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INTRODUCTION

In Reference 1 of May 1958 (NAE-ENG-6L) the welght and size
of a 4500 h.p. gas generator was estimated, from a sketchy design,
for the powerplant of a VITOL aircraft with an all-up weight of 20,000
lb. PFour of these 'hot'! cycle gas generators, totalling 18,000 h,.po,
were then considersd necessary, either to drive wing-immersed fans
for vertical 1ift, or for conventional jet propulsion in horizontal
flight.

Since that time, the number and power of the gas generators
for the glven aircraft were reconsidered, and it was concluded that
agside from weight, 6 x 3000 h.p. might be & better combination than
L x 4500 h.p. for the same total power.

R e . |

Also, dlscussions were held with & manufacturer of jet engines, |

revealing possible changes in the basic assumptions for the weight
estimation of small engines,

In the present memorandum, the weight and size of a 4500 h.p.
gas generator is re-estimated, using changing assumptions, the prefer-
ence for a 3000 h.p. unit 1s discussed, the same assumptions are then
applied to estimate i1ts weight, and finally a general discussion 1is
made about the powerplant weight as s whole,

BASIC ASSUMPTIONS

In the discussions with the manufacturer of jet engines, a
number of similaritles in the basic assumptions, important for the

weight estimation of small engines, such as minimum blade chord (1/2"),

height (1"), etc., were noted, but salso a number of differences were
disclosed.

The comparisons were made on approximately the same thermo-
dynamic cycles, and roughly the same order of size and power. The
NAE-ENG=-6l, maximum temperature was 1300°K, the compressor temperature
rise 300°C, whereas the menufacturer's figures were 1275°K and 275°C
respectively.

The significant differences in the assumptions were as
follows:

Meaning of "Accessories"

The N.A.F. estimate of the basic weight of a gas generator,
treated as a jet engine, included a large item for the fuel and oil
systems (40 1b, in a 4500 h.p. unit), which were not considered ss
"accessories." That term covered such items as the starter, jet pipe,
etc., not essential for the performance of the unit.

On the other hand, the engine manufscturer implied by the
term "accessories" precisely the fuel and oll systems, the total
weight of which (45 1lb. in a unit of somewhat larger h.p., than the

i
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N.A.E.) was to be added to the weight of the "main" engine before any
performance could be imasgined from it.

Presumably the manufacturer might have been favouring the ‘
arrangement of a bank of amall engines operating from a common fuel i
and oil system, with considerable reductions in total welight, thus !

making it ressonable to consider individual engine weight without a
separate fuel and oill system for each engine.

However, it was felt that for the VIOL aircraft under con=-
sideration, each gas generator should have its own individuel fuel
system for safety, and therefore in the remsinder of this memorandum
it Is to be understood that the former meaning of "accessories"
holds, making the total weight estimate of a gas generator cover an !
l1tem for the fuel and oll systems, but not for the starter, jet pipe, i
etc.

|

Materisls

The weight of the small jet engine designed by the manufactureri
was estimated on the assumption of plastic blading in the compressor, |
whereas the N.A.E., gas generator had blading of magnesium, aluminum i
and titenium alloys, depending on the stage temperature in the compressorg
and the creep propertlies of the metal. l

Top temperature of the plastic (an asbestos or fiberglass
reinforced phenolic) was ssid to be 550°F, but no creep data were I
discussed, and none appeared to be available in the literature from
the manufacturers of such material. This guestion has not been i
pursued further for reasons given below, and in what follows s re-~
estimate of the weight of the gas generator is made, using the plaestic
and 1ts given density of 0.065 1b/in3. E

The density (0.066 1b/in3) of the magnesium alloy is virtually
the same as that of the reinforced phenolic plastic, so that these two
materials may be considered ss interesting competitors for lightness
in the VTOL field, with creep, elasticity, ductility, formebility, etec.,
as criteria. This seems to call for a separate careful comparative ,
study which 1s not in the scope of this memorandum. *

A suggestion was made that the plastic could also perhaps
be used in the compressor cssing.inlet frame, etec., but sas such parts
were assumed of magnesium alloy in the N.A.F. estimete, no significant
saving in weight would have resulted.

