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SUMMARY

In the region of strong favourable pressure gradient between the leading-
edge attachment line and the pressure minimum, comparisons with the measurements
of Cumpsty and Head , on a 62.5° swept wing, show that current turbulent boundary-
layer methods4>2 do not predict the boundary layer growth accurately enough for
practical design applications. Physically, the conditions are severe as there
are strong cross—flows developing in the presence of large wall curvature.

Calculations, using the entrainment method of Ref.4. show that, even at
flight Reynolds numbers, a conventional swept wing with turbulent attachment line
flow could be affected by a prolonged region of reverse transition. Simple
assumptions are used to estimate the effect of this on boundary-layer development.
It is found that the profile drag could be affected by several per cent and it is
thought that the shock-induced separation and scale effects for 'peaky' transonic
aerofoils would be even more susceptible to the presence of laminar reversion
and that the use of an attachment line criterion for turbulent flow (such as C%)
is inadequate on its own.

Finally, calculations using the same boundary-layer method are employed to
provide charts from which a basic experiment at low speeds can be designed to
investigate these problems on a yawed circular cylinder (suitably faired).
Results are provided for the 13ft x 9ft wind tunnel at RAE Bedford and for the
5ft x 4ft wind tunnel at the Cambridge University Engineering Laboratory.

* Replaces RAE Technical Report 73091 - ARC 35095
*%* Now with the DOE, CEDAR project, PCAO (DBD), Lunar House, Croydon
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1 INTRODUCTION
The flow along the leading-edge attachment lines of swept wings has been
investigated by several authors in 1aminar5’6’8, in transitiona16’7’8, and also

]’9’]0. There has also been a large amount of

12,13,14,15

in fully turbulent flow

. 11 .
theoretlcalz’3’ and some experimental

work carried out on three-
dimensional turbulent boundary layers in zero or adverse pressure gradient
conditions such as might be found well downstream of the leading-edge region of

a real swept wing. Unfortunately, from the point of view of the designer of a
swept wing, where the attachment line flow may be fully turbulent in flight
conditions, there appears to be no information available either in the form of
direct experimental measurements of boundary layer behaviour or in the form of
theoretical predictions for the remaining region of (favourable pressure gradient)

flow lying between the partial stagnation line and the locus of the leading-edge

pressure minimum.

That there is a practical requirement for a better understanding of the flow
in this region is demonstrated by the present results, shown in Figs.l! to 3, for
the Cumpsty-Head winglz. The turbulent boundary layer calculations started from
the attachment line lead to values of 611, H]l and B, at the 'peak' velocity
position (x'/c' = 0.21), which differ from the measurements. This difference
leads in turn to markedly different predictions for the development of boundary
layer properties in the region of adverse pressure gradient, and of the position
of rear separation, from those calculations started with the measured values at
the 'peak'. This is a feature not only of the entrainment method described in
Part I4 of the present series of papers but also of the turbulence energy

method3.

The foregoing difficulties are mentioned in Part III of the present
series of Reportsl6, where the possibility of reverse transition occurring,
even at flight Reynolds numbers, in the leading-edge region is also
briefly indicated. The present paper elaborates somewhat upon both of these
aspects and suggests that one of the most urgent pieces of fundamental work

needed at the present time may well be an investigation of this region.

The flow is likely to be a complex one, physically, and may lead,
especially for aerofoils with large leading-edge 'peaks', to significant
uncertainties in the predictions of profile drag, rear separation, viscous dis-
placement effect and of other quantities of practical interest obtained from any
calculation method for swept wings in viscous, compressible flow such as proposed

in Ref.l17.



