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ABSTRACT

Thiz paper reviews and expands a helicopter level flight
performance data analysis procedure that was formulated by
Dr. E, K. Parks of the Aerospace and Mechanical Engineering
Department, University of Arizona. The data analysis pro=-
cedure presents formulae to account for rotor blade compres-
sibility and stall effects which until recently have been
larg..ly ignored in classical rotor analyses. The initial
approach for determining a helicopter's level flight power
required was through a power buildup concept. This concept
was modified during the report to be more compatible with
the flight test environment. Flight test data of the CH-~3C
helicopter wag used for comparing and verifying the
analytic determinations. Reasonable approximations to the
CH-3C flight test data was attained, although an improve-~
ment in accuracy is needed before the method can be sub-
stantiated as a valid flight test procedure. The analytic
approach utilized was considered to possess the potertial for
arriving at a solution and further studies in this area are

strongly recommended.
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INTRODUCTION

This paper reviews and expands a helicopter level flight
performance data analysis procedure whose objective was to
increase the Air Force Flight Test Center's (AFFTC's) capa=-
bility of effectively analyzing rotary wing aircraft. The
data analysis procedure under review was formulated by Dr.
E. K. Parks of the Universitv of Arizona and is presented in
detail in reference 1. The rationale for reviewing this pro-
cedure was that technological advances have expanded the
helicopters flight =2nvelope into areas where current flight
test analytic methods are at the limits of their capability
for effectively presenting performance. A brief history of
level flight helicopter testing at the AFFTC is presented
below so the readex will become better acquainted with the

problem and thus the content of this report.

In the past, helicopter level flight performance data was
satisfactorily correlated by reducing the data to a nondimen-
sional Cp, Cp, v relatioaship (Cp = power coefficient, Cp =
thrust coefficient, u = advance ratio). Figure 5, appendix
I, is an example of the Cp, Cp, v presentation. One of the

basic assumptions of this method was that ambient temperature

- changes affected power required only through the air density




terms in the above mentioned dimensionless parameters. The
ambient temperature influence on Mach number and ccnsequently
on the aexodynamic aicioi]l crarxacteristics of the rotor
blades was not considered an influencing factor due to the
low airspeeds (80 to 100 knots) and lcw rotor tip speeds

(600 to 650 ft/sec) associated with the older or reciprocat-

ing engine helicopter.

The AFFTC's flight tests on the turbine powered YH-40
helicopter in 1960 (refereace Z) provided the first indica-
tion that some unaccountable parameters were influencing the
level flight power required data. This was recognized
through the lack of data correlation in the Cpr Cp, u pre-
sentation, Further data analysis showed that if the advanc-
ing blade tip Mach number (Mpyp) was included as an addi-
tional variable, then satisfactory correlation could be
attained in the level flight data. Subsequent test programs
on highar berformance helicopters (Uli-1lF, CH-3C, Cl-47A)
yielded data correlation problems of even greater magnitude
than was experienced on the YH-40 test program. As a result
of the data correlation problems encountered during the
above mentioned programs :&énd the requirement that these heli-
copters operate in extreme climatic conditions, special test
programs were developed so that the performance of these
helicopters were accurately defined. These special test
rrograms included iggp as an integral and important part of

the testing which dictated going to different geographical

2
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areas for complete definition of the "ifach Effects." These

programs vere exploratcry/empirical in nature and as a

result had two intrinsic defects. They were:

1. Costly off-bhase testing at climatically suitable

test zreas.,

2. Lengthy data reduction time which adversely influ-

enced the report publication dates.,

The test prccedures developed during these programs are
currently being used; however, successful completion of tnis
study effort was te result in the miniwmizing of the above
mentioned defects. An immnediate goal was to develop the
prescribed analytic procedure to the point where all the
AFFTC's helicopter level flight testing could be conducted
at the AFFTC, thereby eliminating the current need for off-

base testing.

The flight test data used for this analysis was that of
a CH=-3C helicopter as reported in reference 3. The CH=-3C
helicopter built by Sikorsky Aircraft was an amphibious
transport helicopter whose design gross weight was 19,500
pounds with a maximum alternate gross weight of 22,050

pounds. It was powered by two General Electric T58-~GE=-1




free turbine enjines eaci of which had an uninstalled mili-
tary rating of 1,250 shaft horsepower at sea level standard
day. The main rotor system was all metal, five bladed and
fully articulated., Each blade was 31 fcet in length and had
an NACA 0012 airfoil section. The CH-3C had a maximum air-

speed of 144 knots indicated airspeed.
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EVALUATION

