eruise fan from the §ift fan retained
the basie tip turbine concept; however, there is a considerable
change in design | hﬂ()\m)h\' as dictated by the need for high
speed forward ﬂlb ht requirements.  In Iig. 7, the envelope
of the Lift/oruise fan is compared to lypical turbofan con-
figurations.  The coneentrie front fan and concentric alt {an
configurations ave the familiar types found in today’s aireraft,

CONCENTRIC FRONT FAN

ROTOR AND SCROLL

l

— =

GEARED CRUISE FAN

e

CONCENTRIC AFT FAN ') REAR FRAME

CONCENTRIC GEARED FRONT FAN TIP TURBINE CRUISE FAN b) Exploded view of lift fan

Fig. 7 Typiecal turbofan configurations. Fig. 9 X353-3 lift fan hardware exploded view of lift fan.
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Fig. 10 X333-5 eruise fan nacelle.

Full-Scale Lift/Cruise Fan Demonstration

In order to provide early test information on full-scale hard-
ware, the lilt fan system was adapted to a cruise fan configura-
tion and tested in the NASA Ames 40- X 80-ft wind tunnel.
The fan used in the test program was the same lift fan hard-
ware used in the previous extensive lift fan investigations.
The only modifications to the basic lift fan hardware for this
test were the removal of the inlet and exit louver hardware.
The basie lift fan hardware iz shown on Fig. 9.

A YJ85-5 engine was used to power the fan. A close
coupled engine-fan combination as shown in Fig. 10 was used
for the test configuration. In this arrangement, the exhaust
gases from the gas generator are collected and turned into the
partial admission tip turbine by a specially designed scroll
system. The fan internal flow passage was syimmetrical
about the fan axis; however, the partial admission arc of the
basic 1ift fan influenced the design of the nacelle to be non-
circular as shown in I'ig. 10. The inlet characteristics were
designed to have high subsonic drag divergent Mach number
characteristics. The afterbody was a cireular arc design with
a terminal boattail angle of 10° at the 180° meridian varying
to 23° at the 0° meridian.

The cruise fan was provided with a variable exhaust area
system designed to achieve optimum area performance from
static through maximum simulated speed conditions. These
nozzle area variations were obtained by changes in plug nozzle
hardware.

The model was supported by two 8-in.-diam trunnion sup-
ports, which in turn were connected to the pitching mecha-
nism giving —4° to 90° duct angle-of-attack variation. The
test model was instrumented extensively with internal and
external pressure instrumentation. A pictorial description of
this bypass ratio of 12 lift/eruise fan system is given in Figs.
11 and 12.

b) Aft view X353-5B cruise fan

Fig. 11  Front and aft view X353-5B cruise fan.

J. AIRCRAFT

a) Front view

b) Aft view

Fig. 12 X353-5B cruise fan test model, NASA Ames Re-
search Center: front and aft view.
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The test objectives were to obtain over-all system per-
formance, verify design assumptions and calculations, and
to establish over-all system feasibility. A total of 320 data
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points were taken, of which 290 were fan powered. The
following range of variables were investigated: 1) tunnel
velocity, 0 to 180 knots; 2) nacclle angle of attack, —4° 1o
80°; 3) fan speed, 0 to 1009,; 4) nozzle area, 63, 87, 1009,
open area.

The significant fest results are included in Figs. 13-15.
The measured thrust levels demonstrate that the performance
assumptions used in the calculations were correct and thus
verify the capability of predicting internal system perform-
ance.

The nacelle inlet was designed to achieve good inlet re-
covery at all angles of attack without the need for a variable
inlet and the attendant hardware complexity.  The test data
show recoveries over 0,995 at low angles of attack and over
0.990 at all angles of attack tested. The test data showed no
lip separation below 6G° angle of attack. At 60° and above,
lip separation could be induced by a combination of high
tunnel speed and low fan speed. A hysteresis phenomenon is
present, which requires a large decrease in flight velocity and/-
or increase in fan rpm to reattach the flow after separation.

