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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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EXTRAPOLATING WIND-TUNNEL DATA TO FULL-SCALE REYNOLDS NUMBER
Part 3: Example (ii) Comparison of extrapolated low-Reynolds-number lift measurements
on the F4 wing/body with high-Reynolds-number measurements
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EXTRAPOLATING WIND-TUNNEL DATA TO FULL-SCALE REYNOLDS NUMBER
Part 3: Example (ii) Comparison of extrapolated low-Reynolds-number lift measurements
on the F4 wing/body with high-Reynolds-number measurements

1. INTRODUCTION

References 1 and 2 describe the problems involved in extrapolating low-Reynolds-number wind-tunnel
tests to high (full-scale) Reynolds number. Problems are often caused by the presence of local separations,
which may be very sensitive to Reynolds number, originating on highly-loaded regions of a wing near a
shock wave or the trailing edge. Reynolds-number sensitivity caused by such separations is an indirect
Reynolds-number effect! in contrast to the direct Reynolds-number effect! caused by changes in the
condition of an attached boundary layer.

Indirect Reynolds-number effects are difficult to model and therefore the use of CFD for the extrapolation
of isolated low-Reynolds-number wind-tunnel measurements is generally unsatisfactory. In Reference 2
two methods are described by which additional low-Reynolds-number test data may be used to obtain a
more satisfactory extrapolation to high Reynolds number.

In the first of these methods, the Reynolds-number sweepz, additional tests are made at different (but still
low) Reynolds numbers, to permit initial extrapolation of the experimental data to a Reynolds number at
which indirect Reynolds-number effects are no longer significant. CFD may then be used to extrapolate
further from this point to the required full-scale Reynolds number. This method is clearly only applicable
where the wind-tunnel facility used permits variation of Reynolds number (e.g. by changing stagnation
pressure) over a sufficient range.

The second method, the transition sweep?, relies on the simulation of airflow at high Reynolds number by
fixing boundary-layer transition on the wing surfaces downstream of the locations anticipated at full scale;
a process known as aft fixingz. Transition fixing is achieved, for example, by means of bands containing
distributed roughness. Systematic variation of the transition location on the upper (and if necessary also
the lower) wing surface then provides sufficient experimental data to permit extrapolation (at the test
Reynolds number) to target transition locations at which indirect Reynolds-number effects are expected to
be insignificant. An example showing how these target transition locations are established is given in
Reference 3. CFD is then used to extrapolate from this point to the desired full-scale Reynolds number and
transition locations, in a manner similar to the Reynolds-number sweep method. It should be noted that
the target transition locations may not be realisable in practice. For example, a transition location
downstream of that at which natural transition occurs may be required to eliminate indirect
Reynolds-number effects. However, provided the CFD method used for the final extrapolation allows
calculation of the flow with transition imposed at the required location, this does not present a problem.

ESDU Copyright material. For current status contact ESDU.

In order to demonstrate and assess the two methods, an example is required for which test results are
available for Reynolds numbers typical of full scale as well as the lower Reynolds numbers typical of many
wind-tunnel tests. Although the availability of suitable data sets is very limited, one example of direct
relevance to both the Reynolds-number and transition-sweep methods was found, although this is restricted
to lift measurements at one fixed incidence angle. This example relates to the F4 wing/body combination,
which has been tested in both low-Reynolds-number*® and high-Reynolds-number® facilities.

In Reference 3, the BVGK aerofoil code’® is used for the F4 wing/body combination to determine
appropriate transition location limits on both upper and lower wing surfaces. The extrapolation procedures
described here call on this previous analysis and are also based on two-dimensional calculations using
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BVGK. Following the methods described in Appendices A and B, these 2D calculations, made at typical
sections on the wing, are then used to estimate changes in the performance of the three-dimensional
wing/body combination.

The analysis presented is constrained by the availability of both experimental data and CFD methods. This
document does not, therefore, seek to define a proscriptive procedure either for designing wind-tunnel tests
or for subsequent interpretation of the results of such tests. It does, however, illustrate that useful
extrapolation can be achieved using simple, easy-to-use, methods. A thorough understanding of the
physical features of the flow under investigation and intelligent interpretation of CFD results is essential
for successful interpretation of the results.

