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Summary

The work described divides itself into three parts. The first of
these describes an experimental investigation into the influence of a line
sink on a turbulent boundary layer, the object of which was to ascertain
the overall effect on the values of boundary layer thickness and mean
velocity profile shape factor of removing a given amount of fluid. Teo
this end, an axisymmetric boundary layer duct was constructed. Within
the limitations of the experimental investigation, which was restricted
to the case of only one initial value of shape-factor, it was found
possible to represent the effect of a suction strip on a boundary layer
in a semi-empirical manner. It was also apparent that the transient
effects as represented by the lack of universelity of the mean velocity
distribution only persisted for a limited extent downstream of the suction
strip.

The second part of this work considers the problem of the optimum

distribution of suction in order to suppress the separation of a boundary

layer. A feirly comprehensive theoretical treatment of this problem is
presented which can be used to define the distribution of suction for

any surface over which the boundary layer flow is essentially two-
dimensional. The basis of this aspproach is that the suction distribution
can be defined by specifying an upper limit on the value of either one

of the two parameters which are normally taken as defining the state of
a boundary layer, i.e., momentum thickness and shape factor. The precise

value 'of this upper limit is defined by the condition that the suction

power required should be a minimum. A series of calculations have been




underteken which illustrate the general validity of this approach and which

further result in a prediction of the minimum suction quantity necessary
in order to obtain a given 1lif't coefficient. These results may be used as
the basis for a project study of en aircraft which utilises this type of
boundary layer control, and also as a starting point for an experimental
investigation which would introduce the influence of the various methods
of attaining an idealised porous surface in praectice.

The third part of the work considers the alternative of boundary
layer control by tangential blowing. Experimental measurements on a plane
wall jet are compared with Glauert's theoretical predictions and it is
noted that, whereas the basic idea behind Glauert's spproach is confirmed,
some of the detailed predictions show significant discrepancies. The
existence of a region of universal mean velocity distribution near the w
surface is confirmed.

A method of calculating the streamwise variation of the maximum
velocity of a wall jet is proposed which is based on the principles of
similarity of the mean velocity distribution, continuity and variation

of momentum due to the action of the surface shearing force. Consideration

is made of the effects of surface curvature and the superposition of a
free stream on the development of a wall Jet and it is noted that the
latter effect is small. In the case of flap blowing, it is shown that
the non~dimensiocnal blowing momentum coefiicient can be interpreted

directly in terms of the value of the ratio of maximum jet velocity to

local stream velocity where both are measured at the trailing edge.
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1.

Outline of an experimental investigation into the influence of

a line sink on a turbulent boundary layer.

1e1¢ Ing:oduc §ion.

Once one accepts the concept of a "frietion" er boundary layer of

fluid of reduced streamwise momentum in the vicinity of a surface, the

qualitative explanation of flow separation becomes self-evident, Thus,

surface friction dissipates the momentum and should such a flow meet a

region of rising static pressure,the fluid veloecity tends to decrease

yet further and may reverse direction in the immediate vieinity of the

surface. In this event, the flow is said to have separated from the

surface.

If boundary layer separation is to be avoided, two alternative

approaches suggest themselves.

(1) Removal of the fluid in the immediate vicinity of the

surface.
‘ (14) Re-energisation of the flow in the immediate vicinity of
\
\ the surface by means of a high energy jet directed

tangentially along the surface. Such a Jet will be
capable of withstanding more severe adverse pressure
{ gradients without separation.
\ In addition, any device which increases the rate of transport
of momentum across the boundary layer can be used to delay separation.

This is a less powerful technique then (i) or (ii) and will not be
- cansidered furthexr.

The object of this investigation is to consider the problem of




-how to control the development of a boundary layer in order to avoid

separation. The problem can be stated as follows:=
(a) What is the optimum distribution of suction, or correspondingly,

the optimum configuration of tangential blowing slots? The

optimum distribution will be assumed to be that which requires
minimum . power.

(b) What is the minimum amount of suction (or blow) necessary in
order to suppress a flow separation? This pre-supposes that
the answer to (a) is already known.

Section (1) describes an experimental investigation of the effeet |

of a line sink on a turbulent boundary layer and as a result, a simple \
anelytical representation is proposed which describes this effect. The

problem of the optimum distribution of suction is then considered in

Section (2) and it is shown that the two equations whieh are normally
sufficient, (i.e., momentum equation for the boundary layer thickness 1\
and auxiliary equation for the mean velocity profile shape factor) \
to describe the development of a turbulent boundary layer on an
impervious surface must be supplemented if suction is applied through |
the surface. The third equation must clearly be a statement of how |
the suction is to be distributed. This distribution must be such that »
separation is avoided and, furthermore, that the power required to do

th:is is a minimum. The analysis of the optimum suction distribution which

follows is used to predict the suction power necessary to achieve a given

1lift coefficient. This should be useful as a standard to be compared with

experimental results.




Section (3) considers the alternative approach of tangential
blowing. Experimental measurement s of the development of a plane wall
jet are compared with Glauert's (1956) theoretical predictionse
Introducing experimentally the additional complication of a free stream
superposed on the wall jet it is shown that it has only a second order
effect on the development of the wall Jet.

l.2. Design and development of a boundary layer ducte.

Whereas continuously distributed suction is an idealisation which
must be accepted in the interests of analytical simplicity, it will
rarely be achieved in practice. In a practical boundary layer control
installatlion, the suction will probably be distributed in the form of
discrete spanwise strips.

Suction systems have been designed utilising spanwise slots, the
main advantages being simpliocity, reduced possibility of blockage and
reduced pressure drop. At an early stage in the investigation, the
author concluded that there was a requirement for an experimental
investigation of the effect of a spanwise suction strip on a turbulent
boundary layer. The aim of this investigation was twofold.

1. It was hoped to establish a simple analytical representation of

the effect of a line sink on a boundary layer. Using this, it would

be possible to extend the equations governing the development of a
boundary layer in an adverse pressure gradient on an impervious surface,

to cover the case of a seriesof discrete suction strips distributed

such that they suppress a flow separation.

3e




2. The secondary object was to investigate the transient behaviour of a

boundary layer in the vieinity of a line aink, and in particular, to

determines~

(a) How the universal logarithmic mean velocity distribution

re~establishes itself, and what kind of transient mean velocity
distributions occurred during this process. Associated with
this is the problem of how the surface shearing force varies
immediately downstream of a suotion slot.

(b) How far downstream of the slot the boundary layer mean

velocity distribution and general development characteristics |
acain become normal.
In order to facilitate such investigation, it was necessary to
construct a boundary layer duct consisting of a wvariable entry length
of roughly zero pressure gradient followed by a region of riging static

pressure designed to encourage a boundary layer separation. A variable

entry length provides a direct means of controlling the thickness of the

boundary layer at the point where it enters the region of rising

[ _ pressure. It was initially proposed to investigate the boundary layer

in the vicinity of a single suction strip at a fixed station in the region

of rising pressure. Firstly, it was necessary to decide whether to |
design the equipment in order to approach effectively two-dimensional

flow conditions, or alternatively, to construct an axisymmetric duet and

thereby eliminate "end" effects. A two~dimensional duct of suitable aspeet

ratie was found to be physically large and to demand an excessive amount of

power and hence the relative simplicity end smaller size of an axisymmetric




duct was thought to satisfy the requirements more adequatelys The
disadvantage of the axisymmetric system is that any small asymmetry in the
flow is difficult to eliminate, and, as small physical deviations from a
truly axisymmetric duct seemed to cause serious asymmetries in the
flow, the problem of obtaining axisymmetric flow conditions presented some
difficulty. The full significance of this was not appreciated until the
duct had been completed, and boundary layer mean velocity measurements
teken at various positions around the duct, and at a number of streamwlse
stations. Several months of development work were dirgoted towards
improving the steadiness and axlalsymmetry of the flow. It became clear
that it is inoreasingly difficult to maintain axisymmetric flow
conditions in e dif'fuser as the boundary layer approaéhes separation,
and it is virtually impossible once the flow has separated.

Fige (1.1) shows the boundary layer duct as finally constructeds
The whole system was erected verticelly and suitably supported on multi-
purpose slotted angle. Fige. (1.2) shows the suction strip in more detail
and also the positions of the traversing stations down the diffusers. A
suction unit positioned at the downstream end of the system was prefered
to a "blow-dovn" system in order to eliminate the problems associated
with smoothing the highly turbulent flow downstream of a fan or blower.

An outline will now be given of the main considerations which
contributed to the design of each of the major components of the duct.

1. Bell mouth entry,
As originally conceived, the introduction of the flow into the

parallel entry length was to be effected using a Borda mouthpiece.

Se




A considerable amount of time was spent in an attempt to obtain steady

flow conditions both in the potential core, and in the boundary layer of

the entry length, but no amount of' screening againstiroom draughts or,
alternatively, Jjudicious positioning of transition wires, proved acceptable.
The decision was therefore taken to construct a bell mouthed entry in
fibreglass. Measurements of the surface static pressure variation down

the bell mouth entry indicated a favourable pressure gradient and as no
large scale velocity fluctuations could be found in the core of the entry
length, the design was considered satisfactory.

2« Entry length.

In order to achieve the required standard of precision it was found
neceasary to construct the entry length out of seamless cold rolled
tubing. Machined rings were attached at intervals in order to maintain an
accurately circuler section.
3¢ Diffuser,

The diffuser was constructed from longitudinal sections of wood, attached
onto a 1 in. thick machined circular steel plate and machined to sizee.

Immediately following the machining process, the wood was sealed from the

atmogphere with wax polish in an attempt to minimise distortion. The
circular metal disc was found to be necessary for mounting in the lathe,
but was also useful as a means of minimising distortion of the wooden
section over a period of time. Without the metal disc the pressure
necessary 0 hold the wooden diffuser in the jaws of the chuck was such

that the wood distorted and left no fixed reference surface for control

of the accurate machining process.




At its downstream end, the diffuser fitted into a recess bored in a

mild steel plate which further assisted in maintaining the circularity of
the section. In spite of the precautions taken the wood tended to distort,
particularly at the seams. It is considered that the construction of this
diffuser in wood represented one of the major shoritcomings of the equipment.
However, the construction of a diffuser from a metal casting would have
presented such serious problems from the point of view of the difficulty of
ebtaining suitable castings, difficulty of machining such a shape, and
general considerations of expense and complication, that the deficiencies
of the wooden diffuser were accepted. As mentioned previously, it is Jjust
such distortion which, in conjunction with an incipiently separating flow
condition, can result in a large degree of asymmetry in the flow. The area
ratio of the diffuser was designed such that, in the absencq of suction
through the slot and without any centre bodies present, the boundary layer
was almost separated at the downstream end of the diffuser. Mean velocity
traverses to be described, indicate this to be the case.

4. Retractable settling length.

A settling length was incorporated in the equipment for two reasons:-
(a) In order that it could be removed and thereby enable an operator
to set up traversing equipment on the inside surface of the
diffuser.
(b) In order that a boundary layer in an incipient state of separation
at the downstream end of the diffuser could be given an opportunity to

recover and become more firmly attached to the surface before

entering the collector box. This was mainly directed towards
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reducing the feedback of large scale turbulence from the
collector box to the diffuser.

The perspex window which is designed to facilitate visual flow
ohservations is detachable, thereby allowing the removal of the diffuser
centrebody in sections. This is necessary before the settling section can
be withdrawn,

He Collector box and fan,

Honeycomb and a fine pressure reducing gauze separate the settling
section from the collector boxs. The obJect of this gauze is to reduce
feedback to the diffuser of large scale turbulence in the collector boxe.
A centrifugel fan driven by a constant speed motor is used to induce
flow through the system and a variable area vent into the collector box is
used as a means of controlling the flow velocity down the ducte.

6. Centrebodies.

The essential requirement of the boundary layer duct was to facilitate
measurements of the effect of a suétion slot on a boundary layer in various
stages of development towards separation. As an alternative to variable
slot position or é variable angle diffuser, it was decided that a centre-
body positioned in the entry length through which flow could be removed or
injected into the potential core would provide a direct means of
controlling the local surface static pressure distribution without altering
the geometry of the equipment. Any resulting rise in the static pressure
along the surface upstream of the suction strip would be reflected in an

increase in the value of boundery layer shape factor at this point. Further-

more, in the case where fluid is removed through the centrebody any boundary
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layer developed on the centrebody would pass through the surface and there
would be no wake downstream of this centrebody, which might otherwise have
caused a certain amount of unsteadiness in the diffuser., Due to lack of
time, this inlet length centrebody was in fact, never used.

The main object of the diffuser centrebody was to counteract the
effect of the annular suction strip on the streamwise static pressure
distribution down the diffuser. Thus, with a thick boundary layer, the
streamwise pressure distribution down the diffuser is strongly affected,
not only by the variations of geometric cross-sectional area of the diffuser,
but also the effective variations of cross-section area due to the variation
in the displacement thickness of the boundary layer. It was proposed to
alter the effective streamwise thickness distribution of the diffuser
centrebody by choosing the distribution and quantity of air emitted from
the centrebody so that the static pressure distribution along the walls
of the diffuser remained unaffected bj removel of air through the annular
suction slot. It is interesting to note that it was found to be possible
to compensate for a wide range of suction quantities through the annular
slot, using a fixed distribution of porosity along the centrebody, simply by
adjusting the amount of air withdrawn through the céntrebody.

1.3. Construction of the suction strip and experimental details

Non-dimensional slot suction coefficient used

X :
The porous strip was constructed from a fine gauze available under the

proprietary name of 'Perflec'. It was mounted flush with the surface in a
recess in a perspex ring and the ring was in turmm mounted in an annular

slot in the diffuser (see Fig.l.2). The gauze used had a large resistance
{

O
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to flow through it, which tended to minimise locel inflow and outflow in the
condition of nominally zero suction. The perforations of' the gauze were so
fine that it was prone to blockage after a prolonged period of operation.
An indication of axialsymmetry of the suction distribution was obtained from
twelve static tappings registering the pressure around the ammular suction
chambers This pressure distribution could be adjusted by means of screw
c¢lips on the twelve flexible tubes, which comnect the annular suction
chamber to a common collecting chamber and thence to the suction pumpe.

Traverses across the boundary layer were taken at a series of stream=-
wise positions along, and anguler positions around, the duet (Fig. 1¢2) e
Total pressure traverses were followed immediately by static pressure
traverses, both pressures being referenced with respect to a flush static
pressure tapping in the vicinity of the traversing station. The position
of these static tappings is not shown in Fig. (1.2) as it is arbitrary,
and does not materially affect the results. The total head probes were
manufactured by reducing the wall thickness of hypodermic tubing to ©.005 in.
and hammering it out on a piece of shim steel 0.004 in. thick. The static
probe was a standard unit made of hypodermic tubing (O.D. = 0,034 in.). No
corrections were made to the results for displaecement effects, Reynolds number
effects or the effects of turbulence. When not in use, all holes in the
surface used f'or inserting traversing probes were filled flush to the surface
with plasticine,

The probe was traversed across the boundary layer using a
micrometer screw with a range of three inches, and positioned
relative to the surface electrically. As the surface of the diffuser

was non-conducting it was necessary to coat it locally with a thin layer

of graphite, and the indication of contact was obtained using an
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oscilloscope. This was desirable as the electrical resistance of the

thin conducting film was very large. Extraneous electrical pick-up in the
open circuit condition was damped out immediately the circuit was completed
by contact of the probe with the surface. Between 30 and 40 readings
throughout the traverse were found necessary to define accurately the mean
velocity distribution. As separation is approached, it becomes increasingly
important to consider the variation of static pressure across the boundary
layer in the vicinity cf the surface, especially if it is required to define
acocurately the universal velocity distributioﬂf- In some of the traverses
near separation, the variation of static pressure in this region was at
least as significant as the variation of total head.

An accurate indication of the airspeed down the duct was obtained by
measuring the mean pressure registered by three intercommected flush statiec
tapping points at a given streamwise station (Y) (Fig. (1.1)) on the entry
length just upstream of the diffuser. This pressure was referenced with
respect to a static tapping in the bellmouth entry immediately downstream
of the gauze and honeycomb, thereby eliminating any error introduced by
progressive blockage of the gaujes.

The suction quantity removed per unit length of sink can be non-
dimensionalised using the local velocity ocutside the boundary layer
and a length scale representative of boundary layer thickness. Boundary
layer thickness is a somewhat ill-defined quantity and displacement thick-
ness would appear to represent a logically acceptable thickness parameter.
However, such a non-dimensional expression cannot easily be interpreted in

terms of the proportion of boundary layer removed, as the numericel value

appropriate to complete removal of the boundary layer varies with shape

TR N
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factor. An alternative non-dimensional suction coefficient, and one which
is more compatible with the proposed semi-theoretical representation of the
effects of suction on a boundary layer, is the parameter (7\) defined thus
e
A =g where q = / udy

and u(y) refers to the velocity proﬁlg without suction,

It is noted that A=1 implies removal of 99% of the boundary layer and hence
the value of A can be interpreted as the proportion of the boundery layer
removed. For a singly infinite family of mean velocity distributions which
can be represented by a power law, the alternative suction coefficients are

related thus,

e
" /u o] )‘u & ?\/H_;_.l-—x z'ﬁg’l
o/ =£r=g;.[o(ﬁ)a<§> ’g’*'/@ af) = N
0

from which it can be seen that == =

. . ) implies virtually complete
o (H-1

removal of the boundary layer.

Values of skin friction coefficient are obtalned by comparing the
mean velocity distribution in the inner twenty percent of the boundery
layer with the universal mean velocity distribution. The sublayer will
normelly be too thin for accurate measurement using standard traversing
equipment, end hence the appropriate part of the universal velocity

- dlstribution is the logarithmic region

*ﬁlﬁ

u*y
=Alog<—;->+B (1.1)
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Differentiating equation (1.1) for a given value u(y), in order to
determine the‘érrors in y, introduced by errors in the assumed value of ‘
A and B, we have

du,, (w/u,~B) aa B aB
2 B

L-]-*-:: W.I—m- (1.2)

Assuming values of A = B = 5,6 proposed by ROFS, (1956) after an extensive
investigation of the coefficients which have been proposed, and as
%— >10 outside the sublayer, the coefficients of dA/A and dB/B are both

*

of the order 1/3 or less. Hence, for the worst case of an error in B
adding to that in A, the resulting error in u, is still less than the
individual errors in A or B. Also, from various interpretations of
experimental data it would appear that a high value of the coefficient (4)
is normally associated with a low value of (B) and vice versa, thereby
indicating that there has been a tendency to cancel an error in the wvalue
of one coefficient by a further error of opposite sign in the wvalue of the
other coefficient. This can easily be understood once it is realised that
the logarithmic region of the mean velocity distribution is hardly more
than a point of inflexion between the sublayer and the outer region of
flowe The implication of this insofar as it concerns the error in
u, as defined by equation (1.?) is that the errors in (A) and (B) can
be expected to cancel and it is not unreasonable to expect the

resulting error to be of an order one half of that which can be expected

for either. Hence, if it is assumed that the values of both A and B are

knovn to within 10 per cent., it should be possible to estimate the value
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of the friction velocity to within 2 per cent. accuracy, and the
corresponding value of skin friction coefficient to within 4 per cente
This order of accuracy is well within that of the experimental measurements
of u and y. Although experimental inaccuracies due to random scatter can
be eliminated by defining the velocity distribution by means of a large
number of experimental measurements u(y), the inaccuracies due to displacement
effects, Reynolds number effects and turbulence which are consistent from
reading to r'eadin;g, cannot be eliminated easily. However, it is thought
that an overall accuracy on skin friection coefficient of between 5 per cente.
and 10 per cent. may reasonably be expected. The whole basis of the method
is invelid immediately downstream of a suction slot where the boundary layer
ig in a transitional state.

The technigue used to define uy, from a given experimental measurement

of u(y) ls basically that proposed by Ross (1956). Equation (1.1) ean be

written,

?-:-\-Alog?::Alog ($) + B
ory,

u‘:-.:f{(%‘[) » Ay B} (1+3a)
Hence,

© u
. o —\];- % £(3¥,A,B) (o

The relationship of equation (1.3a) can be expressed graphically

and hence for any one experimental reading u(y) it is possible to

define (uy/y), w/u, end hence u,. Having calculated the effective value
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u, for all the experimental points on the imner part of the mean velocity
profile, it is péssible to define the value of u, characteristic of the
velocity profile by plotting u, as a function of (y) and taking the best
horizontal straight line through the points. Visual inspection of the
tebulated values of u, is often sufficient and plotting was usually found

to be unnecessary. 41(1".|‘)_ Shows oLt]()l(‘_a_,Q vartalion. o_(‘,q* across Hao 'DDL(MO(W\] /'*)'%r

T
) u,
" Using the relationship bf = I;;g = 2 <ﬁ-> » it is then possible to
2

calculate the appropriate value of the skin friction coefficient (cf).
Equation (2.2) with.@%/U) = O represents the empirical skin friction

2
relationship proposed by Ludw%g end Tillmann (1949) for an impervious
0,268
surface. Hence °f°Re is a parameter which should be independent of

local boundary layer Reynolds number (Re) and for an impervious surface

should be purely a function of mean velocity profile shape factor ().
Fig. (1.3) compares the experimentally defined variation of of.Reo'268
2

with shape factor with that predicted from the emé%ical formula of Ludwag

and Tillmann and the trends which the two curves follow are very similar

over a wide range of values of shape factor (H) varying between 1¢3 <H <3.0.