GENERAL

As previously mentioned this report is an expansion of
the effort of reference 1. The apprcach taken by reference
1 to determine a nelicopter's level fligh£ performance was
to calculate individual power required terms, sum them to
find the total power required and ther compare these results

with flight test results,

. The approach used in this analvsis is a modified recip-
rocal of the above technique and was changed for reasons of
better compatibility with the flight test environment. These

reasons will become apparent in the following discussion,

In classical helicopter analyses total power required in
unaccelerated level flig % is generally assumed equal to:
Pic = Pj + Pg; + Py
where,

Pjc = incompressible power requircd

P; = induced power required

Po; = rotor blade profile power required (incom-
pressible)

Pp = fuselage parasite »nower requir-=d

or in coefficient form:

where,

incompressible power coefficient

LPic




NOTE: See list

2
induced power coefficient = 1/2 ST

u

= profile poyer coefficient

2
. 80 9 62Cqp
gt TS

parasite power coefficient
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of abbreviations and symbols and the appen-

dix I for definition of symbols.

For this analysis two observations should be made regard-

ing the constants and variables that make up Cpic:

1. The constants occur and remain fixed in all flow

regimes.

2, Cq and p are composed of variables which are inde-

pendent of the flow regime influences.,

Therefore, for incompressible flow ancd excluding stall,

cPic can be expressed as a unique function of Cp and u. This

relationship [Cp;, = £ (Cp,u)] was successfully used in the

past for presenting the level flight performance of a heli-

copter.




Current helicopters have rotor blade tip speeds and for-
ward flight speeds that can cause the rotor to encounter com-
pressibility and stall effects either separately or simul-
taneously. In analyzing a helicopter that has sufficiert
power to operate in this area, the power required equation

must be changed to include terms for compressibility ana stall

thus:
Cp = Cpol + Cpp + Cpl + Cps + Cpc
or
Cp = Cpic v Cps + CPc
where:
Cpg = stall power coefficient
Cpc = compressibility power coefficient

Correct formulation and application of Cps and Cpc is the

key to finding data correlation and is the crux of this report.

In flight test total power required (Cp) is one of the
parameters that is measured. It is also desirable that any
corrections tou tnis parameter be composed of terms made up
of only measurable items or established correction terms.
Since assumptions concerning the rotor motion, etc., must

be made to arrive at the terms wiich make up CPic‘ it was ascer-




tained that the power buildup approacih would incur errors that
would obscure any solutions within CPs and CPc' Therefore,
the method of attack for this analysis was to calculate CPs
and CPc' subtract the sum of these terms from a known flignt
test Cp and as a result establish the unique relationship,
Cpic = £(Cp,u). If this relationship could be established
with a small variance from a norm then the method could con-
fidently be used in actual flight test analyses. To further
pursue this thought, if Cpic were established from data ob-
tained only at the AFFTC, then the performance of a helicopter
could be calculated for climatic conditions unavailable at

the AFFTC rather than obtained through extensive off-base
testing., This approach has its drawback, however, and that
being complete dependence upon the accuracy with which flight
test data can be measured. It was ascertained that a certein
amount of scatter in the final presentation was due to the

accuracy of the flight test data.

ADVANCTING BLADE COMPRESSIBILITY CORRECTION

Based on the results and recommendations of reference 1,
method four of that investigation was used to determine the
power increment due to advancing blade compressibility (Cpc).

Mdlethod four listed Cpc as:




r
GA.(M-ACr)TIP[W = 9001 (l + u)z(l = —rc{z)z

[#]
T
Q
[

wherxes
X = variable constant

¥ = blaue section Macn number

2

L‘flc r

blade section critical Mach number

rer blade radius outboard of which the blade
section free stream Mach number is greater
than the blaue section local critical iach
nunoer

o = planform solidity ratio
Several changes were made during tnis analysis from metihod
four in the technigue wnereby £%£ anu oy wWere aeterimined.
This was accomplisheu only after variation of the constants
in the equations/techniques of method four yielded no signifi-

cant improvement in data correlation. Listed elow are the

. . .. . Icr
original eyuations used to arrive at

-5~ and Mgy as coripared

to the final equations,

TABLE I

Original Lguations

—_— = 2C7
(v = Y90) o{l/3 + u + n2)

for = KL= K2 & (= gy

8

(‘_cz) _ Jor
R (¢ = 90) Mrip

(L +u) -

T -~ T

(1)
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Final Equations

Co(y = 90) = AT

L - £(); (figure 2)

I”Icr = k\l - K’ZLJ; (figure 3)

- (r + uR)
Mr(y = 90) = Mrir uR)

5L = £(Mgp, M)

As way bc observed the general proceuure for arriving
at Mo, and 5%‘ is the same, however, the final method was

more rigorous and yielded more consistent results.

As shown in reference 4, for several inflow velocity
conditions and assumptions the lift coefficient with respect
to r and at Y near 90 degrees is approximately constant.

