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COMPARTISON OF HOVERING FERFORMANCE OF HELICOFTERS
POWERED BY JET-FROFULSION AND
RECIFROCATING ENGINES

By Virginla L. Brightwell, Max D. Peters
and J. C. Sanders

STMMARY

Maximum hovering time, or time that s hellcopber can sustain
itself without motion, was calculated for hellcopters powered by a
reciprocating englne, by a Nernst turbine robtor, by rem-Jet engines
&t the tips of the rotor bledes, and by pulse-jet engines at the
tips of the rotor blades. The calculations showed that the conven-
tional reciprocating englne permitted much longer hovering time
then the Jet-propulsion engines investigated, but because the jet-
Propulsion engines were lighter than the reciprocating engine, the
Jet-propelled hellcopters could 1ift greeter disposeble loads. Of
the Jet engines considered, the pulse-jJet engine allowed the long-
est hovering time, which was about 15 percemt of the hovering time
posglble with the reciprocating engine.

INRTRODICTION

The hellcopter, unique in 1ts &bility to sustaln itself with-
out motion, is useful for inspection, observetion, and photographic
purposes. Although helicopters powered by Jet-propulsion engines
have recently been considered, at the present time a limited amownt
of pexrformance data is available. Previous analytical studles of
application of Jet-propulsion drives to helicopter rotors are
reported in reference 1 and In unpublished data from the University
of Southern Califormia. In reference 1, consideration was given %o
ream jets on the rotor tips and to a rotor with tip jets supplied
with alr fed from a campressor mounted in the airfrsme. The range
of the helicopter powered by Jets supplied by an engine-driven
compressor was estimabted to equal that of a conventional helicopter,
but the range of the helicopter powered with ram Jets was consid-
erably less. Marquerdt and DeVault of the University of Southern
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California studlied tip-located ram Jets and pulee Jets as well as
tip Jets aspirated by a hub-located, engine-driven campressor or by
a hub-located, rotor-driven compressor. It was found that the
system using tip-located ram Jots would be economically feasible
for cruising endurances less than 1 hour, the tlp-located inter-
mittent system and the rotor-driven compressor system for endur-
ances less than 2 hours, and the engine-~driven compressor system
for endurances from 2 to 4 hours. For these periods, such systems
appeared to be able to carry approximately twlice the pay load of =a
conventional helicopter of similar slze at camparable cost.

In this analysis, conducted abt the NACA Cleveland laboratory,
calculations were made to compare the fuel consumptions of three
Jebt-propulsion engines and one reciprocatling engine that were used
to power helicopters for hovering flight at sea level. The Jet-
propulsion engines are a ram Jet and & pulse Jet (reference 1)
and, in additlon, a hollow-blade rotor, or Nernst turblne, with
burners near the blede tips. The effects of changes 1n several
limiting variables were studled and values were selected to give
low fuel consumption. Reasonable values were assumed for the
rotor dlameter, rotor tip speed, and fuel consumption for the
reclprocating engine. The camparisons for low forward speeds
would probably be simllar to those found for hovexring.

SYIMBOLS

The following symbols and ebbreviatlons are used in this
analysis:

Y. P crosa-gectlionsl area of burner, (sq %)

An required cross-sectional area of engine, (sq £t)
B number of rotor blades, (3)

c coefficient

c chord of rotor blade, (ft)

oy specific heat at constant pressure, .(Btu/ (10-°r))
a rotor diameter, (ft)

F thrust, (ib)

g / a fuel-air ratio
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fuel consumption, (1b/hr)

initial fuel rate, {1b/hr)
acoeleration of gravity, 32.2 (£t/sec?)
hovering time, (hr)

horsepover

mechanical equivalent of heat, 778 (£t-1b/Btu)
£

Mach number

total pressure, (1b/sq £t absolute)
static pressure, (1b/sq £% ebsolute)
gtatic-pressure drop due to friction, (1b/sg £t)
dynemic pressure, (1b/sq £&)

ges constant, 53.3 (£t-1b/(°F-1b))
radiue of rotor, (ft)

rotor-disk area, (sq £%)

total temperature, (°R)

static temperature, (°R)

velocity, (£t/sec)

gross weight of helicopter, 2560 (1b)
welght of helicopter when empty, (1b)
fuel flow, (ib/sec)

welght of initial fuel load, (1b)

T
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4
W%,h welght of fuel at hovering time &L, (1b)
Wg gas flow, (1b/sec)
w drag power of rotor, (ft-lb/sec)
X ratlo of cross-gsectional area of internal air passage to
cross-gectional area of rotor blede, (0.75)
__g_i _
L 6]
"R
b4 ratlo of specific heat at constant pressure to specific heat
at constant volume
] alr density, (slugs/cu ft)
Subscyrlipte:
0 equivalent free-stream condition
2 gtation 2, burner emtrence
3 statlon 3, burner exit
4 station 4, exhaust-nozzle exit
D rotor drag, based upon plan area
D,e drag of Jet-engine bodies
e reference engine (except in W)
h hovering
J Jet engine
L 1ift
m maximm power
R rotor
re reciprocating engine
t rotor tip

