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Summary.

The measurements, using razor blade surface pitot tubes, show that the relatively mild pressure
gradients and streamline convergence on the wing have a large effect on local skin friction. Application
of the boundary-layer momentum equation suggests that the change in skin friction arises directly from
changes in the boundary-layer profile. Despite large variations the total skin-friction drag of the wing
%,% within 10 per cent of that of a flat plate.
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1. Introduction.

Reference 1 describes a simple method of measuring skin friction at supersonic speeds using pieces
of razor blade to convert static pressure holes into surface pitot tubes; two examples of the use of the
technique on wind-tunnel models are given. This report describes a further experiment on a cambered
delta-wing model with rather more comprehensive measurements of skin friction. A study of the flow
field round the model at one condition is included. The measurements were made during 1959.

On the wing upper surface the camber design results in regions with mild adverse pressure gradients.
In these regions the skin friction falls to values as low as half the turbulent flat plate value. Application
of the boundary-layer momentum equation between two stations on the wing, using the measured flow
directions, shows that the low values of skin friction are not consistent with a flat-plate relationship to
momentum thickness.

To study this problem further and to extend the work generally on the behaviour of boundary layers
in pressure gradients and non-parallel flow, a waisted body has been designed which has pressure
gradients of the same magnitude as on the wing. Boundary layer profiles were also measured. It is shown
in Refs. 2 and 3 for Mach numbers up to 2, that the combined effect of adverse pressure gradient and
streamline convergence is to produce profiles with a large wake component, and consequent low skin-
friction coefficient.

2. Model, Figs. 1 and 2.

The model used was a delta wing of aspect ratio 4/3 with Lord V type of thickness distribution. The
centreline chord was 60 in. The maximum thickness: chord ratio on the model centreline was 8-43 per
cent and the thickness tapered linearly spanwise, i.e. the basic thickness distribution was of rhombic
cross-section. The camber and twist were designed by linear theory* to give attached flow along the
leading edges at a lift coefficient of O-1 and a Mach number of 2.1. This condition is referred to as the
design point. Some thickening of the wing towards the tips was added to the nominal shape to increase
the stiffness of the wing which was manufactured from reinforced plastics. The equations of the camber
surface and the thickness distribution are given in the Appendix. The centre section at the rear of the
wing was distorted to accommodate the supporting sting. On each surface twenty-three pressure tubes
were provided arranged along five chordwise lines in one half of the wing at spanwise positions of 1, 5,
8, 11-5 and 15 in. By appropriate drilling, any position along each of the lines could be selected. Two
sets were in fact used during the tests.

3. Test Procedures.

The model was tested in the R.A.E. 8 ft x 8 ft wind tunnel at Reynolds numbers of 10 x 10 based on
centreline chord at Mach numbers of 1-5, 2:1 and 26, and also at a Reynolds number of 5x 10° at
M = 2-1. The strength of the model limited the maximum incidence to 6, 8 and 10 degrees respectively
at M 15, 2:1 and 28 for a Reynolds number of 10 x 10°. For each set of pressure holes static pressures
were measured first and surface pitot pressures obtained in a subsequent run after pieces of razor blade
had been secured over the pressure holes as described in Ref. 1. The razor blades were mounted with
their edges normal to the freestream direction. The razor blade heights were measured with a depth
microscope when the wing was removed from the tunnel. For these tests boundary layer transition was
not fixed.

In order to obtain overall forces, tests were also made with the model mounted on an internal balance.
For these tests a transition trip of 100 grade carborundum (approximately 0-005 in.), which extended
from 0-1 in. to 0+6 in. measured along a normal to the leading edge, was attached to the model by means
of paint.

To help in interpreting the skin-friction results explorations of the flow field round the model were
made in planes normal to the longitudinal axis of the model at stations 40 in. and 48 in. from the nose

. 0-667 and 0-8 | . In each plane the survey covered a band extending between one and two inches
Co
from the wing surface round half the wing. The probe used was a 60 degree conical five tube yawmeter



of 01 in. diameter. The tests were made before the self-aligning probe described in Ref. 5 was developed ;
the equipment carrying the probe was however the same as described there. The probe was aligned with
the model longitudinal axis. Local flow directions and local Mach numbers were obtained from the
pressures measured at the five holes using an extensive calibration in the manner described by Centolanzi®.