Material Thicknesses

In the N.,A.E. welight estimate a number of arbitrary assump-
tions had to be made concerning the minimum feasible material thick-
nesses in components where strength was not the guiding factor.

A minimum cassting and forglng thickness of 3/8" was assumed
for various compressor and turbine components of the 4500 h.p. gas

R I R e e
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generator, and a minimum sheet metal thickness of 0.050" for the
combustion chamber, turbine stator, and exhaust parts, 1

The discussions with the manufacturer disclosed that consider- |
gbly thinner materisl was feasible, Thicknesses of about 0.,022" - |
0,032" were mentioned for the sheet metal parta, depending on support f
and other factors, and a minimum of 3/16" for the castings, depending I
on size. No figure could be given for the forgings.

It was felt that 3/8" for the castings and forgings in the ;
N.A.E., design could not be reduced to 3/16", becesuse most of the parts
| using that figure constituted the backbone of the unit, where stiffness |
| was the governing factor. On the other hand, the way was seen open to g
reducing the sheet metal thickness from 0.050" to 0,025", because -
rigidity was provided by the neighbouring cast and forged parts, &nd |
the welght 1s therefore re-estimated accordingly.

Tig SEeed

The N.A.E. estimaté assumed a compressor tip speed of 800
*ft/sec, which with the axial inlet velocity of 560 ft/sec gave a
maximum relative inlet velocity of 980 ft/sec or sbout Mach 0,87, thus
safely assuring the sssumed 85% compressor efficiency, and the corres-
ponding specific fuel consumptions.

The manufacturer?s small jet engine assumed e tip speed of
1116 ft/sec, which with an axial inlet velocity of sbout 620 ft/sec,
gave a maximum relstive inlet velocity of about 1275 ft/sec, or Mach
1,14, thus operating the compressor in the transonic region.

In the re-estimate that follows a tip speed of 1100 ft/sec
1s sssumed, with the proviso that the 85% compressor efficiency 1is
maintained, end & calculation is made showing the penalty in fuel
| consumption end incresse in size if it is not.

RE-ESTIMATE OF 4500 h.p. GAS GENERATOR

f In the weight estimate of reference 1, then, the following
| basic assumptions, among others, had been used:

% Fuel and oil systems included.
Compressor blading of magnesium, aluminum, and titanium
' metal alloye.
i Sheet metal thickness 0.050".
{ Compressor tip speed 800 ft/sec.
| Compressor ‘inlet axial velocity 560 ft/sec.

In the present memorandum the re-estimate 1s made in three
| consecutive steps, each step showing the effect of changing a basic |
assumption. With the same fuel and o1l system weight and the same r
compressor inlet axial velocity retained throughout, the basic changes
are:
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Compressor blading from metal to plastic.
Sheet metal thickness from 0,050" to 0.025%,
Compressor tip speed from 800 ft/seec to 1100 ft/sec.

The results are shown in Teble I. Estimate A of 3,0 1lb. is
the original one from Reference 1, and the re-estimates, B, C, D,
follows

Effect of Plastic Blading

Estimate B of 325 1b. shows that 15 1lb, is saved by using
plastic instead of magnesium-aluminum-titanium alloy blading in the
compressor,

Roughly half of this saving is due to the blading 1tself,
and ralf due to a lighter compressor rotor drum, resulting from the
lessened centrifugal forces.

The same saving would haye resulted had magnesium alloy
been extended to the last stages of the compressor, but ths available
creep data precluded its consideration there at present, despite
claims of utility up to and above 600°F (Reference 2).

Effect of Halved Sheet Metal Thickness

Estimate C of 300 1lb, shows that 25 1b, is saved by reducing
the ;Heet metal thickness in the gas generstor design from 0,050" to
0.025";

This is virtually all due to the saving in nickel-chromium
alloy metal in the combustion chamber, part of the turbine stator, and
exhaust=nozzle unit.