There is, however, an apparent difference in magnitude at all values of
‘ cfexperimental 4
‘ of approximately
cfcalculated :

0.7. Recalculating the valués of momentum thickness and shape factor as two-

shape factor (H) which gives a mean value of

dimensional rather than axisymmetric parameters has only a second order
effect on the value of this ratio and, in any case, accentuates rather than ;

reduce§ the discrepancy between calculated and experimentally defined values of

skin friction coefficient. Without any direct measurements of the value of skin

.

v
friction, it is not possible to say whether this d¢screpancy arises from
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an error in the experimentally defined or the calculated value of surface
.shearing force. However, the very good qualitative agreement is satisfactory
and confirms the essential validity of the mean velocity traverses taken
across a boundary layer which is close to separation.

1e4ele Preliminary evaluation of boundary laver duct

without a diffuser centrebody.

The initial phase of the experimental work was undertaken without a
centre body in the diffuser and had the following objects.

(1) To investigate the symmetry of the flow with various amounts of
applied suction.

(i1) To investigate the combined effect on a boundary layer of a

suction slot which tends to reduce the wvalue of the boundary
layer shape factor and the additional pressure recovery which
the boundary layer has to sustain as a result of the removal
of fluid from the diffusers.

Fig. (1.4) shows the streamwise variation of static pressure down the
diffuser, from which it is clear that the effect of suction is to introduce o
constant increment in pressure recovery factor. The pressure recovery
factor was non-dimensionalised by means of the dynamic pressure at station Y
immediately upstream of the entry to the diffuser. The variation of static
pressure around the diffuser at a given streamwise station is small and not
indicative of the degree of asymmetry subsequently found from measurements

of the mean velocity profile.

Figs. (1.5a) and (1.5b) indicate the degree of asymmetry for the
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cases A= 0 and A= 0,223 - respectively. Thus it can be seen that, whereas
the degree of asymmetry without suction is reasonable, the effects of
suction are deleterious. It mustbe be remembered that the suction
coefficient A = 0.223 1is quite large and probebly in excess of the range

of values which are of most interest., This velue of suction coefficient

was chosen in order to illustrate the effect of suction under the worst
conditions and lesser values will have a correspondingly reduced effect on
the gymmetry of the flow. A range of boundary layer parameters which have
been derived from the velocity distribution of Figs. (1.52) and (1.5b) are
presented in tabular form in Table I. It can be seen that, without suction,
the asymmetry becomes progressively worse as the boundary layer develops.
The influence of suction on the symmetry of the flow was minimised by
balancing the static pressure around the annular collector chamber behind
the porous strip by individually adjusting screw clips on the twelve rubber
tubes which connected the annular slot to a plenum chamber. The nsyﬁmetry
introduced by suction can therefore only be attributed to variation of the
effective area around the annular suction strip which was kept to a minimum
during construction.

This degree of asymmetry both with and without suction was the best
that could be obtained within the time scale available and was only achieved
as a result of extensive modifications to the various components of the ducte
In view of this, it follows that the boundary layer development cannot
strictly be discussed using the well known streanvise development equations

for exisymmetric flow, as cross-flow effects will modify the development to

an extent which will be difficult to determine.
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The variation of the mean velocity distribution down the diffuser
at a fixed angular station is shown in Fig. (1.6) for A = 0 and A = 0,223
and an indication is given of the transient type of mean velocity distribution
which occurs downstream of a suction slot.

It is further noted from Fig,. (1.5) that, in the absence of suction,
the boundary layer is close to separation at the downstream end of the
diffuser. This was one of the features aimed at in the initial design of
the equipment.

142+ Investigation of the effects of a suction strip on

a_turbulent boundary layer using a diffuser centrebody.

The investigation described in the previous section indicated that,
although the symmetry of the flow was not good, the transiént effects of
the suction strip persisted for only a short distance downstream, if
expressed in terms of local boundary layer thickness. As the object of
the experimental programme was to investigate both the transient effects
immediately downstream of the strip on the boundary layer shape factor and
the momentum thickness, it was thought that the asymmetry, although clearly not
desirable, might not seriously detract from the validity of the results.

The diffuser centrebody was mounted as shown in Fig. (1.1) and
the appropriate distribution of porosity was obtained by trial end error,
using a 42 tube inclined menometer to obtain a pictorial representation
of the distribution of static pressure down the diffuser. Using a fixed
distribution of porosit& along the centrebody it was found to be possible

t0 compensate for the rise in the general level of the statie pressure

downstream of the suction strip simply by adjusting the centrebody blowing




pressure according to the slot suction pressure. There is a local

variation of static pressure in the immediate vicinity of the suction slot
which is the normal sink effect and which is not associated with the removal
of fluid from a bounded systems This local variation of static pressure
persists even with the diffuser centrebody operating.

Fig. (1.7) shows the development of the mean velocity profile at
two stations upstream and five dovnatream of the suction strip for a range
of values of the suction coefficients It can be seen that the universal
logarithmic mesn velocity distribution is apparently re-established at
Station T5 (2") which is only 1% in. downstream of the aft end of the
suction strip. Fige (1+8) shows the streamwise variation of various
boundary layer paramcters which are derived from the mean velocity
distributions of Fige. () Assuming that universality of the mean velocity
distribution is indicative of the end of the transient phase of development,
the variation of shape factor and momentum thickness at Station T5(2") with
suction coefficient, Fig. (1.9))is repregsentative of the overall effect
of a suction strip on a boundary layer.

Assuming that the immediate effect of a suction strip on a boundary
layer cen be represented by simply removing the appropriate amount of fluid
from the inner part of the mean velocity profile, it is possible to calculate
" the shape factor and momentum thickness immediately downstream of the

strip (i.e,, at Station T5a 3%"). Thus, representing the mean velocity

distribution without suction by a power law
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The transient efflects immediately dowmstream of the suction strip will
modify the values of momentum thickness and shape factor in a mamner which,
in the light of the present lack of understanding of these trgnsient effects,
ean only be defined empirically. From Fig. (1.9) it is clear that,
whereas the shape factor is approximately constant throughout the
transitional region, the wvalue of momentum thickness decreases for small
values and increases for larger values of suction coefficient. The increase
of momentum thickness throughout the transitional region can possibly be
explained in terms of the large transient surface shearing forces
associated with the larger velues of slot suction coefficient (A). The

decrease in momentum thickness on an impervious surface under the influence

of a relatively high surface shearing force and in a region of adverse

20,
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pressure gradient, is worthy of note. Wallis (1950) has noted this

behaviour and attempted to describe it in terms of transfer of energy

from the turbulent to mean flowe. Clearly a more comprehensive investigation
is necessary before it is possible to present a coherent theory which
quantitetively describes the overall effect of a line sink on the momentum
thickness. For the purpose of the step~by-step calculations which are
undertaken in Section (2), an empirical factor (K) will be used to

repregent the effect of a line sink on the boundary layer momentum

thicknesse. (K) is def'ined by equation (1.5),

y 8]
L P T NY € U (o
K =l—' o - where <5:> & kel . A
- \éf)ca_lc. 2 jo (§ (- Fay

The value of (K) will be a function of local boundary layer shape
factor (H) but as experimental information is limited to the case H=1.7,
this dependence must be neglected for the purpose of the calculations of
section (2.&.2.?).

The reason for the success of this simple minded approach of
removing the part of the boundary layer profile next to the surface,
insofar as it appears to predict the variation of mean velocity profile
shape factor, may lie in the fact that for small values of A (Equation 1.4)
the effect of a line sink on shape factor is an order greater than the
effect on momentum thickness. Hence, the effect of variation of shape

factor throughout the transient region will be less. The experimental

investigation described is limited to the value of shape factor (H) = 1.7
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Further investigation covering a range of values of shape factor is
clearly required.

1.5 Conclusionses

The investigation described in this thesis, divides itself very
clearly into three parts and it is, therefore, convenient to summarise
the main conclusions after each parte.
Section (1) is a description of an experimental investigation which
has been undertaken in order to establish the effect of a discrete suction
\ strip on a turbulent boundary layer. It outlines the congiderations
which contributed to the design and development of an axisymmetric boundary
layer duct and describes some of the disadvantages of such a set-up if used
to investigate a boundary layer near separation. The basic difficulty was
simply that of preserving axisymmetric flow conditions asg separation was
approached.

The main point of interest with regard to the experimental
measurements was the extensive use which was made of the universal
logarithmic mean velocity distribution as a means of estimating the surface
shearing stress. Estimates of skin friction coefficient obtained using
this technique f'or a range of boundary layer conditions, varying from zero
pressure gredient to almost separated flow, were compared with those
estimated using the empirical formula of Ludw#% and Tillmann (1949). The

LmM'ut’ M as a {“Mftw 0]‘ (H Jownol Ko

A agreemenr obtained was good and one is left in some doubt as to whether it

A 2rheL lk

is thc experimental value of skin friction coefficient or the value predicted
accounts for -Hea (,(:sucl)w

by the Iudwig and Tillmann relationship which ie=dn-error, , UM ‘“ 7

The preliminary evaluation of the boundary layer duct was undertaken
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without centrebody and was directed primarily towards an investigation of
the axial symmetry of the flow. It was found that the transient effects
downstream of the narrow suction strip were of limited streamwise extent and

hence the significance of the lack of axial symmetry of the flow was somewhat

reduced. Further work was undertaken using a oentre‘body to counteract the
static pressure rise assocliated with the removal of fluid from a bounded
duct, in order to investigate more precisely the effect of a suction strip
on a turbulent boundary layer. A simple analytical expression has been

] ’ derived which defines the effect of removing a given proportion of the
boundary layer momentum thickness and shape fector. The derivation of
such a relationship was the prime object of the experimental investigation
and has made it possible to programme a step-by-step calculation of the

9‘,1 development of a boundary layer along a surface, with suction strips ‘I

distributed according to a predetermined patiern in order to suppress a

flow separation.

o e
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2. Consideration of the problem of the optimum distribution of

guction in order to suppress a flow separation,

2¢1s Introduction.

The use of suction as a means of suppressing a flow separation is a
lbgical consequencg of Prendtl's boundary layer hypothesis. It has
practical applications both as a means of preventing stall of 1lifting
surfaces and also in the design of efficient large angle diffusers.

There are two separate problems associated with the application of
boundary layer control using # suction in order to increase the maximum
1lift coefficient of a wing. They are:-

(1) To design the optimum aerofoil section and wing planform
from considerations of boundary layer control.

(ii) To determine the most efficient suction distribution

for any given wing.

The investigation to be ocutlined is largely directed towards
considerstion of (ii) but this inevitably results in certain general
ideas‘as to the optimum wing configuration from the point# of view of
bound-ry layer control. The approach to problem (ii) must necessarily be
largely experimentsl, but any guidance which may be forthcoming from
theoretical considerations 1s valuable as a means of reducing wind-tunnel
and flight development programmes. Much the same applies to the problem
of designing efficient large-angle diffusers b& removing boundary layer

fluid through the diffuser wall and thereby suppressing a f‘iow separation.

For the case of a "high-lift" wing, two suction systems will be
considered as representative of the extremes of the large number of possible

arrangements. The first case, which is more realistic, considers the

alrcrai't as having only one suction unit, the pressure being such that




it meintains a reasonable margin below the lowest static pressure
on the wing surface. For this case, the optimum distribution of suction
can be obtained by suitably varying the effective porosity of the surface

and as there will be regions over which the pressure drop through the

surface is large, this approach is intringically inefficient. One obvious

meens of improving the efficiency is to use a mult-stage suction unit

in which each stage extfacts fluid from the boundary layer at the appro=-
priate region of static pressure. With this arrangement, the pressure
drop through the surface can be reduced to a minimum consistent with

the neéd to maintain a margin in order to prevent outflow for "off-design"
conditions of incidence, flap angle and air speed. The ultimate extreme
of this approach, although clearly impracticable due to the complexity of
the associated ducting system, is to define the local duct pressure

according to the local wing surface static pressure. This system is

considered as it represents an ideal in terms of efficiency. The condition

defining the optimum distribution of suction is agein that of minimum
overall power required, but this now differs from the cundition of
minimum suction quantity. A further reason for considering the two
suction systems is to confirm that the velidity of the arguments which
contribute to the discussion of the optimum suction distribution is not
dependent on the precise definition of the word "optimum",

In practice, pressure losses down the duct will represent a large

proportion of the pumping power necessary. These losses can easily be

calculated once the ducting system and flow quantities are defined and

25
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are not considered further as they do not materially affect the consideration
of the optimum suction distribution.

Conditions similar to the above are applicable to the design of
efficient "large-angle" diffusers which incorporate boundary layer control
by suction. If the static pressure along the diffuser exceeds the exfernal
pressure, a suction system can be devised by distributing the effective
surface porosity in such a way that the minimum total quantity of fluid
is extracted. Even after extraction from the boundary layer this fluld
need not necessarily be at atmospheric pressure, in which case it can
possibly be utilised in the auxiliary services. If the pressure in the
diffuser is less than atmogpheric then a suction pump is necessary and
in principle, the problem becomes identical with that discussed above.

Although in practice, the removal of the boundary leyer may be
achieved by a series of spanwise holes or slots, it represents a considerable
simplification from the snalytical point of view if the problem of the
optimum suction distribution is treated by considering the idealisation
of suction continuously applied through a smooth porous surface. Tﬁis
idealisation eliminates the discontinuities associated with slot suction
end the complicated three-dimensionsl effects associated with the flow into
discrete holes.

2.2 The boundary layer momentum eguation and

skin friction relationship.

The von Kerman integral equation which represents the balance of
the mean fllow momentum is the basis of many of the well known approximate

methods of predicting the development of a boundary layer. For a porous

surface, this equation can be written thus,
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As virtually no systematic information is availeble from which it is
possible to deduce the dependence of surface shearing force on suction
velocity, it is necessary to meke a somewhat arbitrary extension of one
of the empirical relationships.which ﬁave been established for an

impervious surface. One such equation is as follows:

s
T, 26(5,H)
O B g » - (242a)
wheio 0 Ry
- R S
G(f,ﬂ) =L1 - GE’C_;_! 0422300 PP TR 0,268 (242b)

The Lwhvé;g Tillmann (1949) skin friction relationship Eq. (2+2) was
chosen as the basic equation as it considers the dependence of surface
shearing force on shape factor as well as Reynolds number. As a first
approximation, the dependence of G(vS/U) is assumed to be linear and it
is further assumed that a value (VB/U) = 0,01 effectively doubles the
value of G, This relationship is approximaete, but its essential validity
is confirmed by a limited amount of experimental measurement undertaken
by Sarnecki (1958) on a turbulent boundary layer in zero pressure
gradient. Although these admittedly rather crude assumptions with regard
to skin friction coefficient may be somewhat in error, it will be shown
that such an error does not invalidate the general argument from which
the optimum suction distribution is derived. Such an error will, however,

have a direct influence on the predicted suction quantity required and to

a lesser degree on the manner in%which this suction is distributed.
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Inhomogeneify of the suction distribution may also have a profound

effect on the effective value of skin friction coefficient and thereby
modify the suction quantity necessary to achieve a given lift coefficient.
It is this aspect of the problem which can only be treated in an ad hoc
memmer and which makesg the problem of the optimum suction distribution one
which, within the forseeable future, must be largely experimental.

2.3+ Discussion of the'problem of the

optimum suction distribution.

It is necessary to determine the distribution of suction which
requires minimum suction power in order to maintain a given lift coefficient
from a wing, or pressure recovery factor from a diffuser. For the region
congidered the local velocity outside the boundary layer can vary from
P Uo to Uo (p »1) by any path in a streamwise distance O <x/6<1. It
is necessary to specify the state of the boundary layer at the beginning
of this region. In the most general case, the boundary layer at
x/e = 0 may be either laminar or turbulent, but the additional complications
assoclated with quantitative prediction of treansition preclude consideration
of the former case. This is not a serious limitation however, since
trensition must be achieved as near to the beginning of the region of
adverse pressure gradient as is possible in order to avoid the possibility
of a laminar boundary layer separation. Assuming the boundary layer to be
turbulent at the beginning of the region (x/c = O)?it is necessary to state
 the initial values of momentum thickness (6)0.) and shape factor @ ). A
chararacteristic Reynolds number must also be defined.

Tdeally, the criterion defining the optimum distribution of suction

might be expressed directly as a relation for suction velocity, but it is
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diffult to conceive how this could be generalised to the case of an
arbitrary distribution of velocity outside the boundary layer. A simple
and effective way of expressing this criterion is as a limit on some
characteristic of the boundary layer. The two parameters which it is
normally assumed, define the state of a turbulent boundary layer are momentum
thickness (0) and shape parameter (H) « Any criterion which is to be
generally applicable must be non-dimensional in order that it should be
unaffected by the length scale of any specific system. Shape factor (H)
satisfies this condition, but the momentum thickness must be non-
dimensionalised by parameters describing the severity of the adverse
pressure gradient and possibly the physical properties of the fluide For

a region of limited overall pressure recovery, for which variatiops in

the streamwise extent of impervious surfaces can have a significant
influence on the overall suction power required, it cannot be stated

a priori that these non-dimensionalising parameters must be local ones.
However, if one congiders the limiting case of a region over which

the pressure recovery factor (p) is large, the condition of minimum overall
suction power required must reduce -to a local condition on the boundary
layer which ensures that the contribution to the total suction power from
evéry point throughout the region is minimum. Hence, as whatever
parameters are used to non-dimensionalise local momentum thickness must
still be applicable in the limit as the recovery factor (p) approaches
infinity, it will be assumed that the same local parameters are appropriate

for finite values of recovery factors. Hence a suitable non-dimensional

form of momentum thickness will be established by consideration of the
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\
asymptotic case for which p @cowhilst the optimum numerical value of

this criterion must be established from considerations of the minimum
total suction for any specific distribution of velocity outside the
boundary layers

One advantage of expressing the criterion as a limit on the value
of a local boundary layer parameter is that it simplifies the problems
associated with arbitrary initial conditions. Thus, if the boundary
layer is initially thin, there will be greater extent of impervious surface
before the optimum value of the criterion is attained and a corresponding
saving ih total suction quantity required.

One necessary condition for a suction criterion is that it must
preclude the possibility of a boundary layer separation. A criterion
defined as a limit of the value of mean velocity profile shape factor
(H< 2.6) satisfies this condition. Consider now, a suitable non=

dimensional form of the momentum thickness. A well known parameter of

boundary layer theory is the ratio [ - % = which is virtually
L - -

identical with Polhausen's parameter uszg in laminar boundary layer

theory (Polhaushen 1921) and also with the parameter used by Buri to
calculate the development of a turbulent boundary layer in a pressure
gradient (Buri 1931). This parameter represents the ratio of overall
pressure forces to surface shearing forces acting on the boundary layer and
it suggest“s itself as a possible non-dimensional form of momentum thick=
ness. By limiting the maximum value of this ratio, the boundary layer would

develop primarily under the influence of the applied suction and the

surface shearing forces, whilst contributions from the pressure gradient
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terms in the boundary layer development equations could be restrained.
0 au

Whilst the value of <-;HE§§:)15 finite, the boundary layer will remain

Sy
attached to the surface.

In order to obtain the order of magnitude of the value of the

0 dU
e T

parameter <—H%---> necessary to maintain the boundary layer in a
el

condition far from separation, consider the auxiliary equation proposed

by Spence (1958) for an impervious surface

oF = o)X = ()

wﬁere,
¢(H) = 9.524 (H~1.21)(H-1) (2.3)
y(H) = 0.00307 (H-lf
) =@, T=-2%
ORCRCI B )

Spence used the skin friction relationship proposed by Young
(1953) for an impervious flat plate in zero pressure gradient as
defined in equation (2.2a) with G = 0,00885, m = 0,2,

It is noted that

_da _ew
I__ " U dx . U dx % Eﬁgessure forces
G /v 3eC £ * Burface shearing forces (2.4)

Spence derived his auxiliary equation (2.3) such that Y(H)
represented the decrease in shape factor (H) with increasing Reynolds

number on a flat plate in zero pressure gradient. ¢ (m represents the

I
influence of the adverse pressure gradient which tends to increase the value

lomef
of shape factar (H). As removal of fluid from the boundary, will
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always tend to decrease the value of shape factor (), it is clear that
& maximum numerical value of the parameter (I/G) given by equation

(2.5) will imply dH/dx <O even with suction applied and consequently will
maintain a boundary layer in a state which is far from separation at a

value of shape f{actor of the order (H)s;l.#.

M

e m |
g H .
G

It is noted that for a turbulent boundary layer, the relationship

hi®

]

- } (2.5)

0.00885

1]

of (I'/G) and H as discussed above, is roughly that of cause and effecte
The term (I'/G) represents the contribution of the pressure gradient
term in the equations defining the streamwise development of boundary
layer thickness and shape factor. Shape factor (H) is an indication
of the state of the boundary layef with respect to separation and
increases as a result of the boundary layer having to sustain
unfavourable values of (P/G) for a prolonged streamwise extent. For

a laminar boundary layer, the two expressions are even more intimately
related in that the local value of (I'/G) defines the shape of the
velocity profile and hence the local value of He.

