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Summary.—This report describes a method for assessing the performance of slot-suction aerofoils in terms of
an effective drag coefficient, which takes into account the power requirements of the suction pump neglecting slot
entry and duct losses. When the suction-slot is located at a velocity discontinuity the suction flow required to
prevent separation can be calculated, using the elementary theory suggested by Sir Geoffrey Taylor.

The method is applied to two Griffith type aerofoils (30 per cent and 315 per cent thick) and the drags are compared
with those of normal thin aerofoils 20 per cent thick. When transition is forward the drags are nearly equal; but when
transition is at the slot the drags of the suction aerofoils are very much less than that of a normal thin aerofoil with
transition at its most rearward feasible position.

The gains afforded by the use of suction near the trailing edge of an aerofoil arise partly from reduction of form
"drag, and partly from an economy in power when the loss of head in the boundary layer is restored by means of
a pump instead of appearing as a loss of momentum in the wake to be overcome by a thrust. Further gains will
‘result if the pump efficiency is greater than the propulsive efficiency.

1. Notation.
Distance along chord
Distance along surface from front stagnation point
Chord ’

Distance normal to chord, or when applied to the boundary layer, measured normal to the
surface

e o » 8

Boundary-layer thickness

Velocity in the boundary layer
Free-stream velocity

Velocity at edge of boundary layer
Pressure in the fluid

Total head of the fluid

=S g g >
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D

Momentum thickness, = 3 u (1 — ﬁ) ay
o 0

Suffices 1 and 2 applied to #, U, p and 0 refer to conditions immediately upstream and down-
stream of the discontinuity, respectlvely
R Reynolds number
R, 60U v
H Boundary-layer shape parameter, = ratio of displacement to momentum thicknesses
To

A coefficient of local skin friction = ¢;/2 = (u,/U)?

p
A Pohlhausen boundary-layer parameter =: s il_g
13
Q Rate of boundary-layer suction flow per unit span
Co Suction quantity coefficient = Q/U ¢

H,  Mean loss of head in boundary layer abstracted at the slot entry
H,  Loss of head in slot entry and ducting to pump

H, Loss of head in exit ducting

N1 Efficiency of propulsive unit

74 Efficiency of pump

P, Power required by pump

P, Total power required

Cp; Induced-drag coefficient

Cpo Profile-drag coefficient, = 26,/c where 8, is momentum thickness far downstream
Cp, Equivalent pump drag coefficient

Cp,. Effective drag coefficient of wing = Cp;+Cpo+Cp, .

2. Introduction.—The present report describes an approximate method of calculating the
profile-drag coefficients and the suction quantity and pump power requirements for suction
aerofoils from a knowledge of the designed potential-flow velocity distribution over the aerofoil
surface. The method is particularly applicable to the type of aerofoil with a velocity discontinuity.
The flow conditions in the neighbourhood of the discontinuity are considered in some detail, and
a theory suggested by Sir Geoffrey Taylor and given by Richards® (1944) is used to give a measure
of the amount of suction required for prevention of boundary-layer separation. The premises of
this theory have been investigated experimentally by Gregory? (1947), and the suction quantities
measured in experiments on various suction aerofoils by Richards (1944),* (1945)°® and Gregory*
(1946) have proved to be in fair agreement with the theory.

To illustrate the method, the drag and suction coefficients of two particular aerofoils (the
GLAS TII and the 30 per cent symmetrical Griffith section) are estimated, and the results are
compared with existing experimental information and with the drag coefficients of normal thin
aerofoils.

The method and examples should be of considerable service to designers who contemplate
using a Griffith type of section, since present experiments are of necessity limited to Reynolds
numbers between 10° and 3x 10°. These, whilst checking the broad principles of the method of
design, give little indication of the performance at full-scale Reynolds numbers.
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3. Definition of the Power and Quantity Coefficients for a Suction Wing.

Let the quantity of air sucked at the aerofoil slot in unit time be Q per unit span, with non-
dimensional coefficient Cy = QU .

Let H, be the mean loss of total head in the quantity Q of the boundary layer at the slot entry,
H, be the loss of head sustained in the slot entry and ducting to the pump,

H, be the loss of head in the exit ducting when the sucked air Q is discharged at free-stream
total head,

n, be the pump efficiency.

Then the power required by the pump per unit span is
PP=%(H1+IJZ+H3) e (1)
2

Denote by Cp; the induced drag and by C, , the profile drag, which is related to the momentum
thickness far downstream, 6,, by the equation
Do — 200/ C.

