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Summary. Experiments have been performed on the turbulent boundary layer with uniform suction and
with zero pressure gradient. The test surface consisted of a uniformly perforated sheet which replaced the
floor of a wind tunnel, the tunnel boundary layer being removed through a slot a short distance ahead of the
test section. For several different suction velocities, and for. different entry conditions, boundary-layer
measurements were made on the perforated surface and on a porous surface formed by covering the perforated
sheet with calendered nylon fabric.

For certain conditions it was found that both the thickness and the velocity profile of the turbulent boundary
layer remained constant over virtually the full length of the suction surface, thus establishing the existence of
a turbulent asymptotic layer. At sufficiently high rates of suction it was found that an initially turbulent layer
reverted to the laminar asymptotic form.

1. Introductory. 1.1. Imtroduction. Almost all the fundamental work on boundary-layer control
by distributed suction has been confined to laminar boundary layers. There has been a considerable
amount of ad hoc testing in which suction has been applied to the turbulent boundary layer to
prevent separation, but very few experiments have been performed to show the general behaviour
of the turbulent boundary layer with suction, or to provide the basis for methods of calculation.
Control of turbulent boundary layers is needed primarily to prevent separation and provided it is
economical it may be used to considerable advantage to increase the lift on aerofoils, particularly by
maintaining unseparated flow over flaps (see, for example, Ref. 1), and to improve the flow in air
intakes and diffusers.

As implied above a few basic experiments have beén carried out and there have been two attempts
to provide a theory for the rather special case where the suction is uniformly distributed and the
turbulent boundary layer develops over a flat plate with zero pressure gradient. The first was by
Schlichting? and this was followed some years later by a more detailed theory proposed by Kay3.
Both of these have been guided by a knowledge of the corresponding laminar boundary-layer
behaviour and therefore before describing them it will be useful to review very briefly the principal
result of previous studies of the laminar boundary-layer problem.

It was found by Griffith and Meredith? that a particularly simple, exact solution existed for a
flat plate with uniformly distributed suction. It was assumed that sufficiently far downstream the
rate of growth of the laminar boundary layer due to skin friction could be balanced exactly by the
rate of decrease due to suction, and that the distribution of velocity in the boundary layer would
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assume a form independent of the distance from the leading edge; this simplified the boundary-layer
equations to such an extent that an exact relation could be obtained for the asymptotic profile.
Experiments made by Kay on a flat porous plate of sintered bronze, with zero pressure gradient,
established this result and also showed that the laminar boundary-layer velocity profile with suction
rapidly approached the asymptotic form predicted by the theory.

After this result had been obtained for the laminar boundary-layer, it was natural to suppose that
a similar balance between the rate of boundary-layer growth due to skin friction and the rate of
decrease due to suction could be achieved when the boundary layer was turbulent, and the theories
already referred to were developed by making this assumption.

Schlichting, using the momentum equation and assuming that the skin friction on the porous
surface could be obtained in terms of R, (Reynolds number based on momentum thickness) from
the existing solid flat-plate empirical law, obtained a solution for the asymptotic value of R, in terms
of the suction-velocity ratio.

Kay also assumed the existence of an asymptotic solution and suggested that the profile could be
divided into two parts: an inner part which could be represented by the laminar asymptotic profile
for the same rate of suction, and an outer part which could be described by an equation derived
from the simplified equations of motion and a mixing-length theory. However, the experiments
made to test this theory were not very conclusive, because of the small number of experimental
results and the limited extent of the porous plate. Consequently the existence of a turbulent
asymptotic profile was by no means established when the present investigation was undertaken.

The experiments to be described in this paper (a brief description of these experiments is also
given in Ref. 5) were carried out to provide a general picture of the effects of uniformly distributed
suction on the development of the two-dimensional turbulent boundary layer over a flat porous
surface. It was intended to prove or disprove the existence of the asymptotic turbulent boundary
layer, and to investigate as many as possible of the parameters likely to affect the growth of the
turbulent boundary layer with suction. Although, as has already been mentioned, control of the
turbulent boundary layer is useful chiefly in preventing separation due to adverse pressure gradients,
it was considered advisable to investigate first the boundary-layer development under the simplest
possible conditions, .e., with zero pressure gradient.

To provide a basis for comparison, experiments were first made to investigate the boundary-layer
development over the plate without suction.

