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SUMMARY uﬁ'.”

A convenient method of predicting helicopter performance
is presented, which is applicable up to speeds corresponding
to an advance ratio of 0.3, for any conventional helicopter
(i.e. single main rotor) w.th flapping blades. This method uses
a computer program, 'POLAR', which is based on a blade-element
analysis assuming uniform induced flow. Program 'POLAR' can
be employed for most steady flight conditions and is not
subject to limitations imposed by the use of performance tables
and charts. Details of blade operating conditions may be
estimated at specified points on the rotor disc. The structure
of the program and examples of its use are given. Comparisons
of estimates obtained using 'POLAR', with other performance
methods are also included.
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NOTATION

B tip loss factor; blade elements outboard of radius BR
are assumed to have profile drag but no lift.

CP profile-drag power coefficient, Po/[pr3(QR)3]

CTO thrust coefficient, T/[pmR2(QR)3]

Dp parasite drag of helicopter fuselage

E endurance

I mass moment of inertia of one blade about a flapping

hinge (1/3 mR3)

L lift

‘E M(x v Mach number at radial position x, azimuth ¥
.o ’
Pavail power available at main rotor shaft
Pc climb power, i.e. excess power available for climb
comp power component arising from compressibility effects on
advancing blade
Pi power component arising from rotor lift (Induced Power)
inst installed power i.e. total power output of helicopter
engines
P° power component arising from rotor drag (Profile Power)
PP power component arising from parasite drag
Preq power required at the main rotor shaft
P P. +P +P
sum i o P
R blade tip radius
SFC specific fuel consumption _—
T main rotor thrust fL;; -
T, main rotor thrust out of ground effect :; i
U resultant velocity perpendicular to blade-span axis - "j
at blade element 3
4
Up component at blade element of resultant velocity 4
perpendicular both to blade-span axis and UT J!ff~j
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NOTATION (CONT.D)
UT component at blade element of resultant velocity
perpendicular to blade-span axis and to ANF
v airspeed of helicopter along flight path
AV airspeed increment
v maximum value of V ]
max 1
v, - rate of climb o
v v/v Sl
hov S e
w all up weight of helicopter :
Wf weight of fuel '
a slope of curve of section lift-coefficient against — e _j
section angle of attack = j’"_;j_f_!
a constant term in Fourier series that expresses B hence, ‘_:?
the rotor coning angle :.Z‘;;'.Z_',-'.:'.‘.j
al coefficient of cosy in Fourier series that expresses f - 9
hence, first-order longitudinal flapping angle '
a_ speed of sound
b number of main rotor blades - »—J
hl coefficient of siny in Fourier series that expresses 8 ‘f‘_{. ,
hence, first order lateral flapping angle . '--‘:'r»-\“,-‘:;ij
c blade section cord Z{?
[ ]
o equivalent blade chord, (fg cr? dr)/(fl: r? dr) , »
c, blade section lift coefficient
El average section lift coefficient in reverséd—velocity region
—a_
4 blade section profile-drag coefficient 1
1
o
c 4 average section profile-drag coefficient in reversed :
° velocity region
£ equivalent flat-plate area of helicopter ~-Q-—-1
k semi-empirical factor for induced velocity calculation (Eq.9) l.:'-_i-;
-
m mass of single rotor blade o
r blade element radius - ’~—~-1
Y
Cod




N NOTATION (CONT.D)
l u non-dimensional resultant velocity at blade element, U/QR
i up non-dimensional component of resultant velocity at blade
:5 element, UP/QR
. a4, non-dimensional component of resultant velocity at blade
- element, UT/QR
Lﬁ x ratio of blade element radius to blade tip radius, i.e. r/R
' z height of rotor above ground level
A P/P1sa415ec
| Q angular velocity of rotor
a angle of attack of rotor, i.e. angle between axis of no
feathering and plane perpendicular to flight path.
(Positive when axis is pointing rearwarad).
a, angle of attack of blade-element, measured from line of
zero lift
a(x' ) ar at radial position x, azimuth ¢
8 blade flapping angle at particular azimuth position,
measured from plane perpendicular to ANF
Y Lock's number, cpa R*/I
Yo climb angle, i.e. angle between flight path and horizontal
(positive when climbing)
60,61,62 coefficients in power series expressing cg as a function
[o} RS
= a N
of a. (cdo 60 + 61ar + 62“: ) i
e blade section pitch angle, i.e. angle between zero lift o ‘f
s o
line of blade section and plane perpendicular to the ANF —‘——
]
eo blade pitch angle at hub e
tip blade pitch angle at tip = txﬂ
91 blade twist, i.e. eTIP - eo
A inflow ratio, (Vsina - v)/(QR)
u tip speed or advance ratio, (Vcosa)/(QR)
v induced flow velocity at rotor (always pcsitive) ,!ﬁf,1




]
NOTATION (CONT.D)
. Y ov momentum theory value of v at hover, QRICT/Z
: A\ v/ VHOV
= 7 factored induced velocity i.e. v multiplied by a semi-
. empirical factor to allow for non-uniform distribution
of v over the rotor disc
o density of air
i OSL density of air at sea-level, ISA+15°C conditions
. ISA+15°C
T o blade solidity, i.e. the ratio between blade area and
o disc area, bc /TR
e ¢ inflow angle at blade element in plane perpendicular to
.' blade-span axis
] blade azimuth angle measured in direction of rotation

(zero at downwind position)
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GLOSSARY

Axis of No-Feathering; defined as the axis about

which there is no cyclic pitch change, i.e. an observer
rotating on this axis would observe blade flapping

but no pitch change.

Aircréft Research and Development Unit.

International Civil Aviation Organization.,

In Ground Effect.

International Standard Atmosphere.

Maneuver Criteria Evaluation Program (Reference 3 and 4).
No Feathering Plane; piane perpendicular to ANF.

Out of Ground Effect.

Equivalent sea-level ambient pressure determined from
ambient pressure at airfield and airfield altitude.
Royal Australian Navy.

Systeme Internationale (International System of units).
Specific Fuel Consumption (applied to helicopter engines
in this case).

Tip Path Plane; defined as the plane which is traced out
by the blade tips of the rotor, i.e. an observer on this

plane would observe blades changing pitch but not flapping.




used.

NOTE ON UNIT SYSTEMS

The programs described are capable of processing data

in both S.I. and Imperial systems., The latter is the major system
of this report since aeronautical practice still makes use of the
Imperial system. The programs always input and output airspeed

in knots and power in horsepower regardless of which system is
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1. INTRODUCTION SRR

In early 1983, the Aircraft Behaviour Studies - Rotary Wing o
Group at ARL, was asked to supply performance estimates for wvarious
helicopters being considered for purchase by the RAN. These estimates
included power required in steady level and steady climbing flight, ' 1
range, endurance and ceiling approximations. Two methods of performance A'. ]

estimation were readily available:
a) Performance charts (Refs.l and 2).

b) Program 'MCEP' (Maneuver Criteria Evaluation @

Program, Refs.3 and 4).

Y

These performance charts, while giving an indication of the

onset of blade stall, have some limitations:

(i) Each set of charts apply to one particular aerofoil ) "iﬁ'\f

section; Ref.l uses NACA 0012, Ref.2 uses NACA 23012. R

(ii) The charts are restricted to certain flight conditions,
which may necessitate interpolation between a series of ' ®

charts.

(iii) The charts are sometimes difficult to read accurately, '_f.x
with small reading errors often resulting in large T 1

discrepancies in the power components. - .Qﬂ,u1

(iv) Many of the charts of reference 1 apply only to very
high performance helicopters (high advance ratios) o)

which, at present, do not exist.

(v) The analysis of reference 2 uses momentum theory,
which assumes uniform inflow, to find v. In practice,

at low speed, the average v over the disc is higher

» . . s
I SOV N W

due to the effects of blade tip-loss and non-uniform : 'Y
inflow. Thus the charts of reference 2 underestimate

the induced power.

(vi) For some performance calculations it is necessary to
produce a speed-power polar. Using charts to create -

such a polar would be a slow and laborious task.

I S
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Program 'MCEP' is a large and complex program which can be
used to evaluate a wide range of helicopter maneouvres. 'MCEP' can X

also estimate a level flight speed-power polar, but the method of

outputting data is unsatisfactory for present applications. For this

reason program ‘ENERGY' has been produced at ARL (see Appendix 4),

which uses the same relatively simple expressions for power estimation @
and induced velocity as 'MCEP', but is much smaller and outputs data
. in a more suitable form. While 'ENERGY' gives accurate results in T
i= many cases (see Ref.4), certain deficiencies are evident. ‘:;:1
. i
(i) ol

The occurrence of blade stall is not recognized;
(ii) Blade twist is not taken into account.

Et Power variations due to these factors would therefore not be predicted

by 'ENERGY', thus causing errors in performance estimation. A

In order to overcome the above-mentioned deficiencies of these

performance estimation methods, program ‘POLAR' has been created, which

4
. L
ii uses a simplified blade-element analysis, based on the work of Gessow and ;;l_
{ Crim (Ref. 5), and is applicable to any conventional helicopter (i.e.

4

single main rotor) with flapping blades.

El Due to assumptions made and the resulting simplification of ‘
i the analysis, 'POLAR' is applicable for us0.3. It should be noted "‘.“ o
that this limit is not exceeded by most conventional helicopters ey

operational at present.

A description of the equations used and assumptions made

WL vy

is given in Section 2, while Section 3 gives a description of 'POLAR's .

program structure. Section 4 is a User's guide to 'POLAR' which

..

demonstrates the program's use in estimating helicopter performance.

g

"

A comparison between 'POLAR' and other'methods of performance estimation

is provided in Section 5.

2. EQUATIONS

This section presents the equations used by program 'POLAR'.

The method by which these equations are solved is given in Section 3.
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2.1 Forces In Steady Flight

Figure 1 shows the forces acting on the helicopter in steady
powered flight. The resultant thrust of the main rotor is assumed to
be perpendicular to the Tip Path Plane. Bramwell (Ref.6) shows that

this assumption is accurate.

Resolving forces vertically and horizontally gives*:

W + Dp siny, = T cos [ (-a) - Yo~ ] .. (1)
Dp cosy, = T sin [ (=) = Yo < a1] .. (2)
From equation (1),

W + Dp sinYc

T = _Cc .. (3)
cos(a+Yc+a1)

where

N

Dp = pv2eE ..(4)

Equivalent flat plate area, f, is assumed to be independent

of fuselage angle of attack.

Dividing equation (2) by equation (1), and re-arranging

gives:
i J
Dp cosyc
- —— + + ..
o= arctan WADp SinYc Yc a, (5)
2.2 1Induced Velocity Relationships o
Initial estimates of inflow ratio A, required by 'POLAR' g
(see §3.2), are calculated in the following manner. R
L
* In NACA notation, which is used here, o as shown in figure 1 is °

defined to be negative.

PR

i
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From momentum theory:
C
- A=y tan aq - - L) 3
. 2(u? + A3)
.
. which, for hover (i.e., u=0) reduces to
s A= - VCT/2
! and in forward flight, assuming o is small and A<<y, gives

A= - Cop / (2u)

z After the initial estimate for )\ is made using the above
equations, v (and then A, see §3.2) is calculated according to the

standard resultant velocity equation:

-3 == . -3
(V + v -2V vy sina )

where v = v/vhov' v = V/\:hov and Vhov = QR/CT/Z which can be solved

iteratively, assuming V and a are known.

At low speeds however, the value of v obtained above is not
realised in practice, because the induced velocity distribution is

non-uniform over the rotor disc. Below u = 0.14, a semi-empirical

factor (Refs. 3 and 4) is thus applied to the value of v to give a
more realistic result.

v, = k.v
where k = 1.0 for u > 0.14

and k=1.0 - 2.14 (p - 0.14) for u s 0.14

2.3 Blade Flapping Motion

In steady flight, the blade-motion must be periodic and is
therefore capable of being expressed in a Fourier series.
rigid blades:

Thus for

. (6)

oo (7

.e (e)

.- (9)

.....