The sultability of the condition (I'/G) = constant as a oriterion
which can be used (o define the optimum suction distribution, stems
from congiderations of the limiting case for which the overall
recovery factor (p) ig large. For this case, the total suction power

required will be large and any possible saving derived from a limited

extent of impervious surface prior to the commencement of suction which
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is associated with arbitary initial conditions can be neglected. From
this point of view, it is reasonable that-the condition of minimum overall
suction power might be replaced by a local conditione It is also reasonable
that, for this asymptotic case, the appropriate criterion is that which
represents a constraint on the value of (I'/G), thereby limiting the term
which causes a boundary layer to separate rather than allowing the
boundary layer thickness to increase to such an extent that the pressure
gradient termsin the auxiliary equation for shape factor (H) become
important, after which the thicker boundary layer demands correspondingly
greater amounts of suction in erder to prevent separation. Consider now
which local condition might be used to replace the overall condition of
minimum total suction power for the asymptotic case, in which p—w. If

the boundary layer is allowed to become unduly thick, the tendency

to thicken further will be increased due to the term (H + 2) . ( - g— gg:)

in the momentum equation. If the boundary layer is too thin, the rate

of growth due to adverse pressure gradient will be small, but the
increased surface shearing stress associcted with a thinner boundary layer
will tend to offset any gains which might otherwise be obtained. As a
compromise it is plausible to assume thaf the optimum suction distribution
is the one which controls the boundary layer thickness such that it
maintains a balance between these two extremes. Using the momentum

equation (2.1) it is possible to express this condition thus,

ad /N dp 39 o aw\ Vs
a(&)ﬁsi E*(H"‘?) -(*a&)wﬁ}o




constant=~1l.4 we obtain

Using equation (2.2) and assuming that H

d d B i G g /_, .% gg f 2 =
@t () (iBwo-e oo

It is noted that the velue of momentum thickness (@) is not dependent
on the local value of suction velocity as long as the latter remains
finite.

Equation (2.6) can be written

G)-E&Re (2) (2.70)

Inserting numerical values
&

h = 0,268
N =1l
one obtains
<I61> = 00078
opt (247b)

Thus, not only‘does this argument suggest the condiﬁon T'/c) = constant
as a possible eriterion for the optimum distribution of suction for large
values of recovery factor (p), but it also predicts a numerical value of
an order which is satisfactory if boundary layer separation is to be
avoided. (Eqe. 2.5).

The above argument provides an indication that (T'/G) is at le ast
a possible non-dimensional form of the local boundary layer momentum

thickness which might be suitable as a criterion for defining the

optimum suction. distribution in a region over which the pressure
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recovery is large. Ultimately however, the suitability of a suction
criterion must depend on whether it predicts the suction distribution
which requires minimum suction power in order to maintain unseparated
flow. As already stated for the case of a region of very severe
pressure recovery for which the initial conditions have a negligible
influence on the total suction power required, it is reasonable to
suppose that the condition of minimum total‘ suction power might be
replaced by a local condition. This supposE:ion was the bagsis for the
proposed condition %é G_—f) = 0, If it is assumed that (I'/G) is constant,

the local suction velocity ratio can be expressed using equation (241)

di (e @\ G _ a6
‘U (H+2) ( 7 d.x>+ P-z—e-m E (2.1)
» I‘/G . G -1/m+1 1/m+1
(oo -3 D (/e .6
5 Twm" dx{g,a ) ot

Assuming that, as p-w, the condition of minimum overall suction
power can be replaced by that of minimum suction per unit chord, one
can write an equation defining G‘/G)opt thus,

ov

o(r/e)

]
o

(2.8&)

a2
The term involving . G(VE/U,H) 99(.';. ’ ?;) + g . % will be
d. C
b

neglected as a first approximation on the basis that the derivatives
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of both suction veloeity ratio end shepe factor with respect to streamwise
position are small. For the oase in which (T/G) is the appropriate
cmiterior;, the shape factor will be constant at approximately the value
appropriate to a flat platé (H=1.4) and it can be seen a posteriori

from caloulations in Section (2.4) that fhe suction velocity ratio is
approximately constant once suction is established.

From Eqe (2.8) it can be seen that

1‘
(@)o i, Z (2.84)
e BU .

U G
1 dx 2
. H+2+ m) {l—m— @2‘;]
The similarity between equations (2.7&) and (2.8‘b) is noted. The two
equations predict values of (P/G)opt which are in close agreement if
00

the chordwise velocity distribution gs such that the numerical value of ‘

"

s <?U§ )is of the order of unity or less. The chordwise variation of

(J:'U—Ua-> can only be investigated for a specific variation of streamwise

velocity outside the boundary layer. The doub17 infinite family of
y velocity distributions of Eqe (2.9) which join the end points U = PUgs

x/e =0 and U = Ugs x/e = 1 can be used to represent sn approximation to

\
the large variety of possible monotonic velocity distributions on the ’
upper surface of a wing. Eq. (249) is plotted in Fig. (2.1) for a range ;'

|

of values of q and r and fixed value of p = 7,

.. | " ‘%U;’ - [1 -(P%/-z—‘l> . (g)r Jq (2.15)

P
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r will in generel; be greater than unity corresponding to a maximum

in the locai velocity distribution at x/c = 0, and q will normally

be negative. Us.ng Eqe (2.9) (I‘/G)opﬁ can be written
00
( g) = 2 ) (2.10)
l-m Ak -1 1 r-1
t CH+2 + é——-} - Al =) == ., -ﬁ-ijr—-
ap p_-m 1+m Km+i ; K q ) gr (t.- q-..l)

Whereas the value of (p’G) as defined by Eq. (2.10) is dependent on the
streamwise pos:.tlon, it can eas:.ly be shown that this dependence is
only weak and that, for a wide range of values of g and r, the values

of (P/G) predicted by equations (2.7&) and (2.10) are similar.

opt

P—xe
For the case of r = {1 the dependence in Eq. (2410) on streamwise position
(u) vanishes.

The preceding analysis which is based on the alternative conditions

a d€)> g
T = 0 or m = 0, is indicative of the acceptability of
(P/G) = constant as a criterion, at least for the case of a prolonged and
severe pressure gradient. In order to consider the problem more rigorously
it is necessary to derive the optimum value of (I/G) by minimising the
overall suction power requireds In order to discuss the two cases of
minimum idealised suction power and minimum suction quantity within the

framework of a single analysis, a generalised suction coefficient (CQ)

will be considered as defined by Eq. (2.141),

on+l. v

(TR e

For n = 0, CQ refers to the suction quantity coefficient and for n=1, to
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the suction power coefficient of the ideal system discussed in Section
(2+1)
Ov

Consider again, the case of'/\monotonic and asymptotically severe and
prolon(.;ed adverse pressure gradient. As previously stated the extent of
impervious surface before suction beging will be small and will not
significantly affect the optimum velue of (F/G) » Thus, using Eq. (2411)
to define CQ and neglecting the term involving dG/dx ss before, the value
of (I‘/G) opt for a large pressure recovery factor (p) can be derived as in
Eqe (2411) using limits of integration x/e = 0 to x/¢ = 1. For smaller
values of recovery factor (p), the dependence of the limits of integration

on the value of (I'/G) must be considered
1

1/m+
o - (623 (18) )
}%zp 1/m+l on-+l @ g
GG orl o) rA( X
-%;: {1/1% ;X(U/V) } :K%;‘/ . % ke (241 20)
IR R
, ”——--(u/wJ\ ) [2- \U)] (u)

Writing | (2.12\))

P > 1/m
'/ ( > ‘ {1 E n<§°->} d{—- -:(U/Q)m} 1

U dx
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the suction power coefficient of the ideal system discussed in Section
(241)
O-

Consider again, the case of‘/\monotonic and asymptotically severe and
prolonged adverse pressure gradient. As previously stated the extent of
impervious surface before suction beging will be small end will not
significantly affeot the optimum velue of (I'/G). Thus, using Eq. (2.141)
to define CQ end neglecting the term involving dG/dx es before, the value
of (I‘/G)OPJc for a large pressure recovery factor (p) can be derived as in
Eqe (2e11) using limits of integration x/c = 0 to x/e = 1. For smaller
values of recovery factor (p), the dependence of the limits of integration

on the value of (I'/G) must be considered
1

1/m+1

90, 4 2 S B ’__ dU Q.G
gA/E) ~ I/a) r i dU T (u/v)"

i 1/m+l :;m+1 Uz ;
" ® {l/g;éj(um J ]Gt/ (o 2 &) (21 27
L 1 \{'H;J 2n o
[ [0 )@
ertlngﬁ%ﬁ= ey s s (2.12b)
A e i ) d[% éc(U/a)m}
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we have from Eg. (2.12)

<Ié>opt : rm-%r)l (2.13)
pxe

In order to eveluate I and show that it is small compared to (H+2),

it is necessary to assume a form for the streamwise variation of local
velocity outside the boundary layer. Using Eq. (249) ana Eqe (2.12b)

it is possible to calculate the value of the parameter I as a function
of n, p, q and re« This integration is underteken in Section (2.4) for

n =0 and {1 and specific values of p, q and r and in general, it is

found that the value of I never greatly exceeds (H-l,-z) thereby confirming

opig_'c:

The preceding anslysis shows that the value of (I'/G)

the order of (I'/G)

predicted

opig_’
o

for s region of prolonged and severe pressure recovery by minimising the

generalised suction quantity cocefficient is closely related to that

derived from the intuitive condition d/® (#/dx) = 0. There are also

strong indications that this value of (T/G-) opt controls the boundary layer
sucl; that it will not separate. Consider now, the implications of
reducing the severity of the overall recovery factor (p)e If the value

of (I'/G) were increased, it would result in an increase in the streamwise
extent of impervious surface before suction begins, with a consequent

saving in C This increased value of (I'/G) will result in a

Q‘
correspondingly increased value of suction velocity once suction is

established but, if this ls more than offset by the saving introduced
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by prolonging the extent of impervious surface, a nett reduction in CQ
will result. Thus, a reduction in the severity of the overall recovery
faotor results in an increase in the optimum value of (I/G). Mathematically,
this effect is introduced as shown in Section (2.4) by considering the

limits of the integral expression for C, as variables which are dependent on

Q
(r/G) thereby introducing an additional term into the Eq. (2.12) defining
(P/C)Opt. As the value of (I‘/G)opt increases so does the influence of

. the adverse pressure gradient relative to the skin friction term and with

it the teéndency for the shape factor to inerease, until ultimately the

value of (P/G)opt is such that it does not preclude the possibility of
geparation. At this stage (P/G) ceeses to represent a suitable criterion.
Boundary layer separation is possible as soon as the tendency for the

shape parameter (H) to increase under the influence of the adverse pressure
gradient exceeds that for it to decrease due to suction. Under the
influence of suction the boundary layer shape factor will be maintained

at approximately the value appropriate to a flat plate as long as (I'/G)

is of the order of 0,079 or less as defined by Eq. (2.5). It is clear

that the development of a boundary layer under the condition (I'/G) = constant

dx
zero, is closely related to the boundary layer development under the

at a numb/erical value such that <Q{>is equal to, or Jjust greater than

condition of constant shape factor of about l.4.
As the severity of the adverse gradient is further reduced, the
appropriate criterion defining the optimum suction distribution becomes

(H) = constant. The greater the value of Ho

Dt at which the boundary

layer is maintained, the greater will be the extent of impervious
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surface before suction begins, but the boundary layer thickness throughout
the region of suction will be correspondingly greater. As a result of this
inc eased boundary layer thickness the suction velocities will be proportion-
ately increased, but if the streamwise extent of suction is sufficiently
small, it is possible that a nett saving in suction power could result.
Thus, as the severity of the overall pressure gradient decreases so the
optimum value of shape factor increases. Ultimately, this wvalue of the
shape factor approaches that appropriate to separation, but simultaneously
the streamwise extent of the suction decreases to zero. Hence, in the
limiting case which corresponds to a large value of shape factor, no
‘'suction is necessary as the region of impervious surface has extended to
the downstream end .oi‘ the region of adverse gradient.

The argument so far can be summarised as follows. The criterion
defining the optimum distribution of suction is stated as a limit on the
value of a local boundary layer parameter. 7The optimum distribution of
suction is taken as that which requires the minimum suction power in
order to ;chieve a given value of 1lift coefficient. It is assumed that
there are only two independent parameters which define the state of a-
turbulent boundary layer. These sre momentum thickness (0) and mean
velocity profile shape factor (H). Any suitable boundsry layer parameter
must be non-dimensional in order that it should be independent of the
linear scale of the suction system and must also control the boundary
layer such that a separation is avoided. Numerical.values of shape

factor H< 2.6 satisfy both these conditions. Momentum thickness might

logically be non-dimensionalised using suitable derivatives of the adverse




pressure forces

streamvise pressure distribution. The ratio (D/G) = S Tecs s s
as defined by Eqe. (244) suggests itself as a possible non-dimensional

form of momentum thickness. An indication of the sultability of such a
oriterion is obtained from consideration of the case in which the overall
recovery factor (p) is large. In this case, the condition of minimum

total suction power might logically be replaced by a locel condition which
ensures that the contribution to the total suction power from every
streamwise position is a minimum. Also, for such a value of recovery
factor (p—+9 the arbitrary initial conditions do not significantly affect
the suction power required and hence do not influence the optimum suction
distribution. Consideration of which local condition might be suitable

as a replacément for that of minimum total suction quantity leads one to

ad

Eqe (2.6) which states %6 <§

maintains a balance between the rate of growth of boundary layer thickness

>= O. This condition is suggested as it

due to the adverse pressure gradient and that due to the surface shearing
force. In order to confirm that the value of (1‘/G)Op 4 Predicted

by this means will in fact maintain unseparated flow, reference is made
to the auxiliary Eq. (2.3) derived by Spence for an impervious surface
from congideration of the variation of shape factor in zero pregsure

gradient and in a severe adverse pressure gradient. Considering further

the case of large overall pressure recovery factor (th it is showmn

that the values of (I'/G) oot derived from the conditions avJB( IG) =0

(Eqe 2.8a) or acQ/a (I/G) = 0 (Eqe 2.12) are both closely related to that

predicted by the intuitive condition %‘5 @-—J—? >= Os It is then shown




that a reduction in the value of recovery factor (p) results in an

increase in the value of (P/G)opt as defined from considerations of

minimm CQ until the tendency for shape factor to increase under the
influence of the adverse pressure gradient exceeds that for it to decrease
due to suction. Shape factor (H) = constant at a value defined by the
condition dCQ/dH-= 0 then becomes the appropriate criterion. As the value
of (p) decreases so Hopt increases until the case is reached in which the
boundary layer is about to separate at the downstream end of the region of
pressure recovery and therefore no suction is required. This argument
does not consider the possibility of stall due to a leading edge laminar
separation. Under these circumstances it is simply necessary to precipitate
transition using any of the accepted techniques and no extra suction is
required.

Consider now, the case of a flapped aerofoil section. The pressure
distribution on the upper surface of a flapped aerofoil is compesed of
two separate regions of adverse pressure gradient connected by a region
of favourable gradient immediately upstream of the flap knuckle. In this
case, the condition of the boundary layer and in particular, the initial
values of shape factor (H) and momentum thickness (6) at the beginning
of the second region of adverse pressure gradient is directly dependent
on the value of the appropriate oriterion considered optimum for the first
region of pressure recovery immediately downstream of the leading edge
suction peak. Thus, there is an interpendence of the two regions of

suction whieh, although it may not be strong, does mean that the optimum

suction distribution for each region cannot be defined without reference
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to the other region. The degree of interdependence decreases as the peak
suction over the flap knuckle increases due to the isolating influence of"
the region of favourable pressure gradient forward of the flap knucklee.
There is also the well known interdependence of the local surface pressure
distributions in that the increased circulation associated with a flapped
aerofoil results in an increase of induced incidence which modifies the
pressure distribution in the vicinity of the leading edge suction peake
This is not a boundary layer effect and is not considered further.

The proposed approach of assuming H or (I'/G) to be constant in the 1o
region of suction has one apparent shortcoming in that, considering any
numerical valué of Hopt or (I‘/G)opt as determined by minimising CQ’ it is
possible to relax the suction in the immediate vicinity of the trailing
edge and thereby allow the value of the shape factor to increase to that
appropriate to separation at the trailing edge. There is no means of
allowing for this potential reduction in suction quantity within the
framework of the present analysis, but this may not be important for

two reasons:-

(1) If the suction is designed to give a large increment of Cr, in

excess of the normal stalled value, the proportional saving in

suction power will be smalle. If, on the other hand, the suction !
distribution is designed to give a small increment of Cp above

the normal stalled value, the value of Hopt will not differ

greatly from that appropriate to a separated boundary layers
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(11) The loss of 1ift coefficient (or diffuser pressure recovery
factor) caused by the additional thickening of the boundary
layer due to the relaxation of suction towards the dowmstream
end of the region of adverse gradient will tend to offset the
saving in suction power.

2¢4+ Detailed calculations for a streamwise veriation of
velocity outside the boundary layer appropriate to

an unflapped wing or simple diffuser.
This section describes a series of calculations which illustrate the

more general arguments of the previous section. These calculations are
underteken fop streamwise varlations of velocity outside the boundary
layer vihich are special cases of Eqe (2.9). The initial calculations
are directed towards a closer investigation of the value of Gyﬁ)opt
for large values of recovery factor (p), taking into consideration the
interdependence of the limits of the integration on the value of CP/G).
It is shown that the case r = 1 gives somewhat misleading results due
to the initiel condition AU/ax %0 at x = O which is physically un=-
realistic. For r>1, dJ/dx = 0 at x = 0 and this anomaly disappears

in that (I/G) approaches the value predicted by assuming fixed

opt
limits in the integration of suction velocity to obtain CQo
Further calculations are restricted to the special case r = 9
(BEqe 2.9) vhich results in a considerable degree of analytical
siﬁplifioation in that the majority of the integrals cén be obtained

in closed form. The case r = 1 can only be representative of an

actual velocity distribution by referring it to an origin aft of the

peak suction and the initial wvalues of momentum thickness and shape

+7o

ne
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factor would then have to be adjusted accordingly. CQ is calculated as
a function of CL for the velocity distributions corresponding to
r =1, and q = X1 in order to investigate the dependence of

this relationship on the streamwise velocity distribution.

2¢4e1e Consideration of regions over which the pressure

recovery factor is large and hence (F/G) is the

appropriate criterion.

Using the following assumptions:

(a) (I/G) = constant throughout a region of suction is
the appropriate suction criterion. e

(b) As the first stage of an iterative process, the terms
derived from the variation of the coefficient (G) of
the skin friction relationship with streamwise position
can be neglected.

(c) The streamwise variation of velocity outside the boundary
layer is defiined by Eq. (249)« Consideration will be
restricted to the values r21, g<1 in that these are
;nore representative of velocity distributions which are
practically significante.

With these assumptions, Appendix (1) shows that the suction

veloecity ratio can be written

2 1 w/uw - =11 = ﬁ}%ﬂﬂ_) (/m+1) (==
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It cen be seen from Eqe. (2.14) that as the boundary layer develops

(1-1/7)

é(m-l) (t-'}i-l)

decreases in magnitude and it follows that, once suction has been

(i.e., as the value of t decreases) s0 the term

established, it is necessary for it to extend to the trailing edge

(x/e =1, t = 1/p). Thus, the only variable limit of integration to

be considered is the upstream one corresponding to the beginning of

suction. This statement cannot be made generally for any

monotonically decreasing external velocity distribution but will be so for the
majority of chordwise velocity distributions found in practice.

Eqe (2.11) is used to define the generalised suction quantity
coefficient (CQ) and substituting for (vs/U) from Eqe (214), Alis
equation defining the optimum value of (I'/G) can be expressed as
Eqe (A1+5) (Appendix I), Appendix I shows the details of the calculation
from which can be derived the value of (I‘/G)opt by means of a laborious
process of iteration. It also shows that for r>1 and p— es, the it
secor®® term of Eqe 59.1"‘;—)) vanishes end the optimum value of (P/G)op &
can be obtained by neglecting the dependence of the limits of integration
on the value of (I‘/G) .' It can also be seen tﬁat the anomalous behaviour
of the case r = 1, P -+ oo in thig respect is derived from the fact that
for r = 1, %Eya-mcat x/c = 0 as p = oo and hence the contribution of
the second term in Eqe (A.1.5) no longer vanishes for large values of
recovery factor (p).

Due to the complexity of the integration processes associated W.Lth

the case of an arbitrary value of r >4, further numerical calculations

of (I‘/G)opt have been restricted to the case » = 1. Fig,. (2.2) shows




the decrease in (I'/G) Gt with inereasing values of recovery factor

(p), for q = %1 and n = 0 and 1, For the purpose of these calculations
the dependence of G(VJU) on suction velocity is neglected as the first
stage of an iterative process. The considerable difference between the
case n = 0 and n = 1, which correspond to a minimum suction quantity
end minimum idealised suction power respectively, is due to the strong
senaitivity of the latter to any flow removed from a region of low
static pressure (i.e., high local velocity outside the boundary layer).
Hence, the optimum suetion distribution for minimum idealised suction
power corresponds to a larger value of (P/G)opt which implies that the
onset of suction is delayed and correspondingly, less fluid is removed
.i‘rom a region of low static pressure.

Figs (2+3) shows the variation of generalised suction quentity
coefficient with recovery factor (p) for q = :l, n =0 and 1 obtained
by inserting values of (I‘/G)opt in the expression for C.. Fig. (2.3)

Q

also shows the value of Cq obtained by assuming (I'/G) g n/ (H+2)

and it cen be seen that the error introduced by using this approximation

is small. The insensitivity of C. to the precise value of (I'/G) is

Q
clearly of considerable practical significance.