1.2. Dimensional Analysis of the Problem. If uniform suction is applied to a continuously porous
flat plate following a short solid entry section, then at any point along the plate the boundary-layer
momentum thickness ¢ may be expected to depend upon the following:

(i) Relevant properties of the fluid
(ii) Distance along the plate
(iii) Thickness of the boundary layer at the commencement of suction
(iv) Shape of the velocity profile at the commencement of suction
(v) Free-stream velocity
(vi) Suction velocity,
or expressed symbolically

= f(Pu““’x!eO’Hov UDVS) . (1)
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This function of seven parameters may be expressed as
- .
Re - F(Rx, —8, Re 0 HO) . (2)
Uy
If the pressure gradient is zero over the solid entry length, then H can be expressed as a function of
Ry ¢, and equation (2) reduces to
V
Ry = F(Ry 1) Raa) G
U,
However, if the surface is perforated, instead of being continuously porous, further relevant variables
must be considered. It is to be expected that the diameter of the perforations, their spacing and the
general pattern in which they are arranged, will need to be introduced. If the spacing and general
pattern can be specified by a single non-dimensional parameter P, then equation (3) becomes
14
(24 Ul’
where R, is the Reynolds number based on the hole diameter d, and stream velocity.
In the present investigation two types of surface were used, first a perforated surface in which the

Rﬂ = F(R Ro o Rll’ P) 5 (4)

holes were approximately uniform in size and spaced one diameter apart, and second this same
surface covered with smooth calendered nylon. With the second surface the effective hole diameter
was considerably decreased, and in addition the hole pattern was changed because the holes in the
nylon were superimposed on those in the perforated surface below.

2. Description of Apparatus and Procedure. 2.1. General Arrangement. The experiments to be
described were carried out in the working-section of a wind tunnel. The solid floor of the working-
section was replaced by a 6 ft x 1 ft 8 in. finely perforated brass sheet, rigidly supported, through
which suction could be applied. The arrangement is shown diagrammatically in Fig. 1. The
perforated surface was preceded by a 4-15 in. solid entry length which formed the upper lip of a
bleed through which the tunnel boundary layer was removed.

T'o ensure uniformity of the suction flow, which would otherwise have been influenced by small
pressure variations along the surface, the perforated brass sheet was backed by a sheet of blotting
paper supported by a second perforated sheet, the holes in this being 0-080in. diameter as
compared with 0-020 in. in the upper perforated sheet. The two perforated sheets with the blotting
paper sandwiched between them were stretched on the metal supporting frame shown in Fig. 2.
The region below the lower perforated sheet was divided by longitudinal partitions into three
compartments which opened into a single small reservoir connected to the pump inlet. Each of the
three openings was fitted with a shutter which provided a control on the suction flow from that
compartment. The pump used for the suction was a Rolls-Royce Merlin supercharger, run at half
speed and delivering approximately 1,000 cu ft/min, with a pressure rise across it of about 6 in.
mercury. For the existing arrangement this provided suction velocities through the perforated
surface up to 0-75 ft/sec. The suction flow was controlled by a butterfly valve on the pump inlet.
It was not practicable to investigate the effects of a change in the nature of the surface by replacing
the outer perforated sheet with one with different diameter holes or different hole spacing. Instead,
a comparison was made between the results obtained on the existing perforated sheet and those
obtained on an almost continuously porous surface, by covering the perforated sheet with smooth
calendered nylon. The upstream edge of this nylon was fixed just ahead of the first row of perforations
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and the remainder was held down in each test by the suction. The difference in the geometry
of the two surfaces can be seen from Figs. 3 and 4 which show photographs of the perforated sheet
and the calendered nylon magnified 10 and 75 times respectively.

The pressure gradient was adjusted approximately to zero by changing the inclination of the roof
of the tunnel working-section. The final pressure distribution obtained is shown in Fig. 5, where it
will be seen that a favourable gradient exists over the first few inches and after a small adverse
pressure gradient the variation of the static pressure over the remainder of the plate is approximately
} per cent ¢, about a mean.

T'ransition was promoted in the boundary layer by fixing a wire 0-020 in. in diameter, on the
surface 065 in. back from the leading edge.

2.2. Measurement of Mean Velocities and Pressures. The absolute local suction velocities through
the surface were measured using a deflecting-vane anemometer, which was calibrated by measuring
a displaced volume of water. With this, velocities in the range 0-10 to 0- 80 ft/sec could be measured
with an estimated accuracy of about + 5 per cent.

Almost all the boundary-layer profiles were measured using a pitot comb in conjunction with a
multi-tube tilting manometer. The pitot comb is shown in Fig. 6. The twelve pitot-tubes in the
comb were made of hypodermic tubing, the ends being flattened and ground until their external
dimensions were, width 0-060 in., and depth 0-010 in. The results obtained with the comb and the
multi-tube manometer agreed very well with traverses made by a single fine flattened pitot-tube
(width 0-060 in., depth 0-006 in.), but the latter was used in preference to the comb for measure-
ments in the thin boundary layers obtained with large suction velocities. The free-stream dynamic
pressure at each station was obtained from pitot and static tubes attached to the comb (see Fig. 6)
in such a way that they were well outside the boundary layer in all experiments.

The static-pressure distribution was obtained by traversing a static tube, 0-040 in. in diameter,
along the centre-line of the plate at a height of 0-050 in. above the surface.

All experiments were made at a constant Reynolds number per foot, the tunnel speed being varied
as required to take account of the changes in temperature and pressure in the working-section. This
was done in an attempt to ensure that the effects of the transition wire and the appropriate
non-dimensional parameters appearing in equation (4) would remain constant throughout the
investigation.