855
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ASSUMPTIONS AND BASIS OF CALCULATIONS

The rotors powered by each of the Jet englines were assumed to
replace the conventional rotor and reciprocating engine in an
existing helicopter. Sketches of the englne installations inves-
tigated are presented in figure 1. The methods of ocalculating fuel
consumpbion and. hovering time are outlined in appendixes A to C.

The Nermst turbine utilized hollow rotor blades, whereas the
ram jets and pulse Jets were assumed to be installed tangentlally
on the tips of the blades. The same airframe weight and the same
gross helicopter welght were used for each Ilnstellation. The value
of disposable load was different for variocus welghts of englve,
gearing, and rotor.

Some of the simplifying assumptions infer ideslistlic condl-
tions that will not be realized in actual performance, but 1t is
believed that these sssumpbions do not preclude making a falr com-
parison of engines.

Method of Campubing Rotor Performance

The horsepower required to hover was taken as the sum of the
calculated values of power dissipated in the momentum of the down-
wash Prom the rotor and in the windage drag of the rotor blades,
with the assumpbion that there were no mechanical losses. The
power dissipated in momentum of the downwash was multiplied by 1.15
to account empirically for additliounal minor losses. (See reference 2.)

Canputation of the windage drag of the rotor included the
drags of the nacelles housing the ram-jet and pulse-Jet engines ab
the tips of the rotor blades. The value of 0.04 that was chosen
for the drag coefficlent of the engine nacelles was based upon the
frontal areas; this velue was taken from a figure derived from
ballistic-drag data from reference 3 and from data on low-dreg
wing-necelle combinations with internal alr flow presented in
reference 4. A blade-profile drag coefficient of 0.011 (refer-
ence 5) was used in computing the windage drag of the rotor blades.

The horsepower required for hovering operatlion of the heli-
copbter when powered by elther ram Jets, pulse jets, or the recip-
rocating englne was calculated as

2 3 3
550 (250)1/2 8 x 550 4 X 550

(1)
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where the first term is the corrected horsepower regulred to 1lift
the helicopter, the second term is the horsepower required for
rotor drag, and the third term is the horsepower for Jet-engine
bodles. The derivation of this equation is given in references 1
and 2. Bscause the reciprocating engine in the existing hellcopter
developed 40 horsepower more than the power required for hovering,
the horsepower calculated in egquation (1) was increased by 40 for
the ram-jet and pulse-jet engines. Further detalls of the horge-
power celculations ars presented in appendix B.

The maximm allowable hovering times were calculated by
sgsuming that the total disposable loeds consisted only of fuel,
snd by taking into consideration the decreasing welght of the
helicopter,

Propulsion Systems

Reciprocating engine. - The helicopter powered by & recipro-
cating engine selected for this analysis is described in reference 6.

Nernst turbine. - The power and fuel consumpbion of the Nernst
turbine as a reaction motor were computed because no experimental
data on this type of engine are available. These computations con-
glsted of a simple cycle analysils eccounting for momentum-pressure
loss in the burners. The calculations are described in appendix A

and reference 7.

The weight of the rotor was estimated by assuming the blades
40 be aluminum shells with a wall thickness of 0.0234 inch. The
meximm cycle temperature was selected by trial calculation to
glve a low fuel consumptlon. The temperature calculations were
made for a rotor, 30 feet in dlameter, operating at a rotor-tip
Mach number of 0.8; each blade was assumed to contaln a burner with
a8 cross-gseotional areas of 0.5 sguare foot., After the maximum cycle
temperature was selected, the rotor diameter and burnmer cross-
sectlional area were Bo varied that the lowest fuel consumption was
obtalned at the power required for the desired 1ift.

Ram Jet., - Thrust and fuel consumptlon of the ram-jet engines,
one on each of the three rotor blades, were obtained from experi-
mental dete presented in reference 8. The thrust end fuel consump-
tion of the reference engine are shown in figure 2.

Pulse Jet. - The thrust and fuel~-consumptlion characteristics
of the pulse-jet engins presented In figure 3 were obtained from

855
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experimental date presented in reference 9 and were used to deter-
mine thrust and fuel consumption of the three pulese-Jet engines on
the helicopber rotor bhlades.

The sizes of both the ram-Jet and pulse-Jet englnes were so
selected as to permit an excesa of 40 horsepower above that
required for hovering. Calculabtions were made to select the rotor
diameter and the tlp speed glving minimum fuel consumption. Hgua-
tions used in these calculatiocns are glven in sppendix B.

