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ABSTRACT

Since Western simplified helicopter performance predictions were discussed by Gessow in his 1985 Nikolsky
Lecture!, attention has been focused on Soviet procedures as exemplified in Vil'dgrube’s baok entitled
Helicoptersz. Using the simplified approaches from that book, the following aspects of hover OGE were
(a) determination of basic characteristics of isolated
rotors, (b} download calculations for helicopters, and (c} predictions of helicopter SHP required. Horizontal
flight aspects were examined by determining the SHP required by single-rotor helicopters. Predicted figures
for several Western helicopters and NACA coaxial rotors were gompared with full-scale ground and/or
flight test results, generally showing good to very good agreement. In addition, some basic aspects of the

examined for single-rotor and coaxial configurations:

flat-wake concept are also briefly discussed,.
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1. Introduction

in the domain of predicting aerodynamic characteristics of isolated rotors and performance of com-
plete rotary-wing aircraft, one should note that in the West there is a definite tendency toward larger and
larger computational programs based on more and more complex conceptual modefs. However, in parallel
with this drive toward perfection through sophistication and complexity, there seems to exist a genuine need
for some approximate, but simple, solutions to the problem of quantitative evaluation of various phenomena
of rotary-wing aerodynamics. This is especially true with respect to performance predictions where simnii-
fied methods should obvicusly be quite useful in practical engineering in such applications as concept formu-
lation and preliminary design of rotorcraft.

As far as Western rotary-wing technology is congerned, the whole aspect of simple approaches was
very ably discussed by Gessow in his 1985 Nikolsky Honorary Lecture'. There, he indicated and supported
his statement by numerous examples that many of the approaches taken during the early years of helicopter
development are still capable of predicting asrodynamic characteristics of isolated single- and multi-rotor
configurations with good, and often better, accuracy than those obtained through sophisticated computer
programs. This was true in spite of the fact that those early approaches were usually based on simple concepts
of the combined blade-element and momentary theories, or uncomplicated vortex systems.

It is obviously of interest to know whether in the other important school of rotary-wing technology
— namely, in the Soviet Union — there is a trend, or at least a discussion, related to the use of simple approxi-
mate methods in solving some practical engineering problems of rotary-wing aerodynamics and especially,
performance prediction of helicopters.

In this respect, Vil'dgrube’s book entitled Helicopters — Calculation of Integral Aerodynamic Char-
acteristics and Flight-Mechanics Data® may be cited as an example of an effort in that direction. This book
may alsa be considered as a companion text to Theory of the Lifting Airscrew® (coauthored by Vil'dgrube),
from whose sophisticated contents the author of Ref. 2 worked out a series of formulas and graphs which
would be helpful, not only to perform the aerodynamic calculations, but also to expeditiously select the
configuration of the lifting-rotor blade and parameters of the helicopter.
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It should be noted at this point that in Refs. 2 and 3 the interpretation of the physical aspects of
aerodynamic phenomena encountered by the rotor, as well as the resulting computational procedures, were
almost entirely based on the vortex theory {(called the Joukowsky theary in both books). However, in Ref. 2,
the scope of the conceptual models based on this principle is much narrower,

in Ref. 3, Theory of the Lifting Airscrew, the blades were modeled by both lifting line and vorticity
surfaces, and various wake types ranging from noncontracting cylindrical wakes in axial translation to com-
pletely free wakes in both axial translation and in flights with horizontal components were examined.

By contrast, In Ref. 2, the blades are exclusively modeled by single [ifting lines, while rotor wakes
are assumed to be of cylindrical shapes in hover and vertical transiation, and are considered to be flat in
forward flight. Examination of the shapes of spanwise circulation distribution combined with noncontracting
cylindrical wake concepts became one of the principal tools in developing practical formulas for performance
predictions in hover and vertical translation. Forward flight phenomena are chiefly interpreted with the help
of the flat-wake concept, although a strict applicability of that approach Is limited to the following range of
advanced ratios:

183VCr s p = V < 0.26.

When Vil'dgrube's book was reviewed by the authors of this paper, it became clear that the Soviet
text contained many potentially useful simple approximate methods and procedures for determining aero-
dynamic characteristics of isolated single and multirotor configurations and performance predictions of
complete conventional helicopters of single-rotor, coaxial, and tandem configurations. It also contained such
interesting simplifications as performance predictions of winged and compound helicopters, as well as rotor
optimization in hover and forward flight. The question, however, is whether these approaches are consistently
accurate enough to make them suitable for practical engineering applications.

In order to ascertain the answer to this question, it was postulated that some of the short-cut
approaches taken by Vil'dgrube would be selected and applied to the calcuiations of aerodynamic character-
istles of Western isolated rotors and performance predictions of compilete helicopters. The results would then
be compared with data from actual flight tests or experimental data preferably cbtained from full-scale tower
or wind-tunnei tests.

The following cases are presented as examples af such comparisons.

® Hover OGE

a. Aerodynamic characteristics of single isolated rotors
b. Aerodynamic characteristics of coaxial isolated rotors
¢. Helicopter download

d. Helicopter engina power required .

® Engine Power Required in Horizontal Flight

Formuiation of the problem
Flat-wake concept
Aeradynamic interaction of twin-rotor configurations

o o

o0

Single-rotor helicopter
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Obviously, one would find that some of the simplified procedures of Ref. 2 are, in principle, quite
similar te those used in the West and have been described in numerous reports and such textbooks on rotary-
wing aerodynamics as, for instance, Refs. 4 and 5. However, there is enough difference in the philosophy of
presentation and formulation of actual procedures to merit examination of Vil'dgrube's approaches in their
original forms. Therefore, in order to facilitate the Western reader in following this paper, all formulas taken
from Ref. 2 and presented here have been converted using Western symbols and coefficients and U.S. units of
measure. Tie procedures are described in sufficient detail to enable one to perform his/her own calculations.

