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TRENDS OF REYNOLDS NUMBER EFFECTS ON
TWO-DIMENSIONAL AIRFOIL CHARACTERISTICS FOR
HELICOPTER ROTOR ANALYSES

G. K. Yamauchi
and

Wayne Jdohnson

Summary

The primary effects of Reynolds number on two-dimensional airfoil charac-
teristics are discussed. Results from an extensive literature search reveal the
manner in which the minimum drag and maximum 1ift are affected by the Reynolds
number. Cq  and Cg are plotted versus Reynolds number for airfoils of var-
jous thicknggg and caﬁgzr. From the trends observed in the airfoil data, univer-

sal scaling laws and easily implemented methods are developed to account for

Reynolds number effects in helicopter rotor analyses.



NOMENCLATURE

a speed of sound
c airfoil chord
o two~dimensional drag coefficient, drag/l/vazc
Cd minimum drag coefficient
min
Cf flat plat2 skin friction coefficient
Cy two-dimens;ional 1ift coefficizant, 1ift/1/2pV2c
Cy, naximum 1ift coefficient
max
C two-dimensional moment coeffizient, mcment/1/2pv2c2
K Reynolds number correction factor
M Mach number, V/a
Re Reynolds number, Vc/v
Vv air velocity
a angle of attack
o angle of attack at maximum 1ift coefficient
max
a7L angle of attack at zero lift
u viscosity
v kinematic viscosity, u/p
P air density
Subscript:
t airfoil table
Abbreviations:
FST NACA Full-Scale Wind Tunnel (9.144 by 18.288-meter)
VDT NACA Variable-Density Wind Tunnel (1.524-meter diameter)
LTT NACA Two-Dimensional Low Turbulence Tunneil (0.9144 by 2.286-meter)
T NACA Two-Dimensional Low Turbulence Pressure Tunnel

(0.9144- by 2.286-meter)
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INTRODUCTION

Analyses of helicopter rotor behavior are almost universally based on
lifting-1ine theory, in which the inner problem is a two-dimensional airfoil
in an aerodynamic environment determined by the rotor wake (see for example,
ref. 1). The solution of this inner problem often is based on the use of
experimental airfoil data for the 1ift, drag, and moment coefficients as a
function of angle-of-attack and Mach number. Experimental characteristics
are used in order to account for real flow effects, including stall and
compressibility effects. The data are provided in the form of a table, so
interpolation is necessary to evaluate the coefficients at a given angle-of-
attackband Mach number. Such airfoil data are obtained from two-dimensional

wind tunnel tests.

Viscous effects, as governed by the Reynolds number Re = Vc/v, have a
major influence on the airfoil 1ift, drag, and moment characteristics. Hence
it is important that the airfoil data used for helicopter rotor analyses be
for the correct Reynolds number. For a constant chord, the Reynolds number
is proportional to the Mach number, and the data in the airfoil tables at
each Mach number must be for the corresponding Reynolds number. If the rotor
blade chord varies radially, it will be necessary to have data corresponding
to the Reynolds number at each radial station where the aerodynamic loads are

evaluated in the analyses.

If experimental airfoil data at the proper Reynolds number for the anal-
ysis of a particular rotor are not available, it will be necessary to apply
corrections to whatever data are available. The current practice in the

helicopter industry is generally as follows. Often special airfoil tests



are conducted for a specific helicopter to obtain data at exactly the desired
Reynolds number (preferably including the correct effects of roughness and
boundary layer transition as well). When it is necessary to correct existing
data for Reynolds number effects, particularly the drag and stall characteris-
tics, the corrections are defined using state-of-the-art airfoil design and
analysis methods (typically computational fluid dynamics codes). When the
chord changes are small, or results are required quickly, simple correction
procedures are used, commonly scaling the drag coefficient with the one-fifth
power of Reynolds number or defining a single drag coefficient increment

based on some scaling law,

Reynolds number effects on rotor airfoil characteristics are also of
concern because they determine the influence of scale on rotor behavior. The
influence of scale must be considered when designing a helicopter larger or
smaller than the size from which the design data base comes. When small-scale
tests are conducted in the course of helicopter rotor research and development,
Reynolds number effects must be considered in order to properly estimate the

rotor behavior at full scale.