The nacelle external drag was obtained by several methods,
icluding meridional static pressure integration and total
pressure measurements obtained by rakes located at the nozzle
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Fig. 17 Thrust lapse rate with two position nozzle.
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PLUG NOZZLE SYSTEM

Fig. 18 Comparison of conical and plug nozzle cruise fan
systems.

exit plane. The variation of drag coefficient at the 180 de-
gree azimuth is presented in Fig. 15 as a {funection of inlet
velocity ratio and nozzle geometry. This position was chosen
because it represents an area of syvmmetry and was not
affected by support-strut effects and is most representative of
a true lift/cruise fan nacelle.

This external drag coecfficient includes the effects of {form
and friction drag over the entire nacelle, but does not consider
the nozzle plug as part of the control volume. Since the

ETATIC CONDITION %

Fig. 19 Full-scale two-position inflatuble plug nozzle.

J. AIRCRAFT

Fig. 20 Plug nozzle configuration installed in transonic
wind tunnel.

external flow results in a change in plug forces, this would
be ineluded logically in the drag coeflicient and lower the drag
coefficient in Fig. 15.

Exhaust Nozzle Methodology

Analysis indicates that the exhaust nozzle performance
has a significant effect on total system performance and is a
criterion in establishing fan bypass ratio.  Since nozzle per-
formance is defined in gross thrust levels, the ratio of gross to
net thrust determines the sensitivity of nozzle performance to
the net propulsive effort of the system.

This is demonstrated in Fig. 16 where the bypass ratio 12
system has a 7 to 1 multiplying effect at M = 0.8, and the
bypass ratio 6.5 system has a 3.5 multiplying effect at 37
= 0.8. The arca variation required for optimum fan per-
formance also is influenced severely by bypass ratio levels with
the higher bypass system requiring 409, area variation at 3
= (.8 and the lower bypass fan only half as much. A typical
low bypass turbofan (CJ805-23) requires no area variation
and has a gross to net thrust ratio of slightly over 2.0 at M
= 0.8.

Thermodynamic analysis indicates that a two position
nozzle may be satisfactory to cover the entire range from M
= 0to M = 0.8 Figure 17 shows the thrust lapse rate for a
two-position concept and also for a continuously variable
nozzle system. It is seen that only at 4 = 0.3 is there a
significant thrust loss and this is in the order of 7%. ‘The
exact flight spectrum where this loss oceurs can be adjusted
by selective nozzle area selection.

The types of nozzle arrangements which appear suitable
for the lift/cruise fan are the conical and plug types as shown
in Fig. 18. The plug type appears to have advantages of
performance, simplicity, and weight and is considered prefer-
able.

Fig. 21 Close view convergent nozzle configuration.
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Fig. 22 Side view of plug nozzle configuration.

Tull-scale development aectivity on the plug type has in-
cluded the inflatable rubber centerbody shown in Ifig. 19.
The rubber boot is shown in the deflated or static condition
and in the inflated or cruise mode. The boot has been tested
up to Mach 0.9 in the high-speed wind tunnel and no serious
variations in shape were present.

Scale-Model Nacelle Technology

The full-scale lift/cruise fan testing could not provide the
complete experimental variation of parameters because of fan
pressure ratio limitations and wind-tunnel speed limitations.
Therefore, a scale-model nacelle and nozzle research program
was conducted under the sponsorship of TRECOM. Thig
program was designed to obtain design data for high bypass
ratio lift/cruise fan exhaust systems.

The resultant data are applicable to all types of cruise
fans, tip turbine, or geared systems. The testing was con-
ducted in a 22- X 22-in. slotted wall wind tunnel at FluiDyne
Engincering Corporation, Minneapolis, Minn. This tunnel
1s an induction-type facility whereby atmospheric air is
drawn through the test section using steam cjectors to reduce
the downstream pressure. Models and the balance system
are supported in the test section by a 5-in.-diam tube that
contains the main air supply.

The facility is cquipped with an internal force balance
that measures the combined effect of nozzle internal and
nacelle external flows. Both plug nozzles and conical nozzles
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Fig. 23 Conical nozzle model details.
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were evaluated in this rescarch program. Figures 20-22
tlustrate the model gecometry as installed in the wind tunnel.

Selected configurations from this program are presented in
this paper. Configurations 1, 2, and 3 as shown in Fig. 23
are conical nozzle installations, whereas Fig. 24 defines two
of the plug nozzle configurations, models 4 and 5.
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Fig.

Performance comparison of conical exhaust
systems with external flow.