No corrections were applied for the displacement of the effective centre of the pitot-tube, as this

was believed to have a negligible effect on the values of momentum thickness calculated from the
velocity profiles.

3. Description of Experiments. 3.1. Preliminary Experiments Without Suction. These experi-
ments were carried out to check that in the absence of suction the development of the turbulent
boundary layer was closely two-dimensional and that its rate of growth compared closely with
established laws.

In the initial experiments the rate of growth as checked on the exposed perforated surface was
some 20 per cent greater than would follow from the accepted skin-friction laws. This discrepancy
was approximately halved by covering the perforated surface with tracing linen which eliminated the
possibility of outflow occuring through the surface. The remaining discrepancy was virtually
eliminated by removing the transition wire which was found to be redundant, a naturally occurring
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laminar separation at the nose of the plate ensuring that transition took place within } in. of the
leading edge.

Small discrepancies were observed between profiles measured five in. on either side of the
centre-line 41 in. back along the plate (see Fig. 7). By applying a high rate of suction at the edges of
the tracing linen it was established that these discrepancies (which were only of the order of 2 per
cent in momentum thickness), were not due to secondary flows from the tunnel walls and no serious
attempt was made to reduce their magnitude. .

From these experiments it was concluded that the experimental arrangement was satisfactory for
the proposed tests.

3.2. Experiments with Fixed Entry Conditions and Variable Suction Ratio. 3.2.1. Description of
experiments. Preliminary experiments were made to obtain a uniform distribution of suction
through the perforated surface. By adjusting the shutters between the three compartments and the
suction box, a distribution of suction velocity was obtained which varied only by approximately
+ 5 per cent about a mean. Owing to the possibility of the blotting paper backing the perforated
sheet becoming blocked with dust, and leaks developing in the system, the calibration was repeated
fairly often.

For the experiments made with the perforated surface completely covered with calendered nylon,
a fresh calibration was made. Again this had to be frequently checked because after a relatively short
running period the resistance of the nylon changed appreciably.

Following these preliminary experiments, boundary-layer velocity profiles were measured at
close intervals along the centre-line of the plate, for suction ratios »,/U; varying from 0-00443 to
the maximum value of 0:0125. A similar series of measurements with approximately the same
suction ratios were then made on the nylon-covered surface.

Later, after these results had been obtained and the values of R, computed, experiments were
made on each surface for the critical suction ratios found by cross-plotting the above results in
the form Ry vs. V,/Uj, for constant values of R,.

3.2.2. Results. 'The results obtained with uniformly distributed suction through the perforated
surface are shown in Fig. 8, where they are plotted in the form suggested by equation (4), i.e.,
Ry vs. R, for constant values of R;, R, , and P, and where they are also compared with the results
obtained with zero suction. At once it is apparent that the general behaviour of the turbulent
boundary layer with suction is somewhat different from that which might have been expected from a
knowledge of laminar boundary layers. For values of V,/U, less or greater than a certain critical
value there is no tendency, at least over the length of the present perforated plate, for the boundary
layer to reach a state in which the value of R, and the profile shape remain constant. For a laminar
boundary layer with the same suction ratios a constant state would very quickly be reached. This
may well be due to the fact that C; varies much less rapidly with R, for the turbulent than for the
Jaminar layer.

Fig. 9 shows the change in the velocity profile shape with suction ratio at a fixed value of R,
(9-75 x 10%). As the ratio V,/U, increases the profile shape divides into two distinct parts, an
inner part which resembles the laminar asymptotic profile and an outer part which takes the form of a
long thin ‘tail’ which only slowly diminishes. However, the fact that it does decay, and that, for
ratios of V, /U, greater than a critical value, R, continually diminishes, suggested that the boundary
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layer might eventually reach the laminar asymptotic state. This was indeed found to be the case
near the rear of the plate with the maximum suction available. Fig. 10 compares the velocity profiles
measured in this region with the calculated laminar asymptotic profile. The long turbulent tail
which was seen in Fig. 9 to diminish with increasing suction has been eliminated and the profiles
which remain agree closely with the calculated one.

When the above results were cross-plotted in the form Ry vs. V, /U, for constant values of R, it
was found that the curves all intersected at a common point, thus indicating that conditions did
exist in which R, would remain constant over the perforated surface, and giving the necessary value
of V,/U, to produce these conditions, It proved to be very difficult to control the suction flow with
sufficient accuracy to maintain the constant boundary-layer state, but eventually this was achieved
and the results included in Fig. 8 were obtained. Under these conditions the profile quickly assumed
a constant shape and thus a true turbulent asymptotic suction profile was obtained.

The results of the experiments on the nylon-covered surface are shown in Fig. 11, and are com-
pared with the results obtained without suction on the tracing linen.

