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Abstract
Windtunnel tests have been conducted on a two-dimensional model of a three element high 
lift system in a take-off configuration in City University's T2 low speed windtunnel. The high 
lift system was mounted between endplates and consisted of a leading edge Handley Page 
slat and a trailing edge Fowler flap. Endplate boundary layer control ensured two-dimensional 
conditions up to and beyond the stall incidence of the high lift system and was provided by 
blowing through tw o  near tangential slots located flush in each endplate adjacent to the main 
w ing element. The windtunnel tests involved:

♦  monitoring the pressure distribution around each element of the multiple element aerofoil

♦  investigating the structure of the shear layers above the main wing and flap elements of 
the high lift system.

Boundary layer separation was firs t seen at the trailing edge of the main w ing and developed 
steadily w ith  incidence. The stall o f the high lift system coincided w ith  the rapid divergence 
of the static pressure at the trailing edge of the flap. However, the stall was preceded by a 
loss of load at the rear of the main w ing attributable to the adverse viscous effects of the 
confluency of the main wing upper surface boundary layer and the slat wake, resulting in a 
substantial grow th in the thickness of the shear layers above the main w ing and the 
appearance of separated flow  on this element first.

Various vane vortex generator configurations were tested on the upper surface of the main 
w ing of the high lift system. Each configuration had a favourable influence on the suppression 
of separation at the rear of the main w ing. However, for all configurations the generators had 
an adverse effect on the normal force coefficient generated by the high lift system at 
incidences below the stall incidence of the cleanfoil, resulting from an increased displacement 
effect of the shear layers above the upper surface of the main wing.

A system of co-rotating airjet vortex generators installed in the main w ing and utilizing a 
constant blowing pressure of 60%  above freestream stagnation pressure significantly 
increased the maximum total normal force coefficient of the high lift system. The high lift 
system also exhibited an increase in total normal force coefficient at all incidences below the 
stall incidence of the cleanfoil, resulting from a reduced displacement effect of the shear layers 
above the upper surface of the main w ing. A reduction in the profile drag of the high lift 
system can be inferred from a lower value of momentum defect in the shear layers above the 
flap at all incidences.

The improvements achieved by the airjets were significantly greater than those produced w ith 
the various vane vortex generator configurations and cannot be attributed to just the 
suppression of boundary layer separation at the rear of the main w ing. The airjets and 
associated vortices which they generate promote enhanced mixing and momentum transfer 
across the complex shear layers above the main wing in ways which cannot be achieved w ith 
vane generated vortices.

It is fe lt the low Reynolds number and Mach number of the tests do not detract from the 
fundamental fluid processes at work and hence the applicability of airjets to high lift systems. 
However, further work needs to be done to establish the balance between aerodynamic 
benefit and the performance cost of installing and driving the jets.
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Nomenclature

a angle of incidence (°)

6 shear layer thickness (mm)

6' displacement thickness of shear layers (mm)

6 momentum thickness of shear layers (mm)

p density (kgrrf3)

ajvg airjet vortex generator

c retracted chord length (500mm)

c, skin fric tion coefficient

CL lift coefficient

Cn normal force coefficient, based on retracted wing chord of 0.5m

Cp pressure coefficient

d length of longest side of airjet (mm)

D distance between airjet vortex generators (mm)

D/d Initial lateral spacing between vortices from a divergent pair of vanes (see figure 2.8) 

f distance between co-rotating vane vortex generators (multiple of height in mm)

h height of vane vortex generator (mm)

H shape factor of shear layers

H total pressure (Nm'2)

K numerical constant

M Freestream Mach number

P pressure (Nm2 )

Re Freestream Reynolds number

u streamwise velocity in shear layers (ms2 )

U velocity in freestream (m s1)

vvg vane vortex generator

x/c chordwise position

y/c distance through shear layers perpendicular to surface 

z/c spanwise distance

subscipts

1 upstream location in tunnel contraction

2 downstream location in tunnel contraction

3 location in centre of working section

atmos atmosphere

b plenum pressure

e value in freestream adjacent to shear layer

o freestream stagnation

o° freestream static
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1. Introduction

1.1 Overview

The research described in this thesis was carried out at City University between 

1 989 and 1 993, for the early part in collaboration w ith  British Aerospace (Kingston). The work 

originated out of an underlying interest from w ith in  British Aerospace into the lim itations of 

aiming for high agility (ie. high rate of turn) as a main project design criterion w ith 

considerations such as speed and G limits taking lower priority.

British Aerospace is responsible for the design and manufacture of the complete wing 

of the Airbus A 320 (the Weybridge conceived W 6-4 wing). The aerodynamic configuration 

of this w ing was the firs t to be devised jo in tly utilizing the many years of research and design 

experience gained through the U.K. "National High Lift Programme" (1970-1978) and the 

computational fluid dynamic code "VGK" (a full potential inviscid theory incorporating an 

interactive boundary layer solution). The associated high lift system, designed w ith in the 

constraints of the high speed cruise and low speed landing and take-off requirements, proved 

to be highly effic ient in terms of parameters such as L/D and CLmax. It consists of a near full 

span leading edge over w ing Handley Page slat and a trailing edge Fowler flap system. Its 

physical lightness and simplicity contribute to the Airbus A 320 's  success.

City University has a successful history of research into boundary layer flow  

separation control. This is best shown in the work recently completed by Rao (1988) into the 

use of vortex generators to control shock induced boundary layer separation. Rao produced 

a steady shock wave on half bump aerofoil models of varying thickness in City University's 

transonic w indtunnel. Various vane vortex generator configurations were attached to the 

surface of the model. The criterion used to judge their effectiveness in controlling shock 

induced boundary layer separation was the improvement in static pressure recovery seen 

towards the trailing edge of the model. Several airjet vortex generator configurations were also 

tested in the same manner. In conclusion, Rao found the beneficial effects of airjet vortex 

generators to be at least comparable to those seen w ith the more conventional vane vortex 

generators.

Use of vane vortex generators as part of the original design concept is the design 

philosophy at Boeing. Vane vortex generators have been used for stall control, e.g. to 

eliminate w ing rock on the Harrier. However, others look upon vane vortex generators as an 

"aerodynamic fix " installed only when the need arises, for example where flow  control 

problems not seen at the design stage appear during airworthiness trials. They have several 

advantages when used in this manner. They are simple and easily installed, rugged and 

inexpensive. However, they cannot be used in "active" stall control, that is they may have 

detrimental effects in other regions of the flight envelope such as producing parasitic drag in 

flow  situations where stall suppression or flow  control is not required (ie. steady cruise). 

However, careful design of the generators can usually reduce this to a minimum.

A irjet vortex generators obviate both of these disadvantages. Vortices generated by 

airjets lend themselves well to 'active ' stall control since the jet strength may be altered
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according to the demands made upon the system. For flow  situations where flow  control is 

not needed, the airjets avoid the generation of parasitic drag losses by easily being turned off 

(assuming cavities would be removed through a well thought out deployment system). The 

potential applications of airjet vortex generator systems are numerous for external flows over 

aircraft and missiles. Internal flows like those seen in jet engine inlets and subsonic diffusers 

could be improved in terms of reduced energy losses. Yet the advantages that airjet vortex 

generators have can only be exploited if they are accepted as an integral part of aerodynamic 

design.

Active stall control is a technology which is now being developed for highly 

manoeuvrable aircraft and commercial aircraft. For the former, higher lift coefficients reduce 

manoeuvre times increasing the a ircraft's level of agility and hence improving battlefield 

survivability. In the latter, the profit margin per aircraft fligh t depends upon the payload 

capacity and performance at take-off and ultimately the maximum CL at take-off and climb-out. 

There are lim itations to the ability to engineer variable geometry high lift devices which deal 

w ith  critical areas of the w ing. It is here that active boundary layer control could be an 

effective way of dealing w ith  localised problems. Such a control system could greatly diminish 

the need for stall fixing and its associated loss of maximum lift.

An experimental investigation has been undertaken into the use of vortex generators 

to control boundary layer separation on a high lift system (similar to that seen on the Airbus 

A 3 2 0 ). A two-dimensional model was installed in City University's T2 lowspeed windtunnel 

(0 -45m s’). Various vortex generator configurations were tested and detailed boundary layer 

measurements were carried out on the main wing and flap upper surfaces. A irjet vortex 

generators improved the characteristics of the high lift system over and above the suppression 

of boundary layer separation; they seem to offer possibilities for a novel approach towards 

increasing the efficiency of high lift systems (ie. in terms of increased CLmax). Discussion of this 

is an important part of this thesis. The work necessitated the assembly of a data acquisition 

system and details of this are included along w ith the control software.
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1.2 Review of previous work

The time honoured high lift design and optim ization procedure which relied largely 

on an iterative w ind tunnel testing process, w ith  extrapolation of results to full scale 

conditions based on experimental data from past aircraft of similar type, has become 

inadequate. The role of the wind tunnel has changed as computational methods of increasing 

power become more readily available. Much routine parametric evaluation can now be 

conducted systematically w ithou t the need for extensive testing of simplified models which 

is both time-consuming and expensive. Theoretical methods and experimental techniques are 

now seen as a necessary complementary pair.

This section summarizes research undertaken to date on high lift systems and vortex 

generators in their capacity as boundary layer control devices. It does not seek to be an 

exhaustive reference list to publications on each subject. Instead, it should be used as a guide 

to the more important articles available to the reader in each area.

1.2.1 High lift systems

In aircraft design, the constraints between the high speed cruise and the low speed 

take-off and landing conditions force the designer to incorporate some form of high lift device 

to improve lift at low speed. Most aircraft, be they civil or m ilitary, have some form of high 

lift device that is normally used exclusively during take-off and landing (fig. 1.1). The device 

usually involves some form  of mechanical alteration to the w ing section. The chordwise extent 

of any high lift device is largely governed by the positions of the main structural elements of 

the w ing, namely the front and rear spars which form  the main w ing box. High lift devices can 

occupy the area in fron t and behind these stations which are typically at 1 5 and 65% of wing 

chord. They act to increase the lift of the wing by effectively increasing the extent of one or 

more of the fo llow ing 1) chord, 2) positive camber or 3) boundary layer control.

Various examples of d ifferent types of leading edge high lift devices can be found 

on a large range of aircraft. The F I 6 & F I8  have a rotatable nose flap which simply increases 

leading edge positive camber to reduce tip stall effects at low  speed. Krueger leading edge 

flaps can be found on the inboard w ing sections of the Tornado (IDS variant) and increase lift 

by effectively increasing w ing area and positive camber. The slotted slat acts by increasing 

all three parameters mentioned in the previous paragraph and can be found on the A 320, 

B747 and F14. For the latter aircraft favourable effects are also seen on lateral/directional 

qualities in addition to solely increasing lift.

High lift trailing edge devices, more commonly termed flaps can be found in several 

d ifferent disguises. Split flaps can be seen on A 4  Skyhawks while Fowler flaps are present 

on the Alphajet, TU-22 and F -111 aircraft. The A V-8A variant of the Harrier (non-supercritical 

wing) relied upon increased lift at low  speed by use of a plain flap while the uprated AV-8B  

(supercritical w ing) has a slotted flap as do the Tornado, Jaguar, F-14 and F - l8.

1.2.1.1 Theoretical

The flow  about a two-dimensional multi-element aerofoil at high lift is one of the

most complex flow s to be modelled by theoretical methods. The problem is to calculate as

accurately and as quickly as possible the basic mean flow  properties - pressure, velocity,

3



temperature, skin fric tion and overall forces, for example, on and near the surface of what is 

invariably an extremely complicated shape. The flow  field contains several complicating 

features not found for an isolated aerofoil (fig. 1.2). These include:

(a) the region of the flow  is multiply connected, which makes even the calculation of the 

inviscid flow  d ifficu lt.

(b) the wakes from upstream elements interact w ith  boundary layers on downstream elements 

form ing confluent boundary layers.

(c) upstream elements shed wakes which develop in the strong pressure gradients produced 

by downstream elements.
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Figure 1.2 : Streamlines of the flow  past a slatted and flapped aerofoil

(d) the viscous flow  region above the flap is very th ick and highly curved producing significant 

static pressure gradients normal to the plane of the layer.

(e) slat and flap devices must retract to form the cruise aerofoil resulting in the presence of 

coves on the lower surfaces of all upstream elements. Here the flow  w ill separate from the 

sharp edge of the cove and re-attach before the trailing edge of the element is reached.

(f) if the angle of deflection of the flap is suffic iently large the flow  will separate from the 

upper surface of the flap although the aerofoil as a whole may not necessarily stall. This 

condition can be present throughout the incidence range.

(g) at high incidences the high lift coefficients generated can lead to a small region of 

supersonic flow  on the upper surface of the slat which may be terminated by a shock wave. 

This in turn may cause the laminar boundary layer to separate and re-attach in turbulent form 

or cause more severe separation and even trigger the stall.

Since air is a viscous compressible fluid the equations that we have to solve and 

which capture all the features of the flow  are those of Navier and Stokes. Reynolds numbers 

associated w ith  high lift systems results in large regions of turbulent flow  so that some form 

of turbulence modelling is inevitable. The equations are impossible to solve w ith  present 

mathematical techniques because the boundary conditions become randomly time dependent 

at high Reynolds numbers (disturbance sensitive). For flow s which are steady; that is ones in 

which we can average out the turbulence (so the boundary conditions become independent 

of time) the N-S equations yield themselves amenable to solution - although the computational 

problems are still formidable. With the latest generation of supercomputers, very accurate 

solutions have been obtained for two-dimensional laminar flow  w ith  relatively simple 

geometries. W ith suffic ient boundary conditions, the three-dimensional laminar flow  equations 

can also be solved numerically. Numerical solutions for two-dimensional turbulent flows have 

been obtained but these involve empirical modelling for phenomena such as transition, 

Reynolds stresses and the flow  features mentioned previously. This approach has great 

promise as the computational time needed to solve for the compressible viscous flow  over 

multi-element aerofoils is dropping continuously. However, the over-simplification of the 

turbulence modelling techniques remains prohibitive particularly in abilities of codes to 

accurately predict Clmax.

5



Fortunately the effects of viscosity and turbulence are confined to shear layers in the 

immediate v ic in ity of each element of the high lift system. Outside these regions the inviscid 

Euler equations are applicable to a high degree of accuracy. It is therefore advantageous to 

use a technique known as Viscous-inviscid interaction (VII), whereby separate calculation 

methods for the external inviscid flow  and the viscous shear layers are combined interactively 

and iteratively to provide a composite solution to the problem. D ifferent approaches to the 

convergence of a solution w ith in VII techniques have been identified and are known as the 

'D irect', 'Semi-inverse' and 'Quasi-simultaneous' methods.

VII techniques for calculating the flow  about multi-element aerofoils have been under 

development in the UK for the last 15 years after a gradual unification of theoretical models 

of various physical flo w  phenomena provided the necessary computational tools for flow  

analysis.

Williams (1971) calculated the inviscid plane potential flow  about tw o  adjacent lifting 

aerofoils. The potential flow  about tw o  lifting circles is calculated by the method of images. 

The tw o  circles are then mapped conformally on to tw o  aerofoils by a double application of 

the Karman-Trefftz transformation. He thereby obtains an exact solution for the inviscid flow  

about the lifting aerofoils. Two particular cases were examined known as Williams 

configurations A and B. These serve as important test cases against which to assess other 

numerical inviscid incompressible flow  methods. Williams himself compared the exact 

solutions for each case against the solutions obtained by the numerical method of Smith 

(1966) which uses a distribution of sources over each aerofoil. The agreement was found to 

be very good, validating Sm ith's method.

The complexity of the geometry of multi-element aerofoils has forced many 

researchers to use surface singularity methods although it is possible to use a field method. 

Hall et al (1 984) through subsequent transformations map tw o  aerofoils onto tw o  concentric 

circles. The annular region between the circles represents the external region about the 

aerofoils. Such a transformation was firs t introduced by Ives (1976). In a similar manner 

Grossman et al (1976) solved the inviscid compressible transonic potential flow  about tw o 

aerofoils. However a direct extension of the Hall et al method to three element aerofoils (ie. 

mapping onto three concentric circles) is not possible since the multiple connectivity of the 

flow  in the physical domain is not modelled after transformation. Halsey (1979) suggested a 

conformal mapping process to overcome this which was used by Hall et al (1984) in a 

modified form to ensure a correct grid density in regions where the elements overlapped. Alas, 

due to increased short comings w ith  a greater number of elements present multi-element 

aerofoil analysis by this method has serious drawbacks.

Callaghan et al (1972) adopted the classic panel method devised by Smith et al 

(1 966), the so-called 'Douglas-Neumann' method, to calculate the inviscid potential flow  field 

about a multi-element aerofoil. This method made it possible for the firs t time to analyze flows 

past bodies of realistic geometry and is especially well suited for interference problems like 

those seen about a multi-element aerofoil. By suitably refining the method the solution can be 

made as accurate as desired and is consequently thought of as an exact method.
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The chordwise profile of each element of the multi-element aerofoil can be 

approximated by a closed polygon of N planar panels. Source and vortex singularities are 

distributed over the body surface so as to make the total field tangent to the body at the mid-

point of each panel. A fter employing this flow  condition the potential flow  becomes unique 

if the circulation is specified, which is the net vortex strength. Following Smith et al (1966), 

the source strength is taken as constant on each panel but variable from one panel to the 

next. Hence there are N source strengths to be determined and the vortex strength. The 

integral flow  equation defining the velocity potential at any point in the flow  yields N 

simultaneous equations. By imposing the Kutta condition in the form in which we equate the 

tangential velocity components on the panels adjacent to the trailing edge we obtain the final 

necessary equation to solve for the N + 1 unknowns. Once solved the tangential velocity at 

the m id-point of each panel can be calculated and hence CD. Lift and pitching moment are 

estimated by assuming Cp is constant over each panel.

A dominant factor in determining the aerodynamic performance of a multi-element 

aerofoil is the presence of viscous boundary layers and more im portantly their behaviour w ith 

increasing incidence. Mavriplis (1971) concluded that confluent boundary layers were largely 

responsible for the discrepancies between inviscid potential flow  theory and experiment. The 

theoretical codes of Stevens et al (1 971) and Callaghan et al (1972) represent early attempts 

at modelling viscous flow  about two-dimensional multi-element aerofoils. Continued usage of 

the Stevens et al (1971) program has resulted in improved versions and Brune et al (1978) 

detail modifications undertaken on the original code. These include the method by which the 

outer potential flow  is affected by the viscous flow  over the aerofoil surfaces. Previously the 

displacement thickness of the boundary layer was added directly to the aerofoil geometry to 

form a new 'equivalent' body. This was replaced by an equivalent distribution of sources 

along the aerofoil contours and wake centre lines which simulates the grow th of the boundary 

layers and wakes. The method is called the surface transpiration technique and the source 

strengths are proportional to

— (5*iy).................................................................(1-1)
ds

u is the inviscid flow  velocity that would be seen at the aerofoil surface in the 

absence of viscosity.

The properties of turbulent wakes are analyzed w ith  the lag-entrainment method of 

Green et al (1973). The method is formulated in terms of the momentum integral equation 

(Von Karman, 1921), the lag-entrainment equation and an empirical equation for the 

streamwise rate of change of the entrainment coefficient. The entrainment equation is derived 

from the definition of the entrainment coefficient which represents the non-dimensional rate 

at which fluid enters the boundary layer from the external inviscid flow . Drag prediction is 

achieved using the method of Squire & Young (1937). The program computes confluent 

boundary layer development w ith  the model of Goradia (1971), whereby development is 

divided into three regions. In the first, turbulent mixing of wake and boundary layer is
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incomplete. In the second, the effect of the wake Is no longer visible in the mean velocity 

profile which is similar to that of a wall jet. Finally, the confluent boundary layer degenerates 

into an ordinary boundary layer.

The calculation of lift is primarily an inviscid problem requiring only a viscous 

correction for boundary layer displacement and entrainment effects. In contrast the prediction 

of drag w ith  comparable accuracy is more formidable because aerofoil drag, a result of 

viscous phenomena, depends on the accurate prediction of the details of the laminar and 

turbulent viscous flow  and the interaction of the viscous flow  w ith  the inviscid flow . Brune 

et al (1978) found that a direct extension of the method of Squire & Young to calculate drag 

on multi-element aerofoils does not produce acceptable results. This is because the technique 

uses a generalised parametric formula for the pressure distribution in the wake which was 

derived from data from one single element aerofoil.

The analysis of conventional boundary layers assumes that static pressure across the 

layer is constant (neglecting the effects of curvature). The static pressure gradient at the 

upper edge of the wake is not necessarily equal to that at the lower edge. This effect is more 

pronounced as the curvature of the wake increases. Olson et al (1 978) calculate the drag from 

the momentum defect in the wake at a distance of 0.5 to 2.0 chords downstream of the 

aerofoil trailing edge by assuming that the static pressure varies linearly between the potential 

flow  pressure at the lower and upper edge of the wake. The magnitudes of the velocity 

defects present in the confluent boundary layers and wakes are dependant upon an accurate 

eddy-viscosity model for both regions of the viscous flow . The code accurately predicted the 

dCL/d<7 curve between -5 ° and + 1 0 °  of a tw o  element aerofoil (NACA 4412 w ith  single 

slotted flap deflected 10°) although drag prediction was somewhat less accurate. They 

conclude that future efforts should consider high incidences and flap loadings in configurations 

where wake/boundary layer merging is more significant.

Oskam et al (1984) deal w ith  tw o  aspects of the computational fluid dynamic 

problems that are associated w ith high lift systems, one which Oskam raised himself (Oskam, 

1980) being the computation of turbulent wakes in adverse pressure gradients. This flow  

process is unique to multi-component aerofoils and occurs where a trailing edge static 

pressure is less than the free stream value. A large amplification is seen to occur in the 

displacement thickness of the wake due to interaction between the viscous and inviscid flow . 

In extreme cases it is possible to have flow  reversal towards the centre line of the wake. By 

analysing a turbulent wake and employing classic boundary layer assumptions it is found that 

in general a turbulent boundary layer separates at approximately H = 2.35 while turbulent 

wakes exhibit reversed flow  when H > 4. More importantly by modelling more accurately the 

behaviour of a w ing wake in an adverse pressure gradient it was found that the wing wake 

displacement development w ith  incidence had an equivalent inviscid effect on the flap surface 

pressures.

In the UK, collaboration between BAe and RAE produced a method, called MAVIS,

for calculating the flow  about two-dimensional high lift systems (Williams & Butter, 1980).

The inviscid incompressible potential flow  solution at the heart of the scheme was developed
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by Newling (1977) and solves the standard Laplace equation by using the external Neumann 

boundary conditions as employed by Smith et al (1966). However, instead of arbitrarily 

choosing either the source or vortex distribution on the surface of the aerofoil, the method 

solves for both as unknowns. For computing reasons they employ a constant source strength 

at each panel m id-point and a linear vortic ity  distribution defined at the panel edges. The Kutta 

condition in its implicit form is employed at the trailing edge by equating the vortex strengths 

on the upper and lower surfaces to zero. This is done to prevent a poorly conditioned matrix 

from form ing if the geometry is such that the trailing edge is cusped. Normal matrix algebra 

is used to solve for all the unknowns.

The viscous calculation uses integral methods to predict the development of the 

shear layers once the inviscid potential pressure distribution is known. Finite difference 

methods would be more accurate (if higher order terms are included) but to do this correctly 

demands something approaching a solution of the full time-averaged N-S equations. A small 

loss in accuracy is accepted in order to obtain a suffic iently fast solution. The laminar portion 

of the boundary layer is calculated by the method due to Thwaites (1960). Transition is 

predicted by the empirical correlation of Granville (1953) and if laminar separation occurs 

upstream of natural transition the semi-empirical method of Horton (1967) is used to predict 

the development of the separation bubble. Turbulent boundary layer grow th is calculated by 

the lag-entrainment method of Green et al (1973) which is also applied to predict wake 

development downstream of the trailing edges of each element. The interaction between the 

wake and boundary layer is calculated by the integral method due to Irw in (1974) in which 

an algebraic expression containing 6 unknowns is used to describe the velocity profile of the 

boundary layer and a single wake. This method can only model a single wake, but it is a 

reasonable approximation to add the slat and wing wakes to form a single wake which then 

interacts w ith  the flap boundary layer.

Agreement between the theoretical code and experiment is good for single element 

aerofoils at incidences below the stall although the theoretical method does not predict 

suffic ient load at the trailing edge. The interesting test case of a three element aerofoil at a 

moderate incidence to which MAVIS was applied revealed several short comings. A t the heart 

of the code is the solution of the incompressible potential equations. The panel method has 

been extended to predict subcritical flows by using the Prandtl-Glauert transformation but 

again this is essentially a scaling factor. Consequently the method cannot handle shock waves 

and peak suctions seen on the upper surface of the slat element tend to be over estimated. 

On the flap, MAVIS predicted a separation about 3/4 of the chord back from the leading edge 

although this was not seen during experiments. The trailing edge parameters were then in 

error giving rise to the incorrectly predicted CD particularly at high lift coefficients.

The performance of a multi-element aerofoil (as are all aerofoils) is limited by the 

stall. An aerofoil designer needs to predict w ith  confidence the angle of incidence at which 

the stall occurs and the lift and drag coefficients at and beyond the stall. In e ffect a designer 

would like to predict the viscous effects for both attached and separated flow .
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Williams (1 985) extends VII techniques for use w ith  separated flow s. When integral 

methods are used to calculate the shear layers present close to the surface of an aerofoil 

several obstacles occur to the mathematical process when separation appears. Firstly an 

integral of the boundary layer equations w ith  a specified pressure d istribution w ill encounter 

a singularity at the point of separation. The second obstacle is the integration of the boundary 

layer equations through the separated region in which the velocity profile has reversed flow . 

Le Balleur (1981) has developed empirical tw o  parameter velocity profile families which can 

be used to describe both attached and separated flows. These can be included in the integral 

boundary layer method to give satisfactory predictions of separated flow . The third obstacle 

is concerned w ith  matching of the outer inviscid flow  and a separated boundary layer which 

no longer obeys classical approximations. This d ifficu lty  is overcome by extending the inviscid 

flow  calculation through the shear layer to the aerofoil surface and a convenient inviscid 

streamline in the wake, subject to real viscous flow  boundary conditions. The final obstacle 

is concerned w ith  obtaining convergence in the matching of the outer inviscid flow  and the 

inner shear layer. It is found that the direct scheme is generally unstable for separated flows. 

The fu lly inverse method is stable for separated flow s but the relaxation factor (a numerical 

parameter associated w ith  the convergence rate in the mathematical techniques) is inversely 

proportional to the size of the computational domain resulting in slow convergence for external 

aerodynamics. The semi-inverse scheme is stable for separated flows and allows the relaxation 

factor to take d ifferent values at d ifferent locations along the aerofoil surface depending upon 

the state of the boundary layer. W ith a semi-inverse scheme a direct inviscid calculation is 

matched (ie. pressure calculation from specified shape) w ith  an inverse shear layer calculation 

(pressure gradient found from boundary layer development). In the inverse boundary layer 

calculation an estimate of the normalised transpiration velocity provides an estimate of the 

tangential velocity at the surface (Uiw) in the equivalent inviscid flow  The estimated normalised 

transpiration is then used as a boundary condition in the direct inviscid method to yield 

another estimate of Uiw in the equivalent inviscid flow . The difference between the tw o 

estimates of UIW is used to correct the normalised transpiration velocity and the tw o 

simultaneous calculations are then repeated.

Detailed measurements of the separated flow  on a single element NACA 4412 

aerofoil at tw o  different Reynolds numbers are compared w ith results obtained using both the 

semi-inverse method and the direct method noting here that the boundary layer calculations 

are done by the same methods as employed in MAVIS. The direct method of coupling is 

shown to produce results which disagree w ith experimental values as soon as there is a 

significant region of separated flow  on the aerofoil. The semi-inverse method adequately 

predicts the lift up to and beyond stall although there are detailed differences in the surface 

pressure distribution. A good estimate of the drag for separated flow s cannot be made until 

the boundary layer method includes second order terms which are fe lt to  be significant in 

separated flow . No universal correlation for normal stress in terms of integral parameters of 

the boundary layer for separating flow s has yet been established. The method ignores the 

effect of wake curvature which would be significant for a multi-element aerofoil.
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Lock and Williams (1987) recognised that VII techniques had reached an advanced 

state of development and so undertook an extensive review of the subject. This timely paper 

provides a physical background to the subject and covers the basic theoretical principles of 

interactive methods for tw o  dimensions. An account is given of the corresponding treatment 

in three dimensions and mathematical coupling techniques are discussed in detail. A number 

of recent VII methods are reviewed and their results compared w ith  experimental data. The 

interested reader is guided towards this paper if more information is required as it covers 

single and multi-element aerofoils in low  speed and transonic flow .

King and Williams (1 988) summarize recent developments in computational methods 

for high lift aerofoils. As discussed previously, codes such as MAVIS and HILDA give 

reasonable predictions of lift for viscous attached flow  but fail to give an estimate of CLmax and 

associated flow  separations. Improvements w ill be seen if the fo llow ing are modelled i) 

compressible inviscid flow , ii) curved wakes in an adverse pressure gradient and their 

confluence w ith  boundary layers and iii) a method of coupling inviscid and viscous flows 

which w ill allow the calculation of separated flow  in cove regions and at trailing edges.

For incompressible flow  linear surface-singularity methods have proved to be very 

popular for high lift calculations in tw o  and three dimensions since a computational mesh is 

not required in the field. Several attempts have been made to build the effects of 

compressibility into linear incompressible surface-singularity methods but the methods are 

restricted to subcritical flow . The complex geometry associated w ith  high lift aerofoils makes 

the calculation of compressible flow  d ifficu lt but necessary.

Hall et al (1 984) use a finite difference technique to solve the non-linear compressible 

potential equations w ith  the grid produced by conformal mapping but as mentioned previously 

this method is restricted to tw o  element aerofoils. Oskam (1983) and Hill et al (1986) both 

generate boundary conform ing grids in regions where compressibility effects are likely to be 

significant. The full potential equations w ith in the grids are solved by a variety of field 

methods (finite difference, fin ite volume) w ith the boundary conditions on three sides of the 

grid provided by linear surface-singularity methods whilst the fourth is the aerofoil surface. 

Both methods suffer the disadvantage that regions in which compressibility effects are 

important must be known in advance - relatively easy for tw o  dimensions but very d ifficu lt 

for a three dimensional layout.

W ith direct coupling schemes discontinuities in surface slopes must be faired in by 

some convenient curve which should represent the displacement e ffect of the separation 

bubble. Direct coupling schemes are unable to calculate separated flow  in these regions. If 

supersonic flow  at the slat leading edge produces separation and turbulent re-attachment 

direct coupling schemes w ill be unable to model this underestimating lift and drag.

If an integral method is used to calculate the development of the boundary layer it 

can be shown (Lock and Williams, 1987) for attached flow

— (— )<0 .............................................................................................................................( 1- 2 )

dS ds
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for separating flow

d_,dU 
dS ds )=0 (1-3)

and for separated flow

- d- ( ^ LJ)>0 .............................................................. (1-4)
dS ds

Here, dU/ds Is the streamwise velocity gradient along the surface of the aerofoil and S is the 

non-dimensional source strength. These equations summarise some of the known 

characteristics of boundary layers developing in adverse pressure gradients. For attached flow  

the slope of the viscous curve is large and negative; for separating flow  the slope is zero; 

w hilst for separated flow  the slope is positive and small. Considering the case for attached 

flow  an initial guess for the non-dimensional source strength S in a direct coupling scheme 

leads to a firs t approximation to the velocity gradient dU/ds from a solution to the inviscid 

equation. This estimate of the velocity gradient is used to calculate the develpment of the 

boundary layer which gives a new estimate for the rate of grow th of the boundary layer. This 

new estimate is used to recalculate the inviscid flow  and the process is repeated until 

convergence is achieved.

The local shape of the viscous and inviscid curves determines the convergence 

characteristics of a solution method. An ability to predict separation using the semi-inverse 

scheme is achieved through a thorough analysis of the coupling nature between viscous and 

inviscid solutions. The basic feature of this method is that tw o  estimates of the velocity 

gradient are given by solutions of the direct inviscid method and inverse viscous method. The 

difference in the velocity gradients is used in a correction formula to improve the viscous and 

inviscid calculations. However, the method does not include an allowance for the confluence 

of the wake and boundary layer over the flap as no inverse procedure exists for such a 

calculation. Hence flap separation is unlikely to be modelled correctly.

The quasi-simultaneous coupling scheme uses both estimates of velocity gradient 

obtained from the viscous and inviscid solutions in a closer coupling technique which results 

in a scheme which is faster to converge than the semi-inverse method. The viscous flow  

equations are essentially solved in the direct mode and Oskam et al (1984) employed the 

technique for calculating the wake development above the flap in a high lift system. For a 

comprehensive explanation to coupling techniques and convergence characteristics of 

V iscous-lnviscid Interaction methods the reader is guided to Lock and Williams (1987).

FELMA represents a compressible finite element method for calculating the flow  

about multi-element aerofoils. It was developed by King et al (1988) and obtains its viscous 

solution from the method developed by Butter et al (1980) in MAVIS/HILDA. The governing 

flow  equations of compressible inviscid flow  are discretised on a grid surrounding the high lift 

system. This grid must possess certain properties to ensure that the numerical solution is 

accurate and consistent. The grid mesh should be orthogonal and the cell aspect ratio close
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to one in regions where the velocity gradients are likely to be high. Boundary conditions are 

more easily applied if the grid is aligned to the geometric surfaces. These properties are 

obtained by defining a flow  grid based on incompressible potential flow  streamlines and equi- 

potentials for each setting of the separate high lift elements. Shock waves, if present, should 

be represented by the inviscid method. However, since the supersonic flow  is a local feature, 

it should be adequate to solve the transonic potential equation rather than the full Euler 

equations. A fin ite element method discretises the governing equation and the problem posed 

in an integral form . A compressible version of Thwaites laminar boundary layer model is used 

for the laminar portion of the boundary layer. Transition and turbulent boundary layers are 

modelled in the same ways as found in MAVIS. The second order terms for longitudinal 

curvature of the displacement surface are included but not those for normal stress or normal 

pressure gradient. Currently there is no explicit modelling of the interaction between the wake 

from one component and the boundary layer on the upper surface of a downstream element. 

A single wake calculation is performed at the flap trailing edge by combining the flow  

properties for the upper and lower surfaces at the trailing edge.

The coupling between the viscous flow  and the outer equivalent inviscid flow  can 

be performed in a variety of ways w ith in FELMA. A semi-inverse coupling can be used but in 

practice this approach has difficulties operating in a steep favourable pressure gradient. 

Therefore either a mix of direct and semi-inverse coupling is used or alternatively the quasi- 

simultaneous approach is employed which has the added advantage of converging faster. The 

method accurately predicts CLmax and gives reasonable values of drag for a simple two-element 

configuration. It has demonstrated its ability to predict flow  separation on various components 

of a multi-element aerofoil and shock waves on slats. Despite the fact that there are several 

enhancements that could yet be made to the viscous method, FELMA offers a standard of 

flow  prediction not previously available to the high lift designer.