<

In sections 3.3, 3.4, two infinite yawed wings with sections and pressure
distributions of a practical nature are examined in some detail by means of para-
metric calculations made using the entrainment method of Part 14. The first
wing employs an 187 thick RAE 101 chordwise section at low speed (M cos A =0.1)
and with o sec A = 8.32°. It has a moderate leading-edge peak and fully attached
flow. The second wing has the RAE (NPL) 3111 section at its design flat roof-top
condition (M_ cos A = 0.665 Cp sec2 A = 0.515) examined'® in Part III of the
present series of Reports. For both wings, it is found that a significant range
of flight conditions would be affected by prolonged regions of reverse transitionm.
Crude estimates are made, for the RAE 101 section, which suggests that the level
of upper surface profile drag may be lowered by as much as 8 per cent from the
fully turbulent value if reverse transition is present; the exact amount depend-

ing on the extent of the relaminarized flow.

Finally, in the Appendix, design charts are presented from which it is
possible rapidly to assess the feasibility of using a yawed circular cylinder
as the basis of a boundary-layer experiment, in a low-speed wind tunnel, to
examine both the fully turbulent boundary layer and the conditions of reverse
transition downstream of swept leading edges. Outline calculations are given
for the 13ft x 9ft wind tunnel at RAE Bedford and for the 5ft x 4ft wind tunnel

at the Cambridge University Engineering Laboratory.

The importance of understanding and of predicting accurately this leading-
edge flow is comparable with that of predicting transition in two-dimensions.
For instance, if the flow is turbulent initially on the swept attachment line,
by virtue of contamination from the fuselage boundary layer, then the occurrence
or otherwise of a region of reverse transition (resulting in a laminar state at
the velocity peak) would lead to markedly different behaviour of vortex separa-
tions or leading-edge bubbles and of course any boundary-layer/shock interactions
would be severely affected*. Consequently, it is extremely important to improve
our knowledge of this region especially when it is remembered that use of 'peaky'
sections ~, with large values of C*, could give rise to flows that are more

sensitive to these uncertainties, than the flow about more conventional sections,

at cruise*¥,

* This paper can only serve to draw attention to these uncertainties: at the
present time it would be difficult to attempt reliable predictions of their
magni tudes.

*% 1t is assumed that we are able in practice to consider a smooth leading-edge

surface. As supercritical sections are likely to be more critical as regards
shape and surface finish than conventional sections this seems to be a
reasonable assumption.
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For off-design conditions, especially with powerful leading-edge devices,
the likelihood of turbulent attachment line flow and of laminar reversion before
the 'peak' seems even greater than at cruise. The situatioa, from the wing
design point of view, is further complicated by the uncertain accuracy of
present day approximate methods of predicting detailed potential flow pressure
distributions around the leading edges of finite swept wings, especially in
compressible flow17. The position of the attachment line itself may not be known

accurately, especially near to the apex of the wing.

The question that remains to be answered is therefore: 'Are the levels of
inaccuracies due to the boundary layer predictions swamped by the inaccuracies
due to the potential flow calculations or are they both large enough to require

further work?'

The answer to this question is beyond the scope of the present series of
papers but it is believed that some useful indication of the uncertainties in
the boundary-layer predictions is provided by the observations given here. These
observations can be regarded as an extension to the list of possible difficulties
facing the designer in viscous three-dimensional flow, that was collected

recently by Hall18 in his review paper.

2 FULLY TURBULENT FLOW ON SWEPT WINGS

2.1 Comparison of turbulent boundary-layer predictions with measurements on
the Cumpsty-Head 62.5° wing

Results of calculations for the boundary-layer growth behind the pressure
minimum on this infinite yawed wing have been presented elsewhereB’]2 but, at
the start of the present investigation, no attempt had been made to predict
the complete boundary-layer starting from the leading-edge attachment line. It
was important to attempt this because the design of swept wings in viscous flow
necessitates17 full chord predictions, no values of boundary-layer properties
being available, at the locus of pressure minima, to start the boundary-layer

calculation.
Two different boundary-layer methods were available, namely:
n the turbulence energy method of Bradshaw3 and,

2) the entrainment integral method presented in Part I of the present
series of Reportsé. This method is usedy in Part III of this series
(see Ref,16), to investigate the influence of sweep on profile drag and

rear separation behaviour for a realistic family of yawed wings.