The objective of the present paper is to discuss the primary effects of
Reynolds number on two-dimensional airfoil characteristics. The results will
serve as a guide in identifying the influence of scale on helicopter rotor
characteristics and in the development of Reynolds number corrections of air-
foil tables for rotor analyses. An extensive search through the literature
was performed to catagorize the effects of Reynolds number. The maximum 1ift

coefficient and minimum drag coefficient were found to be greatly affected by



Reynolds number. Consequently, this paper is primarily concerned with those
two quantities. Data from the Titerature are presented to illustrate the
effect of Reynolds number on ¢4  and cy for airfoils of various thick-
ness and camber. The effect ofmlgughnessm?z also examined. The data have
been faired to show general trends; the cited references give the exact data
points. A Reynolds number range of 105 to 107 was considered, since this

is the regime in which a typical rotor blade operates. The effect of Reynolds
number on the drag coefficient was of particular interest, since results
could he compared with several formulas for the skin-friction of a flat
plate. The paper therefore begins with a discussion of flat plate skin
friction drag. The results from the available literature on the variations
of airfoil characteristics with Reynolds number are then summarized and

discussed. Finally, some simple correction procedures for Reynolds number

effects are described.
BACKGROUND ON SKIN FRICTION DRAG

The relationship between the drag coefficient of an airfoil and the
Reynolds number can be better understood by first studying a flat plate
situated parallel to an oncoming flow. The plate will experience only skin
friction drag, as the pressure drag will ideally be zero. For a low Reynolds
number, the flow over the plate will be mainly laminar. According to ref. 2,
the Taw of friction for a flat plate in laminar flow was first developed by

Btasius, and is given by:
ce = 1.328 Re 0+ for Re < 5x10° or 106 (Eq. 1)

This Taw holds for a flat plate at zero incidence in two-dimensional flow.



As the Reynolds number increases, the boundary Tayer adjacent to the
plate undergoes a transition from a laminar to a turbulent boundary layer.
Numerous experiments have been performed to predict the flat plate turbulent
skin friction drag as a function of Reynolds number. To date there is no

exact solution; existing formulas are based largely on experimental data.

From the investigations of turbulent flows in pipes by Blasijus in 1911
came the Blasius resistance formula in terms of Reynolds number (ref. 2).
With the results of experiments investigating the law of friction and velocity
profiles in smooth pipes by Nikuradse, Blasi us's formula can be related to a
one-seventh power velocity-distribution law. By assuming the velocity pro-
files in the boundary layer of a smooth flat plate and a smooth pipe are
identical, the following formula by Prandtl results for the skin friction
drag coefficient of a smooth flat plate whose boundary layer is turbulent
from the leading edge onwards:

ce = 0.074 Re"0+2  for 5x10° < Re < 107 (Eq. 2)

(ref.2). A formula for cf was also developed by Prandtl from the logarithmic
velocity-distribution Taw (ref. Z). From Prandtl’s analysis, Schlichting
developed an empirical relationship between ¢f and Reynolds number:

cf = 0.455

To account for any initial laminar flow along the plate, a decrement is in-
cluded in the above equation for cf:
ce = _0.455 - A for Re < 10° (Eq. 3)
(Tog Re)2:98  Re

where A depends upon the location of the point of transition from a laminar



to a turbulent boundary Tayer. Equation 3 is the Prandtl-Schlichting skin-
friction formula for a smooth flat plate at zero incidence with a turbulent

boundary layer (ref.2).