It is noted that an approximate relationship between C (n = 0)
and C (n = 1) can be obtained by assuming that suction begins at
—(m/m+1) (a*+1)/q

x/c = 0 and noting from equation (2.14) that (V/U) =

for r = 1. Thus,

RaCloN%
Idealised suction power required _ CQ(nFl) o0 e =

Povr uired for si st »
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The value of this ratio may be as low as 1/3 which gives an indication
of the potential economies in suction power that are ideally possible
by using a multi-stage suction unit. However, as the duct pressure
losses have a considerable influence on the suction pressure required,
this apparent economy cannot be realised to its full extent in practice.
The calculation so far has been pursued on the assumption that Hee

skin firiction coefficient is independent of suction velocity. This is
clearly not the case and, in order to be able to correct for this, it
is necessary to consider the dependence of CQ on the effective value o§+l
skin friction coefficient. From Eq. (2 1#) we see that C ( u)C‘(G) s
It was further assumed in Eq. (2.2b) that (G) was linearly dependent

on suction velocity ratio. From Eq.(2.14) it can be seen that for

= 1, the streamwise variation of suction velocity ratio

ﬁ-(xt is small and, in the interests of simplicity, it was

declded to readjust the value of (G) on the basgis of a mean suction

velocity ratio (v 7U5 defined thus,

BE) e @® -
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L
Eermrpenct l? t23(1 - n/pR4R) dt
P

Using Eqe (242b) to define the dependence of (G) on suction

velocity ratlo, one obtains

A ROTMEILED

L
and hence the corrected value of CQ can be written

' 1/m+1
CQ=<8—>‘ %

e

__ 1/m+)

CQ/0.01
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(2416)
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of incorporating the dependence of skin

The effect on the value of C

Q
friction coefficient on suction velocity ratioc is seen to be quite

significent (Fig. 2.3). However, the order of CQ remains the same.
As systematic experimental results defining the dependence of skin
friction coefficient on suction velocity ratio become available, this
relationship can be predicted more accuratelye.

24442« Less prolonged and severe regions of pressure

rise for which shape factor (H) = constant ig

the appropriate criterion.

As the severity of the overall pressure recovery is progressively
reduced, it becomes profitable to increase the extent of impervious
surface prior to the beginning of suction, at the expense of a higher
value of suction velocity for the limited extent over which suction is
applieds As is seen in the previous Section (2.4.1), this results
firstly in an increase in the optimum numericel value of (I'/C)opt
until ultimately, the value of this parameter ig so large that it does
not safeguard the boundary layer against separation.

At this stage, it is necessary to replace this criterion by one
wirich restricts the cumulative effect of the pressure gradient term
(T/G) on shape factor, rather than its numerical value. Thus, shape
factor (H) becomes the appropriate criterion and its optimum numerical
value increases as the overall recovery factor (p) is relaxed. This
increase in the wvalue of Hopt corresponds to a prétracted extent of ‘
impervious surface which more than offsets the higher suction

velocities which are necessary over the limited extent of porous

surfacee.
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Two alternative spproaches are made to the problem of prediecting
the streamwise development of a turbulent boundary layer under the

influence of suction distributed such that the value of the shape factor

(H) remeins constant. The first approach is based on a recent publication
by MeR. Head (1958) in which he derives an extended form of the auxiliary
equation for shape factor which inoludes terms associated with a porous
surface. The second approach is based on the effect of a discrete suction
strip on a boundary layer as derived experimentally in Section (1). In
the limit it is assumed that, a large number of line sinks spaced

clogely together approaches the case of continuous suction. The advantage
of this approach is that it oi'fers a means of investigating the effects of
relatively widely spaced suction slots with correspondingly large inter=
mediate variations in shape factor. Practicelly, this is an important
cases

240241+ Calculations of the distribution of suction such

that the shape factor is constant using Head's

method (1958),

The awxiliary equation presented by M.R. Head (1958) for the
development of a turbulent boundary layer under the influence of

suction can be written,

8%=<%,> [: —G§>+ H'. (—%%>-H' %‘Q_J (2.18a)

where F is the entrainment/per unit area of non-turbulent fluid end is

4
defined empirically as a function of shape factor (H). Assuming a single

parameter family of mean velocity profiles, H' and hence (dH'/ aH)
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sre funotions solely of He Eq. (2.18a) together with the momentum equation

(2.1) and the condition dH/ax = 0 if (v /U) ¥ O provide sufficient equations
to define the distribution of suction for an arbitrary variation of static

pressure slong the surfaces Thus, substituting into Eqe. (2.18&) from (2+1)

one obtains,
- v

ai ([ b Vi) i 12 =R DT

97&_(@) .LF+U . (H'-1) - H'(H+1) < § &)= & =
pU~_
Using the condition dH/dx = O where VJU % 0, and as @H'/aH ¥ 0, the
auxiliary equation can be written
2 Y \
F - B (t/oU0) + g (H'-1) - H'(H+1) <-g E¥ o (2.18b)

Substd tuting Eqs (2.18b) into the momentum equation one obtains,

® o /vs> "“°> '
2 -2 , (H+2) —K—- + ( — (2.1)
ax U ax 6] <PU
or _ HI To
|_ ot -  em— g
8-S (48 (548 5
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At this stage it is necessary to make an assumption with regard to

the value of skin friction coefficient. As the boundary layer will
develop under these circumstances primarily under the influence of

the adverse pressure gradient and the suction velocity, it is proposed
as a first spproximation to represent the contribution of the skin
friction terms by assuming it to be constant along fhe chord at a
value appropriate to the Rgynolds number and shape factor consideredo

As a first epproximation, the value used is that predicted by the

2
equation (2.2) of Ludwi'\g and Tillmann(1949) for en impervious
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surface, using the appropriate values of shape factor (H) and local
boundary leyer Reynolds number based on momentum thickness. Once the
suction quentity required has been calculeted, a second approximation
is obtained by sultably modifying the value of the skin friction
coefficient according to Eqe (2+17).

Integrating Eqe (2419) for momentum thlckness one obtains

o|)

0 =O1<6‘> <__”_’£a&_'+co,)ba Lxuadx (2420a)

1

where,

el

Suffix (1) refers to conditions at the beginning of suction.
Substituting this expression for momentum thickness into Eqe (2{18b),
one obtains an expression for suction velocity in terms of the distri-
bution of velocity outside the boundary layer and the conditions at

the beginning of the region of suction.

(;:): (-% %) ‘ H n+ 1) (U) (__;&3*:“) ég;é_"_ 3 {F—Hl;"i; v ]

i (2¢21a)

Agein considering the special case of the infinite family of

streamvise velocity distributions of Eqe (249) with r = 1, Eqs. (2.20a)

(2¢21a) can be vritten
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(2.11) that the generalised suction quantity
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factor (H) can be derived using any of the well known methods which
describe the development of a boundary layer on an impervious surface,
once the initial conditions of H, and (&/e), at (x/c) = 0 are given.

In order to be consistent, Eq. (2.18a) is used as the auxiliary equation
whilst Eq. (A2.1) derived by Spence (1958) is used to caloulate the
development of the momentum thickness.

Rather than differentiate the expression for G, in Eq. (2+22)%
which is difficult due to the empirical relationships between H, H' and F
which are expressed in graphical form only (Head, 1958), it was thought
preferable to estimate valuescof CQ for a range of values of shape
factor (H) and overall recovery factor (p)e From Fig. (2.4), it is
possible to define the optimum numerical value of shape factor and the
assoclated minimum value of suction quantity coefficient as a funection
of recovery factor (p) for a series of streamwise velocity distributions
corresponding to values of q = 1l.

From Fig. (2.4) it can be seen that, for a given value of recovery

factor (p), the optimum numerical value of shape factor is dependent on the

chordwise distribution of veleeity outside the boundary layer, (i.e., the
velue of q) but the general trend of a decreasing value of H0pt with
increasing recovery factor (p) is confirmed.

2ele2e2s Calculation of the boundsry laver development with

discrete suction stidips distributed such that the value

of shape factor (H) varies between pre-determined limits.

~ As a result of the experimental investigation of the effect of a




suction slot on a boundary layer as deseribed in Section' (1), it was
shown that:-

(1) The effect of a line sink on the value of shape factor (H)
can be represented by removing from the inner part ofi;Zan
velocity profile, an amount corresponding to the quantity of
flow actually withdrawn through the surface. The value of
shape factor is constant through the transient region. The

corresponding overall change in momentum thickness calculated

in this way must be modified by an empirical factor which

5T,

represents the variation of momentum thickness in the transient

region immediately downstream of the suction strip. It was
shown that, for small suction quantities, the momentum
thickness decreased through this trensient region whereas
for larger suction quantities it appeared to increase.

(ii) The transient effects of abnormally high values of surface
shearing force and non-universelity of the inner velocity
profile only extended a short distance downstream of the
suction stripe.

Hence, assuming the power law type of mean velocity distribution,

the effect of removing a given quantity of fluid is defined by
Eqe (144) ok (I-5 ).

The representation of the boundary layer mean velocity distribution

by a power law is not sufficiently accurate to be used in the calculation

of the amount of fluid removed. This is due to the infinite value of

veloeity gradient at the surface which is predicted by such a power lawe.
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A better representation of the mean velocity distribution in this

region is given by Eq. (2.23)

5.6 J;Eogm&gl> F}-ﬁ- 1] (2.23)
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"
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The equations describing the development of the boundary layer along the
region of impervious surface between the suction strips are based on those
presented by Spence (1958)« For the streamwise velocity distribution of
Eq.(2.9) with r = 1, these can be written as in Egs. (A2.3) and (A2.5)
of the Appendix.

Given initial vglues of shape factor (HO) and momentum thickness
Qa/c)o at the station x/c = 0, it is possible to calculate the development
of the boundary layer on an impervious surface to a given value of shape
factor (H) as shown in Appendix II; and thereafter a step~by-step
calculation can be used to deiermine the streamwise distribution of
suction. Such calculations have been programmed for a Ferranti Pegasus
digital computer for q = ¥4 and a range of values of overall recovery
factor (p). The resultant variation of suction quantity coefficient

(CQ) is compared with that predicted in the previous Section (2.4.2.1)

in Figs. (2.4&) and (2.4b) for values of q = +1 and - 1 respectively.
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In these cases the variation in the value of shape factor between slots
is limited to H = 0,1 which is approaching continuous suction as shown
by Mge (245)e From Fig. (2.5) it is interesting to note the unfavourable
effect of finite spacing of suction strips as compated to continuous
suction., This effect might possibly be expected on the grounds that a
finite suction strip will extract fluid from the boundary layer which
has a finite streamwise momentum which might otherwlise have assisted

the boundary layer against the adverse pressure gradient. In other
words, slot suction is less efficient than continmuous suction as only

the latter removes fluid which has been completely de-energised with
respect to motion in the streamwise direction. This intuitive idea

is confirmed by Fige (2.5).

The major discrepancy between the two alternative approaches as

shown in Figs. (2.&&) or (Q.Ab) is derived from the assumed form of

the boundary layer development equations for the impervious surface prior
to the beginning of suction. In order to be consistent, the development
of the boundary layer up to the onset of suction was calculated using

the appropriate form of the auxiliary equation, viz., Eq. (2.18a)

for Seotion (2e4+2.1) or Eqe 2.3 for Section (2¢4+2¢2). The same
initialvconditions at the leading edge (x/c = 0) were assumed in each case
as derived in Appendix II. Fig. (2.6) illustrates the differences

in the predicted variation of boundary layer shape factor on the
impervious surface for p = 2, q = ¥1. Spence's (1958) form of the

momentum Eq. (A 2.1) was used in each instance so that the

difference can only be associated with the assumed form of the auxiliary
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equation. The precise technique used for the calculation of boundary
\ layer growth prior to the onset of suction was either that recommended
by Head (1958) for Section (2.442.1), or alternatively, the iterative
process of Appendix II Eq. (A2.7) for the step=-by=-step approach of
Section (2+442¢2)e Whereas the resulting discrepency introduces a
considerable difference in the amount of suction predicted for a small
value of recovery factor (p), it can be seen from Figs. (2.4a) and
(Q.Ab) that, considering the radically different approach and assumptions,
the agreement between the two methods of calculating the suction quantity
required is good at the larger values of recovery factor (p). Furthermore,
by ihitiating the step-by-step celculation at the same streamvise station
as in Section (2.4.2.1), in order that the two CQ(p) relationships are
made to agree at the point of zero suction, the agreement will clearly
be improved.

2.5, Caloulation of the suction quantity coefficient (QQl

required in order to achieve a given 1lift coefficient

{S;) _on an unflapped or e flapped wing.

It is possible to approximste to the streamwise distribution_
of velocity outside the boundary layer by means of Eqe (249) by
suitably choosing the values of the parameters (p) and (q)s For
simplicity, it will be assumed that the velocity measured at the
trailing edge of a wing (x/c = 1) is equal to the free stream
velocity at infinity. PFurthermore, for values of the overall 1lift

coefficient of the order which are of interest, the contribution

to wing lift derived from the pressure distribution on the under
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surfece of o wing will be smsll and hence a relatively arude

approximation to this velocity distribution can be used in order to

calculate the overall 1ift coefficient, without introducing any serious
inscecuracy. The assumed distribution of velocity along the under

gurface of the wing is a linear varistion from zero at the forward

stagnation point which is assumed coincldent with the leading edge
to U=U at the trailing edge.
(o]

-~ TTen LV A '] = IR
. Lapp wine
24041, - Unflapped ving.

The 1ift coefficient assoclated with the velocity
Wt =1

,
Ege \v.’l.;) s e (?’.1>AJ.,: given by Eqe. (.?.Ro)
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le to eliminate the recovery factor (1)) belween CI (p, q)
p ’

from Bge (2.22) or Bge (Aled)

<

L O I L PR ) (i gt Jay /
as deiined by ige \<Z .;%‘-J) and C. (P,
obtain a direct relationship belween C, and 1ift coefficient.

Fron Fige (2.7) it can be seen that for larger valucs o

IS = wmamsTatd Aval g uy s - N nd - <P ~ 2
this relatio: Silp 1S A0V Serongly ogpenueny on we type ol siureamnwl se

p
)

LON (dLeSe, The value of il), a fact which is. of course,

and it is possible that better overall agreement with experiment will

be obtiained by replotting Fig., (2.7) as a rlationship between C,.
B q
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and incremental 1lift coefficient above the normal stalled value without
suction,
2+5¢2« Flapped .

It would not be normal practice for an unflapped wing to provide
large values of 1lift coefficient for two reasons.

(1) A low value of static pressure corresponding to large local
stream velocities in the vieinity of the leading edge is
inefficient in thet the maximum suction pressure must be
defined by this and hence the suction power requireg will
be correspondingly greaters

(11) The attitude of a fixed wing aircraft necessary to achieve a

large value of 1lift coefficient without the use of trailing
edge flaps would detract from its use as a landing aid from the
pilotg point of view.

The use of a flapped wing alleviates these difficulties.

It is necessary to make some assumption concerning the optimum
proportion of flap angle to wing incidence which are to be used.
Assunming that a single-stage suction unit is employed, the condition of
minimum suction power is effectively the same as that of minimum ;ﬁction
quantity removed through the surface. The optimum ratio of flap angle
to wing incidence for this case is clearly obtained when the two suction
peaks are of equal magnitude as otherwise it would be the magnitude of the
larger suction peak which would define the necessary pump pressure.

It is proposed to simplify the treatment of the suction distri-
bution over a flapped wing by utilising the relationships already

derived for a monotonic distribution of the velocity outside the

boundary layer as represented by equation (2.27)
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The total suction quantity required and the corresponding value

of 1ift coefficlent achieved can be expressed in terms of the results

derived for an unflapped wing as shown in equation (2.28)

¥, V. v -
«l,, @[ A

Q
1

A

=‘p1y.'CQ(P/P1, Q + hCQ(p, Q) (2.28)
o, = (1-h)py , /Py, @ + MGy (py Q)

In equation (2.28), CQ (py @) and CL(p, q) refer to values calculated

for a monotonic variation of velocity outside the boundary layer.
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The following values are taken as typiéal of a flapped wing, P, = &2%&2’

p = Oelig A = 0435 and calculations are undertaken for q = :l. As in general
for a flapped wing pz% Pp» there will be a different optimum value of the
appropriate suction criterion for the forward as compared to the trailing
edge region of suction. Indeed, it is possible that the severity of the
pressure recovery factor of the leading edge region is such that suction
is only required over the more severe trailing edge region aft of the flap
knuckle. However, due to the somewhat peculiar and discontinuous

varies with recovery factor (p)

t
as showvn by Fig. (244), and also in order to simplify the calculations,

manner in which the value of Hop

it was decided to assume the same value of Hopt for both regions
of pressure recovery. Fig. (2.7) shows the resulting variation of
Cq in terms of the lift coefficient (CL) attained for a range of
values of shape factor (Hopt) or (r/c;)och - (Ei]—zi for g = *1. From
Fige (2.7), it is possible to define the variation of the optimum
value of shape factor with recovery factor (p) and hence 1lift coefficient
and it is seen that the type of variation is much the same as that
derived for an unflapped wing section. The two sets of curves refer
to estimates of suction quantity coefficient derived using the skin
friction relationship for an impervious surface or alternatively
the modified skin frictién relationship of Eqs. (2.2b) and (2.17) which
introduces a dependence on suction wvelocity.

F'S' (2.8) shows the minimum velue of C. as a function of 1ift

Q
coefficient as derived from Fig. (2.7) for an unflapped or a

flapped section with a chordwise velocity distribution corresponding




to g = ¥1. It can be seen that the variation of CQ as a function of

1ift coefficient is similar for an unflapped and a flapped wing, but
the numerical value of CQ for a flapped wing is considerably less. In
order 1o deduce the relationship flor an arbitrary chordwise distribution of

velocity is is only necessary to express this in terms of an equivalent

value of the factor (q). It is also noted from Fig. (2.8) that there is

a considerable advantage to be gained by using a flapped section as
compared to an unflapped one. The superiorlty of the flapped section ‘
can be accounted flor as flollows:-
(1) The reglon of favourable pressure gradient immediately
forward of the flap knuckle contributes to the 1lift without

requiring any suction to combat the possibility of separation.

(11) As the value of P >1, there is a resultant reduction in
the effective recovery factor (p/pl) downstream of the
leading edge suction peak and a corresponding reduction in
the amount of suction required over this region.

(141) As P> 1l, the general level of the static pressure over the
forward part of the upper surface of the wing is correspondingly
reduced, thereby providing an increase in the 1lift
coefficient of the wing.

The optimum streamwise pressure distribution, defined in terms

of the maximum 1lift for a given suction quantity, is given by a wing which
is cambered in such a way that the static pressure over the upper surface
is constant for the greater part of the chord and only increeses to a

value of the order of the free stream static pressure in the immediate

vicinity of the trailing edge. The flapped wing section is a
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better approach to this ideal than is an unflapped one.

2.6, The experimental avproach to the determination of the

optimum suction distribution on a given wing.

The approach to the problem of the optimum suction distribution
which has been presented is an idealised one, It is formulated using
a tentative skin friction relationship Eqe. (2.2), which is based on the \
one derived empirically for an impervious surface. furthermore the
boundary layer development equations will almost certainly require modification
in the light of further experience. However, it is believed that the
analysis is essentially sound in principle and will be useful as a
starting point for an experimental investigation. ‘
Any experimental investigation musgt approach the optimum suction
distribution from the "over-sucked" condition in arder that flow
separation is avoided and as a result the choardwise pressure distribution is i
independent of the distribution of suction to the first order. Under
these circumstances the boundary layer will be thin and this pressure
distribution will, except in the immediate vicinity of the trailing edge,
be closely represented by that derived using the assumptions of potential
flow. Hence, the first stage of an investigation is to compare the
potentiai flow velocity distribution with that of Eq.(2.9) or Fig, (2.1)
and to define an equivalent value of the recovery factor (p) and the

factor (q), for eny monotonic region of adverse gradient. Hence, for

given boundery layer conditions at the begimning of each region of

adverse gradient, it is possible to define the optimum numerical value

of the appropriate suction criterion (H) or (I'/G). The appropriate ‘




suction distribution can then be used as a first approximation, and

following this with boundary layer measurements at a series of chordwise
stations, it is possible to readjust the suctiondistribution in order

to maintain the suction criterionat its appropriate value. Further
controlled variations of the numerical value of this criterion will

enable its optimum value to be defined experimentally, thereby compensating
-for the somewhat tentative assumptions of the theoretical approach.

It is only possible to define a distribution of suction for a given

wing which is correct for a given free stream velocity, incidence and

flap angle. However, by suitably arranging the distribution of porosity
over a flap such that, as the flap is deflected, it uncovers further
porous surface, it is clearly possible to approximate to the optimum
suction distribution for a range of values of flap angle. The

problem of catering for "off design" conditions of wing incidence and
alrspeed is more difficult and needs further congideration as these
quantities are closely related for a given aircraft weight and flap
coqfiguration.
2670 Conglusicns.

Congideration of the problem of the optimum suction distribution

over a wing in order to attain a given value of 1lift coefficiént has
led to the formulation of a theoretical‘approach in terms of a limit on
the value of a local boundary layer parameter. The optimum suction

distribution is defined as that which requires minimum suction power

to maintein unseparated flow. The main conclusions of this approach




can be summarised as follows:

- 04U
" U &

(i) The parameter (I‘/G) = -1--—-—- is the appropriate non-
e 4

(i1)

(141)

~dimensional form of local boundary layer momentum thickness

which must be restrained below a given numerical value for the
case in which the recovery factor (p) is considerably in
excess of that necessary to cause flow separation in the bbsence
‘of suction. For the asymptotic case p-xe the optimum numerical
value can be written (P/G)opt = (I;I-I:Lé) Maintaining this
value of (I'/G) restricts thepgrb:vrhh of the boundary layer so
that it develops primarily under the influence of the suction
and the surface shearing forces; consequently there is

little tendency for the value of the shape factor to increase
significantly above that appropriate to a boundar; layer in
zero pressure gradient.

Progressive reductions in the value of recovery factor (p)

result in increased values of { /G) until ultimately

opt?
the boundary layer is sufficiently influenced by the pressure
gradient for the value of shape factor to increase towards

that appropriate to separation. At this stage (,I‘/G) ceases

to be é satisfactory criterion.