Effect of Inereased Tip Speed

Estimate D of 270 1b. shows that 30 1lb, is saved by increas-
ing the compressor tip speed from 800 to 1100 ft/sec and gives the
final and lowest figure for the basic weight of the [}S00 h.p. gas
generator, as far as this Memorandum is concerned.

In order to retain the over-all uniform tubular geometry of
the unit, the turbine tip speed 1s increased by the same amount as the
compressoris,

The effect of increasing the compressor tip speed 1s twofold,

one favourable, the other unfavourable, with the net result being
favourable in the case considered.

The favourable effect results from the greater work possible
per stage, both 1in the compressor and turbine, thus giving a decreassed
number of stages in each and a shorter length of the whole unit. The

RUEC. Ly L W
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compressor stages are reduced from 1 to 10, and the turbine stages
from 3 to 2. An additional benefit is the decreased shaft diameter,
due to the higher rotetional speed, but the lestter has also an adverse
effect on the bearings.

The unfavourable effect results from the inereased centri-
fugal force, and the attendant thickening, strengthening and change in
the design of the rotors,

Assuming that the 85% compressor efficlency is maintained,
the whole of the 30-pound saving may be claimed for the higher tip
speed, or the "transonic" relative inlet veloeity in the compressor,

However, should the required efficiency be not obtained, a
penalty results in higher fuel consumption and lower specific power
or thrust, when the gas generator is used both in the hovering and
crulsing of the VTOL aircraft which was visualized in Reference 3.

In that reference a mission of 500 miles rangs, with ten
minutes hovering, was stipulated.

The penalty resulting from the possibly reduced compressor
efficiency may perhaps be most clearly stated by showing that the
30-pound saving in gas generator weight through use of the transonic
compressor would be wiped out by 30 1b., of extra fuel per generator,
and larger generator size, for the mission specified, if the comprsssor
efficlency foll by 2% from the 85% assumed (derived by the suthor of
Reference ).

PREFERENCE FOR 3000 hop. UNIT

In Reference 3, four 4500 h.p. interconnected gas generators
were visualized for driving eight 3-foot diameter 1ifting fans.

The intention of the interconnection on the gas generator
delivery end was to ensure the safety of the aircraft in case of one-
generator fallure, when 2ll the fans would continue to receive the
driving gas from the three 1live generators at a reduced but equally
distributed rate.

Upon further detalled examination, however, the scheme
appeared less attractive, for the following reasons:

le A speclal one-way=flow valve would have been required at the
gas delivery end of each generator, before joining the
interconnecting duct. This would have been necessary to
prevent the blow-back of hot gases through the failed
generator, with consequent waste of gas and injury to the
compressor,

2. The hot interconnecting duct would have had to pass through
the useful space in the fuselage of the aircraft.
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3s In case of one-generator failure, the reduced gas flow rate
would have been mismatched with the fixed flow areas of the
fan drive turbine nozzles, thus leading to a serious drop
in efficiency and avallable power,

Out of several other schemes, three alternatives presented
themselves to satisfy the safety requirement. These, and the original
scheme of Reference 3, with all its implications, sre shown diasgram-
matically in Figure 1.

In the first alternative, the four 4500 h.p. gas generators
would have been supplemented by a fifth, stand=by, unit of the asame
power, installed in the fuselage. This would have satisfied objec=
tion 3, but not the others, and would have raised the powerplant
welght by the extra gas generator and its accessories,

In the second alternative, the four 4500 h.p. gas generators,
and the eight 3-foot diameter fans, would have been retalned, but
instead of interconnection, each generator would have driven a pailr
of fans, one 1n each wing. Thus, in case of one-generator failure,
the pair of fans woyld go out of metion, still leaving the alrcraft
stable, and with three=-quarters of the installed 1ifting power
remaining. Objections 1 and 3 would have been satisfied, but objection
2 would have been magnified, since the scheme would have required four
different (but smaller) ducts to cross the fuselage, instead of the
one duct in the originasl scheme.