.....
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B=a, -a, cosp - b, siny

0 1 1

ignoring terms of second order and above.

Thus a. represents the blade coning angle,

0

ay represents the first order longitudinal flapping angle,

bl represents the first order lateral flapping angle.

Reference 6 states that the higher harmonics of the Fourier

series (az, bz, a3, etc.) represent blade displacements which are of
the same order as elastic deflections of the rotor blades. Thus it is
inconsistent to calculate the higher harmonics of rigid blade motion
without including structural deflections of the blade.

2.4 Blade Element Angle of Attack

Figure 2 represents a typical blade element. Reference 7 shows

that for small B8, the velocity components at the rotor blade element

may be expressed non~dimensionally as:

U,

Up =g =X+ siny

U
up aR A+ 3 M a, + ( Ha, + xbl) cosy

+ (-xal)sinw + L ua,cos2y + % ublsinzw

2 1

Also from figure 2,
¢ = arctan U
£
Up

Thus the local angle of attack of a blade element can be

found from:

a, = eo + xe1 + ¢ ..(10)
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2.5 Rotor Quantities Derived From Blade Element Theory

The extended analysis of Gessow and Crim (Ref. 5) has
been used as the basis for all blade element equations presented

here. This extended theory differs from standard rotor theory in
that no limjitation is placed on the inflow angle and the reversed jﬁ;

A ' 'v"i";"."“.v“' ) :
S T AN N Lt

velocity region is taken into account.* However, no allowances
are made for blade stall outside of the reversed velocity region, ]

and compressibility effects are ignored. r®

The equations presented here differ from those used in

reference 5 in that:

(a) Second order flapping coefficients are neglected,

for reasons stated earlier.

(b) Terms of high order in p and 91 are neglected.
High order terms in u are ignored since above
approximately u = 0.3, blade stall and compressibility
effects become sigrificant. As most blades in present
day conventional helicopters have twist less than

12 deg, high order terms in el are ignored.

These modifications vastly simplify the equations and

method of solution. By ignoring second order flapping, for example,

®

the five simultaneous flapping equations of Ref. 5 reduce to f"ff"ﬁ
three equations which can be solved directly. - ;f:}
..
* When a helicopter is in forward flight, part of the inner section oo
of the retreating blade is rotating in the aft direction at a fﬁﬂj J

speed which is lower than the forward speed. Thus air flow is in iljﬁ

a reverse direction in this section, which is known as the reversed ’.‘

velocity region.
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2 a 3 4 2 o :'f.
c 1 2 v} ] o |lu peA
+ —la [e W +gs [+ (oA M+ .. (11) Tl

: .

[ . 3 ] .
g cose (ux2 +8 uB + sind (Eusa-e ur 2 g2, 2 )

0 2 12 O\3 1 3 1 5 :

a = B"_B7 BS --12) Dol

cosd,\ 7 “3 - sineo(el s ) ———

T

cos® (u 32 ) - sin® (4 ! ao) S

by = u2 BS .. (13) L]

coseo (4 3 ) - s:.neo (el s ) ..Q'-—‘._——.......

Reference 5 states that for most power-on flight conditions

¢; = 1.2 and Ed = 1.1 give satisfactory results.
o

The thrust equation of Ref. 5 is reduced to:

2 4 2 [
+coseo[kE +utdig %+u2§.)-ezk 5]

c d u?
1 1 ul JTREY
+ ry I:g u? IA' + S + =2 [:u A IAI + — 1 .. (14)
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After likewise simplification, the profile power coefficient
is given by: '

.-

2 - 1.3 2 1.1 2 1.3

h <ocpo> K1(4‘“4“)‘““2(5‘“2“)“‘3(6 g ¥
1.3 2 21 1 1 1

+1<4< +10u>+6 zual><3x7+41<8+51<9>

-

; 7
.
= 1. 2(1 1
‘ +2u AK7+)‘<2K19+3K20>
2 1 2 1.2 1 1
N +<—2- a, +3 b1> <4 Kig*3 K20> .« (15)
= . ;2
where Kl 60 + 61 s:.neo + 62 sin Bo
K, = K, 8
1
Ky=3% 9
X =3% % =
K=K =90 - :
5 76 L
1(7 = 61 coseo + 62 smzeo 'bi"j;'-_.“
K. = (-8, sinf_ + 2 6, cos28_ ) © .
8 1 0 2 o "1 _g
K-(-ié cosf,. - 2 8§ si.nze)e2
9 2 1 0 2 o’ 1
Kio =K1 =¥ =0 .
- 2 R
K, 62 cos eo SN
K. =-&. sin (20.) 8 T
14 2 o’ "1 e
7
Kig = Kjg = K9 = Kjg =0 RIS
o
R




. T Y Yy
SRR AN ITRICE A A 2

,‘r
f .

RASOOOEY ) SOOI

DU e, St e S i~ U I S el o S o iy e he e e . i &

LA URR G SR DR Sl St e N s e e T T Rl

91

Koo = 60 + 61 sind

a2
19 + 62 cos 60

o

K 0= (61 cosd

2 - 62 51n290) 0

0 1

Kpp = Kpp = Kp3 =Ky =0

Certain 'K' constants which are equated to zero result
from neglect of high order terms in 81 and thus have been ignored.
K13 and K14 are used in Ref. 5 to calculate the decelerating torque.
Since accelerating and decelerating torque are not required for
performance calculations of helicopters in power-on flight, they

are not considered here.

2.6 Power Calculations

The power absorbed by a helicopter is made up of several

components. The standard equations used to calculate these are shown

below.
Pi = T . vf (Induced) «.(16)
P, - % o V3 £ (Parasite) .. (27)
P =C_[p7mR3(QR)3 ] (Profile) .. (18)
[o] po

where cP is given by equation (15).
o
For convenience, parameter Psum is defined as

P =P, +P +P .. (19)
sum i P °

Climb power Pc is calculated according to whether

(a) Climb angle Yo is known, in which case Ref. 2

gives the following expression -
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P cosa sz cos?a ! u
- ei i p_cosa a2
Pc sinyg SinY. TGR H + | 1l-cos Ye T3(QR)2 2 cosa TaR
.. (20)
Conversely the climb angle may be determined if the available climb
power is known.
(b) Available shaft power is known, in which case -
Pc = Pavail - Psum -+ (21)
The required power, Preq' is now defined as
P = p + P .s(22)
req sum c
2.7 Rate of Climb Calculation
Climb rate is given by the expression:
Vv =V sxnyc .. (23)
where V is flight path velocity.
In axial flight (u = 0) and, ignoring the parasite power
component, we have
Pc
VV aw—- ..(24)
2.8 Range and Endurance
These quantities are given by the Breguet Equations of
Ref. 8 namely -
w
T.V £ _]
Range n{ 1 - — .. (25)
Psum(SFC) W J

o
‘-_ -
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w
T £
E= P (sFC) [ -In}| 1- 7 ] .. (26)

sum

Equations 25 and 26 assume that Psum/T’ V and SFC are constants

independent of the helicopter weight.

3. PROGRAM STRUCTURE

This section gives a description of:

(1)
(2)

(3)
(4)
(5)
(6)

Operating procedure for running 'POLAR'.

Basic structure of calculations made for a particular

airspeed.

Estimating range/endurance.

Creating speed-power polar.
Estimating power for a given V and Yoo

Estimating Yo for given V and shaft power.

3.1 Operating 'POLAR'

Program 'POLAR' provides four options:

(i)
(ii)

(iii)

(iv)

Estimate r&nge/endurance;
Provide a speed-power polar for level flight;

Estimate the power required for a given airspeed and
rate of climb; and

Estimate the possible rate of climb for a given
airspeed and shaft power.

A flow chart showing the operating procedure by which 'POLAR'

provides these options is shown below:
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[ Input Rircraft Data]

RangesEndurance

Input AQT§Ft’g,] Jutput to

’POLAR.OUT’

Required?

peed/Power Polar

Power Required For

Input v,%
iven Rate O0f Climb?

Rate Of Cliab Required
Thus, Input V,Pgiail
3

‘ Queput o I
POLAR.DUT”
———r——d

Te

(

Qutput to
Input Yaax 'AV}'— 'POERR DRT*

Qutput to
| POLAR.OUT"

Detailed examples of running 'POLAR’ are given in Section 4.

3.2 Basic Structure of Calculations

A flow chart describing the basic calculations which are

made at a particular airspeed is shown below.

used in each of the four program options.

This basic structure is




t

[Input Data - Including Vv l

I Assune = -Z“I

Calculate T(Eq.3),Cr,HU,0,Dp(Eq.4)
Initial Estimate Of A(Eq.s or ?)

1

Iteratively Solve Eq.14 For 9., Then
Calculate ay(Eq.12) And (#(EG.5) ]

1

Iteratively Solve Eq.8 For U, Then
Calculate V(EG.9) And A(From Det™

NO

Convergence
0t A?

YES

[Ro-ctlculato MU Using Ot Obtained From Eq.5

{

Convargence
L &

} e3

Calculare agiZa.i1},51(23.13),0q,(EQ.L5)
Py (EQ.16) ,P,(Eq.17) ,Pg(EQ.13)
PeuntBq.19)

¢

Calculate a’nt Various Radial And
Rzimuthal Positions (Eq.19)

END

Initially a is assumed to be equal to Y- This results in
quicker convergence of the itarative calculations and allows an initial
estimate for u. A and 90 are also initially unknown and are both
required in the blade-element relationships. Thus A is obtained using
simple momentum theory and eo is calculated. Using these values of u,
A and 60, a, and then a are calculated. This value of a is then used

to re-calculate A and the process continues until ) converges.
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Having determined a value for a, u is recalculated and
the process for determining A, ec, a, and a is repeated. Again,

this loop is repeated until convergence of u.

Since values of the required quantities have now been
determined, the blade angles and power components are directly
calculated.

3.3 Estimating Range and Endurance

In order to estimate the range and endurance, the Breguet
equations (Eq. 25 and 26) are employed. Assuming that SFC is
independent of velocity, the minimum fuel consumption per unit
distance and hence the maximum range are achieved at the speed for
minimum Psum/v‘ Similarly, the maximum endurance is achieved at
the speed for minimum Psum'

'POLAR' determines range and endurance in a manner shown below.

If range/endurance are required, it can be seen from section
3.1 that AV, SFC and Wf are required. Having typed in these parameters,
'POLAR' calculates Psum at progressively higher velocities until a
minimum is reached (Ps ) . , from whence the endurance is calculated.

um’ min
Similarly (Psum/V) in is found and range calculated. Note that the

mi
velocity for maximum endurance is always lower than the velocity

for maximum range.

SR

. ,.‘_L
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Yy =8
Basic Calculations (Section 3.21
(Psuali

!

VY=Y + AV
Basic Calculations [Section 3.2]

(Psum’2

e

YES

(Psum)i * (Psyalnin
Basic Calculations At
Corresponding V.
Calculate Endurance (£q.26)
(Pgum’V)t

f

(Psum! 1*(Pguml2

V=¥ + AY
Basic Calculations (Section 3.21

(Peum”¥2

d

v YEC
(Pgua’¥)1 ® (Psya Ymin
Basic Calculations At
Corresponding V.
Calculate Range (£q.25)

output To ‘POLAR.OUT’|

3.4 Creating a Speed-Power Polar

Program 'POLAR' will create a binary data file which can be
input to program 'TRANS'
tabular data over a range of airspeeds for a helicopter in level flight.

This file is created when a speed-power polar is specified (Section 3.1).

(App.2) in order to obtain graphical or X )




Ly e

O panun

aEat.

The calculations are accomplished as seen below.

Input Data
Yy =0

| Basic Calculations [Section 3.2] e

V=Y + aAY

[gutput to ‘POLRR.nnT’]

The basic calculations are made, at each incremental wvelocity

specified, starting at V=0 until the speciified V_Ilax is reached.