For further reductions in the value of the recovery factor (p) ’
the optimum value of shape factor (H) ot increases and ultimately
approaches that appropriate to separation. Thus, in the

limiting case for which the pressure recovery is just insufficient

to cause separation, the optimum value of shape factor is large

and the streamwise extent of suction approaches zero.
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These general principles are demonstrated by reference to an
infinite family of streamwise velocity distributions. The skin friction
relationship which is tentatively assumed for these calculations has a
dependence on Reynolds number (Re) and shape flactor (H) which has been
defined for an impervious surface by Luc"xwe‘:?g end Tillmen (1949). The
coefficient of this relationship ig assumed to be dependent on the local
suction velocity according to Eqe (2.2b). From these calculations it is
noted that,

(a) Over the range of values of recovery factor (p) for which (I'/G)
is the appropriate criterion, the dependence of overall suction
quentity coefficient on the value of (I'/G) is weak, and it is
possible to assume (I‘/G)o;:t(I‘/G)opt't (ﬁi.-z) without introducing
any sigrificant error. P s

(b) The calculations of the development of a turbulent boundary
layer with shape factor (H) constant using the method of
M.R. Head (1958) are confirmed using the step~by=-step approach
based on the author's experimental investigation as described
in Section (1).

. () Relationships defining C. as a function of G, have been caloulated

Q
and these are not strongly dependent on the path taken by the
velocity between its maximum and minimum values. Hence, these CQ/CL
relationships should be a useful standard for comparison with

experimental results.

Thus, it can be seen that consideration of the problem of the

optimum digtribution of suction for "high 1lift" has led to the
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derivation of a CC/CL relationship vhich can be used in initial
feasibility studies and also as a starting point for an experimental
investigation which would lead to a refinement of some of the more
tentative assumptions of the theoretical approach,

The arguments with regard to the optimum suction distribution
are equally appliceble to the design of a large angle diffuser which
utilises this method of boundary layer control in order to suppress flow
separation and thereby increase the pressure recovery factor.

2.8, Sugpgestions for further work,

The following is a sumnary of the various aspects of the present

investigation which would benefit from further consideration.

1. A more extensive investigation of the effect of a suction strip
on a boundary layer is required. A range of values of shape
factor should be considered. The transitional behaviour down=
stream of a suction strip demands closer examination with
particular reference to the variation of momentum thickness
throughout the transitional region.

2. Further work is necessary in order to refine the boundary layer
auxiliary equation proposed by M.R. Head (1958), as this is the
basis of a large part of the calculationse. Particular attention
should be paid to the predictions of the wvariation of shape
factor on an impervious surface which would appear to be
somewhat in error. Consideration might be given to an

alternative approach ‘using the energy integral equation suitably

extended to cover the influence of suction through the surface.
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Measurements of the development of a boundary layer in a severe
adverse pressure gradient and under the influence of suction
distributed as predicted would be useful as confirmation of the
basic assumptions of the calculations. This would also provide
an indication of the effect of the wvarious ways of approaching
an idealised porous surface.

It would be instructive to undertake a design study of the com-
patibility of the suction distributions on the upper surface of a
wing for low drag in the cruise configuration and "high 1ift" in
the low speed condition. The implications of a compromise
suction distribution might then be investigated. It is suggested
that by carrying a small amount of aileron droop in the cruise
condition, it might be possible to obtain a chordwise pressure
distribution which is similar to that in the low speed conditions
This might alleviate the problems of a compromise suction
distribution in that it would at least maintain a favourable
pressure gradient immediately forward of the flap knuckle in

the cruise condition and therefore reduce the tendency for
transition over this impervious regione

Consideration must be made of the effect of "off design" condi-
tions in order to define a suitable speed margin above the

stall at which it would be safe to fly an aircraft which
utilises this means of boundary layer cantrol.

Calculation of the value of shape factor at the downstream end
of the region of pressure recovery for a range of values of air-

speed and incidence would present a first stage in this

investigation.




Consideration has so far been restricted to the application of
suction over the upper surface of a winge. However, a small
amount of suction suitably distributed on the underside of a
flapped wing in the vicinity of the wing/flep junction might

introduce a very acceptable inerease in 1lift coefficient.

This requires ther considerations

T2




g 3, Boundary Layer Control by Tangential Blowing.

3e1¢ Previous work and outline of present approache

A considerable amount of work, largely of an ad hoc nature, has been

undertaken ref. Williams (4960), the main object of which has been to
i determine the influence of boundsry layer control by tangential blowing
on the performance and control characteristics of an aircraft. Measure=-
ments of the effect of tangential blowing on 1lift and drag have been
invaluable as a means of indicating the improvements in performance
offered by this means of boundary layer control. However, little funda-
mental work has been published which might act as a basis for theoretical
‘ predictions of the effects of blowing. This is largely explained by the
difficult nature of the problem normally involving considerations of the
develooment of a wall jet/turbulent boundsry layer combination in an

. . mbre o L SLLE B 5 )
adverse pressure gradient. 7"} i Ny i 4 | e S o L
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Sfﬁg'iim(gfbthghﬁfégaxﬁiéﬁbfbach is to analyse the problem in the
light of current boundary layer theory and to obtain an appreciation of
the factors governing the development of a wall jet/boundary layer

f combination in an advérse pressure gradient. The breakdown of the problem

. is represented diagrammatically in Fig. (3.1).

| 31« Development of a Wall Jet along a plane surface.
71 The object of the present wall jet investigation is threefold.

(i) To determine experimentally the nature of the flow in the
immediate vicinity of the surface. Of particular interest is
the existence of some degree of universality of the mean

velocity distribution which is typical of a turbulent boundary

layer.
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(ii) To evaluate Glauerts (1956) theory of the wall jet.

(iii) To establish a means of estimating the streamwise variation
of the maximum jet velocity with distance from the slot, taking
into consideration the momentum losses associated with the
surface shearing force.

3+.2.1. Equipment and experimental details.

Fig. (3.2) shows the equipment used and indicates the salient
dimensions, Static and pitot pressure traverses were undertaken at six
streamwise stations. The pitot tube was manufactured from hypodermic
steel tubing the end of which had been annealed, the wall thickness was
reduced to 0.005" and the tubing hammered out on a piece of shim steel
0,004" thick to give an overall thickness 0,013". No corrections to the
results were made for displacement of the centre of pressure or Reynolds
Number effects. The pitot tube was positioned relative to the surface by
electrical contact and traversed with a micrometer screw. The

pressures were measured relative to atmospheric pressure using a micro-

manometer with a range of 14 cms alcohol. An indication of the stagnation

pressure in the plenum chanber was used in order to control the jet
momentum and frequent checks were made to ensure that the velocity
distribution at the datum station (x = 3") and in particular the maximum
velocity at this station)remained constant. The two/dimensionality of

the flow was confirmed by measuring velocity profiles at stations 4" either
side of the centre line and within the limits of experimental error, these
profiles were identical with those measured on the centreline., IEnd plates

were considered as a means of preventing three dimensional "end" effects

but the vortex structure associated with the induced velocities was




considered tc be more detrimental to the two-dimensionality of the flow

o 2

than the lateral spread of the Jel which would ensue in their absence,
The moxiium possible height of the end plates was limited to approximately
6 inches by the traversing gear mounting system and it was therefore
decided to undertake the measurements without end plates. Due to the

large aspect ratio it is unlikely that the shape of' the wvelocity profile

measured on the centreline will be significantly affected but the absence

of end plates may significantly modify the streamwise veariation of peak

jet velocity and jet thickness.

3.2.2. Results of the experimental investigation of a plane wall jet.

362,241, Universal distribution of mean velocity in the vicihity of the

surface., Evaluation of the skin friction coefficient,

For a streamwise station less than 12" from the slot, the extent
of the velocity profile between the surface and the velocity maximum
is considered insufficient for it to be possible to obtain accurate
measurements of the velocity distribution with available probes snd

A C:l' H)n

traversing gear, TFor stations x = 12", 18", 24" and 30" the points on

the measured velocity distribution at a distence of an order O (where

04 1s measured from the surface to the point of maximum velocity) were
assumed to lie on the curve
(/ \\
Ufw = A loLEijvi_)+ B (341)

Assuming the values A = B = 5,6 as in section (1.3) it is possible to

.determine u* and by replotting the profile as %‘L against log }_1_*1)‘/ and

from Fig, (3.3) it can be seen that up to a distance of the order of 61/5

the curves are universal. The precise technique for deducing ux is

described in section (1.3). It can be shown (Schlichting 1955) that




for a flat plate or pipe, a 1/7th power law type of mean velocity

distribution can be deduced from the Blasius skin friction law for

pipe flow by replacing (U) and (r) by (u) and (y) respectively.
Thus
i

!
—/I+
= 0.045 (U‘*’)
)EPU: 2
where r = pipe radius or boundary layer thickness

d

This can be justified on the grounds that the surface shearing force

(3+2,)

velocity at centreline or in freestream

il

-
is defined by {low conditions near to the surface, Writing E(: My
f

and rearranging Eq. (3.2) it becomes

i - %_14— (u’*(_‘j/-’
T ] ”y (3.3)
From Fig. (3.3) it can be seen that Eq. (%.3) is a goed approximation
to the universal logarithmic mean velocity profile near the surface.
For the outer part of the mean velocity profile of Fig. (3.3) there

is a discrepancy between a boundary layer type of wvelocity profile,

as exemplified by Eq. (3.3),‘and the experimental results for a wall
jet. For a boundary layer the outer part of the velocity profile is
associated with a universal velocity defect law,

It is an accepted concept of boundary layer theory that the eddies
defining the turbulent shearing stresses and hence the mean velocity
profile in the outer region of a boundary layer have a characteristic
dimension of the order of the boundary layer thickness. In the case of

a wall jet however)the boundary condition at the velocity maximum differs

from that for a turbulent boundary layer and the factors governing the

velocity distribution in the outer part are associated with the eddy




structure of the flow region outside the position of maximum veloci
2 1

Thus the outer "boundary layer" region of a2 wall jet is a blending region

between the flow near the surface which can be defined in teims of a
universal mean velocity distribution and the Jjet-like flow in the

outer part., It is not surprising therefore that there is a considerable
difference between the velocity distributions for a boundary layer and

a wall jet in this region. One important consequence of this

dif'ference between a wall jet and a boundary layer is that, although

Bg. (3.3) is valid for the irmer part of a wall jet or boundary layer,
Bqge. (3.2) is no longer an acceprble skin friction relationship.

Al 2/]‘ /
(354) shows (L‘) [ 5’) % as a function of distance from the
slot and indicates that thc coefficient C = 0,045 in Eq. (3.2) must be
replaced by C = 0,058 which represents a considerable increase in the

effective value of skin friction coefficient. Thus for a wall jet the

skin-friction relationship can be written .
USY %
e },Pul =Y, (3.4)

Measurements by Sigalla (1958) at a slightly different value of
Reynolds number using Preston tubes indicated a value of C = 0,0565
which is identical to within the limits of experimental error with the
coe cient of Eq. <5oh). In the absence of detailed measurements of
the velocity profille Sigalla was apparently unable to explain the

difference between this value and that proposed by Blasius for a flat

plate boundary layer.




3,2.,2.2, Comparison of experimental results with Glauert's

theory of the wall jet.

342e2.2.1. Outline of Glauert's theory.

The basic assumption of Glauert's (1956) theory is that the wall
jet resembles a turbulent boundary layer in the immediate vicinity of
the surface and a free jet in its outer region. The seventh power law
velocity profile derived from the Blasius skin friction equation
corresponds to a variation of eddy viscosity ¢, ~R (Eqs. 6.1 G,

6.2 G, 6.3 G and 6.5 G).* On the other hand, using Prandtl's
assumption for a free jet)the eddy viscosity wvaries linearly with
Reynolds number. In order to derive a solution in similarity wvariables
it is necessary to assume the same Reynolds number dependency for each
region and by relaxing either one of these conditions Glauert arrives
at two alternative sets of exponents which describe the streamwise
variation of maximum velocity and jet width. (Egs. 6.11 G or 9.1 G
for the radial case and Eqs. 9.7 G and 9.8 G for the plane wall jet).
Having assumed the same Reynolds number dependence for the two regions,
the eddy viscosity is assumed to be constant across the outer region
and for the inner region it is assumed to vary with distance from the
surface according to Eqs. 6.3 G or 6.4 G. The two boundary-layer type

equations, one for each region, expressed in terms of similarity

variables(Eqs, 7.2 G and 7.3 G) are solved independently and it is shown

that the solutions over the appropriate regions are independent of

Reynolds number except for scaling factors. By considering the boundary

conditions at the junction of the two regions (stream function ¥ and

streamwise velocity (u) are continucus, at the point where u = U)

* Footnote: In the text that follows an equation marked "G" refers to

Glavert's (1956) original paper.




Glauert derives a relationship between Reymolds number, th

Prandtl

(0]

eddy viscosity constant (K) and a parameter oC . o< defines both the
shape of the velocity profile and also the streamwise development of
the det ( 8.8 &

the jet (Eq. 8.8 G).

oy A e Estimate of the value of oL from experimental

Delalodnie 1S

The mean velocity profiles at the various traversing stations
are non-dinensionalised with respect to maximum velocity and
characteristic lateral dimension. Fig. (3.5) compares the experi-
mental results with velocity distributions predicted by Glauert for
oL = 1,1 and oC = 1.2. The discrepancy at the outer edge of the wall
jet is to be e xpected as the assumption of constant eddy viscosity
is invalid in this region due to intermittency and also the
accuracy of neasurement in this region will be limited by relatively
large cross flow velocities., It can also be seen that there is
discrepancy between theory and experiment in the vicinity of the

elocity maximun, This discrepavicy vas noted by Sigal
would appear to represent a weakness in Glauert's theory,

2.,2.2.5. Bstimate of the value of Prandtl's coasteant of eddy

no

3.
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viscosity (" ) from the experimental reaults,

. q‘\ e P B . - R : T ars . 2
Prandtl (19 first introduced the concept of eddy viszcosity
witichh he (lSSLLE’\l constant across a free Jet and from dimensional
congiderations te be proportional tc the lateral jet dimension and

characteristic velocity.

e =~ Vb (3.5)

where U is the peak Jet velocity

r part

e

gt is a characteristic lateral dimension of the oute




of the jet defined as the distance from the peak velocity to

half this velocity.

I is the coefficient of eddy viscosity which is analogous to

kinematic viscosity in laminar flow.

The basis for the assumption of constant eddy viscosity is
derived from the hypothesis that for a free jet or wake the eddies
which govern the transport of momentum and thereby define the
turbulent shearing stress, have a characteristic dimension of the
same order as the Jjet width.

As in the case of a free laminar jet, for which the kinematic
viscosity defines the rate of spread and, through the conditions of
similarity and constant momentum, the rate of streamwise variation
of jet velocity, so for a turbulent jet the value of ()¢) defines
the lateral rate of spread. This is well recognised in the case of
a free jet and the value of (jo) is defined experimentally in terms
of the spread rate. In the investigations of Bakke (1957) and
Sigalla (1958) this appears to have been overlooked and the value of
(W) has been estimated from Eq., (8.8 G) of Glauert's (1956) paper
using values of oL obtained from mean velocity profiles. As will be
shown, this practice has introduced considerable errors into the

estimated value of (¥ ),partly because Eq. (8.8 G) appears to be

somewhat inaccurate and also because of the great sensitivity of (i)

to the value of oC chosen as the best match with experimental data.

An experimental investigation into the velidity of Eq. (8.8 G) is

given in section 3.2.2.2.5.




The relationship between (I) and the lateral spread rate is

deduced in appendix III for both a plane and a radial wall jet from
Glauert's theory. Thus, for a plane wall jet Glauert's theory
predicts two alternative relationships depending on whether the
Reynolds number dependence of the eddy viscosity is defined by the
m

o
ilnese

imer boundary layer type flow or the outer Jjet type flow.
relationships can be written
_—-‘——"_‘.—‘ x
(5+l4 Q) (3.6 a)
kS B
J'EMax w?t

or | jét) (3.6 b)
I ____(l+oc3K>c.
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T ﬁHC”Wt are functiont or uz defined in Glauert's (1956) paper.

The corresponding relationships for a radial wall jet can be written

St
)
b Erye) /x)_

(3.7 a)
/ 2.
°1?x-7t
or
N :‘@%’ﬁ,’ (3.7 b)
c
j%;niht

It is noted that as (- ) approaches unity (i.e. Reynolds number
approaches infinity) so Eq. (3.6 b) spproaches the well known

relationship for a free jet (SchliChting 1956) as in this case

£y fo, b , W 2 tenh ()

SN A (7 1)
T ROy 4 £

Eq. (3.6 a) also approaches the same result as X to within a

and hence

good degree of approximation. The same comments apply equally in the

case of a radial wall jet, The equation defining (K ) is still
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is Eq. (8.8 @) from which () has been estinated

dependent on X', as
by Bakke (1’)5}’) and Sigalle (1953), ut this dependence is now weak

and an gpproximate value of O is sufficient to obtain a precise value

of (V).
Mg, (3.6) shows jet width &t as a function of distance from
the slot. The lack of linearity is probebly due Lo lateral spread
'fects in the absence of end plates and the initial slope is taken
as a basis for calculation of (k). The effective origin of (O<) is
1.2" behind the jet exit and the value of <ﬁ§t) = 0,068, From the mean

velocity distributioncK = 1.4, and hence ( ) can be estimated using

the values of £ and®, as functions of X from Clauert's (1956) paper.

The sstimated value for a plane wall jet is K = 0,0212., If the
relationship derived for a free jet had becen used, the predicted value

would be K = 0.0218, These two values are identical to within the
linits of accuracy of the messurement.

'his experimental value of (k) for a plane wall jet is intereéting
when compared to the corresponding figure for a plane free jet for
which |t = 0.037 according to Schli¢hhing (195¢ 5). The ratio of the two
figures clearly reflects the ratio of the characteristic dimens ons of
the eddies which are responsible for momentun transfer and thereby

overn the level of the turbulent shearing stress, It would be
)
interesting tc compare the value of (\() for a radial free jet with

that for a radial wall jet but no results for the former case appear

to be available.

Values of (V() determined by the author in terms of the lateral




rate of spread from published information by Bakke (1957) for a radial

wall jet (K=1.3, R =3.5x 105) and Sigalla (1958) for a plane wall
jet (€ =11, R=5x 10#) indicate values of (S{\ = 0.0565,

() = 0.040 and (“ﬂ = 0.0514, k= 0.0156 respectively. The
discrepancy between the results of Sigalla and the author in the
experimental determination of lateral spread rate can probably be

accounted for by the small aspect ratio of the boundary layer channel

used by the former. The width of the plate used by the author was 30"

which compares with a width of 6" used by Sigalla. Hence, although

Sigalla used "end plates" to limit lateral flow effects, the results

of the author must be accepted as a better spproach to two dimensional

flow conditions. It is noted that these values of () when compared

4

with those obtained from the same data using Eq. (8.8 G) and quoted by
the authors (Bakke radial wall jet K = 0,012 and Sigalla plane wall jet
K = 0.035), indicated a considerable discrepancy. This can be accounted
for by the inaccuracy of Eq. (8.8 G) and its conditi oning with respect
to L which results in excessive sensitivity of ('C) to the value of &£

chosen as the best match between theoretical and experimental velocity

profiles,
3,2.2.2.4., Experimental investigation of Glauerts Eq. (8.8 G).
W 0.0215 5/4/ A\ Y,
LR = ) i 8.8 G
K [ 40 < +0.6]) <§qu> e ( )

In the previous two subsections the parameters I and o were
determined from experimental data, the former in terms of lateral

spread rate and the latter by matching the experimental mean velocity

profiles to predicted profiles, o< is effectively the shape parameter

of the velocity profile. Using the experimental values of( K‘) and




8.,

K as functions of Reynolds number it is possible to undertake a
direct experimental verification of equation (£.8 G).

Eq. (8.8 G) is an expression of the relationship between the
eddy viscosities of the inner and outer regions and is derived from
an assumed variation of eddy viscosity for these two regions together
with assumed boundary conditions at their Junction. The parameter (k:)
defines the magnitude of the turbulent stresses in the outer region
whilst the behaviour in the immediate vicinity of the surface is

defined by Eq. (7.8 G).

T_gdu o oo J° (&L‘J')*VL‘ (7.8 G)
P dj i =

Although the effective skin friction relationship expressed in

terms of the maximum velocity (U) and the distance f rom the surface to
Ny /

the point of maximum velocity ( § \ ) has a coefficient C = 0.058 as |
shown in section 3.2.2.1, the Blasius coefficient C = 0.045 correctly
determines the velocity distribution in the immediate vicinity of the
surface and it is this value which must be used in the derivation of
Eq. (8.8 ¢). This is contrary to a statement by Sigalla (1958) in
waich the coefficient of Eq., (8.8 G) is erroneocusly modified to
correspond to C = 0.0565.
-2\ i) l l/ 32 ) 32

Fig. (3.7) shows e R™ s a function of = according to

Eq. (8,8 G) and comparison with experimental results indicates

considerable scatter., Further experimental information, particularly

at a reduced value of Reynolds number, is required in order to complete

this investigation.