2. Hover
2.1 Aerodynamic Characteristics of Single Isclated Rotors in Hover OGE
2.1.1 Gengral

Ways of calculating the characteristics of single isolated rotors in hover OGE are presented by first
using the four-section, and then the single (representative} blade section computational approaches from
Ref. 2. Both approaches are applied to the YUH-61A rotor, representing rotors with rectangular blades.
For the case of rotors with tapered blades, a single rotor from the NACA coaxial configuration is examined,

using the single-section approach only.

2.1.2 OQutline of Procedure for Four-Section Approach

The procedures outlined here for the case of four-blade sections can obviously be extended to a larger
number of blade stations once the basic principle of that approach is understood.

The four-section procedure presented here adheres to the outline given in Section 1.1 of Ref. 2, where
F=0.2, 045, 0.7, and 0.95 were selected as representative biade stations.

A relationship between the blade-section lift coefficlent {c;z) and the blade-section pitch angle (07)
was established and then presented in graphical form.

The steps required for the determination of the ¢; = f (#;) relationship can be summarized as follows:
several local ¢y values {say, 0, 0.2, ...1.0) are assumed for each of the representative sections, and the corre-
sponding angle-of-attack values for the local airfoll sections are determined from the ¢; = (o} graphs at proper
Reynolds and Mach number values. Next, the corresponding relative circulation {T%) is computed for the
assumed sectional c; values:

T, = %her T (1
where C, is the relative blade chord (c; = ¢,/R) at station .

Knowing the local circulation, the corresponding local induced velacity in nondimensional form

{¥7) is computed:
R N {2)
where b is the number of blades. The induced inflow angle (.} is then obtained:

¢r = arctan v;/T. {3)
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The sum of the local inflow angle and the blade section angle of attack gives the local pitch angle (67)
required for obtaining the assumed local blade-lift coefficient value. From this data, a graph expressing the
== £{07) relationship can now be plotted (for example, see Fig. 1). ‘

The procedure required for computing Cr = f(Cpn) are quite simple: Several values of the collective
pitch angle 8,, defined as 0, = ., are assumed. Knowing the built-in blade twist (0, = £{F)} and thus, the
twist increment {Aﬁn;} at each of the representative blade sections, the local blade pitch angle corresponding
to the assumed blade collective pitch values can be determined as

07 = 0, — BpylP). (4}

Then, from the previously prepared ¢; = (d7) graph, the corresponding values of ClarCly gr BTC., CAN be read.
This, in turn would permit one to find the ¢y values associated with the previously obtained ¢;’s from the
cg = flc;) relationship for the local airfoil sections at the proper Mach and Reynolds numbers,

The Cy values can now be determined (either graphically or numerically} from the foliowing:
1.0

Cr = Wxib/m) f e ds (5)
o
where X is the tip-loss factor whose value is usually assumed in Ref. 2 as 0.94. The rotor thrust coefficients

can be computed for each assumed collective pitch angle. However, shiould the so-obtained Cy value be so high
that

VCr/b > 0.025, 6)

a new tip-loss factor value must be estimated from Fig. 2 {Fig. 1.2%) as follows.
Compute &,, which represants the relative distance between the tip vortex filaments, as

w, = 2uifb, {7}

¥*

where V is the relative induced velocity averaged over the rotor disc, and may be assumed as approximately
equal to the ideal induced velocity, including the tip-loss factor

v = 0.707/Cr/x ' {8)

or ¥ may be approximated by ¥,; i.e., induced velocity at r=0.7.

Read the new tip-loss factor value from Fig, 2.

Since two different shapes of radial circulation distribution are assumed in Fig. 2, the character of the
actual circulation distribution along the blades must be established in order to read a correct figure value

{say, by plotting ' vs., F},
Once the correct levels of the tip-loss factor (X} are verified, further computations of Cq, , can be
continued by enumerating the values (numerically or graphically} of the following integral:

1
Cajy = (b/mj P Fo-dF (9)
FO

where the Vzvalues are computed from Eq. {2).
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The Copr values are estimated (again, graphically or numerically) from the following integral:

1
CQpr = (b/27) J' cd‘.,E-,—“‘df, {10}

8]

where Cd7 values obviousiy correspond to €17 at proper Mach and Reynolds numbers.
Finally, Cgq = Cp Is calculated as

CQ = CQind + Copr. “1)

Now, the Cr = f{Cq) or FM = f{Cy/0) relationships can be compared with experimental figures.

2,1.3 OQutline of Procedures for Single-Section Approach

Basic Approach. The single-section approaches of Ref, 2 represent one of the simplest ways of approxi-
mately determining aerodynamic characteristics of isolated rotors {incorporting either rectangular or tapered
blades) of single and twin configurations in hover OGE. In both cases, rotor characteristics are derived from
aerodynamic events occurring at the representative blade section, assumed in Ref. 2 to be located at 7 =
0.7. The influence of these events, occurring at a single section, on the behavior of the whole rotor are inte-
preted with the aid of auxiliary graphs reflecting the significance of blade geometry; i.e., its planform and
built-in twist,

The influence of the above two parameters on the rotor induced power coefficient I, — reflecting
the influence of the nonuniformity of the downwash only on the ratio of actual induced power to the ideal
power, but exciuding tip losses — can be determined from Fig. 3 {originally Fig. 1.14%). The definition of the
taper ratio is also given at the top of this figure,

The influence of the blade taper on the thrust coefficient {C7) and profile torque coefficient (Cop r)
values can be interpreted with the help of the respective 41 and k&, coefficients shown in Fig. 4 {based on
values given in Ref. 2, pp 18 and 19).