Using either method, predictions have been obtained for flow along turbulent
attachment lines and also in three-dimensional boundary layers with zero or
adverse pressure gradients. However, numerical problems occur in the strong
favourable pressure gradients that characterise the leading-edge region. Also,
numerically, some method must be found to advance the calculation from the

attachment line itself,.

Ref.4 shows how these problems were satisfactorily overcome for the
entrainment method and the calculations in the present Report use this method
throughout, except (in this section) for a few results obtained from the
turbulence energy method for the Cumpsty-Head wing. The latter calculations were
started from initial values, just downstream of the attachment line, found by

using the entrainment method.

Pressure distribution (B) of Fig.9 in Ref.4 was used for the calculations.
The results of the present predictions, started from the leading edge and from
the pressure minimum (x'/c' = 0.21), are compared in Figs.l, 2 and 3 for ell/c"
H]] and B, respectively. A sweep angle of A = 62.5° was assumed. Further
details of the entrainment calculations can be found in Ref.4 where, for example,
the individual terms in the equations are plotted out across the complete

boundary~layer development.

From Fig.l, it is clear that starting either method from the (measured)
attachment line values results in a considerable underestimation of momentum
growth as separation (measured at x'/c¢' = 0.86) is approached, whereas the

calculations started at the 'peak'agree well with experiment.

Similarly, the streamwise shape-factor (Hll) grows less rapidly if the
prediction is started from the leading-edge (see Fig.2). The initial transients
in Bradshaw's result are due to the difficulty of estimating initial shear

stress profiles in three-dimensional conditions.

From the above it may be inferred that quantities of practical importance
to the designer (such as momentum thickness and displacement thickness) are
surprisingly sensitive to the position from which the calculations are started,

although the values of H and ell/c' at the beginning of the adverse pressure

gradient seem to be nearl;]independent of starting position. However, the
development of cross-flow properties is affected more noticeably as seen in
Fig.3, where the surface cross-flow angle (B) at x'/c' = 0.21, predicted from
calculations started at the leading-edge, is more than twice the magnitude of

the measured value used to start the other calculations.
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2.2 Discussion

The effects of favourable pressure gradient on the inner region of the
mean velocity profile are considered later (in section 3.1) where it is

suggested that turbulent flow would break down if

Big < -0.01 , (1)
. .. .\.)E 0 (grad _13.5_,) o
where s~ 3 % _—_T?_T—_—— a
us v W

where the term in brackets is the component of the pressure gradient vector
taken in the direction of the surface shear vector (Tw). However, according to

the calculations, this value is never reached in the experimental condition

considered here and although Rq falls from a value of 620, on the attachment
11
line itself, to about 250 just downstream, it rises rapidly again and hence the

flow can probably be regarded as fully turbulent everywhere. Consequently,
reverse transition does not explain the disagreement between theory and experi-

ment in the leading—edge region.

In order to make predictions of sufficient accuracy for swept wing design
it is necessary to carry out experiments to provide fundamental data to cali-

brate boundary-layer methods in this difficult region.

The foregoing results reveal the present problems for (nominally) fully
turbulent flow everywhere, but subsequent calculations showed that even in
flight conditions on sections of a more practical type there were strong
indications, from the calculations, that reverse transition could occur, thereby
creating further uncertainty regarding the accuracy of turbulent boundary-layer
predictions. These aspects are examined in the following sections, and the

design of a suitable experiment is considered in the Appendix.