Closing remarks: Although the results achieved by VII techniques like FELMA are impressive 

there are some areas of the flow  which may require a solution of the time-averaged N-S 

equations if they are to be described adequately. This is no more evident than in regions 

where wake/boundary layer interactions occur. A future crucial ingredient in any theoretical 

method will be its ability to address wake development in the pressure field of a downstream 

element. The resulting wake curvature has a significant effect upon the turbulent structure 

w ith in  the wake. The large pressure gradients existing across the wake call into question the 

classical boundary layer approximations. Initial calculations indicate that the inclusion of the 

longitudinal strain rate term in any turbulence model has a significant e ffect upon the 

predicted lift and drag.

Even w ith  the advent of supercomputers, most N-S methods are severely limited by 

(a) excessively long computing times as the grid is refined close to the surface and (b) 

inadequacies in turbulence modelling. These problems can be overcome by a zonal approach 

in which the N-S equations are solved in zones close to the aerofoil and the Euler equations 

solved in the remaining flow  field. Flores et al (1986) use a zonal approach for the flow  past 

a transonic w ing. This scheme suggests a mechanism by which a N-S solution for the flow
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over the flap of a multi-element aerofoil could be coupled to a solution of the inviscid and 

boundary layer equations for the rest of the aerofoil. Such a method would have the potential 

of producing more accurate predictions of lift and drag up to stall w ith in  a timescale suitable 

for the aircraft designer.

1 .2 .1 .2  Experimental

Nearly all o f the basic principles for influencing a flow  to develop high lift have been 

known from the very early days of the aeroplane. The ancestry of flaps can be traced back 

to ARC R&M 110 (1914) which details experiments carried out on a RAF 9 aerofoil having a 

0 .385c plain flap. Slats were firs t conceived to eliminate leading edge stall on thin biplane 

wings during the firs t world war. Handley Page in his lecture to the Royal Aeronautical Society 

on February 17th 1921 described ten years of work on aerofoils that had slots. One of his 

extreme aerofoils (fig. 1.3) investigates the effect on lift by heavily modifying a RAF 19 

section into an eight element aerofoil (see below).

Figure 1.3 : Handley Page's 8 element aerofoil, a = 4 2 ° , CL = 4 .33 

The flap became a device of practical importance in the 1930 's and 1940 's after 

successful concerted efforts were made to reduce profile drag and increase wing loadings of 

wartime aircraft. As a consequence gliding angles decreased and take o ff and landing speeds
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increased until landing and take-off d ifficulties threatened to offset further aerodynamic 

advantages. The flap was then adopted as the obvious solution as it provided lift to reduce 

stalling speed and drag to increase the glide angle. The demands of the Fleet Air Arm 

hastened flap development w ith  its stringent landing and take-off requirements. A lston (1 935), 

Duddy (1949) and Young (1947) all examine the basic characteristics of various flap 

configurations.

Abbott et al (1 949) quote a maximum lift coefficient of 2.6 for a w ing w ith  a double 

slotted flap and a leading edge slat. During the 1950 's and 1960 's a large amount of work 

was done on two-dimensional high lift research and by the early seventies the figure of 2.6 

had risen to over 5 for a similar configuration. However the research often involved boundary 

layer control In the form  of jet flaps or boundary layer suction slots. Relatively little attention 

was paid to increasing the efficiency of mechanical devices probably due to an under 

estimation of their high lift potential. Consequently high lift wing design became a heuristic 

process heavily dependant upon experimental data obtained previously w ith  improvements 

tending to be small. The Airbus A 300B  high lift system was developed from the Trident IE  

system. It became apparent that fundamental work on high lift systems was necessary, 

independent of the pressure of project time constraints.

Between 1970 and 1978 an extensive programme of high lift research undertaken 

on both 2 -dimensional aerofoils and 3-dimensional wings led to the design and testing of a 

large number of different high lift devices as part of the UK government funded National High 

L ift Programme. The origins of the A 3 2 0  high lift system are to be found in this work.

Foster et al (1970) describe experimental measurements and a theoretical analysis 

of the flow  around a w ing w ith a single slotted flap. They found that flap gap variation 

resulted In much larger changes of lift than variation of overlap. In addition, the lift generated 

by the flap was seen to vary in a manner similar to that predicted by inviscid potential theory. 

This was the case only If a region of flow  w ith freestream total pressure separated the main 

wing wake and flap upper surface boundary layer.

Ljungstrom (1972) carried out boundary layer studies on a 2-dimensional w ing model 

equipped w ith  a leading edge slat and a trailing edge flap. He found that the downwash 

efficiency of the wing and flap flow  was sensitive to the mixing time history of the slat wake 

and the main w ing upper surface boundary layer. Increasing the slat gap size was found to 

increase the skin friction values seen at the main wing trailing edge. A similar effect was 

found if boundary layer suction was applied at the trailing edge of the slat upper surface. Less 

mixing seemed to create a more stable boundary layer and hence delay separation. Quinn 

(1947) carried out similar tests on a NACA 64A212 aerofoil achieving a CLmax of 3 .86 w ith 

boundary layer suction at 40%  chord on the main wing. He also found that the combination 

of leading edge slat and double slotted flap w ith  boundary layer suction was insensitive to 

scale effect.

Due to the m ultiply connected nature of the flow  about a high lift system, slats or 

trailing edge flaps cannot be treated separately when seeking an optimised profile for the 

multi-element aerofoil. Often, the slat position has a substantial viscous effect on the flow
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over the main w ing and flap elements while the flap primarily has an inviscid e ffect on the 

flow  about the slat (the degree of these effects obviously depends on the relative spacing 

between the sections involved, particu larly the slat gap/lap). The competing effects of 

favourable inviscid interaction (ultimately limited by compressibility effects) and adverse 

viscous effects (contamination of downstream boundary layers by upstream wakes) leads to 

the existence of an optimum position for each element of the high lift system. McRae (1973) 

illustrated that one device design optim isation exercise involves the angle, gap and lap of the 

slat, flap and if appropriate the tab as well. Each individual optim isation w ill cover about three 

variables w ith  four or five values of each. This totals about 100 runs for each device before 

considering the variables of Reynolds number and Mach number. Butter (1984) outlines 

methods for reducing the cost and timescale that a programme of such size would entail but 

justifies optim isation procedures through the improvements that would result. A 5% 

improvement in take-off CLmax enables a 1 2-1 5% increase in payload. A 5% improvement in 

take-off L/D allows a 20%  increase in payload while a 5% improvement in landing CLmax would 

lead to a 25%  increase in payload. Ljungstrom (1974) surmises that the lift generated by a 

multi-element aerofoil is more sensitive to the optim isation of gap and angle parameters than 

the overlap values of each element.

Van den Berg (1979) undertook surface pressure measurements, boundary 

layer/wake traverses and surface flow  visualizations on a tw o  element high lift system at three 

angles of attack using tw o  different flap gap settings. A lthough the work is useful to the 

theoretician, direct information on the viscous effects was not available.

The transport of energy and momentum by turbulence that is present in the flow  

around a multi-element aerofoil can have a dominant role determining its performance. The 

optim isation of multi-element aerofoils is dependant on suffic ient knowledge and 

understanding of these turbulent transport processes. Olson (1981) investigates the structure 

of the attached flow  in the vicin ity of a NACA 4412 aerofoil equipped w ith  a NACA 4415 

single slotted flap. Detailed measurements of the mean velocity flow  field and of the second 

order Reynolds stresses in the boundary layers, wakes and merging shear layers were carried 

out to provide information useful for the development of improved turbulence models that are 

needed for analysis of multi-element aerofoil configurations.

Similar measurements by Nakayama et al (1990) on a three element aerofoil reveal 

considerable static pressure gradients exist in the th ick shear layers above the flap. With 

considerable flap deflections curvature effects may be so strong that flow  reversal in the near 

wake is feasible. Overall the data indicates that the shear flow s are very d ifferent from 

classical shear layers.

A viscous interaction occurs when the boundary layer on the upper surface of the 

flap becomes confluent w ith  the main wing wake prior to reaching the trailing edge of the flap. 

Moser et al (1973) also show that where potential flow  is present between the main wing 

wake and flap boundary layer (ie. viscous stresses caused by wake in flap boundary layer are 

absent) a loss of flap lift still occurs. That is, the presence of the main w ing wake has an 

inviscid effect on the lift of the flap. This can be beneficial in that the onset of flow  separation
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on the flap can be delayed, possibly resulting in a favourable development of the stall and a 

better maximum lift.

Both Fiddes et al (1984) and Thain (1973) investigate the effects of scale and 

compressibility on the lift and drag of high lift aerofoils. A t freestream Mach numbers as low 

as 0.2, sonic flow  on the upper surface of the slat can be terminated by a small local shock 

which in turn can induce local separation of the boundary layer. If this occurs the boundary 

layer w ill thicken rapidly as it progresses over the wing upper surface w ith  a consequent 

degradation in the flow  over the flap. The resulting decrease in circulation causes loss of lift 

and often determines CLmax. Alleviating this effect either by increasing the angle of rotation of 

the slat or moving it away from the main w ing w ill reduce favourable inviscid interaction and 

hence raise the suction peak on the main w ing, until it in turn suffers compressibility effects 

or premature separation. Hence at constant Reynolds number high lift aerofoils are adversely 

sensitive to Mach number effects as supercritical flow  is approached over the slat or main 

w ing. Increasing Reynolds number at a constant Mach number is seen to allow the slat to 

move nearer to the main w ing. This is consistent w ith  thinner shear layers allowing more 

movement towards the main wing before adverse boundary layer interaction occurs although 

the effect is not as marked as that seen w ith Mach number variation. W ith boundary layer 

control a high lift system would be expected to be less sensitive to Reynolds number effects 

as the boundary layer itself would be more tolerant to its own mixing time history as 

confirmed by Quinn (1947).

Butter (1 984) and Ljungstrom (1972) believe that although progress w ill still be made 

in the understanding of high lift flows there w ill remain a margin of improvement which will 

only be achieved w ith  the use of active boundary layer control. This is due to practical 

lim itations on the ability to engineer variable geometry aerofoils. A ircra ft through conforming 

w ith  airworthiness requirements must provide protection against atmospheric disturbances and 

engine failures. Consequently high lift devices are deployed to larger deflection angles than 

are often required generating unnecessary drag which would not be the case if these margins 

did not have to be permanently provided. This could be avoided if active boundary layer 

control were available when required allowing rapid demand and employment w ith  little effect 

on engine and thrust performance. Take-off and landing manoeuvres could be programmed 

to be controlled in the most efficient manner in parallel w ith the use of the mechanical high 

lift devices to minimise drag and the demands made on the active control system. Extending 

this to c.g. control and relaxed stability result in powerful ways of improving high lift 

performance.

1.2.2 Vortex generators

Until very recently computational fluid dynamic techniques have been unable to 

predict the effect of a streamwise vortex on the characteristics of a two-dimensional turbulent 

boundary layer in an adverse pressure gradient. Consequently the vast majority of work 

undertaken on vortex generators has been experimental in nature.

Vane vortex generators have found applications in areas such as the improvement

of aircraft buffe t boundaries as a result of postponing shock-induced separation, low  Reynolds
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number aerofoils, inlets and diffusers, aircraft stall/spin control and drag reduction. Vortex 

production in a turbulent boundary layer is also of interest in areas such as noise reduction 

and heat transfer.

The principle of boundary layer control by vortex generators in the form that we now 

know them was firs t conceived by Bruynes and Taylor of the United A ircra ft Corporation in 

1950. Pearcey (1961) presented an extensive review of measurements for a wide range of 

vortex generator arrays. Using measurements of mean axial velocity he tracked the locations 

of the vortices and determined the extent of boundary layer m odification due to their 

presence. He developed empirical rules for the design of vane vortex generator arrays to 

forestall boundary layer separation. Spangler and Wells (1964) concluded that vortices 

substantially increase the skin friction in downwash regions where the boundary layer is 

thinned. Mehta (1 983) provides a detailed set of data at a single streamwise location for each 

of tw o  embedded vortex pairs. The focus of the work was on the turbulent structure in the 

disturbed boundary layer. Westphal et al (1 985) examined the development of single vortices 

in a zero and small adverse pressure gradient. Pauley et al (1 988) extend W estphal's work to 

16 d ifferent vortex pairs and tw o  regular arrays embedded in a zero pressure gradient 

turbulent boundary layer. In general the study of the development of streamwise vortices 

embedded in a turbulent boundary layer has been carried out in conditions w ith  zero or little 

adverse pressure gradient (ie. flat plate or w indtunnel wall).

Fixed solid vane vortex generators suffer from the penalty of producing parasitic drag 

in flow  situations where flow  separation control is unnecessary. The increased drag results 

from a combination of higher levels of skin fric tion drag and induced drag.

Rao et al (1988) investigate the ability of submerged vortex generators to alleviate 

separation in a turbulent boundary layer encountering a two-dimensional adverse pressure 

gradient of suffic ient severity to ensure complete separation (on the flat plate) in the absence 

of boundary layer control. The vortices were generated from crest-line separations on 

cylindrical rods of semi-circular cross-section, or from the sharp trailing edges of concave 

slats. The vortex generators were immersed w ith in the boundary layer (62.5%  or less of 6), 

fixed on the plate obliquely to the freestream and arranged in parallel or vee configurations. 

The results of the investigation show that an optimum arrangement of the concave slat vortex 

generator has the potential to perform as well as conventional vane type vortex generators. 

Moreover, due to their reduced scale this can be done w ith  reduced parasitic drag at optimum 

design conditions. Lin et al (1990) investigate the Wheeler doublet and wishbone type 

submerged vortex generators. They find that device drag increases exponentially w ith  device 

height w ith  the wishbone vortex generators enhancing separation at a device height of the 

order of 5% of 6 (ie. functioning more as surface roughness elements rather than boundary 

layer control devices). A t or above a height of 8% of 6 they became effective in controlling 

the boundary layer separation. This figure coincides w ith  the term ination of the inner (log) 

region of the boundary layer giving what appears to be a lower lim it to the height of these 

devices.
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Jets of air issuing through small holes in a flow  surface have proven effective in the 

control of turbulent boundary layer separation. The method was firs t examined by Wallis 

(1952) to eliminate laminar separation at the leading edges of thin wings after Fage et al 

(1944) used the method to fix  boundary layer transition.

When an airjet issues into a stream normal to the flow  direction tw o  counter-rotating 

vortices are formed, one on each spanwise edge of the jet. Wallis (1956) found that by 

skewing the jet and thereby introducing some degree of cross-flow  component, each jet 

produced a single persistent vortex. Wallis et al (1958) and Pearcey (1961) examine the 

possibility of using airjets to alleviate shock induced separation. A continuation of this work 

by Rao (1988) revealed (i) the physical mechanism of vortex production by an airjet and (ii) 

the performance of an optimum arrangement of airjets to be comparable to that of a system 

of conventional vane vortex generators in their ability to prevent this type of separation.

Zhang et al (1 987) and Compton et al (1 992) investigate the effect of a simple round 

airjet on the characteristics of an oncoming turbulent boundary layer in a zero adverse 

pressure gradient.

A parametric study by Selby et al (1992) found that when compared to slot blowing, 

circular airjet vortex generators provided an equivalent level of flow  control over a tw o- 

dimensional rearward facing ramp. W ith jet exit area and speed also taken into account the 

circular airjets were found to be effective over a larger spanwise region.

Johnston et al (1989) use adaptive wall technology to impose a strong adverse 

pressure gradient upon the opposite flat wall of a low speed wind tunnel in which are 

embedded various arrays of circular airjets. By comparing skin friction measurements w ith 

those generated by Pauley et al (1988) using vane vortex generators, Johnston surmises that 

airjets generate vortices of similar strength to those shed from vane vortex generators. More 

specifically it was shown that a substantial reduction in the size of the stall region occurs for 

airjet velocities above 80%  of local velocity, although an assumption is made that an 

improvement in the control of flow  separation would not be seen if this figure is increased 

above 100%!

More recently work by Akanni et al (1994) has shown that it is possible to model 

numerically the three-dimensional flow fie ld  created by pitched and skewed airjets issuing into 

an otherw ise undisturbed incompressible turbulent boundary layer. It was demonstrated that 

each airjet produces a single strong longitudinal vortex and that the strength of this vortex 

was influenced by pitch and skew angles, exit velocity and downstream distance in ways 

which accord w ith  published experimental results.

W ith the present interest in high lift systems and the current emphasis on increased 

performance near stall there may be considerable benefits to be gained if airjet vortex 

generators are applied to high lift aerofoils.

1.3 Objectives

Firstly, a representative high lift system had to be chosen and it was decided through 

consultations w ith  British Aerospace that a system similar to that found on the Airbus A320 

would be suitable for the current work. It would consist of a Handley Page leading edge slat
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and a trailing edge Fowler flap. The fundamental nature of the work was such that two- 

dimensional testing was fe lt to be of more benefit than a three-dimensional half model swept 

w ing.

Although the ultimate objective of the work was to examine the possibility of 

improving the performance of high lift systems through the use of airjet vortex generators, 

early work was to be conducted using vane vortex generators. This was done for comparative 

reasons. Previous work established that the effects of vanes are near enough analogous to 

airjets and therefore a broad survey of the possibilities and prospects of these would be 

obtained by the initial use of vanes.

Approaching the problem from this point of view would allow a model to be 

constructed from three solid elements ie. w ithout the provision for ducting air to airjet vortex 

generators. This would minimise the initial model manufacturing time and cost and an early 

assessment could be made of the effects of various vane vortex generator configurations on 

the two-dimensional stalling characteristics of the high lift system. Any flow  problems which 

m ight become apparent during initial testing could then be tackled in the design of the second 

model which would be specifically for airjets.

The effect of airjet vortex generators on the stall of the high lift system would be 

investigated in detail and an evaluation made of their potential for use in active stall control.

Running parallel w ith  the initial testing phase would be the commissioning of a new 

data acquisition system to be ready for use in tests involving airjet vortex generators.
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2. Theory

2.1 High lift systems

The problem of obtaining high lift is that of developing the lift In the presence of 

boundary layers - getting all the lift possible w ithou t causing separation. Provided that 

boundary layer control is not used, our only means of obtaining more lift is to modify the 

geometry of the aerofoil. For a single element aerofoil there are several means for 

improvement - changed leading edge radius, a flap, changed camber, a nose flap, a variable 

camber leading edge and changes in the detailed shape of the pressure distribution.

If more lift is to be generated the circulation around the aerofoil section must be 

Increased, or equivalently, the velocity over the upper surface must be Increased relative to 

the velocity over the lower surface. However, the Kutta condition at the trailing edge requires 

the upper surface and lower surface velocities assume an equal value. When higher velocities 

over the upper surface of the aerofoil are produced in order to get more lift, larger pressure 

gradients are required to decelerate the flow  from the maximum velocity to the trailing edge 

velocity. Again, If this process of deceleration is too severe, separation occurs.

There appear to be five primary mechanisms which enable high lift systems to 

generate the necessary lift while simultaneously minimizing boundary layer separation. 

Following the pioneering work of Smith (1975), these are:

(i) Downstream effect - to a firs t approximation an upstream element can be modelled as a 

point vortex of strength K in inviscid flow . The flow  field produced by a point vortex contains 

streamlines which are concentric circles. The velocity at any point In the flow  Is tangential to 

a streamline and of magnitude K/2/7r where r is the radial distance from the origin of the point 

vortex. Consequently, the velocity experienced at any point on the downstream element will 

be a result of a vectorial sum of the velocity associated w ith  the point vortex and the velocity 

field associated w ith  the downstream element. The velocities in the v ic in ity of the leading 

edge of the downstream element are considerably reduced (and hence the magnitude of the 

peak suction). In turn the boundary layer on the downstream element negotiates a less severe 

adverse pressure gradient than that which would be experienced in the absence of the point 

vortex. The downstream effect decreases in magnitude as one progresses further aft over the 

downstream element w ith  the pressure distribution tending to that seen in the absence of the 

point vortex.

(ii) Circulation effect - the corollary of the downstream effect is that the trailing edge of the 

upstream element is in a region of flow  of considerably higher velocity than that seen in the 

freestream. Since the vortex can now be used to model the circulation on the downstream 

element it can be placed close to the trailing edge of the upstream element. The velocity field 

of the point vortex now effectively locates the trailing edge of the upstream element at a high 

angle of attack. However, reality dictates that the Kutta condition must be met at the trailing 

edge (ie. tangential flow  condition) and so the circulation on the upstream element increases 

until this condition is satisfied. Unlike the downstream effect where the influence was
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localised to the leading edge of the downstream element (In terms of significant magnitude) 

the circulation effect Is fe lt over the entire surface of the upstream element.

(Hi) Dumping effect - this is related to the circulation effect and can be defined as the ratio 

(ute /umax)2 where ute Is the velocity at the trailing edge of the upstream element and umax is 

the maximum local velocity experienced on the same element. The closer this ratio is to unity 

implies the boundary layer has experienced a reduced pressure rise thus alleviating potential 

separation problems which may have arisen otherwise. This is peculiar to the trailing edge 

region and is s trictly only applicable to inviscid flow .

(iv) Off-the-surface pressure recovery - the upper surface boundary layer from the upstream 

element is shed into the wake at a static pressure significantly lower than freestream static 

pressure. The recovery to freestream static pressure is achieved out of contact w ith  a surface 

(ie. zero adverse skin friction forces present) and the dispersion by turbulent mixing of the 

associated momentum defect is achieved more rapidly since full potential flow  is present 

above and below the wake (initially anyway).

(v) Fresh boundary layer effect - new boundary layers grow from the leading edge of each 

successive element. Each new boundary layer w ill have an associated transition region 

(however small) and w ill be thinner as it approaches the adverse pressure gradient behind the 

associated peak suction for the element in question. Thinner that is than had a single 

boundary negotiated the previous adverse pressure gradients on upstream elements. Thinner 

boundary layers are better able to w ithstand strong adverse pressure gradients w ithout 

incurring separation problems.
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2.2  Separation and stall

For m any h igh  

Reynolds number flow s, the 

flow  field may be divided into 

tw o  regions: (i) a viscous 

boundary layer adjacent to 

the surface of the aerofoil and 

(ii) the essentially inviscid 

flow  outside the boundary 

layer. The velocity of the fluid 

particles increases from a 

value of zero (no-slip) at the 

wall (body fixed coordinates) 

to a value which corresponds 

to the external 'fric tion less' 

flow  outside the boundary 

layer (fig. 2.1). As a result of 

these ve loc ity  gradients, 

shear forces are relatively 

large w ith in  the boundary layer. Outside the boundary layer, the velocity gradients become 

so small tha t the shear stresses acting on a fluid element are negligible. The effect of viscous 

terms may then be ignored for the flow  field external to the boundary layer.

The loss of lift due to viscosity is comparatively small when viscous effects are 

confined to thin attached boundary layers. When a boundary layer becomes detached from 

the surface w ithou t re-attachment occurring, very large losses of lift w ill result w ith  a 

corresponding increase in drag.

Shear forces and pressure forces act to retard the motion of the flow  w ith in a 

boundary layer. Consequently, continuity of mass flow  dictates that the boundary layer will 

increase in thickness. The slower parts of the flow  (near the aerofoil surface) w ill decelerate 

to zero speed sooner

Laminar portion of the boundary layer

Outside o f the boundary layer, the flow  may be assumed 
to be inviscid

Figure 2.1 : Viscous boundary layer on an aerofoil w ith 

attached flow
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With further 

deceleration u < 0 on 

the downstream side of 

the locus and the 

streamline pattern will 

be as in figure 2.3. In 

particular, there must 

be one stream line  

w h i c h  s e p a r a t e s  

streamlines that reverse 

their direction at the u 

= 0 locus from those that start further upstream. The origin of this streamline coincides w ith 

the point on the aerofoil surface at which u = 0, the separation point, and the flow  is said to 

have separated from the surface as the streamlines no longer fo llow  the surface.

There are tw o  distinct types of boundary layer flow , laminar and turbulent, the 

transition process from laminar to turbulent flow  occurring over a fin ite distance known as the 

transition zone. In the case of flow  past an aerofoil, the boundary layer starts as laminar at 

the stagnation point w ith  a fin ite thickness. Eventually all laminar boundary layers become 

unstable and any small disturbance triggers transition to the erratic unsteady condition known 

as turbulent. Transition starts at a particular value of the Reynolds number based on the 

distance from the origin of the boundary layer. For a boundary layer on a smooth flat plate, 

the critical value of the Reynolds number is approximately 2 ,800 ,000  depending upon the 

turbulence in the onset flow . Transition is hastened (ie. the transition Reynolds number is 

lowered) by many parameters such as surface roughness, surface temperature, positive 

pressure gradient and Mach number. A turbulent boundary layer may revert back to a laminar 

boundary layer if the pressure gradient it experiences becomes favourable once again.

When the boundary layer is laminar, a transverse exchange of momentum takes place 

on a microscopic 

scale. As a result 

s low er moving 

particles from the 

l o w e r  l a y e r s  

(laminii) of fluid 

move upward, 

conversely faster 

moving particles 

from the upper 

layers m igra te  

d o w n w a r d s  

t e n d i n g  t o  

acce lera te  the

Figure 2.4 : Momentum transport models (a) laminar & (b)

turbulent

Figure 2.3 : Boundary layer separation in a positive 

pressure gradient
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fluid particles closer to the surface. The 

laminar boundary layer tends to be 

relatively th in w ith  limited mass transfer 

and hence relatively low velocity and 

pressure gradients exist near the surface 

w ith  low skin fric tion (fig. 2.4).

A turbulent boundary layer 

exhibits a macroscopic transport of fluid 

particles. Thus in addition to the laminar 

shear stress there is an effective turbulent 

shear stress that is due to the transverse 

transport of momentum. The slower 

moving particles close to the surface are 

moved well upward being replaced by 

relatively high velocity fluid particles from 

the outer boundary layer. This creates 

relatively higher shear stresses at the wall 

than that for a laminar boundary layer.

Thus the turbulent boundary layer is thicker w ith considerably more mass transport. However, 

the higher velocities near the surface of the aerofoil give rise to higher skin friction.

A boundary layer in an adverse pressure gradient w ill resist separation in proportion 

to its ability to transfer momentum from its outer regions to the slower ("tired") flow  regions 

closer to the surface. Thus a turbulent boundary layer w ith  its higher rate of momentum 

transport can survive a higher adverse pressure gradient w ithou t separating than can a laminar 

boundary layer. Yet the thicker the turbulent boundary layer the harder it is to achieve 

effective momentum transfer and hence the more easily the boundary layer becomes detached 

from the surface of the aerofoil.

Several parameters are used to describe the state of a boundary layer at a given 

distance from its origin. The criteria used to define the edge of the boundary layer and thereby 

its thickness 6 is the height at which u/Ue = 0.995. A more significant parameter is the 

displacement thickness of the boundary layer given by

* *  /(1  .U. )dy........................................................... (2-D
0 U e

Figure 2.5 : Velocity profile of a boundary layer 

on a flat plate illustrating the relationship between 

<5 and 6'

where Ue = local velocity outside the boundary layer, which can be derived by considering 

conservation of mass. The source of this name is in fact that it is the distance the external 

flow  streamlines are displaced by the boundary layer. The relationship between 6 and 6’ is 

shown in figure 2.5. By applying the conservation of momentum at the boundary layer origin 

and at a distance x downstream yields a defining relation for another parameter, the 

momentum thickness 0  given by
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( 2 - 2 )

6

This indicates the thickness that a layer of external inviscid flow  would need to be to carry 

a momentum flow  rate equal to the deficit in momentum caused by the presence of the 

boundary layer.

These parameters form the key to any boundary layer analysis and are all related to 

one another by the Von Karman momentum integral equation which can be derived using the 

continuity equation and the conservation of momentum in the streamwise direction. It has the 

form

+— (2+H) dUe
dx

(2-3)

where

H=— ................................................................... (2-4)
6

called the shape factor, and cf is the skin friction coefficient. These definitions hold true for 

any steady incompressible flow , whether laminar or turbulent, constant or variable pressure, 

constant or variable temperature.

Modern high lift systems achieve high lift curve slopes while tolerating a small degree 

of flow  separation ie. cove separation, separation bubbles and small amounts of trailing edge 

separation. However, if the extent of separation increases to a point where the gross 

character of the flow  changes, restricting the lift coefficient to an upper maximum this is 

termed flow  breakdown. Beyond this, massive separation causes a decrease in lift w ith 

increasing incidence and the aerofoil is said to be have stalled.

As a basis for the discussion of the mechanism of the stall of aerofoil sections w ith 

high lift devices, the classical classifications of the single aerofoil stall w ill be discussed briefly 

firs t. When the incidence of an aerofoil is increased towards that of maximum lift, regions of 

separated flow  are formed whose position and development determine both CLmax and the post 

stall behaviour of the aerofoil. These regions are usually situated near the leading or trailing 

edges and it is convenient to categorise the behaviour of single element aerofoils into one of 

three basic types (fig. 2.6 & 2.7).

Trailing edge stall: Identified by movement of the turbulent separation point forward from the 

trailing edge w ith  increasing incidence. This is characteristic of most th ick aerofoil sections 

w ith  the lift curve peak usually being rounded and loss of lift after stall gradual. The rate w ith 

which separation moves forward from the trailing edge is dependant upon the shape of the 

pressure recovery curve. A concave upper surface leads to values of the shape parameter H 

which can be large over much of the rear of the aerofoil and separation may spread forward 

very rapidly. Conversely, convex surfaces can produce low values of H except near the trailing 

edge and hence can accelerate stall onset. However, the separation point w ill move more
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Traiiing-edge stall

Pressure distributions and shape parameters for 2 types o f trailing-edge stall

Figure 2.6 : Trailing edge stalls
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gradually and the loss of lift w ill be less sudden.

Leading edge stall: Caused by sudden flow  separation w ithout re-attachment and is associated 

w ith  the existence of a small region of separated flow  near the leading edge of the aerofoil. 

Often exhibited by moderately th ick sections little rounding is seen in the lift curve before 

stall. The laminar boundary layer separates w ith  transition occurring in the separated boundary 

layer. The turbulent boundary layer re-attaches to form a short bubble. W ith increasing 

incidence the bubble shortens until at some critical lift coefficient the turbulent boundary layer 

fails to re-attach form ing a large separated region over most of the aerofoil or alternatively, 

the reattachment is quickly fo llowed by a further separation of the turbulent boundary layer, 

both giving rise to a sudden stall.

Thin aerofoil stall: Characterised by flow  separation close to leading edge w ith  re-attachment 

at a point which moves progressively rearward w ith  increasing incidence. This stall occurs on 

all sharp edged aerofoils and on thin aerofoils w ith  rounded leading edges. In the case of sharp 

edged aerofoils the re-attachment point moves progressively rearwards until at approximately 

maximum lift it reaches the trailing edge after which the stall occurs. On thin rounded leading 

edge aerofoils the short bubble which forms at low incidence bursts into a long (2-3% chord) 

bubble resulting in the characteristic kink in the lift curve slope. W ith increasing incidence the 

bubble again extends rearwards until it reaches the trailing edge. During this process dCL/da 

decreases steadily and a smooth maximum results.

An aerofoil can exhibit d ifferent stalling behaviours at d ifferent Reynolds numbers 

and a combination of stalling characteristics can occur simultaneously at the same Reynolds 

number. The addition of camber can significantly alter the stalling behaviour of an aerofoil.

W ith a little thought we may apply the empirical guide lines above to high lift 

systems and possibly anticipate how these systems may stall. In attempting to do this we 

assume that the position of the separate elements is such as to produce optimum aerodynamic 

performance for the system as a whole. Experiments have shown that for an aerofoil having 

a plain leading edge and deployed trailing edge, the pressure d istribution over the flap varies 

little w ith  incidence (Foster et al, 1970). Hence under conditions of weak interference from 

the main w ing wake the flap upper surface boundary layer development m ight therefore be 

expected to be almost invariant w ith  incidence. Flap deployment significantly increases the 

trailing edge camber of an aerofoil. This significantly increases the adverse pressure gradient 

just downstream of the main w ing leading edge and hence it is reasonable to expect a flapped 

aerofoil section (in the absence of any leading edge devices) to experience a leading edge stall 

unless the profile shape is designed w ith  prevention of this possibility in mind.

A wing w ith  a slat may stall either as a result of flow  breakdown on the upper 

surface of the slat or main w ing. The surface on which the breakdown occurs is determined 

by the geometric position of the slat relative to the main w ing. Experiments have shown that 

for a high angle of rotation of the slat relative to the main wing chordline the adverse pressure 

gradient on the slat upper surface is comparatively mild at the expense of the pressure 

gradient at the main w ing leading edge. The reverse is true if the slat angle Is low  and in these 

circumstances the slat w ill suffer a leading edge stall, shedding an unsteady wake which in
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Leading-edge stall

Thin aerofoil stall -  sharp leading-edge
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Thin aerofoil stall -  rounded leading-edge

Figure 2 .7  : Leading edge & thin aerofoil stalls 

turn would probably cause a premature separation on the downstream elements. Turning to 

the main w ing, Foster et al (1970) found that the mere presence of a turbulent wake may 

induce early transition of a laminar boundary layer on a downstream element and hence 

reduce the possibility of a leading edge stall.
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2.3 Vortex generators

Any technique that can enhance the momentum transfer processes which occur 

naturally w ith in  a boundary layer w ill inevitably delay separation. A commonly utilised method 

for flow  separation control employs small vane vortex generators embedded in a turbulent 

boundary layer ahead of a line of flow  separation. Their use relies on the increased mixing 

between the external stream and the boundary layer that is promoted by streamwise vortices 

shed from the vanes trailing longitudinally over the surface, adjacent to the edge of the 

boundary layer. Fluid particles w ith  high streamwise momentum are swept in along helical 

paths towards the surface, mixing w ith  and to an extent replacing retarded fluid particles close 

to the surface. The mean streamwise momentum of the fluid particles in the boundary layer 

is thereby increased. This process continues for as long as the vortices remain strong enough 

to impose a helical motion on the fluid particles. The motion provides a continuous source of 

re-energization to the boundary layer, countering the effects of adverse pressure gradients and 

surface skin friction.

In their simplest form vane vortex 

generators consist of a row of small flat 

plates which project perpendicular to the 

surface of interest (fig. 2.8). Each is set at 

an angle of incidence to the local flow  

direction to produce a single trailing 

vortex. Co-rotating vortices are obtained 

by setting all the vanes (usually equally 

spaced) to the same angle of incidence, 

producing vortices of similar strength at 

the same height above the surface.

Counter-rotating vortices are generated by 

alternately setting the vanes at positive 

and negative angles. They are equally 

spaced in pairs only but again usually set 

to produce vortices of equal strength at 

the same height. Other devices producing 

vortex action are leading-edge and trailing- 

edge  f e n c e s  and l e a d i n g - e d g e  

discontinuities.

The most important single factor in establishing an effective co-rotating vortex 

pattern is the need to keep the spacing of adjacent vortices above a certain minimum value. 

An effective co-rotating vortex pattern is one which contains strong discrete vortices lying 

close to the surface, but which are far enough apart to prevent the low momentum air that 

is being swept out on one side of each vortex from being swept in to the surface again by an 

adjacent vortex, ie. to prevent mutual viscous interaction. This is achieved only if the initial 

spacing of the vortices is greater than about four times their height (D/h > 4). For a smaller

(Pearcey, 1961)
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spacing than this the co-rotating 

vortices tend to damp one another, 

failing to maintain high momentum air 

at the surface at any point in the cross- 

section of the boundary layer (fig. 2.9). 