Teble of assumptions. - In all of the cases except that of the
Nernst turbine, two methods of analysis were employed. One method
was the calculatlon of optimum rotor dimemnsions by vexrying the
sechion 1lift coefficient; the obher methold was the selection of the
robor dlameter and the rotor tip speed that would glve low fuel
* consumption while the rotor-blade chord was held constant and equal
t0 the egquivalent chord of the existing helicopter powered by a
reciprocating engine. For the Nernst turbine, the rotor dimemslons
were selected at the values that gave the desired thrust with &
minimum fuel consumption. Becsuse the optimum dimensions were
structurally impractical, the pertinent dabta llsted in the follow-
ing table on the engine, rotor, end sirframe of the hellcopter as
powered by a recilprocating engine are for constant-chord analysis
only: the teble also includes the assumptions necessary for com~
pubing the performance of a hellicopbter as powered by any one of
the four propulsion systems:
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Propulaion system

Recipro-~|Nernst [Rem Jjet|] Pulse
cating |Turbine Jot

Gross welght of helicopter fully

loaded, 1b 2560 2560 2560 2560
Weight of alrframe and pllot, 1b 1336 1336 1336 1336
Rotor ailrfoll section, NACA 0012 0015 0012 001z
Nurber of rotor blades 3 3 3 3
Dismeter of robtor, ft 38 |memmeme]mmccees araeee
Total plan area of three rotor

blades, 8g £t 65.5 [mememew]mmcmme e
Weight of robor, 1b _ 159 | ermeen- (e) (a)
Rotor tip speed, ft/sec 448 | P0.8 |-mmmmem)aceos
Windage drag coefficient of rotor

blade 0,011 |=-~e=-- ®0.011 |0.011
Nacelle drag coefficient based on

frontal area ~emmnme | d————— 0.04 0.04
Weight of engine, 1b 1:7- S d2os | dizg
Welght of shafting and gearing, 1b L I D bt LT TR EEEEE
Maximum engine power, bhp R R and ELETUEES PSS
Power required to hover, bhp 152 |emeemmmlmmmcmen e e
Brake specific fuel consumption,

1b/bhp~hr 045 |emmmecmelomcoens faeeaae
Percentage of airfoll cross-

sectional area providing free

passege for combustion alr | cccecana 75 |==ewemmn e
Velocity of alr entering burner,

ftfsec 07 s 150 femmceme fameaea
Ratio of friction-pressure loss

in burner to dynsmic pressure

et entrance to burner === | emmee-ca- 0.5 |eewememueeennas
Temperature yatio = ===0 | ceccmcacelamcacas 5 lremena
Combustion efficlency @ | «wmcwen- 1.00 0.70 joeveew

Selght of rotor blades proportional to their plan

upon weight of rotor with reciprocating engine.

bMa.ch number.

°For optimum rotor dimensions, value varied with C;, (reference 5).

41n 1b/eq £t of frontal area.

Equations used in the calculation of weights and pay loeds are

glven in appendix C.
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FUEL-CONSUMPTIOR ESTIMATES

Txcept for the Nernst turbine, two methods were used to deter-
mine rotor and engine dimensions to give minimum fuel consumpbion:
(1) Ooptimum rotor dimensions were determined by varying the 1ift
coefficlent and rotor dimmeter, which resulted in a variation of
rotor-blade chord; end (2) the rotor dismeter was variled as the
chord was held constant at the velue of thet for the exlsting
helicopter powered by the reciprocabting engine. The optimum values
are glven as a matter of Interest but the difficulty of msking
glender roktor blades safe and rigld makes impractical the use of
blades of optimum proportions.

The Nernst turbine rotor dimensions detexrmined the value of
thrust and fuel consumption obtaineble so that the chord and the
dlameter were selected abt the values that gave the desired thrust
with minimum fuel consumption.

Reclprocating Englne

When the 1ift coefficlent was varled, the optimum valuwe was
calculated to be 0.80, the same optimum valune that was fourd for
the ram Jet and the pulse Jet. This value was obtained for a
robor tip speed of 448 feet per second. The opbimm rotor dlsmeter
was the largest considered, 60 feet, and the corresponding chord
was 0.447 foot. The minimm fuel consumption wasa 0.0178 pound per
hour per pound of rotor thrust for a hovering horsepower of 101.

When the existing hellcopter rotor-blade chord snd dlameter
were used at the assumed tip speed of 448 feet per second, the
minimum fuel consumpblon was 0.0267 pound per hour per pound of
rotor thrust for a hovering horsepower of 152, or one and one-half
times the value for the optimum rotor.

