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TECHNICAL NOTE 3810

CHARTS FOR ESTIMATING THE
HOVERING ENDURANCE OF A HELICOPTER

By Robert A. Makofskl
SUMMARY

As a mesns of comparing the performasnce capabilities of various

helicopter propulsion systems, charts have been presented for estimeting
the hovering endurence of a helicopter in the form of & hovering-endurance
parameter as a function of the ratio of total fuel loed to helicopter
initial weight for a range of initial thrust coefficlents from 0.002 to
0.012 and for values of rotor mean lift coefficient from 0.24 to 0.72.
The charts were prepared for a helicopter having rotor blades with ideal
twist. However, corrections may be applied to the hovering endurance to
account for other combinations of twlst and tsper. The effects of stall
and compressibility have been neglected.

INTRODUCTION

The hovering endurance of & hellcopter is a useful parameter in
evaluating the performance cepabilities of various'helicopter propulsion
systems; thet 1s, piston, turbine, ram-Jet, pulse-jet, and pressure-Jet
engines, For exemple, the helicopter having the best hovering endurance
will usually prove to have the best range. The usual method of computing
the hovering endurance of a helicopter is to mske & time-consuming numer-
ical analysils of the change In gross weight and power requirements as the
fuel losd is consumed. The purpose of this paper is to perform this ansl-
ysis and to present the results In chart form so that the hovering endur-
ance mey be estimated with a minimum of calculation.

The charts are presented in the form of a hovering-endurance param-
eter as a function of the ratio of total fuel load to the initlal gross
welght of the helicopter for a range of 1Initiel thrust coefficients from
0.002 to 0.012 and for values of rotor mean 1ift coefficient from 0.2h
to 0.72. The computations are based on a rotor with ideal twist (uniform
inflow). Corrections that may be applied to the hoverlng-endurance param-
eter to account for various combinstions of rotor-blade twist and taper
are included. No sllowance for the effects of stall or compressibility
is made.
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SYMBOLS

slope of curve of section 1ift coefficient plotted ageinst
section angle of attack (radian measure), assumed to be

5.73

tip-loss factor, assumed to be 0.97; blade elements outboard
of radius BR ere assumed to have profile drag but no 1lift

number of blades per rotor

. C
rotor mean 1lift coefficient, 67$

W

thrust coefficient; for hovering helicopter, R
R2p(0R) 2

torque coefficient
> 2820 (GR)ZR
blade chord, ft ' T .-

section profile-drag coefficient T+

JFR cradr
_EL_______, £t

JQR r2dr

equlvelent blade chord,

hovering endurasnce, hr

hovering-endurance parameter, (qR) (sfec)E

W
Wy

horsepower required for helicopter to hover, hp
rotor torque, lb-ft

blede raedius, ft

radial distence to a blade element, £t

specific fuel consumption, lb/(rotor hp)/hr
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t time, hr

W gross weight of hellcopter at any time in flight, 1b

Wfl total fuel load, 1b

v rate of fuel consumption, 1b/hr

O blade-section angle of attack measured from zero-1lift line,
radians

8,871,850 coefficilents in power series expressing cd,o as a function
of @ cq o =8p + Byan * 52ar2

o mass density of air, slugs/cu £t

beg
c rotor solldity based on equivalent blade chord, —
Q rotor angular veldcity, radians/sec
Subscripts:
i initial condition
£ final condition (after allotted fuel load is consumed)

ANALYSTS

Derivaetion of Basic Hovering-Endurance Equation
The hovering endurance of a helicopter 1s determined by the fully
loaded weight of the aircraft, the total fuel load, and the fuel-

consumption rate. The variation in the weight of a hovering helicopter
mey be expressed as

aw _
E'E = =W (l)

where the rate of fuel consumption is glven by

2 3
w = (sfe)P = (sfc)ggzgggégil- (2)
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At a constant tip speed and altitude, the combining of equations (1)

and (2) and the use of the definition of Cp yields the relation .
4

acp _  (sfe) (MR)Cq 3)

! =" 50 3

If the specific fuel consumption is assumed to be constant at some average
value, equation (3) may be written

(&)

fCT,i acy =fE (s£e) (R)at _ (sfe) (R)E
c

o]
T, £ Q ) 250 220

Equation (4) relates the hovering emdurance E +to the integral of dCT/CQ
between the initial and finel values of Cp. A solution to equation (%)
is possible for a known relation of Cp to CQ.