3 REVERSE TRANSITION NEAR SWEPT LEADING-EDGES

3.1 Criteria for reverse transition

In two—dimensional and axisymmetric flow Patell9 showed that if

u3 p dx
T

v 1d . . .
A1 = (—- —-—%) < - 0.01 approximately, then the turbulent inner region broke
.. 20
down and reverse transition could start. Launder further suggested, on the
basis of his own measurements, that this condition of strong favourable pressure
gradient must be maintained for a streamwise distance of about twenty mean

boundary—-layer thicknesses (8, ) before laminar flow could become established.

AV



In three-dimensional flow, the parameter corresponding to Al for the

inner region with cross—flow is Als , given by equation (1). For an infinite

yawed wing the expression simplifies to

A = .\.)ET_ -—1- EB coSs (¢ + ) (2)
1Is .3 p_ds' B)
UT \'4

where %51 is the pressure gradient chordwise, ¢ and B are defined in

Fig.4.

3.2 The method of boundary—layer calculation

For fully turbulent flow (Als>>-0.0]) the entrainment method (see Ref.l)
used throughout the remainder of the present paper employs the entrainment
function F(H]) as originally proposed by Head2], together with the compress-

ibility assumptions of Greenzz.

Once laminar reversion is indicated (A, < - 0,01) the entrainment is

set to zero (F = 0) since in quasi~laminar fléz the mixing intensity is expected
to be very much less than the turbulent value., This is obviously an extremely
oversimplified view of the complicated physics of the situation but represents
fairly honestly the poor current level of knowledge especially in three-
dimensional flow., However, this simple assumption should give a reasonable
estimate of the magnitude of the effects due to reverse transition by comparison

with results using F(H]) throughout.

The length along an external streamline for which A, < - 0.0l , is taken

1s
as the extent of laminar reversion and is called LRT . Hence Launder's con-

dition is used in the form:

=
LRT = 20(‘3AV . (3)

3.3 Calculations of boundary-layer behaviour in the leading—edge region of a
60° swept wing having a symmetrical section at incidence

The wing considered here has a chordwise section (normal to its leading
edge) of 18% RAE 101 and the operating conditions are M_cos A = 0.1,
o sec A = 8.32° expressed in the form appropriate to infinite yawed wings (see

Ref.16, for example). The streamwise chord Reynolds number is Rc = 4,6 % 106.
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These conditions correspond to one of the conditions studied by Garner23
during his experiments in the 13ft x 9ft tunnel at NPL. His results were
confined to flow visualisation and surface static pressure distributions
because of the small size of the models tested. The measured pressure distribu-
tion at n = 0.555 was used for the present calculations as it was in a

region where infinite yawed wing conditions occurred.

The flow around the leading-edge region is displayed in some detail in
Fig.5. The lowest diagram shows a section normal to the leading edge where it
is seen that the stagnation point is well below the geometric leading edge and
hence that there is a considerable length of surface around the leading edge
from the stagnation point to the pressure minimum. This is shown in the
middle sketch where the strong favourable chordwise pressure gradient gives
rise to laminar reversion between s'/c' = 0,012 and 0.056. This corresponds
(see upper diagram) to A];£?~0.0l for a length of LRT = SOGAV along the path

of the external streamline.

The boundary-layer predictions shown in the upper figure reveal a signifi-
cant difference between the momentum thickness at the pressure minimum as
obtained from the fully turbulent results (Rg = 440) and that from the calcula-
tion for laminar reversion (Re] = 200). This difference in initial wvalues at
the beginning of the adverse pressure gradient results in a 47 difference in

upper surface profile drag. That is:

with laminar reversion, CD 0.00417, and

u

fully turbulent flow, C 0.00434.

D
u

The corresponding results for streamwise shape factor (Hll) development

and surface cross flow angle (B) are shown in Figs.6 and 7.

Despite the crude nature of the zero entrainment assumption the predictions
are qualitatively reasonable as, in quasi-laminar flow, the reduced mixing should
result in increased cross flow and a shape factor which rises towards the laminar

value.