Nexrnst Turbine

The results of the semple compubations of the effects of
change in maximum cycle temperature on the fuel consumpbtion of the
Rernst turbine are shown in figure 4. The minimum fuel consumption
in this case 1s attained at temperatures between 2000° and 2200° R.
A temperature of 2000° R was chosen for subseguent studies.

The effects of dimensions of the rotor blades on fuel consump-
tion and thrust are shown in figure 5. Change in the diameter of
the rotor hed little effect on minimum fuel consumption provided

—
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that the oross-sectional ares of the burner was propexrly selscted.
The required 1ift of 2560 pounds was achleved with the lowest fuel
consumption with a rotor diemeter of 20 feet and a burner cross-
sectional area of 0.288 square foot, corresponding to a chord of
1.93 feet. The calculated section 1ift coefficient for these
dimensions was 0.139 and the fuel consumption was 0.376 pound per
hour per pound of rotor thrust.

Ram Jet

The effects of changes 1n rotor diameter and in 1ift coeffi-
clent (which determine the blade chord) on the fuel consumption
of a rotor powered by ram-Jet englnes are shown in figure 6, The
optimm rotor tip speed was greater than the S00 feet per second
chosen for this fuel-consumption anslysis. No rotor tip speeds in
excess of 900 feet per second were considered because stresaes and
aerodynemic losses become high. The lowest fuel consumptlion was
cbtained with a 1lift coefficient of 0.80 and the largest rotor
diameter considered. The chorde of the rotor blades for the lift
coefficient of 0.80 are shown to vary from 0.67 foot with a rotor
diemeter of 10 feet to 0.1l foot at a dlamebter of 60 feet. The
lowest fuel consumption was 0.27 pound per hour per pound of rotor
thrust.

When the blade chord was held constant and egual to the equiva-
lent chord of the blades with the reciprocating engine, the diameter
of the rotor affected minimum fuel consumption as shown in figure 7.
The minimum fuel consumption wes 0.73 pound per hour per pound of
rotor thrust, or nearly three times the value for the optimm rotor.

The sacrifice in fuel economy shown to result from the use af
the more practical rotor dimensions indicates that the selectlon
of dependable structural dimemsions 1s also a ocritical faotor in
performance considerations.

Pulse Jet

Fuel consumption of the pulse Jet was camputed for various
rotor tip speeds and section 1lift coefficlents to permit selectlon
of the lowest specific fuel consumptlon as shown Iin figure 8. The
lowest fuel consumptlon was found t0 occur with the largest rotor
dismeter consldered. The lowest specific fuel consumption wes
0.17 pound per hour per pound of rotor thrust, and occurred at a
tip speed of 500 feet per second and a section 1ift coefficlent

G
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of 0.80. The corresponding chord of the biasdes was 0.56 foot. The
dimensions of the rotor for lowest fuel consumpbion result in very
slender blaedes as In the case of the rotor powered by the ram-jet
engines.

When the blade chord wes held codstent and egqual to the egquiva-
lent chord of the blades used wlth the reclprocating engine, the
dismeter of the rotor affected minimum fuel consumption as shown in
figure 9. Although the fuel consumption continued to decrease wlth
Increasing rotor dlameter, = dismebter of 38 feet was selscted for
the rotor blade used with the pulse-Jet engine in order to avold the
unwieldiness and increased welght of larger rotor blades. Further-
more, the fuel consumpbion corresponding to a 38-foot diameter was
not excessively high compared to the fuel consumption cobtained with
rotors of larger diamebter. The fuel consumption iIn this case was
0.26 pound per hour per pound of robor thrust or 1.5 times the
value obtalned with the optimm rotor.

HOVERTNG TIME AND DISPOSAEBLE IOQAD

Because installetlons comprising Jet englnes were much lighter
than the instellation for the reclprocating engine, the Jet-propelled
helicopters could 1ift greater pey loads for shorter periods of
hovering. The camblnation of pay load and fuel load was called dis-
pogable losd.

Optimm Rotor Dlmensions

In the comparison made with the selectlon of the optimum blade
chord and a large rotor dlameter, the ram-jet and pulse-Jjet installe-
tions lifted disposable loads (pay loads at zero hovering time)

41 and 33 percent greater, respectively, than the disposable load

of the reciprocating engine Installation, whereas the Nernst tur-
bine lifted 3 percent less. (See fig. 10(a) and table I for values.)
As hovering time was lncreased, the high fuel consumption of the

Jet engines caused a rapld decrease Iin pay loads of the Jebt-propelled
helicopters. For the limlting condition of no pay load (all fuel
load), the meximum hovering times of the Nernst~turbine, ram-Jet,
and pulse-Jet installations were 4.6, 10.3, and 14.8 percent,
respectively, of thet of the reclprocating-engine installatiom.