If 5, is the efficiency of the propulsion unit which provides the thrust to overcome the induced
and profile drags, then the total power required per unit span,

Po=L{Coi + Cou| BUSc+P,
1
1 1 [ ‘ M1 (H, +H2+H3):]
= - LUz |Cp, nh.c,. . .. 2
p Uz [Cpi + Cpo + s 0 0, (2)
Hence the term 22 - C, - H, +1 I—.(T; 2+ H, can be regarded as the ‘equivalent’ drag coefficient for
N 2PV

the pump. It is a complicated coefficient requiring knowledge of the propulsive efficiency #, and
the pump efficiency #,, which are only available in the design stage. In what follows, we take
'n, = 7, if this does not apply in actual design, then a correction can be made. We also ignore the
terms H, and H,, which represent the slot entry and duct losses, and are not known in any
particular case until experiments have been made. It is possible that by the use of a wide slot
and a duct of large cross-sectional area, H, and H; can be made small compared with H,.

Hence we take as the ‘ideal > pump-drag coefficient, -
p— . H1 —_— . Hl . UI 2
Cos=Co pris=Co" L1 <“UT,> e e 3)

where U, is the velocity at the edge of the boundary layer just upstream of the slot.
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Ignoring the induced-drag coefficient which depends on the wing plan form, we form an ‘ ideal
effective * drag coefficient for suction aerofoils,

CDe:CDO'l'CDp: . .. .. .« . > .« .. .. (4)
which can be compared with the profile-drag coefficients of normal aerofoils.

4. The Fundamental Economy of Boundary-layer Suction.—The power required to propel a body
of any shape is less if the boundary layer due to the body has its loss of head restored, rather than
if it were allowed to appear as a loss of momentum in the wake to be balanced by a thrust created
by an increase of momentum elsewhere. For in the latter case power is wasted as kinetic energy,
not only in the wake, but also in the slipstream. On the other hand, there is no loss of kinetic
energy if the boundary layer at the trailing edge has its total head restored by a pump.

This is true for aerofoils of any thickness or shape, but for simplicity let us consider one side
of a flat plate of finite length. Let suffix 0 refer to conditions far upstream and suffix 1 to
conditions at the trailing edge.

Outside the boundary layer the total head of the fluid, %, is constant;
he = po + 2pU2.

Consider a stream filament in the boundary layer which has total head
hy = po + Lpu,®.

If the boundary layer is sucked at the trailing edge, then the pump power required to restore
the total head of the boundary layer is given by
Py=| (o — h)urdy
0

| 302 — wtyudy

1,00 [ B — (8]
2PU°J0U0{1 U(,)] @,

and the pump-drag coefficient is given by
. 1 - ?Ll- |: . %1 2:|
o=zl ()]

1)
=%J’:%.1;<1-—%10)(1+%1;>dy. e (5)

If, however, the boundary layer leaves the trailing edge, forming a wake, the loss of momentum,
or drag, is equal to

fl

<

Jo p%l (Uo — %1) dy .
The power required to overcome this is

Py = U, fo pUy (Uo — %1) dy ’

= plJ 3 B %y "
=P Jol}(,(l ”0>dy’
or the drag coefficient



Now comparing (5) and (6) it is seen, since #, is by definition less than U, that (1 + u,/U,) <2,
and so Cp, < Cp,. If the boundary layer consisted entirely of completely stagnant air, Cp,
would then be exactly one half of Cp,. These results appear to have been known to Ackeret'®
(1938), though they were derived independently by us in the course of this work.

The variation of the ideal effective drag coefficient of a flat plate with the amount of boundary
~ layer sucked is shown for laminar and turbulent boundary-layer profilesin Fig. 1. It isseen that
by sucking the whole boundary layer when the flow is laminar, Cp, is 79 per cent of Cp, without
suction. For turbulent flow the ratio is less, depending on Reynolds number, a rough figure
being 92 per cent.

This result only holds if the slot is at the extreme rear of the plate. If the slot is forward of
the trailing edge, a fresh boundary layer starts behind the slot, and the local intensity of skin
friction there is high. The variation of ideal effective drag coefficient with slot position is shown
for a flat plate in Fig. 2.% It is seen that there is a saving of drag only if the slot is to the rear of
0-94 chord for laminar flow, or 0-90 chord for turbulent flow. If the slot is well forward, there
can be about 25 per cent increase in drag for a laminar boundary layer. The addition of a second
slot located at the trailing edge reduces the drag for all positions of the first slot, and slightly
extends the range of front slot position over which the arrangement is more economical than
the plate without any slots.