The assumptlon of a constant speclfic fuel consumption is not truly
representative of an actual helicopter. However, since the rotor power
required caen be obtained as a functlon of rotor thrust coefficlent and
since the varistion in specific fuel consumption can be obtained from
the manufacturer's engine specifications, a series of constant specific
fuel consumptions may then be chosen so as to approximaste a curve of
specific fuel consumption as a function of thrust coefficient. However,
1f 1t becomes necessary to use & great number of constant specific fuel
consumptions in order to approximste the curve, the use of the charts
developed in this paper mey provide little or 1no reductlon in the time
or the calculations necessexry to compute the hovering endurance.

Solutions to the Hovering-Endurance Equations

An expression relating CT to CQ will be dependent upon the air-

foill cheracteristics and rotor configuration of the paxticular helicopter
being Investlgated. It has been shown in reference 1 that the relation
between Cp and CQ for a typlcal helicopter rotor blede can be approxi-

meted by the corresponding reletion for an ideally twisted blade. The
ideally twisted blade is defined as a blede having a twilst which will
produce uniform inflow over the disk and, consequently, have minimum -
induced losses. The relation of CT to CQ for the ideally twisted

blade in the absence of ground effect is glven by the expression v
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c -_-ﬂ_.pﬂs +2.§lgT-+h-—SZET- (5)
Q JZ B 8 0738 B2 g2\d

In this analysis, the constants ere esssumed to be as follows:

B =0.97
a=>5.,73

8p = 0.0087
8; = -0.0216
8, = 0.400

These values are representatlive of a well-constructed blade. The effects
of stall and compressibility on the rotor power requirements are not
included in equation (5). A plot of equation (5) for a range of rotor
solidities 1s given in figure 1. The relation between Cp and CQ for
the ideally twisted rotor blade, as given in equation (5), may be substi-
tuted into equation (4) and integrated in closed form. However, the
resultant equation 1s extremely cumbersome and dlfficult to use and,
therefore, the hovering endurance of a helicopter with ideally twisted
blades was determined by a grephical integration of equation () for a
range of perameters, and the results sre presented in chart form.

PRESENTATION OF RESULTS

Description of Charts

The charts for estimsting the hovering endurance of a helicopter
with ideally twisted blades are presented in figure 2 In terms of the
hovering-endurance parameter

H=(sm sfc)E
W.
~L£L

550 W

which 1s a function of the ratio of total fuel load to the initisl weight
of the helicopter for values of EL from 0.2 to 0.72 and for a range of
initial thrust coefficients from 0.002 to 0.012. The range of solidities
considered is from 0.02 to 0.14. The parameters used in figure 2 were

chosen as best sulted for the reading of values of thé hovering endurance
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in the low range of Wgy /W:L' The value-of the hovering-endursnce param-
eter when the fuel load is zero may be shown to be equal to CT, i/CQ 1.
J

The selectlon of an ideally twisted blade is purely arbitrary and
only serves to provide a basis from which the relation between Cgp and

CQ for a blede with a particular taper and twist can be determined,
The increase in the power required by a rotor having various combinations
of taper and twist over the power required by e rotor having ideslly

twisted blades is given in reference 1 and is, for convenience, repeated
in the following tsble:

Hlsde teper Perciztpoia::ease
Blade twlst, deg (ratio of root (percent decrease
chord to in hoverin
tip chord) g
endurance)
o 1 5 to 6
-8 1 3
~12 1 2
0 3 3
-8 3 0
-12 3 0

Although the values in the preceding table were computed for solidities
of 0.060 and 0.042, a reasonable degree of accuracy may be expected when
these values are used for the range of solidities utilized in the compu-
tetion of the charts.