For hovering times greater than 0.30 hour, the pulse-jet helicopter
efforded greater pay load then the other Jet englnes and could

hover with a greater pay load than the reciprocating engine for
hovering periods less than 0.88 hour (fig. 10(a)).
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Constant Rotor-Blade Chord

The hovering time and pey-load characteristics camputed wilth
the sgsumptions of blede chord equal to that of the original rotor
used with the reciprocating engine and a maximum rotor diameter of
38 feet are shown in figure 10(b). (See table I for values.)
Although the pay loads and ranges of each installation except the
Nernst turbine were lees than those presented in figure 10(a) for
optimum rotor dimensions, the relative positions of the various
englnes remeined the same except that the ram Jet instead of the
Nernst turbine gave the least favorable hovering performance. A
comparison of the maximm disposable loeds and hoverlng times is
made in the following table:

855

Engine Maximum dis- Maximm hov-
poaeble loed ering time
(percent) (pexcent)
Reclprocating 100 100
Nernst turbine 119 8.7 .
Ram Jet 148 5.9
Pulse Jet 143 15.8

For hovering times greater than the short period of 0.05 hour,
the pulse-Jet engine afforded greater pey load than the other Jet
engines and could hover with a grezter pay load than could the
reciprocating engine for hovering pericds less than 0.58 hour,

The selected dimensions of the rotor blade and the rotor tip speed
for the pulse-Jet driven rotor are closer to the values of extant
rotors. The calculated performance could therefore be more easily
achieved in practice with the pulse-Jjet engine than with the other
Jet englnes considered in this analysis.

SUMMARY OF RESULTS

Comparison of the calculated performence of three Jet-propelled
helicopters with that of a conventlonal hellcopter powered by a
reciprocating engine led to the following observations:

1. The maximum hovering time, obtained with the pay load dls-
placed by fuel, was much greater for the conventlional helicopter
powered by a reciprocating engine than for any of the Jet-propelled
helicopters. The helicopter powered by a pulse~jet engine with a
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maximum hovering time egual to epproximebtely 15 percent of the
maximum hovering time of the helicopter powered by & reclproceting
engine showed better hovering performance then the other Jet-
englne installatlons.

2. For short periods of hovering, the Jet-propelled heli~
copters (except the Nernst turbine in the optimum-dimension com- -
parison) could carry greater pay loads then the hellcopter powered
by the recliprocating engine. The reciprocebing-engine installa-
tion could carry greaber pay loads than any of the Jet-engine
installations for hovering times greater than 0.88 hour.

3. Among the helicopters dimensioned by maintaining a constant
chord, for hovering times grester than the short period of (.05 hour
the helicoptber powered by a pulse-Jet englne afforded greater pay
load than helicopters powered by the other Jet englnes.

Flight Propulsion Research Leborabtory,
National Advisory Cammlttee for Aeronautics 3
Cleveland, Ohlo.
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APPENDIX A

METHOD OF CALCULATING THRUST AND FUEL CONSUMEPTION
FOR HELICOPTER POWERED BY NERNST TURBINE

Several variables were Investigated in order to obtain optimm
performance of the Nernst turbine for the thrust desired. A fur-
ther development of the theory outlined in this appendlx cen be
found in reference 7.

The velocity of the gas entering each burner (one in each of
the three blades) was considered to be fixed at 150 Peet per
second. The temperature before the burner was calculated from

the general energy equation
2 2
V& = Vo

end the following values were subatituted: V,, 150 feet per
second; cp, 0.240 Btu/(1b-F); and ty, 519° R. When sdisbatic
campreasion was agssumed, the pressure before the burner was

Z

tp 7=-1 _
Dy =D E'a (A2)

and the density befors the burner was

D
2
= —— A3
where Py Wwas teken as 2117 pounds per squere foot absolute.
The total temperature before the burner was calculeted as
v,2
Tz = t2 + ngcP (ad)

and the welght of ges flow as

855


http://www.abbottaerospace.com/technical-library

NACA BM No. E7E21 P 15
wg = zgpz._ez‘(l + £/a) (a5)

where the Puel-alr ratio was determined from figure 6 of refer-

ence 10, This figure is a chart for determining the fuel-alr
ratio for various values of rise in total temperabure across the
combustion chamber and combustlon-chamber-outlet total tempereture.

The dynamic pressure at the enbrance to the burner was

of- which one-half was assumed to be the pressure loss due to
friction.

