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AN INVESTIGATION OF THE PRESSURE DISTRIBUTIONS ON A 
45' SWEPT HALF WING,INCLUDING THE EFFECTS OF 

UPPER SURFACE SPOILERS 

M. D. Dobson 

SUMMARY 

Pressure measurements, flow visualisation tests and force measurements 

have been made on 45' swept half wings, to examine the flow conditions which 

prevail, particularly in relation to the effectiveness of an upper surface 
spoiler as a roll control. Tests were made on l/10 scale half-models in the 

3ft x 3ft wind tunnel over a Mach number range 0.5 to 0.9. 

The wing flow is characterised by attached flow at low incidence and 
then at 4' to 5 0 , the occurrence of leading edge separation near the tip and 

consequent formation of an upper surface vortex. As incidence is increased 
the separation point mcwes inboard and the vortex strength increases. 

An unvented spoiler on the upper surface of the wing 1s effective under 
attached flow conditions but loses effectiveness as it comes under the 
influence of vortex flow. Venting the spoiler reduces its effectiveness under 
attached flow conditions but increases its effectiveness under vortex flow 
conditwns. 

* Replaces RAE Technical Report 68118 - ARC 31187 
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1 INTRODUCTION 

Tests on a l/30 scale complete aircraft model with 45' swept wings have 

shown that while wing upper surface spoilers provide satisfactory rolling 
moments at low incidence, above a certain value their efficiency quckly 
deteriorates and they become totally ineffective at quite moderate incidence. 

The fall in effectiveness is associated with the formation and growth of wmg 
upper surface vortices arising from leadmg edge flow separations. 

Subsequent to the above tests it was felt that a better understanding of 

the aerodynamics associated with spoilers was required and accordingly, two half 
models were made to l/10 scale of a similar 45O swept wing. One was instrumenta- 
ted for pressure plotting and the other was to be used for force and flow 

visualisation work. 

From the complete model tests it was thought that the wing upper surface 

flow could possibly be influenced significantly by the fuselage flow. To 
investigate this with the half model, three configuratlons were mallable, 

firstly, the isolated half wing with no root fairing and secondly, the half 
wmg with a half fuselage which had alternatively a semicircular and a 
rectangular faired side-fuselage intake. 

This paper presents the results of tests made with the l/10 scale half 
model. 

2 EXPERIMENTAL DETAILS 

2.1 ~ Model 

A drawing of the model and its mounting is shown in Fig.1. The half- 
wings were made by using a steel stiffening core, covered with resm impreg- 

nated glass cloth and profiled to shape. Details of the planform and section 
are given in Fig.2. 

The pressure plotting wing had a total of 236 pressure tappings located 
at seven spanwise stations on both upper and lower surfaces. Of these 150 
were on the upper surface and the remainder on the lower. The spanwise 

positions of the seven stations and the positions of pressure holes on these 
stations are given m Table 1. 

The dimensions of the spoiler and Its position on the wing are shown in 
Flg.2. Spanwise it extends from just inboard of station 3 (see Table 1) to 
just outboard of station 6. The spoiler hinge lme lies along the wing 70% 



chordline and the spoiler chord is 15% of that of the wing. On the pressure 

plotting model the spoiler leading edge was located just aft of the 70% chord- 

line to allow the pressure tappings at 70% chord to be exposed. All spoiler 

configurations used had an opening angle of 10’ (measured normal to the lead- 

mg edge) and for the pressure plotting wing both vented and unvented con- 

figurations were available; with the plain wing only an unvented spoiler was 

tested. In the unvented configuration the leading edge of the spoiler lay 

along the wing surface and when vented it was raised above the surface to give 

a gap of 0.10 inch at the outboard edge and 0.12 mch at the inboard. 

The half fuselage was made of wood and constructed in two pieces so that 

it could be assembled onto the wing without having to disturb the pressure 

lines which were taken out to the measuring equipment through the wing root. 

The part of the model containing the Intake was made detachable and alternative 

semicircular and rectangular faired intake blocks were available. Photographs 

of the half fuselages are shown in Fig.3. 

2.2 Model mounting 

The models were mounted on the 3ft x 3ft tunnel half model balance1 and 

turntable system, arranged to support the model horizontally from one of the 

sidewalls. The mountmg arrangements are sketched in Fig.1. The wmg was 

attached to the balance, which was itself mounted onto the turntable. The 

fuselage however, was attached directly to the turntable so that loads on zt 

were not measured by the balance. The gap between the wing root profile and 

the fuselage was sealed with a plastic foam material (draught excluder) and 

thus there was a small constramt to wing deflection. However, as only 

qualitative balance measurements were required no attempt was made to assess 

the magnitude of the constraint and no corrections were applied to the results. 

