B. & M. No. 2263
vy (8784)
“A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
REPORTS AND MEMORANDA "

An Aerofoil Designed to give Laminar
Flow over the Whole Surface with
oundary-Layer Suction

By
- E. J. Ricuarps, M.A., B.Sc. and C. H. Burgct,
of the Aerodynamics Division, N.P.L.

Crown Copyright Reserved

LONDON : HIS MAJESTY’S STATIONERY OFFICE
1949
Price 25, 64. net




NM‘HW% AERONAUTICAL EST fuskdiHeEHE

_LIBRARY

An Aerofoil Designed to give Laminar Flow over
the Whole Surface with Boundary-Layer Suction

By
E.J. Ricaarps, M.A., B.Sc. and C. H. Buret,
of the Aerodynamics Division, N.P.L.

Reports and Memoranda No. 2267
June, 194.3

Summary —A new type of aerofoil is described over the whole of which it is possible to maintain laminar flow by
means of a small amount of boundary-layer suction. Preliminary small scale experiments at Reynolds numbers of
about 0-37 x 10® show that the mass flow it is necessary to remove by suction is less than that in the laminar boundary
layer at the slot.

On the basis of these small-scale expariments the effective drag of this aerofoil at a Reynolds number R is estimated
to be approximately 6-0R~1/2. Thus at the Reynolds numbers reached in present day flight (say 25 x 10%) an effective
drag coefficient of 0-0012 may be expected. These figures are all subject to experimental confirmation at higher
Reynolds numbers.

Further Investigation.—More elaborate tests are to be made in the National Physical Laboratory 13 ft. x 9 ft.
wind tunnel at Reynolds numbers up to 5 x 10%. Other experiments are also planned in the N.P L. Rectangular
High-Speed Tunnel.

Introduction.—Experiments on boundary-layer control by suction have shown that no marked
decrease in drag is obtainable on aerofoils of normal thickness over which separation does not
occur. With abnormally thick profiles, a considerable improvement in drag has been observed
but this is invariably due to the prevention of separation. To reduce the drag of a normal
aerofoil, when there is an adverse velocity gradient over most of the chord, a series of slots or
perforated sheets are necessary to maintain laminar flow over the whole chord and in order to
obtain an efficient system, the suctions at each of these slots must differ. Consequently the
internal ducting arrangement becomes very comphcated and a prohibitive increase in structure
weight occurs.

The present scheme, arising from a suggestion by Dr. A. A. Griffiths for improving the
efficiencies of diffusers, consists of designing the aerofoil so that, according to potential flow
theory, it has a stabilizing velocity gradient along the whole chord except at one position where a
discontinuity of velocity occurs. Thus if sufficient suction is applied at this one point to prevent
separation, laminar:layers should persist right to the trailing edge. Apart from the greater
simplicity of the suction system, this arrangement should result in a decrease in the drag of
aerofoils of all thicknesses since it should prevent transition to turbulence as well as separation.

Design of Aerofoil—A method is given in Ref. 1 for calculating the shape of the aerofoil profile
which has (to a first approximation) any prescribed velocity distribution over its surface. If x
denotes the distance along the chord from the leading edge and y the ordinate at that point
both measured as fractions of the chord, the aerofoil profile for which the approximate velocity
distribution is linear in each of two segments but discontinuous at the join x = X, has been
calculated ; with the notation of Fig. 1, the ordinates of the aerofoil are given by

y=af+ b+ dfs + (b —0)fs

where f,, f» and f, have the same values as in section 6 of Ref. 1 and ‘
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where :
x =3 (1 —cosb), X; =} (1 — cos 0,).

Formulae for the leading edge and trailing edge radii of curvature and expressions for functions
necessary to obtain a closer approximation to the velocity distribution are given in the Appendix.