Tapered Blades. Consecutive steps {eading to the establishment of the Cy vs. Cg relationship for rotors
incorporating tapered blades begin with the assumption of several values of the average blade-lift coefficient
{141, considered to be of the same value as ¢1,- Then, the ¢y values corresponding to these ¢;,'s are deter-
mined, with due consideration of the Reynolds and Mach number values at 7= 0.7. Now, the rotor torgue
coefficient due to the profile power can be computed as

Capr = (/Blkprey 07, (12)

where the symbolo, signifies that rotor solidity is based on the blade chord at 7= 0.7, and the kp coefficient

accounts for the taper influence.
Next, the thrust coefficient Cy is determined as

Cr = 0.1863k704¢y,, (13)
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where the 0.1563 coefficient incorporates the tip loss factor of X = 0.94, and the k7 coefficient reflects
taper influence.

Upon determining the induction factor I; due to the downwash nonuniformity depicted in Fig, 3, the
rotor torque coefficient related to the induced power can be calculated as

Cajoy = 0791, Cr'° {14)

Finally, the total rotor torque coefficient is computed as the sum of Cg,,, and Cq; .
Rectangular Blades. For rectangular blades, the basic procedure is the same, with the exceptions

that, obviously, Ry and &5, = 1.0.
2.1.4 Comparison of Predictions with Test Results

isolated Single Rotors. Using the four-section (2.1.2} and single-section (2.1.3) approaches, the Cr
vs. Cp (Cq) and FM vs. Cr/o relationships were established for the following helicopter rators: Boeing Vertol
YUH-61A and CH-47D, Sikorsky S-76, and MBE BQ-105 for which full-scale test results as well as all neces-
sary inputs regarding blade geometry and airfoil characteristics at the required Reynolds and Mach numbers

were available.

Figs. 5 and & are shown as typical examples where tower test® results are compared with the four-
and single-section predictions for the YUH-B1A rotor. Looking at these figures, one can see that in this case,
the four-section method produced a very good agreement with the test data throughout the whole range of
mezsured Cy and C/o values.

The single-section approach appears to provide actual rotor performance equally well up to C7 /o=
0.07 (Fig. 6). However, at Cr/o > 0.07, predictions of the single-section procedure appear too optimistic.
This, of course, should be anticipated, since the so-called representative station of 7= 0.7 does not adequately
reflect aerodynamic events occurring in the tip region.

Results similar to those shown In Figs. 5 and 6 were alsc obtained for the three other inﬁestigated
rotors. Absolute percentile deviations in the predicted figure-of-merit levels from those based on the full-
scale obtained Cy and Cg values are shown in Fig. 7, One can see from this figure that the trend discussed in
conjunction with the YUH-61A rotor can be considered as the general one.

It appears, hence, that the four-section approach of Vil'dgrube is quite accurate in predicting per-
formance of single rotors in hover OGE. Thus, it can be used with confidence, at least in the preliminary
design and concept-formulation stages. The single-section approach of Ref. 2, in spite of its great simplicity,
can also be of value in the above-mentioned tasks, at least for conventional helicopters, when Crlois
approximately lower than 0.06.

2.2 lsolated Coaxial Rotors in Hover OGE

2.2.1 General

A single expression for the rotor torque (Caco} of the isolated coaxial configuration in vertical ¢limb
is given in E£q. {1.58) of Ref. 2, This expression can be transcribed for the case of hover OGE as follows:

Cay, = (Cap,)  + 079Cr,, 1, (15)

co
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where the profile-drag torque coefficient (Capr)co can be assumed as equal to twice the value of that for
single rotors forming the coaxial configuration:

(Ca,,! 2Ca,, (16)

co

Assuming the more general case; i.e,, that the rotor blades are tapered (for the definition of taper,
n,. see Fig. 3), the profile torque coefficient derived in the single-section approach for the single rotors of
the coaxial configuration is given in Eq. {12} and thus, for the whole coaxial,

(Copr) Ykprocy,. {17)

ca

As in the preceding section, kp, is the taper ratio influence coefficient whose values are shown in Fig. 4,
o is the single rotor solidity ratio {defined as 0 = bcq /7 R = 64 /7, and Cdq. @s always, is the profile drag
coefficient at €1, and the corresponding Reynolds and Mach number values.

The induced torque coefficient is given by the second term in Eq. {15); i.e.,
— 3/2
(Caind)co = 0'79CTco Iy, {18)

where CT,,O is the rotor thrust coefficient based on the total thrust generated by the coaxial configuration,
and I is the induction coefficient whose value is established as for the single rotors (Fig. 3).

If the blades are tapered, the expression for (Ca,-,, d)co will remain as given by Eq. [18), except that
the formula for the thrust coefficient will be as given by Eq. {13} and thus, will contain the taper ratic coeffi-
cientky:

Cr,

o 0.313k70cy,, (19}

where it should be remembered that ¢ is the solidity ratio for a singie rotor.

2.2.2 Comparison of Predictions with Test Results

Using the single-section approach of Ref. 2 exclusively {discussed here in Sect. 2.1.3), Cy vs. Cg and
FM vs, Crfo relationships were computed for the Tollowing coaxial rotors for which full-scale experimental
results and other necessary inputs were available: (a} NACA low-solidity coaxial rotor with tapered blades,
(b) NACA high-solidity coaxial rotor with rectangular blades, and {c) Sikorsky ABC coaxial rotor. For the
cases of (a} and (b}, full-scale measurements for the isolated coaxials were available’ . However, for the ABC
rotor, the authors could not find any data regarding direct thrust and power measurements of the full-scale
rotor; however, the Cp vs. Ciy coefficiemts {based on engine power and aircraft flight welght — not rotor
power and thrust) for the whole aircraft were available {Fig. 10). Following the procedure indicated in Ref. 8,
the pr Vs, CTca relaticnship for the rotor alone was computed by assuming that the download amounts to
6 percent of the gross weight, and that power losses due to transmission and use of accessories are equal to
75 hp.