The significance of H]l > 2.4 (say) is not easily assessed but indicates
that separation would be rather more likely after the pressure minimum is passed
if laminar reversion takes place than if the flow were everywhere turbulent

(H]] < 1.5 say).
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3.4 Calculations for a family of infinite yawed wings based on a lowspeed
symmetrical aerofoil at incidence

The conditions first considered (above) led to a parametric study of a
family of infinite yawed wings with the same section operating at these
conditions of M_cos A =0.1, a sec A = 8.32°, but over a range of A and Rc'

The results are shown in Fig.8 as two families of curves:

(i) Contours of the ratio LRT/(SAV for which the flow is expected to

undergo reverse transition (A, < - 0.01) on the upper surface, and

s
(ii) contours of constant percentage reduction in upper surface profile

drag (100 AC_ /C
Dy Dy

If C* =7 x 107 is assumed to be the condition for the change from

) due to laminar reversion.

laminar to turbulent attachment line flow then a considerable range of flight
Reynolds numbers and sweep angles are affected by the uncertainties due to
possible laminar reversion. For example, a typical flight condition appropriate
to low Mach number and moderate sweep with a moderate 01‘ produced by incidence

rather than by camber might be:

rn o= 30° R = 2 x 107, k=1 x 10°, C = 0.6, M_=0.11.

At this condition, the predictions indicate that the effect of laminar
reversion is to give a reduction of as much as 6% in CD . This is large enough

to be of considerable practical interest to the designer.

If C* = 1.4 x 105 is used, then the range is much reduced but the effect
on profile drag of reverse transition is still of the order of 2 to 3% for an

aerofoil which, in this example, is not operating under severe conditionms.

As a rough rule, values of C* 22,2 x ]05 indicate full chord turbulent

flow for this family of wings, at this operating condition, as then LRT <§206Av.

However, the aerofoil considered is not representative of a modern
section designed for good performance at a transonic cruise condition and so an
additional investigation was made of the family of infinite yawed wings studied

by Thompson, Carr-Hill and Ralph16 in Part III of the present series of papers.
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3.5 Calculations for the family of infinite yawed wings using a rooftop
aerofoil

This family of wings (see Ref.16) employed the RAE (NPL) 311! section in

the chordwise plane, operating at its design (sonic) flat rooftop condition of:

]

M_cos A = 0.665 ,

and
0.515 . 4)

Cy, sec2 A

Calculations were made using the assumption of zero entrainment and the
results are shown in Fig.9, where contours of LRT/cSAV are plotted in the
1og10 Rc versus A plane. Unfortunately, insufficient time was available to
complete the investigation by evaluating the effect on profile drag. However,
there is ample confirmation of the likelihood of reverse transition occurring at

flight conditions of practical interest. For example, taking the conditionm,
6 .
A = 357, Rc = 40 x 107, (see Fig.9),

typical of medium to large transonic transport aircraft such as the A-300B
Airbus, it seems likely that, if the leading-edge conditions were similar to
those of the RAE (NPL) 3111 section at cruise then a length of about ISOGAV of
boundary layer would be available in which reverse transition could establish

itself.

The much larger aircraft typified by the Lockheed C-5A are however unlikely

to be affected by reverse transition as, for instance at:

- - 8 . -
A= 35, R, = 1x10 (see Fig.9), LRT = ISGAV .

4 DISCUSSION

4.1 The physical environment near a swept leading edge

The conditions are difficult for a boundary-layer calculation because:

(i) The Reynolds numbers will be low. For example, in the case of
RAE (NPL) 3111 studied above, Ry falls to a minimum value lying between 250
1

and 1000 depending on sweep and R..
(ii) There is a strong favourable pressure gradient.

(iii) The surface curvature parameter (G/RO) in the plane of the surface

shear vector (TW), where R0 = R/cosz(¢ + B), and R 1is local surface curvature
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in the chordwise plane, can rise to a value as high as 0.03 (see Fig.14 for a
cylindrical leading edge). This value is an order of magnitude larger than

that suggested by Bradshaw24 for onset of significant curvature effects.