In choosing an aerofoil for test, X, was taken to be 0-7. This figure was chosen for structural
reasons only since smaller values of X, gave aerofoils with a long sting (see Fig. 24 showing the

aerofoil profile for X, = 0-5,a = 0-268,5 = 0-308, ¢ = — 0-092, 4 = — 0-052).
When X, — 0-7 '
J— {0~5 (cos 0 + 0+4) + 0,4166667 (cos 0 + 0-4)2}
T

1+ 0-4cos0 —0-9165151 sin 0| 1850518 sin ¢ — 0-0768771 sin 26
04 4 cos 0

and is tabulated against x in Table 2.

X log,

From this table of f; in conjunction with tables of £, f; and f, for X; = 0-7 in Ref. 1, the
ordinates of the aerofoil are easily calculated for any values of a, b, ¢ and d.

Since with suction a stagnation point must occur at the rear lip of the slot, it is desirable that
the aerofoil should be designed to have a stagnation point there. It was found however that
with a stagnation point (¢ = — 1) the method of analysis does not lead to a simple closed contour,
since the upper surface ordinates change sign towards the tail. The aerofoil finally decided upon
for the tests was therefore designed to give a sharp decrease of velocity at the slot equal to half
the free stream velocity (b — ¢ = 0-5). In the notation of Fig. 1, a first approximation to the
velocity distribution over the aerofoil is derived by making X, =07, a =0-1, b =03,
¢~ —0-2 d—= —0-05 Tables of ordinates and of functions necessary to obtain a closer
approximation to the velocity distribution over this section are given in Table 3. The aerofoil
shape is shown in Fig. 2a. Close approximation to the potential flow velocity distribution for a
range of lift coefficients are shown in Fig. 3.

The thickness-chord ratio of the aerofoil is 16-3 and its maximum thickness is at 0-47 chord.
For these preliminary tests, the stabilising velocity gradient was designed to be greater than
that of a normal low-drag aerofoil in order to allow a considerable tolerance in surface waviness.

Method of Analysis.—Consider the whole suction installation arranged inside the aerofoil, the
air being discharged from the pump in the direction of the free stream with a velocity and pressure
cqual to that of the free stream. Neglecting any external drag the discharging system may have,
the profile drag in this case, being the rate of loss of momentum in the direction of the free stream
inside any large contour enveloping the aerofoil and discharge system over which the pressure
may be assumed constant, is equal to that measured by pitot traverse across the wake when
the air is removed elsewhere, since the sink drag is regained by the jet effect of the discharged
air. To this, a term must be added to account for the power H used to drive the pumping
mechanism. If D is the drag measured by pitot traverse across the wake, and V, is the free

stream velocity, the effective drag will be D - 7{;}! where » is the efficiency of the propulsive
0
unit of the aircraft.

Without a knowledge of the actual ducting system, it is impossible to make an estimate of
the power H which is extended in overcoming both the skin frictional drag of the aerofoil up to
the slots and the internal frictional drag. Simple actuator disc theory is sufficient to give a
rough measure of the effective drag in terms of the velocity and pressure inside the slot.
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Suppose the velocity and pressure in the free-stream and at some point in the ducting system
are (Vo, p,) and (V,, p,) respectively. With the notation of the diagram and neglecting skin
frictional losses aft of the measuring point inside the duct (with the notation of the diagram)

b+ 3oV = p, + LoV
P02+ ‘%PVO2 = ?f -+ Aﬁf -+ %PV/2

=3 f}: t;c +A Pf B,
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‘Thus the pressure difference across the fan disc is

Apr = (po — P + 3o (Vo* — V).

The energy imparted into the air in unit time is’

Ap; X Q
where @ is the volume of air passing the fan in unit time and
H _ Q.4
Vo RV,

if R is the efficiency of the pump. If non-dimensional coefficients C » Co are defined by

C, = 2 N I—/f *and C, = —%— where ¢ = aerofoil chord, then the effective drag coefficient
20V 0 0

Cp = D+%[CPCQ+CQ<1_II;§)] e

If it is assumed that the efficiency of the suction pump is equal to that of the main propulsion
unit of the aircraft, R should be taken equal to 7 ; hence

2

Cz),:C1)+CQ(1 - II/;S>+CQCP'
i 0
It should be made clear that this expression does not give the drag coefficient likely to
occur in flight but gives a rough method of interpreting wind-tunnel results to include the
energy of the pump and the entry losses. The duct losses aft of the position where 4, is measured
as well as the external drag of the discharge system are neglected in this analysis. However,
the wind-tunnel experiments are made with the air being brought to rest in a large chamber in
such a way that it loses all its kinetic energy, and since the above expression includes this loss,

the ““ effective ”’ drag coefficient obtained is not considered too optimistic.