Several other formulas for flat plate skin friction drag with a turbulent
boundary layer are also available. According to ref. 3, von Karman determined
that cf is proportional to log(Re cf). From this relationship, Schoenherr

developed the following formula:

log (Re c¢) = 0.242 cf'0'5 for Re < 109 or 1010 (Eq. 4)
An approximation to Schoenherr's formula is given in ref. 3 as:

¢ 05 = 3,46 Tog Re - 5.6 (Eq. 5)

By experimenting with velocity distributions on a plane wall, Schultz-Grunow

developed the following formula (ref. 3)
c; = 0.427 (log Re - 0.407)72-8%  for Re < 107 (Eq. 6)

Eqs. 4 and 6 agree well with experimental results (according to ref. 3), and

are valid over a larger range of Reynolds number than eq. 2. However, eqs. 4
and 6 do not account for the transition region. A decrement such as the one

included in eq. 3 should be included in eqs. 4 and 6, if the cf in the

transition region is desired.

Figure 1 shows plots of flat plate skin friction drag for laminar and
turbulent flow, including the transition region, based on egs. 1, 3, and 4.
The quantity 2cf is plotted for comparison with airfoil drag coefficient
values. The form of these curves is characteristic of the variation of

airfoil drag with Reynolds number as well.



SUMMARY OF EXPERIMENTAL RESULTS

A review of the literature on two-dimensional airfoil characteristics
established that the 1ift and drag coefficients are greatly affected by
Reynolds number, while there is 1ittle or no effect on moment coefficient
(or at least no generalizable effect; see for example, ref. 4). The re-
sults to be presented here were obtained from refs. 4-18. Correlating the
results from the literature was difficult, as no two experiments were per-
formed under the same test conditions, Table 1 indicates some factors that
must be considered when comparing results from different sources, including
type of wind tunnel used, airfoil chord, airfoil span, and the type of cor-
rection applied to the test data. The figures to be discussed reflect the
discrepancies between the sources. However, the various sources show similar

trends for the characteristics of a given airfoil (with a few exceptions).

Minimum Drag Coefficient

Fiqure 2 shows the minimum drag coefficient as a function of Reynolds
number for the NACA 0012 airfoil. The curve from NACA Rept. 586 (VDT) evi-
dently includes the transition region of the flow, since cqg . decreases,
increases, and then decreases with Reynolds number (comparem;?th fig. 1).
NACA Rept. 669 shows the same test data as Rept. 586, with additional data
reduction corrections as specified in Rept. 669. The remaining curves show

no sign of a transition region. The slopes of all curves are roughly -0.125

or less for Re greater than approximately 4x100, Leading edge roughness



caused ¢4  to increase by as much as 0.0065, according to NACA TN 1945.
However, ?;2 increment in drag due to roughness decreases as Re increases.
One-hundred per-cent turbulent flow (i.e. with the transition point at the
teading edge) caused the drag to increase by as much 0.0022, according to
NACA War Rept. L-682. This increment also decreased with increasing Re.

An interpretation of this trend can be that the addition of roughness to an
airfoil increases the effect of the Reynolds number (the NACA TN 1945 curves
show this). It should be noted that drag values in NACA War Rept. L-682 were

ohtained computationally, based on experimental determination of the transi-

tion point on the airfoil.

Data from NACA Rept. 586 are shown in several of the figures to follow.
The corrections described in NACA Rept. 669 can be applied to all of the
curves obtained from NACA Rept. 586. An example of the form and magnitude of
these corrections on the drag data is shown in fig, 2 (compare the plots from
NACA Repts. 586 and 669). Data obtained from NACA Repts. 647 and 530 (shown
in figs. 2 and 3, respectively) apply to a rectangular, aspect ratio 6 wing.
In NACA Rept. 647 it is shown that the wing minimum drag behaves similarly
to the section drag coefficient, requiring only a small correction for tip
effects. The plot shown in fig. 2 from NACA Rept. 647 has been corrected for

tip effects.