The general effect of suction is the same as on the perforated surface but now it is seen that the
suction quantities required to produce equal reductions in R, (at a particular R,) are much less
than before, and this is particularly so for the smaller rates of suction. Again it is noticed that the
boundary layer does not tend towards a constant form for each particular set of conditions. Also,
although the laminar asymptotic boundary layer is once more achieved, the suction ratio necessary
is not very much less than that required on the perforated surface. The critical suction conditions
under which R, and profile shape remained constant all along the surface, were found in the same
way as on the perforated surface, and are included in Fig. 11.

An interesting feature of these results is seen from Fig. 12, which compares the turbulent
asymptotic profile on nylon with that on the perforated surface. In spite of the quite different suction
ratios required to produce the constant condition on the two surfaces, the values of R, are the same
and the resultant asymptotic profiles are identical except in the immediate vicinity of the wall, where
they are necessarily different because of the different values of skin friction.

3.3. Experiments with the Critical Suction Velocity Ratio and Variable Eniry Conditions.
3.3.1. Description of experiments. In Section 1.2 it was shown that, in the general case, the Reynolds
number based on momentum thickness at any point is given by

Vs
R(} = f Rm > R(I’ ROOa P) . (4)

1

In the experiments just described the last three parameters were kept constant for each surface
tested and V, /U, varied. In the following experiments Ry, was varied by altering the entry length
and V,/U, was kept constant at the value required to maintain the asymptotic turbulent boundary
layer with the original entry conditions. This value was, as remarked earlier, different for the two
types of surface tested. ‘

Initially, the existing solid entry length of 4-15 in. was increased by covering the required length
of perforated or nylon-covered surface with thin cellophane, but it was found later that for some
of the entry lengths chosen this resulted in a very high suction velocity at the downstream edge of
the cellophane. 'This was due to the blotting-paper backing being sucked away in this region trom
the under surface of the perforated sheet. Some doubt was therefore thrown on the results obtained
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in this way and a different method of increasing the entry length was later adopted. Aluminium
sheets of various lengths were attached to the plate leading edge and allowed to extend forward
towards the tunnel contraction.

Experiments were made on both surfaces with the suction-velocity ratio for each surface adjusted
to the value found earlier to give asymptotic conditions with the solid entry length, a series of
velocity profiles being measured along the plate centre-line for each particular set of entry conditions.

3.3.2. Results. The results obtained on the perforated surface using both methods of increasing
the solid entry length are shown in Figs. 13a and 13b. As shown by Fig. 13a the increased suction
at the downstream edge of the cellophane did not have any appreciable influence on the general
behaviour of the boundary layer. The measurements made with double the original solid entry
length show that a constant value of R, is again rapidly approached and this constant R; is
approximately the same as the original asymptotic R,. With the entry length four times as long a
constant state is not achieved although R, decreases continually over the whole length of plate.

The boundary-layer velocity profiles measured along the surface, when the entry length was
increased with the cellophane sheets, are compared with the original asymptotic profile in Figs. 14a,
14b and 14c. When the entry length was doubled, the profiles beyond a certain distance from the
leading edge agreed closely with the asymptotic profile, as would be expected, but this was not so
when the entry length was increased still further. The velocity profiles then continually change shape
and do not approach the original asymptotic one. '

On the nylon-covered surface the behaviour of the boundary layer is very different. The results
of these experiments are shown in Figs. 15a and 15b and there it is seen that with the critical suction
ratio and for each particular entry condition the value of R, remains substantially constant over the
whole plate, and is closely related to the particular value at the beginning of suction. Although R,
is constant along the plate for each set of conditions the velocity profile shape is continually changing
as is shown in Figs. 16a, 16b and 16¢, where the velocity profiles are plotted for the conditions
corresponding to those for Fig. 15a. Towards the rear of the plate the change in profile shape is
less marked but there is no tendency for the final profile, even for the doubled entry length, to
approach the original asymptotic profile.

3.4. General Discussion. Tt is evident from the results of the above experiments that the turbulent
boundary layer on a flat plate with suction presents a much more complex problem than the
corresponding laminar boundary layer. There, the boundary layer is known to approach a constant
form very quickly after the commencement of suction and the asymptotic velocity profile is
determined simply by the suction velocity V. No such general asymptotic solution appears to exist
for the turbulent boundary layer. The general boundary-layer behaviour depends appreciably on the
surface characteristics and the state of the layer at the commencement of suction.

However, it has been shown that under certain special conditions an asymptotic solution does
exist for the turbulent boundary layer. The critical suction ratio required to maintain the constant
state in the boundary layer is to a large extent dependent on the nature of the porous surface. Also,
whether the boundary layer will reach a constant form or not, even with the critical suction ratio, is
found to depend on the initial entry conditions which again appear to influence the flow more on
one type of surface than on the other. The final state reached by the boundary layer, with the critical
suction ratio and various entry conditions, is discussed later in this Section,
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Another important result is that the turbulent boundary layer can be reduced to the laminar
asymptotic form, although this state is approached only slowly and requires a large amount of
suction. It should be noted that, while for the smaller suction ratios a certain suction quantity
through the nylon-covered surface will thin the boundary layer much more effectively than the
same quantity through the perforated surface, the laminar asymptotic state is reached by applying
almost the same high suction ratio to each surface.