AD, = % 4 (A7)

The Mach mumber of the alr entering the burner was calculated

as
M (48)
Y
and the total pressure at the burner exit was calculated from
Z.3
Pz = (py + App) Z (a9)
where
.
=1
I:l +(L—£l) MZ]
Z = (a10)

[1+7M2]'

The values of Z were obtained fram equations that are given in
reference 1l and have been prepared in chart form. A value of l.4
was used for ¥ at station 2; the value of o at station 3 was
read from table 2 in reference 12 for the value of the total tem-
peraeture after the burner. :

*
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The velocity at the nozzle exlt was calculated as

-1
2, 7
V= 2gJoTs |1 - ]—?; (A11)
with the value of ¢ reoad from table 2 in reference 12,

D
By measurement, the chord of the NACA 0015 alrfoll sasumed wes

found to be
. -
¢ = N/0.1032 X (a12)

where X, the ratio of the cross-sectlonal area of the alr passage
Inside the blade to the total cross-sectlional area of the blade,

was assumed to be 0.75.
The equation used for the drag power of the rotor was
Bp C doV?>
o D t

When it was assumed that the rotor inflow was uniform over the
rotor-disk area and that there were no rotational losses for hover-
ing, the rotor thrust was calculated to be

{E_s_wgz,i (Vg - Vg) -W] a /\/Eg_f}z/s

Fp = . 1.15 (a14)

where the factor 1.15 was used to allow for a difference between
calculated and actual experimental thrust.

The fuel flow was

We = BVag pg & £/a (A15)

CONFIDENTIAL
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The corrected thrust desired was 2560 pounds, the gross welght
of the helicopber. A temperature study was made first in order to
gelect a total temperature at station 3 that would give epproxi-
mately the desired thrust. This study wes made at rotor-tip Mach
numbers of 0.5 and 0.8, but 0.8 was selected for further study
because the gpecific fuel consumption wes lower. As & result of
the temperature study, 1t was declded to use 2000° R as the total
temperature at the burner exit in the Investigabtion of the other
veriables, the cross-sectlonal burner area and the rotor diameter.
Cross-sectional burner areas of 0.10, 0.25, 0.50, 0.75, 1.00 and
1.50 squere feet, and rotor dlemeters of 10, 20, 30, and 40 feet
were investigated in order to obtain desired thrust ab a low spe-
cific fuel consumption. Detalled resulis of these calculetlions
are given in table IT.
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APTENDIX B

METHOD OF CALCULATING HORSEPOWER AND FUEL CONSUMPTION FOR
HELICOPTERS POWERED BY RECIPROCATING, RAM-JET, OR
PULSE-JET ENGINES

The horsepower required for 1lifting the hellcopter was com-
puted as :

3/2
)y, = ——7 (22)

1/Z
550(2Sp)

The horsepower required for the rotor drag was

CD ery B o Vts

(hP)D = 8 X 550 (32)

The horsepower required for the drag of the Jet-englne bodies
was :

3
_Cp,e Ar B Wy

(bp)p o = — 5 %550 (3)

See references 1 and 2 for derivetions.

The total horsepower for the reclprocating engine was calculated
by adding the values obtalned from equations (Bl) and (B2) and allow-
Ing for calculated 1lift and excess power as shown in the following
equation:

3
1.15 w3/2 Cpory Bo Vy
55O(zsp)l/'z 8 X 550

(bp),.g = + 40 (B4)
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For the reclprocating engine, the fuel consumption was assumed
to be 0.45 pound per horsepower~hour for hovering horsepower only.
Table IIT presents values of horsepower and fuel consumption with
an assumed rotor tlp speed of 448 feet per second.

The horsepower regqulred for the helicopber to hover when
powered by elther the ram Jets or the pulse Jets was calculabted
as the sum of the values obtalned from equations (Bl), (B2), and
(B3), allowing for the extra 1ift horsepower &s shown in the
following equation:

3 .
_ | 1asw?/®  Be VS fOpery
(bp)y, = 550(28p) /2 | 1100 z— * %,e Ar) (25)
The total maximm engine horsepower was
(np), = (p), + 40 (86)

The Jet-engline thrust was

(rp)y,

7 (57)

FJ=550

and the fuel consumption was considered to be proportional to thrust
delivered

(B8)

H
1
!
'=El|"b
oo

The simmltanecus equatlions involving A, &and F were solved
by trlal and error by first assumling values of A,, and solving for
thrust, and then computing the reguired A, by assuming that the
cross-sectlonal-engine area was proportional to the total horsepower.

550 A
A, = (D), ﬁGF—:‘ (for reference engine) (B9)

After the correct A, was determined, equations (B5) to (BS)
wore recalculabed.
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For the rem-Jet and pulse-jet engines, the rotor diameters s
the chord of the rotor blades, the cross-sectlonal-engine area, and
the rotor tlp speeds were investigated in order to obtain the
lowest possible fuel consumption. For the ram Jet, calculations
were made for rotor diameters of 10, 20, 30, 40, 50, and 60 feet,
and tip speeds of 400, 600, 750, and 900 feet per second. For the
pulse Jet, rotor dlemeters of 10, 20, 30, 38, 40, 50, and 60 feet
were investigated, as well as tlp speeds of 300, 400, 500, and
600 feet per second. The minimum fuel-consumption values at the
various rotor dlemeters are presented in table III.