3.5 Estimating Power for a Given Velocity and Climb Angle

Power required for a given flight condition is estimated in

the manner shown below.

INPUT DRTA

BASIC CALCULATIONS
CSECTION 3.21

Y

CRLCULATE V¥, (Eq.23]) sP. (Eq.20 or 24)
’roq (Eq. 22)

Y

QUTPUT TO ‘POLAR.OUT® }

&

P

W —————

-




Basic calculations are made at the velocity specified, then

Vv, P and P are calculated directly.
v/ Te req

3.6 Estimating Climb Angle for Given Velocity and Shaft Power

The c¢limb angle, Yo and thus rate of climb Vv are estimated
as shown below.

Input Data

+

Basic Calculations For ‘}" = @

}Soction 3.2
t ]

. “ Y. = 90,

First Approximation For 7. [App.11

Basic Calculations For 7, Specified

Calculate P_(Eq.2!),7, (Eq.29) !

dA "
NO i

Converges 7 _-—=

N‘\/"

L YES
lOutput To 'PILAR.IUT’ |
]

A first approximation is made for Y.+ as seen in Appendix 1, L]

and the basic calculations are made using this value for Yo+ Pc and
then Y, are calculated. If this value of Yo does not agree with the
first approximation, then this value is used in the basic calculations

and the process repeated until Y, converges.

4. EXAMPLE OF PERFORMANCE ESTIMATION

This section demonstrates the use of the blade-element
analysis program 'POLAR' to estimate the following performance

parameters for a hypothetical helicopter:
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1. Speed-Power Polar in level flight.
2. Range and Endurance.
3. Climb Performance.

3.1 Rate of climb possible for a given airspeed
and shaft power.

TTTYY

3.2 Shaft power required for a given airspeed and
h rate of climb.
2 3.3 Maximum rate of climb.

3.4 Power required for a given vertical climb.
i 4. Ceiling Estimates.

4.1 Absolute ceiling.

4.2 Service ceiling.
4.3 Hover ceiling out of ground effect.
4.4 Hover ceiling in ground effect.

The nelicopter is assumed to have the following

specifications:

w

9604 1b (42718 N)

Wf = 1439 1b (6400 N)

QR = 717.2 ft/s (218.6 m/s)
R = 21 ft (6.4 m)

c =1.3 ft (0.395 m)

b =4

e1 = -8°
y =15

B = 0,97

a = 5,73/rad

£f =17 £t2 (1.58 m3)
Pinst = 1500 Hp

SFC= 1.11 1b/Hp-Hr (0.504 kg/Hp-Hr)

e et g

[

;.. .

.
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The main rotor blades are assumed to be of NACA 23012
i aerofoil section, with drag coefficient related to angle of attack by ®
S the following expression: c, = 0.0087 - 0.0216 a_+ 0.4 a 2 e
. o R
. therefore § = 0.0087, §, = -0.0216, §, = 0.4. v
ﬁ It is also assumed that the helicopter is operating at .
& ISA + 15°C conditions, unless otherwise stated. (Appendix 3) o
4 : Appendix 1 shows how program 'POLAR' is loaded onto a computer
- and explains how running 'POLAR' creates either a '.DAT' file or a
'.OUT' file. A '.DAT' file requires further processing by program :. .
'TRANS' (Appendix 2) to give column and graphical output. .
4.1 Speed-Power Polar in Level Flight AR
. o
For the example following, metric units are incorporated i.‘»;;--
for the helicopter input data. When a Speed-Power polar is specified, e ,_-:.‘
the results are obtained over a range of speeds and output in binary 7'-'."_53:'.'
form to file 'POLAR.DAT'. 'TRANS' can then be run to obtain a plot L
of power against speed (Fig. 3). Alternatively, 'TRANS' may be run -—'»«»—«
to produce a column print of the same information, as shown in Appendix 2. A
.
.




I IS N G Y

.RU POLAR

It A a3 4‘-;}» ARAEE AT
PP ST

t TITLE (TWO LINES OF UP TO 48 CHARACTERS) -

9 BLADE ELEMENT METHOD R

. POWER SPEED POLAR —

ARE UNITS IN IMPERIAL OR METRIC ¢I OR M) ? M

- ALL UP WEIGHT (N OR LB) = ? 42718

ROTOR TIP SPEED (M/S OR FT/S) = ? 218.6 L
‘ ROTOR RADIUS (M OR FT) = ? 6.4 - e

_ ROTOR BLADE CHORD (M OR FT) = ? 0.395 T
NUMBER OF ROTOR BLADES = ? 4 SR

20 LIFT CURUE SLOPE (/RAD) = ? 5.73

TIP LOSS FACTOR = ? 0.97 e d

BLADE TWIST (DEG) = ? -8 -0

EQUIVALENT FLAT PLATE AREA (M#*#2 OR FT##2) = ? 1.58 :ﬁg;l}
LOCKS NUMBER = ? 15 B
ORAG POLAR CO-EFFICIENT (DELO) = ? 0.0087
DELTAL (/RADY = 7 -3,0216

SELTAZ (/200ee2) = 0 1.4

AIR DENSITY (KG/M##3 OR SLUG/FTe#3) = 7 1, léaa
IS RANGE/ENDURANCE REGUIRED ? (Y OR N) : N

IS A SPEED-POWER POLAR REQUIRED ? (Y OR N} : v
MAXIMUM UELOCITY (KNOTS) = ? 150

UELOCITY INTERVAL (KNOTS) = 2 2

END OF EXECUTION
EP TTI ¢ 6.10 ELAPSED TIME: 53.40

.

4.2 Range and Endurance -J}%l
The example below shows how 'POLAR' is run to obtain the .
range of the hypothetical helicopter. The data is input in metric R
units and the results are output to file 'POLAR.OUT'. 'POLAR' is
run as in the previous example, with the following changes. 3,3}¥
L J
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1S RANGE/ENDURANCE REGQUIRED ? (Y OR N) : Y ]
UELOCITY INTERVAL (KNOTS) = ? 2.0 -
SPECIFIC FUEL CONSUMPTION ? (KG/HP-HR OR LB/HP-HR) : 0.504 .{?
WEIGHT OF FUEL CARRIED ? (N OR LB) : 6400 -
STOP RN
END OF EXECUTION SRR
CPU_TIME: 3.60 ELAPSED TIME: 55.02 AT
EXIT ]
.
: TY POLAR.QUT o
G BLADE ELEMENT METHOD T
g _ RANGE/ENDURANCE ESTIMATE o
» ALL UP WEIGHT = _ 42718.0 N
ATE DENSTTY = " 1.1643 Ko Hes3 o .
TIP SPEED = 218.8 M/S e 4
ROTOR RADIUS = 6.4 M T
ROTOR CHORD = 0.355 M
NUMBER OF ROTOR BLADES = 4.0
LIFT CURVE SLOPE = 5.73 /RAD
TIP LGSS FACTOR = 0.97
BLADE TWIST =  -8.0 DEG S
EGQUIUALENT FLAT PLATE AREA = 1.58 Me#2 "y
COCKS NUMBER = 15.0 R
ORAG POLAR CO- EFFICIENT(DELTR 8) = 0.0087 S
DELTA 1 = -0.021 ROt

DELTA 2 = 0.4000 /RﬁD**2
S.F.C. 0.504 KG/HP-HR
FUEL UEIGHT = 6400.0 N

RESULTS FOR ENDURANCE OF 2.81 HOURS, ARE AS FOLLCOWS :

AIRSPESED = 72.1940 KNDTS
AQCUBNCE 28TI1Q(MUs = 9,149
INGUC=ZD LELSCITY(NU) =
INFLOW RATIC(LAMEDA)

FLAT PLATE ORRAG = 28

Q™
306

1

<O

“ .
Zow

al) = 2.8 OEG
8 DEG

RADIUS )} = _ 7.2 DEG o
= .4 DE O

JOF UT=0.4) = 8.2 DEG
0.57 .

-0
A d

DEG

X
NOO ‘u%mm-»r'




4.3 Climb Performance

In order to estimate climb performance using 'POLAR', the
power available at the main-rotor shaft must be known. The installed
engine power of the hypothetical helicopter is given as 1500 Hp.
However, not all of this power is available at the main rotor shaft.
Some power will be absorbed by the main-rotor transmission, accessories
(hydraulics, pneumatics, electronics, heating and cooling systems etc.)
and the tail-rotor. We will assume that the sum of these power losses
is 15% of the installed engine power.

It should be noted that in low speed forward flight, the power
absorbed by the tail-rotor is proportional to the power required by the main-
rotor which in turn varies with forward speed (Fig. 3). Thus in reality
the power losses will not be constant at various velocities. (Ref. 6
states that tail-rotor losses vary from 6% of total power in hover,
to 3% in forward flight). For simplicity we will assume 15% losses
throughout the speed range. Therefore, the available power at the main
rotor shaft is 1275 Hp.

It should also be noted that in fast descents (negative climbs).
where lvvl 2 v, helicopters may enter the 'Vortex Ring State'. When
this phenomenon occurs, momentum theory breaks down and 'POLAR' will

not give meaningful results.

4.3.1 Rate of climb for a given airspeed and shaft power

In the example below, 'POLAR' is used to estimate the rate
of climb at a flight path airspeed of 50 kt. The input data is in
Imperial units.




DRSNS P ML N A AR R A L A L AN N A S

.RU POLAR

TITLE (TWO LINES OF UP TO é8 CHARQCTERS)
: BLADE ELEMENT METHOD - IMPERIAL UN

RATE OF CLIMB REQUIRED FOR GIVEN QIRSPEED & SHAFT POWER
ARE UNITS IN IMPERIAL OR METRIC (I OR M) ? I

ALL UP WEIGHT (N OR LB) = ? 94604

ROTOR TIP SPEED (Ms/S OR FT/S) = ? 717.2

ROTOR RADIUS (M OR FT) = ? 21

ROTOR BLADE CHORD (M OR FT) = 2?2 1.3

NUMBER OF ROTOR BLARDES = ? 4

20 LIFT CURVE SLOPE (/RAD) = ? 5.73

TIP LOSS FRCTOR = 7 (.97

SLACE TWIST (CEGY = ? -2

EQUIVALENT FLAT PLATE RAREn (Meel SR FT#+2) = 7 17

LOCKS NUMBER = ? 15

DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0082

OELTAL (/RAD) = ? -0.02146

DELTA2 (/RAD*#2) = ? (.4

AIR DENSITY (KG/M##3 QR SLUG/FT##3) = 2 0.002259

[S RANGE/ENODURANCE REQUIRED ? (Y OR N) : N

IS A SPEED-POWER POLAR REQUIRED ? (Y OR N) : N

IS POWER REQUIRED FOR A GIVEN CLIMB ANGLE
i.e. RATE OF CLIMB (Y OR N) ? N

VELOCITY IN KNOTS ? : $0.
WHAT IS POWER AUAILABLE AT MAIN ROTOR SHAFT (HP) ? : 1225

STOP RRRAD
END OF EXECUTION T
CPU TIME: 1.65 ELAPSED TIME: 1:6.02 .
e
.’A: ’ A‘ ~'1
.
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The results of this run, are output onto File 'POLAR.OUT'.

PEED & SHAFT POWER

N
-
H\IO 24

TOR CHORD
UMBER OF RDTDR BLQDES = 4.0

IFT CURVE OPE 5.23 /RAD

P LOSS FQCTDR = 0.97

LADE TWIST = -8.0 _DEG

QUIUQLENT FLAT PLATE AREA = 17.0 FT#*#2
OCKS NUMBER = 15.0

RAG POLAR CO-EFFICIENT (DELTA Q) = 0.0087
LTA 1 = -0.0216 /RAD

ELTA 2 = (.4000 ~/RAD#**2

ARIRSPEED = 0.00 KNOTS

5
ADUANCE RATIQ(MU
INDUCED UELOCITY
IMFLOW RATTQ(LaM
LaT PLATZ JRAG

ogormm—rzmn—m»m‘-&

c T

[UE LTHETA 5) = i
ANGLE (a) = 8.9
UDINAL _FLAPPING ANG
L FLAPPING ANGLE (
NG%E gF ATTACK -5-3

A Z MM

mpD -—CG'N'I
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4.3.2 shaft power required for a given airspeed and climb rate

|

From the previous example we can see that at an airspeed of

50 kts, power of 1275 Hp, the rate of climb is 2458.1 ft/min and climb

angle is 29°,

The inverse case is shown in the example below, where 'POLAR'

is used to estimate the power required at 50 kt and climb angle of 29°,
'POLAR' is run as in the previous example, with the following changes.

