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I. INTRODUCTION

:g{ : A. GENERAL

éiﬁ The helicopter design process, the subject of numerous

Tﬁ; ‘ articles and studies is an evolving discipline that borders

Iﬁé on being an art. A successful design must balance the

N user's needs and desires against practical capabilities.

j§3ﬁ With the introduction of composite materials and new

gii technologies, principally in rotor and engine performance,

LA significant advances have been made in helicopter capabil-

e

;Eﬁﬁ ities. In some instances, the performances of hybrid

&gg helicopter designs rivals that of a similarly sized conven-
N tional aircraft. For example, the YVX, a joint Boeing-Bell

;iﬁ; venture, will have the hover and low speed capabilities

f?gg ' of a helicopter while being able to cruise at 300 knots.

AN Viable commercial and military helicopter designs are

only thirty years old. The first major use of helicopters

occurred during the Korean conflict. To put this in

perspective, the first large scale use of conventional type
aircraft was in World War I.

Helicopter design can proceed on a number of different
levels, ranging from comprehensive computer design programs

to preliminary analysis using simplifications of the basic

performance equations. Each has its merit and place.

Computer-aided design provides a great deal of data.

10
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Generally, these programs integrate aircraft configuration
sizing, performance and weight calculations in an iterative
process. An example of a computer design program for heli-
copters is the Helicopter Sizing and Performance Computer

) Program [HESCOMP], orginally developed by Boeing-Vertol
for NASA. This program is currently used as a wide number
of institutions conducting studies in helicopter design.

On the opposite end of the spectrum would be sensitivity
design studies using the performance <(yuations. Surprisingly
accurate simplications of these equations can be made. This
provides the designer with an excellent method for doing

first cut preliminary helicopter sizing at a low cost.

' B. OBJECTIVE
This report is an investigation of severzl of the
methods employed in the preliminary design of a helicopter.
Conceptually, the report can be divided into three parts.
In the first section, a sensitivity analysis of the basic
performance equations is performed. The purpose here is to
ascertain where reasonable simplications can be made
that do not seriously degrade the accuracy of the result.
In the second section a graphical method of doing
parametric deSign studies, known as Carpet Plots, is
developed. This method allows the user to formulate a
graphical solution matrix to meet the design criteria

specified for the helicopter. Carpet Plots are

11
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particularly instructive since they give visual insight
into the interplay of the various design parameters.
In the last section, an overview of HESCOMP is given.
Programs are developed which enable a person to access
! HESCOMP on the Naval Postgraduate School Main Frame IBM

system.
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II. SENSITIVITY ANALYSES OF BASIC HELICOPTER EQUATIONS

A. DESCRIPTION OF PROBLEM

In preliminary helicopter design, there cre a number of
instances where a quick first cut analysis would be
extremely helpful. This is especially true in determining
the preliminary size of the helicopter required to meet
the specifications.

Historically, there are a number of variables in the
performance equations of helicopters which may be treated
as constants. This may allow for significant simplifica-
tions and aid in the preliminary design process.

In this section, a sensitivity analysis of the per-

- formance equations is done. In a sensitivity analysis,

each parameter [or variable] is varied in order to deter-
mine its effect on the equation. Variables which are
shown to have little effect may be treated as constants and

the equation simplified accordingly.

B. SOLIDITY
Solidity, o , is the fraction of the disk area that is

composed of blades. It is a function of b , the number

of blades, of a constant cord, ¢ , at a radius, R:

o
0

(2.1)

|

=3
o
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C. DISK LOADING:

Disk loading is defined as the ratio of the weight to

the total area of the rotor disk.

DL = WEIGHT

(2.2)
W W 2
- o= [1b/£t7]
A aR?
D. POWER LOADING
Power loading is the ratio of weight to input power.
PL = g~ [1b/hp] (2.3)
in
In a hover, thrust equals weight; this allows us to
rewrite the power loading for the hover condition as
Y A ROTOR THRUST
PL = p~ * ROTOR HORSEPOWER [10/hPl (2.4)

E. COEFFICIENT OF THRUST AND POWER
The coefficient of thrust, CT , is a non-dimensional

coefficient which facilitates computations and comparisons:

Co = T = ZT Vi (2.5)
mR%p (QR)

Similarly, a coefficient of power, Cp , has been

established as:

14
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P p
C_ = - (2.6)
P Ava3 TR%p (AR) 5

No significant simplifications can be made to either of
these coefficients. However, it should be observed that
the coefficient of thrust is inversely proportional to the
square of the rotor tip velocity, while the coefficient of
power is inversely proportional to the cube.

Assuming all other factors being equal, increasing the
rotor tip velocity from 600 fps to 700 fps [an increase of
16.7 percent] will have the following result on these

coefficients.

- T . (2.5)
Ap(1.167)

N
Ap(1.361)

The coefficient of thrust is reduced by 26.9 percent.

Similarly, for the coefficient of power:

15
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Ap(1.167)
- P

Ap(1.589)

The coefficient of power is reduced by 37.1 percent.

F. HOVER POWER

The totai power in a hover is made up of two terms,
profile power, Py » and induced power, Py .
Utilizing black element theory the profile power

required to hover can be expressed as:
P =%to_ T. o AR (2.7)
o §9% “do ° ‘

The induced power predicted by momentum theory is:

P1 - vin T
(2.8)
: i} T3/Z =
W%
:’_"V ZTTQR
B The total power required to hover is:
298
2
‘k » PT = pi + Po (2.9)
b
16 :
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Donald M. Layton in Helicopter Performance, [Ref. 1],

found that for the optimum hover power, the induced power
is equal to twice the profile power. The analysis was
performed in the following manner.

By assuming constant weight, density, solidity, and an
average profile drag coefficient, as well as a fixed

rotational velocity, equation (2.10) reduces to

C) 2
P~ gl v C,R (2.11)

where C, and C, are constants.

As equation (2.12) shows, profile power increases as
the square of the blade radius while the induced power
decreases with increasing blade radius.

The optimum hover power with respect to rotor radius

can be determined by taking the differential and setting it

equal to zero.

F=0=- ;% + 2 C,R (2.124)
Cy 2
or = 2 C,R (2.12B)
which implies Pi = 2 Po (2.12C)
17
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G. HELICOPTER SIZING

A simplified relationship between the total power
required, gross weight and rector radius can be developed in
the following manner.