For example, the Cy vs. Cq and FM vs, C7/c values computed for the NACA |ow-solidity coaxial with
tapered blades are shown in Figs. 8 and 8 in comparison with the full-scale test results presented in Figs. 4
and 6 of Ref. 7.

A glance at Figs. 8 and 9 wiil indicate that, in general, very good to gocd agreement between the CTco
vs. Cq,, and FM vs. C;rco/oco relationships as calculated according to the procedures of Ref. 2, and those
experimentally established through full-scale tests, can be registered,
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Similar results were obtained for the NACA high-solidity coaxial with rectanguiar blades; whereas
in the preceding case, experimental Ct and Cg values were based on the direct thrust and rotor torque mea-
surements. But, for the ABC helicopter, where characteristics of the isolated rotor were deduced from the
flight test results, the predicted figures, on the average, overestimated the Cp values by about 3.5 percent
(Fig. 10). Should, however, the assumed download and power losses (in estimating Cr and Cp's from the
flight test data) be, say, b percent and 50 hp, respectively, instead of 6 percent and 70 hp, an almost perfect
agreement with experimental results would be obtained,

After examining the three cases of hovering performance of full-scale coaxial rotors, one tends to con-
clude that the simple approach (based on a single-biade section) of Ref. 2 appears to be sufficiently accurate
for prefiminary performance estimates of coaxial rotors, assuming, as in the case of other rotors, that the rotor
tip speeds are not so high as to generate considerable compressibility effects outboard of the 0.7 blade station.

2.3 Helicopter Download in Hover QGE

2.3.1 General

Elaborate procedures for determining helicopter download in hover OGE are described in Ref. 2.
These procedures are based on various shapes of circulation distribution along the blades and vertical drag
coefficient values of the helicopter body comiponents exposed to the rotor slipstream (in many respects,
these procedures are basically similar to those discussed by Keys in Vol. 2 of Ref. 5). But Vil'dgrube also
gives very simple approximate formulas for estimating relative download (AT = D,/W; i.e., vertical drag-to-
gross-weight ratio} for helicopters of various configurations,

For single-rotor and coaxial helicopters with rotors having rectangular blades incorporating linear
twist of 8, = 5 to 7°, Eq. (2.15)* gives the following formulas for AT values due to the wing (Ai":w},

fuselage (A7¢), and horizontal empennage (AT7),,}:
AT, = 0.3755,1,;
ATy =~ 02385
ATpe = 1.38540 {20}

wherg §W = $,/mR* is the relative wing area, Tw =[./R is the relative wing span, and W.S“,,e = SpelmR? is the

relative horizontal empennage area,
For the tandem configuration, download on the fuselage would be
ATg,,, = 0110y, 21)

where by = bg/R is the relative width of the fuselage.

2.3.2 Download Comparisons

The validity of Eqs. {20) and {21} was examined through direct and indirect comparisons.

Direct Comparison Rotor System Research Aircraft (RSRA}. Material presented in Ref, 3 probably
constitutes the only available full-scale experimental data regarding fuselage vertical drag in hover, The results
of these measurements are presented on the righit-side portion of Fig. 11 [based on Fig. 13 of Ref. 9), while
the horizontal projection of the RSRA aircraft in the helicopter configuration is shown on the left-hand

portion of this figure.
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It can be seen from this projection that in hover only the fuselage is submerged in the rotor slipstream.
Consequently, anly the AT¢ expression in Eq. (20} was applied for the download estimation, leading to (A 7-})
= (0,0245. Using this quantity, the total required rotor thrust was computed and plotted on the graph shown
in the lower portion of the figure. It can be seen that in the 17,000-lb gross-weight area, there is complete
agreement between predicted and measured rotor thrust values, At higher weights, the predicted rotor thrust
values tend to become higher than the measured ones. However, an anomaly in the test data in Fig. 11 should
be noted; namely, contrary to expectations, the fuselage drag decreases instead of increasing as the rotor disc
loading increases.

indirect Comparisons. indirect download comparisons were made by computing relative downloads
for single, coaxial, and tandem helicopters from Eqs. {20) and {21}, The results were then compared with
figures obtained through detailed analysis. All of the comparisons indicated a very good agreement with
errors in ﬂ, values remaining below the £1 percent range (Fig. 12).

It appears, hence, that in spite of their simplicity, Eqgs. {20} and (21} may be considered as useful
tools for approximate predictions of download in hover OGE.

2.4 Helicopter Engine Power Required for Hover OGE

2.4.1 General

In principle, the already discussed approximate approaches for the determination of aerodynamic
characteristics of isolated rotors and estimation of download should provide a way for obtaining maost of the
aerodynamic inputs needed for computation of helicopter engine power required In hover OGE. However,
there are aerodynamic interactions [(especially in the single-rotor configuration} which require additional
attention. Thus, in order to give the reader a more complete picture of Vil'dgrube's approach to estimating
engine power reguired through simplified procedures, the appropriate techniques of Ref. 2 are hriefly re-
viewed for the single-rotor and coaxial configurations.