4. Accuracy.

Analysis of the pressure measuring techniques employed, made subsequent to the tests, has shown
that the datum pressure to which the pressure coefficients are referred is probably in error. The effect
of this could be to increase the pressure coefficients given by up to 0-01. Reading errors on the individual
measurements should not exceed +0-005 except at the lower Reynolds number. Possible errors in
skin-friction coefficient (in addition to any uncertainty in the calibration curve! used) arising from
reading errors are estimated to be about +0-0003 at a Reynolds number of 10 x 10° and +0-0006 at
5x 10, Assuming a maximum crossflow of about 10 degrees the error in ¢ ¢ due to misalignment of the
razor blades with the local flow direction should not exceed 2 per cent. The scatter in some of the experi-
mental results exceeds these estimates. This may be due to inaccurate positioning of the razor blades
with respect to the static holes. Recent work has shown this to be more critical than was originally
supposed. It is important, for the calibration given in Ref. 1 to hold, that the leading edge of the razor
blade is over the leading edge of the pressure hole.

The errors introduced in integrating the pressure and skin-friction measurements to obtain the pressure
and skin-friction contributions to axial force are difficult to assess. An estimate for the possible error in
axial-force coefficient due to pressure is +0-0005 but the probable value is less than this unless there
was serious distortion of the model under load. The possible error in axial-force coefficient due to skin
friction should not exceed +0-0001.

For the total axial-force coefficient as measured by a balance the estimated possible error is +0-0006.
This figure is composed of +0-0003 scatter apparent when the results, which are available for Mach
numbers other than used here, are plotted as an in%idence-Mach number carpet and a similar figure
from possible reading error and balance calibration error. Improved techniques have reduced this
error considerably in subsequent tests.

5. Results.

Figs. 3, 4, 5 and 6 give the basic results for skin friction and pressure coefficients. The distributions
are plotted along chordwise lines at spanwise positions of 0-05, 0-25, 0-4, 0-575 and 075 times the semi-
span. All coefficients are referred to freestream kinetic pressure. The flagged symbols indicate results
from the second set of pressure holes. The same fairing lines are drawn through the pressure coefficients
of Figs. 4 and 5, the results shown in which, differ only in Reynolds number.

The pressure distributions have a general character which does not change much with either Mach
number or incidence. On the upper surface there is a favourable gradient up to about 50 per cent local
chord followed by an adverse gradient up to about 80 per cent, and finally a favourable gradient to the
trailing edge. The adverse gradient diminishes towards the tip and is absent at the station at 75 per cent
semi-span. On the lower surface the pressure gradient is generally favourable up to about 70 per cent
chord with an unfavourable gradient from there to the trailing edge. It should be remarked that all the
pressure gradients are in fact small, the velocity perturbations not exceeding about 5 per cent. The effect
of the camber at the leading edge is to give attached flow there at about 5 degrees incidence. For lower
angles separation occurs on the lower surface and for larger angles on the upper surface, giving the
usual suction peaks near the leading edge.

As a standard against which to compare the measurements, the broken lines have been drawn on the
graphs of skin-friction distribution indicating estimates of flat-plate skin friction using freestream con-
ditions. For these estimates a laminar boundary layer run of 1-5 million, followed by a transition region
of 1 million with a linear rise of skin friction, has been assumed near the centreline, and a laminar run of
1 million with abrupt transition away from the centreline. The different assumptions on different parts
of the wing were taken as being a possible interpretation of the measurements and of sublimation patterns
on similar wings, though no such patterns are available for this wing. The different types of transition



could indicate the different types of mechanism as described by Cooke’, namely Tollmien-Schlichting
instability near the centreline and sweep instability away from the centre-line. The calculations used
the charts of Smith® which are based on the formulae of Blasius for laminar boundary layers and of
Prandtl-Schlichting for turbulent boundary layers with compressibility accounted for by the intermediate
enthalpy concept.