The total power required to hover equation for the main
rotor was developed in the preceding section and is

repeated here for clarity.

Pp = P, + Py (2.9)
3/2
T 1 1 3 ,2
P. = . = o+ . .10
T Vi) R ] “r CdO P vt ip R (2 )

In a hover, thrust equals weight. Solving equation

(2.11) for weight one obtains:
w2 o oy - ooy on vi? R%) /BR (2.13)

This equation may be further simplified if it is

assumed that the density, average profile drag coefficient
and tip velocity are constants; these are reasonable assump-
tions. Historically, the average profile drag coefficient
of a helicopter has been approximately 0.01. The operating
environment of today's helicopters, especially military,

is below 5,000 feet agl. This allows for the use of the

. standard sea level value for density with little error.

Primarily, due to tip mach effects, the upper limit on the

rotor tip velocity is in the range of 700 fps.

g

)
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The resulting equation with these assumptions incor-

porated into a constant, K , is:

N
¢§ ' W= [47.527 Py R - K be]?/3 (2.13)
" Equation (2.13) can be further reduced when the order
%} of magnitude of the two terms is considered.
)rg 47.527 Py R >> K, be

Thus,
o WA (47,527 Py R]Z/3 (2.14)
R
ﬁg _ To determine how accurate this simplification is, the
i equation is used to approximate the total weight of a
‘f’ ’ number of helicopters for which the parameters are available.
‘*; As Table 2.1 indicates, the weight approximation formula
f?i yields values within six percent of the actual total weight
i% of these helicopters.
H. FIGURE OF MERIT
if‘ A figure of merit, FM , has been defined for the
éﬂs helicopter as the ratio of the ideal rotor induced power to
ﬁg‘ the actual power required to hover, with non-uniform induced
?5‘ . velocity, tip losses and profile drag power.
B
3%
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TABLE 2.1

HELICOPTER WEIGHT COMPARISON

HELICOPTER TOTAL GROSS CALCULATED PERCENT OF
WEIGHT GROSS WEIGHT ACTUAL
(1000 1bs) (1000 1bs) GROSS WEIGHT
AH-64 14.66 14.69 101%
UH-1N 14.20 13.74 97%
H-3H 21.00 20.63 98%
§76 10.00 9.90 99%
UH-6DA 20.25 19.33 95%
H-54B 42.00 42.00 100%
H-53D 42.00 41.00 98%
H-S53E 73.50 69.00 84%
20
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i‘ Ay
iVE In a hover, the figure of merit may be written as:
w ,
M~ L, p,, DL
’;‘,%‘, 7 vp
5]
NN (2.15)
PN
Hin' o . .
.; i CTl's
) /T,
N\

The figure of merit is customarilty plotted against the

quantity CT/o . According to Zalesch [Ref. 2], CT/¢ , is
proportional to the average blade angle of attack and can
be used as a measure of rotor efficiency. The curve in
Figure 2.1 is based on data from Reference 2 for a typical

tail rotor helicopter.

Main Rotor Hover Performance

Figure of Merit

p-
o] 0.00 0.04 0.08 o 0
I : Blade Loading
PR}
.;3_.':* ..
ff@ . Figure 2.1. FM Versus Blade Loading CT/o
1
\'4, i
" :
"‘gz 21
i
'
"'.'..(“ Py . ‘o Sl W e - « . - - - et w® . w-
e o ey O T T Ay MY LN N S D AN P Mo A Sk e AP A > ah




Chohd s B Ade amus A% Al were i DL AR A s TR T TR T W T L Tt T Tr——

Previous studies have shown that a figure of merit
between 0.70 and 0.80 is considered average.[Ref. 3]
If the induced power is between 70 and 80 percent of the
total power, the figure of merit will be approximately 0.7S5.
With the figure of merit limited to values between
0.70 and 0.80, the following simplification can be made,
assuming the hover condition of thrust equaling weight and
standard sea level conditions:

wS/Z

EM = m (2.16)

For Navy helicopter design, the rotor radius has been
limited by flight deck spotting constraints to less than
30 feet; the exception to this is the H-3, R = 31 feet and
the H-53, R = 36 to 38 feet [depending on the model].
However, these two helicopters work almost exclusively from
large air dedicated ships such as the LPH, LHA and CV.

If the small deck operating assumption is made,

equation (2.16) can be further simplified to {assuming

R = 28 feet]:

(2.17)

An FM of 0.80 will yield a P to W relationship of:

w3/ 2

Pr * I305.58 (2.18)

22
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:Qi while an M of 0.70 yields a relationship
.Eg!
X 312
P = 73w (2.19)

If equation (2.17) is solved utilizing the approximate

weight relationship developed earlier of
W3/% = 47.527 PR (2.14)

a value for the figure of merit of 0.707 is obtained. This

is within the historical range of values.

I. TAIL ROTOR SIZING
A historical analysis of typical helicopters [Ref. 3),

shows the following empirical relationship for the tail

rotor radius

Rp > 1.3 [yomeil/2 (gt (2.20)

when comparing the results of this equation with actual
tail rotor radius data, it was found that if a multipli-
cation factor of 1.2 is used vice 1.3 a better approximation

is obtained. The results are tabulated in Table 2.2.

% J. FORWARD FLICHT POWER CONSIDERATIONS
S The total power in forward flight consists of induced,
| R profile and parasite power. If the heliccpter is a single

"
- rotor vehicle, the tail rotor power should be taken into

A 23

AT . e
» fiyy, R o T S R W T Ty T el U e s Ve T L)
h N N A 3 s o \ " A » L I N R T . T R “ . oW - - -
- ’ [l hinhiibad sl Ll A Al VYR PO O LARYA Y L N TN R N N R A




g R P i Rl o a i b TR U T S Tk e Tl ther o B Rk 10 D oth B S T Tt MACILS: Wl e ¢ R - gl I SUR I S N

TABLE 2.2

TAIL ROTOR SIZING

HELICOPTER ACTUAL TAIL ROTOR APPROXIMATION [FT]
RADIUS [FT] [2.20] [2.21]
AH- 64 4.6 4.98 4.59
UH- 1N 4.3 4.90 4.52
SH- 3H 5.3 5.95 5.5
S-76 4.0 4.11 3.79
UH- 60A 5.5 5.85 5.4
CH-53D 8.0 8.42 7.78
CH-53E 10.0 11.15 10.29
¥
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n etc.] for accurate calculations. However, a reasonable

account, as well as all mechanical losses [transmission,

P

approximation can be obtained by considering only the main

rotor and increasing this power figure by several percent

Ca e

. to account for these losses.