The computational procedure is based on determination of shaft horsepower in hover OGE (SF}I",, } req
per pound of helicopter gross weight (W):

(SHPR).. . = (SHPy) . [W. (22)

req reg

Once the values of (3_:'-7!’,, )mq are determined, they can be converted (depending on the required mode of
presentation} into total shaft horsepower required, or into a nondimensional form of the power coefficient
Cp = CQ. ’

To actually compute the shaft horsepower required, equations from Ref, 2 are rewritten in ULS. units

and symbols as

(SHPA),.. = (Tnin,,)[0.00145(cy, fc )R + 0029015 v/(w/o,)Th ] (23)

req

where, in hover OGE, Th = ?a is the factor giving the ratio of the thrust required to balance the gross weight
plus the download {vertical drag D,) to the gross weight, n,, is the ratio of the rotor power to the engine
power; i.e., the overall engine power utilization efficiency, c1,, as always, is the average blade-lift coeffi-
cient, assumed to exist at the 7 = 0.7 blade section, cy, is the profile drag coefficient corresponding to the
¢1, value at Reynolds and Mach numbers at the r= 0.7 blade station, £2R = V is the tip speed in fps, I is the
induction coefficient determined from Fig. 3, w is the disc loading in psf, and o, is the relative air density
corresponding to the ambient flight conditions.
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The T}, factor in the most general case of fuselage plus wing and horizontal empennage submerged
in the rotor downwash will be:

Th = 1+ (AT; + AT, + AThe), (24)

where the AT values can be computed from Egs. 20 and 21.
Using the single-rotor configuration as an encompassing example, the overall engine power utiliza-
tion coefficient {ny4) can be expressed (according to Eq. {2.20)2) as follows:

Moga = 1 — Ap“tx - Aﬁcaol — Aﬁtr- (25)

Here, APy, = APy, /SHP = 0.04 to 0.07 is the relative power lost in the transmission, Aﬁ;oo, = APy pot/SHP =
0.01 to 0.02 is the relative power representing ¢ooling losses in the turboshaft-type powerplant, and Af,, is
the relative power required for the tail rotor, which can be taken as

APy = RPy[SHP = ny,X (RPy/RP). | (26)

The x,, coefficient in this equation expresses the influence of the main rotor on the tail rotor. It is
indicated in the text preceding Eq. {2.21)% that when the tail-rotor blades facing the main rotor move from
down to up, then X,, < 1.0. When the direction of the tail-rotor rotation is reversed, this coefficient may be
as high as 1.22. Consequently, this value must be separately determined for each of the helicopters selected for
(ggPh )mq determination.

The RPyr quantity in Eq. (26} represents the rotor power required by the tail rotor to develop a thrust
Ter equal to the forge required to balance the main-rotor torque times the 7—’;,. coefficient, which can be ex-

pressed as
T = 1+ ATy, (27}

where the additional relative thrust due to the “blocking effect” for the “pusher-type” tail rotor is {see Eq.
{2.14)%):

ATy ~ 0275, (28)
and for the pulling type
ATy = 0765, (23)

~where 5S¢ = Sn—/nthr is the ratio of the vertical tail area covered by the tail-rotor disc projection to the '

tail-rotor area.
Should the RP,, = (T} relationship be known, then the RP;, term in Eq. (26) can be found, once

the tail-rotor thrust is computed as in Eq, (2.21 12,
Te = RPISSO/QR)(Tollyr), (30)

where fr, =1+ f?—r, is the relative distance between the main- and tail-rotor axes, and IEU = R/ R. The task of
determining the RP,, = f{T;,} relationship can be accomplished through a subroutine based on the single-
section approach, which is similar to that of finding (SHPh}req in hover OGE for the helicopter as a whole.
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2.4.2 Specific Configurations

Single-Rotor Helicopter. The computational procedure for determination of (Ei??’,, )req. for the single-
rotor helicopter is based on Eq. (23). The highlights of that procedure are as follows,

Reynolds and Mach number values at 7 = 0.7 blade station under specific ambient conditions are
determined.

The main-rotor thrust-to-weight ratio (7—},) is estimated from Eq. {24) and the average blade-lift coeffi-
cients (610), assumed to be equal to ¢, at the 7 = 0.7 blade station, are computed from the following ex-

prassion:

cly = BWThlpo 0, 0[R2 X {31)
or, assurning that the tip-loss factor X = 0.94 and that g, = 0.002378 slugs/cu.ft,

1, = 2684wTx/0,0(QR). (31a)

Next the representative profile drag coefficient corresponding to the previously computed €Iy values
are found from the cy = fic;) graphs at proper Re and M values, The induction coefficient (I} is determined
from Fig. 3. Now the specific rotor power terms for profile and induced powers can be computed; the sum of
which gives the total specific rotor power (EJB}.

The tail-rotor contributions to the i, values start with determination (Egs. {28) or {20)) of the total
tail-rotor thrust increase factor, YT,,.. The total tail-rotor thrust required to compensate for main-rotor torque
and overcome the “blacking effect’” of the vertical fin can be obtained from Eq, {27), and the corresponding
tail-rotor rotor power (RF;,) can be obtained from the RF,, = f(T;.) graphs.

After establishing the X, value, the n,, estimate can be performed (assu.ming transmission (ﬁ\ﬁm)
and cooling (A}Bcoo,r) losses) from the following relationship:

Xoa = (1 — &Py — APop)l11 + X, (RP, /RP)]. (32)

Coaxial Helicopter. The procedure outlined in Sect. 2.2 can be used for the determination of the
Caca values for the isolated coaxial rotor with the following modifications.
The relative vertical drag (A7) is computed from Eq. {20} and the total download factor 7_},00 is

determined:

Th 1+ AT + AT, + AThe, {33)

co
which leads to the total thrust

Theo = ThooW- (34)

where W is the gross weight.
For the selected gross weights and ambient flight conditions {g,), the corresponding ¢;, values are

computed from Eq. (1.22)° as

¢y = 6.47;,c0/7rR2p0 0, (QRY k0o (35)

As always, the cq, corresponding to the above-determined ¢, values are obtained from the¢j and ¢y
relationships at Reynolds and Mach numbers existing at the biade 7= 0.7 station,
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Having the ¢;, and Ca, values at given gross-weight levels, CQCD is computed, and (‘E;{_E)hireq magni-
tudes in hp/lb can be obtained from the known Ca,,, values as follows:

SHPY),py = 432 X 107°Cq,, 0,(QR) fwn,,, (36)

where (£2R) is the rotor tip speed in fps, w is the disc loading in psf, and the overall transmission efficiency
Npg i5 determined from Eq. (25) where, obviously, the AP, term is neglected.