3.2.2.2,5. Comparison of theoretical predictions of streamwise

s s

Glavert's theory of the wall jet seeks a restricted type of
similarity solution with the streamwise velocity and jet thickness

depending on the streamwise position according to Eq. (3.8)
Al | e e

J

a end b are related to the wall jet meen velocity profile shape

o~ (3.8)

factor (X ) which is a fimetion of Reymolds rumber (R) and the eddy
viscosity coefficient (K ). Two alternative relations between "a" and
"b" can be derived, depending on whether the eddy viscoasity iz linked
to the inmner or the outer region of the flow. Tor a radial wall jet
these alternative relationships differ very little for any practical
value of o , and for the linit o =2 1 the two sets of walues of "a"
and "b" converge mumerically and zgree with the values for a radial
free jet (a = =1, b =1). This behaviour can be accounted for by the
slow variation of Reynolds number with streamwise position as shown

in Egs, (3.9 a) and (3.9 b)

=K
ox b =5
- |
Dom Ve x & ™ g
Byt i (3.9 a)
=
|~
or R /__\{ ..x‘(l")_si»ob
(3.9 b)

Eq., .9 a) is deduced on the assumption that the variation of £

1 / ]

is linked to the outer region and equation (3.9 b) if linked to the
inner region. The value of ol will, for practicsl wvalues of Reynolds
number, normally be just greater than unity. It is a bhasic assumption

of Glauert's theory that the eddy viscosity must have the same

dependence on Reynolds number for inner and outer regions and, as the




Reynolds number is a very weak function of (x), this approximation is

acceptable.
For a plane wall jet however, the streamwise variation of Reynolds

number is more severe as indicated in iq. (j.']O:-,) for (\E) linked to

the outer region and Zge. (3.10b) if linked to the inner region.
e o T :
R = _)ﬂ-/x Z (5+10a)
Y
! - |
128"+
or 'R e X (3410b)

The stronger dependency of Reynolds number on sgtreamwise position
tends to invalidete the basic assumption of the analysise Une result
of this is that the values of "a" and "b" obtained by the two
alternative approaches differ considerably. Furthermore Eqg. '\;).10‘0)
does not approach the case of a "half free Jjet" as of approaches
unity. In view of the stronger dependency of Reynolds number on
streamwise position (x) » the plane wall jel must be regarded as an
essentially more difficult problem than a radial wall jet snd the
limitations of Glauert's approach recognised.

From Bgse (9.7 G) and 9.8 G) the values of "a" and

1t

b"

I
corresponding to &= 1.1 can be determined and vary between 0469 < a <0,525
and 6.255;1') <41+ As there are, a priori, no grounds for preferring
one of these alternative results to the other it must e accepted
that Glauert's theory does not satisfactorily predict the sireamwise
development of a plane wall Jjet.

Any experimental determination of "a" and “b" for a plane wall

)

Jet will be susceptible to three~dimensional cross flow effects and

an effective system of end plates tosether with a large ratio of
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plate width
boundary layer thickness

acceptable level. Fig. (3.8) shows log(U) and log (J;) as a function of

is necessary to reduce these effects to an

log(x), where x is measured from the effective origin obtained by linear
extrapolation, and the following values are noted (a) = 0.63, (b) = 0.965.
The effect of three-dimensional cross flow will be to increase the value

of "a" and decrease "b". It would appear that the experimental information
tended to support Eq. (3+10a) rather than the alternative Eqe (3.10b),

3e2e5e Predictions of the streamwise development of g

wall jet based on momentum principles.

For a free Jjet the conditions of similarity and constant streamwise
momentum enable estimates of peak Jjet velocity to be made at any stream—
wise station in terms of the slot width and slot exit velocity. For a
wall jet however, the momentum is reduced by the surface shearing
force. Glauert's theorem of constancy of "flux of exterior momcﬁtum flux",
which is deduced for a viscous wall jet by considering the equation of
motion and the associated boundary conditions as an eigenvalue problem)is
not valid for a turbulent wall Jjet as it is necessary to postulate a
different form for the lateral variation of turbulent eddy viscosity
for the inner and outer regions.

The present ap roach to the problem is one which considers the loss
of momentum, using the experimentally determined skin friction relationship.
Congidering unit width of a plane wall Jjet on a flat plate, the rate of

loss of momentum is equal to the surface shearing stress

dJ
d—i - o TO (3011)
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In order to calculate the momentum associated with a given velocity

profile, the latter is represented by a 1/7th power law boundary layer
type profile from the surface to the velocity maximum, together with a

plane free Jet type profile outside this region. Thus,

Y
P v
BUIES, TN ) (5.) .
2
dr*l(y/<oo %Jtr_(,_—t‘h[’\ ’\“> (3.12b)
W here '»]= 0’(;&_‘,‘7_!
o

6~ is a parameter which defines the rate of spread of the outer region
and is related to the Prandtl constant of eddy viscosity (Yr)

Thus from Eqe (3.12b)
O‘jt = t‘“‘J\ .-L = O‘ Sr'

\,4;‘?”& x Aj‘i U
where S ¥ is the wdith from the point where u = U, to u = 2. From
Eqgs. (3.6&) and (3.6b) we have a relation between (lc) and (ﬂ thus
g (c&c\ \ (0:89)
I el 5+ o
)= =T (3+13a)
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f 2 / [
) ’ O vnax ‘h-t O wmex ')]f < P
Accepting the mean of these two results as representative, U is

determined as a function ofolusing Glauert's theary. It can be seen

that for small values of €<) just greater than unity, the error introduced

A A0
. E . 1edc = . - T .
. by assuming o = 1 and accepting the value 6 = - 2 deduced by Schlichting

for a free jet, is not much iarger than the diff'erence between Eq. (5.1 )8.)
and (3.13b). Thus using this value of K% and the value of \C = 0.0218 from

Section 3¢2+2+2e4+ the corregponding value of 0 = 12,9 and this value

: ™ : . '
will be assuged to be independent of Reynolds number to the first order.




(2412a) (3.128)
From Eqgs. (,«lﬁﬁ) and (.’;‘.15‘5) the streamwise momentum associated with

a wall Jet is

/ 'O'
, S N t+1( o4 (\ = |+ toup (3.14)
Eplx b T
3(‘

where ﬁ = -;r- can be derived as a function of Reynolds number experimentally

e
or as a function of (OQ) (i.e., Reynolds number and vv) from Glauert's theory.

{J) is a slowly varying function of' Reynolds number and can be assumed

constant along the length of a wall jet.

Substituting Eqe (3.14) into Eqe. (3.11) and using Eq. (3.4) as the

appropriate skin friction relationship we have

P = Y/ E T2 )
e }?MJ, 0.058(@_&‘) o, _d {@ob,?(m\w/%)?

Q

e ——

25 odx
The integration of this equation can strictly only be taken from the
streamwvise station for which similarity of mean ve,lom ty profile is
achicved but if taken to the Jet nozzle will give an approximation to

the streamwise momentum loss and hence the peak Jjet velocity at any
streamwise momentum loss- and henee the peak jet veloeddy at any streamwise
‘station. Hence integrating Eq. (3.15) from X=X, U=U° to any arbitrary

gstreamvise station we have

‘/ / z \yf )
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In order to estimate the magnitude of cross flow. effects in the wall

Jjet measurements of the author, the streamwise variation of jet
L®




momentum (J) determined experimentally from the mean velocity traverses

was compared with that predicted by Eq. (3.16) uging the station 3 in.

downstream of the jet exit as the initial station. The equilibrium
mean velocity profile is already established at this station. The
streamvise rate of loss of momentum flux was found to be considerably
in excess of that which could be accounted for by the surface shearing
force and it is presumably associated with lateral spread effects in

the absence of end plates.

AT

As the momentum logss == 1is normally small, Eq.(j.16) can be i
o 1
~ written using a binorial expansion thus )

& 0.6433,_6;_‘(%_%)”‘*51\./u_u\"?} 6Ly

, (I+ro4f) X 13¢)
Normally with thin slits,conly values of () much greater than (xo) are v
of interest. In order to consider conditions up to the slit exit, it is

reasonable to assume xo¥:10 t, g;£=t, UO =U o Then taking @ = 12.9

slot
and ﬁ = 042 at normal scale Reynolds numbers it is possible to define
J m.< ) 3 + » . N
é%— « Thig factor is of consider:ble interest in relation to the surface
0

friction losses associated with a jet flap scheme which uses a significant

percentage chord flap as a means of directing the jet. It is shown in

Section (5.4) that the streamwise development of a wall jet and in
particular that of the peak Jjet velocity is to the first order not
affected by the presence of a free stream superposed on top.of the
wall jet. Thus Eq. (3.16) can be assumed to define correctly the

behaviour in these circumstances as long as the maximum jet velocity

exceeds the local free stream velocity.




%3¢ Lffect of surface curvature on the structure

and development of a wall jet.

The detailed analysis of (3.2) has not been extended to the
case of.a curved surface. Before further progress can be made in
this respect there are two outstanding problems to be considered.

(1) Assuming that the outer part of the velocity profile can
be represented by a "half" jet mean velocity profile, it
is necessary to investigate the Aep_ndence of the
coefficient of eddy viscosity on surface curvature.

(i1) It is necessary to investigate the separation of the wall
jet from the curved surface and, possibly by analogy with
the approach used for a turbulent boundary layer, establish
a criterion for this separation. This will involve
detailed measurements of the velocity distribution in the
immediate vicinity of the surface which can only be obtained
by an experimental investigation undertaken on a large scale.

Neither of these points have been considered exp-rimentally but
it is thought that the analysis which follows might be used as a means
of predicting the static pressure distribution on a curved surface and
hence as a basis for an investigation of wall Jjet separation on a
convex surface.

It is assumed that the velocity distribution across the wall jet
is adequately represented by Eq. (j.l?a) and (j.l?b) and the Jet
momentum by Eq. (5.14). Assuming also that the streamlines are
approximately parallel to the surface, the equation for the pressure

gradient across a streamline is given by the expression

T PR (5.1
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Hence from Eqs. (3,12) and (3,17) one obtains
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As ¢ is normally small compared with unity, Eq. (3.17) may be written

i (l fa,\L\ )rl {.oy T Tahh ‘ Py
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Fﬁrthexﬂore, the last two terms on the right hand side of Eq, (3.18)

are normally of second order and can be neglected, The value of

i \i‘T AJ_ L/ﬁ - /4
! S~ as a function of R has been evaluated
Jo  (I+N/p!)
numerically and is shown in Fig. (3.9). -It is therefore possible to
obtain an e stimate of the value of (7) from the static pressure
distribution on a curved surface. The streamwise variation of the

momentum of the wall jet J(x) must be considered.

3¢k Effects of free stream on the development of a wall jet.

An experimental investigation of the interaction of a wall jet and
a turbulent boundary layer was undertaken by replacing the suction
System in the boundary layer duct described in section (1) by a
tangential blowing slot, Velocity profiles were taken at stations T6,
T7 and T8[?ig, (1.25]for various combinations of jet exit velocity and
local free stream velocity.

Intuitively it seems that the effect of a free stream on the

development of a wall jet might be twofold.

17)

(3.18)




(i) The jet spread rate might be expected to decrease due to

the reduced lateral dimension and difference between peak
1 Jjet velocity and velocity at the effective edge of the wall
jet. According to Prandtl's hypothesis it is this dimension
and the associated wvelocity difference which define the
effective eddy viscosity and hence the lateral spread rate
of the jet.
(ii) The high degree of turbulence at the edge of the jet might
be e xpected to exaggerate the lateral spread rate by producing
a more vigorous entraimment process.
;
With reference to Figs.(3.10a, b and ¢) it would appear that the net
result of these two opposing effects is to produce & spread rate only
slightly less than that corresponding to a simple wall jet, (i.e° Zexro
free stream caseb_ i
3.5. Prediction of C) as a non-dimensional blowing parameter.

In section 3.4 it was shown that the streamwise variation of the
maximum velocity of a wall jet/boundary layer combination could be
calculated in terms of the case of zero free stream velocity., In
addition section (3.2) shows that the spread of a vall Jjet on a plane
surface cen be predicted in similar manner to a normal free jet emerging
into still air, the mein difference being in the wvalue of the effective
Jet mixing constant end the dissipation of momentun by surface shearing
forces. It is further assumed that the local surface radius of
curvature is large compsred to the characteristic lateral jet dimension,

from which it is reasonable to neglect the direct effects of local

surface curvature on the spread rate. Firstly‘consider the case in




gradient is insufficient to cause a

which the adverse pressure

separation of the jet from the surface. Under tliese circumstances

the 1ift coefficient achieved is determined by the displacement
thickness of the wall jet/boundary layer combination at the trailing

edge and also the velocity profile at this station which can be
l. h e A

characterised by the ra\';io((‘_i.“i\ll'- Fj This ratio is directly related

\Ufw,gvSero-w\T

to the non-dimensional momentum blowing coefficient C y thus

g ™
C raAYE 1 v B Ae(l# odB): (lJJp_tT;: )
T Ugreeshitam, TE
Homentum at trailing edge

i !‘Z-;D;:; g M

where !J\ is the streamwise momentum loss factor =
! Momentum at jet exit

\)\ = flap chord
wing chord

12.9 = lateral spread coefficient of a wall jet

0=
p= G .
0.2, "= 0,3

Inserting representative values of ,*L: 0.8, 2 =0,
, F

we have

U‘)o‘t TE ~

5 0OUOE | ol

C, = ;
/b' UMSJW““M TE.

Thus for a given configuration and for a small flap deflection

ficient to induce a flow separntion, the

value of CrL can be interpreted directly in terms of wvelocity ratic 2ot

s s B L. [, IR PR (NS SRRSO N (B
the tra l,i.ﬂ.g cage. It would be inte: c5Ling

coefficient of such a flapped aerofioil relative to the ideal potential

in order to determine the significance of this trailing

edge velocity ratio. Intuitively one might expect that a

|9
o r m

trailing edge velocity ratio of an order 1.0 would be necessary in

order to realise the potential flow 1ift coefficient for a small wvalue

of flap deflection,




As the flap angle is increased, the influence of the adverse

ressure gradient associated with the free stream becumes increasingly
important until ultimately the wall jet will separate from the surface.
The adverse pressure gradient which the wall jet has to sustain has a
contribution from the wall jet itself as well as from the free stream.
The contribution of the wall jet to this pressure gradient is partly
derived from the variation of local curvature along the surface but
as was seen in Section (3.3), the lateral spreading of a wall jet
round a surface of constant curvature induces a pressure gradient
around the surface. It is difficult to generalise as to the relative
proportions of each of these contributions to the surface pressure
variation but it seems probable that the self induced pressure field
will be more localised in the vicinity of the flap knuckle where the
local curvature is large and the wall jet boundary layer thin. Hence
the major factor governing separation will be the free stream pressure
distribution which is spread over the greater part of the flap chord
and hence acts on the wall jet boundary layer at a later stage in its
development when it is thicker and therefore more prone to separatione.
By analogy with the behaviour of a normel turbulent boundary layer

in an adverse pressure gradient, the parameter representing the effects

of an adverse pressure gradient on a wall jet boundary layer might be

61 A1 A

5 ap. . dp . . .

written 77"55 where 7§ is the streamwise pressure gradient along
0 A (8,

the surface. In accordance with normal practice)the surface
shearing stress might be defined by the flat plate value of Eq. (3ekt)

Following Spence's (1958) approach to the derivation of an auxiliary

equation one might seek to establish an equation for the shape factor




of the well jet boundary leyer mean velocity profile of the form

K A S
(U._g‘> 1 J| {‘IH = L/'/I(H)'[ ”4L1'r#} + % (H)

8 dx =y Pl A%
where (P (1) is associated with the variation of shape factor with

Reynolds number in zero pressure gradient

l .
‘\//' (1) is derived from the behaviour of at hick boundary layer
in a severe adverse pressure gradient.

oL

The momentum equation which is used to define the streamwise
variation of the boundary layer thiclkness parameter in '"normal"

boundary layer development celculations can be replaced by the
condition of constant lateral rate of spread as determined by the eddy

structure of the outer wall jet flow., This expression can he written

45 _F U5 ]

de a2
and the form of the function (F) might be determined experimentally

or from Glavert's (1956) theory of the wall jet. Using the empirical
auxiliary equation in conjunction with this lateral spread equation
it might be possible to predict wall jet separation and hence the
value of Cr\ necessary to ensure attached flow for larpge flap angles.
3.6. Conclusions,

The work presented is not a complete investigation of the

a

problem but it provides an assessment of it and may be useful as

basis for further work. The conclusions can be summarised briefly

as follows,

(1) The existence of a region of universal mean velocity
distribution in the immediate vicinity of the surface which

is normally associated with a turbulent boundary layer, is

established for the case of a plane wall jet in zero

pressure gradient.




(i1) An empirical skin friction relationship for the wall jet

Eq. (j.a) is derived from values of surface shearing
stress which are deduced from the universality of the
inner part of the mean velocity distribution.

(iii) A comparison of the results of an experimental investigation
with Glauert's (1956) theory of the wall jet shows the
following results:

(a) The predicted mean velocity profiles agree reasonably
well with experiment, although there is a significant
discrepancy which has been noted previously by Sigalla
(1958)

(b) Glauert's theory predicts a relationship between the
eddy viscosity constant Q(); local Reynolds number (R)
and the Glauert velocity profile shape factor @)
which is not in agreement with experiment.

(c) Glauert's theory does not adequately predict the
strecamwise variation of maximum jet velocity or lateral

-spread rate for a plane wall jete

It is noted that, in the case of a free Jet, the constant

of eddy viscosity (K) is best determined from the lateral

spread rate.

(iv) An expression is derived for the variation of the maximum
velocity of a wall Jet using momentum principles. A significant
proportion of the jet momentum may be dissipated by the
surface shearing force immediately dowvnstream of the slote.

(v) An expresdgion is derived for the surface static pressure

distribution for a curved wall Jjet. Separation of a wall Jjet




has not been considered.

(vi) The superposition of a free stream does not greatly modify
the streamwise variation of maximum jet velocity. It is
shown that CV‘ can be interpreted directly in terms of the
ratio {/ 1J£~T'iw.n )

\ U",Qp_ sheam TE | ¢

3.7 Suggestions for further work.

It is clear from the conclusions that the investigation is not
complete. There are, in the opinion of the author, two further lines
of investigation which would complete this work and thereby leave one
with a clearer understanding of the mechanism of blowing as a means of
suppressing a boundary layer separation.

FirstL% a comprehensive experimental investigation is required of
the separation of a wall jet from a curved surface both with and without
a free stream, Attention should be directed towards the development
of the wall jet boundary layer region up to separation with particular
refereﬁce to the behaviour of the mean flow parameters such as shape
factor and skin friction coefficient. Interpreting such measurements
against a general background of information with regard to the separation
of a normal turbulent boundary layer, it ought to be possible to
establish an awdliary equation for wall jet boundary layer shape factor
as suggested in section 3.5. This would facilitate the treatment of
the problem of trailing edge blowing at large flap angles for which the
local adverse pressure gradient along the flap might be sufficient to

cause separation of the jet from the surface. It would also be possible

to state quantitatively how much blowing is required at the leading




edge of a wing in order to suppress a leading edge separation., In

this case the optimum jet momentum required is clearly that which
Jjust maintains the wall jet in an unseparated conditiont in spite of

the adverse pressure gradient aft of the leading edge suction peak,

The second investigation suggested by the author is a confirmation
in practical terms of the separation criterion which one might hope to
deduce from the above work. Thus it is suggested that a two dimensional
wing with a blown trailing edge flap should be pressure plotted in a
wind tunnel or in flight. Mean velocity traverses perpendicular to
the local surface and at various chordwise stations would show the
streamwise development of the wall jet/boundary layer combination
and in particular the variation of the ratio

Maximum jet velocity . It is this velocity ratio
Local velocity outside the boundary layer 7

together with the effective displacement thickness of the wall jet/
boundary layer combination at the trailing edge of the flap which
replaces the well known Kutta Jowkouski condition at a sharp trailing
edge with potential flow. It is therefore the condition which governs

the circulation round the section and hence the 1lift coefficient which

can be achieved.
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L /‘ for the doubly infinite family of
G /opt. S

Calculation of (

streamwise velocity distributions of Equation (2°9)

Using the assumptions of section (2°4°1) and assuming Ue=Uw, the

suction velocity ratio and quantity coefficient can be written

1
A T \C m+ / r ) m+1
Z ol M L MR B L5 Jo
Vs G whi=1au i, o 0 AV Al -
T K Ht2+ 7 / \ U dx / — 1 d0  O\m dx[_1 dU/0 \m -
T ax\ v/ U ax\y/
and
2n+1 y
P e, e /U_gg)a X A1=2
I PR T R S R G,
Substituting for ( %% > in equation A1-2 one obtains
A N Lo e 4 1daUN\[__g mt _a | g |m
CQ= G ) ’ <H+2)<_ U dx / o 1 dU;L\m d ‘1\QH/H\m
/ ) U dx\v) U dx\vj
T Ueo® | ax
KU—OI> i1—1135j~5*
1 - = 1
mel 1 2n+ PR S
/TN m+71 / 1_ auy s m+ 2 . Teo) |
it ( G / \ B T i /T\m s KEZJ zl “\Uz) Jﬁ;
v ax) (v) | |
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Substituting for U(x) from equation (2°9), the svction velocity

ratio can be expressed

1 1

I . —— /

-1/4q 1/ | ™+ /o \n+t / N\ m+1 -1 /¢ L 'Om}j
vs _ | (zar)(p 1) . (L) ‘ C) t n+1

— = . G ) » \ ‘ o

U A
T m .(2:1

»| 7 \ m+1 \ )
q_lj | <H+2+ e )+ 1-:m +£1»1/1) 1

-A1-3

\

/
Yaa'l 99 S P s w .2 A s [ Ve - s
Substituting into Equation A1-2 this value of \-ﬁi> one obtains

1

R |

m+1 ne . (1=gm)
t:01+ qﬁT) v |

€Q(-qr )1'131/61_,] )'7 /> YN
1/m+1 m/m+T 20y | \-g/

P 1/p

PRe

G 1=-gm (1-1/r) 1 ,
o4 - + —A1 =l
* II+ ) * q(ms 1; q(m+1) (1_51 /(‘1)] ¢ 1=
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B . . - S ac
Hence as ( G ) is defined from the condition asy O one can write
opt