Thus the potential economy of boundary-layer suction can only be realised on a flat plate if
the slot is very close to the trailing edge. This result also holds for a shaped body. But in both
cases boundary-layer suction at a slot or slots other than at the trailing edge may be attractive
for other reasons, for example:— '

(1) Separation of the boundarylayermay be prevented, thus enabling high C; .., to be obtained,
or as suggested by Goldstein and Richards, allowing aerofoils of exceptional thickness to be
utilised so that all wing aircraft can be designed at a much smaller all-up weight than was
formerly possible. :

(2) Regions of turbulent flow may be replaced by regions of laminar flow.

(8) The pumping system may be more efficient than the propulsive system. In the case of
jet-propelled aircraft, the system is comparable with propeller turbine installations and enables
aircraft using gas turbines to be flown at relatively low cruising speeds with good efficiency.

5. Behaviour of the Boundary Layer ai a Discontinuity.—Taylor's Theory.—This section
considers the behaviour of the boundary layer at the position of velocity discontinuity on a
Griffith type suction aerofoil.

It is obvious that if the suction slot were located just ahead of the discontinuity, and that if
all the boundary layer were sucked away, then the flow would cross the discontinuity without
separation occurring, as potential flow would exist at this point. :

On the other hand, if all the boundary layer is not sucked away, there must be a considerable
thickening and possible separation of the remainder as it passes through the short region of
severe adverse gradient, or theoretical discontinuity.

The theory suggested by Sir Geoffrey Taylor gives us a means of estimating the minimum
quantity which will have to be sucked to prevent separation of the boundary layer.

The following assumptions are made,

(a) that the pressure is constant across the boundary layer,

(b) that the total head is constant along streamlines in the boundary layer as they cross the
discontinuity.

* For the calculation of this figure, the momentum thickness was assumed to be proportional to ¥%/2and x%$
for laminar and turbulent flow respectively.
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The truth of (b) has been experimentally confirmed by Gregory? (1947). The first assumption,
(a), is not accurate, but R. & M. 2496 has shown that the effects of pressure variation are roughly
balanced by the resultant changes in velocity at the edge of the boundary layer, and hence in
effective velocity discontinuity. The form of the theory given below, which neglects curvature of
the surface, still gives a good approximation to suction quantity.

If subscripts 1 and 2 refer to positions just upstream and downstream of the discontinuity,
then at the edge of the boundary layer

]51 + %PU12 =1b2 + %PUzz ,
and in the boundary layer
P+ Lou,’ =Py + %‘Puzz .
Hence n,? = u,t — (U — U, .. .. .. .. .. .. .. (7)

or%lz/]——(%i)Tl—(%)z]. e (®)

Now for #, to be real,

u? > U — Uyt or “) 1_((7) e 9)
For a given aerofoil U,/U, is known, and hence for any boundary-layer ve1001ty proﬁle in front
of the discontinuity the fluid between the wall and the filament where U, = /{1 —(U,JU))%

must be sucked away for real values of #,/U, to exist downstream of the d1scont1nu1ty

This argument gives us a minimum quantity to be sucked in order to prevent separation. The
effect of sucking greater quantities is discussed later (see sections 6.2 and 7.5), but we shall here
continue the argument assuming for the moment that the minimum quantity is sucked.

Let (v,), be the distance from the surface of the filament specified by (#./U,)e=+/{1 —(U,/U,)%}.
Then the suction quantity for unit span is given by

. (1o Q - 1= ("1)o %1 yl
Q~JO 1y Ay, orﬁle—l—J d( > .. .. .. .. (10)
and may be expressed in coefficient form as
Co=YL = 9@ U 0 e
T U Up, U, ¢ (11)
For a filament which is not removed through the slot, continuity gives
Uy AYy = Uy Ay, .. .. .. .. .. .. .. .. .. (12)
Hence
=] fyl 1 dy (13)
Ve oo ity . . .. .. . . . ..

Equations (8) and (13) enable us to construct the downstream profile*.

The change in boundary—layer momentum thickness can be found from the relation

[0 )40
but from (12) Ve
et

* There is a singularity in the integrand of {13) when %, = (#,), since this makes #, = 0. The integration can be
started by expressing #, as a Taylor series in the neighbourhood of u, = ().
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Therefore g‘f:f;w., %) <F:> (1 _%) d(%%), Y § 71

where #,/U, is given by equation (8).

The loss of head of the boundary-layer filament with velocity #, is $p(U,* —%,?). Hence the
mean loss of head H,, in the sucked portion @, is found to be given by

b U@

- 1 15)
‘%p Ulz {'3’1 = (1)e —% d(y_}) ( )
v 0 Ul 61
Whence, from equation (3), the ideal pump-drag coefficient is given by
- 01 g—% 3 ryi= () U4 [ . Uy 2:| _yl
CDP_?<U0> jo & .[71)_ d(a—l), R ¢ 1<)

a relation similar to that obtained in equation (5) for a flat plate.