The hovering endurance of & rotor with twist and taper will be
reduced from the value of the hovering endurance of a rotor with ldeally
twisted blaedes by the same percentage as the power required for hovering
is Increased over that requlred by a rotor with ldeal twlst. For example,
a rotor with a twist of 12° and no taper will require 2 percent more
power to hover than & rotor with idesl twist and will, therefore, have
e hovering endurance of 2 percent less than the hovering endurance of &
rotor with ideal twist. _
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Application of Hovering-Endurance Charts

The gpplication of the hovering-endurance charts may best be illus-
trated by an example, Assume that a helicopter has sn initial weight
of 5,000 pounds, a total fuel load of 1,000 pounds, a disk loading of
3 1b/sq £t, & tip speed of 700 ft/sec, and an initial value of Cp = 0.36.

Also, assume that the helicopter 1s powered by a turbine engine for which
the curve of specific fuel consumption (including gear-box losses) as a
function of rotor horsepower required is given in figure 3(a). From this
curve and through the use of figure 1 or a similar curve, the variation
of specific fuel consumption with thrust coefficient or, as given In
figure 3(b), with the amount of fuel consumed mey be obtained. As indi-
cated in figure 3(b), the curve of specific fuel consumption can be
approximated by a specific fuel consumption of 1.03 lﬁ?%rotor hp)/hr for
the first 45 percent of the fuel consumed and by a specific Puel consump-
tion of 1.08 1b/(rotor hp)/hr for the remasinder of the fuel consumed.

The initial thrust coefficient for operation at sea level
(p = 0.002378 slug/cu ft) is Cp j = 0.00258. After the first 45 per-

cent of the fuel 1s consumed, the thrust coefficlent is CT = 0.0023k,
The final thrust coefficient is CT,f = 0,00206.

The hovering endurance parameter for the first 45 percent of the
fuel load consumed may be obtained from figure 2(b) for a ratio of fuel
load to initial welght of 0.09. The value of H is 18.5. The hovering
endurance is 1.27 hours. The ratio of fuel load to initial weight for
the remainder of the flight is 0.121. The initial thrust coefficient
is 0.00234, and the value of Ci,i is 0.328. The hovering-endurance

perameter is sbout 18.5, and the hovering endurance is about 1.63.
Therefore, the hovering endurance of the assumed helicopter is the sum

of the hovering endurances calculated, or 2.90 hours. If the rotor blades
had no taper or twist, the hovering endurance would be about 5 percent
less, or about 2.75 hours.

CONCLUDING REMARKS

As g means of comparing the performance capabllities of verious
helicopter propulsion systems, charts have been presented for estimating
the hovering endurence of a helicopter. These charts are in the form
of a hovering-endurance parameter as & functlon of the ratio of total
fuel load to helicopter inltial welght for a range of Initlsl thrust
coefficients from 0.002 to 0.012 and for values of rotor mean 1ift coef-
ficient from 0.24 to 0.72. The charts are presented for a helicopter
with rotor blades having ideal twist. The effects of twist and teper
are accounted for by the use of corrections to the cherts from data
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showing the difference between a blade with ideal twist and a blade with
conventlonal combinations of twist and taper. The effects of stall and
compressibility have been neglected.

The method of using the charts for estimeting the hovering endurance
of s helicopter has been illustrated through the computetion of a sample
problem,

Lengley Aeronautical ILaboratory, _
National Advisory Committee for Aeronautics,
lLengley Field, Va., June 18, 1956,
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(a) Cp, 4 = 0.2h.

Figure 2.- Charts for estimating the hovering-endurance perameter as a
function of the ratlo of fuel load to initiel helicopter welght for

s rotor with ideally twisted blades.
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Figure 2.~ Continued.
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Figure 2.- Concluded.
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Figure 3.- Variation of specific fuel consumption with rotor horsepower
end weight of fuel consumed.
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