The three conical nozzle systems differed only in boattail
geometry. Figure 25 indicates that up to M = 0.8 perform-
ance increases slightly with decreased length and boattails
up to 20° are not too great, but at M = 0.9 the lowest boattail
angle had the best installed performance. This shows that
pressure or from drag predominates at M = 0.9, but that
friction drag is more critical at lower Mach numbers. Radius
ratios of 2.8 are acceptable, therefore, for lift/cruise systems
for if = 0.8 and lower.
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Fig. 27 Installed breakdown of models 1, 2, and 3.

The plug nozzle geometries displayed the same type of em-
phasis on skin friction as did the conical nozzle systems.  Con-
figuration 5 as shown in Fig. 26 with a steeper boattail angle,
lower shroud length, and lower radius ratio performed better
at all Mach numbers. These data indicate that both types
of nozzle system show very good installed performance.

A breakdown of installed performance or friction and hoat-
tail drags is presented in Fig. 27 for the conical nozzle systems.
This analysis shows the compensating effects of boattail drag
and friction resulting in approximately the same drag co-
efficient for models 1, 2, and 3.

The nacelle boattail pressure drag is influenced uniquely by
the local surface Mach number. The nacelle boattail curva-
ture of the models tested was analyzed, and the eritical Mach
number was determined as a function of the boattailradiusratio
as shown in Fig. 28. According to this analysis, the radius
ratio can be designed at 1.75 for cruise Mach numbers of 0.8
orless. The onset of local sonic flow is not in itself an indica-
tion of separation, as none of the models tested showed any
boattail flow separation.

Scale-Model Tip Turbine Cruise Fan

The test program was designed to investigate nozzle and
nacelle effects, for eruise fan technology could not include
inlet mass flow ratio effects on nacelle drags and nozzle per-
formance. To extend the technology into this area, specially
designed scale-model cruise fans have becn developed as
shown in Fig. 29. This fan is driven by tip turbines mounted
at the fan rotor and driven by cold high-pressure air with the
quality as shown in Fig. 30. The fans were designed to have
a 1.20 pressure ratio at 23,000 rpm. Figure 31 presents the
area weighted pressure ratio, whereas Fig. 32 shows the pres-
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Fig. 28 Nacelle boattail curvature vs ecritical Mach
number.
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Fig. 29 Scale-model tip turbine cruise fan.

sure profiles at various rotor speeds. It is of particular in-
terest to note that the pressure element located at 2.02 in. is
in the tip turbine annulus and shows that the turbine efflux
is not significantly different {rom the main fan flow. This
fan system has many potential aerodynamic uges in V/STOL
technology, including interference drag investigations.

Aircraft Applications

These test data and the previously successful lift fan test
programs have confirmed that this type of propulsion system
can be combined in an attractive V/STOL transport con-
figuration. A suggested arrangement is illustrated in Fig. 33.

This transport configuration combines the proven fan-in
wing lift fan technology with the technology from the pro-
grams discussed in this paper in a high speed configuration
applicable to 4- to 10-ton payload sizes. The areas for further
investigation include the folding fan philosophy, both me-
chanical and acrodynamic interaction phenomena as well as
the mechanical rotation feature of the lift/cruise fans.
Studies have been conducted of ducting designs that allow
thin pylons to be used for the nacelle and fuselage junction.

In this transport configuration, all fan systems are inter-
connected such that the loss of any single gas generator results
in an evenly distributed 189 lift loss in a 4 engine, 4-ton
transport and an evenly distributed 9% lift loss in an 8 engine,
10-ton assault transport. The interconnecting ducting fur-
ther provides the ability to allow more flow and hence more
lift to any discreet location for aireraft control purposes by
fan overspeed.

Conclusion

The tip turbine lift fan system combined with the lift/
cruise fan system offers the potential of having a V/STOL
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b) VTOL mede

Fig. 33 V/STOL transport configuration with tip turbine
1ift fans and lift/cruise fans,

fransgport with a single type of gas generator, while achicving
ihe desirable thrust matech and low SFC characierisiics of
fans for Lift and landing and for high subsonic cruige.  Con-
siderable technology programs have been conducted which
have provided design vertflieation for the propulsion systeni.
All mechanical systenms and performance ssumptions have
been demonstrated successlully.
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