T'he different values of the suction velocity required to achieve an asymptotic turbulent layer on
the two types of surface can perhaps be explained in the following way: The flow about and into the
holes in the perforated surface is such that the surface has an effective roughness, and due to this the
skin friction is high; consequently the suction necessary to maintain a particular boundary-layer
thickness is greater than on the smooth nylon-covered surface.

This also goes some distance towards explaining the different results observed with the two
surfaces for various lengths of solid entry. Comparing the results for the perforated and porous
surfaces, with double the original entry length (Figs. 13 and 15), it will be seen that for the perforated
surface the boundary layer approaches rapidly the asymptotic form achieved with the original
entry length, while for the porous surface this was not the case. We might assume that
for the perforated surface the higher rate of suction (V,/U; = 0-0073 as against 0-0044) was
responsible for the relatively rapid initial thinning, due to the roughness effect being relatively
unimportant until the boundary layer was reduced in thickness to something like the asymptotic
value. A similar effect (i.e., a noticeably increased rate of thinning) will also be observed for
the perforated surface where the entry length has been increased four times, though here,
over the full length of the plate, there is still no close approach to the original asymptotic
condition.

With the porous surface it will be observed that with any increased: length of solid entry there is
no evidence of any close approach to the original asymptotic condition; not only does the momentum
thickness remain virtually constant at only slightly less than the initial value, but the velocity
profiles appear to tend in shape away from, rather than towards, that of the original asymptotic
profile. Indeed it appears that for a given suction velocity ratio and a given surface, several
asymptotic forms of the turbulent boundary layer may be possible depending on the length of solid
entry. If this is the case, then it is a somewhat remarkable result, since it implies that under identical
equilibrium conditions several alternative forms of the turbulent boundary layer may be obtained,
all with the same skin friction.

In an attempt to describe quantitatively the changes in profile shape taking place along the plate,
which are immediately obvious from Figs. 14 and 16, values of H were determined for the set of
profiles shown in Fig. 14c. Somewhat surprisingly it was found that H varied very little and such
variation as evidently must have occurred was almost obscured by scatter of the experimental
points. It was therefore concluded that the parameter H i1s not well suited to describing the shape of
profiles where, as in the present case, the values of u/U, lie between 0-9 and 1-0 over a large part of
the boundary-layer thickness.

[t is interesting to note that the measured asymptotic profiles obtained on the two types of surface
were identical except in a region very close to the surface, while the suction velocity ratios for the
two profiles were very different. 'This is another somewhat surprising result, suggesting as it does

that in the asymptotic conditions the major part of the profile shape is independent of the skin
friction.



4. Detailed Examination of the Asymptotic Turbulent Boundary Layer. 4.1. Comparison between
Experimental Results and the Work of Schlichting and Kay. It is obvious that the results obtained
on the perforated surface cannot agree closely with existing theories because these do not take into
account the effects of variations in the nature of the surface. It might be hoped that better agreement
would be obtained in the case of the nylon-covered surface which approximated much more closely
to a continuously porous surface, but the dependence of the asymptotic results on the boundary-
layer Reynolds number at the commencement of suction (another item unaccounted for by the
existing theories), suggested that very good agreement could not be expected. Nevertheless, it was
considered worthwhile to compare the results obtained with the nylon surface with the results from
the semi-empirical theories, to see whether either of these could be regarded as being approximately
correct.

4.1.1. Comparison with Schlichting’s resulis. The chief assumption made in Schlichting’s analysis
was that the distribution of skin friction along the surface through which suction was applied could
be obtained in terms of Ry, from the empirical relationship for a turbulent boundary layer without
suction. The results of the experiments with the original solid entry length (Figs. 15a and 15b), show
clearly that this assumption is incorrect. There the value of R, at the beginning of suction is exactly
the same as the final asymptotic value while the skin friction at the beginning of suction (found from
dRy/dR,) is approximately one third of that for the final asymptotic state.

Because of this the agreement with Schlichting’s formula for the asymptotic value of Ry(R, .,) is
very poor, the calculated value being approximately 10 compared with the measured value of 630.
The reason for this large discrepancy is that any errors appearing in the formula for 7y are greatly
increased when this is raised to the fourth power to give Ry .