In the third, and now favoured, alternative, six 3000 h.p.
gas generators were visuslized, each independently driving a somewhat
larger fan, of about 3 1/2-foot diameter, or e scheme of three
generator-fan pairs in each wing. 1In the case of one-gas-generator
failure (or one-fan fasilure) in one wing, sutomatic control would be
intended to switch out the corresponding opposite pair in the other
wing, still leasving the aircraft stable, with two=-thirds the installed
1lifting power remaining, and with all three objections satisfied.

The two-thirds figure is equivalent to the figure of 1.5
assumed for the ratio of installed 1ift to all-up weight in Reference
3, or the excess power margin allowed for hovering in non-standard
amblent conditions (6000 fest altitude, 95°F) and/or powerplant failure
in Reference 4. If that figure 1s justified, then the six-generator
scheme fits it exactly; if not, then a weight penalty 1s to be set
against it due to excessive installed power.

In view of the attractions of the six-generator scheme, it
was thought worthwhile to estimate the weight of a 3000 h.p. gas
generator, to see 1if any benefit or penalty was involved in the
total weight of the gas generators.

ESTIMATE OF 3000 h.,p. GAS GENERATOR

Estimate E in Table I gives the detasils and total weight of
a 3000 h.p. gas generstor.
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The same favourable basic assumptions were used as in the
lest-mentioned estimate (D) of the 4500 h.p. unit, i.e., plastic
blading in the compressor, 0.025" shest metal thickness and 1100
ft/sec tip speed, but againat these, the minimum blade chord (1/2%)
and casting and forging thickness (3/8") were necesssrily kept the
same,

Thus 1t 1s seen that for the installed powerplant of the
same total 18000 h.p., the six 3000 h.p. gas generators would weigh
190 x 6 = 1140 1b. against the four 500 h.p. gas generators of
4 x 270 = 1080 1b,, a penalty of 10 1lb. on each of the six generators.

A further small penalty might be involved as a result of increasing the

fan size, but it must be remembered that the scheme eliminates all
interconnecting ducts and blowback valves,

Had the 4500 h.p. gas generator been hypothetically scaled
down proportionately in all sizes to 3000 h.p., based on the alr mass
flow, the weight, following the so-c%};ed "square-cube" law, would
have been equal to 270 x (23.6/35.4)3/< or 147 lb., and if scaled
down sccording to the 'modified! square-cube law of RBeference 3, the
welght would have been equal to 270 x (23.6/35.4)1¢35 = 157 1b,

As it is, the same minimum casting, forging,sheet metal, and
blade chord dimensions are imposed on both units, the 3000 h.p. fuel
and oil systems sre only slightly reduced in weight, and ss well,
the combustion chamber length remains fundementally the same, fixing
with 1t certain shaft and stator beckbone dimensions,

EFFECT OF ASSUMPTIONS ON POWERPLANT WEIGHT

In Reference 3 the total powerplant system weight was
defined to include the fuel. PFor an aircraft of 20,000 1b. all-up
weight on a mission of 500 miles range, 10 minutes hovering, the
weight figures were as follows:

Installed 4500 h.p. gas generators = 4 x 480 = 1920
Installed 3-foot diameter fans with drives,

ducts and valves = 8 x 340 = 2720
Crulsing fuel = 2200
Hovering fuel = 1160
Total powerplant-system weight = 8000 1b,

Thus the powerplant + fuel weight amounted to ;0% of the
all-up weight of the ailrcraft.

The preceding considerations of this memorandum have shown
that considerable weight reductions in the gas generators may be
obtained by changing certain bessic assumptions. Some of these basic
assumptions may affect the fuel, as was also shown, and some may
affect the fan, drive, duct, and valve weight estimates.

The use of plastic would not affect the fan, etc., estimates,

because these were made using magnesium alloy, of virtually the same

!
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density as the plastic, wherever possible, and within cleerly defined
limits.