Figure 3 shows the minimum drag coefficient as a function of Reynolds

number for the NACA 23012 airfoil. NACA TN 1945 shows cq is increased by
min
as much as 0.0062 by leading edge roughness, with the drag increment decreas-

ing as Re inceases. Elimination of the drag bucket in the drag versus lift

graphs in NACA TN 1945 brings the cq versus Re curve into better agreement
min



with the other plots. NACA Rept. 586 again shows a transition region. Curves
from NACA Rept. 586, Rept. 530, and TN 1945 (LE roughness) have slopes of
approximately -0.125. Although not shown in this figure, NACA Rept. 530 also
gives results obtained in the FST, which produced Tower values of cyg ~ than
the VDT results. e

Drag data for two helicopter rotor airfoils are presented in fig. 4. The
minimum drag appears to decrease with increasing Re for the SC1095-R8, while
the drag first decreases and then increases for the SC1095 airfoil. Since
NASA TP 1701 offered c4  values at only a few Reynolds numbers, these trends
are not necessarily corT;Qt. However, the SC1095 shows lower drag values

than the SC1095-R8, which is a modification of the SC1095 including a drooped

lTeading edge.

The effect of thickness on the minimum drag coefficient as a fu ction of
Reynolds number is jllustrated in figs. 5 and 6, for the NACA 230-series and
63-series airfoils, respectively. For Re less than approximately 8x106,
both figures show that cqg _ increases with thickness at a constant Reynolds
number. It should be notggnthat NACA RM L8B0O2 (fig. 5) gives data for the
drag at the design 1ift coefficient, which is ¢y, = 0.3 for the 230-series
airfoil., The actual minimum drag occurs at a lower value of 1ift, around c,
= 0,1 or 0.2. The curve from NACA War Rept. L-752 (fig. 5) is the drag at a
1ift coefficient of cy = 0.275. Figure 5 shows that the effect of Reynolds
number increases with thickness; i.e. the slope of cq ~versus Re increases
in magnitude as thickness increases. The Reynolds nuﬁggr effect on the 63-

series airfoils is shown in fig. 6. Contrary to the 230-series result, fig.
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6 shows that for each airfoil the drag increases after a certain Reynolds

number has been reached.

Figure 7 shows that at a constant Reynolds number, the minimum drag
increases as the point of minimum pressure moves forward on the chord. For
these airfoils ¢y  1s insensitive to Re below about 9x106, after which the
drag increases wi?;na slope of approximatley 0.33. The influence of the
thickness form however is a uniform increment in drag, independent of Reynolds

number over the range covered by NACA TN 1773,

Maximum Lift Coefficient

The 1ift curve slope and the angle of zero 1ift of an airfoil section
remain relatively unchanged as the Reynolds number varies (see, for example,
ref. 4). Hence this section is only concerned with the Reynolds number in-

fluence on the maximum 1ift.

Figures 8-11 give the maximum 1ift coefficient as a function of Reynolds
number for respectively the NACA 0012, NACA 23012, and several helicopter

airfoils. In general, ¢y increases with Re for curves on all of these
max
figures. Figure 8 shows data for the NACA 0012 section. All curves show

Cy increasing with Re. According to NACA TN 1945, adding leading edge
max
roughness introduces a decrement of a least 0.2 to the value of ¢y for a
max
smooth NACA 0012 airfoil. The magnitude of this decrement increases with

increasing Re. Hence roughness lessens the effect of Reynolds number on
cg . Figure 9 presents data for the NACA 23012 airfoil section. It

max
should be noted that NACA TN 1945 used data from ref. 4 for 3x100 < Re <

11
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9x106, hence the coincidence of the two curves for this Reynolds number range,
The effects of roughness are similar to those on the NACA 0012 section. The
curves of fig., 8 show a wide range of slopes. The slopes of the curves of
fig. 9 fall in the 0.125 to 0.2 range. The data obtained from NACA Repts.

647 and 530 (shown in figs. 8, 9, and 13) apply to a rectangular, aspect ratio
6 wing. NACA Rept. 647 shows that for the NACA 0012 and 0009 airfoils, the
wing stalls simultaneously over the span, suggesting that the maximum 1ift
should be comparable to that of the two-dimensional airfoil.