(iv) There is a strong divergence of the external streamlines, and

finally,

(v) the cross flow can become large and varies rapidly as the boundary

layer develops (see Fig.7, for example).

Any one of the above factors would make turbulent boundary-layer predic-—
tion difficult in fully turbulent conditions. Taken together, and especially
if the flow has a transitional nature, the confidence that can be placed in
current methods, all of which require calibration for their empirical factors,
must be quite low until fresh data are acquired from an experiment such as that

suggested in the Appendix.

4.2 The use of the present assumptions in compressible flow

at

The transition region lengthens rapidly as compressibility effects
increase the resistance of the laminar flow to the growth of disturbances.
This means that if laminar flow is established, as suggested by the present
calculations, despite contamination of the leading edge by the fuselage boundary
layer, then it is likely to persist farther and increase the likelihood of
unfavourable interactions with any shock waves that may be present near the
pressure minimum. Also the reverse transition process itself may be hastened
by the stabilising effect of compressibility although these observations are

only speculative at this stage.

4.3 Practical consequences for designs having more modern wing sections

In Fig.!0, three rather different sections with different operating
conditions are compared. The distributions of chordwise component of external
velocity around their leading-edges are plotted as functions of surface distance

from stagnation.

Curves (A) and (B) correspond to the RAE 101 and the RAE (NPL) 3111
sections previously considered. Curve (C) is taken from measurements on an
advanced NLR 'peaky' section designed, using the theory of Ref.25, to operate
with shock-free supersonic flow over a significant proportion of its chord. It

is seen that such a section differs from the more conventional aerofoils by:
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(1) A larger leading-edge radius giving rise to an initially smaller

. . , dU./U_ cos A .
chordwise velocity gradient |—1—2——— and hence a larger effective
ds'/c' a.l.
leading-edge radius of o' = 0.106c'. Hence, larger values of C*, at a given

A and R,, are associated with this aerofoil and so there is a greater range
of operating conditions for which the swept attachment line flow will be fully

turbulent.

(2) There is a greater distance between stagnation and the velocity

peak, and

(3) the favourable pressure gradient increases steadily until just before
the peak.

Condition (3) makes the onset of reverse transition more likely compared
to orthodox sections and the condition (2) ensures that once it starts it is

more likely to be completed. Finally,

%) the peak itself is sharper than conventional sections and the local
Mach number is higher, consequently separation bubbles and adverse laminar or

transitional interactions with shocks (off-design) are more probable.

5 CONCLUSIONS AND FURTHER WORK

Comparison with the measurements on the Cumpsty-Head wing show that:

1) Present turbulent boundary-layer methods do not predict the flow in

the leading-edge region with sufficient accuracy for design needs.
Further boundary -layer calculations show that:

(ii) Reverse transition seems likely to occur on swept leading edges in
flight both at low speed,when medium lift is produced by incidence,and at

transonic cruise conditions.

(iii) The effect of reverse transition is to lower the predicted upper
surface profile drag by as much as 8% compared with the fully turbulent

prediction.
Discussion suggests that:

(iv) Some modern ‘'peaky' sections are likely to be more susceptible to
reverse transition effects. Hence predictions of buffet margins, and other
quantities depending on a proper knowledge of the influence of viscosity,
require basic experiments to improve understanding of the swept leading-edge

flow.
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In the Appendix a series of boundary-layer calculations are made for
yawed circular cylinders and used to prepare design charts for possible low-

speed experiments in which detailed boundary-layer measurement could be made.

“

(v) It is found that such experiments could be conducted in either the
Cambridge University Engineering Laboratory 5ft x 4ft tunnel or (preferably) in
the 13ft x 9ft tunnel atr RAE Bedford.