855
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APPENDIX C

METEOD OF CALCULATING HOVERING TIME

Most of the assumptions for calculeting welghts and pay loads
of the different hellcopters are given in ASSUMPTTIONS AND BASIS OF

CATCULATTIORS.

The welght of the robor for the reclprocating and pulse-jet
engines was 159 pounds, as glven 1n reference 6. This rotor welght
was used as the basls for calculations of rotor welghte for diem-
eters other than the standerd of 38 fest.

The elrfreme weight was determined fram calculations for the
reciprocating-engline helicopter by subtracting the sum of the
woights of the engine, the rotor, the gearing, and the useful load
from the gross hellcopter welght. The same alrframe welght and
the same gross hslicopter welght were used for each installiation.
The value of dlsposable load was obtalned by subitracting from the-
gross helicopter welght the sum of the welghts of the airfreme,

the rotor, the engine, and the gearing.

The calculated values of welghts and dlsposable loads for the
four helicopters are glven In table I.

The followlng equatlions were developed to determine the allow-

able hovering times of the different engines, taking into con-
slderation the fact that the welght of the helicopter was steadily
decreasing because of fuel conauvmption.

dwf h
- —-—J—ah = K(We + Wf,h) (01)

Transposing and integreting between the limlits of O and h
results in

- logy (W) + log, (W, + Wf,i) = Kh (c2)

Transposing agaln glves

W, + W
L [ £,1
h = = logg <—-—’——We ) (c3)
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or

h = We + Wf 1 ]_og We + Wf 4 (04)
fi ® we
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TABLE I - SELECTED PROPORTIONS FOR HELICOFTERS
POWERED BY VARIOUS ENGINES

Proportions Engine

Recipro- |Nernst |Ram Jet |[Pulse Jet
cating {turbine

Optimum rotor dimensions

Rotor diemeter, ft 60 20 60 60
Rotor tip speed, ft/sec 448 896 900 500
Specific fuel consumption

10/(br) (b rotor thrust) 0.0178 | 0.376 | 0.269 | 0.173
Rotor weight, 1b 99 447 24 78
Totel englne welght, 1b 275 0 73 8l
Gearing weight, 1b 50 0 o] 0
Alrfreme welght, 1b 1336 1336 1336 1336
Disposable load, 1b 800 777 1127 1065
Gross welght, 1b 2560 2560 2560 2560
Maximum hovering time, hr 21.0 0.962 2.16 3.11

Congtant rotor-blade chord

Rotor diameter, ft 38 20 25 38
Rotor tip speed, ft/sec 448 896 900 400
Specific fusel consumption

1b/(ar)(1b rotor thru.sts 0.0267 0.376 | 0.728 0.260
Rotor welght, 1b 159 447 105 159
Totel englne welght, 1b 362 o 150 129
Gearing weight, 1b 50 . 0 0 o
Alrfreme welght, 1b 1336 1336 1336 1336
Disposable load, 1b 653 717 969 936
CGross welght, 1b 2560 2560 2560 2560
Meximum hovering time, hr 11.0 0.962 | 0.653 1.75


http://www.abbottaerospace.com/technical-library

TABLE II - SUMMARY OF DATA FOR NERNOT TURBINE SHOWING VARTATION TN THRUST ARD IN FURL

CONSUMPTION WITH CHAMGE IN ROTOR DIAMETER AND CROSS-SECTIONAL BURNER AREA

[Munh mmber 0.8; T,, 586% B; Ty, 2000° B; V,, 1599 r'h/seo]

Rotar Cross-gectional Rotor-blade Ireg power Correctad Fuel ocn- Fuel conmmption
a4 - burner arsa chord (ft-1bfaec) | rotor sunption Coxrsoted rotor trust
ster (sq £t) {£+) thrust {1b/hr)
{r) . (1v) ( 1b @5 )
1 o
10 0.10 1.137 40,117 415 538 0.388
.25 1.797 65,404 1,902 845 o
.50 2,542 89,608 3,238 1689 522
W75 3.113 109,858 4,368 254 280
20 Q.10 1,137 80,734 525 338 0.646
25 1.797 12¢,800 2,158 845 384
50 2,542 179,78 4,276 1688 L5605
.75 3,113 219, 672 6,082 2554 420
1.00 %58 263,814 7,607 5878 m
30 0.25 1,797 190,212 1,557 848 0,550
.30 3.542 260,087 4,340 1689 .389
.75 2,115 339,508 5,827 2554 .582
1.00 7,504 580,420 8,686 5378 J380
40 0.5 2,542 368,758 35,462 lesg 0.488
78 3.115 439,544 8,312 2554 +A0L
1.00 3,584 507,228 8,741 3378 584
1.50 4,402 621, 63 13,180 5066 .385
NACA,