The skin friction behaves similarly at all the test conditions. Near the model centreline ( LA 0‘05)
So

for most conditions there is some laminar flow followed by a transition region. Transition is generally

further forward than has been assumed in the estimates. On the upper surface following transition the

skin friction decreases rapidly to a value about half that of the flat plate estimate at ci = 075, i.e. slightly
0
upstream of the end of adverse pressure gradient. From E)—C— = 075 to the trailing edge the skin friction
0
increases again roughly to the flat-plate value. The same sort of pattern, though with a less pronounced
dip in the skin friction, holds over the rest of the span. On the lower surface, where the pressure gradient
is mainly favourable, the measurements follow more closely the estimate in the turbulent region but
having somewhat lower values particularly at M = 1-5*. The effect of reducing Reynolds number from
10 million to 5 million at M = 2:1 (compare Figs. 4 and 5) does not change the distribution a great deal.
Transition is further back but the transition Reynolds number is lower at the lower Reynolds number.

The detail of the experiment is not good enough to identify any local effects of the edge separations
but there is a considerable reduction in the level of skin friction when separation occurs. For example
at M = 21 the skin-friction coefficient on the upper surface away from the wing centreline is much less
at 8 degrees incidence than at zero incidence (compare Figs. 5a and 5f).

To illustrate further the effects of the pressure gradients on the skin friction, contours of constant
pressure and constant skin friction at the design condition of the wing are shown for the upper surface
in Fig. 7 and for the lower surface in Fig. 8. Considerable smoothing was necessary to obtain the skin-
friction contours. The main point which the figures illustrate is in Fig. 7 where the contour of the low
value of ¢, of 0-001 can be seen to coincide approximately with the region of adverse pressure gradient.

The distributions of Figs. 3 to 6 have been integrated to obtain pressure and skin-friction axial-force
coefficients. The integration was done numerically using a Weddle formula for each chordwise station
taking values interpolated from the curves drawn. The chordwise integrals were integrated spanwise
also numerically with multiplying coefficients derived by integration of a Lagrange interpolation formula.
No corrections were made for the presence of the sting fairing. By subtracting the axial force due to
normal pressure from the measured total axial force a total skin-friction axial force (— Cy, ) is obtained.
The skin-friction axial force and that obtained by integration of the local measurements (—Cy,) are
shown in Figs: 9 to 12 and compared with flat-plate estimates for both fully turbulent flow and for flow
with the laminar runs assumed in Figs. 3 to 6. The lack of accuracy in the experiments prevents any very
firm conclusions being drawn but it is possible to make some tentative deductions by considering average
values. The following Table gives average values of the axial-force coefficients taken for nominal
incidences of 0, 2, 4 and 6 degrees at a Reynolds number of 10 x 10°.

M 1-5 2-1 26
Axial-force coefficient from balance minus
pressure ' (—Cx,) 0-0057 0-0044 0-0048
Turbulent estimate 0-0054 0-0048 0-0043
Difference +0-0003 —0-0004 -+ 0-0005

Mean difference -+ 0-0001

*More recent work on razor blade calibration shows that the calibration curve given in Ref. 1 holds
only for Mach numbers above about 1-6. For Mach numbers between 1-6 and 0-8 there is a region of
Mach number dependency of the calibration. Below M = 0-8 a subsonic calibration holds.



M 1-5 21 2-6

Axial-force coefficient from integrated

skin friction (—Cyxp) 0-0043 0-0038 0-0036
Estimate with free transition 0-0047 0:0042 0-0038
Difference —0-0004 - (0-0004 —0-0002

Mean difference —0-0003

It will be seen that the mean values of the axial-force coefficient from balance and pressures are higher
than the turbulent flat-plate estimate at M = 1-5 and 2'6, and lower at M = 2-1. As remarked in Section 4
the force measurements exhibited a scatter of this nature of about +0-0003 in. —Cy i.e. of the same
order as shown in the Table. The mean value of the difference is +0-0001. However no allowance has
been made for the drag of the roughness band used as a boundary-layer trip. For a 60 grade band Evans®
has estimated this to be 0-0032 times the ratio of the roughness band area to the reference area. Though
his roughness was larger than used on this model it was distributed more sparsely and the same figure is
probably applicable. This would give an increment in axial-force coefficient of 0-0003. Taking this into
account the mean value for the difference between the measurements and the estimate would be —0-0002.
The corresponding figure for the integrated skin friction compared with the appropriate estimate is
—0-0003. It might therefore be fair to conclude that the skin-friction drag of the wing is lower than a
flat-plate value by a little over 5 per cent.

