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Nomenclature
AR = aspect ratio
Cp = drag coefficient
Cpy = zero lift drag coefficient
C, = lift coefficient
i = index
k = slope of linearized drag polar
o = exponent
Subscripts
A, B = lift or drag coefficient at points A and B
ml = maximum lift coefficient at low Re (wind-tunnel data
to extrapolate)
m2 = maximum lift coefficient at extrapolated Re
1 = low Re (wind-tunnel data to extrapolate)
2 = extrapolation Re

Introduction

XTRAPOLATION of wind-tunnel data to full scale remains a

challenging and demanding undertaking. Although literature is
available [1] on the topic, it is often anecdotal and seldom includes
methodology to extrapolate. Extrapolation techniques developed
over years are seen as proprietary and are seldom published, as
they provide significant cost and time advantages over a competitor.
Discrepancies between wind-tunnel and flight measurements have
many causes: Reynolds number effects, model fidelity, wind-tunnel
mount support interference, wall corrections, aeroelastic effects, etc.
Additionally, commonly used methods to simulate high Re flow, for
example, tripping the boundary layer at the flight estimated location,
may also cause errors, as a matching based on shock location or
boundary-layer momentum thickness may be more representative
depending on the geometry and flight conditions [2].

Current approaches to wind-tunnel data extrapolation show the
use of these data in conjunction with computational fluid dynamics
(CFD) [2]. High-fidelity wind-tunnel data may be used as an absolute
ataparticular Re number; CFD is then used to scale the data to flight,
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as CFD’s ability to establish representative changes in drag between
Re numbers is well accepted. Simple methods for a quick estimate of
drag at a higher Re suitable for educational or preliminary design
purposes are limited, whereas some available methods are inexact or
sketchy in application [3]. In this Note, a simple method is presented
to extrapolate the drag polar of an airfoil or wing to a higher Reynolds
number. Following method development, comparisons of the ap-
proach with experimental data are presented.

Theoretical Approach

The drag polar for an aircraft or wing section (with limited camber)
may be expressed as
Cp = Cpy + kC? (e}
where Cp, is the so-called zero lift drag coefficient (predominantly
due to skin friction) and kC? is the drag due to lift coefficient (due to
both vortex and sectional pressure drag for a wing or pressure drag for
an airfoil). Extrapolation of a polar represented by Eq. (1) indicates
that both drag constituents need to be modified. As Cp, is primarily
friction based, a common correction to higher Re uses a simple
formulation based upon the drag coefficient dependency of a flat
turbulent plate with Re. Consequently, the zero lift drag coefficient
may be estimated as [2]
Cpoy = Cpoi (Re;/Rey)* (2)
Based purely upon the result for a flat plate with turbulent flow, « is
set to 0.2. For Re greater than 8 million, a value of 0.11 may provide
better estimates [2]. An alternative experimental approach to
estimating the Cp, at higher Re is to vary the Re within the capability
of the wind-tunnel facility so as to formulate a plot of Cp, versus Re
(using a logarithmic scale for the Re axis). Fitting a linear regression
to these data then allows extrapolation to higher Re.

Extrapolation of the lift dependent drag coefficient is facilitated
by the observation [3] that the slope of the linearized drag polar
(Cp versus C?) has a marginal dependency on Re. Based upon this
observation, the following method details a systematic approach
to drag polar extrapolation to higher Re. The method entails an
extension of the linear portion of the linearized polar to the estimated
location of stall onset at higher Re numbers. An estimate of C; ., at
the Re of extrapolation is required. It is also assumed that the nature
or characteristic of the stall is preserved at higher Re when examined
using the linearized polar. This results in a more rapid stall pro-
gression at higher Re (than in the data extrapolated from) when
viewing the traditional drag polar, as is typically seen experimentally.
This assumption will be revisited later. Figure 1 defines variables
used in the extrapolation procedure, as well as some extrapolation
details.

Extrapolation Procedure

The following sequence defines the procedure to extend a given
experimental polar to higher Reynolds number. The polar may be that
of an airfoil or wing. Note that uppercase symbols, associated with a
wing, are used in the presentation. For an airfoil, one may replace C),
with C, and C; with C;. Figure 1 contains details of some procedural
steps.
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Fig. 1 Variable definitions and extrapolation procedure details.

1) Plot the linearized polar of the wind-tunnel data. Remove post
Cy,n1 points.

2) The polar will be seen to be constituted of generally two linear
elements: one associated with attached flow and the other with the
initial onset of separation.

3) Fitalinear regression to the plot. Starting from C; |, reduce the
number of points in the linear regression until a clearly defined break
appears (or slope discontinuity) if necessary. This point, defined as
C?,, is clearly seen in Figs. 2-4.

4) It may also be necessary to eliminate some points from the
minimum lift coefficient region to improve the curve fit.

5) Record the curve fit as it will be used to extend the linear region
of the polar. This numerates Eq. (1).

6) The next step is to estimate the location at which stall onset
occurs at the extrapolated Re.