Thinner sheet metal thickness may have a large effect on
the weights of the fan manifolds, ducts and valves, since these were
all estimated on & basic assumption of 0.050" instead of the 0.,025"
now proposed, but it must be noted that the manifolds are of sbout
j-foot dlameter against the only 14 inches or so of the }500 h.p. gas
generator, so that perhaps a difference In thickness is justified.

Increassed tip speed would heve some effect on the fan and
drive tip turbine weights, since these were sstimated on a basis of
800 ft/sec fan tip speed. The fan, although single stage, could have
a fewer number of blades., The turbine stsges might be reduced from
two to one, but the turbine blade support ring would become more of a
problem due to the increased centrifugal forces.

An interesting sidelight on the tip speed was provided by
another engine manufacturer who was glso proposing a fan-1ift sircraft
ériven by amall gas generators. The fans were to have a discharge
velocity of 600 ft/sec with a tip speed of 950 ft/sec, both limited
by the factor of noise.

Model fan tests are now under way (Reference 5) which should
show the limits of tip speed, as controlled by efficlency (and perhaps
noise), not only for the fans themselves but also perhaps as an
indication for the transonic compressor in the gas gsanerator.

Also,detailed designs are proceeding for a 3=-foot fan, tip
turbine drive, and gas velves. VYhen these, and the model fan tests,

will have reached a certaln stage, i1t might be profitable to re-estimate

the total powerplant + fuel weight, and compere it with tha LO% of the
all-up welght of the aircraft originally celculated in Reference 3,

CONCLUS IONS

l. The original basic ﬁeight estimate of 3%0 1b. for & 4500 h.p. "hot
cycle" gss generator may be reduced to 270 1lb, by changing certain
basic assumptions.

2. Of the total 70~pound ssving, 15 1lb., 1s saved by subatituting
plastic for metal blading In the compressor. An interesting
competition is thereby disclosed between the equally light and
new.plastlic end magnesium alloy materials,

3 25 1b. 1is saved by reducing the sheet metal thickness from 0,050"
to 0.,025" in the combustion chambar, turbine ststor and exhaust
parts.

4. 30 lb. is saved by increasing the tip speed from 800 to 1100
ft/sec, but this may be wiped out by 30 1b. of extra fuel and
incressed generator size, on an aircraft mission of 500 miles
range, 10 minutes hovering, i1f the sssumed compressor efficiency

of B5% cannot be maintained, and falls by 2%.
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S.

For the total 18,000 h.p. required to be instelled in the aircraft,
six 3000 h.p. gas generators are found to be better, aside from
weight, than four of 4500 h.p. Meking the most favourable assump-
tions in each case, their weights total 6 x 190 = 1140 1b. and

4, x 270 = 1080 1b, respectively, = penalty of 10 1lb. on each 3000
h.p. unit in the six-generator scheme.
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TABLE L

weight and Size Estimatss of "Hot" Cycle Gas Generators

Estimate reference
Generator h.p.

Generator alir mass

Assumptions
Compressor blading

Sheet metal thickness 1ins.

wWeights 1b,
Compressor rotor
Compressor stator
Combustion chamber
Turbine rotor
Turbine stator
Exhaust and nozzle
Shaft and bearings

Fuel and oil Systems

Nuts and bolts
Total weight

Sizes inches
Uverall diameter
Rotor diameter
Overall length

A B C D E
4500 4500 4500 4500 3000
Generator thrust 1lb, 2670 2670 2670 2670 1780
flow 1b/sec 35.4 35.4 350l 35.4 23.6
material Metal Plastic Plastic Plastic Plastic

0,050 0,050 - 0,025 0,025 0,025

Compressor tip speed ft/sec 800 800 800 1100 1100
59 L9 49 50 32

68 63 63 55 36

36 36 18 18 15

52 52 52 39 25

38 38 34 28 20

7 7 4 L 3

3L 34 3L 30 19

Lo L0 LO Lo 35

6 6 6 6 5

3,0 325 300 270 190

18 18 18 18 15

1.2 1.2 12 a2 11,6

51 51 51 L3 4o

Maximum Temperature 1300°K
Compressor Temperature Rise 300°C

|
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