The effect of reducing Reynolds number from 10 x 10% to 5x 10°at M = 21 is to produce an increase
in the total skin friction (Figs. 11 and 12) rather than the approximately unchanged value estimated for
constant transition Reynolds number. This implies that in fact there is a reduction in transition Reynolds
number with reduction in unit Reynolds number as is commonly found in supersonic wind tunnels.

The total skin friction is roughly equal on upper and lower surfaces at zero incidence. With increase
of incidence the value on the lower surface exceeds that on the upper but the total for both surfaces
shows little change with incidence.

6. Boundary Layer Development.

The simple flat-plate estimates in Figs. 3 to 6 take no account of the effects of pressure gradients or
of cross flows on the boundary-layer development. A full calculation could be made using the methods
described by Cooke!? but a complete description of the flow field round the wing would be a forbidding
undertaking. A limited calculation was therefore made for the boundary-layer growth between two
stations at different fore and aft positions on the wing with the wing at the design condition (M = 21,

o = 5-3 degrees). The stations ci = 0667 and g— = (-8 were chosen, as being in a region of adverse
0 0
pressure gradient for most of the span of the wing upper surface. The procedure adopted was to assume
a flat-plate relationship between skin-friction coefficient and momentum thickness at the upstream
station, and by use of the momentum equation to derive the relationship at the downstream station.
If the same skin friction-momentum thickness relationship is obtained then it can be concluded that
the pressure gradients do not directly influence the skin friction locally and that the low values of skin
friction measured result from pressure gradient and crossflow effects on the boundary-layer development.
Following Cooke!® the momentum equation for a three-dimensional boundary layer with small
crossflow becomes that for an analogous body of revolution of radius r,

6'+0 {(H+2) +— +p1} = (1)

2
U, r p; P U]

v

where primes denote differentiation with respect to ¢, the distance along a streamline. The term — is
r



determined by the convergence or divergence of the streamlines on the body. Approximately

;

roody
- @
rody
where y is the angle which the surface streamlines make with some datum in the surface.

Expressing u; and p; in terms of M, the local Mach number outside the boundary layer, and assuming
isentropic flow, equation (1) becomes

dy  14qo dC } ¢
O+0< 2412 rp2g oyl = T 3

where ¢, is the local skin-friction coefficient referred to local kinetic pressure g1, and C,, is the pressure
coefficient referred to freestream kinetic pressure .

Using a value for the incompressible shape factor H of 1-35 as being appropriate for a flat-plate
boundary layer at about the Reynolds number on the wing, with the compressibility correction of
Spence'!, then for zero heat transfer and a recovery factor of 0-89, there is obtained

H = 1-35(1+031 M?). 4)
Hence (3) becomes
dy 4o dC )
O+0< -=+=(029M2—-168)—2} =L, 5
{ o a 1 ) 7 5 (5)
Using this equation at both stations on the wing and denoting values at the upstream station,;x- = 0667,
0
by suffix 4 and at the downstream station, ci = (-8, by suffix B then
[¢]
9;1+0AFA = —%Cfl,a (6)
and
923+BBFB=%CJ'13 (7)
where
dy 4o dC
F=-—"4—(029 M3*—1-68)—£. 8
oyt q 0 Mi—168) ®)

Now approximately the change in momentum thickness between a point at station A and a point at B
on the same streamline will be given by

05—0, = (04+05) (&5 —C ). ©)

Eliminating ¢, and 8} from equations (6), (7), (9) an expression for 0p is obtained

05 = 9A+%(éB—€A) {% (Cpoatcrp) —'GAFA_} (10)

1+3Fg(lp—&,)

In this equation measured values of ¢,, were used and 6, was obtained from ¢ 1.4 assuming a flat

plate relationship. The position of points at A and B on the same streamline was obtained by assuming

that the mean direction of the external streamlines between the two stations is given by the mean of the
values at the two stations.