When rigged in the tunnel the plane of symmetry of the fuselage was 

directly adjacent to the wall of the tunnel and thus a good proportion of the 

fuselage was immersed in the wall boundary layer. This should be remembered 

when considering the flow on the fuselage and inboard part of the wing. 

2.3 Measurements 

Force measurements were made using the four component half model balance 

which is described III Ref.1 and which measured normal and axial forces and 

pitching and rolling moments. 



5 

Pressure measurements were made using a bank of fifty Midwood capsule 
manometers. The pressure holes on the model were connected to the manometers 
via a five way pressure switch which selected them in groups of fifty. The 
manometers can be read to an accuracy of to.01 inch of mercury which gives 
pressure coefficients to tO.005. 

Flow visualisation tests were made using the surface oil flow techniq"e2. 

Values of incidence have been corrected for tunnel constraint effects. 

2.4 scope of tests 

Tests were made over a nominal incidence range of 0' to 10'. The 
pressure model test programme is given in the table below and for selected 
cases force and flow visualisation tests were made. 

Configuration No. Configuration I Test Mach No. I 

1 

2 

3 

4 
5 

Half wing alone - no root fairing 

Half wing, half fuselage with 
semicircular faired intake 

0.5, 0.7, 0.75, 
0.8, 0.9 
0.5, 0.9 

Half wing, half fuselage with 0.5, 0.7, 0.75, 
rectangular faired intake 0.8, 0.9 

As 3 with 10' unvented spoiler 0.5, 0.9 
As 3 with 10' vented spoiler 0.5, 0.9 

Test Reynolds numbers based on a wing aerodynamic mean chord of 
12.74 inches were: 

M 0.5 0.7 0.75 0.8 0.9 
Re 3.51 2.81 2.69 2.56 2.38 all x lo6 . 

Bands of distributed roughness were used to ensure that the boundary 
layer over the wing was turbulent. The bands consisted of 0.0065 inch diameter 

ballotini secured to the wing with a suitable adhesive. The bands were 
positioned on both upper and lower surfaces l/8 inch from the leading edge 
and were about 2% of the local chord in width. No roughness was used on the 
fuselage. 
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3 RESULTS 

3.1 General 

A relatively large quantity of data has been obtained from these tests 

and a full analysis of it would be a lengthy task. For this reason the bulk 

of the results is given only in tabular form but detailed analysis has been 

made of data relevant to the discussion. 

Table 1 shows the locations of pressure holes on the wing surfaces. 

Table 2 is an index to Tables 3-7, which contain values of pressure 

coefficient, measured at the test values of incidence and Mach number, for 

model configurations 1 to 5 respectively. The coefficients are given as four 

digit numbers in which the decimal point occurs after the first digit, e.g. 

-1311 is a pressure coefficient of -1.311. 

3.2 Wing upper surface flow characteristics 

Pressure distributions on the upper surface of the wing at a Mach number 

of 0.5 are shown for configuration 1 1x1 Fig.4. These are in the form of 

isobars drawn at intervals in C of 0.1. 
P 

The incidence range covered is 

from 2.71’ where the flow is fully attached to 9.07’ where flow separation 

from the wing leading edge has extended inboard to the wing root. On some of 

the diagram photographs of the appropriate surface oil flow patterns are 

included. For these photographs it was not possible to set the camera up 

normal to the wing chord plane so they were taken obliquely from behind and 

above the wing. At d=3.63’ (Fig.4b) the oil pattern indicates that the 

flow is still fully attached with the exception of the trailing vortex at the 

tip. The pressure pattern shows a suctmn peak close to the leading edge with 

a strong adverse pressure gradient to about eight per cent chord followed by a 

gentle, approximately linear gradient to zero C at the trailing edge. At 

ci = 5.44o (Fig.4c) leading edge separation hai occurred and at this incidence 

has spread inboard to about half semi-span with evidence of a secondary 

separation region towards the tip. As incidence is further increased the point 

of separation moves inboard along the leading edge, the upper surface vortex 

strengthens and influences a greater portion of the wing and the secondary 

separation region increases in size. The flow pattern at a = 9.07’ (Fig.4e) 

clearly shows three regions, approximately streamwise attached flow inboard of 

the attachment line, attached flow of the vortex itself outboard of the attach- 

ment line and the region of secondary separation. The effect of the vortex 



7 

flow on pressure distribution IS to provide fairly high suction with weak 
gradients on the surface influenced by the reattached vorted flow with a strong 
gradient along the attachment line down to the suction level provided by the 
reattached streamwise flow. Pressure distributions and flow patterns for 
Configuration 1 at a Mach number of 0.9 are shown for values of incidence of 
5.44' and 9.07' in Fig.5. Although there is some evidence of shock waves, the 
basic patterns obtained at this Mach number are much the same as those obtained 
at M = 0.5. 