Until this point was appreciated the 

performance of co-rotating vane vortex 

generators compared unfavourably w ith 

that of counter-rotating types. Once 

the spacing is well above this minimum 

value their effectiveness falls only 

slow ly w ith  further increases in spacing 

(provided the vortices are themselves 

strong). Systems w ith  5 <  d/h <  8 are 

frequently used in practice.

CONTOURS O f f  H ~p»
* K iTPcd

- PROJECTION OF 
GENERATOR TIP 
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Figure 2.9 : Pitot pressure contours for co-rotating 

vortices at a fixed distance downstream of 

generators (Pearcey, 1961)

Counter-rotating vortices are effective in delaying separation when they are arranged 

as shown in figure 2.10. This shows extensive regions where the boundary layer is kept thin 

between alternate pairs of vortices. However, this favourable vortex arrangement is not 

maintained as the downstream distance increases. The centres of the vortices move closer 

together in pairs and further away from the surface until the vortices eventually become 

damped out.

Figure 2.10 : Pitot pressure contours for a typical counter-rotating configuration

(Pearcey, 1961)

Each vortex in a system of vortices cannot be considered in isolation. Velocities are 

induced on any one vortex by its neighbours located on either side. Considering firs t a system 

of co-rotating vortices where the individual vortices are all of the same strength and height 

above the surface. We can see that the induced velocities on any one vortex due to its 

neighbours cancel out (fig. 2.11). However the vortex is displaced laterally under the velocity 

induced by the images in the surface. This is the same for all vortices in an infinite row and 

the system is displaced bodily in a lateral direction. It is these induced velocities which are 

responsible for the vortices in a co-rotating system i) maintaining a constant height above the 

surface and ii) retaining their effectiveness for up to 100 generator heights downstream of 

their origin.

The induced velocities for counter-rotating systems causes the array of vortices to 

change substantially as it moves downstream. The consideration of vortex paths then
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becomes vital in the design of these systems.

Considering a system in which all the vortices 

are equally spaced the resultant induced 

velocity at the centre of any one vortex will 

be parallel to the surface (as in a co-rotating 

system). However, the lateral induced 

velocity is in opposite directions for adjacent 

vortices causing them to move together in 

pairs. Once pairing has begun to occur the 

induced velocity vector rapidly rotates in a 

direction away from the surface. This 

movement of the vortices lim its the range of 

effectiveness for vortices which are originally 

equally spaced to about 20 generator heights 

downstream from their origin. However, the 

downstream range of effectiveness can be controlled to a significant degree by the choice of 

original arrangement (fig. 2.12).

There is a net penalty drag associated w ith  the use of vane vortex generators 

although the magnitude of this penalty varies w idely w ith  each application. Positive 

contributions to the drag include: the drag of the blades themselves of which the major 

portion is the induced drag associated w ith  the vortices; and the increased skin friction on the 

w ing surface due to the vortex action. These contributions are to an extent o ffset by the 

reduction in form  drag of the w ing that fo llow s from the reduction in boundary layer 

displacement thickness. The net penalty drag is a balance between these opposing 

contributions and is generally very small. Examples of the types of change that can be made 

to a system of co-rotating vortex generators 

to reduce its drag can be found in figure 

2.13.

The fluid issuing from a jet normal to 

the surface into a confined cross-flow  is 

characterised by a highly complex flow  field 

that includes a primary vortex located in the 

wake region of the jet, secondary counter-

rotating vortices located in the side regions of 

the jet and a horseshoe vortex located along 

the circumference of the jet. The primary and 

secondary vortices are both helical vortices.

The horseshoe vortex is a ring of reversed 

flow  and is generated by the strong adverse 

pressure gradient in the near upstream 

vicin ity of the jet. The secondary vortices are
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Figure 2.13 : Changes to a system of co-

rotating vortex generators which w ill reduce

its drag (Pearcey, 1961)
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generated by the severe 

shearing forces exerted by 

the jet flow .

If the je t is 

inclined to the flow  to give 

both s tream w ise  and 

s p a n w i s e  v e l o c i t y  

components on exit, one 

member of the pair of 

secondary vo rtice s  is 

strengthened significantly 

(fig. 2.14). The action of 

the vortex from the inclined 

jet is similar to that of the 

vortex from an inclined 

vane w ith  the advantage 

that at cruise conditions 

when no separation is 

present the jet can be 

switched o ff to avoid the 

undesirable drag penalties 

associa ted w ith  vane 

vortex generators.

vortices that are initially equally spaced (Pearcey, 1961)

Figure 2 .14  : Vortex formation by pitched & skewed rectangular air-jet (Rao, 1988)
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3. Experimental Techniques

3.1 Windtunnel

The work was conducted in City University's T2 lowspeed w indtunnel which has a 

Reynolds number capability of 3.1 million per metre (0-45m s'1). It is of the closed circuit type 

and has a working section size 0.81 *1.1 2m w ith  corner fillets and a length of 1.68m. The 

working section is vented to atmosphere at the rear and the turbulence level is below 0.7% .

Figure 3.1 : W indtunnel working section

3.2  Two-dimensional model

3.2.1 Aerofoil

Each element of the high lift system was constructed from laminated African 

mahogany using a glue of low  moisture content (Cascophen) to minimise movement on 

completion. The wooden slat was later replaced by a much stiffer one piece aluminium slat 

which eliminated the need for mounting brackets to support the slat via the main w ing at 

selected points along its span. The chordwise profile of the high lift system can be seen in 

figure 3.2. The lap and gap distances and angles for the slat and flap elements were those 

shown in figure 3.3.

Harpoon bolts secured the slat and main wing elements of the high lift system to 

endplates. The flap element was secured to tw o  moveable aluminium plates which in turn 

were also countersunk into each endplate. A lthough the flap could not be fu lly retracted the 

aluminium plates allowed for considerable variation in setting the flap gap, lap and angle 

parameters independently (fig. 3.4).

Located at the mid-span of the slat, main wing and flap were twelve, th irty-one and 

fourteen pressure tappings respectively. Normal force coefficients for each element were 

derived from these tappings. A retracted chord length of 500mm was used to calculate their
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Figure 3.2 : High lift system

Figure 3.3 : Lap and gap settings

x/c values w ith  the model having span and deployed chord lengths of 740mm and 608.6m m  

respectively. Tables 1 to 3 in Appendix D contain the surface coordinates for each element.

The load path to carry aerodynamic forces out of the complete structure consisted 

of tw o  aluminium spindles 40mm in diameter securely attached to large aluminium plates 

countersunk into the main wing at each spanwise extrem ity. The spindles passed through the 

w indtunnel roof and floor to sit neatly into tw o  sets of thrust and roller bearings conveniently 

located in steel cross members attached to the working section support structure (fig. 3.5). 

The overall e ffect was to have the aerofoil mounted vertically on the thrust bearings allowing
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Figure 3.4 : Mechanism to vary flap position

it to rotate freely about an axis through the spindles.

3 .2 .2  Endplates

These were manufactured from transparent perspex 9.5mm thick w ith  their height 

and length as shown in figure 3.6. Preliminary calculations on the tunnel wall boundary layer 

thickness indicated that the minimum distance required between the tunnel walls and 

endplates for these to be effective in preventing boundary layer spillage was 17mm. The 

actual value used was 25mm.

It was essential to maintain an airtight seal at the junctions between each endplate 

and the individual elements of the high lift system. Rubber foam was cut to the shape of each 

element using aluminium templates. During model assembly the foam was then inserted 

between the endplates and the spanwise extremities of each element. Tightening the harpoon 

bolts ensured the rubber foam compressed suffic iently to guarantee no leakage of flow  from 

the lower surface to the upper surface.

Provision for boundary layer control on the endplates was made through the use of 

aluminium plates countersunk into each endplate at three d ifferent chordwise positions (0.1 6, 

0 .30  and 0.61 2) adjacent to the main wing (fig. 3.7). Into these could be inserted airjet vortex 

generators or lateral slots through which compressed air could be supplied at varying 

pressure. The plates could be extracted/inserted w ithout the need for removing the entire 

model from the working section.

36



Figure 3.5 : Model support structure outside working section: (a) roof

(b) floor

3.3 Vane vortex generator design

The emphasis in choosing the arrangement for vane vortex generators was on 

producing an array of vortices that would be effective for separation positions over most of 

the upper surface of the main wing. This would enable possibilities to be explored broadly, 

in a preliminary way, and provide useful guide lines for the development of more sophisticated 

and finely tuned airjet systems. The firs t requirement, therefore, was a co-rotating system to 

ensure that the vortices remained close to the surface. The vanes were positioned at x/c = 

0 .14  where the local velocities would ensure that the vortices were strong and generated well
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Figure 3.6 : Dimensions of endplate (mm)

upstream of any likely separation positions. Other details of the configuration were based on 

recommendations given by Pearcey (1961). The vanes were of cropped delta form  w ith  60° 

leading-edge sweep, height 7.5mm w ith  root and tip chords of 30 and 17mm respectively. 

A spacing of 60mm apart ( 8 * height) allowed for 11 vanes along the span of the model. The 

vanes were set at 20° to the undisturbed stream (fig. 3.8).

Figure 3.7 : Lateral slots in endplate to facilitate endplate boundary layer control

Counter-rotating vane vortex generator configurations were tested at tw o  positions, 

x/c = 0 .14  and x/c = 0.4, using the same vane design. The vanes were grouped in pairs 

148mm apart, the vanes in each pair being 37mm apart (ie. D/d = 4). The vanes were again 

set at 2 0 °  to the undisturbed stream. The vanes were manufactured from thin Brass sheeting 

and pressed so that each vane had a small fla t surface protruding horizontally from its root
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chord. This allowed each vane to be secured to the model by double-sided sticky tape which 

proved adequate for all test conditions.

3 .4  Airjet vortex generator design

3.4.1 Ducting

Facilities were available which allowed for the storage of up to 15.2 m3 of dry air at 

a maximum pressure of 45 bar. A high pressure air line was constructed, which when 

finished, enabled air from this source to be available from an outlet close to the working 

section of the w lndtunnel. This 'prim ary' air line consisted of approximately 35m of 50.8 /38 

mm (OD/ID) reinforced vinyl tubing capable of supplying air at a maximum pressure of five 

bar.

In the vicin ity of the working section the primary air line divided equally into tw o 

separate lines, each supplying air to a large steel plenum chamber. One plenum chamber was 

allocated for supplying air solely to the endplate boundary layer control slots, while the second 

provided air for the airjet vortex generators in the model. A maximum of four secondary air 

lines 38/25 mm could be attached to each plenum chamber while a system of orifice plates 

w ith in each plenum chamber ensured an equal distribution of air to each secondary air line.

A lever operated ball valve (Crane D191, 38mm ID) could be used to isolate the 

ducting system from the storage facility while a similar second valve could isolate the plenum 

chamber supplying air to the airjet vortex generators from the endplate ducting. A pressure 

regulating valve (Hale Hamilton PL5M) enabled the delivery pressure from the storage facility 

to be varied according to the demands of the system at any one time.

During w indtunnel operation, endplate boundary layer control was always used at 

a constant blowing pressure which was determined from previous tests to ensure tw o -
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dimensional conditions up to and beyond the stall o f the clean aerofoil. W ith the 

implementation of endplate boundary layer control at tw o  chordwise positions on each 

endplate, full use was then made of the maximum possible number of four secondary air lines 

from the endplate steel plenum chamber.

Practical lim itations on 

the design of the model 

prevented each airjet from having 

an individual air supply. As a 

result, compressed air from the 

steel plenum chamber supplying 

air to the airjets passed into 

subsidiary plenum chambers 

located inside the main wing of 

the model. In total, four such 

plenum chambers (two per model 

semi-span) were integrated into 

the design of the main w ing at 

tw o  chordwise locations (fig.

3.9). The chordwise extent of 

each plenum chamber was large 

enough so that a degree of 

f l e x i b i l i t y  c o u l d  b e  

accommodated for in the location 

of the airjet vortex generator 

configurations. The leading-edge 

plenum chamber extended from 

0.1 to 0 .22 x/c while the trailing- 

edge plenum chamber was

Figure 3.9 : Main w ing plenum chambers for 

lower semi-span

located between 0 .56 and 0 .69  x/c. A smaller plenum chamber situated behind each leading- 

edge plenum chamber was incorporated into the design in anticipation for the need to control 

corner flow  at the junction of the main wing and each endplate. In the event, this chamber 

was never needed and remained sealed for the entire duration of the tests. A ir entered all 

plenum chambers from above and below the working section. Channels passing under the 

pressure tapping locations linked plenum chambers adjacent to one another either side of the 

model centre line. Orifice plates w ith in the plenum chambers provided an adequate distribution 

of air throughout each chamber (fig. 3.10). In order to incorporate tests at all incidences the 

ducting system to the model had to be flexible and not interfere w ith  the balance mechanism 

which is present above the working section.

Two static pressure tappings monitored the pressure in each plenum chamber w ith in 

the model. To complete the main w ing upper surface profile, wooden lids for each plenum 

chamber shaped to the local profile of the main wing upper surface were fitted  into place and

40



secured tigh tly  using wood 

screws. An air-tight seal was 

ensured along the join by 

compression of a rubber CD- 

ring gasket. Testing w ith  no 

boundary layer control was 

achieved by merely testing 

w ith  lids manufactured w ith  

no airjet provision. The model 

was designed so that an 

exchange of lids could occur 

w ithou t having to remove the 

model from the working 

section.

3 .4 .2  Airjet vortex generator

Whereas guide lines 

similar to those described by 

Pearcey (1961) aid the 

designer in the installation of 

a vane vortex generator 

system, similar empirical rules 

do not exist for guidance in 

the installation of an airjet 

vortex generator system. The 

over-riding concern governing 

the current work was that the 

vortices generated by airjets would be far enough apart so as to prevent low  energy air that 

is being swept out on one side of each vortex from being swept into the surface again by an 

adjacent vortex. The work deals only w ith  airjets having a rectangular cross-section as 

Freestone (1 985) showed that the vortic ity  generated by such a jet is greater than that from 

a circular je t having a similar cross-sectional area.

Following recommendations by Rao (1988), each rectangular airjet had an aspect 

ratio of five and was vectored 6 0 ° from the freestream direction. An inclination angle of 4 5 ° 

to the local surface tangent was chosen to ensure adequate penetration of the jet through the 

multiple shear layers where vortex formation could then occur (fig. 3.8). Three pairs of 

matching lids w ith  provision for airjets were produced, in addition to blank lids, for the leading 

edge plenum chambers. The rear plenum chambers were left w ith  blank lids inserted for the 

present time. Each pair of lids contained a d ifferent airjet vortex generator configuration w ith 

each system positioned symmetrically about the model centre line. The firs t contained a co-

rotating system at x/c = 0 .14  w ith  the centre of each jet spaced 53mm apart (fig. 3.11). The 

second and third pairs contained counter-rotating systems (also at x/c = 0.14); in the event

Figure 3 .10 : Orifice plate in one leading edge plenum

chamber
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the improved performance of 

the high lift system w ith  the 

co -ro ta tin g  a irje t vo rte x  

g e n e ra to rs  in s ta lle d  at 

x/c = 0 .14  merited detailed 

study of the shear layers 

above the high lift system.

W ith the co-rotating system it 

was inevitable that one airjet 

adjacent to an endplate would 

produce vortic ity  which would 

be detrimental to the corner 

flow  and as a result this airjet 

was excluded from the 

design.

The rectangular slot 

for each airjet (12.5 x 2.5mm) 

was milled into a solid 

wooden plug (25mm diameter 

and 14mm thick). Each airjet 

vortex generator plug was 

then inserted into the wooden 

lid at the appropriate location 

and glued into place. Tests 

conducted  p rio r to  lid 

manufacture revealed that shearing forces in the region of 0 .18  imperial tons were required 

to cause failure of the plugs when inserted into a wooden plate having the same thickness to 

the lids sealing the leading edge plenum chambers. The total pressure needed in each plenum 

chamber to subject a similar shear force was calculated to be far in excess of that to be used 

in tests.

Figure 3.11 : Co-rotating air-jet vortex generator system
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3.5 Shear layer rakes

3.5.1 Pitot

In anticipation of examining shear layers which may have a tota l thickness in excess 

of 15% of the aerofoil chord length, it was decided to construct tw o  p ito t rakes to be used 

at different chordwise locations on the upper surface of the aerofoil depending upon the model 

incidence. This would prevent flow  information from being lost, which can occur when using 

too small a rake towards the trailing edge of the aerofoil at high incidence or too large a rake 

towards the leading edge of the aerofoil at low  incidence.

Figure 3 .12  : Various rakes used in shear layer explorations

Both rakes were constructed using stainless steel tubing 0.711 2 /0 .406 4  mm (OD/ID) 

connected to vinyl tubing 1.4 /0 .63 mm (OD/ID). The larger rake consisted of 45 tubes 

approximately 1.9mm between centre lines rising to a height of 83.53m m  above the model 

surface. The smaller rake contained 37 tubes approximately 1.5mm apart rising to a height 

of 5 2 .1 1mm above the model surface. A fter manufacture a travelling microscope was used 

to locate the position of each tube in each rake to w ith in 1x10 2mm (fig. 3.12).

Explorations w ith  the p itot rakes were carried out at 0 .354  x/c, 0 .9  x/c and 1.0 x/c. 

A t each chordwise position a rake would provide data at nine spanwise locations 10mm apart 

for a given incidence and configuration, enabling a three-dimensional image to be derived of 

the shear layer structure.

3.5 .2  Static rake

The static rake was manufactured from slightly larger thin walled stainless steel 

tubing 0 .8128 /0 .635  mm (OD/ID). Nine tubes were used at 10mm intervals covering a total 

length of 80mm (fig. 3.12). In the event this rake was used only once to give some indication 

as to the whereabouts of the vortices formed by the airjet vortex generators. It was never
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calibrated and the data it provided can only be treated as relative rather than absolute in 

magnitude.

3 .5 .3  Rake support

Two possibilities were available for providing a solution as to how to  fix  the various 

rakes in place above the aerofoil surface. Attaching the rakes to the end of a long sting 

extending upstream from beyond the trailing edge of the aerofoil was ruled unsatisfactory due 

to the excessive movement which would be seen at the rake position. There remained only 

one other solution whereby the rakes would be fixed in place by attachment to the model 

upper surface.

Dovetailed slots were machined into tw o  aluminium bars. These were countersunk 

in a spanwise orientation into the upper surfaces of the main wing and flap. Two tapped 

runners were allowed to travel along the length of each dovetailed slot. A s tiff streamlined 

structure was secured to the tw o  runners by tw o  small threaded bolts (fig. 3 .12). The rakes 

in turn were then secured to the streamline structure by a stainless steel rod 0 .125" in 

diameter. This method of securing the rakes into place allowed movement in the chordwise 

and spanwise directions and, as will be seen later, proved very effective as a means of 

examining the shear layer structure above the aerofoil. A sting extending upstream from 

beyond the trailing edge of the aerofoil provided the means for removing the vinyl tubing 

associated w ith  the rakes away from the close vicin ity of the aerofoil. The alignment of each 

rake w ith  the streamwise direction was achieved using a combination of several precision 

made squares.

3.6 Data error assessment

All data accumulated from experimental sources carries w ith  it an intrinsic error of 

some degree. The validity of the data may be open to doubt if the degree of error is 

unacceptably large. All necessary steps must then be taken to minimise this error.

3.6.1 Aerofoil

A fte r the manufacture of the model was completed, a vernier travelling microscope 

confirmed the positions of the chordwise static pressure tappings to w ith in  0.01 mm and that 

specified model dimensions were correct to w ith in 0.5mm. Periodically, through movement 

of the wood used to construct the model, the brass static tappings would gradually protrude 

from the wooden surface, necessitating removal through gentle filing.

The model incidence was measured by tw o  separate methods relative to the tunnel 

centre line. The endplate adjacent to the w indtunnel floor had the chord line of the aerofoil 

scored along its entire length. A brass arc (radius of curvature 325mm) was inscribed w ith  an 

incidence scale between 0 °  and 4 5 °  and countersunk into the w indtunnel floor. As the model 

rotated the leading edge of the endplate passed over the scale measuring the aerofoil 

incidence to ±  0 .1 2 5 ° . The chord line marked on the lower endplate also enabled the zero 

incidence setting to be repeated to w ith in ± 0 .0 3 ° . A second pointer (radius 412mm) was 

attached to one of the 40mm diameter spindles about which the model rotated and which 

passed through the w indtunnel roof. This pointer measured the incidence of the model from 

a second scale to an accuracy of ±  0 .0 6 ° . The test procedure was to firs t allow the tunnel
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to settle at the required Reynolds number and then increase the model incidence to the value 

sought. This allows the vortices to be interacting w ith  the boundary layer before the cleanfoil 

stall incidence is reached. This is beneficial in that at an incidence above the cleanfoil stall 

incidence the vortex generators w ill be preventing the boundary layer from separating; rather 

than firs t having to attach it after which attachment must then be maintained. This also 

prevents measured pressures from suffering hysteresis effects.

3.6 .2  Pressure measurement

Due to the type of aerofoil under test and the need to monitor pressures in regions 

where access w ith  brass tubing proved to be d ifficu lt, the output from the pressure 

transducers was initially fed into an oscilloscope to determine the response rate of the 

pneumatic vinyl tubing/pressure transducer combinations. This in turn provided an indication 

of the maximum possible scanning rate which could be used when using the data acquisition 

system.

A procedure was developed which allowed the C 's  to be calculated from a

derivation of the standard equation:
Cp =

( P  Pstatic)

V2p i / f
(3-1]

giving

Assuming

(P -PatmoJAP;static Patm os)

V 2 p U x

V2 Pu ! = K:(P,-P2) 
(Pt-P3) = K2(P,-P2) 
(P2 -PJ  = K3(P,-P2)

(3-2)

(3-3)

where Pr P2 is the static pressure drop along the tunnel contraction and P3 is the static 

pressure in the centre of the working section, gives

Cp =
( P -P a tm o s )- (P 2-P a tm oà K,

(3-4)m-p2)
By calibrating the tunnel we obtain K1( K2 and K3. It was found that K, = 1.073, 

K2 = 1.0368 and K3 = 0 .03675 so that

Cp =
( P  P a lm o si ( P 2  Patm os)

1.073(P,-P2)
0.034 ...................................... (3-5)

This is line 370 to 372 in the software listing shown chapter 4.

Using this method to calculate Cp's eliminates the need for an absolute calibration 

of the pressure transducers. Instead, so long as their output is proportional to their input 

w ith in the range used, Cp's can be derived from voltage units alone. The method requires 

certain ports on each scanivalve to be reserved for the pressure differences which need to be 

known. These were chosen as port 0 (w indoff), 24 (pr patmos) and 25 (P2-PatmcJ w ith each 

other port monitoring (P-Patmos). Equation 3.5 was modified further to account for the small 

changes in tunnel speed which occur in the time period between measurement of (P-Pdtmos), 

(pr patmos) and (p2’ Patmos)- The accuracy which could be achieved in the measurement of Cp's 

depends on the capability of the ADC's present in the CED1401. Each ADC can only resolve 

to ±  Vz a bit. All voltage signals (±  5 volt range) were handled to 12 bit accuracy ie. ± 2.4
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mV. A constant tunnel speed of 40 ms*1 gave a pressure difference for (P1-P2) equal to 950 

mV and hence a resolution In excess of ±  0 .25%  could be achieved in the value of Cp. 

Periodic checking of the calibration for each ADC was carried out by applying a known voltage 

(accurate to 4 d.p.s.) to each and ensuring that the CED1401 correctly converted the known 

voltage to its equivalent bit designation.

3.6 .3  Windtunnel corrections

W ith reference to Pankhurst & Holder (1952), a w ing of maximum thickness t 

symmetrically placed between the roof and floor of a closed working section of height h and 

completely spanning the breadth b has an associated degree of solid blockage es in tw o- 

dimensional flow  given by the expression:

cs- r k ( ! ) 2..............................................................  (3-6)
n

where

(3-7)

The wake blockage (ew) in two-dimensional flow  is given by

4 h 'D T ' (3-8)

where CDT is the measured drag coefficient. The effective increase in camber (yF-yT), the 

induced upwash w and increase of incidence (aT-aF) at the half chord point are given by:

Y f ~Yi 192/ 7(~ )2CLr (3-9)

aF- a r = - = — ( - ) 2(C , t +4Cmt) ........................................... (3-10)
U 96 h LT MT

where subscripts T and F refer to the measured tunnel values and the corresponding free-air 

values respectively. These formulae apply to thin (t/c <  12%), lightly loaded aerofoils having 

moderate camber distribution and a small chord length (t/h <  15%). The high lift system in 

question is highly cambered and loaded and has a t/h  ratio of 0 .45. A t high incidences the 

magnitude of the wake and solid blockage corrections would be very large and incorrectly 

calculated by the above formulae. Application of the above correction techniques would be 

unjustifiable on these grounds and produce incorrect free air results.

The only method of which the author is aware, which could correct the w indtunnel 

results for interference effects and produce equivalent free air data, is the method of Ashill 

& Weeks (1 982). However, the objective of the work is not to produce absolute design data, 

rather it is to undertake comparative testing.
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4. Data acquisition system
With the emphasis in computer technology moving away from the BBC Master 

computer to IBM PC's having the 386 /486 series processor chips and their associated DOS 

operating environments, it was felt that the current work provided an ideal opportun ity to 

update the Department's data acquisition techniques. Problems were being anticipated in 

future data transfer processes between BBC Master computers and networked PC/UNIX 

systems, the latter providing greater opportunities to use advanced software.

A t the heart of the new system is the use of a PC in conjunction w ith  the Cambridge 

Electronic Design (CED) 1401. This is an 'in te lligent' computer peripheral that contains a 

65C02 microprocessor, 64 Kbytes of memory, software in ROM, an interface to the host 

computer and a wide range of input/output hardware. It can be used to generate and receive 

waveform , digital and tim ing signals. Using its own processors, clocks and memory, under 

control of the host computer, it makes complex real world tasks easy to control.

4.1 CED 1401

The 1401 is a multi-tasking system. This means that the operating system is 

designed to allow more than one process to be carried out at any one time. When this occurs, 

the main activ ity of the 1401 carries on as normal, but it is interrupted at intervals by 

hardware, causing the processor to execute a d ifferent program for a while before returning 

to the main activ ity exactly where it left off. There are tw o  types of 1401 commands that do 

not use multi-tasking, but simply execute when invoked. The firs t of these is the dedicated 

type in which for maximum speed, all other processor tasks are suppressed while ie. an ADC 

is sampled at the fastest possible rate. The second is more tolerant and can run in the 

background while an interrupt driven command also runs. Typical of these are the arithmetic 

commands. Communication between the PC and the 1401 is achieved using an interface card 

installed on the hosts mother board. A 37 pin serial line control lead connects the interface 

card to the 1401.

4.1.1 Fundamentals of 1401 use

The computer communicates w ith the 1401 through the operating system which 

must be DOS 2.0  or later. The 1401 can be driven as if it were a printer and any language 

that is able to read and w rite text strings can be used to control its behaviour. The 1401 

monitor software interprets each text string and invokes the appropriate code which carries 

out the actual task requested. An error will be generated if the code for the requested 

command was not present in the 1401 memory, if the command parameters were incorrect 

or if there was an error during execution.

A 1401 command consists of a list of ASCII characters terminated by a semicolon 

or RETURN character. The command string can be split into separate items separated by 

commas. An item could be a number, a character, a list of numbers separated by spaces or 

a string of characters. How many items are present depends on the command. Some typical 

commands are:

ERR; DAC,0 ,1024 ; ADC,0 1 2 3,2;
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1401 commands obey a number of conventions. The most fundamental is that the firs t item 

in the command string is the command name, a text string containing up to seven characters. 

The rest of the items in the command string are command parameters specifying precisely the 

action requested by the user.

4 .1 .2  Memory

The 1401 contains both ROM and RAM chips. The software contained in ROM 

includes self-test programs which are executed on power-up (indicated by illum ination of the 

red LED on the front panel), a small monitor or operating system and a number of commands 

referred to as "bu ilt-in" commands. Other 1401 commands to carry out different data 

acquisition tasks must be loaded prior to use in the 1401 RAM memory. By doing this, 1401 

memory is only used to store commands that are wanted for the current application and the 

maximum amount of memory is left free for data storage. The code for most commands is 

under 1000 bytes and seldom more than 5 commands are loaded at any one time. The FFT 

command is the largest at 2.5 Kbytes.

The 1401 user memory starts at address zero and continues up to a variable top 

position; as commands are loaded the ceiling moves downwards. Consequently the memory 

available to the user for data storage in the standard unit is approximately 50 Kbytes. Some 

applications need to capture larger amounts of data at fast rates so an optional upgrade is 

available to 2 or 8 Mbytes of RAM.

4 .1 .3  Hardware settings

The standard 1401 handles all voltage signals to 1 2 bit accuracy, that is 1 part in 

4096. Some applications do not need this resolution and you can save memory space and get 

faster performance by choosing to use only the top 8 bits, giving a resolution of 1 in 256. 

ADC readings cannot resolve to better than ± Vi a bit, so conversion of a steady signal may 

fluctuate by 16 or 256 units. The data representation is justified to fill the 16 bit (2 byte) 

range as fo llows:

Bits in word -ve full scale step size ± ve  full scale

12 -32768 16 ± 3 2 7 5 2

-5 volts 2.4 mV 4.9976  volts

8 -128 1 ± 1 2 7

-5 volts 39 mV ±4.961

The standard 1401 has a full scale voltage range for the ADC's of ± 5  volts. This 

may be readily altered to ± 1 0  volts, the safe lim it being ± 2 5  volts although no tw o inputs 

should d iffer by more than 20 volts. Signals should be amplified so that the expected 

maximum amplitude is between half and full scale or potential resolution w ill be lost. The input 

impedance of the ADC's is approximately 1 Mohm. The full scale output voltages (DAC's) are 

sim ilarly ± 5  volts or ± 1 0  volts. They are capable of driving 600 ohms to 5 volts. They are

48



not meant to be power drivers however and their settling time deteriorates w ith  load 

impedances below 2 Kohms. The DAC's are short circuit proof.

4 .2  Electrical Instrumentation

The data acquisition system is composed of tw o  separate electrical circuits; the 

pressure measurement circuit and the Scanivalve control circuit.

4.2.1 Pressure measurement circuit

The Druck pressure transducer PDCR22 is a special purpose transducer designed 

specifically for scanning applications. It features excellent linearity, negligible hysteresis and 

a very low  volume allowing fast scanning rates. It is designed to f it  neatly into the main body 

of a Scanivalve. A pressure difference applied across the single crystal silicon diaphragm 

contained w ith in  the transducer causes deflection of the diaphragm . The diaphragm forms 

an integral part of a strain gauge bridge and the consequent strain caused by movement of 

the diaphragm is seen as a change in potential across the bridge circuit.

The excitation voltage for the pressure transducer is supplied by a Fylde FE-492-BBS 

bridge conditioning unit. This is a combined bridge/dc power supply unit and can provide 

energization and balance facilities for 1,2 or 4 active arm transducers of W heatstone bridge 

form. Front panel controls allow for bridge supply voltage variation, zeroing of bridge by trim 

potentiometer and adjustment of bridge offset by ten-turn potentiometer. When used in 

conjunction w ith  the PDCR22 pressure transducer the unit is configured for full bridge, 

constant voltage operation.

The output signals usually associated w ith  dc bridge transducers are in the m icrovolt 

or m illivolt range. To avoid losing resolution of the signal and hence accuracy, the signal must 

be amplified prior to input into a 1401 ADC channel. The Fydle FE-254-GA differential dc pre-

Pressure 175 mbar < 25 mV , 1000 ohm

50Hz 50Hz

Figure 4.1 : Pressure measuring circuit

amplifier is used for this purpose. Using the amplifier w ith  a particular source, knowledge of
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the maximum expected output from the source (say 10mV) enables a gain to be selected (say 

x200) to obtain a useful output (2 volts) which into a load of lOKohms w ill give 200 /yA. 

Variable gain from x20 to x1000 can be selected while a 30 turn trim  potentiometer gives a 

sh ift capability over the full voltage output range. Different sensitivities were employed for 

each transducer according to the magnitude of the pressure coefficients each was allocated 

to monitor. The pressure measuring electrical circuit is shown in figure 4.1.

4 .2 .2  Scanivalve control circuit

The common Scanivalve present in most Aeronautical engineering laboratories is a 

scanning type pressure sampling scanner capable of measuring multiple pressures. The 

Scanivalve enables one integral pressure transducer and its associated circuitry undertake the 

work of up to 48 transducers sampling 48 different pressures. A Scanivalve is composed of 

several individual modules each w ith  their own particular task. The solenoid drive (as used in 

the current work) provides sequential connection of each of the 48 ports to the integral 

pressure transducer. A position transm itter electrically indicates port number being measured 

and the scanner which forms the main body of the Scanivalve contains the integral ducting 

necessary to allow each port access to the pressure transducer. Finally, the pneumatic 

connection which attaches to the scanner at one end provides the means for simple 

connection of pressure lines to the Scanivalve.

The standard 1401 has 32 bits controlling 32 digital input and output lines which are 

situated at the extreme right on the front panel of the 1401. Eight of these bits are 

permanently assigned to input and eight as output. The remaining eight bits for each input and 

output port may be assigned individually by the user as either for use as input or output lines. 

The permanently assigned bits appear to the user as the high byte of the digital input/output 

word (8-15), the user assignable bits appearing as the low byte (0-7). Only the digital output 

port is used for the current application.

Two bits (ie. lines) are required to control each Scanivalve (1 fo r home and 1 for 

step). By setting the direction of the user-assignable bits (0-7) to output the user has the 

possibility of controlling up to eight Scanivalves (16 bits) although in its present form the 

software can control a maximum of four. In the high state ( + 5 volts) the permanently 

assigned outputs w ill supply 15mA while the user-assignable outputs can only supply 200 

micro-amps.

Each Scanivalve requires 2 amps from a regulated voltage supply. Consequently it 

is not possible to connect the Scanivalves directly to the digital output port. A succession of 

relays, each w ith  its own power supply must be inserted between the digital output port and 

the Scanivalve. This allows the user to control Scanivalve behaviour while also satisfying their 

power demands. A schematic of the Scanivalve control circuit for each output line (ie. bit) is 

shown in figure 4.2. The diodes are present to prevent back e .m .f's  from the inductance coils 

spiking the 1401 causing a hardware reset every time an output line is sunk to a low state (0 

volts). The regulated voltage supplies are from transformers connected to the mains ac supply.
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+  5V, 1 5m A

Digital ou tput
port, CED 13.6V.1A 24V.0.5A 24V,2A

Taiko RFT— 12 2 -D C 1 2 (430  ohm ) RS 3 4 6 -9 5 2  (650  ohm )
relay relay

Figure 4 .2  : Electrical circuit to control each scanivalve

4.3  Data acquisition software

The software has been w ritten In Ryan-McFarland Professional Fortran. This is not 

the best language for w riting user friendly software. However, Fortran is used w idely in the 

scientific community and is ideally suited for handling large amounts of data. Ryan-McFarland 

Fortran does not contain code idiosyncrasies which are common in packages such as 

M icrosoft Fortran. A detailed discussion of the software (listed in Appendix D) and a 

representative flow  chart now fo llow .