The direction of the external streamlines is not easy to define or measure since it varies with distance
normal to the surface, and the value required is that at the edge of the boundary layer. The value actually
used was defined in the following way. At each of the two stations the flow directions relative to the
model were measured at points on a series of circular arcs described about the model centreline. The
results are shown in Figs. 13 and 14. For each circular arc a pair of axes was defined as the tangent and
normal to the section shape in the plane of the flow survey at the point of intersection of the arc with
the section. The flow directions referred to these axes were plotted against distance from the surface,
giving a roughly linear variation which was extrapolated to give the directions at the surface. These
are, of course, fictitious directions and not the actual flow directions at the surface within the boundary
layer, the surface being used only to define a boundary more clearly than ‘the edge of the boundary
layer’. The flow directions derived this way are shown in Figs. 15 and 16. The angle shown in Fig. 15 is
a close approximation to y defined in equation (2). x is an angle in a plane tangent to the surface at a
given point, whereas the angle in Fig. 15 is in a plane tangent to the wing cross section but parallel to
the wing centreline. The direction is measured with respect to that of the wing centreline. The angles in
Fig. 16 are shown largely for interest but do give some confidence in the procedure in that they are in

. . . 0 . .
fair agreement with the wing surface slope (Eé) evaluated along lines of constant span. From Fig. 15

the streamline divergence was calculated and the smoothed results are shown in F ig. 17. A positive
ay
d(s)

From the flow directions the spanwise co-ordinates of points on the upstream and downstream stations
on the same streamline was calculated and their relationship is shown in Fig. 18 for both surfaces.

The pressure gradients in the direction of the streamlines obtained by numerical differentiation of the
measured pressure coefficients are given in Fig. 19.

The local Mach number and also the local kinetic pressure to be used in equation (8) were calculated
from the pressure coefficient at each point assuming isentropic flow. The local Mach number could
also be derived from the flow survey. For interest the two values are compared in Fig. 20. Agreement

value of means a divergence of the flow and a negative value a convergence.

is fairly good except for the upper surface for Ex_ = 0-8. The values obtained from the pressure coefficients,
0
and the corresponding kinetic pressure assuming isentropic flow, were used in equation (10).

To obtain momentum thickness the local and average skin-friction logarithmic formulae as given by
Wieghardt and Prandtl-Schlichting were combined. Compressibility was taken into account following
Spence'!. He showed that by applying the intermediate enthalpy concept to an incompressible skin-
friction relationship of the form

¢y = f(Rey)

a compressible form results,

%cf =f (% Reg)

where Re, is a momentum-thickness Reynolds number based on conditions outside the boundary layer,
P1, iy are density and viscosity outside the boundary layer and p*, u* are intermediate enthalpy values.
The numerical values used are those given in Ref. 8 and plotted in Fig. 21 as the full line. Assuming this
relationship holds at the upstream station A the corresponding relationships at station B, for upper
and lower surfaces were calculated, using equation (10) for 6. The result is shown in Fig. 21 where the
measured skin-friction coefficient ¢ 7, 18 plotted against Re, with appropriate compressibility corrections.
It will be seen that on the lower surface where there are mainly favourable gradients the derived relation-
ship agrees with the original assumption to within about 10 per cent. On the upper surface, however,



the discrepancy is up to about 30 per cent suggesting that even the very mild adverse pressure gradient
there has a strong effect on the local skin friction. In fact the inclusion of the pressure gradient and flow
convergence terms in the momentum equation has only a very small effect on the calculated curves. If
these terms are omitted the change in calculated Re, is less than 10 per cent, giving slightly less discrepancy
for the lower surface and slightly more for the upper surface. The mechanism of the discrepancy has
not been pursued further on this model because of the experimental complexity. Instead, an attempt
has been made to obtain an axial analogue of the same type of flow on a body of revolution. By using
a body with a waist followed by a flare, regions with favourable and unfavourable pressure gradients
with converging and diverging flows of the same order of magnitude as on the wing have been obtained.
The skin friction in the waist of the body has been found to be low as in the adverse pressure gradient
on the wing upper surface. This experiment is described in Refs. 2 and 3 where it is shown that the
combined effect of adverse pressure gradient and streamline convergence results in boundary-layer
profiles with a large wake component and low skin-friction coefficient.