Expervmental—A small model of 18 inches chord was tested in a 4-ft. wind tunnel of fairly
low turbulence. The aerofoil (Fig. 24) was made in two sections, the rear section being made
of tufnol* to avoid breakage or distortion. Suction was applied at slots of 0-1 inch width on
both surfaces at the joint between the two sections (0-7 chord). In order to maintain a uniform
suction along the whole span, the suction cavity was divided into two chambers, separated by
gauzes, the air being taken away at each end of the span of the inner chamber. The quantity
of air absorbed was measured by means of a calibrated nozzle in the duct leading to the suction
pump, while the static pressure inside the chamber was measured by shielded static holes in
the cavity itself. The velocity there was small and was neglected.

* A proprietary make of laminated plastic material.



In later experiments the model was modified to incorporate additional slots of 0-6 inches
width at 0-65 chord. The form of the suction chambers with the two slots in each surface is
shown in Fig. 2b.

The rear slot width could be modified by chordwise movements of the tail piece of the
aerofoil relative to the main structure. The slight change in aerofoil shape did not alter the
velocity distribution sufficiently to affect the results. A range of slot widths was investigated
covering from half to twice the thickness of the calculated laminar boundary-layer thickness 9
at 0-7 of the chord. This was calculated from the formula of Ref. 2.

R Q) = %l [T s a (xfo)

and o = 8-510.
where S is the ratio of the local velocity over the surface to that of the free stream.

Description of the Experiments.—Preliminary experiments were made with suction applied
along the whole span at 0-7 of the chord. As the maximum suction available was insufficient
to induce laminar flow over the tail, the span over which suction was applied was reduced to
half a chord. In view of the tentative nature of these experiments, a section off the centre

of the span was used, no end plates being fitted and no readings of internal pressure being
taken.

In order to obtain a picture of the exact nature of the air flow over the aerofoil, wood smoke®
was emitted from three small slots, slightly staggered spanwise, one at 0-1 chord from the
leading edge and the others on the tail piece at 0-73 and 0-83 of the chord. By emitting thin
filaments of dense smoke from these slots a clear conception of the position and nature of
transition and separation was obtained.

With suction applied to this small spanwise section, laminar flow over the whole span could
be induced, but the mass flow into the slot amounted to over ten times the air in the laminar
boundary layer at 0-7 chord. Actual pitot-traverse measurements in the wake gave a drag
coefficient, which when based on the rear part of the chord (0-3c) lay between that of the
laminar and turbulent drag of a flat plate. It was at once apparent that, at the Reynolds
number of this test (R = 2-4 x 10°, laminar separation occurred at 0-55 — 0-60 chord in
the ahsence of suction, so that a considerable sink effect was necessary at 0-7 chord to modify
the pressure distribution as far forward as 0-55 chord. No noticeable reduction in suction

was obtainable by first increasing the suction to establish the flow and then reducing the
suction slowly.

Consequently an additional slot was cut at 0-65 chord and the internal arrangement modified
so that the suction head at each slot could be controlled independently. After a considerable
amount of modification to the slot width and entry shape, laminar flow was maintained over
the whole chord by removing from each surface by suction one half of the calculated amount

of air in the laminar boundary layer at 0-7 chord. It should be made clear however that no
end plates were fitted in this case.

Pressure Ploiting Experiments.—At this stage the experiments were continued with the test
section at the centre of the span; end plates were fitted to eliminate cross-flow effects and
the internal arrangement again modified (Fig. 2c). In order to investigate the unexpectedly
far forward position of laminar separation, pressure holes were fitted in the surface. Pressures
up to 0-7 chord were measured by copper tubes sunk along the surface, the final surface with
these in position being good except between the front and rear slots. Pressures over the tail

were obtained by drilling a cavity inside the tufnol and leading fine holes from it to the required
position on the surface.