Figure 10 shows the cg characteristics of five early NACA helicopter
airfoils. Because of the 1T£?ted data obtainable from NACA TN 1922, definite
trends are not discernible. Figure 11 shows the ¢y characteristics of
three currently used helicopter airfoils: the SClOggf SC1095-R8, and the
NACA 0012 with O-deg tab. The maximum 1ift increases with increasing Re Tor

the SC1095-R8 and the NACA 0012 with 0-deg tab, while ihe SC1095 shows

Tittle variation of cy;  with Reynolds number,
max

The effect of thickness on cy  versus Re curves is shown in figs. 12-
14 for various sets of airfoils. gg: Re less than approximately 1.5x106,
NACA Rept. 586 shows in fig. 12 that ¢y increases with increasing thick-
ness at conétant Re, an effect that dim?s?shes as Reynolds number increases.
The thinner airfoils (NACA 0012 and 0009 sections) show a delayed response
to Reynolds number effects. For Reynolds number above 1.5x106, NACA TN 3524
shows (fig. 13) that the effect of thickness increases with increasing Re.
The thinnest section, the NACA 0006, seems to show a slight decrease in cy
with increasing Re. Data for the NACA 0009 are shown from two sources. TEZX

two curves are significantly different; the curve obtained from NACA Rept.
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647 matches well the curves from NACA TN 3524, The slopes of the curves for
the NACA 0007, 0008, and 0009 airfoils are approximately 0.125. The NACA 63-
series of airfoils show similar trends for cy, versus Re (fig. 14). The

max
Reynolds number effects is again greatest for the thickest airfoil.

Figure 15 shows the influence of camber on the variation of cy with
Reynolds number. The maximum 1ift increases with camber for a cons?gét Re.
Similar effects are found for the NACA 63-series airfoil data in NACA TN 1773
(not shown here). As camber increases, the effect of Reynolds number de-

creases, Also, the influence of camber decreases as Re increases.

The effect of thickness form (the chordwise position of the point of

minimum pressure) on the ¢y characteristics is shown in fig. 16. The maxi-
max
mum 1ift coefficient for all three airfoils remains relatively unaffected

over the range 3x106 ¢ Re < 9x100, For Reynolds number greater than approxi-
mately 1.2x107, Cy increases with increasing Re. With constant Reynolds
max

number, Cq increases with decreasing thickness form for Re > 1.2x107.
max

Compressibility Effects

The effect of Mach number must also be considered in analyzing the in-
fluence of Reynolds number. The data presented in figs., 2-16 are generally
for low Mach number (see table 1). There is evidence that there is a parti-
cular Mach number above which the effect of Reynolds number on cg is in-
significant and the effect of compressibility dominetes. For themEKCA 0012
rectangular wing, as tested in ref. 19, compressibility had a major evfect
on the values of ¢y  for Mach numbers above about 0.17, while the Reynolds

max
number effect dominated for Mach numbers below 0.17. Ref. 20 reports that

13



Mach nuinber as well as Reynolds number effects must be considered when cor-
relating data from different wind tunnels (and flight tests). Reference 20
shows that the Reynclds number effect decreased progressively as Mach number
increased, becoming insignificant at a Mach number of approximately 0.55.
Reference 21 shows cy  versus Re for three different variations of Mach
number with Reynolds ?S;ber; the conclusion was made that for Mach numbers
above 0.15-0.20, compressibility effects become serious. Reference 14 shows
that for rough airfoils, the Reynolds number effect on cy, was nearly the
same, regardless of how Mach number varied with Reynolds ﬂigber; ref, 22
shows similar trends. Although cq increases with increasing Reynolds
number, it decreases with 1ncreasi:gxMach number. Reference 23 states that
cg is almost entirely dependent on Reynolds number below a particular
Ma?ﬁxnumber, yet Mach number effects should not be neglected for even low

Mach numbers.
SIMPLE CORRECTIONS FOR REYNOLDS NUMBER EFFECTS

It is useful to have universally applicable and easily implemented
methods to correct airfoil data for the influence of Reynolds number., The
airfoil data are normally available for helicopter rotor analyses in tabular
form: values of 1ift, drag, and moment coefficient at discreté values of
angle-of-attack and Mach number. Linear interpolation is used to evaluate
the coefficients at arbitrary angle-of-attack and Mach number. Equations
are required to then correct the coefficients from the Reynolds number of the

table to the actual Reynolds number of the rotor blade section.