IS POWER REQUIRED FOR A GIVEN CLIMB ANGLE
i.e. RATE OF CLIMB (Y OR N} ? ¥

VELOCITY IN KNOTS ? : 50.
WHAT 1S CLIMB ANGLE - GAMMA = ASIN(UU,U) - (DEG)Y ? : 29

STOP

END QF EXECUTID
EP?TTI”E' .44 ELAPSED TIME: 50.60

Results typed below agree with those of the previcus example.

Any small differences result from rounding errors.

PN

- -
l‘. . A
R
- ]
L
- —
o
A
NS
LR
' -
K
-
(o4 4




ri.

. VT e 0 ¥ T
R 2 SRR

. TY POLAR.QUT
BLADE ELEMENT NETHO
POWER REOUIRED FOR

o DO

T
INDUCED UE%

z 0oz
too-7 DO
e W sr

REQUIRED/AUAILQB
CLIMB POWER =

AL UNITS
SSPEED & CLIMB ANGLE
JET##3

EA = 17.0 FT##2
0.0087
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4.3.3 Maximum rate of climb

The maximum rate of climb occurs when the power required for
level flight is a minimum. Using results of §4.2 or figure 3, 72 kt
is the velocity at which maximum climb rate will be achieved. This is
demonstrated in the example below. 'POLAR' is run as in §4.3.1 but
with a velocity of 72 knots. Only the output file is shown.

ALL UP WEIGHT = 9604.0 LB

QUIVALENT SLAT =

CKS_NUMEER = L3

Hb FCLAR ZC-2

I = -3.902

Q 2 = 0.4a0
SPEED = 7

AN T1

REA = 17,0 FTee2
T (CELTS 3, s 2,3087

Ry SR |

oDriN Mo

ZADA

NI Nelo 007
—
[ |

—D DOCU "M

0
R
CE
E!
I
D
N

I<C ;ZaCH""'l
V~D MM~~~ oS0 -

DD

D 1 0N NOZ—~1O0OoHT DCH

rom OeODAHAX
z 0OZ
[14]
[ws XN

DODoO—HN -

LATERAL FLAPPIN
?ISC ANGLE OF ATT

e W PXOZ -

v
AXX ou‘l%w-—-o\\n (N

REQUIRED/AUQILQB
OWER

0

r

X
D
=N NIrCW
—=Nomo

r
[w]
0O
D
r
D
p 4
()
r
m
(o]
N
D
—-‘
_‘
D

LOCAL ANGLE OF ATTAC
RADIAL POINT OQF UT=0.4
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- 4.3.4 Power required for a vertical climb

' Vertical climb performance can be estimated by setting the

{ ¢climb angle to 30° and specifying the rate of climb., If the vertical
§ rate of climb is required for a given power, the program must be run

- several times. Each time the flight path velocity must be varied until
l the power is equal to that available in the helicopter.

- The example below shows the final result for the maximum
vertical rate of climb.

ERIQL UNXTS
L _CLIMB

0 B
LUG/FT**S

o

€ ST = _-8.

TUALENT FLAT PLATE AREA = 17.0 FTw*#2

KS NUMBER = _15.0

AG_POLAR CO- EFFICIENT (DELTA 0) = 0.008”
1 = -0.0216 ~/R4D

582357, 71208

DUANCE RAT

D pOOOr MO-Hr ZAoA0-4D20r -
MM ——C 00—~ ED<
lll“ ])(")Cgﬂ"’l:{-l VO MO

Mot~ oo
4 0Oz

D
toco-HC T
(1]

al) = 0.0 DEG
0.0 DEG
EG

m:DD—l " —
DV~
o
4
(N}

TOTA

RADIUS ) = 3.1 DEG
4 DE

5. G
LOCAL ANGLE OF ATTA .DFOUT-g.é) = 3.1 DEG

RADIAL POINT OF UT=

As can be seen above, the power required for a vertical climb
rate of 1296.2 ft/min (1274.8 Hp) is almost equal to the power
available (1275 Hp).
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4.4 Ceiling Estimates

The helicopter performance analyst is interested in four

ceilings, namely:

(1) Absolute Ceiling - defined as the maximum altitude at

which the climb rate is zero.

(2) Service Ceiling - defined as the maximum altitude at
which the climb rate is 100 ft/min (0.5 m/s).

(3) Hover Ceiling 0.G.E. - defined as the maximum altitude
at which the power available equals the power required

to hover out of ground effect.

(4) Hover Ceiling I.G.E. - defined as the maximum altitude
at which the power available equals the power required

to hover in ground effect.

Reference 9 presents curves of engine power variation with

altitude, which can be approximated by the following relationship:

Pavail = PSL (1.13 A - 0.13)

where PSL is the shaft power available at sea-level (1275 Hp)

and

A =p/p
SLisa+15

[It should be noted that actual engine power variation with altitude

should be used, if known].

Variations of density with atmospheric conditions may be

found using the locally available program 'ATMOS' (see Appendix 3).

At high altitudes, conditions are such that the main rotor
may operate at blade angles of attack where partial stall may occur.
Gustafson and Gessocw (Ref. 10) found by flight tests that the ratio of

measured profile power (P ) to calculated profile power (P° ) was
meas calc

unity until a(l 270) reached a value of 12°. This ratic rose linearly
14
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with a(1'27°) to a value of approximately two when a(1'270) reached ‘,~.g:
16°. (see diagram below). Above this value the effects of stall S
were such that the helicopter became too difficult to control. ;‘ff 3
e s ‘\
.
P°n0u : g
P°ca1c
Shhd R Vi 9.
//// ] -
|
i .
1.9 { | 2
] ] .
i '
f ! N—’#}
L L N
° 129 16° Q4 279 .
o
4.4.1 Aabsclute Ceiling :
Absolute ceiling will be attained when <he minimum scwer in
level £flight is equal to the power available. 'POLAR' is run at a ;
series of altitudes (densities) using the RANGE/ENDURANCE option, ‘® b

since minimum power is calculated in order to estimate endurance.
[Note: If Wf and S.F.C. are unknown, arbitrary values may be assigned
to these parameters, since they are only used to calculate range/

endurance and have no bearing on the power calculations]. At each i

- e

altitude the minimum power is obtained. The value of a(l 270) is
’

then examined and, if necessary, Po is adjusted to allow for stall as

stated previously. Thus the true total power is obtained and then T
compared with the power available at that altitude. The process _-,_“;

described above is repeated until convergence is achieved.

The example below is the final result obtained after several
iterations and corresponds to an altitude of 17300 £t at ISA + 15°C
conditions. -,—“—‘
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.RU POLAR

TITLE (TWO LINES OF UP _TO 60 CHARACTERS)
ABSOCUTE CETLING E5T1MATION
ARE UNITS IN IMPERIAL OR METRIC (I OR M) ? 1
ALL UP WEIGHT (N OR LB) = ? 9604
ROTOR TIP SPEED (Ms/S OR FT/S) = ? 717.2
ROTOR RADIUS (M OR FT) = ? 21
ROTOR BLADE CHORD (M OR FT) = ? 1.3
NUMBER OF ROTOR BLADES = ? 4
20 LIFT CURVE SLOPE (/RAD) = ? 5.73
TIP LOSS FACTOR = ? 0.97
BLADE TWIST (DEG) = ? -8B
EQUIVALENT FLAT PLATE AREA (M#*#2 OR FT#e2) = 2 17
LOCKS NUMBER = ? 15
DRAG POLAR CO-EFFICIEZNT (CELD) = 2 0.3087
DELTAL (/RRD) = ? -0.1218
DELTAR2 (/RAD#+2) = ? 0.4
AIR DENSITY (KG/M#+3 OR SLUG/FT#+3) = ? (0.001309
[S RANGE/ENDURANCE REQUIRED ? (Y OR N) : Y
VELOCITY INTERVAL (KNQOTS) = ? 2 .
SPECIFIC FUEL CONSUMPTION ? (KG/HP-HR OR LB/HP-HR) : 1.11 o
WEIGHT OF FUEL CARRIED ? (N OR LB) : 1439 o

STOP

END OF EXECUTION
E;?T ME: 4.99 ELAPSED TIME: 1:56.78




T METHOD
ILING ESTIMATION
40 LB

09 SLUG/FT##3
/S
FT

H\IO cm

.0
3 /RQD

TW
IUALENT FLAT PLATE AREA = 17.0 FT##2
CKS NUMBER = _ 15.0
AG POLAR CO EFFICIENT (DELTA 0) = 0.0087
LTA 0216 /RAD
ELTA 2 = U 4000 _/RAD#*»2
= = 1.11 LB/HP-HR
143%.0 LB

RESULTS FOR ENDURANCE OF 2.4% HOURS, ARE AS FOLLOWS

AIRSPEED = 94.00 KNDTS
MU) = .2

WOOOrMoD-r Zo0-r D

m
C
m
r
0
E-
m
()
X
-
[ ]
-

THRUST PD £
BLADE SCLID!
COLLECTIVE ¢
CONING ANGLZ
SNGITUD TN T
CATERAL ~LARPPING ANELE
DISC ANGLEZ CF ATTACK = .
INDUCED PCWER = 285.2 HP
PARASI[TE POWER = 80.8 HP
PRCFILE POWER = 196.7 HP
TOTAL POWER = 263.7 HP
LOCAL ANGLE QOF ATTACK (@27
LOCAL ANGLE OF ATTALCK(@2
LOCAL ANGLE OF ATTACK @
RADIAL POINT OF UT=0.4

1 RESULTS FOR RANGE OF 335.
AIRSPE

n
-
D
—{
O
r
"D
—'
m
MVOO0 0O~
“|"| nmoeo~00
LoD~

RADIU% i = 11.7 DEG
.orour-g.aa = 15.1 DEG

WO\

al) = 9.7 DEG
G

I
N\JoOo 'u_]:ovu»-»r‘ o

RADIUS ) = -1.9 DEG
OE

.5 G
LOCAL ANGLE OF ATTA UT-g.d) = 18.5 DEG

RADIAL POINT OF UT=
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From these results, the minimum power <ccurs at 94 knots: _7'=”j
el it
®
= . .7 = .1° 4
Ptotal 563.7 Hp, P° = 196.7 Hp, a(1'270) 14.1 RN
calc S
rrtmaretia]
.o
= P + P - P Y
req total reas Ocalc {

and S
.0
a 12° R
b, mp, (TGO T, o
meas calc calc S
a 120 A
(1,270) e
thus Preq * Protal ( 4° ) o "!7*7
calc R
- 12° .
- s63.7 +( 1212227y 196.7 )

= 667 Hp

Power available at the shaft is given by
P ., = 1275 (1.13x0.001309/0.002259-0,13)
avail

= 669 Hp

Since the power available is approximately equal to the power
required, the absolute ceiling is approximately 17,300 ft.

4.4.2 service ceiling

The climb rate for this case is defined to be 100 ft/min
(1.67 £ft/s). As for 4.4.1, 'POLAR' must be run for a series of altitudes
(densities) for level flight conditions. Having determined the velocity
for minimum total power, Y, can be calculated from equation (23). 'POLAR'
can then be run using the specified Yo and V. This process is continued

until convergence of total power required and power available.
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The axample below shows how to estimate service ceiling and

is the final result after several iterations. ;9
'POLAR' is run as for the previous example, to find the velocity
for minimum power. SN

The output file shown below corresponds to an altitude of 16900 ft. r.