8. The Method of Estimation of Quantity and Drag Coefficients.—In this section, the growth of
the boundary layer is traced progressively from the front stagnation point to the trailing edge
of the aerofoil. The behaviour of the boundary layer at the discontinuity is quickly found in
any particular case from graphs compiled on the analysis of the previous section.

8.1. Calculation of the Boundary Layer from Leading Edge to the Slot.—The value of the
momentum thickness just in front of the slot can rapidly be calculated from several different
formulae, each representing an approximate integration of the momentum equation.

(a) For the laminar layer, the momentum thickness 6 can be obtained by the simplified method
of Falkner® (1941), who shows that an approximate universal relation exists between (6/s)(Us/»)*/*
and an integral

_ 1 6
Ia———U—G—SJUds. N | V)

The momentum thickness can also be computed using the general method given by Tetervin®
which is similar to that proposed earlier by Holt” (1943). If H, the boundary-layer shape para-
meter, is assumed constant, and a relation between 7,/pU* and R, (=U8/») of the type

ook 1
T RE .. . .. . .. .. . .. (18)
is assumed, then the momentum equation can be integrated and 6 can be found. The relation is
O\ T UNEFE w1 B (m+1)k (BrU A+imT+i+1 S
(@ @) =% L) a(G)-

For laminar flow we take the Blasius skin-friction law and boundary—léyer velocity profile,
giving m=1, k=0-2205 and H=2-591.

Another solution for the general lJaminar boundary layer is that proposed by Thwaites® (1947),

(%)2:%(}‘/‘_%6[(%)561(%). @

All these approximations are reasonably accurate in regions of increasing velocity where
laminar flow is likely to occur. At the transition position we assume the momentum thickness
to be continuous, and use the value given by the laminar-flow relation to be the initial value in
the turbulent region.

7



(b) In the turbulent region we use the Tetervin relation, equation (19). The constants m and %
can be chosen to give a wide range of agreement with the pipe flow relation in the manner
suggested by Tetervin. The relation chosen for the examples in this paper was

t, __ 0-00976
pUz_ R60.2075 ’

which is shown plotted in Fig. 3 for comparison with the existing and more complicated relations.*
In the region of favourable or only slightly adverse gradient, H should be taken as 1-4, but when
the adverse gradient is large (as on the lower surface of GLAS II toward the tail), it would be
better to use a value of 1-6. It has been shown by Squire and Young'® (1937) that the drag is not
particularly sensitive to choice of H.

(21)

We now consider the boundary-layer velocity profiles.

(a) For laminar flow the velocity profile just ahead of the slot is determined by the local velocity
gradient. The profile does not change with Reynolds number although the boundary-layer
thickness varies as R™'/®. The approximate profile shape can be determined if the profile is assumed
to be of the Pohlhausen polynomial type defined by the parameter 2=(6%/») dU/ds (see Ref. 9).
The extreme limits of the Pohlhausen profile are illustrated in Tig. 4, together with the profile
4=0 which is appropriate to the flow along a flat plate with zero pressure gradient, and this
case 1s found to agree very closely with the exact Blasius flat-plate profile.

However, owing to the uncertainty in the velocity gradient just in front of the slot, due to
the sink effect varying with different suction quantities, the actual velocity profile} cannot be
found, except possibly with great labour for the laminar case. Therefore, the flat-plate profile
A1=0 as a mean, is used for the calculations.

(b) When the flow is turbulent in front of the slot, there is no satisfactory method of estimating
the velocity distribution through the boundary layer under pressure gradients. If these are small,
however, it may be assumed that the profile is not greatly different from the pipe-flow distribution,
namely

u 1 U
= = ==1 0

where K =04, S .. . .. .. .. (22)
Uz_ ¢ 1/2_ o 1/2

and 7=3) =Gm) J

This distribution was used by von Karman in the case of the flat plate under zero pressure
gradient. It is found that

%:%—2(7%)2, U

so that the velocity profile is a function of 7,/pU? It is assumed that 7,/pU? is a function of
R,(=Ub/») only, and that the relation found for turbulent flow (equation (21)) can be taken to
apply. Thus when 6 is found, the velocity profile is fixed.

The turbulent velocity profiles are plotted in Fig. 4 for values of z,/pU* corresponding approxi-
mately to Reynolds numbers (=Ux/v) of 10° 107, and 108

In evaluating equation (14) it was more convenient to use the algebraic ‘power’ law
u/U=(y[6)'". These profiles approximate closely to the logarithmic profiles at Reynolds numbers
of 10°, 107 and 10° if the index # is taken successively as 9, 11 and 13.