7) This point, defined as C? is estimated assuming that the lift
coefficient extent (in the linearized polar) over which stall occurs is
similar for both the wind-tunnel and extrapolated data. Thus, it is
defined as

CIZ‘B = C%mZ - (Ciml -

Cia) 3)

8) To extend the polar from C2 , to C2:

a) Use the original wind-tunnel data (C; and Cp) until the point
preceding C2,,.

b) From (and including) points C, to C?, use the curve fit
defined in the preceding point 5 to estimate the drag coefficient.

c) It is necessary to generate incremental lift coefficients
(padding) from C?, to C3,. The following expression may be
used:

C%i = C%A +i- (C%B - C%A)/N i

from 0 to N

(C))
N is any integer; one may use sufficient points so that Cp
increments of approximately 0.05 result.
9) To extend the polar from C?, to C?, ,:

a) In this region, the original wind-tunnel data (Cp,;, Cpa.;,
i.e., the experimental points after the point identified as A in the
wind-tunnel linearized polar data) are combined with the extra-
polated data. Estimates of the lift and drag coefficient are made
using

Criyp=Clp+ (Ciyy; —CLy) )

Cpirs = Cpp + (Cpasi — Cpa) (6)
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Fig. 2 Comparison of extrapolated polar with experiment, a) NACA 0015 and b) NACA 23012 sections. Data from [5].

The index i is from one to the wind-tunnel data point defined as
Cimi- Cpg 1s from step 8b.
10) The extrapolated polar is then determined by rooting the C?

values.

11) The polar may then be adjusted for Cp effects using Eq. (2).

The calculated Cj, decrement (Cpq; — Cpg,) is subtracted from all
the C), values.

12) Cautions: As will be shown, the method is dependent upon

taper ratio of 0.7, whereas the &R = 10 wing had a taper ratio
of 0.5. The experimental data indicated no observable shift in the zero
lift drag coefficient; hence, this correction was not applied to the
extrapolation. The agreement for the R = 5 wing athigh Re with the
extrapolation is good, however, that of the AR = 10 wing is less
satisfactory. It is evident that, for the AR = 10 wing, the stall region
characteristics change when the Re is increased, a potential issue
discussed earlier. As suggested by the chart in [4], the N65A012

two assumptions; that the linearized polar’s stall characteristics
and attached flow slope [3] are conserved. To ascertain the stall
behavior, [4] may be used as a guide. Stall types may vary between
long bubble, short bubble, trailing edge, or a combination of short
bubble and trailing edge. If a stall type is conserved between the
wind-tunnel and extrapolated Re data, then the stall behavior
should be reasonably approximated by the wind-tunnel data.

Figures 2—4 show comparisons of wind-tunnel data collected at
two Re numbers along with extrapolations of the low Re data to the
higher Re. The upper inset of each figure shows the linearized polar
identifying the point C2,. Figures 2 and 3 contain data from [3]
which was collected to determine the effect of Reynolds number on
the evaluated airfoil sections. Data for Re of approximately 330,000
as well as 3 million are shown. In [5], incremental Re variations
from less than 100,000 to over 3 million are presented. The Re ~
330,000 was chosen for extrapolation as it represents an extreme
case, but not one that would be excessively contaminated by low-Re
phenomenon. It is also an Re that is readily achieved in most wind- 0
tunnel facilities. The method detailed earlier was used to extra-
polate the low-Re data to the higher Re. The high-Re maximum lift
coefficient was used in the extrapolation procedure as C; ,,,. A value
for o of 0.11 [Eq. (2)] was seen to provide the best agreement with
the higher Re data and was used in the presented data. As may be
seen, the extrapolations for the NACA 0015 and NACA 23012
sections show close accord with the experiment. However, agree-
ment for the NACA 2412 is not as satisfactory. Looking at the
experimental data curve shapes of the two Re numbers indicates
that the curvatures are different, hence so are the slopes of the
linearized polars. As a consequence, this case, presented to empha-
size this point, violates the assumption of similar linearized polar 0
slopes (which is usually the case, especially for wings).

Figure 4 presents data for two wings of 35 deg sweep as reported in
[6] with Re variation from 2 to 10 million. The R =5 wing had a

section’s stall characteristics change from being a leading-edge
phenomenon (Re = 2 x 10°) to combined leading edge and trailing
edge at Re = 10 x 108,
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Fig. 3 Comparison of extrapolated polar with experiment, NACA 2412
section. Data from [5].
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Fig. 4 Comparison of extrapolated polar with experiment, a) R = 5, N64A312 section and b) R = 10, N65A012 section. Data from [6].

Conclusions

A simple method is presented to extrapolate the drag polar from
wind tunnel to flight Reynolds number. The methodology assumes
that the nature of the stall and the slope of the linearized drag polar
is preserved as the Re is increased. Cautions regarding these sim-
plifying assumptions are given. Comparisons of the procedure with
experimental data show encouraging accord. Cases are included to
highlight instances where the method may lose validity due to
violation of the assumptions.
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