Figure 2.2 is a plot of the induced, profile, parasite

L
* 3 +
o and total power curves for typical tail rotor helicopter.
v
N
MAIN ROTOR POWER
o SSL CONDITIONS
4 OUT OP GROUND EFFECT
Ly i
[}
0
4 g
- &
% Ei
5
N gi
" qi
- Sl
A A\ ;
3
\ “1

AN

Figure 2.2. Power Required Versus Forward Velocity

M, The induced power drops off rapidly with increasing
N

") forward-velocity, whereas the parasite power increases
» rapidly.

S Parasite power is the power required to overcome the
2

\ .

h drag forces created by the aircraft's geometry. These drag
k- forces are due to pressure drag and skin friction.

N 25

(LN

x'

2

Ja

------------

T o Y e ¥ 2y ¥ e AT m T e e -
AR B MV YOR DR C TR RN P CTOAL P PP AT AT LTCRR P I

\’ .'.- :v \n"l' '...r “u ‘\"-c' oy Ty




L)
N

- % ¥
‘,l!_

"y
w
\
"
My

"

e

A

SR

LT AIN
LIRS

AN
"

CRIU I A SRR Tl R LM Sl A A R Sl L R B A N R VROl e S TN B S R B AR & - AT W e T R L L T R
A R et et i A T NN N AT A

Parasite drag is extremely sensitive to the helicopter's
loading. It is generally a minimum for forward flight and
increases for sideways flight. Helicoptérs are generally
streamlined for forward flight and the flat plate area is
a8 minimum in this direction. The equation for the parasite

power 1is:

1 3
Pp 3 P Vf ff (2.21)

The parasite power is a function of the cube of the
forward velocity. As such, with the advent of high speed
helicopters a great deal of consideration has been placed
on streamlining the geometric shape in order to reduce this
power requirement,

Blade element theory is commonly used to develop the
profile power equation for forward flight. An excellent
develcpment of this equation is given in Reference 1.

The profile power equation in forward flight is:

1 3 2
Pog =5 © Cdo pA VLT [1+ 4.3 u7] (2.22)
Equation (2.23) is a function primarily of the main
rotor geometry. The variable with the most significance
is the rotor tip velocity; increasing the tip velocity from

600 to 700 fps results in a 58.8 percent increase in

profile power [assuming other factors are constant].
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The induced power is a function of the induced velocity.
In a hover, the total flow through the rotor system is
induced. As the forward velocity increases, the mass flow
rate through the rotor disc increases due to the forward
translation of the helicopter. This reduces the induced

velocity.

The equation for the induced power requirements at all

forward velocities is:

(2.23)

where

sz/Vz 2...2]% 1z
Vi, = Lo s [vf /2 ] + 10 .V (2.23a)

At high forward velocities, the induced power required
can be approximated as:
P, = WV,, - w? (2.24)
i it © ZoAVp :

The total power for forward flight is the sum of the

induced, profile and parasite powers.

—-—

Pp o= Py + P+ P (2.259)
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PT T.Vit + E U CdO p A VT [1 + 4-3 U ]

(2.25a)

+ % p fg st

At high forward velocities, equation (2.23) can be

substituted into equation (2.25), resulting in:

S CEA R AV o+ 4.3 Vf]
T " ZoAV; * ¥ “do P T "2 AR
(2.26)
r3e g Vg
I1f one makes the following assumptions:
W = const Cdo = const
p = const g = const
VI = const
Equation (2.26) reduces to
: K
« 1 2 .2
Pr F+K R +pp (2.27)

The derivative of equation (2.27) with respect to radius is:

dPT ZKl
a-ﬁ—. = - -I-{z'—- + 2 KZ R (2.28)
28
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Setting this equal to zero,'one obtains:

2K
®y L
- 2K, R =0 (2.28a)
E'S" 2
' R 2Ky
7«[.§3_+2K2R1-0 (2.28b)
K
1 -, R? (2.28¢)
p. = p (2.28d)

This defines point of minimum total power required for
VMAX range. This corroborates with the results obtained by
Waldo Carmona [Ref. 4].

If the total power required is differentiated with

respect to forward velocity and is set equal to zero, it can

be seen that

3P (2.29)

(2.30)
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e
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if
e Solving this equation for velocity results in:
f}"a
tlﬁ, W A 1/2 1/2 :
;:.i Vf - X H—f— ft/sec (2.31)
3
V“‘ ]
ik According to Carmona [Ref. 4], this corresponds to the
-
:i best endurance velocity.
v
5!
b K. DENSITY EFFECTS ON TOTAL POWER
&% The effect of density on the total power required in
&'

s

A

-

forward flight is as follows:

-
o

Y

The general operating altitudes of a helicopter are

"
R below 10,000 feet. The corresponding ICAO STANDARD
i ATMOSPHERE range for density is
i
. 2, 4
| p = 0.0023769 [1b sec’/ft"] sSL
e 2,0 4
Y p = 0.0017553 [1b sec”/ft"] at 10,000 feet
o p/pSSL varies from 1 to .7385.
v
ﬁﬂ The effect on the components of P, are as follows:
*ﬂ Induced Power:
o0
& 1/p/0SSL =>1 to —grs
i
%* This translates to a 35 percent increase in the induced
s power.
)
o
b,
A
1
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té Parasite and Profile Power:
_"8 Both parasite and profile powers are directly propor-
?d . tional to the density ratio. Therefore, as you go up in

altitude both PO and Pp are reduced.

SRR
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IYI. CARPET PLOT DESIGN STUDY

A. DESCRIPTION OQF PROBLEM

Preliminary helicopter design involves one with a wide
range of choices. For any given payload and performance
specifications, there a number of helicopter designs that
satisfy the requirements. The problem in the preliminary
design process is narrowing these possibilities and

selecting the design which will provide the best helicopter

%@k for the mission.

gf; Obviously, the operating environmental constraints help
Eﬁﬁ to define the basic configuration. These constraints are
:zg . usually specified in the Request for Proposal [RFP], in the

case of a military helicopter. For example, typical

) .