Previous tests on a complete model had shown that at fairly low incidence 
separation occurred at the wing root leading edge producing an inboard vortex 
as distinct from and additional to the one described above which starts in the 
region of the tip and moves inboard with increasing incidence. Large angles of 
upwash were observed to occur locally on the fuselage side in the region of the 
wing root and the formation of the inboard vortex was associated with this. 

The fuselage of configuration 2 of the model used in the present tests 
was representative of the model used in the previous tests and Fig.6 shows the 
wing pressure distribution and the fuselage flow pattern for this case at 
M = 0.5, a = 5.43.O. The fuselage flow is similar in character to that observed 
previously though the local upwash at the wing root is less severe. The 
pressure distribution however, shows no indication of an inboard vortex and is 

indeed vary similar to the corresponding pattern obtained with configuration 1. 

Pressure distributions and fuselage flow photograph for the configuration 
with faired intake of rectangular section at a = 5.44o M = 0.5 and 0.9 are 
shown in Fig.7. The flow pattern around the intake is different from that 
obtalned with configuration 2 in that a separation occurs from the lower edge 
of the intake section and this results in a much reduced local upwash at the 
wing root. However upper slrface pressure distributions are unaffected by this 
and corresponding patterns obtained with configurations 1, 2 and 3 are all very 
similar implying that the wing upper surface flow IS not significantly affected 
by the fuselage flow. The fact that an inboard vortex could not be detected in 
the present tests is inconsistent with observations made previously on the 
complete model. The differences between the tests are firstly, that the Reynolds 
number of the present tests was three times greater and secondly, that the half 
fuselage of the present tests was partially immersed in the tunnel wall 
boundary layer which must no doubt influence the fuselage flow characteristics. 
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3.3 Comparison of 'attached flow' and 'vortex' lift 

In order to get some idea of the difference in lifting capability of the 
wing with attached flow and under vortex flow arising from leading edge 
separation, some further analysis of the pressure results has been made. For 
this analysis a chordwise strip of wing has been chosen about spanwise station 5. 

This was selected because it is sufficiently far outboard to be reasonably clear 
of root effects and yet not too near the tip and also because at this station 
the strip comes entirely under the influence of the vortex within the test 

incidence range, at all Mach numbers. 

Fig.8 shows chordwise plots of pressure coefficient on both upper and 
lower surfaces at spanwise station 5, for configuration 1, for each of the 
five test Mach numbers. At each Mach number, plots for two values of incidence 
are shown and these values have been selected so that the entire station is 
under the influence of either fully attached flow or vortex flow. The plots 

illustrate the peaky characteristic of the attached flow distribution and the 
flatter characteristic of pressure under the vortex. 

The chordwise pressure distribution for this strip of wing has been 
integrated to obtain a value for the local lift coefficient. Fig.9 shows the 
variation with Mach number of the relative magnitudes of Cl/u on the strip 
of wing under the two flow conditions. The curve for vortex flow is simply the 
variation of local lift coefficient per degree incidence, obtained from integra- 

tions at an incidence of 9.07'; the curve for attached flow is the variation of 
local lift coefficient per degree, obtained from integrations at the various 
lower values of incidence. Thus it is seen from Fig.9, that up to a Mach number 
of just below 0.70, the value of CL/a on the strip is greater under vortex 
flow conditions but above this Mach number, is smaller. This is substantiated 

by the total lift curves for configuration 1 shown in Fig.10. At M = 0.5, 
above the Incidence where leading edge separation occurs, the lift slope is 
substantially greater than that at low incidence where attached flow conditions 
exist. At M = 0.9, apart from a local increase in the region 4O < a < 6' 
(which may be a tip effect) the lift slope is inferior to the low incidence, 
attached flow value. 

3.4 Spoiler investigation 

All tests with spoilers were made on the model with the half fuselage with 
a rectangular faired intake and the spoiler opening angle (6s) was 10' (measured 
normal to the leading edge). The discussion is confined to tests at a Mach 



number of 0.5. Fig.11 shows qualitatively the variation of rolling moment due 

to the unvented spoiler with incidence. Rolling moment rises slowly up to an 
incidence of about 4' but above this value falls to become zero at about 8'. 
Flow visualisation tests were made at a = 4.54' where the spoiler is still 
fully effective and at 7.24' where effectiveness has fallen to practically zero. 