.TY POLAR.OUT " i
UM POWER . ."_;‘_:; :‘4..1
FT#3

r
>—

—-0oo

O-rZa0-4D>D
e C OO
DOMNIAA0Dr

E TWIST 8.
EQUIVALENT FLQT PLATE AREA = 127.0 FT#*#2
NUMBER =

15,
DRAG POLAR CO- EFFICIENT (DELTA 0) = 0.0087
DELTA 1 = -0.0216 ~/RAD ‘
DELTA 2 = 09300 /RAD®s2
S.F.C. = _1.11 LB/HP-HR
FUEL WEIGHT = 1439.0 LB

RESULTS FOR ENDURANCE OF 2.50 HOURS, ARE AS FOLLOWS
AIRSPEED = 9200 KNOTS .

|

r
[a]
O

-ax
n

»

ADUANCE RATIQ(M 5

TNOUCES Ser eRiTo i) ls.31 =7/S
INFL3W RATTD{LAMEDA) S3.35:

FLAT PLATE DRAG = 72.0°0C8

THRUST CO-EFFICIENT (CT) = 0.01016 .
BLADE SOLIDITY = 0.0788

COLLECTIVE (THETA 0) 17.9 DEG

CONING ANGLE (a0) = 13.4 DEG

LONGITUDINAL FLAPPING ANGLE (al) = 6.0 DEG

LATERAL FLAPPING_ANGLE (bl) = __ 3.9 DEG

DISC ANGLE OF ATTACK = -7.6 DEG

INDUCED POWER =  289.3 HP

PARASITE POWER = 26.9 HP

PROFILE POWER = _ 195.8 HP ®
TOTAL POWER = 60.9 HP ———
LOCAL ANGLE OF ATTACK(@270DEG&40% RADIUS ) = 11.6 DEG .
LOCAL ANGLE OF ATTACK(Q@270DEG&TIP) = 13.7 DEG R
LOCAL ANGLE OF ATTACK 1@2700EGEPT.OF UT=0.43 = 14.7 DEG SRR
RADIAL POINT OF UT=0.4 [@270DEG) = 0.615 Lol
1 RESULTS FOR RANGE OF 334.8 MILES, ARE AS FOLLOWS : S
AIRSPEED = 142,00 KNQTS S
ADUANCE RATIO(MU) = 0.325 _
INDUCED VELOCITY(NU) = ~10.80 FT/S -
INFLOW RATIG(LAMBOA) = _=-g.0930 y
FLAT PLATE ORAG = 647.9 LB

RUST =  9625.8 LB
THRUST CO-EFFICIENT (CT) = 0.01018
ADE SOLIDITY = 10,0788 °

COLLECTIUE (THETA 0) = 19.9 DEG -s—
CONING ANGLE (a0) = 13.4 DEG .

LONGITUDINAL FLAPPING ANGLE (al) = 9.6 DEG .
LATERAL FLAPPING ANGLE (b1) = _ 5, 6

DISC ANGLE OF ATTACK = -13.5 DEG

INDUCED POWER =  189.0 HP

PARASITE POWER = 282.3 HP

PROFILE POUER = 215.5° WP °
TOTAL POWER 687.0 HP =
LOCAL ANGLE OF ATTACK(S27OOEG&40% RADIUS ) = -2.2 DEG RS
LOCAL ANGLE OF ATTACK(R270DEG&TIP) = 18.3 DEG

hOCAL ANGLE _OF ATTACK (E27OOEG&PT.OF UT-g.A) = 18.2 DEG :




From these results, it can be seen that the velocity for

minimum power is 92 knots (155.3 ft/s). " o
From equation (23), Y, = arcsin (V_/V) L
= arcsin (1.67/155.3)
= 0,615°

'POLAR' is then run as shown below:

.RU POLAR

TITLE (TWO LINES OF UP TO 60 CHARACTERS) SR
: SERVIVE CEILING ESTIMATE CREE
ARE UNITS IN IMPERIAL OR METRIC (I OR M) ? I RS
ALL UP WEIGHT (N OR LB) = ? 9604

ROTOR TIP SPEED (M/S OR FT/S) = ? 717.2

ROTOR RADIUS (M OR FT) = 2 21

ROTOR BLADE CHORD (M OR FT) = ? 1.3

NUMBER OF ROTOR BLADES = ? 4

20 LIFT CURUE SLOPE (.RAD) = ? 5.73

TiP LOSS FACTER = 2 3.37

BLADE TWIST (DEG) = ? -8

EQUIVALENT FLAT PLATE AREA (M##2 OR FT##2) = 2 17
LOCKS NUMBER = ? 15

DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0082

DELTA1 (/RAD) = ? -0.0216

DELTA2 (/RAD#*#2) = 2 0.4

AIR DENSITY (KG/M##*3 OR SLUG/FT##3) = 2 0.001327
IS RANGE/ENDURANCE REQUIRED ? (Y OR N) : N

IS A SPEED-POWER POLAR REQUIRED ? (Y OR N) : N

IS POWER REQUIRED FOR A GIVEN CLIMB ANGLE
i.e. RATE OF CLIMB (Y OR N) ? ¥

VELOCITY IN KNOTS 7 : 92
WHAT IS CLIMB ANGLE - GAMMA = ASIN(VW,U) - (DEG) ? : 0.615

STOP

END QF EXECUTION
E;?TTINE: 1.38 ELAPSED TIME: 53.96
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Ty POLAR.QUT

ERUIUE CEILING ESTIMATE

ALL UP WEIGHT = ?604.0 LB

AIR DENSITY =_ 0.001327 SLUG/FT**3

TIP SPEED = 717.2 FT/S

ROTOR RADIUS = 21.0 FT

ROTOR CHORD = 1.3 FT

NUMBER OF ROTOR BLADES = 4.

LIFT RUE SLOPE = 5.23 /RAD

TIP LOSS FRCTOR = 0,9

BLAD WIST -8.0_DEG

EQU IURLENT FLAT PLATE AREA = 17.0 FT##2
LOCKS NUMBER = 15,0

DRAG POLAR CO-EFFICIENT (DELTA 03 = 0.0087
DELTA 1 = -0.021é /RAD

DELTA 2 0.4000 /RAD#*#»2
QIRSPEED = 92.00 KNOTS
ADUANCE RATIOQ(MU) = (0.214

INOUCED VELOCITY(NU) = 16.49 FT/S

INFLOW RATIOD(LAMBDA) = -0.0541
FLAT PLATE DRAG = 272.0 LB

ST = 2610.8 LB

THRUST CO-EFFICIENT (CT) = 0.01016

LADE SOLIDITY = (.0788.
COLLECTIVE (THETA 03 =_18.1 DEG
CONING ANGLE (a20) = 13.6 DEG
LONGITUDINAL FLAPPING ANGLE (al)_= §.0 DEG
LATERAL FLAPPING ANGLE (bl) =
DISC ANGLE OF ATTACK = -8.2 DEG

INDUCED PQUWER = 288.2 HP

PARASITE POLER = 746.3 P

=°’F": FCWER = 192,12 =P

QT coWeER = 76i.1 =P

REOUIRED/AUQIL 8LI SHAFT PCGWER = 590.2 WP
CLIMB PQOWER 29.1 HP

RATE OF CLINB = 100.3 FT/MIN

CLIMB ANGLE = 9.6 DEG

LOCAL ANGLE OF ATTACK(@270DEGR40% RADIUS ) = 11.2 DEG
LOCAL ANGLE QOF ATTACK(@2700EGATIP) = 13.8 DEG
LOCAL ANGLE OF ATTACK 7@270DEGAPT.OF UT=0.4) = 14,7 DEG
RADIAL POINT OF UT=0.4 {(@2700EG) = 0.614

The relevant parameters for this case are:

Pi = 288.2 Hp, Pp = 76.8 Hp, Pc = 29.1 Hp,
= °
P° = 196.2 Hp, a(1'27°) 13.8
calc
13.8 - 12

.'.P° = 196.2 (1 + ) = 284.5 Hp
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thus
P =P +P +P +P
i P c o

req
= 679 Hp.
Available shaft power is given by:
Pavail = 1275 (1.13 x 0.001327/0.002259 - 0.13)
= 681 Hp.

Therefore, service ceiling is approximately 16,900 ft.

4.4.3 Hover ceiling Out of Ground Effect

As for estimating the other ceilings, the program must be

run several times at different altitudes.

A run of 'POLAR' is shown below, which corresponds to an

altitude of 3,400 ft, and is the result after several iterations.

@
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.RU POLAR

TITLE (TWO LINES OF UP TO 60 CHARACTERS)
BLADE ELEMENT METHOD - IMPERIAL UNITS
HOUER CEILING O0.G.E.
ARE UNITS IN IMPERIAL OR METRIC (I OR M) ? 1
ALL UP WEIGHT (N OR LB) = ? 9604
ROTOR TIP SPEED (M/S OR FT/S) = ? 717.2
ROTOR RADIUS (M OR FT) = ? 21
ROTOR BLADE CHORD (M OR FT) = ? 1.3
NUMBER OF ROTOR BLADES = ? 4
20 LIFT CURVE SLOPE (/RAD) = ? 5.73
TIP LOSS FACTOR = ? 0.37
SLADE TWIST (DEG) = ? -3
ECUIVALENT FLAT FLATZ SRES (Mee) TR FT#+2) = 7 (7
LOCKS NUMBER = ? LS
DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0087
DELTALl (/RAD) = ? -0.021¢
DELTA2 (/RAD#*#*2) = 7 0.4
AIR DENSITY (KG/M#*#3 OR SLUG/FT#**3) = 2?2 (.002041
IS RANGE/ENDURANCE REQUIRED ? (Y OR N) : N
IS A SPEED-POWER POLAR REQUIRED ? (Y QR N) : N

IS POWER REQUIRED FOR A GIVEN CLIMB ANGLE
i.e. RATE OF CLIMB (Y OR N) 2 ¥

VELOCITY IN KNOTS ? : O
WHAT IS CLIMB ANGLE - GAMMA = ASIN(UU-Y) - (DEG) ?

STOP

END OF EXECUTION
CPU_TIME: 1.15 ELAPSED TIME: 37,68

0




LTY POL

BLADE E MPERIAL UNITS

.0 LB
SLUG/FT##3

= 4.0
32 /RAD

DONN

REA = 17.0 FT##2
LOCKS NUMBER = 15
DRQG POLQR CO-EFFICIENT (DELTA 0) = 0.0087
DEL Q 1 0.02

OELT .
QIRSPEED = 0.00 KNOTS

ADVANCE RATIO
INDUCED UELODC
INFLOW RATIO(
FLAT PLATE DR
THRUST = 96
THRUST CO-EFF
BLADE SOLIDIT

N

LONGITUDINAL FLAPP
LATERAL FLAPPING A
DISC ANGLE 3JF ATTA
INDUCED POWER =
SaRASI[TE ICWUER =
PROFILE POWER =
TOTAL PQWER = 11
REQUIQEBQEUAIL ABL

al) = 0.0 OEG
0.0 OEG

MWADZ -

U <
pIAp

p
FT POWER = 1139.4 WP
FT/NIN
LOCAL ANGLE OF ATTQCK( 27ooesaaox RADIUS } = 4.1 DEG
270DEGRT .6 DEG
,(@2700ECe iPT oF UT-U 4) = 4.1 DEG
@2700€G) = 0.400

mu
c Oty 0C1Z—1oco-r DCH

o 11.'[.\»0 N

RADIAL POINT OF UT=0

Available shaft power is given by:

Pavail = 1275 (1.13 x 0.002041/0.002259 ~ 0.13)

= 1139 Hp.