2. NOTATION
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aspect ratio (= b2/S)
wing span
overall lift coefficient

overall lift coefficient at which the spanwise load distribution is
estimated (from FP calculations in this example, (Appendix A)

mean body lift coefficient corresponding to C iy (Appendix A)

(n =1, 2 or 3) mean lift coefficient ( predicted from FP calculations
in this example) on region, n, of the wing corresponding to C_;;
(Appendix A)

mean body lift coefficient for equivalent wing (Appendix A)

(n =1, 2 or 3) mean lift coefficient on region, n, of the equivalent
wing (Appendix A)

extrapolated overall lift coefficient
extrapolated overall lift coefficient before downwash correction
C_ at which BVGK and experimental data are matched (Section 4)

lift coefficient of local two-dimensional wing section, based on ¢
and local velocity in streamwise direction

(n=1, 2 or 3) lift coefficient on equivalent wing for two-dimensional
section normal to A 5 line, based on c,, and velocity component
normal to A, 5 line (Appendix A)

chord of local section in line-of-flight direction
mean chord (= b/S)

(n=1, 2 or 3) local chord of equivalent wing normal to A, 5 line,
used for BVGK calculations

(n=1, 2 or 3) local line-of-flight Mach number (= M_+AM,)
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(n =1, 2 or 3) Mach number used for BVGK calculation
freestream Mach number
dynamic pressure

Reynolds number above which indirect Reynolds number effects
become insignificant

(n =1, 2 or 3) Reynolds number based on local line-of-flight
approach velocity and chord

(n =1, 2 or 3) Reynolds number used for BVGK calculation on
section of equivalent wing

value of Re_, at which BVGK estimate and experimental data are
matched (Section 4)

Reynolds number based on freestream velocity and T

wing area

half-body reference area (Sketch Al.1)

half-body reference area of equivalent wing (Sketch A1.3)
(n =1, 2 or 3) area of equivalent wing region (Sketch A1.3)
(n=1, 2 or 3) area of wing region (Sketch A1.1)

wing semi span (= b/2)

semi-span of exposed part of wing (Sketch A1.3)
wind-tunnel stagnation temperature

coordinate measured downstream in direction of freestream (origin
at wing leading edge)

transition location on lower surface

transition location on upper surface

coordinate measured from body axis in spanwise direction
incidence

(n=1, 2 or 3) incidence at 2D section, normal to A line of
equivalent wing (Appendix A)

difference in lift coefficient between experiment and BVGK estimate
(n=1, 2 or 3) correction to M__ for local body influence
increment in wing incidence due to additional lift after extrapolation
yis
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Nstart lower limit of integration (Section A2)
Nfinish upper limit of integration (Section A2)
A paxt sweep angle at maximum local wing thickness
Ags mid-chord sweep angle
3. AVAILABLE WIND-TUNNEL DATA

Reference 6 describes t%sts made on the F4 wing/body in the ETW tunnel at Reynolds numbers between |
3.0x 10" and 33.0 x 10~ with free transition. Data are given for lift, dragGand pitching moment. Additional -
data are given for tests made for Reynolds numbers between 3.0x 10" and 8.45x 10", with transition
bands at the locations shown in Sketch 3.1 and also for a single Reynolds number of 3.0x 10", for the
transition band locations shown in Sketch 3.2. :

The F4 wing/body combination was also extensively tested in the ONERA-S2MA, the NLR-HST and the
DERA-8ft >é 8ft wind tunnels, in an AGARD test programme4’5. Tests were made at Reynolds numbers up
to 3.0x 10" with transition fixed at the locations given in Sketch 3.3. Data are given for pressure
distributions together with force and moment balance data for lift, drag and pitching moment.

Centre line

Transition strips
Eusel " 0.196 (Carborundum)
uselage side (n = 0.
‘ e g M )

Upper & Lower —

x/c = 5%

180 grade
b =1440 mm

lX/C =5%

Width of transition
strip 2 mm

15mm
Gap
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x/c = 5%

‘ ‘

n =0.300
i n =0.400
(at trailing edge crank)

S

|
|
|
|
|
|
|
|
|
|
|
F

Sketch 3.1 Transition locations used in ETW tests: 5% - 5% (from Reference 6)

“ Here 5% - 5% denotes x,,,,/C = X,;;/c = 0.05 on both upper and lower surfaces. (also see footnote on page 5).
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Centre line Transition strips
(Carborundum)
‘ / Fuselage side Upper — | Lower — —
‘ x/c = 5% 120 grade | 150 grade
| l b = 1440 mm
! ' l xlc = 35%
| 15 mm - N x/c = 25% (Wing lower surface)
| Gap i -
| i xlc = 5%
‘ n = 0.300 Ry
n =0.126

(at fuselage side)

Centre line

/ Fuselage side

lx/c =5%
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Kink in lower surface transition strip

Sketch 3.2 Alternative transition locations used in ETW tests: 35% - 25%" (from Reference 6)

Transition strips
(Carborundum)

Lower ——
150 grade
b=1170 mm

Upper —
120 grade

x/c = 15%

Width of strips approx. 2 mm

x/c = 15%
lx/c =5%

(at trailing edge crank)

R T

! 1 =0.400

n =0.844

Sketch 3.3 Transition locations used in ONERA, NLR and DERA tests: 15% - 25%" (from Reference 4)

In this Item specification of transition locations is given in the form, e.g. 35% - 25%. This defines a transition “fix” on the upper surface

at X;,/c = 0.35c in the region between the two kinks in the transition band (Sketch 3.2) and on the lower surface at x, /c =
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3.1 Wind-tunnel Test Data suitable for Extrapolation using both Reynolds-number and
Transition-location Sweep Methods: Variation of C; with Re_, and Transition Location at Fixed o