* It is seen that considerable differences exist in the various formulae which have been proposed, due to the seeking
of an explicit relation which would give a good fit to the rather scattered experimentalresults. Inview ofitsimportance
in drag calculation, it would seem worthwhile to repeat the experiments over a wide range of Reynolds number.

T In addition the distortion of the field, due to curvature of the surface, is neglected in this paper.
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6.2. Crossing the Discontinuity.—We start with a knowledge of the value of the velocity dis-
continuity, the state of the flow (laminar or turbulent), and the momentum thickness 6,/c at
the slot. :

Fig. 5, which was obtained from equation (10), gives Q/U0,, as a function of U,/U,, where Q
is the minimum suction quantity given by Taylor’s theory, and it enables the suction quantity
coefficient to be written down from equation (11).

The mean loss of head of the sucked boundary layer H,/pU,?® obtained from equation (15)
is given in Figs. 6a and b as functions of the suction quantity and of the velocity discontinuity.

The ideal pump-drag coefficient, equation (8), can be found directly from the graph of Fig. 7.
This figure was compiled from equation (16).

In Figs. 5, 6b and 7 where the abscissa is U,/U,, the value of the discontinuity when suction
is according to Taylor’s criterion, U,/U, can be replaced by +/{1 — (#,/U,)?} where u,/U, is
the value of the outermost filament that is sucked. This enables the graphs to be used when the
suction quantity is greater than that given by Taylor’s criterion, or when the criterion does not
apply because of the absence of a discontinuity. Thus, the mean loss of total head and the pump-
drag coefficient can be found from a fictitious U,/U, corresponding to the discontinuity for which
the specified suction quantity would be a minimum.

The change in momentum thickness across the slot is given in Fig. 8, where 0,/0, is plotted as
a function of U,/U, (from equation (14)), for suction according to Taylor’s criterion only. For
other suction quantities Fig. 9 must be used, which shows, for laminar profile and for turbulent
profiles at a Reynolds number of 107, 6,/6, as a function of Q/U.8, for several values of the
discontinuity.

In illustration of the theory, some velocity profiles downstream of a discontinuity derived from
standard profiles upstream of the discontinuity by means of equations (8) and (13) are shown in
Fig. 10. When the upstream flow is laminar-the downstream profile is very similar to the initial
one, with slight thickening. When the flow is turbulent the downstream profiles are markedly
different and the boundary-layer thickness is much greater. However, as shown in Fig. 10b,
with a slight increase in suction the boundary-layer thickness and the momentum thickness

downstream are very much reduced. This is in agreement with Fig. 9.

6.3. Growth of the Boundary Layer Downstream of the Slot to the Trailing Edge.—This calculation
follows the same lines as that of section 6.1. The flow should be taken as turbulent if the surface
behind the slot is concave. The initial value of the momentum thickness will be 8, as given above.
From the final value of the momentum thickness at the trailing edge 60, which should include
contributions from both upper and lower surfaces, we obtain the profile-drag coefficient of the
aerofoil by the method of Squire and Young!® (1937).

Cro = 2(0/c)rm. (UU Y02, e @
H is usually taken as 1-4 in this formula. ‘

7. Applications.—The method of this report is here applied to calculate the power requirements
for two thick suction aerofoils, the symmetrical 30 per cent thick Griffith section, and the single-
slot cambered aerofoil GLAS II. The calculated results are compared with experimental evidence
and with theoretical drag coefficients for normal sections.

The variation of ideal effective drag coefficient with variations of suction quantity from
Taylor’s minimum quantity up to that of the whole boundary layer is also investigated.

7.1.  Glas I1 31} per cent Single-slot Aerofoil.—This aerofoil was designed by Glauert'* (1945) by
the exact theory developed by Lighthill'? (1945). It has only one suction slot (on the upper
surface) at which there is a large discontinuity. The aerofoil has C,,, = 0 and a C;-range of
0<C,<2-004. Itisshownin Fig. 11 together with the velocity distributions at the limits of the
C,-range. '
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The growth of momentum thickness* along the surfaces of the aerofoil is shown in Figs. 12 to 15
for the two C,’s, 0 and 2-004 at a Reynolds number of 10°. Fig. 16a shows the ideal effective
drag coefficient Cj, as a function of Reynolds number for various transition positions. It is
interesting to note that when C, = 2-004 and transition occurs between 0-4 chord and the slot,
the.drag is closely equal to that when C; =0. Thus at C, = 2:004, the L/D ratio is extremely
high.

Figs. 16 b, c and d show the various contributions to C,, as functions of transition position x/c
at Reynolds numbers of 10°, 10" and 10° where it is seen that, as transition approaches the slot

position, Cp, drops very rapidly. Note the small contribution of the upper surface to the profile,
or wake, drag.