;ﬁ constraints placed on the design of a Navy helicopter are
'¥§ the size of the ship deck and hangar from which it will be
5;  operating, the requirement for a blade fold system, dual
”@g engine configuration and IFR capability.

;ﬁ% Even with these design constraints, there is still

f:: a great deal of leeway. In order to insure that the best
éfﬂ helicopter design is selected, an appropriate number of
e

solutions satisfying the specifications should be inves-

SR

1%

tigated. Since each solution is generally characterized

by a different combination of design parameters, the

lzéfi

¥
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selection, according to Greenfield [Ref. 5], can best be

made through a parémetric study which allows for the
optimization of many design parameters.

One method of parametric analysis used is Carpet Plots.
This method is based on the simultaneous graphical solution
of the weight and hover performance equations. To this
solution set is added to the environmental constraints to
the helicopters size. This effectively brackets the area
of acceptable design solutions.

This method assumes that minimum gross weight is the
criterion by which the best [or optimum] design parameters

are selected.

B. ASSUMPTIONS
1. Airfoil used is a derivative of the NACA 0012
with the following mean approximate values from Reference 5.
a = slope of airfoil section 1lift curve, dCt/da R
| per rad.
a = 5,73

§ = blade section drag coefficient

009

2. a) The tail rotor radius is assumed to be .16

times the main rotor radius [Ref. 5].




b) The distance between the rotors, or tail rotor
moment arm, &pp is 1.19R [Ref. 5]. These ratios reflect
the values of maximum rotor diameter and overall length
specified as size limitations.

3. B = .97, Historical approximation ([Ref. 7].

C. METHODOLOGY

In or@er to properly develop the weight and performance
equations required for a carpet plot design study, the
payload and performance specifications of the helicopter
are needed. This data is used to tailor the equations for
the design.

The equations will be developed here for a four-place
light helicopter. The equation development procedure is
applicable to other size helicopters; the development for a
medium helicopter, 20,000 1b weight class, is to be found
in Appendix B.

The following specification requirements which are
similar to those in Reference 5 will apply to this design:

1. The rotor diameter should be less than 35.2 feet.

2. The overall length should be less than 41.4 feet.

3. The gross weight of the helicopter should not
exceed 2,450 1lbs.

4. The helicopter should be capable of hovering, out
of ground effect at 6,000 feet with an ambient air tem-

perature of 95°F,

34
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) 5. The useful load at hover shall consist of, as a

E%
minimum, 200 1lbs for the pilot, 400 1lbs of payload and
'ﬁ . sufficient fuel to give the helicopter up to three hours
, endurance at sea level conditions.
YR
6. Maximum speed of at least 110 knots using Normal
v Rated Power, at sea level.
'% 7. Total Power Required at 6,000 feet and 95°F shall
be not more than 206.
|
:l
h D. HOVER EQUATIONS
o
¥ 1. The main rotor power required to hover out of
b ground effect is
ff Total Main Rotor Power [Hover] = Rotor Profile Power + Rotor
t Induced Power
5 1.13W
b4 pT =
« £
SSOBv73o p/p0
(3.1)
p , Wpoeleg LRQ___ ]
3 Y I100 C “_790
A
2 At an altitude of 6,000 feet and a temperature of 95° ,
2
A p/p, = -749395 . Therefore, equation (1) can be simplified
T to: - -
v 1/2
L =
by (3.2)
- o 231971 1167751 + 1.80779 C, . Z)W V
Cp LRo T
N Ro I
; 35
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;3‘ The tail rotor thrust required to counterbalance the
"\P@ﬁ

main rotoar torque is:

!

il‘.

e, 550 P.R 550 P

vgr 0y T = T = T (3.3)
2 TR~ g Uy LIV

e
%ﬁ where %R hxs been defined as 1.19R . With RTR defined
ﬁ; as .16R , the tail rotor disk loading can be written,

PO Y

, using equation (3) as:

kl”;::‘fsf

.ép\i“

[

i : I Trr . 550 PT 1

R TR Ap TI9VG D16m) 2

(3.4)
N

Z:'E ) 550 F:T DL

I

f:, . Greenfield [Ref. 5], in his development, assumes that
By

%q the tail rotor tip speed is equal to the main rotor tip

Yo
,:“ speed and that Stp ® .02 and Bqp = .90 . With these

A 1 assumptions the equation for the tail rotor power required
f* to hover can be written as:

'

s p 3/2

e p = 2055.7 DL ]1/2 Thover

i T | weTs,

495 TRHover 0 T

?3 (3.5)
e .012605 P,

T “Hover

-‘.‘ + C
Ly LRTR

A@
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The equation for the tail rotour mean blade lift coeffi-

f cient can be written as
-
CLRTR S/ ) (3.6)
[ L0y 4
g
oy if it is assumed that the tail rotor is designed to counter-
f% balance a sea level main rotor torque equivalent to 90
A
) percent of the installed power.
f{ Substituting equation (3.6) into equation (3.5) one
J:]i
. obtains the following expression for hover tail rotor power:
Irad 3/2
it P - 23747 [ DL MR Py
Y
D
-?{ It is assumed that the gear losses amount to 3 percent
$£ and that there is a 1 percent cooling power loss, the total
v brake horsepower required to hover becomes:
Prn + P
. Tm TTR

Empirical studies have shown that the tail rotor power

required to hover can be approximated by

ﬁ«
Y Pp ~ .8 [total horsepower to hover]
' AC
By
. This allows one to write the main rotor power required to
;: . hover as:
Prm = (.88)(PTm) (3.9)
37
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Following Greenfield's [Ref. 5] development further,

if equations (3.2) and (3.7) are substituted in equation

(3.8), one obtains

Pr o = 036757 W VDL
H6000/95

+ 223803 90y°5 (1 4+ 1.80779 C,, %] W Ve (3.10)

—ELRO

+ 2473.6 /%&

Utilizing the approximation for tail rotor power,

LRo

3/2
me

T

+ 5.5348

equation (3.9), equation (3.10) can be solved for W
(gross weight) as a function of variables Vo (tip speed),

DL (rotor disk loading), C;p, (rotor mean lift coefficient)

and PT (total power to hover).
H
0 ERPTEUPTI. Ay RSP Y K
- . + — -
: At mmm) |
W o= . (3.11)
VT + K4 vDL
where:
K, = P 0 L%Qli (3.11a)
1 T6000/90 5 :
.00025929 2
K, = (1 + 1.80779 C ) (3.11b)
2 LRo LRe
38
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. §§%ﬁ§2 (3.11c)

K 3695.7 (3.114)

;= 4%%%%§ (1 + 1.80779 ¢ p ) (3.11e)

Equation (3.11) has been programmed in Appendix B
and solved for tip speeds from 600 to 700 cps and CLR
of .3 to .7.