14



The description of the airfoil table must now include a 1ist of Reynolds
number values, one for each Mach number value in the table. For an arbitrary
Mach number, the Reynolds number 1ist can be linearly interpolated to find

the corresponding Reynolds number value,

The Reynolds number can be written Re = (V/a) (ca/v) = M Rej, where a
is the speed of sound. Fcr the airfoil table, Rej will be a constant if the
airfoil was tested at constant pressure and temperature (which is possible,
but not always done). For the rotor hlade, Rej will be a constant if the
chord is constant. If both conditions are satisfied, then it follows that
Ret/Re = Rejt/Re; = constant, regardless cf the Mach number (here the sub-

script "t" refers to the table values).

The airfoil characteristics presented in the preceeding sections provide
justification for the assumption that universal scaling equations may be
applied to account for the influence of Reynolds number. These experimental
results also provide guidance for selecting the specific forms of the scaling
equations, and for assessing the limitations of the resulting simple Reynolds
number corrections. Simple corrections for the drag and 1ift coefficients
are described in the following paragraphs. The procedures required to im-
plement these corrections in a comprehensive rotorcraft analysis (specifically

ref. 1) are given in the Appendix.

Drag Coefficient

In order to develop a method for correcting the drag coefficient data in
an airfoil table, an explicit equation is required for the dependence on

Reynolds number, i.e.

15



cqd = constant » f(Re)
min
Correcting cqg directly is not desirable, because it would be necessary to
min
search the airfoil table for cg (or include a separate array of cq

min min
values); moreover, it would still be necessary to correct the drag due to

lift. Therefore, only corrections for the total drag cq are considered. It
is expected that the skin friction drag would scale in the same manner at all
lifts; in fact, it is found that the total drag varies with Reynolds number
very much Tike the minimum drag coefficient varies (certainly to the accuracy
of the corractions b2ing developed here). Hence it is assumed that the drag
varies with Reynolds number according to the equation

cd = constant % f(Re)
where f(Re) is the universal scaling equation being used, and the constant is
evaluated from the airfoil table drag value. It follows that the airfoil
table drag coefficient cq , at Reynolds number Ret, is corrected to the drag
at Reynolds number Re by :he equation

cd = ¢4 /K
t
where K = f(Ret)/f(Re).

The results of the preceding sections provide several choices for the

function f(Re). Equations 1-6 for flat-plate skin friction drag give, re-

spectively:
f(Re) = Re-0.5 (Eq. 1la)
f(Re) = Re=0.2 (Eq. 2a)
f(Re) =  0.455 - A (Eq. 3a)
TTog Re)2-58  Re
f(Re) = (3.46 1og Re - 5.6)-2 (Eq. 5a)
f(Re) = (log Re - 0,407)-2.64 (Eq. 6a)



Equation 4 is an implicit relation, which is not useful here. Equation la is
for laminar boundary layers, while all the other equations are for turbulent
boundary layers (eq. 3a includes the transition region for nonzero A). The
similarity between the form of the skin friction drag curve (fig. 1) and the
curves for airfoil minimum drag implies that these equations will be useful

for airfoils as well.

The airfoil minimum drag coefficient plots (figs. 2-7) often show a
constant slope over a significant Reynolds number range implying the scaling
equation

f(Re) = Re-N
This form also covers the laminar and turbulent flat plate skin friction
equations above, with n = 0.5 (eq. la) and n = 0.2 (eq. 2a), respectively.
The turbulent flat plate boundary layer equation is the source of the one-
fifth power scaling law frequently used for helicopter airfoil table correc-
tions. The curves presented in figs. 2-7 suggest values of n = 0,125 to 0.2,

depending on the airfoil and the Reynolds number range.

With the power Taw for the scaling equation f(Re), the correction factor
is K = (Re/Ret). Note that if Re/Ret is a constant (under the conditions
described in the previous section), it follows that K is a constant for the

entire table in this case.

Perhaps the easiest correction to implement is the addition of a constant
drag increment to the entire table:

cd = Ccd + Acyg
t

The drag increment can be evaluated using the equations and figures of this

17



report. This approach, however, does not scale the drag due to 1ift well,
The constant multiplicative factor of the preceding paragraph is probably

more appropriate.