4.1.2. Comparison with Kay’s theory. It has already been mentioned that by using the equations
of motion for turbulent boundary-layer flow, -and Taylor’s vorticity transfer theory, Kay was able
to show that the turbulent asymptotic profile could be divided into two parts. The inner part is
represented by the laminar asymptotic boundary layer and the outer part has the form

U 1V,

T]; =1 4+ ﬁ'ﬁllogg%,
where % is a constant to be derived from experiment and found by Kay to be approximately 0-23.
Again, this expression takes no account of the effects caused by the nature of the surface and entry
conditions. ,

The outer part of the present asymptotic profile will lie on a straight line when plotted in the
above form, but the value of & will be different because of the different conditions. For the nylon-
covered surface it is found to be 0-31, which differs considerably from Kay’s result but is nearer
the value of 0-36 which is normally assumed for the Kdrman similarity theory for fully developed
pipe flow. ’

Kay assumed that the distribution of Reynolds stress through the asymptotic layer would be the
same as in the ordinary turbulent boundary layer and could be given by an equation based on
Taylor’s vorticity-transfer theory. For the special asymptotic conditions the Reynolds stress
distribution can be calculated from the velocity profile (see Appendix) and it is of interest now to
compare this with the Reynolds stress distribution measured by Klebanoff” in a turbulent boundary
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layer on a solid flat plate. Both the Reynolds stresses and the viscous stresses are shown in Fig. 17.
The distribution of the stresses in the two types of boundary layer are quite different and this is
particularly applicable to the Reynolds stress distribution. This therefore provides another objection
to Kay’s theory.

From the above it will be seen that there are several difficulties to be overcome before an equation
can be derived which will accurately describe the asymptotic turbulent boundary layer.

4.2. Comparison with the Logarithmic ‘Inner’ Law for Turbulent Boundary-Layer Profiles. For the
asymptotic turbulent boundary layer with suction the skin friction along the plate is constant and
can be obtained easily from the momentum equation which, for these particular conditions,

reduces to
To _ (f‘g)z _n
pUs?  \U/ — Uy”

As u, could be found, the asymptotic profiles have been plotted in the form u/u, vs. log,, u.py/u,
and the results compared with the accepted relationship for a solid flat plate. This comparison is
made in Fig. 18. The two profiles are fairly close together in the laminar sub-layer region but as
u.py/p increases, they separate and form two roughly parallel straight lines, indicating that they
obey a logarithmic law which is influenced by the nature of the surface. The gradient of the linear
portion is quite different from that for the boundary layer without suction and is apparently
independent of both the suction ratio and the geometry of the surface.

Another interesting feature is that the linear portion reaches almost to the outer edge of the
boundary layer, just as in fully developed pipe flow it extends nearly to the centre of the pipe. In the
turbulent boundary layer on a flat plate without suction this region extends only to about 0-28 from
the surface. The different behaviour of the normal turbulent boundary layer and pipe flow, in this
respect, have recently been attributed to the intermittent nature of the outer part of the boundary

layer. Hence it is now suggested that in the turbulent asymptotic boundary layer this intermittency
has been eliminated.

4.3. The Mean-Flow Energy Balance. It has been mentioned earlier (Section 4.1.2) that the
Reynolds shear-stress distribution can be calculated through the asymptotic turbulent boundary
layer. This suggested the possibility of using it in conjunction with the mean-flow energy equation
to help to confirm some interesting results which have been obtained recently in turbulent boundary
layers on a solid flat plate (see Refs. 7 and 8). The energy distribution is of interest because it may
throw light on the nature of the turbulent flow in the boundary layer.

In the Appendix it is shown that for the turbulent asymptotic boundary layer the energy equation

can be reduced to
U © 2 fdu\? 1
VI At N {U‘) i DR A
W= ) () e

® s .1,,7" fig *
[, () e () o

* = WPV
7 p

where
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The terms under the integral signs on the right-hand side of this equation can be interpreted
physically in the following way:

p\? 1 (du\? is proportional to the rate per unit mass at which energy
p/ wt\dy from the mean flow is directly dissipated by viscosity,
p 1l —— idu is proportional to the rate per unit mass at which mean flow
put dy energy goes into the production of turbulence.

The energy equation in the form given above therefore shows how the increase in energy in the
boundary layer due to the suction is exactly balanced by the decrease due to viscous dissipation and
the conversion of the mean flow energy into turbulent energy.

For this special form of turbulent boundary layer the skin friction is easily obtained from the
momentum equation and hence, as the Reynolds shear-stress distribution can be calculated, both
the viscous dissipation term and the turbulence production term can be expressed in terms of the
measured quantities and du/dy as shown in Appendix.

The distribution of these terms can therefore be plotted through the boundary layer and Fig. 19
shows their variation in the region immediately adjacent to the wall. It shows that the very high
viscous stresses close to the surface account for a considerable proportion of the total dissipation of
energy, and in fact for these results, 75 per cent of the total energy lost by the mean flow is dissipated
in this way. Only 25 per cent of the energy is converted into turbulent energy. Fig. 19 also emphasises
the great importance of the very narrow region close to the wall; the dissipation due to viscosity
and the production of turbulence are both reduced to a negligible amount at a value of #,py/p = 70,
which represents less than one tenth of the boundary-layer thickness. This region, being so close
to the surface, is perhaps the most difficult to explore experimentally but it is obviously of great
fundamental importance.

For comparison, Fig. 19 also includes some results obtained by Klebanoff in a constant-pressure
turbulent boundary layer without suction. The distribution of the above terms is in general similar,
but the proportion of mean flow energy which is converted into turbulent energy is smaller for the
asymptotic turbulent layer. Presumably this term will be reduced still further with increasing
suction ratios until it disappears altogether and the laminar asymptotic boundary layer is reached.
It might also be suggested that for any suction ratios greater than the critical one this turbulence
production term will decay as the boundary layer progresses along the plate until it disappears and
the laminar asymptotic layer is attained.