The variation of the suction-quantity coefficient with Reynolds number is shown in Fig. 17.
At large Reynolds numbers and with laminar flow to the slot, C, is very small, and in fact varies
as 1/RY®. (C, increases rapidly as the transition position moves forward. For C, = 2-004 with
transition well forward the C,’s are roughly double those for C, = 0, when the very favourable
pressure gradients result in a thin boundary layer.

7.2. 30 per cent Symmetrical Aerofoil—This aerofoil was designed by Richards® (1945) on the
basis of Goldstein’s approximate theory'® (1942), and is shown with its velocity distribution in
Figs. 18a and b. The C,-range extends from —0-6 to + 0-6.

The growth of momentum thickness along the surface of the aerofoil is shown in Fig. 19 for
a C, of 0 at a Reynolds number of 10°. The profile-drag coefficients and the ideal effective-drag
coefficients are shown in Fig. 20 as functions of transition position for Reynolds numbers of
10°, 10" and 10°. The variation of C,, with Reynolds number is given in Fig. 21 where the
symmetrical aerofoil is compared with the single-slot aerofoil, GLAS II. It will be noticed that

for similar positions of transition the symmetrical aerofoil has a somewhat lower drag than the
GLAS II aerofoil.

The variation of suction-quantity coefficient with Reynolds number when C, = 0 is shown in
Fig. 22 where it is compared with that for the single-slot GLAS II aerofoil. The latter requires
less suction quantity than the twin-slot arrangement, though it should be noted that the slot
is at 0-691 chord compared with the 0-8 chord positions for the twin-slot symmetrical section.

7.3. Comparison of 30 per cent Symmetrical Section Resulls with Experiment.—A comparison
between theory and experiment is given in Fig. 23a and b for the 30 per cent symmetrical aerofoil.
Fig. 23a shows C as a function of transition position at two Reynolds numbers. The trend is for
theory to overestimate C,, especially when' transition is well forward. At the low Reynolds
number of 0-96 x 10° with far back transition, the experimental suction quantities were large.
This was due to the presence of a troublesome laminar separation caused by the adverse gradient
just in front of the slot. As at high Reynolds numbers the closeness of separation (or transition)

to the slot raises some doubts as to the velocity distribution in thie boundary layer that should
be taken as a basis for the calculations.

Fig 23b shows the profile-drag coefficient Cp, as a function of transition position. The theory
also tends to overestimate the drag, though the low experimental values of the drag obtained
when transition was far back might be accounted for by a short region of laminar flow on the
flap which was assumed in the calculation to be turbulent. The disagreements between theory
and experiment are commented on further in section 8.

7.4. Comparison of the Calculated Ideal Effective-drag Coefficients with the Drag Coefficients of
Normal Thin Aerofoils.—The drag coefficients of two low-drag type aerofoils (cusped tails) with
maximum velocity at 0-5 chord have been abstracted from the calculations of Lock* (1946), and
are compared with the Cj, of the two thick aerofoils in the following table.

* The curves of growth of momentum thickness along the surface were obtained for various transition points
measured in terms of s/c (the distance along the surface from the front stagnation point). The rest of the results

have been cross-plotted and are displayed for various transition points expressed in terms of x/c (the distance along
the chord).
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Profile-drag Coefficient of Ideal Effective Drag Coefficient
Position of Normal Low-drag Aerofoils
Transition Point R?YHOIdS
x/c 309, Griffith slots | Glas II slot Number
tlc = 109, e = 209, at 0-80 x/c at 0-691 x/c

0 0-0122 0-0157 0-0161 0-0192

0-2 0-0108 0-0138 0-0152 0-0174

0-4 0-0092 0-0111 0-0130 0-0144 108
0-6 0-0068 0-0076 0-0104 0-0100

slots — — 0-0043 0-0067

0 0-0082 0-0104 0-0112 0-0130

0-2 0-0069 0-0088 ) 0-0102 0-0113

0-4 0-0055 0-0067 0-0083 0-0089 107
0-6 0-0037 0-0040 0-0058 0-0055

slots — — 0-0016 0-0029

0 0-0057 0-0072 0-0077 0-0088

0-2 0-0048 0-0061 0-0069 0-0075

0-4 0-0036 0-0044 0-0055 0-0058 108
0-6 0-0023 0-0024 0-0037 . 0-0033

slots — — 00007 0-0015

It is seen that when transition is far forward the ideal effective-drag coefficients of both suction
aerofoils are slightly greater than those of the 20 per cent thick low-drag section. But when
transition is at or just forward of the slots, the drag coefficients of both aerofoils are appreciably
lower than the lowest possible drag coefficient for the normal 20 per cent thick aerofoil. The
furthest back position of transition for the normal sections has been taken at 0-6 chord. A more
rearward transition is unlikely without a subsequent turbulent boundary-layer separation. The
suction aerofoils, on the other hand, can be designed to have their slots at 0-8 chord or even
nearer the trailing edge.