Equation (3.11) is one of the two primary equations used
to obtain the data required for a carpet plot design
analysis. Generally, the variables VT y DL, CLRo and
PT , that are required for solution have specific ranges
of values, depending on the weight class of the helicopter
being designed. The graphical results of equation (3.11)
for tip speeds of 600 to 700 fps and mean lift coefficients

between .3 and .7 are illustrated in Figure 3.1.

Both the Fortran and Disspla programs, as well as a

?3” decision making flow chart are provided in Appendix C

;é% to aid in using this method for a design solution.

Ak -

::' E. WEIGHT EQUATIONS

faﬁ Weight equations need to be developed that realistically
;g X reflect the sizing class of the helicopter being designed.
fﬂ The evolution is greatly simplified if a specific engine
E 39
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installation [# and horsepower] is assumed, since the

weight of a number of components depend only on the
installed power; this would include such terms as the engine
controls and accessories. Another category would be those
components whose weights depend on either the gross weight
on two or more of the following in combination: rotor tip
speed (VT), rotor diameter (R), rotor solidity (o).

The equations developed here are taken from the Hiller
Aircraft Corporation Performance Data Report. [Ref. S] In
this report they assumed a specific engine installation,
the Allison T-63 with a military power rating at sea level
of 250 horsepower.

There is a possible problem of the validity of these
weight relationships when applied ﬁo different helicopter
design categories. However, assuming a specific engine
determines a uumber of the component weights, and thus
minimizes the inaccuracies. Using the weight estimation
relationships developed in the Helicopter Design Manual
[Ref. 2], the engine, control and accessory weight can be
calculated and the weight formulas developed here applied
to give a representative useful load and empty weight
formula for preliminary design analysis. This is done in

Appendix C, for a 20,000 pound class helicopter.
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The following relations are used to reduce the component

weight formulas for the specification helicopter:

W/DL = A = mR% (3.12)

W/PL = MHP = 250 (3.13)

(Military rating for Allison T-63 at sea level.) (PL =

Power Loading.)

P = /K7VT (3.14)

Using these equations the componént weight for the

specified helicopter empty weight may be reduced to the

following:
Engine, Controls and Accessories = 617.5 1lbs.
Engine Section 1.07
Group .053[w/PL] ™" = 19.5 1bs. (3.15)
Main Trans- w1.295 803
mission 10.43 = 1221 p° (3.16)
. 863
(PL VT)
Rotor Drive w1.05 ' 7
Shaft 5.56 — T - 266 p° (3.17)
{(PL VT)‘ (DL)°
1.14
Tail Rotor 32.22 —H . 12149 (3.18)
(PL VT) VT
42
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‘ The engine, controls and accessories category includes
L such items as lubrication and oil cooling system, engines,

communications, engine controls, engine accessories,

‘ig instruments starting system, furnishing, flight controls,
4
g . electrical system and stabilization. These are considered
gx% fixed weight items determined from specification of the
9
igé engine and weight class of the helicopter.
"
» Tail Rotor w75
i (PL Vo 7(DL)* )
B
¥y
‘ﬁ X
w Tail Rotor w1.355 57
N Drive .124 Y, 5T = 2.886 P*°0 VA~ (3.20)
o Shaft (PL V) 37 (DL)
e
N
Y Body and. .
2 Gear - 1.91 w0 4 L0204 w%°
2 A Landing
b%ﬂ Rotor y1-185 .33 W 185 .33
fx Blade 35.15 T8y = 35.15 - AT o (3.21)
) Teetering Vo (DL) ° T
88 T
R
R Rotor Blad 1.205_.33
:“uﬁ otor ade . .
N Artic- 19.77 X Soe = 19.77 Y 4205533 (3.22)
- ulated VT(DL)‘ T
-
%
1 Rotor Hub wl-21 21
lﬁj Teetering .0088 ——1 = .0088 WA (3.23) |
o - ;
‘
b Rotor Hub wl-2l 21
\ Artic- .00975 ——x; = 00975 WA’ (3.24)
S ulated DL’
0
N 43
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Fuel System .416 per gallon capacity = ,0615 WF (3.25)

where Wg = fuel weight.

The individual component weights may now be combined

into a single expression for the helicopter empty weight.

i _ 863 7 17449
Wy = 617.5 + .0617W_ = 1221P +asep” 4 Ugiey
T (3.26)
+ 58.47/F + 2.886P"°/vEK + .191w 210 & 0204w 99

+ appropriate rotor blade and hub weights.

As stated earlier, the design specifications called for
a useful load consisting of a pilot (200 1lbs), payload
(400 1bs) and the required fuel weight (w%). The fuel
weight is caiculated for the Allison T-63 in the following
manner: endurance of three hours at 85 percent of normal
rated powered for the T-63 is 180.2 HP and the specific
fuel consumption at this power is .783 1lbs fuel/BHP HR.
Including an allowance for a three-minute warm-up at NRP
and using a 5 percent correction factor on SFC, as

specified in Reference 5, the fuel weight becomes:

W, = 3(180.2)(.822) + gU (212) (777) (3.27)

F

An allowance should also be made for oil plus trapped

fuel. This is estimated at 20 1lbs.
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The total useful load is the sum of the useful load

items.

W, ™ 200 + 400 + 452.6 + 20 = 1072.6 1lbs (3.28)

A new variable, wBAR y is defined as the sum of the
emply weight plus useful load. It is the of equations

(3.26) and (3.28).