(vi) TFinally, we may conclude that, following the production of reliable
basic data, the simple entrainment method could be improved and calibrated to

give higher accuracy for viscous swept wing design.
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Appendix

THE USE OF BOUNDARY-LAYER CALCULATIONS TO DESIGN A SWEPT LEADING-EDGE EXPERIMENT

The proposed configuration is sketched in Fig.l1l1. A circular cylinder is
used as it can be very accurately made and also permits the traverse gear to be
housed internally as shown. This avoids the interference with the external flow
that was encountered by Cumpsty and Head12 in their experiment. The fairing
should be designed to produce an aerofoil section with a smaller thickness-chord
ratio than that of Cumpsty and Head's wing in order to avoid rear separation and

possible unsteadiness of the mean flow.

. . ; 4
Boundary-layer calculations using the entrainment method have been made,
using the analytical expression for potential flow around a circular cylinder,

for a wide range of radius Reynolds numbers,

and sweep angles 20° < A < 700, as shown in Fig.12 where the contours of equal
lengths (LRT/BAV), along external streamlines, of the region of laminar reversion

(A, < -0.01) are shown.

s
The conditions to be satisfied in the design of a leading-edge experiment

are listed below.

Al Physical limitations

L 2’206A over a range of Reynolds numbers, (A-1)

RT \Y

. .. . . 2
in order to ensure that reverse transition is established 0.

The aerofoil chord (c) must probably be larger than 6t to avoid rear
separation. Hence,

c =6t . (A-2)

A.2 Traverse gear limitations

It is considered that if the boundary-layer thickness (8) falls below
0.1 in, precise measurements of the flow direction within the inner region of the
boundary layer will become impossible. Hence the first condition to be
satisfied is

§ . 20.1in . (A-3)
min
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Fig.15 shows /R as a function of sweep angle (A) with the small

Smin
dependency (over the permissible range at each A) on Reynolds number ignored, as

uncertainties in defining boundary-layer thickness are dominant.

Of lesser importance but still worth consideration is the total rotation that
the traverse gear will require in order to align the yaw probe with the boundary-
layer flow direction everywhere from the attachment line to the position of peak
velocity. The flow at the leading edge lies along the generator and is at right
angles to the chordal plane. Downstream the surface flow makes an angle of
(6 + B)o with the chordal plane. Hence the change of angle is (90 - ¢ - 8)0.

The maximum value of this rotation is plotted, in Fig.16, as

rAe = (90 - ¢ - 6);“' (A-4)

A.3 Probe limitations

Maximum local freestream velocity of

u, = 300 ft/s (A-5)
can be assumed for a satisfactory life of the hot-wire probes. A minimum local
velocity inside the boundary layer for accurate mean velocity measurements with
hot-wire or flattened pitot probes can reasonably be assumed as

u(y) = 20 ft/s . (a-6)
Hence, the minimum desirable value of external velocity is, approximately,

u, = 50 ft/s (A-7)

A4 Wind tunnel limitations

A maximum speed of
U, = 250 ft/s (A-8)

was considered desirable if steady running was to be obtained with existing

low speed wind tunnels.

a
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Blockage to the flow limits the aerofoil thickness (t) to about one-third

of the height (H) of the working section (see Fig.17). If R = t/2, this gives,
R <H/6 . (A-9)

In Fig.12, the boundaries corresponding to conditions (A=5), (A-6) and (A-9)

together with a maximum desirable sweep (M) of 70° are shown for cylinder radii

of
R = 3in, 6 in, and 12 in .

From the sketch, in Fig.17, we can deduce the condition that follows from

(A-9) and (A-2), relating tunnel working section dimensions to wing sweep.

The total length of usable working section is L and so we have,

L2c +Wtan A , (A-10)
or L 26t + W tan A, from (A-2) , (A-11)
or L=212R +W tan A , (A-12)

where W 1is the tunnel width.