-(1=1/r) ‘

ac (1=am) /., 1/q > o / n )
= 0 = 2n+ = - - i g X
t, q(m+1)»\ . ‘ \ s

1
G . (1=gm) (1-1/r) 1 ) dt, /T\ m+1
H 2 = . ® . °
4 { r +... * (1) q(m+1) -1/q, J T r KG) Ak =3
(1=, &)
) t'l | 1—-0om )
i t2n+ EG%T1 )’ <t 1/q ) Zm+1 ; 'S g
f \ D* t*
1/p
e o _1_=-2

_ m+1 +1
L{I‘HZ t (1 :113) f(l%ml'%%:) (1 1 t-1/q)} \G> ‘ f’1+1 )+\G> m+1 )Jdt

(N L L
@ Gm/opt ~ \Gm /g, —
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|
| m 7 !
" ” 1 i
' | £(t). a
{ where £ <1—t i Q)
Gm\  _ o ('1—_@_1%_1—(1@'113 I
( = >w = H+2+ (_]_Tm+1 a(m+1) ¢ 4

j £{(t) at
1/p

k T ’ A1°6

‘ .

i 1 -gm . (Jgibéﬁ)

‘ 2n+ —T;- /[ 1/q i - y _ \
% ) = t q m+1 ) \-t Sl 1) (ul+1 ) [ a5 = Il \

I and f (t . \ /
. i pL*
!
Y
/TN
The growth of ‘G/ up to the beginning of suction can be derived

from the momentum equation thus

This equation can be rewritten

ao  _ [ / 2+m\y -9 4U |
4 ax = ()| ¢+ (F+ T )X77 ax J
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and integrating one obtains
w
n’ /N L; .
OU = (1+m)G j U dx + constant A1°7
~ 24m
where 8 = (1+m) LH + \ )
T+m _’
putting in the initial limits U = pUg, © = 0@
one obtains
* B
& // . |
%3) = \on> (14m)G _/ U ax
0 U 9.U"
B A g
® au dU /u.\ |1 8g /Uy ax
au PUoo LG. = \ /,+ (14m) ./(L 3 J

Hence 7 = - Z'de " % g U

Substituting from iquation (2°9

), this equation can 1
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Differentiating G with respect to ty one obtains

Hence from equation (A1°6)

at 24—l S 1/ ‘
- 3. 5 - £(ty) t by oalme) ( Uq**) ("_L"
Y = 6 (‘7& 1 L \La1 “

-t ;
| 1. ‘ i " / 1) t,
j £(t) at L(ﬂ+T\+ (Liﬁ>_\ﬂ‘ 7. 1-“—T / £(t) at
\ ) 1/p

Consider now the asymptotic case for which p = w. From equation
(p )
(A1°8) we have p * w, I = 0, t;y ® 1 for finite \~ /. Also

%

eqlurtion,(fvl‘Q) a;waﬂaing;j:?(t)dt finite, ¥ ™ O and hence from

”
| @€y
: equation (A1 77 \

)

/ =% ‘37/ . The expression o' equation
opt =

N
;

(A1°6) for | includes integrals (Beta functions) which can

ol )
o Ir
\\ Tl.yDJ
{ not be obtained in closed form. However, assuming that both

| L
COIltA,
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jl(@) dt and jf(t)dt are finite then their ratio although

\1-t 2
\ 7/
nunerically greater than unity will be of order unity. Thus

i |

1 L s 2 . +-
the expression for kﬁTX) is of order (H 4+ 2) which confirms the
T
[ee]

results derived, somewhat less rigerously, in section (2°4°1)

If one considers the special case r = 1, all the
inteocrals can be expressed in closed form., However, one looses
an egsential condition of any suitable streamwise velocity

g au
variation in that e £ 0 at

X =0forr =1. One result of
Pl
this is that the case r = 1 gives somewhat misleading predictions

of the wvalue of Thus for r = 1,Equations (A1°8) and

fi \
'\\Gm /‘upt ‘ 5

: R 1 / B+ 4
/f)zz(—q)\p 4 1, f;o (14m) ‘ 1 \1wt1 q/‘

1 .
! X ] e—— "(_; / ~ l . 7 \
B 3 k3 L_c \ p 9. 1)(‘WQ‘1)
vl E (.1 -

A1 {0

‘ ' contd
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- 7 i 1 + 1 J
[ ; | l LG, < S 4
(p | e <%-f.si-!> R S
Nem=— /| . =177 alm+1)_J I

grcomt L. - S (1= (m o+ Y

) 1 =qu

2n4+14+ —r==, - : AN1O
¥ s % Sk glm+1) /1 - Il >
R X 2432 Cauils,

L, (dam) | ¢ Al " '“"L)Ct‘r,
: p2t2

o
D
(0]

\ finite,but the value of Y

// / I‘

Gm )
zero, Hence the valuc of \ A

B ‘ ‘,"

| 2 +1(‘—,'('71”—)- | J

Qi3

oot o
Hence as p = «, t4 > 1 for \

not necessarily approach

does not approach unity.

In section (2‘3), the strong similarity is noted between the

-

) for large values of recovery factor (p) deduced from
opt

=

Q@

value of <

considerations of minimun gencralised suction quality coefficient

as in equation (A1'6) and minimum local suction velocity ratio.

Thus using Equation (A1-1) and the cond

f=ta
c+
[N
o)

d'!" Vg > one
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-',[—‘---. = — 1
\ Gm Jopt \

1 I’I+2+(;n-j_;:l~) ‘L 1 =m- Tj-;i JI»J

e —————— ——— T ——————. S~ S———

=N r—-1 1
{I-f?"- (1 am 4 \ ,.--f-.—._.—..._, \
q(m+1 qr(m+1)/ _ 1)
b_t q )

The strong reserblance between this equation and
equation (A1°6) is confirmation of the suggestion made intuitively
generslised suction

that the condition of minimum overall 2

coefficient might, in the cese p - o, be replaced by a condition

of minimum local suction velocity.
Equation (A1@) was used as the basis for an iterative method

f'or estimating the value ofk -
T

(r = 1) as stated in section (2 *1%1)
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Step by step calculation of the distribution of suction with

the value of shape factor (H) varying between predefined limits.

Following Spence (19586 it was shown in appendix I that
s 9 PI

the momentum integral equation{ov-an impervious surface can be

written

B *op
®@U (1+m)G»j U dx + constant A2°1

I

N
+
=

l
where B = (1+m) Lﬁ ¥

™y
3

H = 15 we find B=4

!
N
-

Assuming values of m = 02, G

The auxiliary equation can be written

o Siiige o s LU S 2
o & = 9esua(H - 1°21)(8-1) < 7 &%) - 0700307 (1)

>

which can be integrated to the form

X
2 — ° ; f 2 2”7
U L2‘105 - %ﬁ%%% J = constant - j 7%if%%—"o‘mbs(A2’2)
O’\7>5

For the monotonic variation of velocity outside the boundary

layer as represented by equation (2°9) with r =

can be written

= 1, equation (A21)




110.

Appendix II

- 1 l
il * o-0106. 6 \t%: a)‘é
@n+1 (t } (:n ) Bt M L s 450
Tnat LNn+1 ( On
i O E) CENG T
where 6 and R ' = EHS_EQ_QQ refer to conditions downstream
n On v
of the nth suction strip and On4q to conditions immediately
; the . .
upstream of the (n+1) "~ strip.
Substituting this expression for momentum thickness (:}
into the integral term of the auxiliary equation (A2°2) we have
Xn+1
U2ax | (pUm ﬁ*ﬂ.ﬂl x B ( ’
O<U j 75 s 0106
t St
n+1
y t at
A Y + 1/q - hag ik
| t LJ"Q” t," (BT _7"=1) On (in PUfm\ 5 , tn, T ¢ @
f B 00106 5 1;(], c v )
l
; Introducing the new variable
’ ,
| | .
e B 1 1/q 4 )_4_;_. . -;i--rv——-
{ '/ ¢ 3 \ | l G
| (L}.g +1). QD. p (o) 011 tr 5 -1 -tn + tn q | +1/-:1
Lo*0106° ¢ '\ T ) VW, J

contd.
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This integral becomes
2
p 1/4 L M+l' +1
/ ~U*dx —{ "33 hgeq \[ Lo+t On/pUo tnn’ )/P__ “Nnatn & %
_.,_175 pU(g) e \-— - n+un
] ®© \U> 0~ 0106Y 0-0106 ¢\ 1 KVey
v
Xn

Sn+1
/ 5+ X
& j 5 q ds
Sn, (1~Sh+1/q)

This integral in terms of (S) cannot be expressed in closed form.

However, for relatively closely spaced steps for which the value
of (S) is just less than unity the denominator can be written

approximately thus |

L | Sou it 7 1.
e s 2 \l+ =) 4 e B q)

) /i
U T — A

=i

and the integral can be written

S
n+1 5+ % ( 1) SN+ 54 1
; 7 ! q o~ 1
/ S ds 0N v S - ds = - X
j 1_Sw+17q - "“‘%‘ j 6+1/q (h+ -
: [ L+ = o \ /
o \ 9 on
6+ =
loge / 1 Sn+1 q \
\ . o+ 1/aq /
1=5Sn

contd.
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And hence the auxiliary equation (A2°2) can be written

-1
b+ — . 6+
A Y ; > q_ /t\oF @
(En+1 =§X(H‘n) | [1 - 200135 . Fp 10;54'1“11 _\_t_u_>
k tn X(UHp 4 0°0106 x(Hp) [j oy Y
(9]
n -1
L 0.'(pUy c. On . & (E -1), 4 a| b+1/q
N ore P =gkl S Ro =4 tns N t, + tp
I ~ - c Vv (e - . l
0°0106 I
. S
Lo+ =
a
tn
A2°L

For sﬁepd\which are closely spaced with respect to the local
boundary layer thickness, the logarithmic term of equation (A2°4)
is small compared with unity and hence equation (A2°4) can be

written

S $(6++
\ e = 2 g q_{x(Hp) 26 !
(REL) = {X(H‘l}) j 1 - LU E,  og [0 T\ THne)
\ tn x(Hn+1 ) 2x0°0106x (Hp ) RO A
-1
n

A2°5
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wmation (A2¢5) was used to calculate

A modified Torm of equa
the values of (t,)&\

conditions Hy and [—

5] ) i [ x \ )
( °> at the leading edge \g = O). Representative
c

O, Vas J e SR o ;
values of <_3/ have been estimated using the approximate method
Cc /

of A. Walz which 1s described by Schlichting (1955). The relevant

equation which governs the growth of a laminarboundary layer can

be written
N X
ve - 0°470 f U dx

v
¢ - x=0

Assuming that the velocity gradient is constant from

the stagnation point (U = 0) to the peak suction (U=pUy), the

value of ©g can be written

okat ! e’y o Jrmiss : 1
Jb;z. k”” 3 ¢’ = distance from stagnation point
pUo

¥

OQ =
to peak suction.

Inserting nominal values of c¢' = 0°5ft, Uy = 100ft/sec, ¢ = 4ft

& 6o -5
and % = 6400 we have (%) = 22X 100 (A2°6*a)
Vp
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/ W8
(@) Ua.t.8) [0
Also 9:-/} = \p g—-— > \\(; ),
n -5 =%(1-m)
' A2°6°D)

Agsuming that momentum thickness is coustant

o
1

values O

P
i@
(w]
NS

o]

Q
N
ol
N

cr
o)

0o}
Q)]
C\
e
)
]

the transitional region, these

with Ho = 1°4 are used as nomiral values which define the

condition of the turbulent boundary layer at the peak suction

(%= 0).

he rnodified form of Equation (A2°5) used to calculate

/¢ \
the values of (ty) and \fl) 5a based on the assumption that,

in this case, the departure of
9 L

be lorger and a better approximation to the integral exprec

in terms of (8) can be written
S4 B e
g ——— 1518
Og —— A D T ————
6+1/q

w2

5+ L
15 g J 2 ds =

= - 1
./t ,(1 ,_\l;:.17q\) | (1_8()+1/q (6+ E ) 1-S,4

contd.

the value of (8) from unity will

ysion

6+ L
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-

9 = \ ] 0 \ - 3 r.
Hence the values of (t1) and| —t at the onset of suction
c

1 o 6+ '1' 6+

'1' |

(L) | 1 (bg#1) 0°00135 T 1oz ) "nE T4
t1 - X .AJ}L}J 1 De - -—————42. \)(:‘ ‘
(6q41) 070106 x(HLR) FL(E”/Q , Ju

A2°7

It is noted from fig(2°6) there are quite large differences

onset of suction

=
rm
},‘.

"
ct
Q
c«\.
Yt
)
(l

between the value of t4 correspo

as calculated by this method or alternatively using the
auxiliary equation of Head (1958). This results in a significant

ijifference in the predictions of suction quantity (Cq) required

for a small value of 1lift coefficient which is just in excess

of that required to stall the lifting surface without suction.
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Evaluation of the constant of eddy viscosity (k) in terms of

] the lateral spread rate using Glauerts' (1956) theorctical

) QA

approach

Glauert assumes that the mean velocity profiles are similar

and that

where u(y) is the local velocity parallel to the surface and
y is measured normal to the surface.

Considering firstly the two dimensional case and
introducing the dimensionless variables

——

. U v = yU xU =
u = ﬁ,V:ﬁ,y'—‘%‘ &

S

M1
[

?

equation (6°7) G can be rewritten (G refers to Glauerts' (1956) vpaper)

I
» Sl
>
L
MIl<l
o




Coneidering first the case

f the eddy

™

-
il
e
>

€g = A X
Substituting into the bouxx

o
JFL
o 1]
+

<

|

)

g
P
1%
|
Qu
<
o

S1UES

then both

X

viscosity is

2(a+b)

; (a+b)

&E

vary with x in

v

the

f,l

ndary layer equation

nunber

k.
)

the boundary

9°7 @
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For the outer region we have

gg = KUpax. Ot 5%

Substituting from Equation(A3+1) and Equation (6°6 G)

into Equation (3°5) we have

e o esdib)e g = ) A3e2

oo
Omax Nt

the point where

where my refers to the interval between

1
u=7=0 and U = 3. U o
* max 2* “max

b in terms of o from

!

Substitute in Equation (pe7) for

Equation (9°7 G) we have

T

5+La ot

K = 2< x ) 368
fomax ™

A similar analysis applies if the streamwise

variation of eddy viscosity €o is assumed to be linked to M

the outer part. of the velocity profile in which case Equation

(A3'1) is P(_:plm(:g:p- bV




Appendix TII

_(a+b) 6

g4 = A A X fq v
_(a+p)
€og = A X v

From this b = 1 for similarity in Equation(5°1G).

Equation(9°7@)is replaced by

and hence

1 [ ot \
(1+a) \ x >,
f,
OTH;“:_X Tlt
The corresponding results for a radial wall Jet

e linked to the inner and outer regions are respectively

C 7
5 + La \x: )
K=
o ! 2
3%
Omax Tt
2_ / &t
1+ x//
K= S R
Omax W

129,

with

3+ 7a
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| APPENDIX TIT

It is noted that Bquation (3*6b) predicts the relation

! n St T I it e 9 e o o fihs :
given by Schiichting (1955) for a two dimensional free jet as
the value of o approaches unity, as in this case

-1 _1
o = Zs Ny = 2 tanh =
max t V2
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TABIE 1, Summary of Experimental Results.
PHASE I, Without diffuser centrebody

Station Loceal
(Rz?f. radius of Suctign U i 2 Axdisymmetric . ___Twodimensional 3
Fig.1.2) curvature coeff, - sz(-i:) Uiy P H b3, i e, - Py
r thou. ( }\) ft/sec, ft/sec. U,/ thou., thou, 3 CA{%. thou, thou, 2 c:ﬁ’e,,
T2(2)(2") 4020 Zero 133.5 4,83 26,2 162 123 3.3. “27.5 176 136 1.29 28,1
(c) " " 133.5 5.00 28.2 12l 96 1.29 30,7 132 103 1,28 30,6
(e) " * 133.1 5,00 28,2 120 93 1.29 31,0 128 101 1,27 3l.4
(g) " " 1231 4,85 264 136 102 1,32-. 28,5 145 112 1,29 29,6
T3(a)(2") 4230 Zero  124,L 3.66 17.2 191 131 1.46 22,7 205 U3 143 228
T5(2)(3%) 4620 Zero 113.5 2,09 6,78 399 224 1,78 11.9 452 259 1..75 12.0
2 0,132 109.7 - - 398 227 1,7% - - - - -
" 0.223 108.6 - - 406 23), 1.7 = - - - -
T5(a)(2") 4740 Zero 110,5 2,07 7.00 411 220 1.86 10.5 457 254, 1,80 11,3
() y " - - - - - - - - - - -
(e) " " - - - - - - - - - - -
(g) " 3 110.4 2,15 7.6 399 217 1.84 11,0 - - - -
T5(a)(2") ' 0.132  105.4  2.27 9.25 385 217 T,77 133 - - - -
T5(a)(2") " 0,223 101,2 2,37 10,8 359 209 1,72 13,7 - - - -
(c) " 0,223 101.6 2,9 16.2 279 179 1.56 18.5 305 199 1.53 18.8
(e) " 0,223 100,0 - - - - - - - - - -
(g) " 0.223  102.3  1.68 5.3 488 231 2,11 7.2, 542 266 2,04 7.82
T6(a)(2") 4970 Zero 106.3  1.55 L., 26 555 262 2,12 6,85 625 308 2,03  7.54
T6(a)(2") " 0,223 96.8 1.86 % - 493 259 1.90 9.91 - - - -

Note., [he factor 10-4 is omitted from the column of c_, values.
G s cancoLBTED USing THE F{UATIon ofF LUDW (G du) TravianN, (qu4q)




PHASE I. Without diffuser centrebody (cont)

Station Loceal
(Ref, radius of Suction U
Fig.1l.2) curvature coeff, '

2 Axisymmetric Twodimensional,
Ve * 7 i
A w # ) 8 ea H g * H

. n o 3 2 .
r thou (™) ft/sec, ft/sec. ' thou, thou, thou, thou, 2

T7(2)(2") 5200 Zero 102,6 1.29 716 311
77(2)(2") : 0.132 97.8 1.25 69L; 295
T7(2)(2") " 0.223 93.8 1.3, 672 302

m8(a)(2") 5450 Zero 100,9 0,945 876 32l
8(a)(2") " 0,223 91.2 0.89 905 336
79( a) Zero 97.7 0.625 1054 342
79(c) . 98.5 1,22 857 347

(e) " 99.1 1,02 911

(2) o 99.0 1.29 799
T9(2) 88.0 0,63 109,

(e) 88,6 1.85 572

(e) 88.7 1.05 843

(g) 89.0 0.86 973

The factor 10~ is omitted from the columm of cp values.




Station
(Ref.
Fig.1.2)

el on)
T3(2")
T3(2")
T5(43)
T5(4:3)
T5(43)
T5( 3%)

Local

radius of

curvature
r thou.

4230

Suction
coeff,

(™)
Zero
0,029
0.0955
Zero
0.0294
0.0955
Zero
0.0175
0.029%
0.055
0,0955
0.163
Zero
0.0175
0,029
0.055
0.0955
0,163

Note.

U
ft/;ec.
123,6
123,15
121,79
114.7
b i i 0
1135425
12,1
i Lo 12t 8
1118
11257
112,0
111.8
109.9
11052
110,9
1109
112.0
11055

The factor 10-4

TABLE 1,

Summary of Experimental Results.

PHASE II. With diffuser centrebody.

iALQ C52 tt£y
£t/sec. (L
3ok 15.1
2,55 9.86
2.73 LA
3.06 14,6
2.5 994
Not
in
equalibrium
2% 32 8.9
Not
in
Equalibrium

is omitted from the colum of cf values,

e ’Axisymmetric ’ *Twodimensional
o . B Oy tndu, tha,. Bp
238.5 163 1.46 20D 261 182 1.43 2.3
338 201 1,68 14,2 373 229 1.63 15.0
308 191 “TE1 16.3 339 215 1,58 16.k
270 7% 1,55 1B.3 295 195 1.51 18.9
345 202 1.68 13.7 382 233 1,64 1.8
316 197 1.6
335 197 1.69
300 181 1,65 Not
336 22 1,59 Calculated
278 183  1.52
355 208 "I 135.7 392 237 1.65 1436
332 205 1,62
320 198 1.62
301 189 1.58 Hot
291 188 1,55 Calculated
276 183 1,51




PHASE II., With diffuser centrebody (cont)

Station Local
(Ref, radius of Suction o | i Adsymetric Nyodimensd cnal
Fig.1.2) curvature coeff » =2 *_5_’) T o = ~
r thou. ( Pa) ) ft/sec. \U. ga H c.!

thh., thow. 3 Cfy  thoh. thom, B2 oty
T5(2") 4740 Zero 2024 8,56 363 209 1.74 i;?f' 400 238 1,68 £
" 0,0175 2,61 11.4 350 210 1,67 14.6 386 2%  1.62
0,029k 2,7k 12,5 330 203 1,63 15.7 362 228 1,59
0.055 2,90 .2 304 193 1.58 17.1 332 215 1,5
0.0955 3,05 15,8 288 186 1.55 @ 18.3 315 2 1.51
0.163 3ok 19.5 260 175 1.49 20,3 282 196 1.4k
Zero 1.68 5.32 503 255 1.99 8.55 562 29, 1,91
0.0175 2,04 7.84 238 1,84 10,9 485 272 1,78
0,029 2,16 8.82 233 1,78 11.9 L60 266 1,73
0.055 2, B9 AT 222 1,69 1.5 419 250 1.63
0,0955 2,65 12,9 1,60 16.L : 236 1.6
0.163 3.03 16.7 , 1.55 19.0 1.52
Zero 1,36 3,60 76 2.2h 5,69 2,13
0,0175 1575 5.98 : 2,02 8.4 00 1,94
0,029 1.8% 6.7 , 7 19T 8,93 53 283  1.90
2.055 2,02 8.0 , 1.89 10,2 98 1.83
0.0955 2,36 11,0 7 20 ‘1. 2.7 ) 47 1,70
0.163
Zero 1,16 2T 3 2 , 0 2.26
0,0175 1,52 4,62 0 2,03
0.029L 1.7k 6,12 6 L 1.94

0.055 1.97 7.84 1.83

0.0955 2,90 10,0 9 1.71
0.163 9. T7 15,3 ” 1.56




honsycoab 1" cells x 6" deep— _

3 layers of smoothing gauge-_— /
pressure drop approx. 2q.