Fig. 4 shows a comparison of the velocity distribution over the surface without suction,
and with sufficient suction to allow laminar flow over the tail of the aerofoil ; the experimental
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pressures are corrected to free air conditions by using the known correction on a Rankine
oval having the same chord and maximum thickness'. Without suction, the discrepancy
of 1 per cent. between theory and experiment over the front third of the aerofoil cannot be
accounted for by interference of end plates, effect of boundary layer thickness, or inaccuracy
in the surface.

The velocity gradient over the first half of the chord is approximately equal to that of theory ;
after this, however, a gradual decrease of velocity occurs which accounts for the early laminar
separation observed in the smoke experiments. The slight hump between the slots may be
accounted for by poor surface condition at the pressure holes.

The velocity distribution when sufficient suction is applied to allow laminar flow over the
trailing edge (Fig. 4) indicates a general increase in velocity over the front of the aerofoil.
This is not unexpected since this effect may be noticed on the potential flow velocities over a
series of aerofoils with increasing concavity near the trailing edge. At the tail of the aerofoil,
the theoretical velocities are not attained, although they are more closely approached if the
suction is still further increased.

It was suggested by Mr. H. B. Squire that a turbulence wire should be put slightly forward
of the position of laminar separation to cause transition to turbulence and consequently to
delay separation. A steel wire of 0-028 inch diameter was placed at 0-55 chord and the
pressure plotting and suction experiments were repeated. Some deficiency was experienced
in observation to the rear of the wire, since the very fine smoke filaments could not be obtained
in this condition. It appeared however that the boundary layer over the tail was in every case
turbulent with the wire in position. Without suction, separation could be detected although
not so clearly as before. Tests with suction through the back slot alone showed that to prevent
a separation a much smaller quantity of air was necessary than without a wire present. Exact
figures were difficult to obtain and perhaps a better indication is given by comparison of the
pressure distributions with and without wires, under the same conditions of suction shown
in Figs. 5 and 4 respectively. With turbulence wires the most noticeable features without
suction are the slight backward movements of the positions of maximum velocity and the
improved flow over the rear of the aerofoil. It would appear from this that the potential
flow velocity distribution is likely to be more closely approximated at Reynolds numbers for
which laminar separation is delayed further along the chord.

No attempt was made to improve the efficiency of the slots in these latter experiments.
It was necessary in this case to suck away 0-7 of the volume of air calculated to be in the
laminar boundary layer at -7 chord to maintain laminar flow over the whole aerofoil.

Effective Drag Coefficient.—The static pressure inside each cavity is shown in Fig. 4 and Fig. 5
In most cases this was found to be approximately equal to the static pressure on the forward
lip of the slot ; since the velocity in the cavity was small, it follows that the intaken air lost
all its kinetic energy in entering the cavity. If therefore in equation (1), V, = 0 and p, =
pressure in the cavity, the effective drag coefficients calculated will give a pessimistic estimate
of that using a good ducting system since the large loss in the cavity will easily outweigh the
duct losses on the outlet side of the pump.

Th'LIS CD’ = CD “I_ Cé (1 ’l“ CI))'

For the experiments with end plates in position (R = 3-77 X 10°) and taking the value of
C, for that slot (front) which would give the greater value of the effective drag, C, = 0-0041
and C, = 0-75 so that

C, — C, =0-0072.

C, is the measured drag coefficient obtained by pitot traverse of the wake ; if this consists
only of the profile drag of the aerofoil to the rear of the slot (which of course is not true if much
less than the boundary layer is absorbed) C;, may be estimated with sufficient accuracy for the

present purpose as being that of a flat plate of 0-3¢ length and is equal to 2-66R*/ (1 — %)m

(Ref. 5) where in this case x = 0-7c.
5



Therefore C, = 1-455R-Y* — (-00237
when R = 3:77 x 10°.