The drag of the twin-slot aerofoil is less than that of the single-slot aerofoil, for transition
forward of mid-chord.

7.5. Effect of Variation of Suction Quantity on a Thick Suction Aerofoil.—Following the general
analysis of section 6, the variation of ideal effective-drag coefficient with Q/U,6, for a typical
Griffith aerofoil has been worked out for various transition positions and is shown in Figs. 24
and 25. The aerofoil was assumed to have constant velocity gradients as shown in Fig. 24, and
to have a slot at 0-80 chord with a moderate velocity discontinuity (2-25:1).

The argument of section 4, illustrated in Fig. 2, shows that an increase in drag occurs when
a slot is inserted in a flat plate at the 0-80 chord position and the boundary layer is sucked.
On the Griffith type suction aerofoil we find that with a laminar boundary layer the ideal effective-
drag coefficient rises as the suction quantity increases from the Taylor quantity to that of the
whole boundary layer. On. the other hand, if the boundary layer infront of the slot is turbulent
there is at first a decrease in C,, as the amount of suction is increased. In no case does the
variation of ideal effective-drag coefficient exceed 10 per cent whilst the value of Q/U,0, changes
between the minimum Taylor quantity and suction of the whole boundary layer.

8. Discussion.—One of the purposes of this report is to give designers and others a method of
estimating the drag of Griffith sections. The ideal drag coefficient, as defined, is a figure of merit
for comparison with ordinary aerofoils on a strictly aerodynamic basis neglecting entry and duct
losses. The extra weight of ducting and pump adds to the drag in an actual design, but on the
other hand the greater aerofoil thickness may lead to a lighter structure, and the increased
volume of the wing should provide internal stowage space resulting in drag reduction. The overall
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advantage of using such wings can only be assessed by design studies, and this report enables
the basic aerodynamic data to be obtained quickly by a designer.

In order to obtain an estimate of the ideal drag coefficient a simplified and idealised view of
conditions near the slot has been taken. The picture is an over-simplified one for the following
reasons.—

(1) Curvature of the flow, and the pressure changes through the boundary layer, are not
negligible. ‘

(2) No real discontinuity actually exists, because except at the surface of the aerofoil, the
pressure in the boundary layer rises gradually along the streamlines as they cross the
‘discontinuity’.

(3) Sink effect on the velocity profiles is not taken into account.

All these influences are neglected, and for routine calculations it would not be practicable to
include them, even if the theory could be elaborated to do so. A rigorous attack on the flow
conditions in the neighbourhood of the slot, for one case only, would be a very laborious task,
and has not yet been successfully attempted.

It is shown in Fig. 23 that for the 30 per cent Griffith aerofoil, when transition is forward, the
theoretical profile-drag coefficients are 50 per cent greater than the experimental. The great
differences between the actual and the assumed conditions near the slot account for this large

discrepancy.

The experimental boundary-layer traverses obtained by Gregory? confirm that the minimum
suction quantity is that limited by the boundary-layer filament whose total head is equal to the
surface static pressure downstream of the slot, and that the total head of filaments crossing the
discontinuity is conserved. The report also demonstrates the magnitude of the pressure changes
normal to the surface, and the consequent differences in velocity at the edge of the boundary
layer from the theoretical values, upstream and downstream of the slot. The ratio of these
velocities is much reduced. Thus although confirming the method of estimation of suction
quantities, the paper sheds no light on the disagreement between the theoretical and experimental
drags, since the assumed and actual conditions at the slot are so different.

When the boundary layer is laminar to the slot and the increase in momentum thickness
across the slot is about 1-25, the agreement between the experimental and theoretical profile-drag
coefficients is good. When the flow is turbulent, and the theoretical increase in momentum
thickness is 4-5 for the Griffith aerofoil, the drag coefficient is overestimated by 50 per cent.
A calculation has shown that an inconsistent assumption of momentum thickness remaining
constant across the discontinuity results in an underestimation of profile drag (for the turbulent
boundary layers) by 50 per cent.

It is clear that the effects of pressure gradient through the boundary layer are too large to be
ignored, yet their inclusion at this stage is impossible. More work is required on these effects near
the slot. A simple procedure might be to use an average curvature of the streamlines to obtain
an average pressure in the boundary layer. From these pressures fictitious values of U, and U,
might be obtained from Bernoulli’s equation to be used in the analysis of the present paper, but
obviously this cannot be considered in this report.