24,3 Comparison of Predictions With Flight Test Results

The above-discussed simplified methods of predicting (SFI;’?Jh )n, g Wwere compared with flight-test
results for the single rotor as represented by the Boeing Vertol YUH-61A {Ref. 10) and Sikarsky UH-60A
{Ref. 11), and for the coaxial as represented by the Sikorsky XH-59A ABC (Ref. 8). In all cases, three gross
weights {one close to the design vaiue, one higher, and one lower} were examined, leading to good agreements
between predicted and experimental values. The relative percentile deviations of the predicted values from
those obtained from actual flight tests shown in Fig. 13 indicates that those deviations were included within
approximate limits of + 3% to —4%. It appears, hence, that even the simplest approaches of Ref. 2 may be
useful for predicting approximate shaft horsepower required in hover OGE by single-rotor and coaxial heli-
copters, [Note: Although not discussed in this paper, points for the tandem CH-470 are also shown in Fig.
13.] '

However, It should be remembered that in performing the calculations, attention must be paid to
such aspects as tip-loss-factor value should the (\/C_T/b) quantity become higher than 0.025,

3. Some Basic Aspects of Horizonta! Flight Performance

With respect to forward flight, there are many areas where simplified approaches may be quite useful
in facilitating sufficiently accurate predictions of the approximate performance of various helicopter con-
figurations. Obviously, many such approaches have been discussed in Western literature as weil as in Ref. 2.
However, because of space and time limitations, only the simplest method of determining engine power
required in horizontal flight along the lines of Ref. 2 will be discussed here,

3.1 Engine Power Required in Horizontal Flight

Qften, it is more convenient 10 perform calculations of engine power required in horizontal flight
under given ambient conditions by first calculating the so-called specific engine power; i.e., SHF required per
potind of thrust or gross weight (ﬁPg,z)req. in Western, as well as Soviet approaches, this calculation for heli-
copters of all configurations is usually exXpressed as follows:

{S—\ﬁphz) = (’qopr + ‘EJPind + RPpa)moa’hz‘ 37)

req

where f%?’p,, :515;,, d. and /%?’p s are profile induced and parasite spacific rotor powers, respectively, while 7,5 hz
is the power utilization efficiency factor {overall transmission efficiency) in forward flight.

In the simplified approach of Ref, 2, all of the above terms can easily be estimated. For instance,
the prafile rotor power term (ﬁp,} can be directly determined from Figs. 14 and 15 (Figs. 4.6 and 4.7 of
Ref. 2) once the Cy/g value is computed, and angles of the thrust vector inciination («_} are roughly esti-

mated.
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The RPjp4 term in Eq. (37) can be computed from Eq. {4.16)2; rewritten here as
RPpg = 0.257wisfa,V, : {38}

where w is the main-rotor disc loading in psf, V is the speed of flight in knots, and 0, is the air-density ratio
corresponding to ambient conditions (pressure and temperature}. The induction coefficient Iy accounts for all
the induced power losses resulting from the nonuniformity of the downwash distribution of the isolated
rotor(s}), as well as mutual interaction of the rotors, For the single rotor, I'z is identical to I and can be directly
obtained from Fig. 16 (Fig. 3.26%} at the given advance ratio U= V values, Once again, the corresponding
tilt angle {c,) of the thrust vector should be roughly calculated. The tip-loss factor of 0.94 is already Incor-
porated in the 0.257 coefficient in Eq. (38).

For both of the cases depicted in Figs. 14, 15, and 16, the approximate forward tiit of the thrust
vector can be determined on the basis of the parasite drag of the nonlifting components as

@ =~ arctan ¥20.0034V*fq, (3)

where flight speed V is in knots, ?expresses the ratio of the equivalent flat-plate area {in sg.ft} of nonlifting
helicopter components to the aircraft gross weight in Ibs, and Oy is the alr density ratio,

With respect to muitirotor {especially twin-rotor) configurations, the mutual interaction of the rotors
is determined on the basis of the flat-wake concept, which will be discussed separately later.

The third term in Eq. (37}, expressing the contribution of parasite drag of nonlifting helicopter com-
ponents, is directly computed from Eq. (4.13)2, written here as

RPozr = 104 X 107° Va?ap, {40)

where, as in Eq. {39), V is in knots and Fisin square feet per pound.

In principle, the equivalent flat-piate area of nonlifting compenents per pound of helicopter gross
weight must be estimated for each of the considered helicopters. However, in order to provide some feeling
about the order of magnitude of this quantity, representative levels for fare shown in Fig. 17, based on Fig.
4.3 of Ref. 2.