Thus the total effective drag coefficient C," = 0-0096 at R = 3-77 x 10°. The amount of
air removed by suction in this case is equivalent to 0-7 times the quantity in the boundary
layer. Since however the mean velocity of the outer 0-3 of the boundary layer will not differ
greatly from that of the free stream, it is considered that the above figure is a conservative
estimate of that occurring in practice.

The Effect of Reynolds Number.—At the Reynolds number of the tests, little if any reduction
in drag coefficient is obtained by boundary-layer suction. If, however, the reasonable
assumption is made that the same proportion of the boundary layer must be absorbed at all
Reynolds numbers and that the pressure coefficient C, is unaltered, considerable reductions
in drag coefficient are possible at higher values of R.

The calculated laminar boundary-layer thickness (4) at 0-7 chord for this aerofoil is given
by
éfc = 2-44/R'>.

C, therefore varies with R~ and, in order to satisfy the experimental figures, etc.
R = 3-77 x 10°, must take the form C, = 2-52 X R~'. Thus the effective drag coefficient
= 1-46R""* 4- 4-41R-'* = 6-07R~'~.

The following Table shows the variation of C,, C, (1 + C,), C,, and the effective drag
coefficient C,,” with Reynolds number.

TABLE 1

R Co Col 4 C,) Cy C,’

10° 0-00796 0-01393 0-00460 0-01853
108 0-00252 0-00441 0-00145 0-00586
107 0-00079 0-00139 0-00046 0-00185
108 0-00025 0-00044 0-00014 0-00059

Iig. 6 gives a comparison for varying Reynolds numbers of the drag coefficients of several
modern low-drag aerofoils®”® and that estimated for the suction aerofoil under consideration.
Whereas the effective drag coefficient obtained in the present tests is approximately equal
to those of ordinary low-drag aerofoils at the same Reynolds number, a considerable reduction
may be expected at Reynolds numbers suich as those reached in present-day flight.

Discussion.—Variations of slot width and entry conditions are not given in the present
report since it is considered that such information will be in error and misleading at Reynolds
numbers for which the scheme gives reduced effective drag. At these flight conditions, the
early laminar separation may not occur and it is possible that a single suction slot at 0-7 chord
will be efficient under these conditions. Sufficient results have been presented however to
give experimental verifications of the theory underlying the scheme and to show that in fact
less air must be sucked away than that in the laminar boundary layers at the slot.

Further tests are to be made on the same aerofoil profile in a wind tunnel of low turbulence
at Reynolds numbers up to 5 x 10° to confirm the present results and to investigate fully the
question of slot width and shape of entry.

Conclusions. (1) Laminar flow over the whole of the chord of an aerofoil is possible by a

suitable design of aerofoil and by boundary-layer suction at either one or two positions along
the chord.
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(2) Preliminary experiments at R = 3-8 x 10° show that the amount of boundary layer
air that must be removed by suction is less than that calculated to be in the laminar boundary
layer at the slot.

(3) Owing to the forward position of laminar separation on the aerofoil at the Reynolds
numbers of the tests, two slots were necessary on each surface to reduce the suction air to
that stated in (2) one being 0-05 chord ahead of the calculated position.

(4) The effective drag coefficient of the aerofoil at zero incidence assuming pessimistic duct
conditions, may be put in the form 6-0 x R-'*and is approximately equal to that of a normal
low-drag aerofoil at R = 3-7 x 10°. Extrapolation to higher Reynolds numbers indicates
however that a considerable reduction of drag is possible at the conditions of present-day
flight.

APPENDIX
Useful Functions Relating to the Suction Aerofoil

The expressions given below have been calculated by the method of Ref. 1 for an aerofoil
over which the velocity distribution (to a first approximation) is linear in each of two segments
of the chord but discontinuous at the join.