"ON WY YIO¥N
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TABLE III - SUMMARY OF DATA FOR RECTPROCATING, RAM-JET, AND PULSE-JET ENGINES SHOWING
VARIATION OF ROTOR DIAMETER AND ROTOR-TIP SFEED

Eogine Rotor | Effectlvel Rotor { Required (Caleulsated | Drag Total Total Fuel Fuel consumption
dlametoer chord tip crosa-~ 1ifs horse- | horse- herse- | consumption Hotor EE%EEE
apeed | ssctional |(horsepower | power | powesr powar
area of requlred | avall-
one angine for able
hovering
1b )
(£e) {t5) [Pt/sec)| (sq £t) (bp) (hp) | (bp) (bp) {(1n/har) Totor Ehrus
Hotor dimensions for optimuam Gy of 0.80
Realprocating 60 0.447 448 -— 64,21 x1.,16| 27.56 | 10l.4 14].4 46,63 -—
Ram Jeot 10 0.664 800 0.29 385.8 100.2 6562.8 502.2 | 2641 0.993
20 .338 200 .18 192,86 86,156 | 310.7 350,7 | 1430 559
40 +168 200 .13 96.31 79.17 190,0 £230.0 B74.2 542
80 111 200 «11 64,21 75,81 | 149.6 189.8 688.2 .269
Pulss jat 20 1.08 500 0,4], 192,6 44,08 | 265.6 06,6 | 1054 0.412
38 588 500 27 101.4 39,43 | 1568,0 196,0 619,00 242
80 . 559 500 .21 84,21 37.56 | 111.4 161.4 442,0 JA75
Conatant rotor-blade ohord
Reclprocating 8 1.18 448 —— 101.4x1.18] 35,02 | 161.6 101.6 88,25 —-—-
Ram Jst 10 1.15 200 0.28 386.2 130.6 ‘873.6 615.8 | 2640 1.08
20 1.16 200 22 198,68 182.1 415.6 453.6 | 1804 JT44
30 1.15 800 .22 128.4 266,4 414,1 454,], | 1006 744
40 1.13 200 « 24 98,31 345.0 455,8 495,8 2087 .819
50 1.16 900 .27 77.08 424,5 Bl15.1 B68.1 | 2361 922
B8O 1.15 800 «50 64.B1 181.0 54,8 74,8 2682 1,01
Fulse Jat 10 1,15 800 0,57 386.2 54,08 | 497.1 537.1 | 1841 0.719
20 1.15 600 .41 198.8 30.10 | 280.8 300.8 | 1034 404
30 1.16 500 36 128.4 B0.21 | 197,89 B37.9 785.2 « 507
28 1.1% 400 « 33 101.4 30.44 | 147,0 187,0 668.5 +260
;g 1.16 400 38 96,31 32.49 | 143.3 183,5 649.5 254
80 1.6 400 « 30 77.06 J7.79 | 126.4 166.4 b572.8 224
1.18 400 .28 84,21 44.05 | 117.9 157,9 534,3 +B09

9z
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ta) Rotor with reciprocating engine.

Figure |I. - Diagram of helicopter rotors powered by various
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Alr intake

Figure |. — Continued.
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{b) Rotor with Nernst turblne.

Diagram of helicopter rotors powered by various engines.
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Figure {. - Continued.

855

e rremae _ Directlon
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Air intake

Jot nozzle W

(c) Rotor with ram jet.

Diagram of helicopter rotors powered by various engines.
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Figure |. ~ Concluded.
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Section A-A

(d) Rotor with pulse jet.

Diagram of helicopter rotors powered by various
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Figure 2, — variation of thrust and fuel consumption with Mach number

for 20-inch ram jet.
reference 8.)

{Curves taken from figs.
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Figure 3. — Variatlon of thrust and thrust specific fuel consumption
with airspeed for reference pulse-jet engine. (Data taken from
reference 9.)
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Figure 4, ~ Effect of maximum cycle temperature on fuel consumption for Nernst turbine. Mach number,
0.8; rotor diameter, 30 feet; cross-sectional burner area, 0.5 square foot.
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jet engine.

Rotor tip speed, 900 feet per second.
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Figure 7. — Variation of minimum fuel consumption with rotor diameter
for ram—jet engine. Rotor-blade chord, .15 feet; rotor tip speed,
900 feet per second.
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{(a) Optimum rotor dimensilons.
Figure 10.

- Variation of pay load with hovering time for helicopters
powered by various engines.
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