The oil flow patterns obtained are shown in this figure. At a = 4.54' the 
spoiler 1s in a region of attached flow although separation has already occurred 
close to the wing tip. At a = 7.24' the separation point has moved 
considerably inboard and the attachment line crossing the wing surface, meets 
the spoiler at about mid spoiler span. Comparison of this with the pattern on 
the wing with no spoiler, Fig.4d, indicates that the spoiler iteslf has no 
significant effect on the leading edge separation. 

Fig.l2a-d shows chordwise pressure distributions on both upper and lower 
surfaces for stations 3, 4, 5 and 6 for configurations 3, 4 and 5 at OL = 4.54' 
and fig.12e shows plots for stations 1, 2 and 7 for configuration 3 at this 
incidence. Fig.13 gives a similar set of results for a = 7.24'. 

Integrations of these chordwise pressure distributions have been made at 
all seven statlons for configuration 3 to provide values of total lift 
coefficient for the clean wing (spoiler 0') and at stations 3, 4, 5 and 6 for 
configurations 4 and 5 to obtain values of the incremental changes of lift due 
to the unvented and vented spoilers. For the purposes of integration, the 
pressure on the surface of the spoiler is assumed to be constant and equal tc 
that measured at its leadlng edge, for each chord plane. 

For configuration 3 the following values of total lift coeffxlent were 

obtained; 

a = 4.54o CL = 0.2061 

a = 7.24' cL = 0.3666 . 

The table below gives local values of lift coefficient measured at each of the 
stations 3, 4, 5 and 6 for the configurations as indicated: 
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li* = loo 
6* = 00 
AcL 

Vented spoiler 

6* = loo 
6* = o" 
AC L 

6 = loo 

61 = 00 
AC L 

Station 3 4 5 6 Total 

Unvented spoiler c1 = 4.54O 

6 = 100 0.0139 0.0254 
6* = o" 

0.0221 0.0104 0.0718 
0.0145 0.0306 

*i, I(&* 

0.0291 0.0128 0.0870 

= loo) - (6s = 00)) -0.0006 -0.0052 -0.0070 -0.0024 -0.0152 

c( = 7.24' 

0.0252 0.0524 0.0568 0.0185 0.1529 
0.0252 0.0570 0.0569 0.0184 0.1575 
0 -0.0046 -0.0001 0.0001 -0.0046 

a = 4.54O 

0.0145 
0.0145 
0 

j I -0.0078 0.0792 0.0870 

a = 7.24' 

0.0254 0.0548 0.0555 0.0171 0.1528 

0.0252 0.0570 0.0569 0.0184 0.1575 
0.0002 -0.0022 -0.0014 -0.0013 -0.0047 

Under attached flow conditions, typically as in Fig.12b and c, the 
presence of an unvented spoiler affects the pressure over the whole wing 
surface except in the vicinity of the leading edge, where on both upper and 
lower surfaces pressure is unaffected. On the upper surface in the region 10% 
to 15% chord there begins a pressure build up (relative to the wing with no 
spoiler) which increases to a maximum at the spoiler leading edge, giving a 
loss of lift over this part of the wing. Downstream of the spoiler the wing 
experiences a suction which provides increased lift in this region. Some loss 
of lift also occurs on the lower surface due to reductions in pressure produced 
by changes in the wing circulation. The net lift increment at these stations 
is therefore the resultant of these pressure changes, which the above table 

shows to be a loss. 

Under vortex flow conditions, typically Fig.13c and d the presence of 
the unvented spoiler does not significantly alter the distribution of pressure 
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on the upper surface but it does decrease the actual suction level upstream of 
the spoiler, giving a loss of lift; this reduced suction level extends to the 
wing leading edge. A suction occurs on the wing upper surface downstream of 
the spoiler and there are small reductions of pressure on the lower surface. 
The net result of these pressure changes is zero change of lift, i.e. under 
these conditions the spoilers are ineffective. 