) 863 _ 7 17449
T
(3.29)
+ 2.886P 7K « 191w 216 4 0204w %9

+ appropriate rotor blade and hub weights.

Equation (3.11) together with equation (3.29) form the
basis of a carpet plot design study. These equations are
solved simultaneously for WBAR . This solution is best
illustrated graphically, as in Figure 3.2. The graph in
Figure 3.2 was generated for a specific value of CLR over

a range of tip speeds-[{600 to 700].

F. GRAPHICAL ANALYSIS
Graphs similar to Figure 3.1 are generated for several
value of CLR , and are then cross plotted to form Figure

3.2,

The mean lift coefficient, CLR , values are selected

based on what is considered the historical average range of
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fig values. Figure 3.3 is basic plot for a carpet plot design
i
el study. Programs are provided in Appendix D which will

generate the required data sets and plots of Figures 3.2
and 3.3.
The solution field depicted in Figure 3.3 is too large

to be of great analytic value and as such must be reduced.

>

Three parameters, maximum gross weight, rotor diameter

S

pc et o
M s e
o 3

(both specified in the Design Specification) and the

=~

aspect ratio can be used to narrow the field of solutions.

CA i A

25

1. Rotor Diameter Boundary

A net to exceed value for the rotor diameter is
generally given in the design specifications. This
ol - limiting vaiue is based on the operating environment of the

helicopter. With R max specified, there is a linear

‘ﬁn | relationship between ‘the disk loading and the gross weight.
(3

oL lv W

i DL = =

g A Rl

oy

qu The resulting bracketing of the solution field by

}1 applying both the maximum gross weight and maximum rotor

diameter limits to the carpet plot are shown in Figure 3.4.

2. Respect Ratio Boundary

It is evident that a further restriction is still

necessary to completely define the region of acceptable

47
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it; design solutions. Studies have indicated that a main
5
™ rotor aspect ratio of 21,1 is a representative upper limit,.
Thus
2
) 21 > Remr> b b o Cip Vp
~ “C<mr> To om DL
v
W b o Cpp Vil
M P
X or DL > 1253‘1}3 2

For the case of a two bladed main rotor equation (3.30)

reduces to:

2
DL > .000012 CLR Vo

The detemination of this boundary graphically is as

N follows:

_F{ ) The hover solution plot of Figure 3.2 is replotted?

;i relative to the coordinates disk loading and design mean

o blade lift coefficient. The limiting curves for

'i? DL = .000012 C;p VT2 are then plotted. The intersection
f§ with the appropriate constant tip speed lines of the hover

solution represent the aspect ratio boundary; Figure 3.5.

R4 1For a helicopter rotor, the aspect ratio is defined as
g ' the radius divided by the chord.

»

b %For clarity lines of constant gross weight are omitted.
§5
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These intersection points are then cross plotted onto
Figure 3.4. Figure 3.6 represents a graphical plot of the
solution set satisfying the performance and structural

design criteria of a small cbservation helicopter as

specified in this study.
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IV. HESCOMP

A. DESCRIPTION OF PROGRAM

HESCOMP is a helicopter sizing and performance computer
program developed by the Boeing Vertol Company. The program
was originally formulated to provide for rapid configuration
design studies.

A number of programming options are available to the
user of HESCOMP. When the type and mission profile of the
helicopter are known, HESCOMP may be used to size the
aircraft. Alternately, it may be used for mission profile
calculations when the sizing details [gross weight, payload,
engine size, etc.] are specified. A combination of these
two options is also available; the program may be used to
first size a helicopter for a primary mission and then
calculate the off-design performance for other missions.
Finally, HESCOMP may be used solely for obtaining helicopter
weight.

Sensitivity studies involving both design and per-

formance tradeoffs can easily be done with HESCOMP. Incre-

mental multiplicative and additive factors can be imbedded

23" 2" ¥ >

?;‘ B

»
L

in the input data.

l.l

The various helicopter configurations that may be

studied using HESCOMP are detailed in Table 4.1.

CXRRAAD [

4
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TABLE 4.1

HELICOPTER CONFIGURATIONS
WHICH MAY BE STUDIED USING HESCOMP

WELICOPTER COWF IGURAT10NB ﬁucn MAT BE STUDIED UBING WESCOMP.

R T e b )

Additional Litt/Propulnion ,
stom Componunte Hhich }
uat be Added to Propeller Type of Auxillucy
flelicopter "Puce® tor Auniliacy tndependdnt Enginas |
Type w Auxillary [Independent
{Doth Single & Tandem Rotor) Hing | Propulsion] Engines  17/8hatt | T/fan | T/Jat
Pure Helicopter .
Winged itelicopter X
Compound llul lcopter :
(1) Coupted (prim, engines X X
drive auxiliary propuleion
systum)
(2) Auxitlary independent )
e propulsion system .
fu) T/Shatt engine X X . X X
(L) T/Fan engine 1 4 , X
(c} T/Jet cngine X N X ]
Auxiliary Propulsion lellcopter
(1) Couplud lrr!m. engines X
drive suxijiary propulsion
syutem)
12) Auxillary fndependent
propulsion system
ta) 1T/8haft engine X X
(b} T/Fan engine X X
‘ X X
‘oaxinl Rotor lelicupter .
(1) Coupled {prim. enyines x
drive suxlliary propulslon
systom) \
(2) Auxitiery ludependont
propuision system
(s) T/8hatt ongine 'z X x
{d) T/Fen ongline X . x
te) T/Jot engine x .
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B. PROGRAM MODIFICATIONS AND IMPLEMENTATION

The computer program received from Boeing Vertol
required some modification and reformating in ordex to run
properly on the Naval Postgraduate School IBM system.

These alterations did not, however, alter the program output
or usability.

HESCOMP, as received from Boeing Vertol, was 17821
lines long and set-up as a sequential data set to be
assemble on a 'G compiler'. The Batch processing system at
the Naval Postgraduate School accepts only programs set to
run on 'H comgiler'. Normally, the differences between
these two compilers are minor and programs that run on one
will run on the other. However, this was not the case with
HESCOMP. '

In order to facilitate the program debugging process,
HESCOMP was reformatted as a partitioned data set. What
this effectively did was to break the program down into
eight members of approximately 2000 lines. The program
breakdown is illustrated in Table 4.2.