In order to demonstrate both the Reynolds-number sweep and transition-sweep extrapolation methods,
outlined in Reference 2, low-Reynolds-number test data are required in which both Reynolds number and
transition location are systematically varied, together with high-Reynolds-number data suitable for
comparison with the extrapolated data. References 4 and 6 give a suitable set of data relating to the variation
of C, with Re_, and transition location at fixed o.. Extrapolation of this data set is a severe test of the
techniques as extrapolation at constant o rather than constant C, is likely to involve substantial changes :
in, for example, shock-wave location in both the tests and the CFD calculations performed during -
extrapolation. In Reference 2 the difficulty of using these methods to extrapolate lift-curve slope is
mentioned although, in the present example, only a single incidence is involved. Details of the wind-tunnel
data used in this analysis are given in Sections 3.1.1 and 3.1.2. '

3.1.1 ETW wind-tunnel test data (Reference 6)

Sketch 3.4 shows the variation of C, with Re_ , measured in the tests of Reference 6. Results are given
for free-transition tests and for the 5% - 5% transition locations, both without correction for model
distortion due to dynamic pressure and with correction applied to normalise C, values to the dynamic
pressure appropriate to test conditions at Re_, = 3.0 x 108 In these tests Re_, isincreased from 3.0 ><610
to 8.45x 10" by increasing stagnation pressure. To obtain the increase from Re = 8.45x10" to
12.1x 10", stagnation temperature is reduced from 283K to 120K, and stagnation pressure returned to its
original value. The further increase in Re_, from 12.1x10" to 33.0 x 108 is then again obtained by
increasing the stagnation pressure. It is apparent that model distortion causes a marked unloading effect
as stagnation pressure is increased and represents a significant pseudo Reynolds-number effect?.

After correcting C, for dynamic pressure, a strong Reynolds-number influence is still apparent at low Re _,
for both the free-transition case and the 5% - 5% fix (Sketch 3.4), indicating the presence of indirect
Reynolds-number effects. The identical value of CL, with free transition, at Re_ = 3.0x 10" and
33.0x 10" is coincidental. (In this case transition is uncontrolled and, although it occurs as far aft as
possible, may interfere with the local flow in the region of the shock wave resulting in poor simulation of
the high Reynolds-number flow by the low-Reynolds-number test.)

At Re = 3.0x 106, a single point is given for the 35% - 25% fix, which gives a higher C, than that
obtained with the 5% - 5% fix but lower than that obtained with free transition.

ESDU Copyright material. For current status contact ESDU.
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| |
0.65 | |
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0.50 fa/‘ —&— 5% - 5% transition C, uncorrected for q H

—— 5% - 5% transition C|_corrected to g at Re,_, = 3 x 10°
—a— free transition C;_uncorrected for g

0.45 N 6
©— free transition C, corrected to g at Re_, = 3 x 10
A 35% - 25% transition
0.40 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35
Re,, x 107°

Sketch 3.4 Experimental variations of lift coefficient with Reynolds number for M_ = 0.785and -
o. =—0.28 deg (from Reference 6) :

3.1.2  AGARD wind-tunnel test data

Sketch 3.5 shows lift measurements for the F4 wing/body combination made in three wind tunnels, situated
in the Netherlands, France and the United Kingdom and identified in Reference 5 as NLR-HST,
ONERA-S2MA and DERA- 8ft x 8ft. The model is slightly smaller than that used in the E'IéW tests® and
15% - 25% transition locations were used (Sketch 3.3). Alltestswere madeat Re_, = 3.0 x 10" . Sketch 3.5
shows close agreement between the results obtained in the three tunnels at the incidence of —0.28 deg
corresponding to the ETW results® shown in Sketch 3.4. These results may therefore be interpolated to
give the lift coefficient for a 15% - 25% fix at the test conditions corresponding to those of Sketch 3.4
(M, =0.785 and o = —0.28 deg), which provides an additional data point for use in an extrapolation
based on a transition sweep. Interpolation gives C;, = 0.463 at o = —0.28 degand M_ = 0.785.

ESDU Copyright material. For current status contact ESDU.

Ideally all data would be obtained in a single wind-tunnel test series and the use of data derived from the
separate AGARD test series introduces some uncertainties. One of these is that the kinks in the upper- and
lower-surface transition bands are located at 1 = 0.5 inthe ETW testsand at n = 0.4 inthe AGARD tests
(Sketch 3.2 and Sketch 3.3). A second uncertainty is that the ETW results are corrected for model distortion
to a dynamic pressure corresponding to Re = 3.0x 10". There is, however, no guarantee that the model
geometries at a dynamic pressure at Re_ = 3.0 x 10" are identical in the ETW and AGARD tests, since
distortion from the unloaded condition may differ in the two cases. This possible difference is ignored in
the present analysis.
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