Lift Coefficient

A correction for the lift coefficient is required that will modify the
maximum 1ift while leaving the 1ift-curve slope unchanged. This may be

accomplished by correcting the airfoil table values cg (at) as follows:
t

Cy = K Cy (G/K)
t
where here

K = amax/( omax)t = ¢y /{cg It

(It is assumed here that cy (0) = 0). To implement this equation, it is
necessary to add to the airfoil table a 1ist of ¢y values, for each Mach
number in the table. "

The maximum 1ift coefficient plots (figs. 8-16) provide guidance for
selecting the equation that will define the scaling of ¢, with Reynolds
number. Often the curves have a constant slope over a sigﬁ?ficant Reynolds

number range, which implies the equation

K = ¢ /(c, )¢ = (Re/Rey)"
where the constant n is a small positive number, say 0.125 to 0.2.
CONCLUSIONS

The available literature on experimental two-dimensional airfoil charac-
teristics were examined to establish the influences of Reynolds number that

must be considered for helicopter rotor analyses. The discussion focussed

18



on the effects of Reynolds number on the minimum drag and maximum 1ift. For
a suhstantial range of Reynolds number, the minimum drag coefficient of an
airfoil varies with Reynolds number in a manner similar to the variation of
flat plate skin friction drag, although the airfoil characteristics may not
show a transition region (depending on the test conditions). The drag
generally decreases with Reynolds number, The effect of Reynolds number on
drag is greater for rough airfoils and for thick airfoils. The maximum 1ift
coefficient generally increases with Reynolds number, The influence of
Reynolds number on 1ift is greater for thick airfoils and less for rough
airfoils. Mach number effects must also be included when discussihg the
influence of Reynolds number, Attention must be given to the manner in which
the Mach number was varied with Reynolds number for a given test. Evidence
suggests that Reynolds number effects on ¢y diminish as the Mach number
increases. "

From the trends observed in the airfoil data, simple methods to correct
for Reynolds number effects in helicopter rotor analyses were derived.
Finally, it should be noted that the discrepancies observed between data from
various sources made correlation of the results difficult. Standardization
of wind-tunnel tests on two-dimensional airfoil characteristics is necessary
to eliminate inconsistencies. This problem not only degrades the accuracy of
the airfoil characteristics used in rotor analyses, but also makes it more

difficult to assess the influence of Reynolds number on these characteristics.
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APPENDIX
Modifications to Comprehensive Rotorcraft Analysis

Required To Implement The Simple Reynolds Number Corrections

This appendix presents the specific modifications to the equations in
the Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics
(ref. 1) that are required to implement the simple Reynolds number corrections

described in this report.

Reynolds Number

In order to calculate the Reynolds number as required to implement the
corrections, the air viscosity must be included in the environment model (pp.

127-128, ref. 1). The viscosity is obtained from the equation:

TR ST (1/1,)3/2
0,723 (17%,y ¥ 0.277

where T/Ty is the ratio of the temperature to the sea level standard tempera-
ture Ty, and the sea level standard viscosity has the value
wg = 3.7373 E-7 lb-sec/ft? = 1,7894 E-5 N-sec/m?
For yawed fiow, the Reynolds number will be greater than for unyawed flow:
Vyaw = V/cosx and cyaw = c/cosi (where X is the yaw angle), so Reygy =

Vv = Re/coszk.

yaw Cyaw/V

Drag Coefficient

The drag coefficient (p. 120, ref. 1) is evaluated with the following
equation, incorporating effects of yawed flow, dynamic stall, and now the
Reynolds number correction:

cq = 1 cd (ag cosr) + acq
Kcosi t DS
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ORIGINAL FAgs o
OF POOR QUAL\'W
or

cd = 1 cd; (ag cOSA) + Acq + AcCd
COSA Rey DS

where ) is the yaw angle, o is a delayed angle of attack accounting for dy-
namic stall effects, and Acq is a drag increment due to dynamic stall. The
Reynolds number correction fEStor is K = f(Ret)/f(Re), where the function f
can be chosen from eqs. la to 6a. Alternatively, a single drag increment
Acq can be used