Therefore, a C; which is an average C; with respect to R

10




was defined for this analysis. In the appendix I EE was de-

rived as a function of Cp, u and Y to be:

G, = 2 Cp
L 7 9l{I/3 + usinY + pesinly) (2)

This equation was changed to:

_ACT5+BCJ‘4+CCT3+ eess + F (3)

Cy = ¢ (1/3 + usin¥Y + uZsin2y)

after data checkout showed equation 2 would not gi-re satis-
factory results at high Cp's (i.e., a stronger power correc-
tion as a function of Cp was needed).2 This incorporation
did not have the impact it was intended to; however, it did
improve the data correlation and therefore was left in the

analysis.

Expressing Mc,y as a function of C; as in method 4 assumes
that Eg% does not change with Mach number. This assumption
was considered inconsistent with the development of this
analysis and therefore the synthesized airfoil data of ref-
erence 5, page 17, was crossplotted into figure 2, whereby
9%& as a function of Mach number was determined. The lack
of airfoil characteristics data in the transonic region
greatly hindered the evaluation and remains a major stumbling
block for any analyses. Mgy was defined as the Mach number
at which the sloping drag rise line intersects the horizontal

incompressible drag line for a given angle of attack. See

figure 2a for a graphic presentation of dcy. The empirical

27he coefficients A, B.....F were determined through curve fitting empirical fairings 1"
superimposed on equation (2) for base line purposes.




synthesized airfoil data of reference 5, page 19, was cross-
plotted into figure 3 and shows the relationship of Mg, versus

a used in this renort. Angle of attack (a) was found by:

(4)

Q

I

(2]
Qi Q)=
fle

. r . .
Calculation of —%I was expanded from method four and was

determined through a computer iteration process. 7The method

r
fcur calculation of {—95
R 1y =90°

A . . L. .
of Mgip where iicy Was based on the flow conditions at the tip

of the blade. Since Mach number varies along the blade

was expressed as a function

radius, each (dr}) has its own critical tiach number making
method four too approximate of a calculation., The final
. . re . . .
determination of _§£ calculatead ily at each blade radius and
. , I .
through an iterative procedure determined —%5 by comparison
of M, with an Iig, calculated from Hg. 7nis procedure also

improved the data correlation.

Tne compressibility corrected data resulting from the
final chosen equations yielded curves of the classical Cp,
Cyp, u form which implied tne procedure was valia; however,
the correction was not strong e¢nough for the eintire envelope
of data considered, and therefore a stall correction was

added.,

12
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From reviewing the results it was ascertained that re-

formulation of equation 1 is needed before better data cor-
relation can be attained. Reformulation must be based on
an analysis of compressibility effects around the entire 360
degrees of azimuth rather than only at ¥ = 90°, Use of
methods 1 and 2 of reference 1 invulves this approacn and

is undergoing analysis at this time.

RETRE2TING BLADE STALL CCRRUCTION
The equation used to ca‘culate the power increment due

to retreating blade stall (Cps) was:

Coo = 797 (L= w? (1= Xg) /T~ %7 (5)
where:
o = planform solidity ratio
and
s . L ,
g = —Rr Where rg is the blade radius outboard

of whicn the blade is stalled
This equation is presented in references 1 and ¢ and is
derived as an estimation to the stall power required incre-

ment in reference 7.

For tue retreating portion of tiae rotor azimuth a uni-

form inflow conuition was assumcd to exist., This assumption

13
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shov:'s Cp = —%— (reference 4) on the retrexting portion of
the azimuth and is consistent with the procedure chcsen for
calculating E%. As in the compressibility section the
cecommended equations of reference 1, method four, are shown

below compared to the final equations used for tnis paper.

TABLE II
Original Equations

c _ 2CT
Ly = 270°) T S(I/3 = u + u2)

c, |\
L
Ig max
R Cy

Fare, - yaoe;

Final Equations

c > = St (6)
L(y = 270°) R o(1/3 - 2/3 u + 1/2 u?)
- [x - uR}
Me(y = 270°) = MPIP(1,270) TR =BT (7)
Cl(max) = ng - Kghi = (figure 4) (8)
E% = f (equations: 6, 7 and B)

see appendix I derivation




Assuming Cp « —%—, C. can be shown to be equal to:

r 2Cp

€2 = R o(l/4 + 2/3 v sinY + 1/ ue sin4y)

(see appendix I derivation)

C_max as a function rach number was determined from the

synthesized airfoil data of reference 5, page 17, and was

crossplotted into figure 4, appendix I. By use of the uni-
form inflow equation for Cy; (equation 6), E% can be calcu-
lated directly by solving e-juations (6), (7) and (8) simul=-
taneously for —%-; r then becomes rg for the definition of

rg occurring witn Cimax‘

Equation 5 was founa to yield too gross a stall power

correction for most of the flight envelope. For a constant

u, and Cp = £(Cp, Mprpl, CPs was tooc gross for low and medium

Cr's when adjusted to give an adequate correction to tie
higher Cp's and likewise when Cpg Was adjusted to give ade-
quate values for the lower ind medium CTs too meager a value

was calculated for the nigher Cpg.