The software comprises 452 lines of code: lines 4-149 form the main program; and 

lines 152-452 contain 14 subroutines.

lines 4-20: standard fortran variable definition procedures. All the variables used in the main 

program and those used in more than one subroutine must be defined here. By default all data 

sent to or from the 1401 must be in 2 byte, 16 bit integer form (really 1 2 bit as only the top 

1 2 bits are used). Fortran can handle 2 byte integer variables if they are defined as integer*2. 

Real variables are never passed to the 1401.

lines 24-29: these lines clear the monitor screen and introduce the software to the current 

user. By default fortran unit numbers for the screen and keyboard are 6 and 5 respectively, 

lines 35-54: the user is prompted for a title to head the printout that can be produced 

simultaneously while code execution is in hand. The title  may have up to a maximum of 12 

characters. The user is also asked if he/she wishes to store the data on disk and if so is asked 

to provide a filename for the data file. Two data files are in fact created, filename and 

filename.raw. Filename.raw contains the raw voltages (minus zero readings) as seen at the 

front panel of the 1401. This file aids location of ¡(possible hardware faults, ¡¡(voltages which 

go out of range, and other problems which w ill result in errors appearing in the processed data 

held in filename.

lines 58-63: allow the user to specify the number of Scanivalves to be used in the text. 

Subroutine "Scanval" assigns odd numbered relays as step relays and even numbered relays 

as home relays. For example if one Scanivalve is to be used relays 1 & 2 are the step and 

home relays respectively for only this Scanivalve. The software calculations depend on each 

Scanivalve having three of its 48 ports monitoring specific pressures. Port zero is open to the 

atmosphere, port 24 is connected to the upstream contraction static and port 25 is connected 

to the downstream contraction static. If a Scanivalve is homed no pressure difference will act
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across the integral pressure transducer. ( P 24- p atm) a n d  <P 25 “P atm) 9ive w ind tunnel speed by a 

simple arithmetic relation.

lines 67-69: after the program has been successfully compiled it must be linked w ith  the 

object file LABPRO.OBJ which CED supply for users w riting software in professional fortran. 

This file assists in reading responses from the 1401, loading commands and transferring data 

blocks between the 1401 and the host. It holds the subroutines and functions essential for 

smooth communication w ith  the 1401. Output can be sent to the 1401 either by w riting text 

strings to a unit number or by calling the subroutine LABSTR(chars). This routine will send the 

text string associated w ith  the character variable chars to the 1401. This routine is much 

faster than using WRITE statements. However it has the disadvantage that if the character 

string contains any variables (ie. numbers) these must firs t be converted to text strings before 

LABSTR can be used. The author selected the former method since speed was not an 

essential criteria for the work. To open a file for output on unit one we have 

OPEN(1 ,file = 'Labo')- Labo is a character device supporting all the character output functions 

contained in LABPRO.OBJ. The function LABGO must then be called before any other library 

routines (in LABPRO.OBJ) are used. It opens the file LABI for input and sets the character 

device driver to a ready condition. The integer*2 value returned on calling LABGO must be 

zero otherw ise an error has occurred in the procedure.

lines 73-78: record the current ambient test conditions and model angle of attack, 

line 82: homes all the Scanivalves under 1401 control. All the home relays are even numbered 

(lines 58-63) and these relays are controlled by the odd numbered bits 9-15 (pins 4-1 in the 

1401 digital output port). Setting their state high ( + 5 volts) ensures the Scanivalves home 

to port zero. Bits 9-15 are then returned to their low  state ( + 0 volts), 

lines 83-85: the response characteristic of each transducer and the length of pneumatic tubing 

connecting the pressure measurement location to the Scanivalve determines the settling time 

of the pressure transducer output voltage. Therefore the scanning rate for each Scanivalve 

must be flexible and the software is w ritten w ith this in mind. If the integer value which 

controls the scanning rate is increased from 2 to 4 the scanning rate w ill be halved, 

lines 89-95: the pressure transducer output voltages (via the Fylde amplifier) can be 

connected to one of 16 different ADC inputs on the front panel of the 1401. The user is 

therefore asked to indicate which ADC inputs are in use.

lines 99-112: T2 can be run for extended periods of time. It is possible to record several data 

sets w ith  each use of the tunnel. The user is asked for the current run number and prior to 

each run w ind o ff or zero voltage readings are taken for the pressure transducers and 

manometer. These values are echoed to the screen for the user to check before continuing, 

line 113: The Scanivalves can be plumbed in as the user so wishes (except ports 0 ,24  & 25). 

Subroutine STRTSCAN allows the user to locate the Scanivalve at any port prior to scanning 

the remaining ports. By plumbing backwards (ie. 47 downwards) the user can avoid 

unnecessary scanning of unused ports. Step control to each Scanivalve is achieved in the 

same way as homing except the step relays (odd numbered) are controlled by the even bits 

between 8-14 in the digital output port (pins 17-14).
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lines 119-121: the Scanivalves do not scan the remaining ports until the user indicates that 

he/she is ready to do so.

lines 122-123: call the STEPSCAN subroutine. This routine is at the heart of the software. 

Each Scanivalve is dealt w ith  in turn. The output voltages from the appropriate pressure 

transducer and manometer are digitised simultaneously. An average value is calculated after 

this is repeated 50 times. The same procedure is repeated after the Scanivalve is stepped 

forward one port. A fter the firs t Scanivalve reaches port 0 control is sw itched to the next 

Scanivalve and the procedure repeated. Eventually all Scanivalves are located at their 

individual zero numbered ports. The Scanivalves are then homed. If any Scanivalve responds 

to this command an error has occurred in the run procedure. Wind o ff readings are again 

recorded for the pressure transducers and the manometer.

lines 127-130: call the subroutine CPCALC. This routine converts the voltage data into static 

pressure coefficients. If a boundary layer profile is required, the results are processed further 

to reveal the variation of u/Ue (subroutine BDLYCALC) noting that the firs t port scanned must 

be the static port in the surface at the boundary layer rake location.

lines 131-132: call the subroutine CPPRINT. This subroutine controls the form at w ith  which

the results are presented on the monitor (and consequently on the printout). The data file

filename is also opened and the processed results stored in a similar format.

lines 136-137: the subroutine RAWDATA opens the data file filename.raw and records the

unprocessed voltage readings which are invaluable in diagnosing faults.

lines 138-149: clear the monitor screen, reset the appropriate variables to zero and prompt

the user to end the session or repeat the entire procedure.

4.3.1 Software particulars

The subroutine CONVERT (lines 152-157) contains the arithmetic relation which 

converts integer values representing voltages seen at the front end of the 1401 into their 

voltage equivalent. The arithmetic equation (line 1 55) depends on the hardware setting of the 

1401 ADC's having a full scale range of ± 5 volts. If this is altered, for example to ±  10 volts 

the equation must reflect the new hardware setup bearing in mind that resolution w ill be 

halved.

Every time the program is executed a file called FORT3 is created in the same 

directory as that containing the software. This file (opened on unit 3) contains carriage returns 

(ie. blank lines). It arises from fortrans inability to allow a timed pause to occur during program 

execution. This is overcome by the software entering a null do loop a predetermined number 

of times (lines 172-186). This file is harmless and can be removed by the user in the normal 

manner.

Fortran is a language suited to processing numbers. Prompts to the user which 

inevitably lead to a reply in the form of a character string are not handled easily. They must 

be converted to their ASCII equivalent before the software can decide the course of action 

to take. Subroutine ANSWER (lines 1 64-1 70) carries out this task.

53



O utput to the 1401 (contained in WRITE statements) is buffered and to be sure that 

any command has actually been sent to the 1401 the output buffer should be flushed w ith 

a REWIND statement. Any text strings w ill then be sent forceably to the 1401.

All input from the 1401 is in the form of integers separated by commas w ith  a 

carriage return at the end of each input line. The LABNUM routine reads an entire line from 

the 1401 (knowing how many integers to look for) and is one of the subroutines supported 

by LABPRO.OBJ.

The tunnel calibration factor for T2 is incorporated into the calculations w ith in  the 

subroutine CPCALC. The software calculations must be amended if the calibration alters or 

the software is used in tests which are carried out in a tunnel other than T2.

The boundary layer calculations in subroutine BDLYCALC rely on the firs t scanned 

port monitoring the static pressure acting at the boundary layer rake location.

Stori

Fortron vorioble

Figure 4 .3  : Flowchart for data acquisition software
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5. Cleanfoil

5.1 Background to tests

Though two-dimensional flow s never really exist on aircraft w ings, two-dimensional 

w indtunnel tests on aerofoils w ith  high lift devices can be very instructive, since the essential 

features of the three-dimensional w ing usually are well represented by the two-dimensional 

flow  (wake/boundary layer mixing, gap and lap sizes). Wing flow , however, is very much three 

dimensional in nature and hence stall and post-stall behaviour w ill be different. W indtunnel 

tests of high lift systems presents problems which are particular to this class of aerofoil, first 

by the high aerodynamic loads and secondly, by the complexity of the models. Unfortunately, 

during the early part of the work problems associated w ith conducting experiments of this 

kind were significantly underestimated. The main problems the author encountered are 

detailed below.

5.1.1 Contamination

In the early stages of the project it was discovered during inspection that the fine 

mesh gauze upstream of the working section was dirty. In particular a large percentage of the 

lower half of the screen was found to be coated in a thick layer of glycerine (from previous 

experiments), rending this region of the gauze effectively impervious to the flow  in the 

w indtunnel. Thorough cleaning of the mesh gauze undertaken while the tunnel underwent a 

process of dismantling, relocation and re-assembly w ill undoubtedly have reduced the general 

level of turbulence in the freestream and hence reduced boundary layer thickness on both the 

model and endplates. The model characteristics certainly changed - this view arising from the 

more predictable and symmetric behaviour of the flow  over the endplates: flow  separation 

moving forward w ith  increasing incidence rather than a sudden severe separation occurring 

seemingly randomly on either endplate.

5.1 .2  Leakage

This problem, common to both the wall-to-wall model and the endplate model, 

originates from the high aerodynamic loads which are carried particularly by the slat and main 

w ing elements of the high lift system. A two-dimensional test set-up is obtained by placing 

a model of fin ite span between reflection planes. These may be the walls of the windtunnel 

or endplates. Nevertheless, at the junction of these reflection planes and the model spanwise 

extremities it is essential that no leakage of flow  occurs from the lower surface of the aerofoil 

to the upper surface. Rubber gaskets shaped to the chordwise profile of each (individual) 

element were incorporated into the model design. These were inserted between the model 

ends and each endplate to ensure that an airtight seal was present at this junction.

5.1 .3  Construction

Difficulties can occur w ith  the construction of leading edge slats since these 

elements of high lift systems are thin and the loads are high (often Cn max > 1.0). A 

construction w ith  an acceptable stiffness must be obtained. The firs t slat used for testing was 

of a laminated wooden construction, made in tw o  equal Vi spanwise lengths (for ease of 

pressure tapping). These were joined together by glue to form the full length slat. Added
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stiffness came in the form  of tw o  slat brackets, each located equidistant from one endplate 

and the model centre line. However, the condition of this firs t slat deteriorated w ith  time. The 

trailing edge began to break simply because of its inherent thinness. Significant deflections 

began to occur under load, distorting the geometry of the slat gap and hence the flow  through 

the leading edge slot.

It became clear tha t a second slat had to be manufactured but not from wood. 

A luminium was the material finally chosen and the end product proved a success in three 

respects: i) because of its one piece construction and inherent stiffness qualities it had little 

deflection under load; ii) removal of the spanwise supporting brackets allowed for greater 

uniform ity in the flow  through the slot; iii) greater precision in manufacture eliminated local 

flow  separation ceils which were present on the wooden slat once its surface began to 

deteriorate.

The manufacture of the slat from Aluminium was a decision which was not taken 

lightly as it was the firs t aerofoil to be made entirely from this material in the workshops. It 

also proved rather costly in terms of the number of cutters which were used during the milling 

process.

5.1 .4  Endplate boundary layer control

The interference effects of reflection planes perpendicular to the model are almost 

entirely due to the boundary layer on these walls. The boundary layer at the model/endplate 

junction is subjected to the same adverse pressure gradient as that on the aerofoil. However, 

it does not benefit from the fresh boundary layer effect (Smith, 1975) and separation 

inevitably occurs at the model/endplate junctions prior to being seen on the model. A lthough

Figure 5.1 : The effects of separated flow  on an endplate
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chord of the aerofoil. Each slot was 1 mm wide, inclined at 1 5° to the surface of the endplate 

and each extended a distance of x/c = 0.3 out from the endplate/main w ing junction. Their 

downstream face was faired to promote their tangential blowing qualities and shallow plenum 

chambers slightly less deep than the thickness of each endplate ensured a uniform jet per unit 

length of slot w ithou t creating additional local blockage between each endplate and the 

adjacent tunnel wall.

Figure 5.2 presents the variation of total Cn w ith  slot blowing pressure at several 

geometric incidences for the high lift system. It is apparent that the total Cn initially increases 

rapidly w ith  Increasing blowing pressure for incidences above 2 0 ° , but that above a slot 

blowing pressure of approximately 3 psi the total Cn at any given angle of incidence remains 

constant w ith in  the experimental scatter. Furthermore , for Incidences up to 15° when the 

adverse pressure gradient along each endplate is not sufficient to cause large local regions of 

separated flow  at the endplate/ main w ing junctions, the pressure tappings at mid-span are 

insensitive to needless endplate boundary layer control by slot blowing.

Evidently, the effect of blowing on the endplates is small as soon as the blowing 

quantity exceeds the amount needed to avoid the onset of flow  separation occurring prior to 

the flow  reaching the endplate trailing edge. In addition the insensitivity of the system to 

excessive blowing negates the necessity for adjustment of the blowing quantity required to 

achieve the best two-dimensional stall pattern. So long as a level of blowing is selected which 

exceeds the minimum value necessary to ensure that early flow  separations do not originate 

from the endplate main w ing junctions, it can be assumed two-dimensional flo w  conditions 

w ill prevail over the whole incidence range. Consequently, the author selected a blowing level 

of 4V2/5 psi for each slot which was used for all tests up to and beyond the stall incidence 

of the high lift system. Figure 5.3 illustrates the effect of slot blowing on the endplates.

*

Figure 5.3 : The effects of slot blowing on the endplate boundary layer
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5.2 Format to the discussion of results

The fo llow ing chapters discuss those results obtained from tests undertaken w ith  the 

model at various angles of attack w ith  and w ithout the use of boundary layer control. The 

present chapter deals w ith  the cleanfoil case while tests w ith  vanes and airjets are discussed 

in subsequent chapters. The tests involved:

(i) monitoring the pressure distribution around each element of the multiple element aerofoil

(ii) investigating the structure of the shear layers above the main w ing and flap elements of 

the high lift system.

Simpsons rule is used to calculate the normal force coefficient generated by each 

element of the high lift system. For the flap and main w ing elements of the high lift system 

the integration starts on the lower surface of each element at the tapping adjacent to the 

trailing edge, proceeds forward around the leading edge and over the upper surface of each 

element. In this way the normal force coefficient for the flap and main w ing elements w ill be 

underestimated by a small but consistent amount since i) the contribution from the loading in 

the flap cove on the lower surface of the main wing beyond x/c = 0.82 and ii) the loading on 

the flap between the trailing edge and the firs t tapping on the lower surface are both 

neglected. The loading carried by the upper surface of the slat is firs t calculated and then 

added to that carried by the lower surface. The slat had no trailing edge pressure tapping at 

x/c = 0 .03  and so a linear extrapolation of the loading on the upper surface of the slat was 

assumed beyond x/c = 0.0. This was also the case for the lower surface. The total load carried 

by the slat w ill be underestimated as Simpsons rule cannot account for the slat peak suction 

seen between the tappings located at x/c = -0.08 and x/c = -0 .06. The areas referred to in this 

paragraph are shaded in Figure 5.13. Normal force coefficients are always calculated using 

the reference chord length (500mm).

The variation w ith  incidence of the peak suctions on the slat and main wing elements 

have been chosen as being represented by the pressure experienced at a particular port on 

each of these elements. For the slat this is the pressure tapping located at x/c = -0 .08 and for 

the main w ing it is the pressure tapping at x/c = 0.1. The results presented in each of the 

figures contained in the appendices are derived from at least tw o  separate tests thereby 

ensuring the valid ity of the results.

The shear layers adjacent to the upper surface of the high lift system were examined 

at various locations along the chord of the aerofoil. In the case of the cleanfoil configuration 

investigations took place at (% x/c) 14.2% , 20.3% , 25.3% , 35.4%  and 90%  (trailing edge) 

on the main w ing, and on the flap at 100% (just beyond the location of maximum thickness). 

Tests undertaken w ith  co-rotating vanes and airjets positioned on the main w ing at 14% chord 

produce a shear layer structure which is three-dimensional in nature and has a characteristic 

spanwise periodicity. W ithin the limited time available, explorations of these shear layers were 

restricted to those chordwise positions which were anticipated as having a greater bearing on 

the understanding of the fluid mechanics at work. Thus shear layer explorations in the 

presence of co-rotating vanes and airjets were undertaken at 35.4%  and 90%  x/c on the main 

wing and at 100% x/c on the flap. The shear layer information is presented in contour plot
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form , w ith  tw o  figures (at tw o  different incidences) on the same page. Occasionally data is 

also presented in a three-dimensional surface plot form alongside the relevant contour plot. 

The fo llow ing table is included as a quick reference guide to the more important shear layer 

explorations which were undertaken above the high lift system.

a

x/c

0 ° 5° 10° 15°

OOCNI 2 5 ° 2 6 °

Or"*CM

o00CM

OOC
O

OCM
C

O

35.4 1 1 1,2,3 1 1,2,3 1,2,3 1,2 3

90 1 1 1,3 1 1,3 1,2,3 1 1 2 2,3 2

100 1,2,3 1 1,2,3 1 1,2,3 1,2 1 1 2 2,3 2,3

Key: 1 - Cleanfoil, 2 - Co-rot. vvg 's , 3 - Co-rot. ajvg's

The parameters 6‘ , 6, and H used to describe a shear layer (equ. 2.1 - 2.4) are 

calculated for each shear layer exploration carried out above the cleanfoil and presented below 

the relevant figure. Mean values of these parameters calculated while employing co-rotating 

vane vortex generators or co-rotating airjet vortex generators observe an upper lim it of 6 = 

0 .995 ; that is they do not include the high momentum air of the airjet cores which can be 

seen in the shear layer presentations included in subsequent chapters. The use of p ito t rakes 

in the vortex flow s anticipated can be justified as the crossflow  component of the vortex 

induced velocity was not expected to be greater than approximately 15% of the total velocity 

vector except near the vortex cores and the surface. The effects of yaw  on p ito t readings 

should therefore not have been large in general.

The results presented seem to indicate the principle that enhanced mixing promoted 

by airjet vortex generators can lead to significant improvements in the lift and reduction in the 

profile drag of a high lift system above and beyond that achieved by vane vortex generators. 

It is fe lt the flow  processes involved are of a fundamental nature and are unlikely to be 

influenced in their applicability by the low Re. number or Mach number of the tests, or by the 

effects of w indtunnel wall interference. The object of the tests is not to produce absolute 

design data.

5.3 Reynolds number effects (fig. 5.4)

Figure 5.4 shows the effect of Reynolds number variation on the normal force 

coefficient generated by the main wing of the high lift system at various angles of incidence 

up to the stall incidence of the cleanfoil. For incidences below the stall the effect of increasing 

Reynolds number w ith in the range available is negligible. For incidences close to the stall 

[ a > 25°) Reynolds number effects are present although only to a slight degree. All tests 

discussed in this report were carried out at a Reynolds number of 1.3 million which is close 

to the maximum for this combination of model geometry and tunnel size.

5.4 Pressure distribution measurements (fig. 5.6 to 5.22, Appendix A)

A t zero degrees incidence the flap normal force coefficient is approximately four 

times as large as that of the slat (fig. 5.17). The peak suction generated at the leading edge
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of all three elements is of the same magnitude at -1.25 (fig. 5.6). The tota l normal force 

coefficient generated by the three element system is 0 .9  (fig. 5.20). The characteristic 

flatness seen in the pressure distribution associated w ith  the slat cove at all angles of attack 

is indicative of a separation bubble in this region. The flow  w ill separate from the sharp edge 

of the cove and re-attach close to the trailing edge of the lower surface of the slat in 

accordance w ith  the local Kutta condition. The re-circulation velocity is low  in such a bubble 

which gives rise to a nearly constant static pressure throughout the slat cove. This is a good 

example of the small amount of separation which must be tolerated by a high lift system, 

which has to have been designed w ith in the constraints of the cruise aerofoil configuration, 

so that it achieves a high lift curve slope. The size and shape of the separation bubble will 

vary w ith  incidence, although re-attachment w ill occur sooner at high incidences through 

movement of the stagnation point towards the sharp leading edge of the cove.

Close examination of the pressure distributions in figure 5.6 reveal that although the 

slat has a stagnation point at its most negative chordwise extrem ity, the main wing is devoid 

of a leading edge stagnation point at this incidence (0°). Further more, a large proportion of 

the leading of the main w ing is subject to the same slightly negative level of pressure as the 

lower surface of the slat (slat cove). As the flow  accelerates around the leading edge of the 

slat it separates from the sharp leading edge of the slat cove and re-attaches on the lower 

surface of the main wing beyond approximately 20%  x/c. On the upper surface of the slat the 

flow  leaves the trailing edge smoothly and re-attaches on the upper surface of the main wing 

at approximately 5% x/c. Thus a large proportion of the main w ing leading edge is in the
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separation bubble produced by the slat cove. Consequently, there is no slot flow  through the 

slat gap at this incidence.

Figure 5.6 : Pressure distribution over the high lift system at 0 °

By 5 ° the main w ing has a lower surface stagnation point at x/c = 0 .1 . However the

close proxim ity of the slat still influences the pressure distribution at the main w ing leading 

edge (figure 5.7) in a manner which continues to incidences in excess of 10° (fig. 5.8). 

Initially, the flow  (and hence the flow  in the boundary layer) experiences a favourable pressure 

gradient as it travels from the main w ing stagnation point towards the leading edge of the 

main w ing. The pressure gradient then becomes adverse for a fin ite length before returning 

to a favourable condition to beyond the location of the main wing peak suction. The changing 

nature of the pressure gradient to which the main wing boundary layer is subjected is again 

associated w ith  the separation bubble of the slat cove. Either the separation bubble of the slat 

lower surface is continuing to impinge on the leading edge of the main w ing or alternatively 

the tw o  streamlines defining the limits of the separation bubble and the boundary layer at the 

leading edge of the main w ing form a convergent-divergent 'nozzle', through which passes 

the potential flow  of the freestream. The exit plane of this convergent-divergent 'nozzle' will 

be defined by the perpendicular drawn from the main wing leading edge which intercepts the 

slat trailing edge. From this point the pressure gradient w ill once again become favourable 

until the location of the main wing peak suction. The pressure distributions (fig. 5.6 to 5.8) 

cannot tell us what effect this has on the local boundary layer but transition (in the absence 

of attachment line transition) may occur sooner than otherwise expected w ith  re-laminarization 

also a possibility.

The dumping effect referred to in section 2.1 can be clearly seen in action on both

the slat and main w ing elements throughout all the figures (fig. 5.6 - 5.16). The magnitude
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of the effect is greater at the trailing edge of the slat at high incidences where the local 

velocity exceeds tw ice the freestream velocity (fig. 5.13). The static pressure at the trailing 

edge of the flap exhibits the Kutta condition in its more familiar form (ie. similar to that seen 

on single element aerofoils) in that the local velocity is seen to be lower than that in the 

freestream.

Figure 5.13 : Pressure distribution over the high lift system at 28°

The slat pressure distribution changes rapidly w ith  increasing incidence below 10° 

(fig. 5.6 to 5.8) and provides only a limited contribution to the lift generated by the high lift 

system at these incidences. By 15° however, the slat pressure distribution has taken on a 

more familiar form and the Cn of the slat and flap are equal at 0 .28  (fig. 5 .17). The location 

of the stagnation point at the leading edge of the slat at low incidences (-0.08 x/c) quickly 

becomes the location close to where the slat peak suction occurs at high incidences. As the 

stall incidence of the high lift system is approached (fig. 5 .13 & 5.17), the slat is seen to 

generate a normal force coefficient of 0.9. The severe adverse pressure gradient which exists 

over a large proportion of the slat upper surface by 15° w ill force rapid transition of the 

boundary layer. Flow visualization techniques were employed to detect this physical 

phenomena. A turpentine solution containing fluorescent chalk powder held in suspension was 

applied to the upper surface of the slat and the w indtunnel quickly run up to the full test 

Reynolds number. The results did indeed show that the boundary layer on the upper surface 

of the slat was turbulent prior to separation from its trailing edge (fig. 5.5). However, it could 

not be ascertained whether this was as a consequence of natural transition or whether a 

laminar separation bubble exists on the upper surface of the slat after which the boundary 

layer reattaches in turbulent form . Unfortunately the slat is inadequately pressure tapped for 

this to be seen in the pressure distributions relating to this element. The small degree of
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curvature seen in the streamlines was present as the problem of endplate boundary layer 

separation had yet to be solved at that time.

T h e  p r e c i s e  

location of the stagnation 

point on the lower surface of 

the main w ing at high 

incidences is unclear since 

as much as 10% of the main 

wing chord on the lower 

surface experiences a static 

pressure close to the total 

pressure of the freestream 

(fig. 5 .10 to 5.18). Unlike 

single element aerofoils, 

where the boundary layer on 

t h e  l o w e r  s u r f a c e  

e x p e r ie n c e s  a la rg e  

favourable pressure gradient 

over a considerable distance 

behind the leading edge 

s ta g n a t io n  p o in t ,  th e  

boundary layer on the lower 

surface of the main wing 

experiences a much smaller 

favourable gradient which is 

continuous to the sharp 

edge of the main w ing cove.

If transition occurs in this 

boundary layer before it Figure 5.5 : Transition in slat upper surface boundary layer 

reaches the main wing cove, the length of the boundary layer transition region will be a 

significant percentage of the w ing chord.

Although the slat and circulation effects (section 2.1) are always present on a high 

lift system, their effect can be more easily seen in figures 5 .10  to 5.12. The main wing peak 

suction increases by -1.5 between 20° and 2 7 °. Through the same incidence range the slat 

peak suction increases by -5.5. The rate at which the slat peak suction increases is seen to 

accelerate through the low incidence range whereupon at 2 0 ° and above the rate of increase 

becomes linear (fig. 5.19). The rate of increase seen in the main w ing peak suction remains 

constant throughout the incidence range (fig. 5.19). If the peak suction experienced by the 

slat at 25 ° (fig. 5.11) was experienced at the leading edge of the main w ing in isolation the 

main w ing would almost certainly exhibit large regions of separated flow .
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-20

Figure 5 .19 : Variation of slat & main wing peak Cp's w ith  a for the cleanfoil

The characteristic linear increase w ith  incidence usually seen in the normal force 

coefficient generated by single element aerofoils is also present for the high lift system 

between 5° and 2 0 ° (fig. 5.18). Above 2 0 ° however, the linearity in this curve is lost for the 

high lift system. This coincides w ith  the locus of the main w ing trailing edge pressure (at 

x/c = 0.9) beginning to level out prior to divergence (fig. 5 .20 & fig. 5.21). Further 

examination reveals that by 20 ° and as far forward as x/c = 0 .6  from the main wing trailing 

edge the static pressures acting on the upper surface of the main w ing have either reached 

a minimum or have begun to rise (fig. 5.22). This feature is most marked at 80%  x/c where 

by 15° the local static pressure has already reached a minimum. Since separation is not 

present on the main wing at this incidence the gradual development of this loss of load at the 

rear of this element must be due to the adverse viscous shear introduced into the main wing 

boundary layer by confluency w ith  the slat wake, increasing the displacement e ffect of the 

shear layers at the rear of the main wing (fig. 5.25 to 5.28). The variation of Cp at this 

location on the main wing fo llow s the characteristic variation of pressure seen at a fixed point 

well forward of the trailing edge on a single element aerofoil as a rear separation moves 

forward over it. Inevitably, the normal force generated by the main wing is adversely affected 

which accounts for the loss of linearity in the variation of Cn w ith  incidence from 2 0° (fig. 

5.18).

Throughout all tests, cotton tu fts  were present on the upper surfaces of all elements. 

By combining this technique of flow  visualization w ith  the pressure distribution information 

we see that the main w ing element experiences flow  separation close to its trailing edge by 

2 7 ° (fig. 5.12). This is accompanied by a reduction in the pressure recovery at the trailing 

edge of the flap (fig. 5.21), presumably because of the increased overall thickness of the
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Variation of static pressure with incidence at several main wing upper surface chordwise locations for 3 element system (cleanfoil)

Figure 5.22  : Variation of static Cp w ith  incidence at several x/c positions on the main

wing upper surface

shear layers at this location (fig. 5.35 & 5.36). The boundary layer separation on the main 

w ing develops slow ly as does the fall in the pressure at the trailing edge of the flap, although 

the classic trailing edge divergence behaviour seen on single aerofoils is not clearly defined 

at the main w ing trailing edge until above 30° (fig. 5.20). The total Cn for the system as a 

whole reaches a maximum (3.662) at 28° (fig. 5.13 & 5.18), largely due to the slat 

contribution continuing to increase beyond 27° (fig. 5.17). By 2 9 ° the flow  has collapsed on 

the flap (fig. 5 .14), accompanied by a significant fall in the pressure recovery at the trailing 

edge of the flap, resulting in a reduction in the overall circulation of the high lift system - total 

Cn falls as does the slat peak suction and Cn. The boundary layer separation on the main wing 

continues to develop steadily w ith  incidence, moving forward to x/c = 0 .4  by 31 ° (fig. 5.16).

The question raised is whether the mechanism of the stall of the high lift system 

arises from the continual development of one event, namely the rear separation on the main 

wing triggering the collapse of the flow  on the flap and hence the overall stall; or whether 

there are tw o  events, more independent, namely the slow ly developing rear separation on the 

main wing which is overtaken by the collapse of the flow  on the flap and which dominates 

the mechanism of the stall of the high lift system. As results in later chapters w ith vortex 

generators w ill demonstrate, when separation at the rear of the main w ing is delayed the 

separation on the flap is also delayed. Hence, the level of circulation which the high lift 

system generates up to and through stall is determined by the satisfaction of the Kutta 

condition at the trailing edge of the flap.

By five degrees incidence the pressure distribution over the flap has adopted a form 

which changes little w ith  further increases in incidence through to the stall incidence of the

66



high lift system (fig. 5 .13). Consequently, the normal force coefficient generated by the flap 

also remains approximately constant w ith  incidence (fig. 5 .17). Under conditions of weak 

interference from the wake of the main wing and slat, the development of the boundary layer 

on the upper surface of the flap would then also be expected to be almost invariant w ith 

incidence. From this position we could then argue that the initial onset of stall w ill not occur 

as a result of the viscous development of the boundary layer on the upper surface of the flap. 

This is indeed the case as we have already seen that events which occur towards the trailing 

edge of the main wing produce a localised boundary layer separation in that region.

The behaviour of the static pressure at the trailing edge of the flap (figs. 5 .20 &

5.21) is particularly interesting. For incidences up to approximately 1 3 ° a progressive increase 

can be seen in the pressure recovery achieved at the flap trailing edge. However, between 

13° and 2 0 ° the static pressure remains constant before rising sharply once again for 

incidences between 2 0° and 2 5 °. The pressure distributions associated w ith  the flap element 

clearly show that a small region of separated flow  is established between x/c = 1.12 and 

x/c = 1.14 by 13° on the flap upper surface (fig. 5.9). By 2 0 ° the feature is at its most 

prominent (fig. 5.10). W ith further increases in incidence up to 2 5 ° the flow  is seen to re-

attach (fig. 5.11) and the pressure recovery at the flap trailing edge improves (fig. 5 .20 & fig.

5 .21 ) .

A d iscontinuity can be seen in the main w ing upper surface pressure distribution at 

x/c = 0 .1 4 (fig. 5.6 to 5.9). The feature gradually disappears by 2 0 ° at this location (fig. 5.10) 

and is associated w ith  the presence of the slat wake above the main wing upper surface. A 

similar feature can be seen in the pressure distribution over the upper surface of the flap 

between x/c = 0 .96 and x/c = 1 .0 . The feature is particularly marked at 0 °  but decreases in 

severity w ith  increasing incidence up to 10°. Above this incidence the severity of the feature 

gradually returns until at 28 ° only a very small adverse pressure gradient exists in this region 

on the upper surface of the flap. It is interesting to note that when the feature is very 

prominent the boundary layer separation at the flap trailing edge is absent w ith  the converse 

also being true. Another point of interest is that as the stall incidence of the high lift system 

is approached the concave pressure distribution over the flap upper surface beyond 100% x/c 

gradually becomes convex in nature.

5.5 Shear layer measurements (fig. 5.23 to 5.40, Appendix A)

Figure 5.23 presents the change in the profile of the shear layers between x/c = 0 .14 

and x/c = 0 .9  above the upper surface of the main wing at 0 ° . The absence of any slat wake 

confirms that while the slat produces little usable lift at this incidence (fig. 5.17) it also 

produces little  drag (0s,at =  0). The total thickness of the boundary layer at x/c = 0 .142  is 

3.5mm. The chordwise location of this boundary layer measurement is also seen to coincide 

w ith  the chordwise lim it of the favourable pressure gradient at the leading edge of the main 

wing for this incidence (fig. 5.6). The slight adverse pressure gradient which exists between 

x/c = 0 .142  and x/c = 0 .354  is seen to increase the thickness of the boundary layer by only 

1 mm (fig. 5 .23 & 5.34). However, the magnitude of u/Ue measured at the lowest p ito t station
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in the rake above the main wing exhibits a large reduction (and hence by inference kinetic 

energy), leading to a higher velocity gradient w ith in the boundary layer at x/c = 0 .203 . By 

x/c = 0 .9  (main w ing trailing edge) the thickness of the boundary layer has increased to 

11 ,75mm w ith  the velocity measured by the p ito t tube closest to the surface of the main wing 

being less than 50%  of that outside the boundary layer. There is no evidence of any slot flow  

at this incidence confirm ing the separation bubble associated w ith  the slat cove impinges on 

the main w ing leading edge.

y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) .

3. • j

o o ca -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1 1 1.2 1.3

x/c Delta Deltastar Theta H
1 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1287E 7 0.142 3.46 0.1200 0.1113 1.0786
2 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1302E 7 0.203 4.21 0.2764 0.2214 1.2486
3 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1280E 7 0.253 5.27 0.4829 0.3839 1.2579
4 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. -  0.1269E 7 0.354 4.48 0.5012 0.3959 1.2660
5 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1258E 7 0.900 11.75 2.3289 1.5786 1.4752

Figure 5.23 : Shear layer development over the main wing of the high lift system at 0 °

The mean velocity profile of the shear layer above the flap at x/c = 1.0 and 0° 

incidence is presented in figure 5.30. The flap upper surface boundary layer is seen to be 

confluent w ith  the wake from the main wing at this incidence. Hence freestream p ito t pressure 

is not reached anywhere in the flow  through the gap which w ill have a detrimental e ffect on 

the boundary layer thickness at the trailing edge of this element and in turn the pressure 

recovery (fig. 5.20). Inevitably, the inviscid effect (section 2.1) which the flap has on the slat 

and main w ing elements is reduced, giving rise to the non-linearity seen in the Cn curve for 

the high lift system at low incidences (fig 5.18). By 5° the flap upper surface boundary layer 

is not confluent w ith  the wake of the main w ing and slat at x /c = 1 .0 . Freestream pitot 

pressure is reached in the flow  through the flap gap and the loading on the flap is seen to 

increase (fig. 5.7). In general, the total lift of the high lift system w ill vary w ith  flap position 

in a manner similar to that predicted by inviscid theory so long as streamlines having 

freestream p ito t pressure separate the flap upper surface boundary layer from the viscous 

shear layers shed by the main wing.