Thus hover ceiling O.G.E. is approximately 3400 ft.
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4.4.4. Hover ceiling In Ground Effect

A ground effect relationship (ref. 8) is given as:

T
— =
T

] R 2
_salr| @@
4CT 1+(u/A)2

For example, taking z = R/2 and using the hover 0.G.E. case

as a basis:

T 1
T, © | _ 0.0788 x 5.73 x 0.0747 (1/2)3
4 x 0.00660 1
= 1.4693.

A helicopter of weight 9604 lbs hovering I.G.E. is therefore
equivalent to a helicopter of weight 9604/1.4693 = 6536 lbs hovering
0.G.E.

'POLAR' is run as for §4.4.3 at this eguivalent weight for
an altitude of 14000 ft, and is the final result after several iterations.




................................

MPERIAL UNITS

.0 LB
SLUG/FT#*#3
ED = 71

BOAN0OC

TIP LGSS FACTOR = 0.9

A TWI .0_DEG
gb ?EALENT FLﬁT PLATE AREA = 17.0 FT#*»2
LOCKS NUMBER

15,
DR POLRB CO-EFF1CIENT (DELTA 0) = 0.0087
BELTR 3 = ~0:9335 RABew2
AIRSPEED = 00 KNOTS

ADUANCE RATI
INOUCED VELOQ
INFLOW RATIOQ
FLAT PLATE 2
F
1

[ =)

THRUST =

THRUST CO-E
BLADE SCL1ID
COLLECTIVE (

w

g.
B¢
cl
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RA
53
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TY
T

DT

)
C
A)
{
U
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A
J
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EG&40% RQDIUS ) = 3.9 CEG
&TI 5.3 DEG
3.9 DEG

oOm

omae
@)
g

~ O
-I‘D
D
ma
C
-

]
o
'\

"

Here P = 763 Hp.
req
At 14,000 ft,

Pavail = 1275 (1.13 x 0,001461/0.002259 = 0.13)

= 766 Hp.
Thus the Hover Ceiling I.G.E. is approximately 14,000 ft.

It should be noted that in some situations, a helicopter can
hover I.G.E., but has insufficient power to move forward without
decending. A check to see if this occurs can be made in the following
manner:

(1) Take a case for low i (say 0.02).in level flight at the
hover 0.G.E. ceiling.
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WL

(2) Calculate the I.G.E. thrust ratio.

el

' (3) Calculate the equivalent 0.G.E. Qeight.
(4) Run 'POLAR' for that u at the hover I.G.E. ceiling.

(5) If the power required is greater than the power available,
I then the helicopter can hover but cannot move forward -

withcut descending.

(6) Repeat steps 1 -~ 5 over a range of u, if required.

H An example showing the results of this procedure is set out - d
below:
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Calculation of ground effect factor gives:

T 1
T, " ] - 0.0788 x 5.73 x 0.0901 (172)3 = 1.3835
4 x 0.0066 1+(0.02/0.0701)

Thus equivalent 0.G.E. weight is 9604/1.3835 = 6942 1bs.

QUCUEL A A i o o L S
ASURAS ORI
R RERERIS

.TY POLAR.QUT
il BLADE ELENENT METHOD - IMPERIAL UNITS
S MU = 0.02, [.G.E.
- ALL UP WEIGHT = 6942.0 LB
- AIR DENSITY = 0.001461 SLUG/FT**3
TIP SPEED = 712.2 FT/S
ROTOR RADIUS = 21.0 FT
ROTOR CHORD = 1.3 FT
NUMBER OF ROTOR BLADES = 4
LIFT CURVE SLOPE = 65,73 /RAD
TIP LGSS FACTOR = 0
BLao WIST
EQU UQLENT FLAT PLATE AREA = 17.0 FT##2
LOCKS NUMBER 15,
DRAG POLAR CO-EFFICIENT (DELTA 0) = 0.0087
DELTA 1 = -0.0216 ~RA

DE .4000 7
AIRSPEED = 3.50 KNGTS

ACUANCE =
INMDUCED

-
.eo

T
L
I

0OZ
v et

noco- DCa
(1)

e
=
T
E 2
iEN g = 0.00667
T 17.6 DEG

a0 & DEG
CONG I TUD INAL FLAPPING ANGLE (al) - gés DEG
OISC ANGLE OF ATTACK = -0.5 DEG

6.6 HP

()

aom
D Mol

r om
MA~=T0-000

(CT
78
9.

TOTAL P R 782.7

REQUIRED/QUAILQBLE SHAFT POWER = 782.7 HP

CLIMB POWER 0.0 HP

RATE OF CLINB - 0.0 FT/MIN

CLIMB ANGLE = 0.0 DEG

LOCAL ANGLE OF ATTACK( 270056&40% RQOIUS ) = 4.3 DEG
LOCAL ANGLE QF ATTACK(@270DEGAT 5.9 DEG

LOCAL ANGLE OF ATTQCK ?27ODEG&P UT=0.4) = 4.7 DEG
RADIAL POINT OF UT=0.4 (@2700EG) = 0.420

Now Preq is 783 Hp, but available power at 14,000 ft is
766 Hp (found previously).

Thus if helicopter moves forward, it will descend.
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5. COMPARISON OF ‘'POLAR' AND OTHER METHODS OF PERFORMANCE ESTIMATION o

As mentioned in Section 1, the methods of performance

estimation available prior to 'POLAR' were:

1. Program 'ENERGY' (see Appendix 4), derived from
'MCEP', and

2. Performance Charts of References 1 and 2.

This section compares results obtained for the hypothetical helicopter

o
°
|

of Section 4, using 'POLAR' and the above-mentioned methods.

5.1 'POLAR' and 'ENERGY' "o

Figure 4 shows an overlay plot of speed against power, with

a breakdown of power components, using ‘POLAR' and 'ENERGY'. >

As can be seen from this figure, agreement of the power
components is generally good. The main discrepancy between 'ENERGY'
and 'POLAR' occurs at high speed. This is partially due to 'POLAR'
predicting a lower profile power, but mostly due to compressibility
power calculated by 'ENERGY'. 'POLAR' does not take compressibility -

effects into account.

5.2 'POLAR' and Performance Charts

Figures 5, 6 and 7 show power-speed polars obtained using ®

- iy

'POLAR', together with points obtained from the performance charts of
references 1 and 2, for rotor blade twists of 0, 8 and 16 degrees

respectively.

5.2.1 'POLAR' and Performance Charts of Gessow and Tapscott

From Figure 5, it can be seen that agreement is good between
'POLAR' and the Reference 2 charts, except at low speed. This is due to
the fact that 'POLAR' applies a semi-empirical factor to the induced
velocity (for us0.14) whereas the charts use only the momentum theory
value (see §2.2). Thus the charts always underestimate the induced

velocity (induced power) at low speed.
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Pigures 6 and 7 also show good agreement, except at low speed
where the induced power is underestimated by the charts, as expected.
For both cases (8 and 16° twist), at high speed 'POLAR' underestimates
the profile power because 'POLAR' ignores the high order terms in
u and el,in the profile power expression (see §2.5). Thus at high
speeds (u)r neglect of these terms comes into effect. For example, at
B = 0.3, these terms cause a 13% difference in profile power for 8 and

16 degrees twist, but this represents only a 5% difference in total power.

5.2.2 'POLAR' and Performance Charts of Tanner

The performance charts of Reference 1 are applicable only to
hovering helicopters and aircraft flying at uz0.25 for 8° rotor twist
and u20.3 for 0° twist.

Figure 5 shows poor agreement for the total power. In the hover
case this is due to the semi-empirical factor applied at low speed by
'POLAR' (as in 85.2.1). At u = 0.3, the charts of Reference 1 indicate
that the rotor is stalled. This discrepancy is thus probably due to
Tanner's inclusion of compressibility and stall effects, which are

neglected in the case of 'POLAR'.

Figure 6 again shows poor agreement at hover, for the reason
mentioned previously. However, at u = 0.25 and yu = 0.3 we can see
excellent agreement. In this case the rotor is not stalled, thus
verifying that the difference in Figqure 5 is due to Tanner's stall
effect.

6. CONCLUDING REMARKS

Program 'POLAR' has been developed to give a wide range of
performance calculations within the operational boundaries of most

conventional helicopters.

'POLAR' allows rapid estimation and is more generally

applicable than existing performance charts.

Being based on blade element theory, 'POLAR' overcomes the

deficiencies of the energy balance method (program 'ENERGY') in that
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blade twist is taken into account and blade stall is indicated by
calculation of blade angles of attack at critical locations on the

rotor disk.

Since 'POLAR' does not take compressibility and stall effects

into account, it is limited to us0.3.
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APPENDIX 1 - USING PROGRAM 'POLAR'

Al.l Loading 'POLAR' on the DEC-10

For ARL users, a description is shown below of how to
load program 'POLAR' on the DEC-10 computer. 'POLAR' is also available

on the VAX-1ll computer and is loaded in a similar fashion.

.PLE MX D/039 .o
MESSAGE TRANSMITTED at 13:29 '

P
aQ

;;0PR: - D/039 MX DTAO
AS DTA
TAOOO assxgned

O e

.DIR DTAO:

Tape 1D: D0
Free: 4. bl
OLAR

3
ks,
é

[
M \JUs WL MAIAL DY
LIND LA AL

rars N
wguucﬁvou
INHTDMDw

1
®CO0O000 .-~
330330 Y —

(1]

e

X

[ ]

m
AN
0
I”0
L
A ¥ ]
[N
(]

9
S
1
0
OING .REL 1
2
%3
3
1

CPU__.REL
ATMOS .FOR 15
.COPY/X=DTA0: POLAR. », TSUBS1. % ,CPU. # ,DING. » ®
.COM_POLAR =]
EORTRAN: POLAR o

ELMENT
LABDA

[
Ol
[ ]
Gz
co
3¢
[
A
o

CLIMB
RNGEND

.TY POLAR.CCL
POLAR,TSUBSI,CPU,DING
POLAR/SAU=

G0

R LINK

*QPOLAR B
EXIT @
.DIR POLAR.EXE

POLAR  EXE 60 <057> 7-SEP-83 DSKD: (1031,1063]




Al.2 Output Files

wWhen running 'POLAR', the results are output onto one of @

two files. If performance is required at one particular airspeed,

or range/endurance are desired, the results are output onto file

'POLAR.OUT'. If a speed-power polar is required, the results are output q'ff;f

onto file 'POLAR.DAT', which is then input to program 'TRANS' for . @

presentation in column or graphical form with velocity as the independent

variable. An example of this procedure is given in Appendix 2.

.f Al.3 Renaming Files % I

A file renaming feature is included in 'POLAR' to allow

up to five consecutive runs to be made without overwriting the

results obtained from a previous run. As stated above, results for S
each run are always output to files POLAR.OUT or POLAR.DAT If a second f‘L ;
run is made, the preceeding POLAR.OUT or POLAR.DAT will automatically Lo
be renamed POL1.OUT or POL1.DAT. This process will continue up to R
POL4.0UT or POL4.DAT. i
N

Al.4 Special Cases - i

It was found that for some flight conditions, when o
calculating rate of climb for a given shaft power and airspeed, :. h
convergence would not occur unless the climb angle, Yor could be roughly R
estimated initially. Therefore, 'POLAR' calculates the power required
in level flight (Plevel) and the power required in a vertical climb
(Pvert) and uses a linear interpolation to initially approximate Yo .

i = - - °

1.e. Ye (Pavail Plevel)/(Pvert Pavail) 2°

In some cases when the rate of climb is required for a _. )
given airspeed and shaft power, the power may not be sufficient to
sustain a climb and therefore the helicopter descends. 'POLAR'
outputs a message to this effect which is demonstrated below.

o

bl i




.RU POLAR

TS TOCBINES OF. U8 10 48 SYARPGIERE)
DESCENDING FLIGHT

ARE UNITS IN IMPERIAL OR METRIC (I QR M) ? I

ALL UP WEIGHT (N OR LB) = ? 9604

ROTOR TIP SPEED (Ms/S OR FT/S) = ? 217.2

ROTOR RADIUS (M OR FT) = ? 21

ROTOR BLADE CHORD (M OR FT) = 7 1.3

NUMBER OF ROTOR BLADES = ? 4

2D LIFT CURVE SLOPE (/RAD) = ? 5.73

TIP LOSS FACTOR = ? 0.97

BLADE TWIST (DEG) = ? -8

EQUIVALENT FLAT PLATE AREA #42 COR FT#+2) = 7 17
LOCKS NUMBER = 7 .5

DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0087

DELTAL (/RAD) = ? -0.0216

DELTA2 (/RAD##2) = ? (.4

AIR DENSITY (KG/M##3 QR SLUG/FT##3) = ? 0.002259
IS RANGE/ENDURANCE REQUIRED ? (Y OR N) : N

1S A SPEED-POWER POLAR REQUIRED ? (Y OR N) : N

IS POUER REQUIRED FOR A GIVEN CLIMB ANGLE
i.e. RATE OF CLIMB (Y OR N) ? N

VELOCITY IN KNOTS ? : 12
WHAT IS POWER AVAILABLE AT MAIN ROTOR SHAFT (HP) ?