Finally, as all the terms in the energy equation can be evaluated, the right-hand side can be
integrated numerically and the energy balance calculated. This was done, and the good agreement
obtained provided a useful check on the accuracy of the measurements.

5. General Conclusions. The development of a turbulent boundary layer with uniformly
distributed suction depends largely on the type of surface through which suction is applied and the
state of the boundary layer at the commencement of suction. No evidence was found in the present
investigation to show that a general asymptotic solution exists for this type of boundary layer,
as there is for the corresponding laminar boundary-layer problem. However, for a particular set of
entry conditions an asymptotic form of the turbulent boundary layer has been shown to exist for a
certain critical suction velocity ratio, this suction ratio depending upon the nature of the porous
surface. For suction ratios less than this critical value the boundary layer was found to grow
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continuously and showed no evidence of approaching an asymptotic state, while for suction ratios
greater than the critical the thickness continually decreased.

It has also been shown that by means of distributed suction on either a perforated or porous
surface the boundary-layer thickness can be reduced to such an extent that the laminar asymptotic
boundary layer can be obtained from an initially turbulent layer. This laminar state is approached
relatively slowly and requires a high suction ratio (V,/U; = 0-01). However, it is apparent that
comparatively small amounts of suction, 7.e., suction ratios in the region of 0-004, considerably
reduce the turbulent boundary-layer thickness on both types of surface, the reduction being somewhat
greater (at a particular R,) on the smooth than on the perforated surface. The large change produced
in the profile shape by small amounts of suction is qualitatively in accordance with the results of the
numerous tests made elsewhere, showing that suction can usefully be employed to delay or prevent
separation when the pressure gradient is adverse. Ultimately it may be hoped that some theory will
be found to correlate quantitatively the zero pressure-gradient results with those obtained in
adverse pressure gradients, but before such a theory can be developed it is obvious that many more
experimental data are required, not only in adverse pressure gradients but also with zero pressure
gradient. The dependence of the boundary-layer development on the nature of the surface and on
entry conditions indicates that the behaviour of the boundary layer will also vary with Reynolds
number and hence it is important that this should be systematically studied. For perforated surfaces
the effects of hole spacing as well as hole diameter will have to be considered.

For truly asymptotic conditions the boundary-layer equations and the momentum and energy
equations are greatly simplified, and the following conclusions are derived from the asymptotic
velocity profiles obtained on the two surfaces considered.

The asymptotic profile is found to obey a logarithmic law, although this is very different from the

logarithmic inner law for the ordinary turbulent boundary layer without suction. If the law is
represented by

| &

— Alogy, ”f:y + B,

=
o

then B is affected by the nature of the surface, as for the turbulent boundary layer without suction,
but the gradient A, although quite different from the corresponding gradient for zero suction,
appears to be independent of both suction ratio and the type of surface. It is also interesting to note
that the logarithmic law is applicable to the complete asymptotic profile and not just the inner fifth
as it is without suction. This is a characteristic of fully developed turbulent pipe flow. Recently it has
been suggested that this difference between the pipe and boundary-layer profiles is due to the
intermittent nature of the outer part of the boundary layer, and it is now suggested that for some
reason this intermittency has been eliminated in the asymptotic turbulent boundary layer.

The distribution of Reynolds stress through the asymptotic layer can be calculated, and this is
found to be quite different from the distribution in the ordinary unsucked boundary layer. With
the calculation of the Reynolds stress distribution the terms appearing in the boundary-layer energy
equation can be evaluated. The rate of loss of mean flow energy has been plotted through the
boundary layer and a result obtained from hot-wire measurements in boundary layers without suction,
namely, that the very thin region adjacent to the boundary is a region of high dissipation, is confirmed.

The rate of turbulence production is found to be appreciably less for the asymptotic layer than
it is for the unsucked boundary layer and it is suggested that with increasing suction ratios it will
continue to decrease until it eventually vanishes and the laminar asymptotic boundary layer is reached.
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NOTATION

Density of air

Viscosity of air

Shearing stress at the wall

Static pressure at reference position in working-section

Local static pressure on flat plate

Mean suction velocity through the surface

Mean velocity in free stream just outside boundary layer

£p U2 (Dynamic pressure in free stream just outside boundary layer)

Dynamic pressure in free stream at a reference station in tunnel working-section
Mean velocity at any height in boundary layer

J7

p

Instantaneous fluctuating velocity component in streamwise direction
Instantaneous fluctuating velocity component in direction normal to free stream
Reynolds shear stress

Distance along plate from leading edge

Vertical distance above surface

Diameter of hole in surface

Boundary-layer thickness

f ( 1 - %) dy (Boundary-layer displacement thickness)
0 1

f —u~(1 - i) dy (Boundary-layer momentum thickness)
o Us Uy '