Each of these were compiled individually and then error
codes analyzed. The member data set was then modified as
required to properly compile..

Once all the members of the partitioned data set
compiled properly, HESCOMP was again formated as a

sequential data set and run utilizing input data for
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which there was a known output. This insured that the
modifications made to the original program had not altered
the logic, ie., gave faulty results,

The control larguage program to access HESCOMB on the
~ Batch processing system and a sample input and out data
set are shown in Appendix D. These are also available

on the Aero disk for copying and use,
TABLE 4.2

PARTITIONED DATA SET

MEMBER NAME LINE NUMBER SIZE FIRST ROUTINE
S1 1 - 1681 | 1681 AERO
S2 1682 - 4132 2451 CLIMB
S3 4133 - 6531 2399 XIBIV
S4 6532 - 8974 2443 PCWAVL
S5 8975 - 10870 1896 PRINT 1
S6 10871 - 13042 2172 ROT POW
S7 13043 - 15383 2341 CRUS 3
S8 15384 - 17821 2448 TAXI

PROGRAM FLOW

(@

The program is conceptually outlined in Figure 4.1,
[Ref. 7). The program flow is monitored by a general loop,

which controls a series of peripheral programs. Therc are
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e IRGINL ANU PROPLLLLU/KUIOR DATA
o |MuiM S1im CALLuiA

o VNI GLoE IRIC OO F 11T 1OMS
o SUNSTSTLN W IGHT TRUNI COFFY ICHEMTS theut
o WNICLL AERUDTIAEC CILARAL TLATSHICS
o MISSION PRUI LS DAJA

0100
PCN ORANGE
SUBRUUT Ik

LUGINE Piwf .
SURROUT INL

[ ] i |
nigsion ALRO ) NG INg C AL
PLAF ORVNCT DYNAMICS :&mﬂﬁ" SI1ING 1AL NOS
SUBPAUGRAM SUUNOUT I ¥ ST 1Nt SUBNOUT I

oty
PR <
® OFTAILLD VEHICLE O1MINS FUw,
SUBROUTINES S SUOYSIENS WL 1GHT BACARCUMY

o LNGING BATED POMIA
¢ PAMASITL ORAG SA{ASDOWN
o BIS5100 PLAIOMNARLL |INE K" TORY

Figure 4.1. HESCOMP Program Flow
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a total of 44 subroutines. Detailed program descriptions

cam be found in Section 4 of the HESCOMP User's Manual.

D. PROGRAM INPUT

Program input can be loosely group into ten categories:
general information, aircraft descriptive information,
mission profile information, rotor tip speed schedule,
incremental rotor performance, auxiliary propulsion input
schedule, engine cycle information, rotor performance
information, propeller performance information, and
supplementary input information.

The actual amount of input data requires varies greatly
with the program options selected. An example of a data
set formatted to run on the IBM system is shown in
Appendi; E. A more detailed explantion is hvailable in

Section 5 of the HESCOMP User's Manual.

E. PROGRAM OUTPUT

An example of the program output is included in
Appendix E. The printout consists of general data, input
data, sizing data [program output] and mission performance
data [for the size helicopter]. Detailed descriptions of
these and diagnostic error statements are described in

Section 6 of Reference 6.

59

0 A N A R D A T T A L T O N Pl o




e Ao S A A SR A &

V. CONCLUSIONS AND RECOMMENDATIONS

Three approaches to analyzing a preliminary helicopter
design were explored in the course of this paper. It was
found that a number of the performance equations could be
greatly simplified with little degradation in the final
results. A sensitivity analysis brought further insight
into the inter-play of the parameters and how changes in
them tended to effect the helicopter performance equations.

Carpet Plots provided the most interesting method of
analysis. Development of a graphical solution matrix
using this method provides a usual interpretation of what
is occurring when key parameters are var@ed.

Two cases were explored; a light observation helicopter
in the 3,000 pound weight class and a heavier utility
helicopter in the 20,000 pound weight class. The Carpet
Plot method provided reasonable solutions in both cases.
In doing the analysis fof the utility helicopter, the
initial weight estimation equation had to be adjusted
upward by approximately 2,000 pounds for the equations to
intersect properly. This is not considered a limitation
to this method of analysis, however, it does point up an
area for further investigation. It may be possible to
develop more accurate weighing factors for this equation

when dealing with higher gross weight helicopters.
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’? HESCOMP provides a plethora of information to the user.
? However, the price is the amount of inputed data required
Y i for even a simplified analysis. At a preliminary design
g]- level of analysis, the other methods explored provide a
Ly quicker first-cut look at the potential design.
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APPENDIX A: NOMENCLATURE

DEFINITION

Slope of Airfoil Section
Lift Curve

Rotor Disk Area
Aspect Ratio
Tail Rotor Disk Area

Number of Rotor Baldes
Tip Loss Factor
Main Rotor Cord

Profile Drag Coefficiept
at Zero Lift

Design Mean Blade Lift
Coefficient at Sea Level

Coefficient of Thrust
Coefficient of Power

Blade Section Drag
Coefficient

Disk Loading
Figure of Merit
Horsepower

Tail Rotor Moment Arm

Air Density
Advance Ratio

Rotor Radius

62
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UNITS

Radians

£t

Dimensionless

£t

Dimensionless
Dimensionless
ft

Dimensionless
Dimensionless

Dimensionless
Dimensionless
Dimensionless

1b/£t?

Dimensionless

ft

1b secz/ft4
Dimensionless

ft
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DEFINITION UNITS
Total Power HP
Main Rotor Total Power HP
Tail Rotor Total Power Hp
Profile Power HP
Induced Power HP
Parasite Power HP
Power Loading LB/HP
Rotor Radius ft
Thrust HP

. Induced Velocity . ft/sec
Forward Velocity ft/sec
Aircraft Forward Speed ft/sec
Rotor Tip Speed ft/sec
Aircraft Gross Weight 1bs ;
Empty Weight ibs
Fuel Weight 1bs
Useful Load 1bs
Empty Weight Plust
Useful Load 1bs
Solidity Dimensionless
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o8 APPENDIX B: CARPET PLOT FORMULATION FOR 20,000 LB.
CLASS HELICOPTER

Bl SPECIFICATIONS:

ET L

<+
"L,

. s T T

Maximum Gross Weight: 20,000 pounds
Maximum Rotor Diameter: 30 feet

B2 PRELIMINARY ENGINE SIZING:

B2.1 Utilize equation (2.14) to determine engine
horsepower category.