STOP

END OF EXECUTION

CPU_TIME: 7
ERiT 1.2 ELAPSED TIME: 36.78
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8 P$é8 HAS INSUFFICIENT POWER FOR LEVEL FLIGHT
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ET -8.
IUALENT FLAT PLATE AREA = 17.0 FT##2
CKS NUMBER = 15.0
AG POLQR CD-EFFICIENT (DELTA 0) = 0.00827
LTA 1 = -0 0216 /RAD

TA . 4000 /RAD‘*2
QIRSPEED - 1 .00 KNOTS

028

45.48 _FTs/S
-0.0632

.9 LB

OZ
toco-Hr DC»
D -

[ =)

THRUST =
THRUST CO-E
BLADE SOLIDI

)
g
FLAT PLATE 8
F

7
N % = 0.,00597
DEG
6 DEG
LONGITUDINAL FLAPPING ANGLE (al) = 0.6 DEG
LATERAL FLAPPING ANGLE (b‘) = 0.3 DEG
Di3C ANBLE 2F ATTACK = 3.4 CEG
INCUCED POWER = 794,22 HP
PARASITE POWER = 0.3 HP
PRDFILE POWER = 211 9 HP
TOTAL PQWER = 140
REQUéRES/ﬁUﬁILABLE Sgﬂﬁ; POWER = 1000.0 HP

(CT
078
9.

s

% RADIUS ) = 4.1 DEG
P = .2 DE
T.DFUUT-0.4) = 4.6 DEG




A further case to be considered is when the rate of climb is
required for a given airspeed and shaft power, and the available power is
greater than that required for vertical flight. 'POLAR' then outputs a
message stating the excess power available and then gives results for a
vertical climb at the specified airspeed. In the example below,
the inputs are identical to the previous example except that the power

available is now 1275 Hp. Only the output file is given.

.TY POLAR.QUT
HEL TCBPTER N 12.9 HP_MORE THAN IS
REGUIRED FOR A UEATiZAl CLINS. RESULTS BELOW
ARE THOSE FOR A UERTICAL CLIMB.
BLADE ELEMENT METHOD - IMPERIAL UNITS
EXCESS_POWER DEFONSTRATION

ALL UP WEIGHT 9604.0 LB

ATR DENSTTY = 0. 002259 SLUESFT»3

TIP SPEED = 717.2 FT/S

ROTOR RADIUS = 21.0 N

ROTOR CHORD = 1.3

NOMBER “DF ROTOR GLADES = 4.0

LIFT CURVE SLOPE = 5,73 /RAD

TIP_LGSS FACTOR = 0,97

SLAOE TWIST = -3.0 DEG _
EQUIUALENT FLAT PLATE AREA = 17,3 FTee2
LECKS NUMBER =__ 13,0

ORAG POLAR CO-EFFICIENT (DELTA 0) = 0.0087
DELTA 1 = -0.0216 ~RAD

DELTA 2 = 0.4000 /RAD*#2

ATRSPEED = 12.00 KNOTS

ADUANCE RATIO(MU) = 0.000

INDUCED UELOCITY(NU) = 39.44_FT/S

INFLOW RATIQ(LAMBDA) = _-§.0832

FLAT PLATE DRAG = 7.°L8

RUST = 9612.4 LB

THRUST CO-EFFICIENT (CT) = 0.00597

BLADE SOLIDITY = 0.0788

COLLECTIVE (THETA 0) = 18.1 DEG

CONING ANGLE (a0) = 8.3 DEG

CONGITUDINAL FLAPPING ANGLE (al) = 0.0 DEG
LATERAL FLAPPING _ANGLE (bl) = _ 0.0 DEG

DISC ANGLE OF ATTACK = -90.0 DEG

INDUCED POWER = 89,3 HP

PARASITE POWER = 0.3 HP

PROFILE POWER = _ 218.5 WP

19TAL _POUE 908.5 HP

quREo/auathaLE SHAFT POWER = 1275.0 HP
CLING POWE 353.7 HP
ATE OF CLIMB = ~12i5.2 FT/MIN

CLIMB ANGLE = 90,0 DEG

LOCAL ANGLE ATTACK(@270DEGR40% RADIUS ) = 3.1 DEG
LOCAL ANGLE OF ATTACK(@270DEGRTIP) = 5.3 DEG
LOCAL ANGLE OF ATTACK 1@2700ECAPT OF UT=0.43 = 3.1 DEG
RADLAL POINT OF UT=0.4 (@2700EG) = 0.400

YL Y L YL YT T Y

-
.........
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APPENDIX 2 -~ USING PROGRAM 'TRANS'

s
#0s

Program 'TRANS' (Ref. 11) was created to plot and tabulate

s Ve
A

parameters from a '.DAT' file, with time as the independent variable.
When using input files created by 'POLAR' and 'ENERGY' (Appendix 4),
the independent variable is velocity. Thus the time limit command of

'TRANS | TIM, now refers to the range and intervals of velocity.

A2.1 Obtaining a Speed-Power Polar

The example below shows how to run ‘'TRANS' in order to
create a plot of total power against velocity i.e. a speed-power

polar (Fig. 3). The input file used was created using 'POLAR' in
§4.1.




.RU PUB: TRANS

{TRANS version date 12-NOU-801
[P FILENAME = POLAR

BLADE ELEMENT METHOD
POWER - SPEED POLAR

1,P FILE RECORDED ON 28-Sep-83 AT 09:09

INTEGN INT = 0.0000E+00; RUN CPU TIME = 4.02 SEC.

TIME FROM 0.0000E+00 TO 1.5000E+02 IN STEPS OF 2.0600E+00
(Now interpreted as velocity range from 0 to 150 kts in steps
*SPA

IS SPACING BETWEEN PLOTS REQRD : N

*#SCA

BLK NO. -1 DENOTES INDEP UVARIABLE

ARE PLOT SCALE LIMITS TO BE READ FROM DOSK : N

IS TTY LISTING OF LIMITS REQRD : N

ARE MODIFICATIONS REQRD : VY

3L«, LIWER, UPSER

STRIP PLQOTS :
BLKS
1

TO SPECIFY NO. OF X UNITS/INCH, TYPE 0 FOR X
LENGTH OF AXES IN INCHES; X, Y = 0,6

MIN X, NO. OF X UNITS/INCH = 0,30

ARE SYMBOLS REQRD FOR PLOTS : N

LINE KEY (0 GIVES DEFAULT) = 0

*GOE

#5 RUNNING #»

*EX]

END OF EXECUTION
CPU TIME: 3.20 ELAPSED TIME: 1:7.54

af 2 kts)

LAt

.........




LGN AN A e e e S e AP it S et i B g L R
A2.2 Tabulated Printout

The example below shows how 'TRANS' is run to create a

file 'POLAR.COL', containing tabulated data over a range of velocities.

.RU PUB: TRANS

{TRANS version date 12-NQU-801

I/P FILENAME = POLAR

BLADE ELEMENT METHOD
POWER - SPEED POLAR

1P FILE RECORDED ON 28-Sep-83 AT 09:10
INTEGN INT = 0,0000E+00; RUN CPU TIME = 4.02 SEC.
TIME FROM 0.0000E+00 TO 1.5000E+02 IN STEPS OF 2.0000E+00

*TIM

TIME PARAMS; LOWER, UPPER,
*PRC

PRINTING IN COLUMNS :

8LKS

A

IS O/P TQ TTY REQRD : N
*GOE
#4 RUNNING ##

*TIM

TIME PARAMS; LOWER, UPPER,
*PRC

PRINTING IN COLUMNS :

ELKS

IS O/P TO TTY REQRD
*GOE
#% RUNNING &+

z

*EX]
END OF EXECUTION
CPU TIME:

INTERVAL = 60,80,2

INTERVAL = 100,120,2

3.62 ELAPSED TIME: 57.10
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APPENDIX 3 - USING PROGRAM 'ATMOS'

The atmospheric density, required for 'POLAR', and the speed
of sound, required for 'ENERGY', may be found using the program 'ATMOS'. ) .
(Reference 12). For ARL users, 'ATMOS' is available on Dectape D/039 for P_
use on the DEC-10 computer, and Magtape M/1012 for use on the VAX-11. A
The following types of atmosphere may be considered by T
setting the KEYAIR flag appropriately. - el
L)
KEYAIR = 1 : ICAO Standard Atmosphere
KEYAIR = 2 : ICRO Sea-level conditions at all times L
KEYAIR = 3 : Off-Standard ICAO atmosphere - .
KEYAIR = 4 : ARDU Tropical atmosphere B ,‘}f
XEYAIR = 5 : ARDU Sea-level conditions at all cimes R ';
KEYAIR = 6 : Off-standard ARDU atmosphere .
Examples of running 'ATMOS' are shown below, ZSemonstrating .
its use for ISA+1S5°C conditions.
e
.RU ATMOS
SET ATMOSPHERIC FLAG, KEYRIR (1,2,3,4,5 OR 6): 3
SINGLE CALCULATION, OR TABLE (1 OR 2): 2
o
#STATE ALTITUDE (IN FEET): 20000 phbalko
TEMPERATURE OF THE DAY, TDAY (IN DEG. C): 30 L j:uﬁ
QONH OF THE DAY (IN MILLIBARS): 1013.25 'f'fi%
HEIGHT OF THE AIRFIELD REFEREMCE POINT, HAFR: 0 ..
PAUSE , . T
I§pe C to Continue, X to Exit, T to Trace. '
END OF EXECUTION ) -
CPU TIME: 0.51 ELAPSED TIME: 1.26 S
EXIT N )

+ 'ATMOS' cal

culates sults in intervals of 1000ft¢t
up to stated altit .

I D A Y




‘ATMOS .OUT'.

The results are stored in file

Column 1 is altitude in feet

Column 2 is temperature in Kelvin

Column 3 is pressure in lbhs/ft2

Column 4 is density in slug/ft?

Column 5 is speed of sound in ft/s.
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The example below shows the running of 'ATMOS' when a single

calculation is required:




-
£
-

.RU ATMOS
SET ATMOSPHERIC FLAG, KEYAIR (1,2,3,4,5 OR 6): 3
SINGLE CALCULATION, OR TABLE (1 OR 2): 1

STATE ALTITUDE (IN FEET): 15500

TEMPERATURE OF THE DAY, TDAY (IN DEG. C): 30

ONH OF THE DAY C(IN MILLIBARS): 1013.25

HEIGHT OF THE AIRFIELD REFERENCE POINT, HAFR: 0

PAUSE .
I§pe C to Continue, X to Exit, T to Trace.