Boundary-layer momentum thickness at commencement of suction

foo %[1 - (—g—) 2} dy (Boundary-layer energy thickness)
o Y1 1
5%
5 Form parameter
Uipx
o
Uyt
7’
Asymptotic value of R,
Uopy
i
Non-dimensional parameter describing hole pattern in surface of flat plate
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APPENDIX

The Energy Equation and the Mean-Flow Energy Balance Calculated for the
Turbulent Asymptotic Boundary Layer

The equation of motion for a turbulent boundary layer can be written

udu ou dU; 10~
Ty T Vs Yoy M
ou
where v = p % — pu'v’, the total shear stress. The continuity equation is
| u oo
EP + *a} =0. ' (2)

Adding 3 (gu + %) to the left-hand side of equation (1), multiplying throughout by # and

integrating from y = 0 to y = oo gives:

©3 ou ©  ou ©  dU.
2 % e it 1
. 5 Ut dy+f0 uvaydy f Tk aydy Ulfou P dy
= — d
Pfo ayy
Now
d [*1 @3 _ou @ qU.
il (3 — = 2t -1 —
dxf(,z(u uU?) d fozu 5 dy Ulf u- dy
Uz2 (* ou
- ) O*a‘;dy.
Therefore
d [*1 U2 (* ou w2y | ® 42 gy
all (3 — 2 —1 i it
dx.[‘oz(u wli) dy + 2 andy [2}0 0 zaydy+
© 42 ov 1 (> or
=] vae
Also
© v
v = oé}dy Vs,

where V, = suction velocity.

d [U3 u? Up? [ ou 1 5 © v
2&[2 f Ul(l"w)dﬂ“‘f w2 U [ O@dy"’/s]

1(° ou
g + = d
x [urls Pfo ay v

Therefore

1

P

If j A ( e ) dy is taken to define an energy thickness € of the boundary layer, then:
1 1

1 1 1= 2 1=
—i(eU13)+§VsU2=;f —t—ldyz——fou&dy.

2 dx o Oy p oy
Therefore
1 de 3 dUl 1 o 1 [® ou
Y Ul d ZEU]_ T EVSUI = ;fo ayd_’y (3)
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This is the energy equation for a turbulent boundary layer. For the asymptotic turbulent boundary
layer, in which the pressure gradient is zero and the profile shape is independent of x, the equation (3)
reduces to

s 1 ®  ou
e 12 o

Substituting now the full expression for =,
1V, 1 J‘“’ (au)zd 1 J“’v--,,aud
SUs S o o 0w —
20, pU? ), # %y ) pU J o P dy )
1 (= p? (8u>2 1 jwu'vm (au)
ol P e - R g
pU;? J‘ 0 Uz \OY Y Uy u. p\y 4

O R S NP
wv (&) = [ e () o0 - [ S (5)

Il

Therefore

where y* = w.py/p .

The two terms on the right-hand side represent the direct dissipation term (due to viscosity) and
the turbulence-production term,

To calculate the magnitude of these terms for any value of y* it is necessary to know (a) the skin
friction and hence #, and (&) the value of u'?’".

(@) 'T'he skin friction is obtained easily from the momentum equation, which for this particular
set of conditions reduces to

o _(w\_ Vs
=) = o ®
Thus
y>x< — _U_lfg V§
H U,

(b) To calculate the distribution of the Reynolds stress it is necessary to consider again the equation
of motion for a turbulent boundary layer,

Ou ou au, 1or
uéx+v@: Ulfgx*-i-;‘a& (1)

For the asymptotic condition in zero pressure gradient this reduces to

1o

oy  poy’

1

Therefore — V,[u]y = 5 (71" -
Therefore —pVau =7 —7y.

Now from the modified momentum equation (4)

Ty = P V.U .
Therefore

u
= pV,U (1 - ———:) , 5
T P 1 U, (%)
which gives the distribution of total shear stress through the boundary layer.
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Hence

1
or _
uw'v’ 1 pou u
e (-7 ©

The velocity gradient through the boundary layer can be computed from the velocity profile and
hence the distribution of Reynolds shear stress can be found.

The direct dissipation term and the production term can now be calculated from the measured
results in the following way:
The direct dissipation term is

U 2
(ﬂ«)zi (@)2 _ (L‘)z y (U1)2 5 (@’1) :
o) wi\dy;  \Up, V. dy

Similarly, using equation (6), the turbulence production term can be expressed as

u u
ﬁ_&—’F du _ p U? de; [glf M dUl - (1 - }
utz L/Ylp dy

putdy” pU, ©wt " dy Uy

- |:D.D. — /D.D. (1 —%1” :

where D.D. = direct dissipation term.
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Fic. 1. General arrangement of suction apparatus.
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F1G. 2. Supporting framework used in construction of a porous surface through
which suction was applied.

F1c. 3. Photograph of perforated brass sheet—Magnification 10 times.
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F16. 7. Velocity profiles measured at spanwise positions on the flat perforated plate with zero suction.
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