Figures 5 .30 to 5 .33 show that from 5° to above the stall incidence of the main

wing element of the high lift system (2 7 °, fig 5.17) flow  having freestream p ito t pressure
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y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.30 : Shear layer profiles over flap of the high lift system at 0 °  & 5° 

always separates the boundary layer on the upper surface of the flap from the confluent wake 

of the main w ing and slat at x /c =  1.0. Further, the height to which this slot flow  extends to 

above the surface of the flap nearly doubles between 5° and 2 7 ° (4.5mm to 8.5mm). Figures 

5.30 to 5.33 also show that the flap upper surface boundary layer changes very little w ith 

incidence as suggested, confirm ing the initial onset of stall for the high lift system originates 

towards the trailing edge of the main wing.

Figure 5.39 Illustrates the effect which the momentum thickness of the shear layers 

above the flap has on the flap peak suction. The initial stepwise behaviour is due to the 

confluency of the flap upper surface boundary layer and main wing wake at 0 ° . When 

calculating the various values of 6 at x /c =  1.0 the contributions from the momentum defect 

due to the flap upper surface boundary layer alone can be assumed to be approximately 

constant because little change Is seen In both the pressure distribution over the flap for and 

in the boundary layer on its upper surface. Hence figure 5.39 illustrates the effect which the 

momentum thickness of the confluent main w ing and slat shear layers have on the flap peak 

suction (through the mechanism discussed by Moser and Schollenberger, 1973). It must be 

noted here that between 5° and 27° incidence the location of the flap leading edge stagnation 

point moves only by 0.02 x/c and in a manner which would otherwise try  to Increase the 

loading on the flap. A smaller confluent main wing and slat wake Is seen to improve the flow  

over the flap and hence Increase the flap loading. The associated Increased pressure rise 

behind the flap peak suction may in turn be responsible for the flap trailing edge separation 

seen at x/c = 1.1 2 to 1.14 (fig. 5.6 - 5.10).

A t 5 ° (fig 5.24) the mean velocity profiles towards the leading edge of the main 

w ing begin to show the presence of a slat wake. By comparing the profile obtained at the
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y/c 0.18., Shear layer profile over the upper surface of the 3 element system when (all values in mm) .

0.12

0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1 1 1.2 1.3

x/c Delta Deltastar Theta H
1 Cleanfoil Alpha = 5.0 Mach no. = 0.12 Reynolds no. = 0.1286E 7 0.142 10.99 0.8654 0.7558 1.1449
2 Cleanfoil Alpha = 5.0 Mach no. = 0.12 Reynolds no. = 0.1245E 7 0.203 14.07 1.4361 1.1751 1.2221
3 Cleanfoil Alpha = 5.0 Mach no. = 0.12 Reynolds no. = 0.1256E 7 0.253 15.98 1.8392 1.4661 1.2545
4 Cleanfoil Alpha = 5.0 Mach no. = 0.12 Reynolds no. = 0.1269E 7 0.354 19.07 2.3634 1.8468 1.2798
5 Cleanfoil Alpha = 5.0 Mach no. = 0.12 Reynolds no. = 0.1289E 7 0.900 31.34 5.6964 3.8754 1.4699

Figure 5 .24 : Shear layer development over the main wing of the high lift system at 5° 

same location on the main wing for 0 °  and 5 ° it can be seen that a large increase has 

occurred in the thickness of the shear layers (as much as 450%  at x/c = 0 .354). The shear 

layer profiles measured between x/c = 0.142 and x/c = 0 .354  inclusive also show a high 

degree of sim ilarity in their general shape. This is due to the dominant influence of the slat 

wake and tha t the shear layers at these locations at 5 ° are now all subjected to an adverse 

pressure gradient as the location of the peak suction has moved forward to x/c = 0.1. By 

x/c = 0.9 the slat wake and main wing upper surface boundary layer have completely merged 

(through turbulent mixing) to form a confluent boundary layer w ith  a velocity profile which 

conceals its multi-source origin. A t 20 ° (fig. 5.27) the streamwise distance over the upper 

surface of the main wing is not sufficient for the tw o  shear layers to completely merge and 

the shear layer profile at the main wing trailing edge then shows tw o  d istinct regions.

The most striking development at 10° (fig 5.25) is that at all chordwise locations on 

the main w ing and flap the high lift system experiences a reduction in the total thickness of 

the shear layers over that seen at 5 ° (fig. 5.25 & fig 5.34). The effect is greatest at 

x/c = 0 .354  and derives from the movement of the leading edge stagnation point on the slat 

towards to the sharp leading edge of the slat cove. The increased circulation around this 

element allows the slat to generate a normal force coefficient equal to that of the flap (fig. 

5 .17), while at the same time its particular shape achieves this by encouraging earlier re-

attachment of the separated flow  in the slat cove. This is consistent w ith  the near 

disappearance of the unusual pressure distribution which dominates the region around the 

leading edge of the main w ing element below 10°. Further, figure 5.40 shows the high lift 

system produces its maximum L/D ratio at approximately 12° as a direct result of these 

developments.
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Figure 5.25 : Shear layer development over the main wing of the high lift system at 10°

Although the total thickness of the shear layers at any location above the main wing 

or flap show little overall increase between 5° and 15°, detailed changes in the shape and 

structure of the shear layers do take place. The gradual emergence of flow  through the slat 

gap w ith  near total pressure can be seen in the shear layer profiles shown in figures 5.26 - 

5.28. The appearance of the slot flow , which w ith  incidence, increasingly delays the start of 

confluency between the slat wake and main wing boundary layer, improves both 6' and 6 at 

the locations x/c = 0 .142  to x/c = 0 .354  inclusive (fig. 5.35 and 5.36). In fact both <5" and 6 

at these chordwise positions do not again reach the peak values which they obtained at 5° 

until incidences in excess of the stall incidence of the high lift system. The local skin friction 

coefficients in the chordwise region between x/c = 0.142 and x/c = 0 .253  on the main wing 

probably increase through the delayed merge of the main w ing boundary layer w ith  the slat 

wake. This is because the p itot measurements adjacent to the main w ing surface show a 

consistent increase in the value of u/Ue and by also delaying the merge momentum energy 

which otherwise would be lost as unrecoverable turbulence is retained. These events coincide 

w ith  the gradual disappearance at this location of the discontinuity which is evident in the 

main w ing pressure distributions.

However, the thickness of the shear layers above the main w ing trailing edge 

gradually increases w ith  increasing incidence (figs. 5.23 to 5 .29, except fig. 5.25). The slat 

wake is dumped at velocities appreciably greater than freestream velocity. The deceleration 

to freestream conditions is accompanied by a large increase in the thickness of the slat wake 

which in turn is responsible for the mixing of this wake w ith  the main w ing boundary layer. 

A level of turbulence associated w ith the slat wake will be introduced into the main wing 

boundary layer which further promotes the mixing of these tw o  shear layer regions. The main
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wing boundary layer w ill thicken significantly, impeding its ability to w ithstand adverse 

pressure gradients. Figures 5.23 to 5 .29 show that u/Ue measured at the lowest p itot station 

above the main w ing trailing edge consistently decreases w ith  increasing incidence. A t 27° 

(fig. 5.29) the p itot rake detects separated flow  (by registering a negative reading as well as 

intercepting the y/c axis some considerable height above y/c = 0) confirm ing the indications 

already given by the tu fts  and the pressure distributions (fig. 5.12 and 5.20).

0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1 1 1.2 1.3 1.4

x/c Della Deltastar Theta H u/Ue

l Cleanfoil Alpha = 28.0 Mach no. = 0.12 Reynolds no. = 0.1285E 7 0.354 23.15 2.6640 2.1319 1.2496
2 Cleanfoil Alpha = 26.0 Mach no. = 0.12 Reynolds no. = 0.1246E 7 0.900 55.24 19.2892 8.1797 2.3582
3 Cleanfoil Alpha = 27.0 Mach no. = 0.12 Reynolds no. = 0.1244E 7 0.900 64.63 26.1425 7.9820 3.2752

Figure 5.29 : Shear layer development over the main w ing of the high lift system at 

2 6 ° & 27 ° (x/c = 0.9) & 28 ° (x/c = 0.354)

Although wakes undergoing deceleration to freestream velocities away from contact 

w ith  a surface enable the recovery from high negative Cp values to be made in a much shorter 

distance than when the deceleration is in contact w ith  a surface, flow  reversal in the wake 

can still occur before separation is present on the surface (Smith, 1972). Even after 

undergoing its most severe deceleration at 27° (fig. 5.29) it is clear the slat wake does not 

suffer this phenomena (as u/Ue >  0.7).

A careful examination of figures 5.32 and 5.33 w ill show the reader that as the 

incidence increases from 2 6 .3 °  to 2 7 ° , the height of the layer of potential flow  above the flap 

has decreased slightly (since curve 2 lies closer to y/c = 0 for any given value of u/Ue). This 

is in marked contrast to the behaviour of this region of flow  between 5 ° and 2 6 ° (figs. 5.30 

to 5.33, see before). The author regrets not having recorded the shear layer profile above the 

flap at 2 8 °. However, the author believes this reduction occurs as a direct result of the 

appearance of separated flow  at the main wing trailing edge. As the separation moves forward 

from the trailing edge (fig. 5 .13), increasing in severity, the re-circulation in the main wing 

wake probably penetrates into the flow  above the flap which results in the collapse of the flap 

peak suction at 2 9 ° (fig. 5.14).
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6. Vane Vortex Generators

For clarity this section discusses solely those measurements which were obtained 

when vane vortex generators were present on the upper surface of the main wing at either 

x/c = 0 .14  or x/c = 0 .403 . In all cases the generators were positioned symmetrically about the 

centre line of the model to ensure the centre line pressure tappings were equidistant between 

tw o  adjacent generators.

The various vane vortex generator configurations tested on the high lift system were 

selected for their well known effectiveness at suppressing stra ightforward boundary layer 

separation (Pearcey 1961). In the event each configuration tested on the main w ing had a 

favourable influence on the suppression of separation which develops at the rear of the main 

w ing. However, in all cases the generators had an adverse effect on the normal force 

coefficient generated by the high lift system at incidences below the stall o f the cleanfoil.

6.1 Pressure distribution measurements (fig. 6.1 to fig. 6 .35, Appendix B)

6.1.1 Co-rotating vane vortex generators at x/c = 0.14, f = 8 (fig. 6.1 - fig. 6 .7 , Appendix B)

Initially, it was believed the pressure distributions had changed very little  when 

comparing, for example, figures 6.1 - 6.3 w ith  figures 5.10 - 5.12. However, on closer 

examination it can be seen that subtle changes have occurred in the shape of the pressure 

distributions. Figures 6 .20  - 6.22 compare the pressure distributions obtained w ith  and 

w ithout co-rot. vane vortex generators at x/c = 0 .14  for selected incidences.

Figure 6 .20  : Comparison of pressure distributions at o =  2 0 ° obtained w ith  and w ithout

co-rot. vanes at x/c = 0 .14

A t 20 ° (fig. 6.20) the co-rot. vane vortex generators have reduced the peak suctions 

on all elements to levels slightly below those seen on the cleanfoil. More specifically the co-
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rot. vane vortex generators have reduced the upper surface loading on both the slat and main 

w ing, while the lower surface pressure distributions remain unchanged when compared w ith 

the cleanfoil case. As a consequence the Cn coefficient of these tw o  elements is reduced (fig. 

6.29) which in turn reduces the total Cn of the high lift system (fig. 6 .30). A lthough the co- 

rot. vane vortex generators were located on the main wing of the high lift system and affected 

locally the loading on this element, they also have had a detrimental e ffect on the circulation 

generated on the slat. This can be explained through their adverse influence on the circulation 

effect (section 2.1) which determines in part the level of circulation on the forward element.

W ith hindsight the choice of vanes w ith  a height of y/c = 0 .015  was a good 

compromise between maximizing the possible strength of the vortices and minimizing the drag 

penalties associated w ith  the generator height. A t 0 °  (fig. 5.23) and x/c = 0 .14  the thickness 

of the shear layers is 0 .007  y/c so the generators could be said to be a little large. However, 

by 25 ° the tips of the generators are immersed in the wake of the slat in a region where 

u/Ue = 0.94. Hence the strength of the vortices w ill be only marginally reduced by the lower 

flow  velocity.

The flap pressure distribution (fig. 6.20) behind the peak suction on this element 

remains unchanged by the presence of vortex generators at the leading edge of the main 

wing. In particular the small region of separated flow  present towards the trailing edge of the 

flap (x/c = 1.1 2 to 1.14) persists. Both the main wing and flap trailing edge pressures show 

little difference over that measured on the cleanfoil at this incidence (fig. 6.32).

co-rot. vanes at x/c = 0 .14

By 2 7 °  the adverse influence which the co-rotating vane vortex generators have on 

the total normal force coefficient of the high lift system has reduced significantly when
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compared w ith  the cleanfoil case (fig. 6.30). Figure 6.29 also shows that the individual Cn's 

for both the slat and main wing are comparable w ith  that measured in the cleanfoil condition. 

However figure 6.21 illustrates these improvements do not stem entirely from the co-rot. vane 

vortex generators no longer having an adverse influence on the pressure d istribution acting 

towards the leading edge of the main wing when compared w ith  the cleanfoil case. This 

influence is still present, however, figure 6.21 shows the co-rot. vane vortex generators have 

reduced the extent of the loss of load towards the trailing edge of this element beyond 

x/c = 0.6. The vane vortex generators are therefore alleviating the adverse influences which 

are exerted on the main w ing boundary layer through confluency w ith  the slat wake. The 

overall circulation generated on the main wing element then approximates to that which it 

generates in the cleanfoil condition (fig. 6.29). The slat has all but lost the small deficit in 

circulation which existed at lower incidences when compared w ith  the cleanfoil case.

The suppression of separation at the trailing edge of the main w ing at 2 7 ° by the co- 

rot. vane vortex generators has had a noticeable effect on the pressure distribution on the 

upper surface of the flap (fig. 6.21) in that the generators enable a slightly higher level of 

loading to exist behind the flap peak suction.

The co-rot. vane vortex generators increase the stall incidence of the high lift system 

to above 3 2 °  by delaying the boundary layer separation which develops at the trailing edge 

of the main wing (fig. 6 .22). The most striking feature is that by delaying the appearance of 

boundary layer separation at the trailing edge of the main wing the vane vortex generators 

have prevented the sudden collapse of the flow  over the flap. The character of the stall is less 

abrupt than seen in the cleanfoil case and the maximum tota l normal force coefficient 

increases by 5% from 3.662 to 3 .842 (fig. 6.30). Figure 6 .29 shows that this increase comes 

almost entirely from a substantial increase in the normal force coefficient of the slat element 

of the high lift system. Although the co-rot. vane vortex generators are able to delay the loss 

of loading which occurs towards the trailing edge of the main w ing from 2 7° to above 31 ° 

(figs. 6.3 - 6.5 & fig. 6 .33), the main wing peak suction increases by only -0.5 (fig. 6.31). 

This in turn is reflected in the rather small increase measured in the main w ing normal force 

coefficient (fig. 6.29). Nevertheless, by delaying the abrupt divergence of the flap trailing edge 

pressure (fig. 6 .32), the co-rot. vane vortex generators enable the overall circulation generated 

by the high lift system and in particular the load on the slat element to increase significantly 

w ith  increasing incidence beyond 28° (fig. 6.29). The magnitude of the slat peak suction 

increases substantially from -12.5 to in excess of -16 (fig. 6.31) and although beyond 31° 

the main w ing Cn gradually decreases (fig. 6.29) the slat peak suction and normal force 

coefficient continue to increase w ith  incidence (fig. 6 .29 & fig. 6.31).

The flap trailing edge pressure diverges from 25° (fig. 6.32) as was the case for the 

cleanfoil. However, the divergence is of a more gradual nature and the characteristic convex 

shape which the flap upper surface pressure distribution adopts in the cleanfoil case at 28° 

(fig. 5.13) becomes more accentuated (fig. 6.4 - fig. 6.7) w ith  increasing incidence. The flap 

peak suction does not collapse abruptly even though by 3 4 °  (fig. 6.7) boundary layer 

separation on the main w ing upper surface is evident from x/c = 0.6.

75



Figure 6 .30 : Variation of total Cn w ith  a w ith and w ithout vane vortex generators present

on the 3 element system
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The variation of static pressure at the main wing trailing edge exhibits the same 

plateau as tha t seen in the cleanfoil tests between 25° and 2 7 °  (fig. 6.32). The co-rot. vane 

vortex generators extend this to approximately 29° after which a gradual divergence 

behaviour occurs when compared w ith  the cleanfoil case. Figure 6.33 illustrates the effect 

which the co-rotating vane vortex generators have on several upper surface static pressures 

acting towards the rear of the main w ing. It is clear that the co-rot. vane vortex generators 

delay the loss of loading towards the rear of the main wing and the forward movement of the 

boundary layer separation which originates from this region of the main w ing upper surface.

6 .1 .2  Cntr-rotating vane vortex generators at x/c = 0 .14, D /d = 4  (fig. 6.8 - fig. 6 .13,

Appendix B)

Figure 6 .29 illustrates that this configuration of vane vortex generators has the 

greatest adverse effect on the main w ing Cn and indeed for the high lift system as a whole at 

incidences below the stall when compared to the cleanfoil case (fig. 6 .30). A t 20° total Cn 

is reduced by 0.1 but by 2 7 ° this has increased to 0.2. Their influence is not restricted to the 

main wing and slat. A t 20° (fig. 6.23) the vortex generators have changed the pressure 

distribution over the upper surface of the flap. A lthough the flap peak suction is reduced the 

vortex generators increase the loading towards the trailing edge of this element and have 

eliminated the small region of separated flow  beyond x /c = 1 .1 2 . This was not the case w ith 

co-rot. vane vortex generators (fig. 6.20). Their net effect, however, is minimal on the flap 

normal force coefficient.

Figure 6 .29  : Variation of Cn w ith  a for each element of the 3 element system w ith  and

w ithout vane vortex generators
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A t 2 5 ° (fig. 6.9) the main wing upper surface pressure distribution at x/c = 0.8 

shows an uncharacteristic change in slope which is not present on the cleanfoil. By 27 ° (fig. 

6 .10  & fig. 6.24) the feature has moved forward to x/c = 0.7. The vortices shed from this 

configuration of vanes will tend to move towards each other in pairs and away from the 

surface of the main w ing. The author believes the sudden change of slope in the pressure 

distribution towards the main w ing trailing edge is associated w ith  this known behaviour of 

cntr-rot. vane vortex generators. It may be that as the vortices travel away from the main 

wing surface the displacement effect of the vortex cores and the shear layers is diminished 

giving rise to the slightly elevated level of loading beyond x/c = 0 .65 (fig. 6.24).

Figure 6 .32  : Variation of main w ing & flap trailing edge Cp's w ith  a w ith  and w ithout 

vane vortex generators present on the 3 element system

The most worrying development w ith this configuration of vane vortex generators 

is the gradual divergence (ie. tendency to become more negative w ith  increasing incidence) 

of the flap trailing edge pressure from 2 0° (fig. 6.32), 5 ° before it occurs in the cleanfoil case 

or w ith  co-rot. vane vortex generators at x/c = 0 .14. Comparing figure 5.11 (cleanfoil, 25 °), 

figure 6.2 (co-rot. vanes, 25°) and figure 6.9 (cntr-rot. vanes, 2 5 °), we see that the level of 

pressure at x/c = 1.0 on the upper surface of the flap is approximately the same in all three 

cases (as is the main w ing trailing edge pressure, fig. 6 .32). The only thing which differs in 

each case is the structure of the wake shed from the main w ing. In particular, the thickness 

and curvature of this wake and the displacement effect of the vortex cores shed from the 

vanes w ill have both a viscous (if merging) and an inviscid (separated by potential flow) 

influence on the pressure distribution over the upper surface of the flap. The pressure 

recovery achieved at the flap trailing edge depends on the thickness of the shear layers 

entering the wake and therefore partly on the characteristics of the main w ing wake. A thicker
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main wing wake will act to suppress the flap peak suction for example (fig. 5.39) and reduce 

the pressure recovery achieved at the trailing edge of this element. Once the flap trailing edge 

pressure begins to diverge the pressure distribution over the flap between x/c = 1.0 and 

x /c = 1 .1 4  acquires a convex shape - which occurs rather earlier w ith  cntr-rot. vane vortex 

generators at x/c = 0 .1 4 (fig. 6.9). By virtue of the divergence of the flap trailing edge pressure 

(albeit gradual, fig. 6.32) from 2 0 °, the high lift system will show an increase in profile drag 

from this incidence over that which would otherwise be seen in the absence of cntr-rot. vane 

vortex generators at x/c = 0.14.

W ithin the range of incidence tested no definitive stall incidence was found for the 

high lift system when cntr-rot. vane vortex generators were present at x/c = 0 .14. Instead the 

total Cn increased steadily up to 33 ° (the maximum incidence tested) improving total Cn from 

3.662 to 3 .704  (1.1 5% , fig. 6.30). This improvement, although small, largely originates from 

the effect of increasing incidence upon the slat circulation (fig. 6.29 & fig. 6 .31), through the 

delay in the collapse of the flow  over the flap (flow  separation was present but interm ittent 

on this element at 33°). The main wing Cn peaks between 2 7° and 29 ° (fig. 6.29) and by 

2 9 ° the main wing is showing a large region of separated flow  from x/c = 0.7 comparable in 

size to that seen in the cleanfoil case (fig. 6.25 and fig. 6 .34). This has moved forward to 

x/c = 0.5 by 3 3 ° (fig. 6 .13 & fig. 6.34). It is interesting to note that although the main wing 

is showing a significant amount of separated flow  by 2 9 ° the flap peak suction has not 

collapsed as was the case for the cleanfoil. This may be due to the tendency for the counter-

rotating vortex cores to move away from the main w ing surface, taking w ith  them the main 

w ing wake and reducing the adverse viscous interaction w ith  the flow  over the flap.

If the cntr-rot. vane vortex generators are to have a greater influence on the main 

w ing trailing edge separation they may have to be closer to the main w ing trailing edge.

6.1 .3  Cntr-rotating vane vortex generators at x/c = 0 .403 , D/d = 4 (fig. 6 .14  - fig. 6 .19,

Appendix B)

By moving the vanes to a location further aft we immediately suffer a reduction in 

the strength of the vortices shed from the vanes (Pearcey, 1961), since one would expect the 

tips of the generators to be immersed in a region of lower flow  velocity. However, there is a 

balance to be made between the height of the vanes, the thickness of the confluent boundary 

layer and the reduced distance from the generator location to the main w ing trailing edge (so 

that the vortices reach this before they migrate away from the main w ing surface). For the 

vanes to be most effective their tips should preferably be at a height where the magnitude of 

the velocity in the boundary layer is comparable to the local velocity in the freestream. With 

these factors in mind the author chose x/c = 0 .403  as a suitable location. Figure 5.27 reveals 

w ith  hindsight that at x/c = 0 .4  and 20° the vortex generators (of height y /c  = 0.015) have 

their tips in a region of the slat wake which has u/Ue approximately 0 .95 which is a good 

compromise between the factors discussed above.

Figure 6.30 illustrates the Cn of the high lift system compares more favourably w ith 

the cleanfoil case for incidences below the stall incidence of the cleanfoil. The deficit in Cn has
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been reduced from 0.1 to 0.05 which remains constant up to the stall incidence of the 

cleanfoil (28°). As before the deficit is in the main wing Cn, the slat element showing a very 

small change from the cleanfoil case (fig. 6.29). Changes have occurred to the flap upper 

surface pressure distribution which are similar to those seen when the vortex generators were 

at the forward location of x/c = 0 .14  (cf. fig 6 .23 & fig. 6 .26), although their beneficial effect 

on the small region of separated flow  beyond x /c = 1 .1 2  has diminished slightly.

The pressure distribution over the rear portion of the main w ing shows no abrupt 

change of slope similar to that which occurred when the generators were at x/c = 0.14. In fact 

figure 6.35 shows that between x/c = 0 .8  and x/c = 0 .9  and from 20° the pressure distribution 

in this region on the main wing remains unusually constant w ith  incidence. Consequently the 

main wing trailing edge pressure shows no tendency to diverge, instead it is the flap trailing 

edge pressure which diverges from 2 9 °, albeit more slow ly than when the vortex generators 

were farther forward (fig. 6.32). The convex shape associated w ith  the pressure distribution 

over the upper surface of the flap from x /c =  1.0 is sustained from 2 5 ° to in excess of 30° 

(fig. 6.1 5 to fig. 6 .18), when the flap then begins to show signs of interm ittent boundary layer 

separation (fig. 6.18 & tu ft information).

The cntr- rot. vane vortex generators at x/c = 0 .403  delay the stall of the high lift 

system to approximately 31 °, increasing the total Cn from 3.662 to 3.781 (3.25% , fig. 6.30). 

The increase is largely confined to the slat (from .856 to .931) although the main wing shows 

a very small increase (up from 2.528 to 2 .549, fig. 6 .29). The stall itself is very abrupt (fig. 

6.35) w ith  the main wing upper surface pressures only showing signs of its impending 

occurrence forward of x/c = 0.8 by the rise in static pressure similar to that seen on the 

cleanfoil. Separated flow  is then present on the main wing as far forward as x/c = 0.6 (fig .6.18 

and fig. 6.1 9).

6.2  Shear layer measurements (fig. 6 .36 to fig. 6 .73 , Appendix B)

6.2.1 Contour plots (fig. 6 .36 - fig. 6 .43, Appendix B)

W ith the application of vane vortex generators the shear layer structure above the 

high lift system acquires a periodicity corresponding to the distance between tw o  vane vortex 

generators. Consequently, both chordwise and spanwise shear layer traverses are required to 

reveal the behaviour of the modified structure of the viscous layers. From this it is hoped to 

be able to explain the altered characteristics of the high lift system and in particular the 

increase in Cnmax and reduction in lift curve slope below the stall incidence. It was decided to 

study the modified structure of the shear layers associated w ith  the application of co-rot. vane 

vortex generators at x/c = 0 .14  as this configuration produced the greatest increase in Cnmax.

Figures 6.36 and figure 6.37 clearly show the spanwise periodicity which exists 

between 10°and 2 8 ° at x/c = 0 .354 . In particular, the figures show an encouraging 

resemblance to data produced by Pearcey (1961). A tth is  location and incidence (x/c = 0.354, 

o = 1 0 °  fig. 6.36) the vortex cores have maintained the initial separation distance of 60mm 

and are located a distance of 0 .02 y/c above the surface (ie. 0 .005  y/c higher than at their 

origin, the origin being the height of the vanes). By 2 8 ° (fig. 6.37) this height has increased
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Figure 6 .36  : Contour plots of the shear layer structure above the main wing at 

x/c = 0 .354  for a =  10° & 20° when co-rot. vvg 's are at x/c = 0 .14

by only a further 0 .005  y/c. The downwash region to the left of each vortex core (the vortices 

have an anticlockwise sense as one looks at the paper) has reduced the thickness of the shear 

layers in figure 6.36 between z/c = 0.08 and z/c = 0.1 2. Over the remaining spanwise region 

the shear layers experience an increase in thickness. In particular the main wing boundary 

layer in the upwash region of the vortex (z/c = 0 .04  to z/c = 0.06) has significantly increased 

in thickness. The region of high shear can also be clearly seen directly below each vortex 

core. The contour plots suggest that at x/c = 0 .354  the vortex cores have yet to burst.

A t 10° the wake from the slat, although wide, has little momentum defect. It is 

already confluent w ith the main wing boundary layer by x/c = 0 .142  (fig. 5.25) and by 

x/c = 0 .354  the slat wake has little in the way of a separate identity. Consequently, in figure 

6.36 at 10° it is hard to locate this shear layer structure. However, the story is very different 

at 2 0 ° (fig. 6 .36). The slat is producing a considerable amount of lift and is shedding a wake 

both significant in size and in momentum defect (fig. 5.27). It is apparent that the vortex 

cores are located between the main w ing boundary layer and the slat wake (fig. 6 .36 & fig. 

6 .37). The segment of the slat wake which would otherwise be confluent w ith  the main wing 

boundary layer at x/c = 0 .354  in the absence of the vortices has found itself above the vortex 

core structure under the influence of the upwash velocity of the vortex. The remainder of the 

slat wake is located between each vortex core and remains relatively undisturbed structurally, 

except that its height varies across the span depending on whether it is located in the upwash 

or downwash regions of the adjacent vortices. Very little mixing has occurred to this section 

of the slat wake since its maximum momentum defect is comparable to that measured in the 

absence of the vortices (cf. fig. 5.27 - fig. 5.29 w ith fig. 6 .36 and 6.37). The spanwise length
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Figure 6 .37 : Contour plots of the shear layer structure above the main wing at 

x/c = 0 .354  for 0 = 2 5 °  & 2 8 ° when co-rot. vvg 's  are at x/c = 0 .14

In which the shear layer thickness is less than that seen in the absence of the vortices 

gradually reduces In size w ith  increasing incidence until by 2 8 ° at x/c = 0 .354  (fig. 6.37) this 

region occupies the region between z/c = 0.08 and z/c = 0.1 only. It is apparent when 

comparing figure 6.36 and figure 6.37 that at x/c = 0 .354  the vortex cores are formed w ithin 

the shear layer structure (not at the periphery) and have only a localised mixing effect on the 

shear layers at this chordwise position.

Figures 6.38 and 6.39 reveal the shear layer structure at the main w ing trailing edge 

and how this changes as the incidence is increased from 25° to above 3 2 ° . The adverse 

gradient through which the vortices have had to travel, from their origin at x/c = 0 .14  to the 

main wing trailing edge (x/c = 0.9), has caused a marked increase in their size, w ith  a 

corresponding displacement of their centres to y/c = 0.055 at 2 5 °. As the incidence is 

increased to above 3 2 ° the effects of an increasing adverse pressure gradient and viscous 

dissipation act to damp out the vortices in this region on the main w ing (cf. fig 6.38 and fig. 

6 .39). The slat wake can no longer be easily identified in the shear layer structure implying 

that much mixing has occurred between x/c = 0 .354  and x/c = 0.9. As at x/c = 0 .354  the 

region of relatively high shear close to the main w ing upper surface can still be found directly 

below the vortex cores.

A feature which firs t appears at the main w ing trailing edge at 2 5 °  (fig. 6.38) and 

which becomes more prominent w ith  increasing incidence is an apparent region of separated 

flow  adjacent to the main wing upper surface at z/c = 0.12. This is unusual in that the flow  

appears to be separated at an incidence below that at which it firs t appears in the cleanfoil 

case (2 7 °, fig. 5.29). Furthermore the pressure distribution data (fig. 6.2) suggests a good
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for o = 2 5 °  & 28 ° when co-rot. vvg 's are at x/c = 0 .14

pressure recovery is achieved towards the trailing edge on the main w ing at this incidence. 

There is no reason to question the validity of the reading of the centreline pressure tapping 

at the trailing edge of the main wing. Any significant spanwise variation in static pressure 

caused by the presence of the co-rotating vane vortex generators would have manifest itself 

as a pressure d iscontinu ity upstream of the trailing edge in the measured pressure distributions 

(fig. 6.1 - 6.7). This is not observed and so the measured pressure can be fe lt to be a good 

indication of the static pressure at the trailng edge of the main w ing. In fact separation at the 

main w ing trailing edge does not appear until above 31 0 (cf. fig. 6.5, fig. 6.6 and fig. 6.33). 

It is known that errors greater than 1 % of dynamic pressure w ill arise when the local flow  is 

yawed to a p ito t tube at angles larger than approximately 2 0 ° . The author believes the 

negative values of p ito t pressure in figure 6.38 are the result of locally highly yawed flow  

which manifests itself as an apparent region of reversed flow . However, in fig. 6 .39 at 32 .3 ° 

the negative p ito t readings adjacent to the main wing surface are probably regions of 

separated flow  as the pressure distribution data suggests.

A somewhat unusual and interesting series of contour plots were recorded over the 

upper surface of the flap at x /c = 1 .0  for incidences between 0 °  and 32 ° (fig. 6 .40  - fig. 

6.43). The damped vortices generated by the vanes can be clearly seen in the shear layer 

structure above the upper surface of the flap. However, the contour plots also reveal a region 

of low  streamwise p ito t pressure below and to the right of each vortex generated by the 

vanes on the main w ing. The size of this region is smaller than that associated w ith  the vane 

generated vortex. It persists w ith  incidence and is located in a region between the potential 

flow  passing through the slot and the vortices embedded in the shear layer structure of the
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o = 0 °  & 10° when co-rot. vvg 's are at x/c = 0 .14

main wing upper surface boundary layer. The exception to this occurs at 0 °  (fig. 6.40) when 

it must be remembered that the main w ing wake and flap upper surface boundary layer are 

confluent by x /c =  1.0. Consequently no slot flow  can be seen in the contour plot. The author 

suggests the unusual feature may well be a weak vortex of opposite sense to that produced 

by the vanes on the main w ing, which is formed by the viscous interaction of the highly 

yawed and sheared flow  of the main vortex w ith  the flow  shed from the cove region on the 

lower surface of the main w ing. Its location is insensitive to incidence which the slot flow  is 

not.