7. Conclusions.

The local skin friction measured on the wing by the razor blade technique shows large effects of pressure
gradient and streamline convergence or divergence. Application of the boundary-layer momentum
equation to the measurements suggests that the effects arise as a direct consequence of modification of
the boundary-layer profile and hence the skin friction, the terms in the momentum equation from the
pressure gradient and streamline direction being far too small to explain the results. Despite the wide
variations in skin friction on the wing surface the total skin-friction drag is probably only some 5 to
10 per cent less than that on a flat plate. The drag shows little variation with incidence ; a decrease on the
upper surface approximately compensates an increase on the lower surface.

Further explanation of the skin-friction behaviour is being sought using a body of revolution with a
flow analogous to that on the wing.
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LIST OF SYMBOLS
Wing-root chord

Local skin-friction coefficient based on freestream conditions
Pressure coefficient based on freestream conditions
Axial-force coefficient based on plan area

Skin-friction axial-force coefficient from total measured force minus integrated pressure
force

Skin-friction axial-force coefficient from integration of measured skin friction
See equation (8)

Boundary-layer shape parameter

Mach number

Kinetic pressure

Radius of analogous body of revolution

Wing local semi-span

Wing maximum semi-span

Reynolds number based on momentum thickness
Reynolds number based on root chord

Velocity

Longitudinal co-ordinate measured from nose
Spanwise co-ordinate measured from root
Co-ordinate normal to x, y

Incidence

Streamline direction measured relative to the model root-chord direction in a plane
tangential to wing sections normal to root chord ; outflow positive

Momentum thickness
Density
Surface shearing stress

Distance along streamline



LIST OF SYMBOLS—continued

Subscripts
0 Freestream
1 Local outside boundary layer
A Station x = 40 in.
B Station x = 48 in.

Superscript* refers to intermediate enthalpy conditions.

Primes denote differentiation with respect to &.
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APPENDIX
Equations to wing surface

For the wing upper surface
Z, = Z,+2,
and for the lower surface
Z,=2z,—z

where z, is the camber and z, the thickness
The camber surface is given by

3 4 5
Ze — 009244963 (—’3> — 094305757 (i> +1-56722639 (i) — 071661845 <1> +

Co Co Co Co Co

y 2 X . X 2
+ (—) { — 1041953298 + 32-21463018 (—) —33-75316994 (— +

Co Co CO

x\ 3
+11-95807274 (c_ } +
0

»\* X
+ (—) {— 13-009573 +13-009573 (—) }
Co Co

and the thickness by

2 3
2 _ 007875 {i‘-—ﬂ-} {1—i} {4_6i+4(£> _(_x_> } _
Co Co Co Co Co Cp Co

Outboard of the line joining the leading edge at Cl = 02672 and the trailing edge at Ey— = 0-1083 the
0 \ 0

thickness distribution was modified to be conical with respect to the tip.
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F1Gc. 1. General arrangement of model.
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F1G. 2. Model mounted in 8 ft x 8 ft wind tunnel.
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F1G. 3. Skin friction and pressure coefficients M = 1'5 Re,, = 10”.
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FIG. 4 (contd.). Skin friction and pressure coefficients M = 2:1 Re,, = 5 x 10°.
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FIG. 4 (concl.). Skin friction and pressure coefficients M = 2-1 Re,, = 5x 10°.
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FIG. 5 (contd.). Skin friction and pressure coefficients M = 21 Re,, = 107.
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FIG. 6 (contd.). Skin friction and pressure coefficients M = 26 Re,, = 10".
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A x/Cy = 0:667.

for design point M = 2-1 o« = 5-3°, Station

F1G. 13. Cross flow directions

B x/C, = 0.

5-3°. Station

for design point M = 2-1 «

FiG. 14. Cross flow directions

39



DEGREES OUTFLOW

~-10

DEGREES AWAY FROM SURFACE

Fi1G. 15. Spanwise direction of external flow.
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