The power utilization efficiency coefficient in forward flight TNoay,, C3D be estimated from Eq. {32}
where, for the single-rotor configuration, the relative variation of tail-rotor to main-rotor power ratio with
speed of flight must be assumed as, for instance, in Fig. 18, while the percentile transmission and cooling
losses remain the same as in hover,

3.2 Flat-Wake Concept
3.2.1 General

The flat-wake concept, briefly discussed in Ref. 2, and very thoroughly investigated in Ref. 3, repre-
sents an interesting simplified approach toward determination of the induced velocity field generated by a
rotor in horizontal flight. Although the stated validity of that concept is restricted to advance ratios enclosed
within the following limits2® (expressed in U.S, symbols):

1.63v/Cr < 1 = 0.25,
it appears that it can be applied to x> 0.25 — even as high as ¢ = 0.4, However, use of this concept at advance

ratios beiow the stated lower limit may lead to erroneous results,
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In the Soviet Union, it appears that practical applications of the flat-wake approach are widely used
in interpreting and solving many problems of applied aerodynamics; for instance, main- and tail-rotor inter-
ference in single-rotor, and mutual-rotor interaction in multi-rotor, configurations. '

In the latter respect, special graphs for estimating induced power of the side-by-side configuration at
various lateral separations of the rotors and direction of rotation are contained ih Ref. 2. Also included is a
graph (which will be discussed later) for computing induced power of coaxials and tandems, as well as a pro-
cedure for combining the information from the coaxial and side-by-side graphs in dealing with the induced
power problems of the guad- and tri-rotor configurations, Furthermore, the flat-wake concept is also used
for the interpretation of the rotor-wing interaction in forward flight.

By contrast, in the West, it appears that axcept for the studies of Ormiston (Ref. 12}, little atten-
tion has been focused on this concept. Conseguently, at the present time, only Soviet data can be used.
In view of this, it would be especially interesting to check the validity of the fiat-wake scheme by comparing
predicted induced velocities at various points in the rotor space with those actually measured.

3.2.2 Comparison of Fiat-Wake Predicted and Measured Downwash Components

Fig. 19 (Fig. 4.28 of Ref. B) shows the downwash velocity (v, = fly) at 7= 0.7) computed for a rotor
with flat, untapered blades having ¢ = 0.07, and operating at ag = 0°, u=0.15, and Cr = 0.0006. The Fy(w)
relationship represented by dashed lines was first computed for circulation constant with the azimuth and
varying only with (7) according to Eq. (4.91)*. Then, the variation of circulation with the azimuth (solid
tines with crosses) was considered; assuming that I' = [y, -+ ['; sin ¥ + I', cos 2y, [t can be seen from this
figure that the assumption of f(\,b) = const at 7 = 0.7 has little influence on the i, values, also computed at
r = 0.7. In both cases, a satisfactory agreement with test measurements is shown, although the ?y vajues
computed on the I'(Y} = const assumption appear to be even closer to the experimental results.

Another example for the validity of the flat-wake concept can be provided by Fig. 20 {also reproduced
in Ref. 5 as Fig. 4.29}, Here, the flat-wake predicted downwash relative values {F = —1.0 to r = 1.0) are com-
pared at several azimuth positions; again showing relatively good agreement.

From the two examples (based on Soviet sources) of a comparison of rotor downwash velocity in
forward flight as predicted by the flat-wake method with actual measurements, it appears that the flat-wake
concept, in spite of its relative simplicity, can be a useful practical tool for predicting flow fields generated
by a rotor in forward flight.

3.2 Aerodynamic Interaction of Twin-Rotor Configurations

3.3,1 General

Aerodynamic interaction of twin rotors, as developed by the flat-wake concept, is of special interest
for the coaxial and tandem configurations since they permit one to determine the Is factor in Eq. {38). For
the coaxial (Eq. 3.35%):

Izge = LAl + Xgo) {41)

where I, obtained from Fig. 16 {I; = 1}, Is the induction factor for the single rotor, and X__ expresses the
ratio of the induced velocity averaged over the disc of the upper rotor generated by the Jower rotor to the in-
duced velocity of the lower rotor, also averaged over the disc, it can be anticipated that the inductive influ-
ence of the lower rotor an the upper one would strongly depend on their refative separation (v, = ¥, /R}.
This is clearly evident from Fig. 21 (corresponding to Fig. 3.28%}, where Xoo = F1¥, ) is shown.
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Similar to the coaxial, the tandem vertical separation of the rotors; namely, relative elevation of
the rear rotor over the front rotor, is the most important parameter, Furthermore, according to Ref. 2, the
graph shown In Fig. 21 can be used for determination of the Iy can factor in Eq.{ 38). This timé, the induced
power factor is expressed as

I8, = Use T Alpagl. (42)

where, as before, I is the induction facter for the single rotor obtained from Fig. 16 (I, = I).

3.3.2 Actual Comparisons

Coaxial. Because full-scale test data for coaxial rotors could not be located, results of wind-tunnel
investigations of a small model {Refs. 13 and 14} were used. In Fig. 12 of Ref. 14, the Cy/o vs. Cp/fo rela-
tionships are shown at ¢ = 0.16 with a rotor disc angle of 0°, while relative separation of the rotors was ¥, =
G, 0.21, 0.42, and 0.63. Using numerical inputs represented by the test points, ratios of induced power of
rotors with the non-zero separations to that of the rotor with zero gap (four-bladed rotor} were calculated,
assuming as in Ref. 13 that the blade Cdmin = 0.0148 {open symbols in Fig. 22). In order to investigate the
sensitivity of the results to the estimated profile power levels, a lower minimum blade profile drag value
of 0.0128 (instead of 0.0148} was assumed, and the induced power ratios were recalculated and marked as
closed symbols in Fig, 22, The experimentally obtained induced power ratios were then compared with those
based on Fig. 21. Finally, the curve of RP:'nd;/RPindp:o: shown in Fig. 22 was computed from the following
relationship:

RPinay IRP; = (1 4 X, )2, {43)

nd;,zo

where X, was read from Fig. 21, and the denominator “2" corresponds to the Zero-gap case.

A curve showing the induced power ratios established through a simple momentum approach -
assuming an increase in the cross-section area of the slipstream due to rotor separation — is also shown in
Fig. 22.

Comparing the curve based on Ref. 2 with test-derived points resulting from the assumption that
the blade Cdomin = 0-0148, one would see that although the trend indicated by both appreaches is similar,
there are noticeable differences in the predicted induced power ratios.