6 .2 .2  Detailed comparison of shear layer profiles at x/c = 0 .354  (fig. 6 .44  - fig. 6 .51,

Appendix B)

The figures to be discussed in the fo llow ing sections of Appendix B are grouped into 

pairs. The firs t figure compares the cleanfoil shear layer profile at a given location and 

incidence w ith  the corresponding mean profile when co-rotating vane vortex generators are 

at x/c = 0.14. The second figure in each pair (and follow ing) compares selected profiles, used 

in the calculation of the mean profile, w ith  the cleanfoil case to give a further insight into what 

is happening locally between vortices across the span. Mean profiles were obtained by 

selecting six successive p ito t rake profiles (remembering measurments were recorded at 9 

spanwise stations spaced 10mm apart in order to capture the full picture between adjacent 

vanes), allocating equal weight to data values at the same height in each profile and from this 

calculating a numerical mean profile. Six stations are chosen as this gives an adequate

84



representation across the span w ithout i) placing unwanted numerical weighting to any one 

station when more than six are used or ii) inadequate representation if less than six are used.

y/c 0.18, Shear layer profile over the upper surface of the 3 element system when (all values in mm)

1 Cleanfoil
2 Co-rot. vanes O x/c=0.14
3 Co—rot. vanes O x/c=0.14
4 Co—rot. vanes ® x/c=0.14

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x/c

0.9

Delta

1.0 1.1 

Deltastar

1.2

Theta

1.3

H
Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1292E 7 0.354 15.15 1.3237 1.0842 1.2209
Alpha = 10.3 Mach no. = 0.12 Reynolds no. = 0.1271E 7 0.354 25.10 5.0918 3.0290 1.6810
Alpha = 10.3 Mach no. = 0.12 Reynolds no. = 0.1285E 7 0.354 21.77 2.3411 1.8007 1.3001
Alpha = 10.3 Mach no. = 0.12 Reynolds no. = 0.1280E 7 0.354 10.90 0.9336 0.7682 1.2154

Figure 6 .45  : Spanwise variation of shear layer profile at x/c = 0 .354 , a = 1 0 ° ,  obtained

when co-rot. vanes are at x/c = 0 .14

A t 10° a comparison of the mean shear layer profiles at x/c = 0 .354  obtained w ith 

and w ithou t co-rot. vane vortex generators at x/c = 0 .14  show only small differences towards 

the inner region of the shear layer above the main w ing (fig. 6 .44). In the outer region of the 

mean shear layer profile associated w ith  vanes a feature can be seen which is suggestive of 

the presence of a slat wake, although one would not expect this to be prominent at this 

incidence. The feature is due to the strong influence which the low streamwise dynamic 

pressure region of the vortex core (although only measured at one spanwise location) has on 

the final shape of the mean profile. Figure 6.44 suggests the vanes have transferred little, if 

any, fluid particles w ith  relatively high momentum into the inner regions of the shear layer. 

Instead the situation seems to be worsened w ith  both mean 6, 6 ' and 8 values having 

increased significantly. Fortunately, figure 6.45 shows this is not the case. Shear layer profiles 

at three equispaced spanwise locations between tw o  adjacent generators are compared w ith 

the cleanfoil case. The curve labelled 2 illustrates the very low  streamwise u/Ue region 

associated w ith  the strong vortex core. A lthough for this curve 6 and 6' are larger than in the 

cleanfoil case (66%  and 285%  respectively) the region of high shear below the vortex core 

is easily seen and has a fuller profile when compared w ith  the cleanfoil profile as does curve 

4. The vanes have transferred high momentum fluid into the inner region of the shear layers 

which mixes and to an extent replaces retarded air adjacent to the surface of the main wing 

(curves 2 & 4, figs. 6 .45, 6 .47, 6 .49 & 6.51).
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alpha
Variation of Delta with incidence for 3 element system at 3 chordwise positions with and without co-rot. vane vortex generators at x/c=0.14

Figure 6 .69  : Variation of 6 (in mm) w ith  a at 3 chordwise locations, w ith  and w ithout 

co-rot. vane vortex generators at x/c = 0.14

As the incidence is increased several patterns emerge in the shear layer structure at 

this location on the main wing w ith  vanes at x/c = 0 .14. The mean shear layer profile 

comparison w ith  the cleanfoil case becomes increasingly worse for values of y/c < 0.01 

although the agreement for the mean u/Ue at the wall remains remarkably consistent (figs. 

6 .44, 6 .46, 6 .48 & 6.50). The non-dimensionalised velocity ratio w ith in  the vortex core 

remains approximately constant (0.3) considering the large change in the shear layer structure 

which occurs at the location of the vanes (again figs. 6 .45, 6 .47, 6 .49 & 6.51). The breadth 

of the vortex core increases slightly as viscous damping and adverse pressure gradients 

increase w ith  incidence ahead of x/c = 0 .354. The mean shear layer thickness 6 at x/c = 0 .354 

shows an increase over the cleanfoil case throughout the incidence range (fig. 6.69) as do 6' 

(fig. 6.70) and 6 (fig. 6.71). As the percentage increments in these parameters are 

proportionally the same H shows little change w ith  and w ithou t vanes at x/c = 0 .14  (fig. 6.72).

6.2 .3  Detailed comparison of shear layer profiles at x/c = 0 .9  (fig. 6 .52  - fig. 6 .58,

Appendix B)

The favourable influence which the co-rotating vortices have had on the shear layer 

structure of the high lift system is immediately apparent in figure 6.52. Unlike at x/c = 0 .354  

the mean shear layer profile at 25° shows an improvement in u/Ue for values of y/c < 0.03 

when compared w ith  the cleanfoil case. The benefit is illustrated further in figures 6 .54 and 

6.56 when it is realised that the comparisons are not made at the same incidence (cleanfoil 

2 7 ° , vanes 2 6 ° , 3 0 ° and 3 2 .3 °). The remains of the slat wake and vortex cores can be 

clearly seen in these figures. A t the expense of transferring streamwise momentum into the
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inner shear layers adjacent to the main wing however, the co-rotating vortices have greatly 

increased the mean 6 defic it associated w ith  the outer regions of the shear layers (figs. 6.52, 

6 .54  and 6.56). If the mean profile associated w ith  the vanes (ie. fig. 6.52) is separated into 

its constituent parts (fig. 6.53) curves 2 & 3 show large increases in u/Ue for y/c < 0.03 

when compared w ith  the cleanfoil case (curve 1). Only curve 4 compares unfavourably w ith 

the cleanfoil case for y /c  < 0 .03 although in turn this same curve compares favourably for 

y/c > 0 .04  against the cleanfoil case. Much can be gleamed from these figures.

y/c 0.18, Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

■0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

x/c Delta Deltastar Theta H
1 Cleanfoil Alpha = 25.0 Wach no. = 0.12 Reynolds no. = 0.1245E 7 0.900 52.11 15.7728 7.4658 2.1127
2 Co-rot. vanes © x/c=0.14 Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1254E 7 0.900 58.01 22.8444 11.5672 1.9749
3 Co-rot. vanes © x/c=0.14 Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.126IE 7 0.900 49.74 18.9604 9.7542 1.9438
4 Co-rot. vanes © x/c=0.14 Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1253E 7 0.900 63.43 18.1421 7.5097 2.4158

1.4
u/Ue

Figure 6 .53 : Spanwise variation of shear layer profile at x/c = 0.9 , <7 = 2 5 °, 

obtained when co-rot. vanes are at x/c = 0 .14

The flow  in the shear layers is moving more slow ly than in the adjacent potential 

flow , ie. the streamlines in the shear layers are further apart than in the 'inviscid flo w '. 

Streamlines outside a shear layer are shifted outwards by the displacement thickness of the 

shear layer. As the trailing edge of an aerofoil is approached 6' increases rapidly and the 

trailing edge is effectively thickened. The shift upwards of the mean line of the aerofoil and 

wake corresponds to an increase in thickness of the aerofoil and an addition of negative 

camber. A t the expense of increasing u/Ue in the inner regions of the shear layers the co-

rotating vortices increase mean 6 and 6' over the upper surface of the main w ing at incidences 

below the stall incidence of the cleanfoil (fig. 6 .52), leading to a loss of load on this element 

and a reduction in dCn/da (fig. 6.29). This in turn effects the circulation on the slat by virtue 

of the circulation effect (section 2.1) and a small reduction is also seen in the dCn/do for this 

element (fig. 6.20). Consequently the overall dCn/da for the high lift system is reduced for 

incidences below the stall incidence of the cleanfoil (fig. 6.30). The effect can be further 

appreciated by examining figure 6.53. The displacement thickness at all spanwise stations 

w ith  vanes present is greater than for the cleanfoil case. The reverse is true for incidences
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above the stall Incidence of the cleanfoil because of the large increase in the wake and shear 

layer thicknesses when separated flow  is present (fig. 6 .55). Judging by the data in figure 

6.29 one can probably say the effect is more severe in the cases where cntr-rot. vane vortex 

generators were placed on the main w ing at x/c = 0 .14, the effect being reduced if the cntr- 

rot. vortex generators are placed further aft on the main wing.

Some of the shear layer profiles show an abrupt reduction in slope in the inner region 

of the profile (ie. curves 3 & 4, figs. 6.53 & 6.55). This is the misleading effect of high yaw 

angles on the lowest p ito t tubes and one would be better to maintain a constant slope through 

to the main wing upper surface at y/c = 0. The mean shear layer profile obtained at x/c = 0.9 

at 3 2 .3 ° (fig. 6 .56), the data from which it was obtained (fig. 6.58) and the values of 6, ¿ ', 

6 and H are subject to errors as the height of the shear layer structure exceeded the height 

of the p ito t rake! Consequently, these values are not included in figures 6.69 to 6.73. 

Fluctuations associated w ith  unsteady separated flow  are apparent in shear layer profile 3, 

figure 6.58. Momentum thickness at the trailing edge of the main w ing shows a relatively 

large increase over that measured in the cleanfoil case for incidences approaching the stall 

incidence (fig. 6 .71). The only parameter to show a reduction w ith  co-rotating vane vortex 

generators in use is H (fig. 6.72).

6 .2 .4  Detailed comparison of shear layer profiles at x/c = 1 .0 (fig. 6 .59 - fig. 6 .68,

Appendix B)

A t 0 °  the co-rot. vortices are seen to have reduced the mean momentum defect in 

the shear layers above the flap at heights below y/c < 0.04. But again this is at the expense 

of increasing the mean thickness significantly from 25mm to nearly 40mm (fig. 6 .59). The 

value of u/Ue measured by the lowest p itot tube above the flap shows little variation along the 

span and indicates the mixing process which the vortices encourage is weak at this low height 

in the shear layers over the flap (fig. 6.60). This is further emphasised in figure 6.61 and 

figure 6.62 where the appearance of potential flow  through the slot isolates the boundary 

layer on the flap from the vortex induced mixing at work in the main w ing and slat wakes 

above. This is the reason why the pressure distribution over the upper surface of the flap 

shows only small changes from the cleanfoil case and which are probably inviscid in origin.

The large variation of u/Ue (min) across the span which was evident at x/c = 0 .354  

at 2 0 ° (approx. 0 .7 , fig. 6.47) has given way to a smaller variation in the shear layers above 

the span of the flap (0.05, figs. 6 .64 & 6.66). The separate identities of the main w ing and 

slat wakes have all but been lost in the mixing process and have been replaced in the mean 

shear layer profiles by a region where u/Ue is approximately constant for a considerable height 

through the shear layers (fig. 6 .63, 6.65 & 6.67). Figure 6.67 compares the variation of the 

mean shear profile above the flap w ith increasing incidence for co-rotating vanes at x/c = 0.14 

w ith  the cleanfoil case measured at 2 7 ° (just prior to stall). It is interesting to note that the 

value of u/Ue (min) at y/c = 0.06 in the mean profiles tends to the value measured in the 

cleanfoil case! It is all the more interesting when one realises that at 3 2 .3 °  little variation in 

u/Ue (min) is seen across the span above the flap (fig. 6.68) and which is close to the stall
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y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

x/c Delta Deltastar Theta H
I Cleanfoil Alpha =  27.0 Mach no. = 0.12 Reynolds no. = 0.1250E 7 1.000 81.53 19.8624 12.6497 1.5702
2 Co-rot. vanes O  x/c=0.14 Alpha = 28.0 Mach no. = 0.12 Reynolds no. = 0.1265E 7 1.000 81.53 23.0145 14.7339 1.5620
3 Co—rot. vanes O x/c=0.14 Alpha = 30.0 Mach no. = 0.12 Reynolds no. = 0.1247E 7 1.000 81.53 26.6753 15.9732 1.6700
4 Co—rot. vanes © x/c=0.14 Alpha = 32.0 Mach no. = 0.12 Reynolds no. = 0.1253E 7 1.000 81.53 29.3707 16.5354 1.7762

Figure 6 .67  : Comparison of mean shear layer profiles at x /c = 1 .0 , a = 2 1 °  (cleanfoil), 

2 8 ° , 30° & 32° (co-rot. vanes at x/c = 0.14)

incidence when co-rot. vane vortex generators are present on the main w ing at x/c = 0 .1 4 (fig. 

6 .30). Is there possibly a minimum threshold value to u/Ue below which the high lift system 

stalls. This aspect of the shear layer data is not easily seen in similar figures for the chordwise 

position x/c = 0 .9  (fig. 6 .52 - fig 6.58) because of the effect of high yaw on the p ito t data in 

the inner regions of some shear layer profiles. The large increase in 6 above the flap at all 

incidences when compared w ith the cleanfoil case (fig. 6.71) indicates the profile drag of the 

high lift system will be increased w ith  the addition of vanes at x/c = 0 .14  except possibly 

below 5 °.

89



7. Airjet Vortex Generators
This section discusses those measurements which were obtained when a system of 

co-rotating airjet vortex generators were present on the upper surface of the main wing at 

x/c = 0 .14  utilizing a constant blowing pressure of 60%  above freestream stagnation pressure. 

As w ith  vane vortex generators the airjets were positioned symmetrically about the centre line 

of the model to ensure the centre line pressure tappings were equidistant between tw o 

adjacent generators.

The configuration of airjet vortex generators selected for installation in the main wing 

of the high lift system was arrived at on the basis of previous work by Rao (1988). Rao found 

that the particular array of airjets produced a degree of boundary layer control comparable 

w ith  that achieved by an optimised array of vanes in the suppression of shock-induced 

boundary layer separation. It is possible (and probable) that this configuration is not the 

optimum configuration for airjets in use in suppressing boundary layer separation in subsonic 

flow . However no guidelines exist for the use of airjets in subsonic flow  at this point in time.

In the event, the improvements achieved by the airjets were significantly greater than 

those produced w ith  the various vane vortex generator configurations and cannot be 

attributed to just the suppression of boundary layer separation at the rear of the main wing. 

The airjets and associated vortices which they generate promote enhanced mixing and 

momentum transfer across the complex shear layers above the main w ing in ways which 

cannot be achieved w ith  vanes.

7.1 Pressure distribution measurements (fig. 7.1 to fig. 7 .24, Appendix C)

The variation of pressure over the high lift system at 0 °  w ith  airjets in use at 

x/c = 0 .14  is presented in figure 7.1 and its comparison w ith  the cleanfoil case is shown in 

figure 7.15. The most obvious difference when the airjets are in use is the appearance of tw o  

areas of lowered pressure on the upper surface of the main w ing at x/c = 0.2 and a more 

broader region at x/c = 0 .3  when compared w ith  the cleanfoil pressure distribution. These 

features are caused by the close proxim ity to the pressure tappings of one or possibly tw o 

airjets (depending on their angle of yaw) as they pass over the centre line of the model. 

Between these tw o  prominent features the static pressure is seen to return to that seen in the 

cleanfoil pressure distribution at the same incidence (figs. 7.15 - 7.18). The airjets are not 

choked so the static pressure in the exit plane of the airjets is the local static pressure acting 

at x/c = 0 .14  on the main w ing. Rao (1988) found that the core of the airjet passes through 

the centre of the vortex. Consequently at 0 °  the author suggests the raised level of suction 

at x/c = 0.2 and x/c = 0 .3  results from vortex induced velocities. The flow  accelerates as it 

passes under the airjet resulting in a lower static pressure reading. These features combined 

w ith  a slightly greater flap peak suction (fig. 7.1) and an increased level of loading over the 

main wing downstream of the location of the airjets allows the high lift system to show an 

improvement in total normal force coefficient at 0 °  (fig. 7.21).
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Figure 7.15 : Comparison of pressure distributions at a = 0 °  obtained w ith  and w ithout

co-rot. airjets at x/c = 0.14

The airjets are seen to have a relatively large favourable interaction w ith  the shear 

layers above the main w ing of the high lift system at 5 ° , as the pressure recovery at the 

trailing edge of this element is significantly higher than that achieved in the cleanfoil case (fig.

7 .23 ) . This is because they probably alleviate the adverse influence, in the form of alternating 

pressure gradients, which the slat has on the boundary layer at the leading edge of the main 

w ing at this incidence (see section 5.4).

A t 10° both the pressure 'peaks' discussed above are still visible in the upper 

surface pressure distribution for the main wing (fig. 7.3). However, it is apparent the small 

but significant increment in loading which the airjets produced at 0 °  continues to persist over 

the upper surface of the main w ing from x/c = 0.18 to the trailing edge of this element (fig. 

7.16). This small increase in loading over the upper surface of the main w ing suggests the 

airjets are reducing the displacement effect of the shear layers above this surface, contrasting 

w ith  the effect which the co-rotating vane vortex generators had on the same surface. The 

main w ing shows an increased Cn (fig. 7.20) although the pressure distributions over the 

lower surface of this element and over the slat show negligible changes from that seen in the 

cleanfoil case. In particular the main wing and slat peak Cp's show no change from the 

cleanfoil condition (fig. 7.22).

Figure 7.23 reveals the static pressure at the trailing edge of the main w ing at 10° 

is unchanged from that seen in the absence of the airjets (and remains so until above 2 0 °, fig.

7.24) but the pressure recovery at the flap trailing edge is slightly higher giving rise to the 

changed pressure distribution over this element (fig. 7.16) but negligible change in flap Cn (fig. 

7.20). The small region of separation which is present towards the trailing edge of the flap
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in the cleanfoil tests fo r incidences between 13° and 20° is absent w ith  airjets in use at 

x/c = 0 .14  (fig. 7.3 - fig. 7.5). Consequently, the airjets are seen to improve the pressure 

recovery at the flap trailing edge steadily between 10° and 2 0 ° (fig. 7.23).

Figure 7 .24  : Variation of static Cp w ith  incidence at several x/c positions on the main 

wing upper surface w ith  and w ithout co-rot. airjet vortex generators at x/c = 0 .14

The loss of loading which occurred towards the rear of the main w ing in the cleanfoil 

condition, and which was emphasised no more so than by the static pressure variation w ith 

incidence at 80%  x/c reaching a minimum value at 15°, is delayed by the use of the airjets 

(fig. 7.24). Instead, the static Cp at 80%  x/c is seen to fall steadily w ith  increasing incidence 

beyond 15° and reach a minimum at approximately 2 2 °. From this position it rises only 

slightly as stall approaches which is in marked contrast to its behaviour in the cleanfoil tests. 

The increased loading at the rear of the main wing w ith  airjet vortex generators is 

accompanied by a progressive increase in the main wing Cn w ith  incidence above 20 ° (fig. 

7.20). A lthough the co-rotating vane vortex generators also delayed the loss of loading at the 

rear of the main w ing, they were not able to increase the load on this element to levels above 

that seen in the cleanfoil tests at incidences below the stall incidence of the cleanfoil. The 

improved flow  over the main wing is also reflected in the extended linear variation of the static 

pressure at the trailing edge of this element w ith  incidence (fig. 7.23).

The improvement in total normal force coefficient above 2 0 ° now increasingly 

embraces that generated by the slat (fig. 7.20). The increased load on the main wing and slat 

both fo llow  from the increased overall circulation and which in turn derives from the higher 

pressure recovery at the flap trailing edge (fig. 7.23). Figure 7.18 clearly illustrates the 

increased circulation generated by the high lift system at 2 7 ° w ith  airjets in use, and the
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effect which this has on the load carried by both the slat and the main w ing. This contrasts 

w ith  that achieved w ith  co-rotating vane vortex generators at the same incidence (fig. 6.24).

Variation of normal force coefficient with incidence for each element of the 3 element system

Figure 7.20  : Variation of Cn w ith  a for each element of the high lift system when co-rot.

airjet vortex generators are at x/c = 0 .14

The co-rotating airjet vortex generators increase the stall incidence of the high lift 

system by 6 .5 °  from 2 8° to 3 4 .5 ° (fig. 7.21). The character of the stall is very abrupt and 

the maximum total normal force coefficient is increased by 22%  from 3.662 to 4 .468. This 

figure comprises a slat Cn of 1.225 (an increase of 40% ) and a main w ing maximum Cn of 

2 .935 (an increase of 16%). The increased incidence range through which the slat Cn 

increases linearly w ith  incidence (fig. 7.20) sees the slat peak Cp increase from -1 2 Vi to nearly 

-20 (fig. 7 .22). Figure 7.19 shows how typically for the cleanfoil at 3 1 .1 ° the flow  is 

separated from x/c = 0 .4  on the main w ing and over the flap and the adverse effect which its 

presence has on the load carried by the slat. In contrast, the airjet vortex generators ensure 

attached flow  to the trailing edge of the main w ing and increasing normal force coefficients 

up to the stall incidence. The static pressure at the trailing edge of the flap w ith  airjets in use 

begins to diverge from approximately 31 °, nearly 2 ° earlier than that at the trailing edge of 

the main w ing ( = 3 2 .8 ° , fig. 7.23). Previously, the divergence of the static pressure at the 

flap trailing edge has been accompanied by the gradual development of a pressure recovery 

over the flap upper surface beyond x/c = 1.0 which is convex in nature (fig. 5 . 1 2 -  cleanfoil, 

figs. 6.7, 6 .10  & 6.17 - vane vortex generators). However, this is not seen w ith  airjets in use 

at x/c = 0 .14 ; instead the concave pressure recovery beyond x/c = 1.0 adopts a linear form 

(fig. 7 .13). Figure 7.24 illustrates the loading at the trailing edge of the main w ing w ith  airjets 

in use is maintained at an almost constant level beyond x/c = 0.7 for incidences above 2 7 °. 

Static pressures towards the leading edge (ahead of x/c = 0.6) of the main w ing are seen to
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rise (in particular at x/c = 0.6) from 31 °. Consequently, the mechanism of the stall is not quite 

so clear as it was on the cleanfoil or in the presence of vane vortex generators. The peak 

suction on the main wing is held beyond Cnmax and the slat peak suction falls - both indicators 

of a loss of overall circulation fo llow ing from a much thickened wake - a rear stall from the 

main w ing trailing edge? The divergence of the static pressure at the trailing edge of the flap 

(fig. 7.23) may however indicate the stall arises from a sudden collapse of the flow  over the 

flap.

The increased C,max of the high lift system w ith  airjet vortex generators installed at 

x/c = 0 .14  on the main w ing together w ith  the increased lift generated at incidences below the 

stall, particularly when compared w ith  that obtained when co-rotating vane vortex generators 

are installed at the same location, suggests the airjet vortex generators are achieving more 

than just suppression of boundary layer separation at the rear of the main wing.

7.2 Shear layer measurements (fig. 7 .25 to fig. 7 .61, Appendix C)

7.2.1 Contour plots (fig. 7.25 - fig. 7 .31, Appendix C)

Figure 7 .25  : Contour plots of the shear layer structure above the main wing at 

x/c = 0 .354  for a =  10° & 20° when co-rot. ajvg's are at x/c = 0.14

Figures 7.25 and 7.26 present the results of spanwise p itot rake surveys carried out

at x/c = 0 .354  for incidences between 10° and 3 0 °. Again the characteristic spanwise 

periodicity produced by the airjets is evident in the shear layers above the main w ing as was 

the case w ith  vane vortex generators. The core flow  of each airjet has penetrated the thick 

shear layers above the main w ing to form a region of high velocity flow  located in the adjacent 

freestream. Each of these flow  structures form the core region of an associated primary vortex 

(Rao, 1988), the sense of each vortex is anticlockwise as one looks at the paper.
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At 10° at x/c = 0 .354  each discrete jet is separated by a region of potential flow  (fig.

7.25) which quadruples in size by 30° (fig. 7.26) as the jet core shrinks significantly in size 

in the upwash region of the vortex w ith  increasing incidence. It is clear the shape of the jet 

changes w ith  incidence - at 10° the jet is approximately symmetric about a vertical plane 

through its core - but by 3 0 ° presumably under the persistent influence of the vortex-induced 

cross-flow and hence vortic ity , the jet becomes markedly thicker in the downwash region of 

the vortex. The emergence of the entrained cross-flow  from under the jet which forms the 

upwash region of the vortex and which is responsible for the d istinctive kidney shape of the 

jet, produces a marked thickening in the shear layers in this region when compared w ith  the 

downwash region. Here we see the the mechanism which produces the enhanced mixing of 

the shear layers above the high lift system - high momentum air is displaced towards the 

surface of the main w ing in the downwash region of the vortex and low  momentum air is 

swept away from the surface in the upwash region of the vortex.

Figure 7 .26  : Contour plots of the shear layer structure above the main wing at

x/c = 0 .354  for a = 25° & 30° when co-rot. ajvg's are at x/c = 0 .14

The height of the jet at this chordwise location (x/c = 0.354) remains approximately 

constant w ith  incidence as does its spanwise location. The most striking difference between 

these contour plots (figs. 7.25 & 7.26) and the corresponding plots w ith  vane vortex 

generators (figs. 6.36 & 6.37) is the d ifficu lty  in establishing the location of the slat wake.

The high momentum cores of adjacent airjets have expanded and partly merged at 

the main w ing trailing edge (x/c = 0.9) at 10° (fig. 7.27). This situation does not change 

significantly w ith  incidence, except only in that the height of the jet cores above the main 

w ing surface increases from 0.11 y/c at 10° (fig. 7.27) to 0 .14  y/c at 3 0 ° (fig. 7.28) under 

the action of the increasing adverse pressure gradient on the shear layers beneath. It is
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Figure 7.27 : Contour plots of the shear layer structure above the main w ing at x/c = 0.9 

for a =  10° & 20° when co-rot. ajvg's are at x/c = 0 .14

probable the vortices have burst (large Increase In core size and the jet cores have merged - 

the associated vortices would then tend to rapdily damp one another out) by this chordwise 

location but their action has left a shear layer structure which is surprisingly uniform in the 

spanwise direction through most of its height. However, below y/c = 0.1 at 10° and at 

z/c = 0 .06  (fig. 7.27) a region of highly sheared flow  appears whose extent develops w ith 

incidence until by 3 0 ° (fig. 7.28) separated flow  appears to be present across the whole 

spanwise region monitored, although pressure distribution data suggests otherw ise (figs. 7.10 

& 7.23). This is discussed further in section 7 .2 .3  and is believed to be due to the effect of 

high yaw on these particular p itot tubes. The magnitude of the p ito t readings in the centre of 

the core region of the jets above the main wing does not drop significantly ( =  1.15 u/Ue) w ith 

incidence between 10° and 3 0 ° (figs. 7.27 & 7.28). This suggests the enhanced mixing 

produced by the vortices has not penetrated to the centre of each airjet in the chordwise 

distance over which the vortex was able to persist.

A similar story can be told for the shear layers above the flap between 0 °  and 32° 

(figs. 7.29 - 7.31). Again the core flow  of the jets moves away from the upper surface of the 

flap w ith  incidence and eventually out of reach of the p ito t rake! The slot flow  above the flap 

seems to be unaffected by the airjets but the uniform ity in the shear layers at low incidence 

(fig. 7.29) diminishes w ith  incidence and at 3 0 ° (fig. 7.30) a definite variation in the thickness 

of the shear layers above the flap is evident above 0.1 y/c (as much as 0 .02  y/c). In fact this 

feature is present in the shear layers at the main wing trailing edge but is not so marked 

(= 0 .0 1  y/c).

96



Figure 7 .29 : Contour plots of the shear layer structure above the flap at x/c = 1.0 for 

o = 0 o & 10° when co-rot. ajvg's are at x/c = 0.14

7.2 .2  Detailed comparison of shear layer profiles at x/c = 0 .354  (fig. 7 .32  - fig. 7.39,

Appendix C)

As explained In the equivalent section for vane vortex generators (section 6.2.2) the 

figures referenced in this and subsequent sections are grouped into pairs. The firs t figure in 

each pair compares the cleanfoil shear layer profile at a given chordwise location and 

incidence w ith  the corresponding mean profile when co-rotating airjet vortex generators are 

at x/c = 0.14. The second figure (follow ing directly on) compares selected profiles across the 

span between airjets w ith  the cleanfoil profile. For most of the figures the tw o  selected 

profiles which were compared w ith  cleanfoil shear layer profile were those which either 

passed directly through the jet core or through the shear layer between airjets. Mean profiles 

were obtained by selecting five successive p itot rake profiles as the jets were 53 mm apart.

Figure 7.32 compares the mean shear layer profile at x/c = 0 .354  at 10° w ith  the 

cleanfoil shear layer structure at the same location. There are small differences between the 

profiles particularly the shear measured by the lowest p itot tube above the main wing surface 

where u/Ue is reduced by 10% in the mean profile for airjets. The figure clearly shows the 

flow  in the jet and the height to which this reaches at this chordwise location. The mean shear 

layer thickness is unchanged but both momentum thickness and displacement thickness show 

small increases w ith  airjets in use. If the mean profile is now represented by tw o  constituent 

profiles (figure 7.33) the strength of the jet flow  is more apparent at a height of = 2 Vi times 

the shear layer thickness. The thickness of the shear layer below this structure remains 

comparable w ith  the cleanfoil case (curve 3) but between the jets the shear layer profile is 

much improved (curve 2). It is also noticeable that streamwise u/Ue is constant ( =  0.78) for
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y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

0.16

0.14

0.12

■0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x/c

0.9

Delta

1.0 1 

Deltastar

.1 1.2 

Theta

1.3

H

1.4
u/Ue

1 Cleanfoil Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1292E 7 0.354 15.15 1.3237 1.0842 1.2209
2 Co-rot. airjets © x/c=0.14 Alpha = 10.0 Mach n<o. = 0.12 Reynolds no. = 0.1293E 7 0.354 18.74 0.9352 0.8087 1.1565
3 Co—rot. airjets O x/c=0.14 Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1280E 7 0.354 14.64 2.8935 2.0072 1.4416

Figure 7 .33 : Spanwise variation of shear layer profile at x/c = 0 .354 , a =  10 °, obtained

when co-rot. airjets are at x/c = 0.14

a considerable height under the jet and the shear measured by the lowest p itot tube has 

dropped to only 0 .23, far lower than seen w ith vane vortex generators for the corresponding 

case (fig. 6.45).

A t higher incidences (figs. 7.34, 7.36 and 7.38) the slat wake, its partial confluency 

w ith  the main w ing boundary layer and the remnants of the slot flow  appear in the cleanfoil 

shear layer profile. The mean profiles w ith  airjets now show smaller changes in u/Ue measured 

at the lowest p ito t station above the main wing when compared w ith  the equivalent cleanfoil 

case but the slot flow  feature and its associated relatively high velocities at =  0.01 y/c are 

seemingly dispersed, the more so as incidence increases from 2 0° to 3 0 ° . Additionally the 

separate identity of the slat wake is reduced and is replaced in the mean shear layer profiles 

w ith  jets by a region of steadily increasing shear which has a fuller profile between 0 .02 y/c 

and 0 .04  y/c. This contributes to the mean shear layer profiles w ith  jets now also showing 

a consistent reduction in shear layer thickness.

Figures 7.35, 7 .37 and 7.39 again show in more detail the effect which the airjets 

have on the shear layers between 20°and 3 0 °a t x/c = 0 .354 . The core jet height is invariant 

w ith  incidence and the shear layer profiles between adjacent jets (curve 2 in each figure) show 

only small changes when compared w ith cleanfoil profile below y/c = 0 .01. The profiles 

depicted by the curve 2 are located in the downward region of the vortex associated w ith 

each airjet (ie. not influenced directly by the jet) and consequently the increased momentum 

transfer into this region is solely attributable to the vortex action which results in a consistent 

fuller profile for the shear layers at this point in the span and higher shear at the main wing 

surface. The high velocities associated w ith  the slot flow  have been reduced and there is little
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sign of a slat wake. Curve 3 represents profiles directly below and through the jet core. High 

velocity gradients exist at heights below 0.01 y/c and between 0.01 y/c and 0 .02 y/c u/Ue 

again remains constant. There is no sign of the slot flow  in these profiles and the slat wake 

has been partially absorbed into a region of higher shear at the base of the core flow  of each 

jet.

Evidently, the jets are producing very high cross-flow velocities in the lower regions 

of the shear layer directly below the jet (hence u/Ue = 0 .2 ) far larger than that seen w ith  co-

rotating vane vortex generators. The region where shear remains = constant between 0.01 

y/c and 0 .02  y/c is the entrained cross-flow  depicted by figure 2 .14  (Rao, 1988). The 

enhanced mixing produced by the jets and their associated vortices has resulted in the slot 

flow  being absorbed into the surrounding shear layers and the reduced identity of the slat 

wake as it is swept up in the mixing process. This is in contrast to the spanwise shear layer 

structure produced by the co-rotating vane vortex generators at x/c = 0 .354  (fig. 6 .63 and 

6.37) where the slat wake was clearly identifiable between adjacent vortices.

7 .2 .3  Detailed comparison of shear layer profiles at x/c = 0 .9  (fig. 7 .40 - fig. 7 .47,

Appendix C)

Figures 7.40, 7.42, 7.44 and 7.46 compare the cleanfoil shear layer profile w ith  the 

mean shear layer profile obtained w ith  airjets at the main w ing trailing edge (x/c = 0.9) for 

incidences between 10° and 3 0 °. A t 10° (fig. 7.40) the mean shear layer profile w ith airjets 

in use shows considerable differences when compared w ith the cleanfoil shear layer profile 

obtained at the same incidence. As incidence is increased these differences become more 

marked. By 2 0 ° (fig. 7.42) the gradient of the shear layer profile close to the wall is below 

that measured in the cleanfoil case. Again as w ith  vanes at this incidence no separation was 

evident in surface tu fts . The strong cross flow  generated by the vortices w ill in the region of 

low  streamwise velocity adjacent to the surface of the main w ing lead to high values of yaw 

locally and false readings in the p ito t tubes at these low heights w ith in the shear layer. For 

figures fig. 7 .40  to fig. 7.47 the reader would gain a better impression of the shear layer 

profile by the gradient of shear further out and extrapolate this to the main w ing surface. The 

fact that the misleading p ito t readings are present right across the span between tw o  airjets 

by 2 5 ° (fig. 7.45) is indicative of the strength of the cross-flow  and which is greater than that 

produced by the co-rotating vane vortex generators (compare fig. 6 .53 w ith  fig. 7.45).

Figures 7 .40 to 7 .44 inclusive illustrate that the airjets at low incidences have been 

able to reduce the thickness of the shear layers (defined by the region in which u/Ue <  0.995) 

at the trailing edge of the main w ing by nearly 50% (fig. 7.57). In addition displacement 

thickness also shows a marked reduction at x/c = 0 .9  w ith airjets in use, the actual reduction 

probably being greater than that indicated by the data below the figures (and fig. 7.58), since 

we know the shear at low  values of y/c to be subject to errors due to high yaw  locally. Here 

we have the reason w hy w ith  airjets at x/c = 0 .14  on the main w ing the high lift system is able 

to generate a slightly higher normal force coefficient at low  incidences. The reduction of 

displacement thickness at the trailing edge of the main w ing corresponds to a reduction in the
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y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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u/Ue

1 Cleanfoil Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1245E 7 0.900 52.11 15.7747 7.4681 2.1123
2 Co-rot. airjets 0  x/c=0.14 Alpha = 25.1 Mach no. = 0.12 Reynolds no. = 0.1287E 7 0.900 30.01 12.3561 4.2025 2.9402
3 Co—rot. airjets O x/c=0.14 Alpha = 25.1 Mach no. = 0.12 Reynolds no. = 0.1280E 7 0.900 28.24 10.4143 3.3403 3.1178

Figure 7.45 : Spanwise variation of shear layer profile at x/c = 0.9, a = 2 5 ° , obtained

when co-rot. airjets are at x/c = 0 .14

thickness effect of the boundary layer and a reduction of negative camber. This is precisely 

opposite to the effect which vane vortex generators have on the shear layers at the trailing 

edge of the main wing at low incidence (see section 6.2.3).