The main effect of venting the spoiler under attached flow conditions, 
typically Fig.12b and c is to reduce the intensity of the build up of pressure 
on the upper surface of the wing upstream of the spoiler by the relief afforded 

by the vent. Thus, in this case, less lift is lost and the table shows that, 
at these stations, the increment provided by the vented spoiler is about half 
that provided by the unvented spoiler. Under vortex flow conditmns the main 

effect of venting the spoiler is to reduce further the suctions on the wing 
surface upstream, that is, its effect is opposite to that observed under 
attached flow conditions. This results in a net loss of lift at these stations 
and consequently spoiler power is maintained. The increments in total CL 
(measured over the spoiler span) show that at c1 = 4.54O the unvented spoiler 
reduces lift by twice the amount which the vented spoiler does but at a = 7.24o 

both reduce lift by similar amounts. Thus it appears that for continued spoiler 
effectiveness at incidences where leading edge separation and vortex flow is 
present, some benefit can be gained by venting the spoiler. 

Fig.14 shows lift curves derived from force measurements with configura- 
tions 3 and 4. On this graph have been plotted the two values of CL for 
configuration 3 and two values for configuration 4 obtained by pressure 

integration. At a = 4.54', where the flow is largely two-dimensional, agree- 
ment is very good. At a = 7.24o, where some three-dimensional flow is present, 
the value obtained for configuration 3 by pressure integration is about 9% high, 
but the increments due to the spoiler are similar in both cases. No doubt a 
more elaborate Integration, recognising the three dimensional nature of the 
flow, would yield better agreement for configuration 3 at c1 = 7.24'. 

4 CONCLUSIONS 

By pressure measurement and visualisation tests the flow characteristics 
of a 45' swept leading edge wing with a symmetrical section have been examined 
to an lncldence of go, over a Mach number range 0.5 to 0.9. At each Mach 
number the flow separates from the leading edge of the wing at about 4' to 5' 
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incidence, forming an upper surface vortex which strengthens and moves inboard 
as incidence increases. The presence of an upper surface spoiler does not 
affect the formation or development of this vortex significantly. 

The spoiler affects the pressure on the wing as follows: 

(1) On the upper surface upstream of the spoiler, suction is reduced 

giving a loss of lift. 

(2) On the upper surface downstream of the spoiler, suction is 
increased giving a gain or lift. 

(3) On the lower surface pressure is decreased slightly by circulation 
changes, giving a loss of lift. 

The magnitudes of each of these components alter, such that an unvented 
spoiler is effective in attached flow conditions but its effectiveness falls 
as the spoiler becomes Increasingly immersed in vortex flow. In attached flow, 

venting the spoiler reduces its effectiveness because it decreases the pressure 
build up upstream of the spoiler, due to the relief afforded by the vent. How- 
ever, under vortex flow conditions the opposite occurs, in that venting further 
reduces the suction on the upstream surface, which results in improved 
effectiveness. 

Comparison of values of lift coefficient obtained by force measurement 
and pressure Integration for the clean wing, (spoiler 0') showed good agreement 

where the flow was attached but due to the method of integration, not such good 
agreement under vortex flow conditions. Increments in lift coefficient, due to 

an unvented 10' spoiler, obtained by the two methods were in good agreement. 
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Station 

x/c 
0.025 
0.050 
0.075 
0.100 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 

0.45 
0.50 

0.55 
0.60 

0.65 
0.70 
0.75 
0.80 
0.85 

0.90 
0.95 
1.00 
1.05 

Table 1 

LOCATION OF PRESSURE HOLES 

upper surface Lower surface 
1234567 1234567 

JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJddJJd 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 

JJJdJJd 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
JJJJJJJ 
J J 
J 

JJJJ\IJ 
J d J J JJ 
JJJJJJJ 
JJJJJJJ 

JJJJJJ 

J J J JJ 

dJdJ\/JJ 

JI\IJJJJd 

dJJJJJ 

J JJJJJ 

JJJJJJ 

JJJJJJJ 

JJ 

Station 1 2 3 4 5 6 7 

Dimension Y* 1.0 3.0 5.25 7.0 9.0 11.0 13.0 

*See Fig.2 (dmension in inches model scale) 
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Table 2 

INDEX TO TABLES 3-7 

Table 3 Configuration 1 
Table 3a M - 0.50 
Table 3b M = 0.70 
Table 3c M = 0.75 

Table 3d M = 0.80 
Table 3e M = 0.90 

Table 4 Configuration 2 

Table 4a M = 0.50 

Table 4b M = 0.90 

Table 5 Configuration 3 
Table 5a M = 0.50 

Table 5b M = 0.70 

Table SC M = 0.75 

Table 5d M = 0.80 
Table Se M = 0.90 

Table 6 Configuration 4 

Table 6a M = 0.50 

Table 6b M = 0.90 

Table 7 Configuration 5 

Table 7a M = 0.50 
Table 7b M = 0.90 
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