An assumption of ¢y, .. = 0.0128 (closed symbols in Fig. 22) indicates that the points corresponding
to Cy/o = 0,04 and ¥, < 0.42 would now come quite close to the curve based on Ref. 2, However, the point
corresponding to ¥, = 0.63 and all points related to C7/0 = 0,06 would still suggest that refative reductions
in induced power of the coaxials with respect to the zero-gap configuration would be about 10 to 12% better
than predicted by Ref. 2.

In view of these discrepancies and sensitivity of the results to the blade profile-drag assumption, an
additional verification of Fig, 21 rggarding the induced power aspects of coaxial rotors in horizontal transla-
tion appears appropriate.

While not discussed in detail in this paper, it is interesting to note that results of Boeing-Vertol mode!
wind-tunnel tests indicated that the approach based on Ref. 2, and reflected in Fig. 21, tends to under-predict
the induced power coefficients in forward flight of tandemns by a relative deviation ranging from about 7
percent at small rear-rotor elevations (¥, = 0.1}, to about 3 percent when y, = 0.76.
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3.4  Tests vs. Predicted SHP Required in Horizontal Flight
3.4.1 UH-60A SHP Reguired

Engine power required in horizontal flight at 2 gross weight of 15,000 Ib and a density altitude of
20860 ft (o, = 0.94) was selected for comparison,

The equivalent fiat-plate area for parasite drag of nonlifting companents was estimated as £ = 27
sq.ft. This corresponds to F=1.66 X 1072 at the primary mission gross weight of 16,200 Ib. it can be seen
from Fig. 17 that these 7 values are close to those given by curve 3, correspending to contemporary heli-

copters.
The estimated engine power required was plotted in Fig. 23. Looking at this figure, one will note that

in the considered case, engine power-required predictions based on the simplified approsch of Ref. 2 are
very good, with the exception of the high-speed peint at 161.9 knots.

3.4.2 Relative Deviations in SHP Required for the UH-60A and CH-47D Helicopters

Relative deviations between the computed and test-determined SHP.¢, for the UH-60A are plotted
in Fig. 24, where relative deviations in SHP,,q are also shown for the tandem helicopter (CH-47D at 33,000-
Ib gross weight). As in the single-rotor case, the highest deviations, which are underestimates in both cases,
appear in the V), region. This may be due in part to the fact that in the simplest approach of Ref. 2 used
in the computation, constant values of the equivaient flat-plate areas were assumed whers, in fact, they may
increase at high speeds due to the varying attitude of the fuselage.

4, Cancluding Remarks

Approximate simplified methods for helicopter performance predictions that can be applied with
confidence to such engineering tasks as concept formulation and preliminary design are, in principle, available
in bhoth the West and the Soviet Union. However, in the West, they are mostly remnants of past efforts in
the fifties and sixties and, although their accuracy is quite good®, there is little effort to either update them,
or develop new ones. By contrast, it appears that in the Soviet school, there have been more recent efforts
to systematically develop simplified, but sufficiently accurate, approaches to rotary-wing performance pre-
dictions and present them under the form of simple analytical expressions and auxiliary graphs; thus making
them well suited to many practical tasks of rotary-wing design,.

Vil'dgrube's book?®, which exemplifies that trend in the Soviet Union, was examined and a number
of the simple methods and procedures presented were selected and reconstructed, using U.S. symbols and
measurement units, making it easier for the Western reader te follow and apply them. These methods were
also used in comparing predicted values with the results of mainly full-scale tests of Western products.

Examples of such comparisons were given in the following areas.

Single and Coaxial Configurations in Hover, OGE

1. Predictions of isolated rotor characteristics.
2. Determination of download of complete helicopters.
3. Predictions af engine power required.
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Horizontal Flight

1. Determination of engine power required in horizontal flight for single-rotor helicopters.

On the basis of comparisons of predicted vajues with tower and flight test results of Western heli-
copters, it appears that in the field directly related to performance predictions of single-rotors and coaxials
in hover, and the single-rotor horizontal flight, the simple methods and procedures based on Vil'dgrube's
approaches produce results that are in good, or even often very good, agreement with experimentai results.
Conseqguently, they may be recommended for such practical engineering applications as concept formula-
tion and preliminary design of helicopters.

Extensive use of graphs is made in the Soviet simplified approaches. This appears to be in sharp con-
trast to current Western practice where, with ever-increasing reliance on computer programs, technigues of
‘earlier days’ of prescribing necessary inputs under the form of wark graphs has almaost disappeared® .

It should be noted, however, that same graphs from Ref, 2 should be applied with caution, particularly
to such cases as determination of specific rotor profile {ﬁﬁp,) in horizontal flight, or estimation of the induc-
tion coefficient (I,) for isolated retors in the same regime of flight. In both cases, various assumptions were
made when the graphs were developed. Should, in actual cases of determining isolated rotor characteristics
ot helicopter performance, the rotor parameters and operational conditions be radically different from the
specified ones, suitabie corrections to the values obtained from the graphs should be applied.

- Among the various simplified approaches of Ref. 2, perhaps the flat-wake concept, which in the
Soviet school is useful in explaining and providing approximate relationships for many aerodynamic phe-
nomenon of horizontal flight, should attract more attention in the West.

In general, one may state that, of course, it would be foolish to turn the clock back and forego all
the opportunities offered by constantly advancing computerized techniques to develop potentially more and
more precise ways of treating all aerodynamic phenomenon of rotary-wing aircraft. Nonetheless, it appears
that it would still be desirable to continually devote some effort in the West to formulate accurate, but
at the same time, as simple as possible approximate relationships that could be applied with confidence to
many areas of engineering aerodynamics, As a guide to determine the areas of application and degree of
sophistication, we wish to repeat after Gessow' a saying of Albert Einstein: “Things should be done as
simply as possible, but not simpler.”’
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