Figures 7.42 to 7.47 illustrate how well the slat wake has been completely absorbed 

into a region of higher shear by x/c = 0.9 under the action of the airjets and associated 

vortices. This remains true both in a spanwise direction and w ith  increasing incidence. The 

remains of the expanded jet cores are clearly visible high above the main w ing surface. Figures 

7.41 and 7.43 reveal how small the variation is in the profile of the shear layers across the 

span at low  incidences, but some spanwise differences do appear at high incidences (fig. 

7.45 and fig. 7.47). The improved shear layer profile at the trailing edge of the main wing at 

all incidences w ith  airjets in use at x/c = 0 .14  must be directly attributable to the enhanced 

mixing produce by the airjets and their associated vortices. This is particularly emphasised by 

figures 7.46 and 7.47 when one realises the comparison is not made at the same incidence. 

All the measured shear layer profiles obtained at the trailing edge of the main wing and 

referenced in this section convey a common message; it seems probable the level of blowing 

used for the airjet vortex generators is rather too large since most of the high momentum flow  

is present high above the main w ing. The energy in this flow  w ill not be transferred by viscous 

shear and vortex induced mixing to the lower regions of the shear layers where it would be 

of the most benefit. This excess energy is interpretated as an additional drag penalty for the 

high lift system. Flowever a lower blowing pressure will w ith  the same configuration of airjet 

vortex generators probably generate a lower strength of cross-flow  and hence vortic ity. 

Obviously an optimum must exist.

100



7 .2 .4  Detailed comparison of shear layer profiles at x /c = 1 .0  (fig. 7 .48 - fig. 7 .56,

Appendix C)

Bearing in mind the main wing and flap shear layers are confluent by x/c = 1.0 at 0 ° 

any improvement in structure of the shear layers shed by the main w ing w ill inevitably have 

a favourable influence on the shear layers above the flap at this incidence. The airjets do 

reduce the adverse effects of confluency in the shear layers above the flap at 0 °  (fig. 7.48 

and fig 7 .49). The measured value of u/Ue at the lowest p ito t station in the rake above the 

flap is increased, the flap upper surface boundary layer is significantly fuller and the overall 

thickness of the shear layer structure is reduced slightly.

Above 0 °  the flap upper surface boundary layer is not confluent w ith  the main wing 

wake at x/c = 1.0 and so u/Ue at the lowest point in the p itot rake above the flap upper 

surface remains unchanged w ith airjet vortex generators at x/c = 0 .14  on the main wing (figs. 

7 .50 - 7 .56). The same figures show how at any incidence the velocity defect associated w ith 

the main wing / slat wake structure above the flap is significantly reduced on comparison w ith 

the cleanfoil case. There is no sign of the slat wake and the jet has almost dispersed high 

above the flap upper surface. The spanwise variation in the structure of the main w ing / slat 

wake above the flap has almost disappeared except above y/c = 0.1 (figs. 7.49, 7.51, 7.55 

and 7.56). The exception to this is at 20° (fig. 7.53) which the author is at a loss as to 

explain why, since at the main w ing trailing edge little variation could be seen in the shear 

layer structure across the span (fig. 7.43).

y/c 0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

x/c Delta Deltastar Theta H
1 Cleanfoil Alpha = 27.0 Mach no. = 0.12 Reynolds no. = 0.1250E 7 1.000 81.53 19.8624 12.6497 1.5702
2 Co-rot. airjets 0  x/c=0.14 Alpha = 30.4 kach no. = 0.12 Reynolds no. = 0.1270E 7 1.000 59.29 8.5326 6.4317 1.3267
3 Co—rot. airjets O x/c=0.14 Alpha = 32.8 kach no. = 0.12 Reynolds no. = 0.1280E 7 1.000 74.31 15.6407 10.2091 1.5320

Figure 7 .54  : Comparison of mean shear layer profiles at x/c = 1.0, a =  2 7 ° (cleanfoil), 30°

and 32 .8 ° (co-rot. airjets at x/c = 0.14)

The extent of the flow  through the slot remains unchanged w ith  airjet vortex 

generators on the main w ing.
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Figure 7.54 once again raises an issue which was mentioned previously in section

6 .2 .4  in relation to vane vortex generators, in that the minimum value of u/Ue in the main wing 

/ slat wake structure above the flap w ith  airjet vortex generators is seen to tend towards that 

value seen in the cleanfoil case at 2 7 ° (just prior to stall).

A t all incidences momentum thickness is significantly reduced in the shear layers 

above the flap when compared w ith  the cleanfoil case (fig. 7.59). By inference the high lift 

system will exhibit a reduction in profile drag at all incidences.

Figure 7 .59  : Variation of 6 (in mm) w ith a at 3 chordwise locations, w ith  and w ithout 

co-rot. airjet vortex generators at x/c = 0 .14
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8. Summary and Conclusions
W indtunnel tests have been conducted on a two-dimensional model of a three 

element high lift system in a take-off configuration in City University's T2 low speed 

windtunnel. The high lift system was mounted between endplates and consisted of a leading 

edge Handley Page slat and a trailing edge Fowler flap. Endplate boundary layer control 

ensured two-dimensional conditions up to and beyond stall and was provided by blowing 

through tw o  near tangential slots located flush in each endplate adjacent to the main wing 

element. The w indtunnel tests involved monitoring the pressure d istribution around each 

element of the high lift system and investigating the structure of the shear layers above the 

main w ing and flap elements.

W ithout any form of additional boundary layer control the high lift system (or 

cleanfoil) generated a maximum total normal force coefficient of 3.662 at 2 8 ° . Boundary layer 

separation was firs t seen at the trailing edge of the main wing at 27° and developed steadily 

w ith  incidence moving forward to x/c = 0 .4  by 31 °. The stall of the high lift system coincided 

w ith  the rapid divergence of the static pressure at the trailing edge of the flap. However the 

stall was preceded by a loss of load at the rear of the main wing attributable to the adverse 

viscous effects of the confluency of the main w ing upper surface boundary layer and the slat 

wake, resulting in a substantial grow th in the thickness of the shear layers at the rear of the 

main wing and the appearance of the separated flow  in this region.

Various vane vortex generator configurations were located on the upper surface of 

the main w ing at x/c = 0 .14  and x/c = 0 .403. For every configuration tested the high lift 

system exhibited a reduction in total normal force coefficient at incidences below the stall 

incidence of the cleanfoil, resulting from an increased displacement e ffect of the shear layers 

above the upper surface of the main w ing. The most beneficial configuration was a system 

of co-rotating vane vortex generators at x/c = 0 .14  which increased the stall incidence by 

more than 4 °  and produced an improvement in maximum total normal force coefficient of 5% 

(up to 3 .842). A lthough the co-rotating vane vortex generators delayed the loss of loading 

which was seen to develop at the rear of the main w ing in the cleanfoil condition (by 

alleviating the adverse effects of confluency of the main w ing w ith  the slat wake) the 

maximum normal force coefficient of the main w ing did not increase significantly. Instead, the 

greater part of the improvement in maximum total normal force coefficient resulted from 

increased loading of the slat at incidences above the stall incidence of the cleanfoil. The co-

rotating vane vortex generators delay the separation which develops at the rear of the main 

wing in their absence at 2 7 ° , increasing the trailing edge pressure recovery on the flap and 

hence overall circulation. A mean value of momentum thickness for the shear layers above the 

flap at 100% x/c reveals the high lift system exhibits an increase in profile drag w ith  co-

rotating vane vortex generators at x/c = 0 .14  for all incidences except possibly close to 0 ° .

A system of co-rotating airjet vortex generators installed at x/c = 0 .14  on the main 

wing and utilizing a constant blowing pressure of 60%  above freestream stagnation pressure 

increased the stall incidence of the high lift system by 634° and the maximum total normal
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force coefficient by 22% (to 4 .468). The high lift system exhibited an increase in total normal 

force coeffic ient at all incidences below the stall incidence of the cleanfoil (28°). The 

improved characteristics which the high lift system exhibits w ith  the application of airjet 

vortex generators cannot be solely due to the suppression of boundary layer separation at the 

trailing edge of the main w ing. For incidences up to 20° these improvements result from a 

reduced displacement e ffect of the shear layers above the main w ing. For incidences between 

20° and 2 8 ° the co-rotating airjet vortex generators allow the load on the main wing to 

increase progressively w ith  incidence. In addition the improvement in total normal force 

coefficient now also embraces that generated by the slat. The overall circulation of the high 

lift system which derives from the increased pressure recovery at the flap trailing edge is 

better sustained w ith  airjets. Above 2 8 ° attached flow  on both the main w ing and flap 

contribute to developing circulation and increased normal force coefficients. A reduction in 

the profile drag of the high lift system can be inferred from a lower value of momentum defect 

in the shear layers above the flap at all incidences. The abrupt stall characteristics of the high 

lift system when airjets are in use may be due to the airjets improving the flow  over the main 

wing to such a degree that the onset of stall shifts to the flap. If a lower blowing pressure is 

utilized for the airjets this may not be the case as the vortices w ill reduce in strength and the 

onset of stall may return to the main wing in which case the abruptness of the stall may be 

alleviated somewhat.

The core flow  from an airjet vortex generator is capable of penetrating the thick 

shear layers which exist above the main wing of a high lift system to form  a vortex which 

promotes enhanced mixing (and hence momentum transfer) that embraces all constituent 

elements which make up the shear layer structure - the main w ing upper surface boundary 

layer, the potential flow  through the slot, the slat wake and the external flow  of the 

freestream as well as the momentum of the jet itself. Unless a vane vortex generator is 

unpractically large it is unable to achieve the same degree of enhanced mixing.

The results indicate that airjet vortex generators may offer a new approach to the 

design of high lift systems since the benefits they provide are superior to those offered by 

vane vortex generators but can only be obtained if they are considered as a integral part of 

the aerodynamic design of the high lift system. In particular, the competing effects of 

favourable inviscid interaction and adverse viscous effects leads to the existence of an 

optimum position for each element of the high lift system. By alleviating the adverse effects 

of the contamination of the main wing boundary layer by the wake from the slat, the airjets 

offer a further degree of flexib ility  in gap settings between the slat and main wing or 

alternatively between the main w ing and flap which will allow for further exploitation of the 

mutual inviscid potential flow  effects. A lternatively they could be used to prevent tip stall so 

avoiding the need for stall fixing through the deliberate degradation of the flow  over wing 

inboard leading edges.
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9. Further Work

It must be emphasised that only one configuration of airjet vortex generators has 

been tested at one constant blowing pressure. The most pressing work which needs to be 

done is to investigate the performance of the same installation w ith  various blow ing pressures 

before the effect of other parameters are examined such as chordwise location, spacing and 

jet exit shape.

A drag/thrust audit is also required to ascertain whether the measured reduction in 

profile drag of the high lift system is more than offset by an allowance for the jet momentum. 

Inevitably a performance penalty w ill be associated w ith  the system since not all o f the kinetic 

energy in the jet flow  will be transferred to the shear layers (not an ideal process). Work needs 

to be done to reveal the fundamental fluid dynamic processes at work which would lead to 

an optimised system and the best balance between performance gains and installation 

penalties.
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Appendix A - Windtunnel test results with the cleanfoil
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Figure 5.6 : P
ressure distribution over the high lift system

 at 0



Figure 5.7 : P
ressure distribution over the high lift system

 at 5



Figure 5.8 : P
ressure distribution over the high lift system
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Figure 5.9 : P
ressure distribution over the high lift system
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Figure 5.10 : P
ressure distribution over the high lift system

 at 20



Figure 5.11 
: P

ressure distribution over the high lift system
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Figure 5.12 : P
ressure distribution over the high lift system

 at 27



Figure 5.13 : P
ressure distribution over the high lift system

 at 28



Figure 5.14 : P
ressure distribution over the high lift system
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Figure 5.15 : P
ressure distribution over the high lift system

 at 30.3



Figure 5.16 : P
ressure distribution over the high lift system
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Figure 5.17 : V
ariation of C

n w
ith a for each elem

ent of the cleanfoil



Variation of total normal force coefficient with incidence for the 

3 element system (cleanfoil)

Alpha

Figure 5 .1 8  : Variation of total Cn w ith  a for the cleanfoil
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Figure 5 .1 9  : Variation of slat & main wing peak Cp's w ith  a for the cleanfoil
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Figure 5 .2 0  : Variation of main wing & flap trailing edge Cp's w ith  a for the cleanfoil
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Figure 5.21 : Relationship between total Cn coefficient and main w ing & flap trailing edge Cp's

133



Figure 5.22 : V
ariation of static C

p w
ith incidence at several x/c positions on the m

ain w
ing

upper surface

Variation of static pressure with incidence at several main wing upper surface chordwise locations for 3 element system (cleanfoil)



Figure 5.23 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 0

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.25 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 10

o

1 Cleanfoil
2 Cleanfoil
3 Cleanfoll
4 Cleanfoil
5 Cleanfoil

Alpha = 10.0 
Alpha = 10.0 
Alpha = 10.0 
Alpha = 10.0 
Alpha = 10.0

Mach no. = 0.12 
Mach no. = 0.12 
Mach no. = 0.12 
Mach no. = 0.12 
Mach no. = 0.12

Reynolds no. 
Reynolds no. 
Reynolds no. 
Reynolds no. 
Reynolds no.

0.1267E
0.1280E
0.1264E
0.1292E
0 .1 2 7 8 E

x / c
0.142
0.203
0.253
0.354
0.000

Delta
9.78

11.80
12.64
15.15
28.47

Deltastar
0.2955
0.6283
0.8702
1.3237
5.0696

Theta
0.2785
0.5393
0.7282
1.0842
3.4025

H
1.0686
1.1612
1.1950
1.2209
1.4899

u/U e



Figure 5.26 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 15

y /c  0.18-. Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

0.16:

0.14:

0. 12 :

o

o.io:

0.08 :

0.06:

0.04:

0 .0 2 :

1
0.4 -0 .3 -0 .2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

o\M Delta Deltastar Theta H
1 Cleanfoil Alpha = 16.0 Mach no. = 0.12 Reynolds no. = 0.1246E 7 0.142 10.42 0.2363 0.2282 1.0310
2 Cleanfoil Alpha = 15.0 Mach no. = 0.12 Reynolds no. = 0.1236E 7 0.203 12.46 0.5343 0.4797 1.1139
3 Cleanfoll Alpha = 15.0 Mach no. = 0.12 Reynolds no. = 0.1247E 7 0.253 13.76 0.7674 0.7002 1.0960
4 Cleanfoll Alpha = 15.0 Mach no. = 0.12 Reynolds no. = 0.1245E 7 0.354 15.92 1.2055 1.0052 1.1994
5 Cleanfoil Alpha = 15.0 Mach no. = 0.12 Reynolds no. = 0.1258E 7 0.900 31.38 6.4128 3.9408 1.6273

T-n

1.4
u/Ue



Figure 5.27 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 20

y /c  0.18-, Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.28 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 25

y /c  0 . 1 8 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.29 : S
hear layer developm

ent over the m
ain w

ing of the high lift system
 at 2

6
° &

 27

(x/c = 0.9) &
 2

8
° (x/c = 0.354)

y /c  0 . 1 8 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.30 : S
hear layer profiles over flap of the high lift system

 at 0
° &

 5

y /c  0.18-, Shear layer profile over the upper surface of the 3 element system when (all values In mm) ...
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Figure 5.31 
: S

hear layer profiles over flap of the high lift system
 at 10° &
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O

y /c  0.18., Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 5.32 : S
hear layer profiles over flap of the high lift system
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Figure 5.33 : S
hear layer profiles over flap of the high lift system

 at 2
6

° &
 27

O

x /c  Delta Deltastar Theta H u/Ue
1 Cleanfoil Alpha = 26.3 Mach no. = 0.12 Reynolds no. = 0.1271E 7 1.000 81.53 16.7305 10.6915 1.4719
2 Cleanfoil Alpha = 27.0 Mach no. = 0.12 Reynolds no. = 0.1260E 7 1.000 81.53 19.8024 12.0497 1.5702



Figure 5.34 : Variation of 6 (in mm) w ith  a at several x/c positions on the cleanfoil
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Figure 5.35 : V
ariation of 6' (in m

m
) w

ith a at several x/c positions on the cleanfoil

deltastar



Figure 5 .3 6  : Variation of 6 (in mm) w ith  a for several x/c positions on the cleanfoil

1 4 8



Figure 5.37 : V
ariation of H (in m

m
) w

ith a for several chordw
ise positions on the cleanfoil Variation of Shape factor with incidence for 3 element system at several chordwise positions (cleanfoil)



Figure 5.38 : V
ariation of (6' 

+ 9) (in m
m

) w
ith a for several chordw

ise positions on the cleanfoil



Figure 5.39 : V
ariation of Flap peak suction w

ith 6 (at x/c=
 1.0) for the cleanfoil
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Figure 5 .4 0  : Variation of total CJ6  (at x /c =  1 .0) w ith  a for the cleanfoil
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Figure 5 .4 1  : Variation of 6 (in mm) w ith  x/c position on the main wing for several incidences
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Appendix B - Windtunnel test results with vane vortex generators
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Figure 6.1 
: P

ressure distribution over the high lift system
 at 1

9
.9

° w
hen co-rot. vvg's are at

x/c = 0.14



Figure 6 .2  : Pressure distribution over the high lift system at 2 5 ° when co-rot. vvg 's  are at

x/c = 0.14
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Figure 6.3 : P
ressure distribution over the high lift system

 at 2
7

° w
hen co-rot. vvg's are at

x/c = 0.14



Figure 6.4 : P
ressure distribution over the high lift system

 at 2
9

° w
hen co-rot. vvg's are at

x/c = 0.14



Figure 6.5 : P
ressure distribution over the high lift system

 at 31.1 ° w
hen co-rot. vvg's are at

x/c = 0.14



Figure 6.6 : P
ressure distribution over the high lift system

 at 33.1 ° w
hen co-rot. vvg's are at

x/c = 0.14



Figure 6.7 : P
ressure distribution over the high lift system

 at 3
4

° w
hen co-rot. vvg

’s are at

x/c = 0.14

Alpha= 34.1 Mach no.= 0.12 Reynolds no.= 0.1304E 7 (co—rot. vanes, f=B, x /c= 0 .14 )



Figure 6 .8  : Pressure distribution over the high lift system at 20 ° when cntr-rot. vvg 's are

at x/c = 0 .14
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Figure 6.9 : P
ressure distribution over the high lift system

 at 2
5

° w
hen cntr-rot. vvg's are

at x/c = 0.14



Figure 6.10 : P
ressure distribution over the high lift system

 at 2
7

° w
hen cntr-rot. vvg's are

at x/c = 0.14

Alpha- 27.0 Mach no.= 0.12 Reynolds no.= O.1290E 7 (cn tr-rot. vanes, D /d=4, i / c = 0 . 14)



Figure 6.11 : P
ressure distribution over the high lift system

 at 2
9

° w
hen cntr-rot. vvg's are

at x/c = 0.14

Alpha= 29.1 Mach no.= 0.12 Reynolds no.= 0.1347E 7 (cn tr-rot. vanes. D /d=4, x /c= 0 .14 )



Figure 6.12  : Pressure distribution over the high lift system at 31 ° when cntr-rot. vvg 's  are

at x/c = 0.14
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Figure 6.13 : P
ressure distribution over the high lift system

 at 3
3

° w
hen cntr-rot. vvg's are

at x/c = 0.14



Figure 6.14 : P
ressure distribution over the high lift system

 at 2
0

.3
° w

hen cntr-rot. vvg's are

at x/c = 0.403



Figure 6.15  : Pressure distribution over the high lift system at 2 5 .3 ° when cntr-rot. vvg 's  are

at x/c = 0 .403
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Figure 6.16  : Pressure distribution over the high lift system at 27.1 ° when cntr-rot. vvg 's  are

at x/c = 0 .403
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Figure 6.17 : P
ressure distribution over the high lift system

 at 2
9

.3
° w

hen cntr-rot. vvg's are

at x/c = 0.403



Figure 6 .1 8  : Pressure distribution over the high lift system at 3 0 .5 ° when cntr-rot. vvg 's  are

at x/c = 0 .403
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Figure 6.19 : P
ressure distribution over the high lift system

 at 3
2

° w
hen cntr-rot. vvg's are

at x/c = 0.403



Figure 6.20 : C
om

parison of pressure distributions at a
=

2
0

° obtained w
ith and w

ithout co-rot.



Figure 6.21 
: C

om
parison of pressure distributions at a

=
 2

7
° obtained w

ith and w
ithout co-rot.
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Figure 6
.2

2
 : C

om
parison of pressure distributions at 0

=
2

9
° obtained w

ith and w
ithout co-rot.
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Figure 6.23 : Comparison of pressure distributions at a = 2 0 °  obtained w ith  and w ithout

counter-rotating vane vortex generators at x/c = 0.14
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counter- rotating vane vortex generators at x/c = 0.14
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Figure 6 .2 5  : Comparison of pressure distributions at a = 29 ° obtained w ith  and w ithout

counter-rotating vane vortex generators at x/c = 0 .14
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Figure 6 . 2 6  : Comparison of pressure distributions at a = 20 ° obtained w ith  and w ithout

counter-rotating vane vortex generators at x/c = 0 .403

1 8 0



Figure 6 . 2 7  : Comparison of pressure distributions at a = 27 ° obtained w ith  and w ithout

counter-rotating vane vortex generators at x/c = 0 .403
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Figure 6.28  : Comparison of pressure distributions at <7=29° obtained w ith  and w ithout

counter-rotating vane vortex generators at x/c = 0.403
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Figure 6.29 : Variation of Cn w ith  a for each element of the 3 element system w ith  and w ithout

vane vortex generators
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the 3 element system

Figure 6 . 3 0  : Variation of total Cn w ith  a w ith and w ithout vane vortex generators present on
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Figure 6 .3 2  : Variation of main wing & flap trailing edge Cp's w ith  a w ith  and w ithou t vane 

vortex generators present on the 3 element system
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Figure 6 .33  : Variation of static Cp w ith  incidence at several x/c positions on the main wing

upper surface w ith  and w ithout co-rot. vane vortex generators at x/c = 0 .14
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Figure 6 . 3 4  : Variation of static Cp w ith  incidence at several x/c positions on the main wing

upper surface w ith  and w ithou t cntr-rot. vane vortex generators at x/c = 0 .14

1 8 8



Figure 6 . 3 5  : Variation of static C p w ith incidence at several x/c positions on the main wing

upper surface w ith  and w ithout cntr-rot. vane vortex generators at x/c = 0 .403

1 8 9



Figure 6.36 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0

.3
5

4
 for 

o
=

1
0

° &
 2

0
° w

hen co-rot. vvg's are at x/c = 0.14

Contour plots of the sheer layer profile on the upper surface of the 3 element system when...

Contours of local (Pitot press.)
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Percentage chord = 36.4

Alpha = 10.3 Mach no. = 0.12 Reynolds no. = 0.1274E 7

/  ?_
Contours of local (Pitot press.)

C o-rot. vanes, f=8, h=7.5mm 

Percentage chord = 35.4
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Figure 6.37 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.3

5
4

 for 

o = 2
5

° &
 2

8
° w

hen co-rot. vvg's are at x/c = 0.14

Contour plots of the shear layer profile on the upper surface of the 3 element system when...

Contours of local (Pitot press.)
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Figure 6.38 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.9 

for a = 2
5

0 &
 2

8
° w

hen co-rot. vvg's are at x/c = 0.14



Figure 6.39 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.9 

for a = 3
0

° &
 3

2
° w

hen co-rot. vvg's are at x/c = 0.14



Figure 6.40 : C
ontour plots of the shear layer structure above the flap at x/c=

 1.0 for a = 0
° &

10° w
hen co-rot. vvg's are at x/c = 0

.1
4

Contour plots of the shear layer profile on the upper surface of the 3 element system when...

Contours of local (Pitot press.)

C o-rot. vanes, f=8. h=7.5mm 

Percentage chord = 100.0

Alpha = 0.0 Uach no. = 0.12 Reynolds no. = 0.1265E 7

yl
Contours of local (Pitot press.)

Co—rot. vanes, f=8, h=7.5mm 

Percentage chord = 100.0

Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.1285E 7



Figure 6.41 
: C

ontour plots of the shear layer structure above the flap at x/c = 1.0 for a = 2
0

° &

2
5

° w
hen co-rot. vvg's are at x/c = 0

.14

Contour plots of the shear layer profile on the upper surface of the 3 element system when...
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Figure 6.42 : C
ontour plots of the shear layer structure above the flap at x/c=

 1.0 for o = 2
8

° &

3
0

° w
hen co-rot. vvg's are at x/c = 0

.14



Figure 6
.43 : C

ontour plot of the shear layer structure above the flap at x/c = 1.0 for a = 32

w
hen co-rot. vvg's are at x/c = 0.14



Figure 6
.4

4
 : C

om
parison of m

ean shear layer profiles at x/c = 0.354, 0
=

1
0

°, obtained w
ith and

y /c  0 . 1 8 Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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Figure 6.45 : S
panw

ise variation of shear layer profile at x/c = 0.354, a
=

 1
0

°, obtained w
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y /c  o.iB
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Figure 6
.46 : C

om
parison of m

ean shear layer profiles at x/c = 0.354, a
=

 2
0

°, obtained w
ith and

y /c  o.iB .. Shear layer profile over the upper surface of the 3 element system when (all values In mm) ...
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Figure 6.47 : S
panw

ise variation of shear layer profile at x/c = 0
.3

5
4

, a = 2
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°, obtained w
hen

y /c  0 . 1 8 Shear layer profile over the upper surface of the 3 element system when (all values in mm)
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Figure 6
.49 : S

panw
ise variation of shear layer profile at x/c = 0.354, a = 2

5
°, obtained w
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Figure 6.51 
: S

panw
ise variation of shear layer profile at x/c = 0.354, <7 = 2

8
°, obtained w

hen

y /c  0 .1 8 , Shear layer profile over the upper surface of the 3 element system when (all values tn mm) ...
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Figure 6.52 : C
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parison of m
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ith and
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Figure 6.53 : S
panw

ise variation of shear layer profile at x/c = 0.9, 0 = 2
5

°, obtained w
hen

y /c  0 . 1 8 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 6
.5

4
 : C

om
parison of m

ean shear layer profiles at x/c = 0.9, <7=27° (cleanfoil) and <7 = 28

y /c  0 .1 8 , Shear layer profile oyer the upper surface of the 3 element system when (all values In mm) ...
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Figure 6.55 : S
panw

ise variation of shear layer profile at x/c = 0.9, a =
 2

8
°, obtained w

hen

y /c  0.18 ,  Shear layer profile over the upper surface of the 3 element system when (all values In mm) ...
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Figure 6.57 : S
panw

ise variation of shear layer profile at x/c = 0.9, a = 3
0

°, obtained w
hen

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values In mm) ...
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Figure 6.58 : S
panw

ise variation of shear layer profile at x/c = 0.9, o = 3
2

.3
°, obtained w

hen

y /c  0.18 Shear layer profile over the upper surface of the 3 element system when (all values in mm)
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Figure 6.59 : C
om

parison of m
ean shear layer profiles at x/c = 1.0, a = 0

°, obtained w
ith and

w
ithout co-rot. vanes at x/c = 0.14

y /c  0.18-. Shear layer profile over the upper surface of the 3 element Bystem when (all values in mm) ...
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Figure 6
.60 : S

panw
ise variation of shear layer profile at x/c=

 1.0, <7 = 0
°, obtained w

hen co-rot.

y /c  0.18-, Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 6.61 
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parison of m

ean shear layer profiles at x/c=
 1.0, a

=
 1

0
°, obtained w

ith and

w
ithout co-rot. vanes at x/c = 0.14

x /o  Delta Del tastar Theta H u /U e
1 Cleanfoll Alpha = 10.0 Mach no. = 0.12 Reynolds no. = O.1280E 7 1.000 42.49 3.0760 2.6723 1.1611
2 C o-rot. vanes © x /c=0.14 Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1266E 7 1.000 51.30 4.1196 3.6306 1.1347



Figure 6
.62 : S

panw
ise variation of shear layer profile at x/c = 1.0, a

=
 1

0
°, obtained w

hen

y /c  0.18 ,  Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 6.63 : C
om

parison of m
ean shear layer profiles at x/c=

 1.0, a = 2
0

°, obtained w
ith and

y /c  0.18 _. Shear layer profile over the upper surface of the 3 element system when (all values in mm)
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Figure 6.64 : S
panw

ise variation of shear layer profile at x/c = 1.0, a =
 2

0
°, obtained w

hen

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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Figure 6.65 : C
om

parison of m
ean shear layer profiles at x/c=

1
.0

, a
=

 2
5

°, obtained w
ith and

w
ithout co-rot. vanes at x/c = 0.14

x / c  Delta Deltastar Theta H u /U e
1 Cleanfoil Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1277E 7 1.000 75.16 12.3828 8.8512 1.3990
2 C o-rot. reines ® x /c= 0 .14  Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1274E 7 1.000 81.53 15.8088 11.2376 1.4068



Figure 6.66 : S
panw

ise variation of m
ean shear layer profiles at x/c = 1.0, a = 2

5
°, obtained

y /c  0.18-, Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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Figure 6.67 : C
om

parison of m
ean shear layer profiles at x/c = 1.0, a = 2

7
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2
° (co-rot. vanes at x/c = 0.14)
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Figure 6.68 : S
panw

ise variation of shear layer profile at x/c=
1

.0
, a

=
 3

2
°, obtained w

hen

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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Figure 6.69  : Variation of 6 (in mm) w ith  a at 3 chordwise locations, w ith  and w ithou t co-rot.

vane vortex generators at x/c = 0 .14
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vane vortex generators at x/c = 0.14
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Figure 6 .7 1  : Variation of 6 (in mm) w ith  a at 3 chordwise locations, w ith  and w ithou t co-rot.

vane vortex generators at x/c = 0.14
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Figure 6 .7 2  : Variation of H (in mm) w ith  a at 3 chordwise locations, w ith  and w ithou t co-rot.

vane vortex generators at x/c = 0 .14
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co-rot. vane vortex generators at x/c = 0.14
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Appendix C - Windtunnel tests results with airjet vortex generators
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Figure 7.1 
: P

ressure distribution over the high lift system
 at 0

° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.2 : P
ressure distribution over the high lift system

 at 5
° w

hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.3 : P
ressure distribution over the high lift system

 at 10° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7
.4

 : P
ressure distribution over the high lift system

 at 15° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.5 : P
ressure distribution over the high lift system

 at 2
0

° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.6 : Pressure distribution over the high lift system at 2 5 ° when co-rot. ajvg's are

at x/c = 0.14
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Figure 7.7 : P
ressure distribution over the high lift system

 at 2
7

° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.8 : P
ressure distribution over the high lift system

 at 2
8

° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.9 : Pressure d istribution over the high lift system at 2 9 ° when co-rot. ajvg's are

at x/c = 0 .14
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Figure 7.10 : P
ressure distribution over the high lift system

 at 31 ° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.11 
: P

ressure distribution over the high lift system
 at 3

3
° w

hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.12 : P
ressure distribution over the high lift system

 at 3
4

° w
hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.13 : P
ressure distribution over the high lift system

 at 3
4

.5
° w

hen co-rot. ajvg's are

at x/c =
 0.14



Figure 7.14 : P
ressure distribution over the high lift system

 at 3
4

.8
° w

hen co-rot. ajvg's are

at x/c = 0.14



Figure 7.15 : C
om

parison of pressure distributions at a = 0
° obtained w

ith and w
ithout co-rot.



Figure 7.16 : C
om

parison of pressure distributions at <7=10° obtained w
ith and w

ithout co-rot.



Figure 7.17 : C
om

parison of pressure distributions at o = 2
0

° obtained w
ith and w

ithout co-rot.



Figure 7.18 : C
om

parison of pressure distributions at a
=

 2
7

° obtained w
ith and w

ith
o

u
t co-rot. Alpha= 27.0 Mach no.= 0.12 Reynolds no.= 0.1326E 7 V co -ro t . airjets, i /c= 0 .1 4 , Pb/Po=1.0



Figure 7.19 : C
om

parison of pressure distributions at o = 3
1

° obtained w
ith and w

ithout co
ro

t. Alpha= 31.1 Mach no.= 0.12 Reynolds no.= 0.12B4E 7 v co -ro t . airjets, x /c= 0 .14 , Pb/Po=1.6



Figure 7.20 : Variation of Cn w ith  a for each element of the high lift system when co-rot. airjet

vortex generators are at x/c = 0 .14
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Figure 7.21 : Variation of total Cn w ith  a for the high lift system when co-rot. airjet vortex

generators are at x/c = 0.14
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Figure 7.22 : V
ariation of slat and m

ain w
ing peak C

p's w
ith a w

hen co-rot. airjet vortex

generators are at x/c = 0.14



Figure 7.23 : V
ariation of m

ain w
ing and flap trailing edge C

p's w
ith a w

hen co-rot. airjet vortex

generators are at x/c = 0.14

Variation of main wing and flap trailing edge Cp with Incidence with and without vortex generators present on the 3 element system



Figure 7 .24  : Variation of static Cp w ith  incidence at several x/c positions on the main wing 

upper surface w ith and w ithout co-rot. airjet vortex generators at x/c = 0.14
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Figure 7.26 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.3

5
4

 for 

o = 2
5

° &
 3

0
° w

hen co-rot. ajvg's are at x/c =
 0.14

Contour plots of the shear layer profile on the upper surface of the 3 element system when...
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Figure 7.27 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.9 for 

a
=

 10° &
 2

0
° w

hen co-rot. ajvg's are at x/c = 0.14
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Figure 7.28 : C
ontour plots of the shear layer structure above the m

ain w
ing at x/c = 0.9 for 

<7 = 2
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° &
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0
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Figure 7.29 : C
ontour plots of the shear layer structure above the flap at x/c = 1.0 for 

a = 0
o & 10° w

hen co-rot. ajvg's are at x/c = 0.14

Contour plots of the shear layer profile on the upper surface of the 3 element system when...

Contours of local (Pitot press.) Contours of local (Pitot press.)