=3

Ry,
o

P P
ﬁ o
- o

W = [4.753p.R]%/3

B o A A

20,000 = [47.53Py 3072/3

r--
.
¥

oS G
i = } -

P, = 1983 HP

T

g
&3

B2.2 Use the engine selection parameters tables B.l
to determine the number and type of power plant

Fr X -

g’ [table taken from Reference 3].
)
,§5 B2.2a Type and number selected: 2 type C.

B2.2b Specifications:

$5a

Dry Weight Per Engine: 423 pounds

,;,-1
¥4

oy Shaft Horsepower at Standard Sea Level:
5 Military 1561 HP

.

2 Normal 1318 HP

o '

:g B3 WEIGHT EQUATION FORMULATION

dot

o B3.1 To obtain the engine control and accessory

A8 weight use items 7, 9, 10, 11, 12 and 13 of
43 the weight estimation relationships developed
¥ in Reference 3 for a utility helicopter:

™ #7: 609 1lbs; #9: 129 1bs; #10: 76 1bs;

#11: 410 1bs; #12: 439 1bs; and #13: 302 1bs.
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TABLE B.1l
ENGINE SELECTION PARAMETERS

The following turboshat power plant data are
presented for one engine.

Engines: A B C D* E F
Dry Weight (1lbs) 158 288 423 709 580 750

SHP (ssl) Military 420 708 1561 1800 2500 3400
Normal 370 659 1318 1530 2200 3000
Cruise 278 494 1989 1148 1650 2250

SFC (ssl) Military .650 .573 .460 .595 .615 .543
Normal .651 ,573 .470 .606 .622 .562
Cruise .709 ,599 .51 .661 .678 .610

Initial Costs $93K $100K $580K $360K $640K $700K
Operating Cost :
per hour/engine $8 $16  $29  $35 $40  $60
Preventative Maint
per hour/engine $25 $50 $100 $125 $160 $220
‘ MTBMA (hrs) 3.5 3.0 2.0 3.0 4.0 3.5
o MDT (hrs) 0.7 0.6 0.5 1.3 2.0 2.6
i‘g‘! J3 ’
;g& MTBF (hrs) 185 210 205 285 280 320
i)
g MTBR (hrs) 600 750 800 800 1000 750
o
v
L
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B3.2

B3.3

B3.4

B3.5

B3.6
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Simplifications

%r - A= R, I%ﬁ « MHP = 31,00 ; P =

Engine Group

1.07

.053(5100) = 272 1bs

Main Transmission

A+.432

.863.. .863
Vo

1.295 w.863

3.3 e 7 S
iy

W
(4pm Vi)

10.43
(2pm)

= (10.43)(3100) - 863p-863

- 10,748p* 863

Rotor Drive Shaft

1.05

5.56 L p— 5.56(3100) " P’
o A—
(epm Vo) [x]
= 1545p° 7
Tail Rotor
1.14
52,22 W _ 307,600

1.14 v l.14

(4pm VT) T
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"0,

X

KLy,

,j: B3.7 Tail Rotor Gear Box
e .75

i 3.7 W = (3.7)(3100) "°p"°

j}‘ - ‘V L}

¥, Lpm V

;g (epm Vo) (7]

" = 206P°°

(x

i

% B3.8 Tail Rotor Drive Shaft

e

' 1.355

4 .57,.57

ii .124 _—-ﬂf37—w77§3 = (.124)(3100)°7p*37 &~

i (2pm) gy

i A

It = 12.12P*°7 VK~

3

t% B3.9 Landing Gear .

. = 1910716 & 0294w %°

\

nﬁ B3.10 Rotor Blades Articulated

,$ y1-206_.33

K 19.77 g

: 203

I V.. DL

? T

s

& .205_.33

. ~19.77 §-a ¢

(s

T B3.11 Rotor Hub Articulated |
S i
R wi-21 21 |
W !
a 67 .
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B35.12 Fuel System 0615 W

F

Calculation of fuel weight three hours at
cruise SHP

1513 1bs + 10%

1664 1bs

B3.13 Total Equation
WB = 12,987,* + 107948p°883 4 1545p+7

307600 : 7
* STIr * 206R°° v 12.120°57 /R
T

191w 916 4 o294y 9¢

+

v 19,77 M 40205 -

W 533 & .00975WA"
T

B4 HOVER EQUATION

Following the formulation in Section of Chapter 3,

tA

the weight equation based on the design mean 1lift coeffi-

i
N , .
-¥ cient and power required is:
A ‘
DL3/4'/ vp M2
K21'411.51 —_-3-72\1+KSE) 'K4
W = ; T —
Vp + K vDL

*This number was increased from 8987 to 12987 to bring
the curves together. This reflects a 4000 1b useful load.
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where:

2

_ .9583
K, = “F== (1 + 1.8078 C o )

LRo

~
™~

5
Pr6000/950 L%Q-l
1

0.00025929

K » et
3 Ci s
LRo

2

(1 + 1.8078CLRO

553480.0
St

B.5 GRAPHICAL RESULTS
Figure B.1 is an example of equation (3.13) plotted
against equation (B.4) for a specific design mean 1lift

coefficient.

Figure B.2 illustrates the family of curves obtained

when the design mean 1lift coefficient is varied from

0.3 to 0.7 .
In Figure B.3 the solution matrix depicted in Figure

B.2 is narrowed by the constraints placed on the gross

weight, rotor diameter and aspect ratio.
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3% APPENDIX C. CARPET PLOT METHODOLOGY FLOW CHART AND
s EXAMPLE PROGRAMS:

This section contains a flow chart to help organize
W
S a carpet analysis and example IBM computer programs to

%ﬁé produce the data sets and disspla graphs.
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APPENDIX D. PROGRAMS TO ACCESS HESCOMP

This section contains the control language programs

needed to access HESCOMP on the IBM main-frame computer.
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APPENDIX E: HESCOMP INPUT AND OUTPUT EXAMPLES

3=

This section contains samples of the IBM computer

o o -

Rt
2>,

-

. input and output.
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