As for the compressibility cerrection, reformulation of

equation 5 is needed rather than redefinition of procedure in

(6)

order to obtain more precise values of CPs' For this to occur

15




more exact airfoil data is also needed so that C‘max =

f(M, a, Re) can be accuretely defined.

RESULTS

Observing figures 6 through 12 is the best way to analyze
the results of this paper. The range of u's chosen for fig-
ures 6 through 12 (u = .14 to .36! adequately covers the low
speed and high speed flight regime of the CH-3C helicopter.
The solid lines on these plots are the power required curves
as determined from flight test (reference 3); the symbols
are the location of Cpic roints after subtracting CPs and
Cpc from the flight test curves; and the dashed line is Cpic
as determined by the author through a crossplotting technique.

These curves are shown as a fawily in figure 5.

If for the entire fliyht envelope a maximum 4Cp of 1 x

1072

could be established as the confidence band of the Cpic
points then the data analysis procedure would be considered
valid and could be used to calculate power requireu for

flight conditions where testing was not accomplisiied. Fig=-

ures 6 through 12 show that the ¢, of 1 X 1075 requirement was

°
met for approximately 80 percent of flight envelope checked;
however, the remaining 20 vercent is the area of most interest

and a solution nmust be found for this area before it can be

applied in practice. The 27 percent where data resolution

16
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could not be attained generaily occurred at the higher values

of u, at high values of Cp and at high Mprp's.

A Cpio line was constructed on each of figures 6 to 12,
This was determined by continuing the line where Cpic is sub-
stantiated (same Cp for a given y and Cp but several Mprp's)
and then crossplotting these curves to give a smooth family
of curves (figure 5). Cpg and Cp, was then calculated using
the final equations in this report for the conditions of fig-
ures 13 through 22, added to Cpic from figure 5 and then
plotted on figures 13 through 22, Here a direct comparison
of actuval level flight speed power points and the values de-
termined using Cp = Cpic + CPs + CPc is made, For cowparison
there are five sets of data, each couprised of two plots at
a given Cp, but witia two different ilpyp's for a given .

Once again correlation is satisfactory except for combinations
of nigh Cy, w and dpyp. Although 100 percent auata correla-

tion was not attained, tihe analysis confirmed that an analytic
approacn is feasivle ard coulu result in a substantial savings

tre rligiut test tine and costcs.

17




CONCLUSIONS AND RECGMMENDATIONS

The analytic approach taken during this study effort to
arrive at a method for effectively determiring and predicting
the level flight performance of a helicopter was considered to
have merit. Satisfactory data correlation was attained be-
tween the calculated and flight test data for approximately
80 percent of the envelope checked. It was deduced that re-
formation of the Cpc and Cpg equations is nacessary before

further improvement in data correlation can be realized.

The lack of available aerodynamic airfoil characteristics
data for an NACA 0012 airfoil in the transonic region hindered
the development of this study effort. Obtaining of these
data is also considered necessary before significantly im=-
proved results can be realized. The overall aims of this

analysis were met and further studies are recommended.

18
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HPPENDIX I

Tnis section explains the common terminology used in
this report, derives tae major equations, ana presents

tile plots used in tiae analysas,

TLiIITLWOLOGY

\"2
¥y = 180°
::“\\\\\\
-+
Area of Area of
stall g <1 . Compressibility
/AI c L{ dr 4 .
Y = 270° L/ N 7 ¥ =90
7T
Q-
\
Yy = 0°

Figure 1. General Rotor Nomenclature




Cp = thrust coefticient = L)

pnR2(Q
_ A _ 550 SsHP
Cp = power coefficient = mm
= ad tio = “t
y = advance ratio = ﬁ-ﬁ
o= %%% = planform solidity ratio

b = number of blades

c = rotor blade chord

Mpip = My, 90) T

In the subscript (1, 90) the first number refers to the
blade radius location in percent R and the second number re-

fers to the rotor blade azimuth angle.

DERIVATION OF MAJOR EQUATIONS

I:

Cy = £(¥, u, Cp)

dL = 1/2 Ty o[0r + Vsin?]zc dr

R
L =1/2 QEECJ[ (or + Vsinw)zdr

(o]

20
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when Cy = C‘nax r=rg
i

tnerefore:

K3 - KM= k-2

I = [r = HR]
e, 270)" (1, 270) Tx = px]

- {r - uR] _ . ¢
K3 = Kay  590) Ta=—rT = °°%

I
r~1

See derivation II for a tneh comwining terins:

rg . K3 - K3u + Kqp M(1, 270)
R K(1 - p) + K4M(l, 270)
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