Finally, as shown by the sketches of Fig.18, the end fairings, required to
ensure a satisfactory extent of 'infinite' wing flow, extend by an amount ¢

across the flow. To prevent undue blockage in the wing plane we assume that,

v <0.2W . (A-13)

From Fig.18,

0.2 2°
Elk"h_é'ﬁ""

using the results of calculations for flow over the section of the Cumpsty-Head

wing. From (A-13)

o]

WA
c' 60 °’
Hence, 40
W = C—GCOS A,

and from (A-2),
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LRT

NOTATION

chord length in line of flight
chord length normal to generators

Ui sin2 A
= Tav Jdst attachment-line parameter
a.l. 1

conventional drag, lift coefficients

entrainment coefficient
height of wind-tunnel working section (used only in the Appendix)
= (6 - 5*)/911
conventional boundary-layer shape factors

= 6*/9

11
useable length of working section of a wind tunnel
length, measured along the path of an external streamline, of the

region of reverse transition

Mach number (e.g. Mé, M;)

local static pressure

radius of cylinder

U c
= = , streamwise (line of flight) chord Reynolds number
[~
U cos A c'
o 2
=——F—— = R cos A

Yoo

UR

, cylinder radius Reynolds number

oo

2 . .
R/cos” (¢ + B), surface radius of curvature in plane of T2 for a
yawed circular cylinder ‘ -
U 6

e 11

A
e

distance along an external streamline started at a small distance ¢
from the attachment line

distance, in the chordwise plane, around the surface from the
attachment line

aerofoil thickness

local external velocity
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NOTATION (continued)
component of Ue in chordwise direction
freestream velocity far upstream

= U, cos A

’T
local friction velocity <= p—"i>
w

Planform coordinate systems:

LU |
X ’y ’z

min
S%

1’ T 1s
Ae

QqQ © = =

rectangular Cartesian coordinates with x' chordwise, y' spanwise,

z' normal to wing plane

For local boundary layer expressions we use rectangular coordinates
with z normal to the surface and either s or s' with the
appropriate third normal coordinate (y or y')

width of wind-tunnel working section (see the Appendix)

angle of incidence

angle between Ty and Ue

— —

value of z for which the total velocity in boundary layer
= 0.995Ue

)
= '[-Ji dz
Pe
0

smallest thickness of boundary layer for which satisfactory yawprobe
traverses can be made (see Appendix - section A.2)

boundary-layer displacement thickness

inner region pressure gradient parameters

angle of rotation of traverse gear (see Appendix)
angle of yaw of wing

transformed y-coordinate of boundary layer

fluid density

effective leading-edge radius (i.e. the radius of the circular
cylinder that, in incompressible flow, has the same velocity
gradient as at the attachment line of the aerofoil) of the chord-
wise section, used to find C#*

angle between s' and Ue vectors

fluid kinematic yisco sity
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NOTATION (concluded)

P
u . . .
= J u 1 - T dz, conventional streamwise profile momentum loss
e thickness

lateral displacement of an external streamline (see Fig.18)

wall shear stress

Subscripts;

AV

a.l.

value averaged over a given streamwise length of boundary-layer development
value at attachment line
value for aerofoil or wing upper surface

value at surface of wing

Superscript:

|

value using quantities in the x',y'z' coordinate system

L V]

o
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drag could be affected by several per cent and it 1s thought that the shock-induced separa-
tion and scale effects for ‘peaky’ transonic aerofoils would be even more susceptible to
the presence of laminar reversion and that the use of attachment line criterion for turbu-
lent flow (such as C*) 1s inadequate on its own,

Finally, calculations using the same boundary layer method are employed to provide
charts from which a basic experiment at low speeds can be designed to investigate these
problems on a yawed circular cylinder (suitably faired). Results are provided for the
13€t x 9ft wind tunnel at RAE Bedford and for the 5ft x 4ft wind tunnel at the
Cambridge University Engineering Laboratory.
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