Using the notation of Fig. 1, the leading edge and trailing edge radii of curvature are given by

(2p,)Y? = @ { 2sin 6, — 26, cos 8, - 6, — sin 6, cos 6, }

27 (1 — cos 6,)

1
+l—i—cosﬁl{z l—cose)

X (2 sin 6, — 26, cos 6, + 0, — sin 6, cos 01)}

"I‘ 1 _l:‘gz‘o—s—e—‘ {21—7'6 (2 sin 91 e 291 COS 01 —I‘ 01 — sin 01 COos 61) - % + cos 01 }
; U

+ li;sca { 21:/z (4 sin 6, + 36, + sin 6, cos ;) — %}

(2p) 2= il f 5557 {(2 sin 6, — 2 6, cos 6, — 0, -+ sin 8, cos 6,) }
-+ T—l—"(szST@l" { I — n_(T:I_casTJ (2 sin 0, — 26, cos 6, — 6, -+ sin 6, cos 6,) }
+ (1—_*_650-&?)—{%—#—(:0561—{— —2.1; (2sin 6, — 2 6, cos 6, — 0, —f—sin Glcosﬂl)}
+ 13—::—0;61 { 5 (01 — sin 0, cos 6,) —%}

In determining a closer approximation to the velocity distribution, the functions C,, ¢, and e,
defined in Ref. 1 are required. For convenience these are given below.

C,— a(l——4cos@1) —|—7—}—d 1+Zosol_(b_c)

1+ cost,
4

' b—a) (cos 6,—cos ¢ —d : b—
eS:tan%—G{( 2()1(—003 6(1:)05 )-|- (a4 )(1+cosel)+ —Z—C(1+COSBI)}; 0<o<o,
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:cos%ﬂ{(c al)((cos() ,—Cos 0) +6?;;_d,. (1 —cos 0,) —I—b%f(l—cosf)l)} 16, <0< .

1 + cos 8,) S
i 1+cose{ a (1 cos g,) b_c B b—a N
T T coso 2( 1~cos€ (1+c05075_'”" -+ 21 —cos 01)C089,0&91<9]
1 —cosb, a d(l——cos@ }
"""" : <0<
1—COSB{2 —|—c050) 4 ( —|—C059 4 +2 )COSO 6, <0<,

There is a discontinuity in ¢, at 6 = 6,.

3b—a—c—4d
4

e/ (04+0) = &' (8 —0)—(b—2c).

e’ (61 — 0) =

When X, = 0-7
cos 6, = — 0-4 6, = 1-9823132 sin 0, = 0-9165151
(2p,)1* = 0-6556956a -+ 0-267030156 + 0-0473178¢ + 002995654
(2p,)'% = 0-1216355a + 0-2176184b + 0-2102632c + 0-45048284
Co=0-35(a +b) + 0-15 (¢ + d)

e, = tan 1 6{0-2928571a + 0-0071429 — 0-15¢ — 0-154 — 03571429 (b—a) cos 0}
for0 < x < 07

= cot } 6{0-35a + 0-35b — O 6833333¢c — 0-1666674 — 0-8333333 (c—d) cos 0}
for 0-7 < 0, <1

6 = 1._+1C 5 (0-368428575 — 0-0642857a — 0150 — 0+154) —0-3571429 (b—a)cos 0}
for0 < x <01
~ 1flco_s" {1-5166667c—0- 354 —0- 356 —0- 81666674} +-0- 8333333 (c—d) cos 0}
‘ for 07 < x < 1.
When X, = 0:7,a = 0-1,b = 0:3,c = — 0:2,d — — 0-05
py = 0-0090744, p, — 0-0000828
Co = 0-1025
e, —tan 1 0 {0-0689286 — 0-0714286 cos 6} for 0 < x < 0-7
= cos $ 0 {0-2775 4 0-125 cos 0} for 07 < x < 1
ol = 21%%_?(’)5261 —0-0714286 cos 6 for 0 < x < 0-7.
— (%%f@) 0-125cos 0 for 0-7 < x < 1.
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0-850 —0-1104399 0-800 0-01384 0-03461 0-10125 —0-17656
0-900 —0-0854404 0-850 0-00840 0-02351 0-07982 —0-14926
0-950 —0-0547109 0-900 0-00512 0-01705 0-05917 —0-12361
1-000 0 0-950 0-00300 0-01379 0-03785 —0-09934

1-000 0 0 0 —0-07625

(85746)

&’ is discontinuous at the slot.
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