Direction
of

o

" Parallel entry length 6' long x 8" I,D,

- Circuler base plate of mild stesl
for mounting wooden diffuser in

Porforated centre-body for lathe,

controlling the pressure

distribution along the diffuser,

" Suction Slot,

Sas Wooden Diffuser,

=

| 'V - - Porapex window for visual
tractab. tt e —— observation of tufts in
Retractable settling aiffuser,

section, |

N\

| ~" Collector Box.
#* honeycamd for 7
straightening air flow, B
n /
g G
f,\\lﬂfﬁ,‘” —

7q geuze to reduce feed — SN 1
" !
back of pressure fluctuations / o : . y Gonstast apeed mofior. driving
in collector box, Lo + & i T ™ centrifugal fen giving approx.
~ / 2000 cu.ft/min, at 10" water,

Variable area vent to — i\l_L,

collector box to fecilitate S
fine oontrol of duot velooity, /

/

Deflector Vanes to
reduce turbulence,

FIG.I.I1. DUCT USED IN INVESTIGATION OF THE EFFECTS
OF A SUCTION STRIP ON A BOUNDARY LAYER.




e

—

honsycomb 1" cells x 6" deep— N

3 layers of smoothing geuge-—— —
pressure drop approx. 2q. -
I
6 k
X =
/ -
# LA
Traversing Stationg
T-p---- (vy
I
|
6" 4D |
7;[4—%_ .
[ [
Porforated centre-body for [

controlling the pressure
distribution along the diffuser,

Retractsble settling —

soction,

#* honeycamd for
straightening air flow,

7q gauze to reduce feed
back of pressure fluctuations
in collector box,

Variable area vent to J[i
collector box to fecilitate
fine control of duct velocity.

Deflector Vanes to
reduce turbulence,

FIG.I.1. DUCT USED IN INVESTIGATION OF THE EFFECTS

Parallel entry length 6' long x 8" I,D,

Circular base plate of mild steel
for mounting wooden diffuser in
lathe,

~ Suction Slot,

= Wooden Diffuser.

- Porspex window for visual
obssrvation of tufts in
diffuser,

” Collector Box.

Constant speed motor driving

" centrifugal fan giving approx.
2000 cu.ft/min, at 10" water.

OF A SUCTION STRIP_ ON_A BOUNDARY LAYER.




LY,

; /Y
&-@‘.!Il.-_‘-‘x\\m\\\“v._
\ \\ ‘\\ \ .‘ 8
A ' B \ ! T5 © @© | T6 k3
capieg g g peidil : il | '\TS -gf E% ;@ @ 193 3+

2 @ @

4
\ \To @ @
b

k|

DIFPusER T2 @] T2.T3 -
2 { ®) (%).,, 72 | . JM@:;":A«L‘EQ Toral. ¢

I o - o

E F L FLQ 3 12- §oia.
DIRECTION _OF (FIQW . ! ! | #DIA TUBES [PLACED RADIALLY o ey a3 LN I ERD EEE chedl SLENT
AT 30" INTERVALS: | ..

|
\
1

GEEE, SCALE  len = [jneew |

R PP R I s eyt et Pes: Esen RSN TR e VTl st eI AVED  PYEIAN T

= FIG 12 TRAVERSING S DOWN -“DIFIFUSER - OF ‘BOU LAYER DUCT R s

| {
‘ [
{ | ‘

e e e T S e e e B e B e e e e L LI o em (3 Do R S22 fon ok s R
T =we o [
‘ ‘

| |
i ‘

N ~ .




HECREE i ;:TLRQ NNYW1UL  GNY. wEED.,

40 ¥InNEO4  IVOIdIdNS 3HL A8 G312103dd - 3AIVA 3HL HIM  3UH40dYd ALIDOTN3IA NVAW 3HL 40 h&«& H3NNE )
3HL 40 . ALIVSHYIAINA  BHL WNOW4 Q3 LVINLLISI | LN3IDIE43 0D NOILD{HI  NINS 3HL 40 NOSIHVINOD! ilrﬂ?mv_nr-i:i:i

H  YO1Dvd 3dVHS. 37(40H¥d ALIDOTIA NV3IW e
e 2 o CH] 9.1 2l z O

A OiE 82 9.2

Tt T

AQQE3Y1N3D zzﬁzj: any w_;o:.;
BEAC L B LA Ao R s e R G @ Bl o T 2~ 8 YW

-Q- 893-0
ACO834HLN3D Recs s
OO - AR -o ==rreE s e e




A»QOmmm»zwu So_._:;v "Y3SN3A3ITAd IHL OSONOTVY  3IYNSS3IYd DJILVIS 30 NOTLVIHVA ¥1 913 |
8z ve oz 9] S e 4 (0] - §z.9-

B LA R pEE feat 1y b_. ) HRALS ‘7 P
3 Ge0m

MOTIORS Inodms 30 RIFITE
e = ———en - - - - — Jo—Tw3— DI AT — . rA\wO..,.J!—-‘_ n‘wﬁ -

¥3ISAFAA  IHL 40 AYLINS
— 0L $YI4IY O X14INS FUIHM

.0 |
- | 2vE: Santl 98 e eza 8 Lol chki s Al 00 .s_.}w,I}i; o L

NOILONS | OY3Z

TesTpess }\ D LR S0 e MiAnus ni Gl ..\.N..m _;..On K

\ |
{ |

{ | {

gl RAESS EREAS Bons pEned SINS) Enusy ruesl WA LT ORI NES PR R U 2aan : i 2 BE Bt { i H

" R AT S e PN IR T Sun p e TR , { I f i , i
e | B e T SRR SRR R SR e i | , { { | ! ! ! !

=
—— : ” . ,
== e—— a— ol - A

e e S G {

R SRR SR R | 20 22030050 |




|

om_u_m&( ﬂdﬂﬁdj;m H:dgqiiﬂaﬂﬁxmq wd Mﬂmduo MIH Ia_J.dewun o1
m >00~m wm._.zuu iuw:uu_c .rBUIF_i muwmu>(mh @mx(._ >m<oz:0m >x<z_§_|_umn_ S-l w_u
0_ X wUIUZ_ t’{,:u%mﬂwﬁdﬂn_}u U.ZdHﬂdll l‘dﬂwﬂwuﬂ;uz_él !u|ﬂmm jﬁIZOE‘JMQZGHW_dt Hinn

doo~ OOOm ooo«

T
]

B ooo_

uu_mOU zO_PUDW i

: , zoﬁu:m,ﬂ et
1 .._o zo_._ko_._na,q Ag
_aﬂ...uu.._hiza < ,zQ_._Kbu.a

I_Fvi~ ,W.,‘,._..zﬂu_twon_ um_;z<um._.m zu>_u“.
, Y 1v 93IHIONV INO OL 06 1V SNOTIVIS | “
uzaﬁif oL $H343Y .m oD XN

i R
; .,\sL i sdnsa e e e b

, Sanea:

T

-
|

s
1

T

:

{

|

b G S A
| I

_




OF | PROF

MAXIMUM

|

{
DISTRIéUTION

ALID0T3A




FT./SEC.

VELOCITY

a0

FT./ SEC.

o
o

VELOCITY
»
o

proymani

20}

FIG. (117 DEVELOPMENT OF THE BOUNDARY LAYER IN THE VICINITY

WITH CENTREBODY )

cen T3(2")

o eSS (“‘"’l)

e0x pa

0001
ol
ool

THOU. THOU.

0001

o o
<}

7.5 (2% )

oool

THOU.

Ae

Al

oi

SUCTION COEFFICIENT

4 i 5.
561%0»1:_1 + 56

[ele]}

000t

SYMBOL.

ZERO
00J75
0-0294
0.0550
0-0900
01630

x O

ap




| 20
L;AYEFi,

| SUGTION STRIP |

|
|
|

{
[

LOCAL  BOUNDARY

i |
|

| STReP.

e
A
D

EnNN oF Faxous

|

llo
|
SOME
IN| THE VICINITY OF A

|
i
|
|
!

VARIATION OF |

|
|
|
|

|
|
|
]
1
|

PARAMETER'S

o
i

[
|

-0

| FIG x{,e_
i
|
|
|
I}
1
i
!

|




OUNDARY.  LaveR | |-

o

l H

,,IO_(fl)
A‘S%CT

I
ME LOC
!
L
|

- e

| Ol

4 ! 3l
= e O

ﬁ [ e

” wl m t

1 | piaaa jEraas

124 Ui T unennd il inkeb Stety Fainte ko bubs kanbh it bsddd s xe ! ! N. ...“
{ ,” Eax: <Basb
Ehifz doean = LERSE Endub piaad ohss EERGL UEaSG Susus ans i) = L4l m .Tﬂlhl
S - He

B

VA

SNz o)
90
AMETER

19
Joo
=81+

o £ A s B i =4 Bl it
i ..-:2!). = ‘.o,, | T ! m ”
, Rad | , [ 0 | [
| | | |
Hd— it SE1 24582 £ , :UI o ! 15 SSdnadtas r& ﬂ‘[
L2 LB ELeY PSR COURE Reg RRRR: AP mnmvy- s orepotay | i 3] il L3 e | Pt e
{ [ f | k=i { I A
| | { | I |
el i faihe bn bl e b ewma SLIHE o = Edulil| &1 =i Sidi e sl Sisss) ! a2 A an
| | | | | |
| | 4 | v
“ 5 cadiis Ll GRdar Bt £ £k i 4 i !
~ | L] | | st

) )tf!r,rvylLf ) / ‘,.,, - | , 4. { w | ” __ | ﬁ | M | , ] | A, | | ” | | H | | ’ H,, | | , ,ﬁ
B S T W AN FERRY RRSEY .)F»..[.F iﬁl T 1 f 1 t t T T T IR T

{
osssmbsdetidetobeldol il




el

sl

-

EFFIC

|
| RN
|

£ NT(

VDMPAPMSON

| :Réb"lc_Tt_aD

oan‘cxsuf

NTAL.LY
APE |

FAC
BY THE

5 }(\) (o}
DEF(NED N
Toln.

x BRaRg

1

41—t
C:IHO

|
1
0
t

PREDICTED
CHOP | OF
QUA

-|
!
E 0N
|
i

1

D BY THE
F FORMULA

TIQN 1‘4- ¥

'1
Paqmcrto BY THE

‘cHor OFF" FORMULA |
EQL}ATION (- 4.)

|




| | | 1 } i T 1 i I | 258 | | |

Vol SRR LERE SR EEaET ST SR RERER IO et T R a0 ) 3dvHS 40 3AWA ¥ v >.:<.Fzms_mmaxm oum{:?‘mz

LV HL O._. <._D§m0u h_uO nOIU_ 3HL >n kau.omma Sy meZV.U_I.r EDkZmEOE 40

.20_k<_d_<> wI._.. w;.w:.;o< IU_I>> AIZAMV_ dOkU(u ZOZUmidOU ._<U_«:n_§u 40 | 20:<_¢<>0__u_..‘

1

7o NI |~ SR BEE  CcEGBRIE < To i R m_o ,A 890 | o‘o,.‘oﬁ _, ‘.v‘omo:w it e o

|
|
= | 1
T ] 1 T 1 1 1
| | | { , | , ,
| | | | { | | |
1 bt bk s Ba | 2l e | il S0 d G et Jet abacusandll badka sau:
i f l I l | |
| 1 | I | |
| | | | | |
i t 1 1 I T
] | I | | | | | ]
| { | ! | | ! |
| { { { | | | ]
1 2Lcs adine discsine hanS sl pddosadey pulatdanl BEnakShall Rahad b SAGE5E A5Es 8 bl | o 1 s i
[ i I I i | I I I
{ ., { | | | | | | { | |
i i bl L8NS e Sl 614 20 ol el - | ! L ! !
{ | | B | | [ f ] I I T T
| | | | | | |
1 1 t ! b i 0 b $ }
t 1 3 g . 1 1 e a ! 2wl b 1

et
i
J \
item
\ | et
| |
=
] |
|
'.—_-___ oS S
t
=1
]
—l
\
el
= |




"NOoLY BYIBS

b-r-lal %uﬂq\

> ..rIb-m

BEIDN
Jo

SIHNONI —

WIAYT|

ZO-.—.(-VI\/

IowsvNg

AIvwantogy ANTINS2N) L] SSo¥Y

i ONILD VD3N 2 403447 vy

wOoRS TONEUSI

-

4453 e v Soad Y

hihiip i

15T Lol
Cyereso

THEIRS
I EES

1
I3

o i e T

1

2) b 4 dasénial o ﬂﬂ..w\"é =

£E53 2353 FESEE E2aE EpRaT IR

1
|
i
|




Fia. | \2 TP cal Variation o THE NaLue or FricTtwon VerLoc i Cepvcep o MERSUREMENTS
o we \’ ) UsSING THE UniversA Ly Ty oF e InneR Fasr oF THE Menan Newouwiry Yroefiwe
v 2
| i
1 N
| 1]
| §
} ik
B S - == e — SRR o 4 1
T R TS TSR Rt T e S | e S o R L S e —~ == i
= = = e RS- 1]
|
|

S

LS o)

p———my

©
1.00 Paase. . L (N(_\ CanTREBODY )

o Stanos T3 (l{“) Zero | Suctior
(©]
[o) |
~ ~
o @ » © (‘))_‘, = D16 Tvou, | |
() | |

0, . B324 trou
O.(._:) = Y >
ST o & =
- (>
S M, 5% (72 ORI TR R 4 e T U, 4 2.7
: Assumen ;

EfFecrive u 2 100.2 Frsec {

VaLue o uL 2 |
o - L’({“D & A6 k] 0% I

090 _

T"‘M"IV‘ | 5 T B R | T I T T o e ""T"“"'I

["F" A B i i R F

o 0.05 QO oNs |

2 i
2 “
il

"

|

[




1 Am.mv NOILYVNO3 wWou3d (#) anv (b} 30 sanvA 3HL NI SNOILVIYVA 40 193333 3IHL SNIMOHS
¥IAVT AEVANNOE 3IHL 3IAISLINO ALIDOTIA J0 NOIINEWLSIA ISTMAOYOHD DINOLONOW aaWwnsswyie 913 | |

O 6-0 8:0 L:O 9:0 ﬁ\ﬂv S:O VO €0 20 IO o




S M T lzoﬁ,.ﬁ@wwwiﬁ,% — = dHEM ORIM—Q3ddv T
| AYVANNO@ FHL 3aISLNO| ALIDOTIA 30 NOILNBIYLISIA GIWNSSY | 3HL (d)izoid

| iEesid st he ARRE
80 L0 90 A 9O | | PO £0

S f R R G .
€O —
m,_

,, fv...vO,, b e |

o

ot




1o ! |
QF | AECOVERY | FACTOR

I

1

FUNC/‘;ION

5

A

AS |
. (P) ;FoR.T,i'l_ ANDT‘:‘.

|
|
|
|
|
i
|
I

| (“ﬁfz)

i e
VARTATION

2:2

L FIG,




| COEFFICIENT| |

1
i

P |

eb |

| SKIN|FRICTH

!

|

COEFFICIENT|

|
|

|
i
|
|
|
i
|
|
i
I
|
|
|

FIED SKIN FRICTION

1,24 MQDI

|

2+

i

:_',“ ‘r (%) op.\ij’ 955! :

1
!

|

i

-9z -1 MOpIFiE

9 i ,'A EaBaaN|
|
|

|
|

vMODlFIéD

= el
|
]
I

?
r

&

J

" OF [ SUCTION [QUANTITY | COE

oD

i
|

); (%)q:\:e

f
t

.
(5

ICIE;NT:( Ca
)

Bk

16
3

&)

FOR

|

FAC TOR

WITH| RECOVERY

TION COEFFICIENT

O
o
.Fw4
Bty
RREZY
1 ﬂEuy
<m‘
0
O
s |
32
3%
=

i
&
| {

|
t
1
>
[t
|
|
|

3 B

FIG| 23 |VARIATION




e p——

P ——

004

002

A H:20

4 MODIFIED
7/
y: e—— HE 2:4|
/
/
/
g /
‘ | 7
b ‘
7 A MODIFIED SKIN | FRICTION
WA _“ Aweo HE20 COEFFICIENT
/ / ‘ !
/ /
/ ¥z
/ / | AH: "6
n=O /
| 7 /
9 1o
/ /
)
- ‘ ~B MODIFIED SKIN FRICTION
/ ' e u.l(, H®16
y {1 COEFFICIENT
P
Y, 1
1/ o
| / ]
‘ p 2,
WA |
‘ ‘ -+ MODIFIED
Y ," = - |
-._/._._ 7 g s i AR
| AR // | |
~
waaf | I
=Ty MQDIFIED
¥
% C }
H:2: 7 \ r
4 /) =
(/c,) <He2)
H=1:6
| /
/
A
‘2 | b R |4 L8 L L 6.1} y bl = (3

3 1 ‘ i |

Q| REFERS TO THE|RESULTS OF THE
STEP BY STEP CALCUL ATIONS \
| BETWEEN DISCRETE SUCTION | 1 5 ‘ ] ‘

| { | | |
| | ! !

| SLOTS AS DESCRIBED IN | | | g | | |
| , | |

|

\

|

f | [SECTION 2:41-27 E | |
-4(0) VARIATION OF SUC‘I’ION QUANTITY ~COE FFIC‘ENT WITH |

-RECOVERY FACTOR FOR A1 RANGE OF VALUES| OF |
| SHAPE |FACTOR. i H =CONSTANT 9 |
Lotfiie] ‘ i | w | i |

1 | |

|




e ———————————

A REFERS TO THE RESULTS OF THE STEP BY STEP CALCULATIONS
BETWEEN 'DISCRETE SUCTION SLOTS AS DESCRIBED IN SECTION 2:4-29

*005

1004

‘003

1002

001

<P.

FIG. 2-4 (B) VARIATION OF SUCTION QUANTITY COEFFICIENT WITH RECOVERY FACTOR
—FOR A RANGE OF VALUES OF | SHAPE FACTOR H= CONSTANT gr = -I-Q




o
lA MéAr{,

FUNCTION OF SLIT

THE STEP| BY STEP

;
e

*

B
s

T

!
!
|
|

|
|

IN. ORDER TO| MAINTAIN

(=2 As A

5
|

AH

QUIRED
FACTOR
CATED BY|

|
|

UETION  QUANTI

"

VALUE OF SHAPE|

4l
|

Ca(aH)
Ca(an=01)

o5

:o i
| FiG.l2

1

CALCULATIONS |

AND 7/1.

SPACING AS | INDI

E
|
|
|

i
|
Bl
H
|

f
0 F

'\

|




i = TN
SHAPE
FACTOR, ¢

ol2a 1 (1ded 03

FIG.| 2:6 COMPARISON | OF | THE | VARIATION OF SHARE | FACTOR "(H) ON THE | IMPERYIOUS S‘u‘ﬁiFAC"E“; i3]
|| |BEFORE | THE ONSET OF SUCTION AS CALGUL"A?EIS?'"US‘iN”G""'\'ﬁélﬁﬁ'ésé'f“aﬁ_‘s_nsr:cE (1956)

|

eSS TITLE




T
‘
‘

|
|

T 1~ CALCULATED USING
SKIN - COEFFICIEN T--MODIFIED
/H-|-6 ACCORDING  TQ THE SUCTION

YELOGQITY

CALCULATED USING
SKIN FRICTION COEFFICIENT
IFOR| AN IMPERVIOUS

SURFACE

T T

|

| FLAP PED|
1 | |

|
|
|

alr{e) viamiaT
FAN U

3

EFFIGIENT

!
[
i 4
‘ | }
i | |
il I |
0O! 2 B
Qo i it g
WHTH-LH T COEFF VemL FOR
WING | IN TWO DIMENSIONS
| | i | |




UNFLAPPED |

PED|
1
!

ojwith LIFT

_FLAP
I
|

|

G

l
Hil

\
|

FRCIENT

H

el B

i

D AND A

bPT

| coE

4

|

|
i
TS
=

|

{
|
|

ENSIONS |

"Z

R
-

F IsUCTION

Jrom 4
,Jw?wr il

e

:

\
i

VARIATION O

FEICIE
|
1
|

Fid 207

llle




ONIM  Q3dd V14NN ONV Q3ddVd ;<rxo"%u‘w IN3FDI4430D
_HLIM A@\uw 40 SI3AWA _WAWILHO 3HL 40 NOILYINVA 8-Z o
r 4l o)l oo Ju o

IVIUNS SNOIAEIIANT NV HO4
= ﬂgm\mllzqﬁmli”ﬂf!l.

I NOIL2IH4  NINS| @ 31IGON — — —

| LN3IDI44300




Development of

Problem of tangential blow as a means

of suppressing a flow separation,

turbulent wall

jet in the absence of free stream.

Structure and development
of a wall jet on a plane
surface. (3.2)

FIG'. 30 1.

Effect of surface
curvature on structure and
development of wall jet.
"Coanda effect". Surface
pressure distribution for
curved wall jet (3.3).
Separation of wall jet.

Effects of free stream (3.5)

Interaction of
plane wall jet
with uniform
free stream.

Effect of free stream
adverse pressure gradient
on development and
separation of a wall jet.

BREAKDOWN OF THE PROBLEM OF TANGENTIAL BLOWING,
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