The present method is applicable to aerofoils or passages in which no discontinuity occurs at
the slot. In this case the Taylor criterion is not used, and the troublesome curvature effects
disappear.

9. Conclusions.—The present paper should give a good insight into the behaviour of slot-suction
aerofoils, especially of the Griffith type, and should serve as a basis for computing the performance
of such aerofoils. Until more information is available on the nature of the flow in the vicinity of
the slot, the results given by calculations based on the methods of this paper must be regarded
as approximations only.
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Detailed theoretical and experimental investigations in the neighbourhood of the slot are
needed to allow for pressure rise through boundary layer and sink effect. More information is
required on the development of turbulent boundary layers under pressure gradients in order to
substantiate the boundary-layer calculations. The wide choice of relations between 7,/pU*® and
R,, and the scatter of experimental points for the turbulent flow over a flat plate, suggests the
need for more accurate experimental data.

The two thick suction aerofoils whose power requirements have been considered here have very
low ideal effective-drag coefficients at flight Reynolds numbers. It is for further experiments to
decide what addition slot entry and duct losses will make to the pump drag. It is the authors’
opinion that this can be kept-low by the use of a sufficiently wide slot and ducting of large cross-
sectional area. Thus the velocity into the slot and in the ducting will be low, and hence the loss
of head, which is proportional to the square of the velocity, will also be small. It is assumed that
efficient ducting exists between the slot and the pump.

The twin-slot aerofoil gives the lowest drag, but requires greater suction quantity than the
single-slot aerofoil. The 1deal effective drag of the twin-slot aerofoil is slightly greater than that
of a 20 per cent thick low-drag section of normal design when transition is forward. But when
transition is near the slot very much smaller drag coefficients may be obtained on the suction
aerofoils. The low values achieved arise from the reduction of form drag and from the large
extents of laminar flow. Further, gas-turbines have compressors that are highly efficient as
pumps, and which may exceed the efficiency of the propulsive system. This is an additional
factor in favour of the application of boundary-layer suction to aerofoils.
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Fic. 21. Ideal wmmomﬁ,@nmw coefficient against Reynolds number
for various transition positions. Cr = 0.
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Fic. 22, Overall suction quantity coefficient Cy against Reynolds
number for various transition positions.

Cr=0.



9%

0008

~ —
nd S
0:007 =
~
~{ @)
~
000 S
~
/ /
/ ~
0005 o . ~ Laminar
’ ~ Separation
~
/ /
wu ] // //
0004l & > b -
] //
§ 4 N
0003t & P A
“ ~—— Theor v \
&L 9\ R-2.88 %10 N\
O Expt. N\
o0002f—— N0
——=~~Theor N
9] R=0-96x10°
O Expt. 0
0001
Siots
L.E. N
] 0 0-2 03 04 05 06 07 08
Transition position, */c
0:007
—~—d
0006 e~
e g
/ ™
/ ~d4 - b
0-0051- 2 ~~. >~ .
§ TN ~
Ky} ’ ~
s / ~
0-004; 8 > n <
o / //
o AN
ooos|- S o) / N
L& 7 <
2 ANAN
s / N
000z & — ._.:8_.J R= 288 x10° >
O Expt. \
A\\
= = = THEOr ’
0001 f— o mxnn_.:w R=096x10 o {
! (o]
Slots
e ” || i
0 01 02 03 o4 o5 06 o7 o8

"3, I
Transicion position, X/

F1c. 23. 30 per cent symmetrical aerofoil.

and experiment.

Comparison of theory

|
/ OOm Transition ab the Leading Edge
3 132 il
0006 I~ .\ e }
3 .
FMomenbum Thickness at slak,
8/ =060095
Profile O..mm.
* i Aerofail Velociby Distribubion
_ 1+ 4945
S
0005 5 -~ A2
\ T |38
% ol
u -
Pump Drag m\c. =0 444=)2.25 :
\ R =107
04004 h 06642 | ,|
(o Transition ak 0-5 chord
Cp, VA < \ 9/ slot = 0-00054 6
L {o,
Y
7
% -3
01003 }— Lw _.uo
3 o g
£ 2 -
3¢ \m_ ¢
G0 D
£ b o]
B I
BT >
0.002— mC N 3 | 2|
) .0 2
£b 3
£z &
t rnm Trraneition juskin front =
s . OU of slot (08 chord) )
¢ 8/ slot=0-00012 /. ¥
0-001 / < { 1
/ Profile Drag
— 1 1
SE—
| / Fump Drag
o P 5 6 8 :./T..
() 12
Yoo,

Fic. 24. Variation of ideal effective-drag coefficient with suction
quantity for a turbulent boundary layer at the slot position.
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