Rey

Lift Coefficient

The 1ift coefficient (pp. 119-120, ref. 1) is evaluated with the follow-
ing equation, incorporating effects of yawed flow, dynamic stall, and now

the Reynolds number correction:

C, = K o c o cnszx - ¢, (o) +c, (o) + ac
fooso ( ad> |‘Zt (_dK > g ] bt *ns

where cg (0) is the 1ift coefficient at zero angle of attack, A is the yaw
t
angle, a4 is a delayed angie of attack accounting for dynamic stall effects,

and Acg is a 1ift increment due to dynamic stall. The Reynolds number
NS
correction factor is K = (Re/Ret)n.

Airfoil Table

The airfoil table (pp. 112-115, ref. 1) must be modified to include the
following additional data required to implement the Reynolds number correc-

tions: Reynolds number Re, maximum 1ift coefficient cy , perhaps mini-
max
mum drag coefficient ¢¢ , and perhaps angle of zero 1ift a7 (all as a
min
function of Mach number).
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TABLE 1: TEST CONDITIONS
MACH NUMBER
WIND OR PRESSURE
SOURCE REF | TUNNEL CHORD SPAN SPEED RANGE RANGE AIRFOILS
* 0009, 0012, 0015
NACA REPT. 5 VDT . 127m .762m M=.06 .25-.20 atm 0018, 2412, 4412
586 B 6412, 23012
NACA REPT. 6 VDT .127m .762m .25-.20 atm 0012
669 aspect ratio 6 wing
NACA REPT. 7 VDT .127m .762m 23012
530 FST T.8788m | 10.9728m | 13.41-33.53 m/sec T atm aspect ratio 6 wing
NACA REPT. 8 FST 1.8288m | 10.9728m | .04 < M < [11% 1 atm 0009 ,0012
647 aspect ratio 6 wing
NACA TN
1945 9 LTT .6096m 2-D M< .15 1 atm 0012, 230612
11-H-09, 12-H-12,
NACA TN 10 LTT .6096m 2-D 13-H-12, 14-H-12,
1922 15-H-15
NACA RM 11 LTT .6096m 2-D M< .15 1 atm 23012, 23015
L8B02
Abbot and 4 T .6096m 2-D M< .17 23012

von Doenhoff

*as stated in reference 20
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TABLE 1:

CONTINUED

MACH NUMBER

WIND OR PRESSURE
SOURCE REF | TUNNEL CHORD SPAN SPEED RANGE RANGE AIRFOILS
NACA WAR 12 TOT 2.54m 2-D 23016
REPT, L-752
NACA TN 13 T .6096m 2-D Tow 63-006, 63-009
1773 631-012, 633- 018
64-006, 65-006
NACA TN 14 ™T .6096m 2-D M2 .3 65-006
2824
NASA TP 15 |Langleyl SC1095, SC1095-R8
1701 Transonic .0787m 2-D M= L4 1.19-6.12 atm| 0012 C-deg tab
Tunnel
NACA TN 16 Ames?2 1.524m 2-D 03 < M< .17 0007, 0008
3524 Wind 1.3716m 05 <M< .22 0006
Tunnel
NPL3
A.R.C. 17 |Low Speed .762m 2-D M< .16 0012
31 719 Wind Tun.
NACA WAR 18 NACA% .6096m .29 < M< .59
REPT. L-682 Hioh Speed| 1.524m 2-D 0012
Wind Tun. .11 < Mg .20

£ W N =

0.1524 - by 0.7112- meter
2.1336- by 3.048- meter
3.9624- by 2.7432- meter
2.4384 meter

Alnvnd yood 40
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Figure 1. Skin friction coefficient of a flat plate at zero incidence
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Figure 3.

Minimum drag coefficient for NACA 23012 airfoil
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Figure 7. Minimum drag coefficient for NACA 6-series airfoils:
effect of thickness form
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Maximum 1ift coefficient for NACA symmetrical airfoils:
effect of thickness
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