- END OF EXECUTION
F E;LIITTIHE: 0.37 ELAPSED TIME: 1.04

. .0
15500.0000000 272.4414063 1170.4053955 0.0013%904 1085.5%15527

‘JITTT
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APPENDIX 4 - PROGRAM 'ENERGY'

As mentioned in the introduction, program 'ENERGY' uses the

same relatively simple energy balance equations as 'MCEP' to estimate the

N power components in steady level flight. However, the profile power
hl equation used in 'MCEP' applies only to two-bladed rotors with zero twist.
This equation has been modified to apply to helicopters having any number T
of rotor blades, but still with zero twist. :'1
- i
R
C. .
P I C, cC_ 2 o
—.2- = 2 —o- -7— -—T- 4_9 _’r.
(1 + 4.6u3) [g= + 6, o= e ) + S, Baz (o ) 1
ENERGY i
C 3
%o o 3 Cp 9 Cop? Ll
— = 2 — s — — A
@+ 4.6un) g™ + 8y 7555 () + 8, e )] SR
where CP = Po and c = T r"-' “
o pTR2 (QR) 3 T pTR2 (QR) 2 :
It can be seen that the above equations are identical for ;j;? f
B = 0.95, which is a typical value for a two-bladed rotor (Ref. 13). o 4
'ENERGY' calculates tip loss factor 'B' using the standard equation: Alf“f‘
v2C B h.
B=1- — S
b “ e
o

In addition to the 'MCEP' relationships, equation 24 was R
incorporated into 'ENERGY' to enable estimation of instantaneous rate 3

of climb for a given shaft power. Capability to estimate range and

endurance has also been included using the Breguet equations.
(Equations 25 and 26).

When a speed-power polar is required 'ENERGY' outputs a file
'ENRG.DAT' which is compatible with 'TRANS' (Ref. 11). If range,

endurance or one specified velocity is required 'ENERGY' outputs a file
'ENERGY.OUT'. 'ENERGY' also has a file renaming feature similar to
'POLAR' (Appendix 1). Here however, files are renamed 'ENERG1.OUT' or
'ENRG1.DAT'. Up to five consecutive runs may be made without overwriting
previous files. (as with 'POLAR') °
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Ad.1l Loading 'ENERGY' on the DEC-10

For ARL users, a description is shown below of how to load
program ‘'ENERGY' on the DEC-10 computer. 'ENERGY' is also available on
the VAX-1l1l computer and is loaded in a similar fashion.

.PLE MX Dr039
MESSAGE TRANSMITTED at 14:19

AUPR - Ds7039 MX DTAl
DTA0G1 assigned

.DIR DTAL:

)

N N

YR VY]
G'n L) 000~\l¢'.‘w\\lc'u

t
A~ JUO D OM OO G
(¢

CONCOUVOOD »~
DCHII0VIIN0 Y o
A DAL

]
LLIIOLOHPDULD™

L
<
0
n
!
{
Al
[}

9
s
1
0
1
1
2
3
9
.COPY/X=DTAL:EN

. COM_ENERGY
FORTRAN: ENERGY
ENERGY

CONTRL
NEUW

ER ,TSUB31.#,CPU.* ,0ING. *

cCLIMB
ENORNG

.TY ENERGY.C
ENERGY, Tsusa1 LPU DING
ENERGY/SAU

/G0

.R LINK
*QENERGY
EXIT

.DIR ENERGY.EXE

ENERGY EXE 44 <057> 7-Sep-83 DSKD: [1031,1063)
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A4.2 Speed-Power Polar

When a speed-power polar is required, a file 'ENERGY.DAT'
is created by 'ENERGY' which is suitable for use with 'TRANS'.

An example of running 'ENERGY' is demonstrated below,
together with the subseguent running of 'TRANS'.

For this case, the drag divergent Mach Number is assumed to
be 0.75, and the thrust divergence coefficients are 0.1 and 0.2. (TC1
and TC2 respectively). Definitions of induced velocity factor, drag
divergent Mach Number, TCl and TC2 may be found in 'MCEP' documentation.
(Refs. 3 and 4].

.RU ENERGY

TITLE (TWO LINES QOF UP TO 60 CHARACTERS)
SPEED POWER POLAR

ARE UNITS IN IMPERIAL QR METRIC (I OR M) ? M
ALL UP WEIGHT (Q OR LB) = ? 42718

ROTOR TIP SPEED (M/S OR FT/S) = 2 218.6

ROTCR RADINS (M OR FT) = 2 3.4

ROTCR SLADE CHCRD (M QR 773 = ? J3.3%5

NUMBER OF ROTOR BLADES = ? 4

20 LIFT CURVE SLOPE (/RAD) = ? 5,73

INDUCED VELOCITY FACTOR = ? 2.14

SPEED OF SOUND (M/S OR FT/S) = ? 349
EQUIVALENT FLAT PLATE AREA (M#+2 OR FT##2) = ? 1,58
DRAG DIVERGENT MACH NUMBER = ? 0.2%

DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0082
DELTAl (/RAD) = ? ~0.0216

DELTA2 (/RAD*#2) = ? 0.4

AIR DENSITY (KG/M#*#3 OR SLUG/FT##3) = ? 1,1644
THRUST DIVERGENCE CO-EFFICIENTS (TCl) = ? 0.1
TC2 = ? 0.2

IS RANGE/ENDURANCE REQUIRED ? (Y OR N) : N

IS A SPEED-POWER POLAR REQUIRED ? (Y OR N) : ¥
MAXIMUM VELOCITY (KNOTS) = ? 150

VELOCITY INTERVAL (KNOTS) = ? 2

END OF EXECUT 10N
EP?TTI ME: 1.78 ELAPSED TIME: 1:6.76
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..........................................

'TRANS' has a plotting facility whereby a previcusly created
file 'POLAR.DAT' (using 'POLAR') can be used with the resulting 'ENRG.DAT'
file to produce an overlay plot. This plot (Fig. 4) compares speed-power
polars obtained using the two methods.

.RU PUB: TRANS

{TRANS version date 12-NOU-801]
I[P FILENAME = POLAR

BLADE ELEMENT METHOD
POWER - SPEED POLAR

1P FILE RECORDED ON 27-0ct-83 AT 17:11

INTEGN INT = 0.0000E+00; RUN CPU TIME = 4.02 SEC.

TIME FROM 0.0000E+00 TO 1.5000E+02 IN STEPS OF 2.0000E+00
*SPA

1S SPACING BETWEEN PLOTS REQRD : N
*SCA

BLK NO. -1 DENOTES INDEP UARIABLE

ARE PLOT SCALE LIMITS TO BE RE~D FROM DSK : N
IS TTY LISTING OF LIMITS REORD : N

ARE MODIFICATIONS REGRD : Y

?fﬁ;;;ﬁﬁai’ SPPER

*PLS

STRIP PLOTS :

BLKS

1

TO SPECIFY NO. OF X UNITS/INCH, TYPE 0 FOR X
LENGTH OF AXES IN INCHES; X, Y = 0,6

MIN X, NO. OF X UNITS/INCH = 0,30

ARE SYMBOLS REQRD FOR PLOTS : N

LINE KEY (0 GIVES DEFAULT) = 0

*GOE

#% RUNNING #=

*REP
1P FILENAME = ENRGY

ARE SYMBOLS REQRD FOR PLOTS : N
LINE KEY (0 GIVES DEFAULT) = 0
#¢ RUNNING **

[/P FILENAME =
END OF EXECUTION
CPU _TIME: 5.72 ELAPSED TIME: 2:26.10




A4.3 Running 'ENERGY' for one particular airspeed

If desired, 'ENERGY' may be run for one particular airspeed,
as shown below. The results apply to level flight, the climb rate being
the instantaneous climb rate possible appropriate to excess power, not
the sustained climb rate. The results for this operation are outpu:i;;
to file 'ENERGY.OUT'.

.RU ENERGY

TITLE (TWQ _LINES OF UP TO 60 CHARACTERS)
RQ$EE§gYCLETEOD (MCEP)

ARE UNITS IN IMPERIAL OR METRIC (I OR M) ? M

ALL UP WEIGHT (N OR LB) = ? 42718

ROTOR TIP SPEED (MsS OR FTsS) = 2 218.6

ROTOR RADIUS (M OR FT) = ? 6.4

ROTOR BLADE CHORD (M OR FT) = ? 0.395

NUMBER OF ROTOR BLADES = ? 4

20 LIFT CURUE SLOPE (/RAD) = ? 5,73

iNCLCZZD g ICI7TY FaCT2R = 7 2,14

SPEED OF SCOUNMD (Ms/S OR FT/S) = 2 34%

EQUIVALENT FLAT PLATE AREA (M#*##2 QR FT##2) = 2 1,53
DRAG DIUERGENT MACH NUMBER = ? 0.7%

DRAG POLAR CO-EFFICIENT (DELO) = ? 0.0087

DELTAl (/RAD) = ? -0.0216

DELTA2 (/RAD%*#*2) = ? 0.4

AIR DENSITY (KG/M#*#3 OR SLUG/FT##3) = ? 1,1644
THRUST DIVERGENCE CO-EFFICIENTS (TC1) = ? 0.1

TC2 = 2 0.2

IS RANGE/ENDURANCE REQUIRED ? (Y OR N) : N

IS A SPEED-POWER POLAR REQUIRED ? (Y OR NJ) : N
VELOCITY IN KNOTS (0 KNOTS IS MINIMUM ALLOWABLE) ? : 50
WHAT IS POWER AUVAILABLE AT MAIN ROTOR SHAFT (HP) ? : 1275

STOP

END OF EXECUTION
cPU E: 1.17 ELAPSED TIME: 42.26




TY _ENERGY.QUT

ENEREY METHSB (MCEP)

RATE OF CLIMB
ALL UP WEIGHT = 42718.0000000 N
AIR DENSITY = 1.1644000 KG/M»»3
TIP SPEED = 218.4000000 M/S
ROTOR RADIUS = 6.4000000 M
ROTOR CHORD = 0.3950000 ™M
NUMBER OF RUTOR BLQDES - 4.0000000
LIFT CURVE SLO 5,.7300000 /RAD
BLADE SQLIDI 0.0785828
EQUIUQLENT FLQT PLATE AREA = 1.5800000 M#»#2
INDUCED VELQCITY FACTOR = 2.1400000
DRAG P aR CO-EFFICIENT(DELTAQ)= 0.0087000
DELT 1 ~0.0216000 /RAD
DELTA 2 = 0.4000000 /RAD™#*2
ADUANCE RQTIO(NU) - 0.1176670
FLAT PL TE DRAG 608.6095000
THRUST 42722.3300000 N
DISC AREA 128.6796000 M##2
SPEED OF DUND - 349.0000000 M/S
DRaG DIUERGENT MACH NO. = 0.7%500000
IC1 3.19900499
TC2 -_ 0.2000000
INDUCED VELOCITY = 5.4247720 M/S
COMPRESSISiLiTY PCUER = J.JOODOOO -F
INDUCED PQWER = 329.63.1000 HMP
PARASITE POWER = 20.9960500 HP
PROF ILE POWER = 215.3766000 MP
TOTAL POWER = 562.0638000 HP
AUAILABLE SHAFT POWER = 1275.0000001) HP
CLIMB POUWER = 712.93620090 HP
RATE OF CLIMB = 746 .6153000 M/MIN
STALL POWER = 0.0000000 HP

RSPEED = 50.0000000 KT
A4.4 Estimating Range and Endurance using 'ENERGY'

To estimate the range and endurance for a given helicopter,
'ENERGY' is run as in the previous example, with the following changes:

______________
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The output file is shown below:

NER

¥.QuT
REY -RETHAD | (MCEP)
RESULTS FOR ENDURANCE OF 2.75 HOURS, ARE AS FOLLOWS :

IS RANGE/ENDURANCE REQUIRED ? (Y OR N)
ADUANCE RATIQ(MU) =

VELOCITY INTERVAL (KNOTS) = ? 2
1 RESULTS FOR RAN

SPECIFIC FUEL CONSUMPTION ? (KG/HP-HR OR LB/HP-HR)
AIRSPEED =

WEIGHT OF FUEL CARRIED ? (N OR LB)

ENO OF EXECUTION
CPU_TIME:

STOP
EXIT
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