Co-rot. airjets, D=53mm, d=12.7mm C o-rot. airjets. D=53mm, d= 12.7mm

Percentage chord = 100.0 Percentage chord = 100.0

Alpha = 0.0 Uach no. = 0.12 Reynolds no. = 0.1332E 7 Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.1323E 7



Figure 7.30 : C
ontour plots of the shear layer structure above the flap at x/c =

 1
.0 for 

cr = 2
0

° &
 3

0
° w

hen co-rot. ajvg's are at x/c = 0.14
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Figure 7.31 
: C

ontour plot and surface plot of the shear layer structure above the flap at 

x/c = 1.0 for 0 = 3
2

.8
° w

hen co-rot. ajvg's are at x/c = 0.14



w
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i / c  Delta Deltastar Theta H u/U e
1 CleanfoU Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1292E 7 0.364 16.16 1.3237 1.0042 1.2209
2 C o-rot. airjets O x /c= 0 .14  Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1299E 7 0.354 16.34 1.7874 1.4150 1.2490



Figure 7.33 : S
panw

ise variation of shear layer profile at x/c = 0.3
5

4
, a

=
1

0
°, obtained w

hen

■0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x /c Delta Deltastar Theta H u/U e

1 Cleanfoll Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.12S2E 7 0.354 15.15 1.3237 1.0842 1.2209
2 C o-rot. airjets © x /c= 0 .14 Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1293E 7 0.354 18.74 0.9352 0.8087 1.1585
3 C o-rot. airjets © x /c= 0 .14 Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.1280E 7 0.354 14.04 2.8935 2.0072 1.4410
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Figure 7.35 : S
panw

ise variation of shear layer profile at x/c = 0.354, a = 2
0

°, obtained w
hen

co-rot. airjets are at x/c = 0.14

y / c  0 .10- Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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0.4 -0 .3 -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.9 1.0 1.1 1.2 1.3 1.4i/c Delta Deltastar Theta H u/Ue
1 Cleanfoll Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1250E 7 0.354 10.23 1.5304 1.2867 1.1950
2 C o-rot. airjets © x /c= 0 .14 Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1278E 7 0.354 10.40 1.1476 0.9797 1.1715
3 C o-rot. airjets © x /c= 0 .14 Alpha = 20.0 Mach no. = 0.11 Reynolds no. = 0.1270E 7 0.354 14.97 2.6258 1.9144 1.3716



Figure 7.36 : C
om

parison of m
ean shear layer profiles at x/c = 0.354, o

=
2

5
°; obtained w

ith and

x / c  Delta Deltastar Theta H u /U e
1 Cleanfoil Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1261E 7 0.354 20.70 2.0203 1.6928 1.1935
2 C o-rot. airjets O x /c= 0 .14  Alpha = 25.3 Mach no. = 0.11 Reynolds no. = 0.1311E 7 0.354 16.80 2.3220 1.8156 1.2790



Figure 7.37 : S
panw

ise variation of shear layer profile at x/c = 0.354, a = 2
5

°, obtained w
hen

co-rot. airjets are at x/c = 0.14
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x /c Delta Deltastar Theta H u/U e
1 Cleanfoil Alpha = 26.0 Uach no. = 0.12 Reynolds no. = 0.126IE 7 0.364 20.78 2.0203 1.6928 1.1935
2 C o-rot. airjets © x /c= 0 .14 Alpha = 25.3 Uach no. = 0.11 Reynolds no. = 0.1296E 7 0.354 19.69 1.7207 1.3942 1.2342
3 C o-rot. airjets © x /c= 0 .14 Alpha = 25.3 Uach no. = 0.12 Reynolds no. = 0.1297E 7 0.354 17.49 3.4997 2.3445 1.4927



Figure 7.38 : C
om

parison of m
ean shear layer profiles at x/c = 0.354, a = 2

8
° (cleanfoil) and 30

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values in mm)
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Figure 7.39 : S
panw

ise variation of shear layer profile at x/c = 0.354, a
=

3
0

°, obtained w
hen

1 Cleanfoil Alpha = 2B.0
2 C o-rot. airjets O x /c= 0 .14  Alpha = 30.1
3 C o-rot. airjets O x /c= 0 .14  Alpha = 30.1

Uach no. = 0.12 Reynolds no. = O.1205E 7
Mach no. = 0.12 Reynolds no. = 0.1268E 7
Mach no. = 0.12 Reynolds no. = 0.1260E 7
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Figure 7.40 : C
om

parison of m
ean shear layer profiles at x/c = 0.9, a

=
 1

0
°; obtained w

ith and

x / c  D elta D eltastar Theta  H u /U e

1 CleanfoU  A lpha =  10.0 M ach n o . =  0 .12  R eyn olds n o . =  0 .1278E  7 0 .9 00  28 .47  6 .0696  3 .4026  1.4899
2 C o - r o t .  a ir je ts  ©  x /c = 0 .1 4  A lpha = 10.1 M ach n o . =  0 .12  R eyn olds n o . =  0 .1341E  7 0 .9 00  18.36 3 .3625  2 .2452  1.4932



Figure 7.41 
: S

panw
ise variation of shear layer profile at x/c = 0.9, a

=
 1

0
°, obtained w

hen

y /c  0.18 _ Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x /c Delta Deltastar Theta H u/Ue

1 Cleanfoil Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.1278E 7 0.900 28.47 6.0696 3.4026 1.4899
2 C o-rot. airjets O x /c=0.14 Alpha = 10.1 Mach no. = 0.12 Reynolds no. = 0.1299E 7 0.900 16.50 3.5458 2.3221 1.5270
3 C o-rot. airjets O x /c=0.14 Alpha = 10.1 Uach no. = 0.12 Reynolds no. = 0.1304E 7 0.900 16.39 3.6360 2.3580 1.5420



Figure 7.42 : C
om

parison of m
ean shear layer profiles at x/c = 0.9, a

=
 2

0
°; obtained w

ith and

y /c  0 .18 - Shear layer profile over the upper surface of the 3 element system when (all values In mm)
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x /c Delta Deltastar Theta H u/U e
1 Cleanfoil Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.126IE 7 0.900 38.19 9.2593 5.1952 1.7823
2 C o-rot. airjets O x/e=0 .14 Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1313E 7 0.900 22.12 6.3877 3.3688 1.9018



Figure 7.43 : S
panw

ise variation of shear layer profile at x/c = 0.9, o = 2
0

°, obtained w
hen

y / c  0.18
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0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
i / c Delta Deltastar Theta H u/U e

1 Cleanfoll Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1251E 7 0.900 38.19 9.2693 6.1962 1.7823
2 C o-rot. alrjets © i /c= 0 .1 4 Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1284E 7 0.900 22.93 7.1533 3.8150 1.8761
3 C o-rot. alrjets © x /c= 0 .14 Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1285E 7 0.900 21.81 8.7467 3.1908 2.1144



Figure 7.44 : C
om

parison of m
ean shear layer profiles at x/c = 0.9, 0 = 2

5
°; obtained w

ith and

y /c  0.10 Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x /c Delta Deltastar Theta H u/Ue

1 Cleanfoll Alpha = 25.0 Mach no. = 0.12 Reynolds no. = 0.1246E 7 0.900 52.11 15.7747 7.4881 2.1123
2 C o-rot. airjets O x /c=0.14 Alpha = 25.1 Mach no. = 0.12 Reynolds no. = 0.1274E 7 0.900 28.00 10.1253 3.7202 2.7217



 



Figure 7.46 : C
om

parison of m
ean shear layer profiles at x/c = 0.9, o

=
 2

7
° (cleanfoil) and 30

(co-rot. airjets at x/c = 0.14)

O

0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

H \ o Delta Deltastar Theta H u/U e
1 Cleanfoil Alpha = 27.0 Mach no. = 0.12 Reynolds no. = 0.1244E 7 0.900 64.63 26.1425 7.9820 3.2752
2 C o-rot. airjets O x /c= 0 .14 Alpha = 30.1 Mach no. = 0.12 Reynolds no. = 0.1310E 7 0.900 37.88 15.2757 3.3100 4.6150



Figure 7.47 : S
panw

ise variation of shear layer profile at x/c = 0.9, a = 3
0

°, obtained w
hen

co-rot. airjets are at x/c = 0.14

0.18., Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...

tHdlw01CO01o 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x / c Delta Deltastar Theta H u/U e

1 CleanfoU Alpha =  27.0 Mach no. =  0.12 Reynolds no. =  0.1244E 7 0.900 64.63 20.1425 7.9820 3.2752
2 C o-rot. airjets O x /c=0.14 Alpha = 30.1 Mach no. =  0.12 Reynolds no. =  0.1269E 7 0.900 37.06 10.3004 3.4043 5.2825
3 C o-rot. airjets ©  x /c=0.14 Alpha =  30.1 Mach no. =  0.12 Reynolds no. =  O.120BE 7 0.900 39.18 15.4799 3.2169 4.0121



Figure 7.48 : C
om

parison of m
ean shear layer profiles at x/c=

1
.0

, a =
 0

°; obtained w
ith and

w
ithout co-rot. airjets at x/c =

 0.14

x /c  Delta Deltastar Theta H u/U e
1 Cleanfoil Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1280E 7 1.000 25.06 2.7038 2.4183 1.1653
2 C o-rot. airjets O x /c= 0 .14  Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1332E 7 1.000 22.20 1.6775 1.5221 1.1021



Figure 7.49 : S
panw

ise variation of shear layer profile at x/c = 1.0, o =
 0

°, obtained w
hen co-rot.

0.4 -0 .3 -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
i / e Delta Deltastar Theta H u/U e

1 Cleanfoll Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1280E 7 1.000 25.05 2.7938 2.4183 1.1553
2 C o-rot. edrjets © x /c= 0 .14 Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1315E 7 1.000 25.41 2.0330 1.8324 1.1094
3 C o-rot. alrjets © x /c=0.14 Alpha = 0.0 Mach no. = 0.12 Reynolds no. = 0.1300E 7 1.000 22.96 1.8039 1.8303 1.1065



Figure 7.50 : C
om

parison of m
ean shear layer profiles at x/c=

1
.0

, o
=

1
0

°; obtained w
ith and

w
ithout co-rot. airjets at x/c = 0.14

1 Cleanfoll Alpha = 10.0 Uach no. = 0.12
2 C o-rot. airjets O x /c= 0 .14  Alpha = 10.0 Uach no. = 0.12

x /o
Reynolds no. = 0.1288E 7 1.000
Reynolds no. = 0.1323E 7 1.000

Delta Deltastar Theta H
42.62 3.0763 2.8730 1.1603
28.73 1.5180 1.3806 1.0981

u /U e



Figure 7.51 
: S

panw
ise variation of shear layer profile at x/c=

 1.0, a
=

 1
0°, obtained w

hen

0.4 -0 .3 -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x /c Delta Deltas tar Theta H u/U e

1 Cleanfoil Alpha = 10.0 Uach no. = 0.12 Reynolds no. = 0.1288E 7 1.000 42.62 3.0763 2.6736 1.1603
2 C o-rot. air-jets © x /c=0.14 Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1332E 7 1.000 28.66 1.4781 1.3481 1.0966
3 C o-rot. airjets © x /c=0.14 Alpha = 10.0 Mach no. = 0.12 Reynolds no. = 0.1348E 7 1.000 26.82 1.6683 1.4288 1.0977



Figure 7.52 : C
om

parison of m
ean shear layer profiles at x/c = 1.0, o = 2

0
°; obtained w

ith and

w
ithout co-rot. airjets at x/c = 0.14

x /c  Delta Deltastar Theta H u/Ue
1 Cleanfoil Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1281E 7 1.000 66.02 0.2164 4.9464 1.2560
2 C o-rot. airjets O x /c= 0 .14  Alpha = 20.3 Mach no. = 0.12 Reynolds no. = 0.1330E 7 1.000 37.02 3.0468 2.0188 1.1639



Figure 7.53 : S
panw

ise variation of shear layer profile at x/c=
 1.0, a

=
 2

0
°, obtained w

hen

co-rot. airjets are at x/c = 0.14

0.4 -0 .3  -0 .2  -0 .1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
x / c Delta Deltastar Theta H u/U e

1 Cleanfoil Alpha = 20.0 Mach no. = 0.12 Reynolds no. = 0.1261E 7 1.000 55.62 6.2154 4.9454 1.2568
2 C o-rot. airjets O x /c= 0 .14 Alpha = 20.3 Mach no. = 0.12 Reynolds no. = 0.1283E 7 1.000 43.15 4.2173 3.5437 1.1901
3 C o-rot. airjets © x /c= 0 .14 Alpha = 20.3 Mach no. = 0.12 Reynolds no. = 0.1306E 7 1.000 35.07 2.9606 2.5310 1.1697



Figure 7.54 : C
om

parison of m
ean shear layer profiles at x/c=

 1.0, cr= 2
7° (cleanfoil), 3

0° and

3
2

.8
° (co-rot. airjets at x/c = 0.14)

x /c Delta Deltastar Theta H
1 Cleanfoil Alpha = 27.0 Uach no. = 0.12 Reynolds no. = 0.1250E 7 1.000 81.63 19.8624 12.8497 1.6702
2 C o-rot. airjets O x /c= 0 .14 Alpha = 30.4 Uach no. = 0.12 Reynolds no. = 0.1270E 7 1.000 59.26 8.5326 6.4317 1.3287
3 C o-rot. airjets © x /c= 0 .14 Alpha = 32.8 Mach no. = 0.12 Reynolds no. = 0.1280E 7 1.000 74.31 16.6407 10.2091 1.5320



Figure 7.55 : S
panw

ise variation of shear layer profile at x/c = 1.0, a = 3
0

°, obtained w
hen

co-rot. airjets are at x/c = 0.14

y /c  0 .1 0 , Shear layer profile over the upper surface of the 3 element system when (all values in mm) ...
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x / c Delta Deltas tar Theta H u/U e

1 Cleanfoll Alpha = 27.0 Uach no. = 0.12 Reynolds no. = 0.1250E 7 1.000 01.63 19.8624 12.6497 1.6702
2 Co-rot. airjets © x /c=0.14 Alpha = 30.4 Mach no. = 0.12 Reynolds no. = 0.1279E 7 1.000 70.55 10.0828 7.5719 1.3316
3 Co-rot. airjets © x /c= 0 .14 Alpha = 30.4 Mach no. = 0.12 Reynolds no. = 0.1277E 7 1.000 52.80 0.3264 6.1373 1.3567



Figure 7.56 : S
panw

ise variation of shear layer profile at x/c=
 1.0, a

=
 3

2
°, obtained w

hen

y /c  0.18™ Shear layer profile over the upper surface of the 3 element system when (all values In mm) ...
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Figure 7.60 : Variation of H (in mm) with a for 3 chordwise locations, with and w ithout co-rot.

airjet vortex generators at x/c = 0.14
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Appendix D - Data Acquisition Software
c Data Aquisition Software, March 1992

c Definition of variables

integer*2 nmb,yawadc,rnmb,prstadc(4),manoadc

integer*2 chan,stepchan,mp(4,0 :47),dynh(4,0:47)

integer*2 i,j,k,I,m,n,counter

integer*2 LabGo

integer*2 channel

integer*2 step(4),home(4),stprt(4)

real press,temp,alpha,inivolts,finvolts,yawzero,inimano

real iniprst(4),cp(4,0:47)

real finalpha,finmano,finprst(4),veas,vtas

real avmano,avprst(4),cptemp(4,0:47),dynhtemp(4,0:47)

real rhoatm,rhotun,tstag,tstatic,mu,re

real Poody,cpatm,pstatic,pstag,pblow,blwpres

real sum,average,total

real locmach(4,0:47), P1T, P1, comp

real locvel,cplocal(4,0:47)

character* 1 ans,filename* 1 2 ,dr ive*2,path* 14,tit le*1 2 

character* 18 path l ,su ff ix*4

c Introductory Screen 

call clrscrn

write (6 , '(20x , ' 'BAe High Lift Data Aquisition Software ' ') ')  

w r ite (6 , '( /10x ,"Th is  program enables an IBM compatible and CED 

+ 1401 Data Aqu is it ion ' ' , / , ' '  peripheral to be used at the heart of 

+ a system to monitor and record pressures",/, ' '  acting within the 

+ vicinity of an aerofoil.") ')

c Setting up I/O parameters 

call clrscrn

write(6,'(/1 x ,"W hen  replying to subsequent prompts use of the ”

+ , "  characters Y,N or Z (abort)"/1 x ," is  suff ic ient!") ')  

write(6,'(/1 x ,"Togg le  Ctrl P to activate printer!") ')  

write(6,'(/1 x ,"T it le  for run? " ) ' )  

read(5,'(a1 2)') title 

write(6,'(/30x,a1 2)') title
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write(6,'(/1 x / 'A r e  the results of the following run to be stored 

+ on disc? " ) ' )  

call answer(ans,i) 

if (i) 10,20,30

20 write(6,'(/1 x,"Filename required for data file? " ) ' )

read(5,'(a1 2)') filename

write(6,'(/1 x ,"D r ive  to be accessed (include colon)? " ) ' )

read(5 , '(a2)') drive

path = drive//filename

suffix = '. raw '

path l = path//suffix

if(drive.eq.'c:')  goto 10

40 write(6,'(/1 x / ' l s  floppy present in drive? " ) ')  

call answer(ans,i) 

if ( i)40 ,10,30

c Specifying Scanivalve parameters

10 write(6,'(/1 x , "H o w  many scanivalves are to be used for the curren

+ t  run (max. =4)? " ) ' )  

read(5 , '(i 1)') nmb 

call scanvalfnmb,step,home)

write(6,'(/1 x,"Essentials are that port 0 = Patm, port 24 = Puc 

+ and port 25 = Pic” )')

c Initialising CED1401 communication

open(1 ,f ile = '  Labo') 

i = LabGoO

write(6,'(/1 x ,"Open return code for 1401 was ",¡8) ')  i

c Recording current laboratory conditions

write(6,'(/1 x ,"W h a t is the present atmos. press, (in mbar)? " ) ' )  

read(5,'(f7.2)') press

write(6,'(/1 x ,"W h a t is the current lab temp, (in celcius)? " ) ' )  

read(5 , '( f4 .1)') temp

write(6,'(/1 x,"Incidence setting of model? " ) ' )  

read(5,'(f5.2)') finalpha
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c Determining scanning rate

call homescan(home,nmb)

write(6,'(/1 x / 'C oun te r  for timing loop (any +ve  integer is adequa 

+ te ,the larger the no. th e ' ' , / , "  slower the scan) = " ) ' )  

read(5 , '(i 1)') counter

c Determination of flexible wiring parameters

write(6,'(/1 x ,"W h a t ADC channel(s) are connected to press, transd 

+ ucers? " ) ' )  

do 140 k = 1 ,nmb 

140 read(5 , '(i 1)') prstadc(k)

write(6,'(/1 x ,"W ha t ADC channel is connected to the manometer? "

+ )')

read(5 , '(i 1)') manoadc

c Collecting current run parameters

999 write(6,'(/1 x ,"Run number? " ) ')

read(5 , '(i2)') rnmb

160 write(6,'(/1 x ,"A re  we ready to take wind off values? " ) ' )

call answer(ans,i) 

if(i) 160 ,170,30 

170 continue

call mean(manoadc,inimano) 

do 1 80 i = 1 ,nmb 

call mean(prstadc(i),iniprst(i))

180 continue

write (6 , '( /1x ,"M anom eter windoff voltage = " , f6 .3 ) ')  inimano 

do 1 90 i = 1 ,nmb

190 w r ite (6 , '( /1x ,"W indo ff  voltage for ADC channel " , i 1 , "  = " ,

+ f6 .3) ')  prstadc(i),iniprst(i) 

call strtscan(nmb,stprt,step,counter) 

write(6,'(/1 x ,"Tunnel stagnation temp. = " ) ' )  

read(5 , '(f4.1)') tstag

c Scanning

230 write(6,'(/1 x ,"A re  we ready to scan remaining ports? " ) ' )

call answer(ans,i)
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if(i) 230 ,240,30

240 call stepscan(home,nmb,stprt,step,prstadc,manoadc,

+ finmano,finprst,mp,dynh,counter,cptemp,dynhtemp,Poody)

c Pressure calculations and Printing routines

call cpcalc(press,temp,inimano,finmano,iniprst,finprst,

+ nmb,stprt,cp,veas,vtas,re,tstag,tstatic,cptemp,avprst,dynhtemp,

+ rhotun,mach,Poody,cpatm,pstatic,pstag,pblow,blwpres,ans,locmach, 

+ P1 T,P1 ,comp,cplocal,locvel)

call cpprint(cp,rnmb,finalpha,veas,vtas,re,tstatic,nmb,mach,path,

+ blwpres,locmach)

c Raw data storage

270 call rawdata(press,temp,finalpha,tstag,inimano,finmano,prstadc,

+ iniprst,finprst,cptemp,dynhtemp,nmb,rnmb,path1) 

w rite (1 , '( " ¡c lear” )') 

do 997 m = 1 ,nmb

do 997 n = 0,47 

cp(m,n) = 0.

997 locmach(m,n) = 0.

write(6,'(/1 x ,"D o  you want to continue running? " ) ' )  

call answer(ans,i) 

if(i) 30 ,999 ,30

30 call labend

close(2,status = 'keep')

stop

end

cCED1401 voltage calibration

subroutine convert(int,res) 

integer*2 int 

real res

res = (9 .9976/65520) * (int + 32768) - 5.0

return

end

subroutine clrscrn

write(6,'(7(/)) ')

return

end
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subroutine answer(ans,i)

integer*2 i

character*! ans

read(5 , '(a 1)') ans

i = ichar(ans)-1 21

return

end

subroutine clock(counter) 

integer*2 i,counter 

do 205 i = 1 ,counter 

call timwastef)

205 continue 

return 

end

subroutine timwasteO 

integer*2 j 

do 206 j = 1,10 

write(3, *)

206 continue 

return 

end

c Channel definitions for relays

subroutine scanval(nmb,step,home) 

integer*2 nmb,step(nmb),home(nmb),i 

do 1 50 i = 1 ,nmb 

step(i) = 2*i-1

150 home(i) = 2* i

write(6,'(/1 x/ 'Scaniva lve step channel(s) are = ' ' ,4( i2,4x)) ')

+ (step(i),i = 1 ,nmb)

write(6,'(/1 x,"Scanivalve home channel(s) are = ",4 ( i2 ,4x)) ')

+ (home(i),i = 1 ,nmb)

return

end

c Mean voltage calculation

subroutine mean(channel,average) 

integer*2 channel 

real sum,average,total
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sum = 0.0 

do 141 ¡ = 1,20 

write! 1 , ' ( " ;a d c , ” , i1)') channel 

rewind(1) 

call labnum( 1 ,l) 

call convert!!,total)

141 sum = sum + total 

average = sum/20.0 

return 

end

c Homing routine for scanivalves

subroutine homescan(home,nmb) 

integer*2 nmb,home(nmb),chan,l,j 

character*! ans 

do 155 1 = 8,15

155 wrlte(1 , ' ( " ;d ig ,o ,0 ," , i2 ) ')  i

re w ln d d )

wrlte(6,'(/1 x ,"Hom ing scanivalves!")') 

do 110 1 = 1 ,nmb 

chan = homed) + 7

110 w r l ted  , '(" ;d ig ,o ,1 , ” ,¡2)') chan

w rite !6 , ' ( / Ix , "O n c e  homed, press any key to continue....") ')  

call answer(ans,j) 

if (j) 1 20,1 20,1 20

120 continue

do 1 30 i = 1 ,nmb 

chan = home(i) + 7

130 w r i ted  , ' ( " ;d ig ,o ,0 ," , i2 ) ' )  chan

rewind! 1) 

return 

end

c Routine to locate scanivalve at a particular port

subroutine strtscan(nmb,stprt,step,counter)

integer*2 nmb,stprt(nmb),step(nmb),stepchan,counter

do 200 i = 1 ,nmb

write(6,'(/1 x,"Required starting port for scanivalve " , ¡ 1 , "  (

+ 0-47)? " ) ' )  i

200 read(5 , '(i2)') stprt(i)

w r i ted  , ' ( " ;d ig ,s ,255 ” )')
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do 220 j = 1 ,stprt(i) 

write(1 , '( " ;d ig ,o , 1 ,",¡2) ')  stepchan 

re w in d d ) 

call c lo c k d )

write! 1 ,T ' ;d ig ,o ,0 , " , i2 ) ' )  stepchan 

re w in d d )

220 call c lockd)

210 write(6,'(/1 x,"Scanivalve ' ' , ¡1 , ' '  located at port '' ,¡2)') i,stp

+ rt(i) 

return 

end

c Scanning

subroutine stepscan(home,nmb,stprt,step,prstadc,manoadc 

+ ,finmano,finprst,mp,dynh, counter, cptemp,dynhtemp, Poody) 

integer*2 nmb,stprt(nmb),step(nmb),prstadc(nmb),manoadc,chan, 

+ mp(nmb,0 :47 ),dynh(nmb,0:47), home(nmb),stepchan,i,j,k, I, m,n 

integer*2 i1 ,¡2,channel,counter 

real finmano,finprst(nmb) 

real sm1 ,sm2

real cptemp(nmb,0:47),dynhtemp(nmb,0 :47 ),Poody,pounds 

ch a ra c te r^  ans 

Poody = 0.0 

do 250 i = 1 ,nmb 

stepchan = step(i) + 7

write(6,'(/1 x ,"A ir je t  blowing pressure (lb/in2)? ' ') ') 

read(5 , '(f6.3)') pounds 

Poody = Poody + pounds 

w r ite (6 , '(/)')

do 250 j = stprt(i),47

w r i te (6 , '( "  + Scanning port number ” ,¡2)') j 

call clock(counter*5) 

sm1 = 0.0 

sm2 = 0.0

do 251 k = 1,50

w r i te d , ' ( " ;a d c , " , i1 , "  ” ,¡1)') prstadc(i),manoadc 

re w in d d )

call labnum(2,mp(i,j),dynh(i,j)) 

call convert(mp(i,j),cptemp(i,j))

do 210 i = 1 ,nmb

stepchan = step(i) + 7
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call convert(dynh(i,j),dynhtemp(i,j)) 

sm1 = sm1 + cptemp(i,j)

251 sm2 = sm2 + dynhtemp(l,j)

cptemp(i,j) = sm1/50.0 

dynhtemp(l,j) =sm 2 /50 .0  

write(1 , '( ' ';d ig,o,1 , ” ,¡2)') stepchan 

re w ln d d ) 

call c lo c k d )

write! 1 , ' ( " ;d ig ,o ,0 ," , i2 ) ')  stepchan 

re w in d d )

250 call c lo c k d )

260 wrlte(6,'(/1 x , ' ' ls  the manometer reading wlndoff? " ) ' )

call answer(ans,m) 

if(m) 260 ,270 ,260  

270 call homescan(home,nmb)

call mean(manoadc,finmano) 

do 280 I = 1 ,nmb 

call mean(prstadc(l),finprst(l))

280 continue

return 

end

c Print format parameters

subroutine cpprint(cp,rnmb,fmalpha,veas,vtas,re,tstatic,nmb,mach 

+ ,path,blwpres,locmach) 

character c 

integer*2 rnmb,nmb

real mach,veas,vtas,re,tstatic,finalpha,cp(nmb,0:47) 

real locmach(nmb,0:47),blwpres 

character* 14 path

write(6,'(/1 x,"Results for current run are as fo l low s :") ')  

write(6,'(/1 x ,"Run no. = " , ¡2 ,1 0x,"Incidence = " , f5.2)') rnmb,

+ finalpha

w rite (6 , '( /1x ,"M ach  no .=  " , f5 .3 ,1  Ox,"TAS = " , f 5 . 2 , 10x ,"EAS  = 

+ ,f5.2) ')  mach,vtas,veas

write(6,'(/1 x,"Reynolds no. = " , e9 .2 ,6x,"Tunnel static tem p .=  "  

+ , f4 .1)') re,tstatic

w r i te (6 , '( /1x ,"A ir je t  blowing pressure Pb/Po = " , f 5.3)') blwpres 

do 290 i = 1 ,nmb

write(6,'(//1 x,"Press, coeff. as measured by scanivalve ",¡1 

+ )') i
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do 290 j = 0,5

write(6,'(/1 x , ' 'Port no . ' ',8(3x,i2 ,3x)) ')  ((k + 8* j) ,k  = 0,7) 

write(6,'( /9x,8(f7.3,1 x))') (cp(i,l + 8 * j ) , l  = 0,7)

290 write(6,'( /9x,8(f7 .3,1 x))') (locmach(i,l + 8*j), l = 0,7)

i f (path.le.' ') goto 998 

open(2,file = path,status = 'unknown')

5 continue

read(2,10 1 ,end = 6) c

goto 5

6 continue 

backspace 2

write(2, *) finalpha,re,vtas,tstatic,rnmb 

write(2,'(6 (/4x,8(f7 .3,1x))) ')  ((cp(i,j),j = 0 ,47 ) ,i = 1 ,nmb) 

w r ite (2 , '(6 (/4x ,8 (f7 .3 ,1 x)))') ((locmach(i,j),j = 0 ,47 ) ,i = 1 ,nmb)

998 return

101 format(a)

end

c Calculation of Cp's

subroutine cpcalc(press,temp,inimano,finmano,iniprst,

+ finprst,nmb,stprt,cp,veas,vtas,re,tstag,tstatic,cptemp,avprst

+ ,dynhtemp,rhotun,mach,Poody,cpatm,pstatic,pstag,pblow,blwpres

+ ,  ans, locmach, P1 T,P1 ,comp,cplocal,locvel)

integer*2  i,j,k,l,m,n,nmb,stprt(nmb)

real press,temp,cp(nmb,0:47),mach

real inimano,finmano,iniprst(nmb),finprst(nmb)

real avmano,avprst(nmb)

real cptemp(nmb,0:47),dynhtemp(nmb,0:47)

real veas,vtas,rhoatm,rhotun,mu,re,tstag,tstatic

real Poody,cpatm,pstatic,pstag,pblow,blwpres

real locmach(nmb,0:47),P1 T,P1 ,comp

real cplocal(nmb,0:47),locvel

character*1 ans

avmano = 0.5*(in imano + finmano) 

do 354 i = 1 ,nmb

354 avprst(i) = 0 .5 *  (iniprst(i) +finprst(i)) 

do 355 m = 1 ,nmb

do 355 n = stprt(m),47 

cptemp(m,n) = cptemp(m,n)-avprst(m)

355 dynhtemp(m,n) =dynhtemp(m,n)-avmano 

do 360 k = 1 ,nmb
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360 cp(k,l) = (cptemp(k,l)-(cptemp(k,25) *dynhtemp(k,l)/dynhtemp(k,25)))

+ / (1 .073*((cptemp(k,24)*dynhtemp(k,l)/dynhtemp(k,24))- 

+ (cptemp(k,25) *dynhtemp(k,l)/dynhtemp(k,25)))) + .034 

veas = sqrt(.5 *(dynhtemp(1 ,stprt(1)) + dynhtemp(nmb,47)) * 1717.01) 

rhoatm = (press* 100)/(287 * (273 + temp)) 

rhotun = rhoatm* (temp + 273)/(tstag + 273) 

vtas = veas*sqrt((1,2256/rhotun)) 

tstatic = (tstag + 273)-((vtas * *2)/2008)-273 

mu = 1 .714e-5 *((tstatic + 2 7 3 ) /273 )** .75  

re = (rhotun* vtas *0 .5 ) /mu 

mach = vtas/sqrt(1.4 * 287 *( 273 + tstatic)) 

c avcpbl = (cp(1,2 9 )+cp(1,30))/2.

cpatm =-cptemp(1,25)/(1 .073*(cptemp( 1,24)-cptemp(1,25))) + .034

pstatic = (press* 100)-(cpa tm *.5*rho tun*v tas* *2)

pstag = pstatic + (.5* rhotun* vtas* *2)

write(6,'(/1 x ,"Has a b/l profile just been investigated? " ) ' )

call answer(ans,i)

if(i) 450 ,460 ,430

460 call bdlycalc(cp,nmb,stprt,mach,vtas,pstatic,rhotun,

+ locmach,P1 T,P1 ,comp,cplocal,locvel) 

do 370 k = 1 ,nmb

do 370 I = stprt(k) + 1,47 

370 cp(k,l) = cplocal (k, I)

c pblow = (avcpb l* .5*rho tun*v tas* *2) +pstatic

450 pblow = (6894.76*Poody/nmb) +pstatic

blwpres = pblow/pstag 

430 return

end

c Rawdata storage routine

subroutine rawdata(press,temp,finalpha,tstag,inimano,finmano,

+ prstadc,iniprst,finprst,cptemp,dynhtemp,nmb,rnmb,path 1 ) 

character*1 c,path1*18 

integer*2 nmb,prstadc(nmb),rnmb

real press,temp,finalpha,tstag,inimano,finmano,iniprst(nmb),

+ finprst(nmb),cptemp(nmb, 0:47), dynhtemp(nmb, 0:47)

if (path 1 .le.' ') goto 997

open(2,file = path 1, status = 'unknown')

7 continue

read(2,102,end = 8) c 

goto 7

do 360 I = stprt(k) ,47
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8 continue

backspace 2

write(2,'( /3x ,i2 ,4x,4(f7 .2 ,2x)) ')  rnmb,press,temp,finalpha,tstag 

w r ite (2 , '( /4x(2(f6.3,4x))') inimano,finmano 

do 365 i = 1 ,nmb

write(2,'( /4x ,i2 ,4x,2(f6 .3 ,4x)) ')  prstadc(i),iniprst(i)

+ ,finprst(i)

w r ite (2 , '(6 (/4x ,8 (f7 .3 ,1 x)))') (cptemp(i,j),j =0 ,47)

365 w r i te (2 , '(6 (/4x ,8 (f7 .3 ,1 x)))') (dynhtemp(i,j),j = 0,47)

997 return

102 format(a)

end

c Boundary layer calculations

subroutine bdlycalc(cp,nmb,stprt,mach,vtas,pstatic,rhotun,

+ locmach,P1 T,P1 ,comp,cplocal,locvel) 

integer*2 nmb,stprt(nmb) 

real cp(nmb,0:47), mach, rhotun, pstatic, vtas 

real locmach(nmb,0:47), P1T, P1, comp 

real locvel, cplocal(nmb,0:47), dum 

do 380 i = 1 ,nmb

comp = (1 + (cp(i,stprt(i)) * 0.7 * (m a c h **2 ) ) ) * * .2857143 

locmach(i,stprt(i)) = SQRT((((2 + ,4*(m ach* *2))/comp) -2) /0.4)

P1 = (cp( i ,s tp r t( i) )*0 .5*rho tun*v tas**2) + pstatic 

locvel = vtas* SQRT(1 -cp(i,stprt(i))) 

do 380 j = stprt(i) + 1,47 

P1T = (cp(i,j) *0 .5 * rhotun * vtas* *2) + pstatic 

dum = ((P1T/P1)* *0.28571431-1 

if(dum.ge.O.O) then

locmach(i,j) =  SQRT((((P1T/P1)* *0 .2 8 5 7 1 43)-1 )/0 .2 )

else

locmach(i,j) =-1,0*SQRT(ABS(dum)/0.2)

endif

cplocal(ij) = ((vtas/locvel) * *2) * (cp(i,j)-cp(i,stprt(i))) 

if(cplocal(i,j).ge.0.0) then

cplocal (i ,j) = SQRT(cplocal(i,j))

else

cplocal (i ,j) =-1.0*SQRT(ABS(cplocal(i,j)))

endif

380 continue 

return 

end
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T ab le  1

C o o rd in a tes  used in defin ing  s la t position

X y

-4.525 -51.448

-7.412 -51.702

-1 1.781 -51.979

-15.783 -52.094

-19.420 -52.042

-22.690 -51.830

-25.604 -51.428

-28.185 -50.768

-30.439 -49.836

-32.368 -48.630

-34.002 -47.064

-35.388 -45.012

-36.542 -42.424

-37.449 -39.349

-37.907 -36.335

-37.915 -33.390

-37.486 -30.475

-36.617 -27.599

-35.298 -24.792

-33.535 -22.033

-31.336 -19.303

-28.707 -16.585

-25.661 -13.844

-22.211 -11.042

-18.356 -8.184

-14.096 -5.269

-9.431 -2.298

-4.364 0.738

1.104 3.842

6.976 7.007

13.250 10.233

13.908 10.564

14.113 10.000

9.827 7.115

5.845 4.234

2.199 1.265

-1.095 -1.832

-4.037 -5.059
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T ab le  1 (con t)

C o o rd in a tes  used in defin ing  s la t position

X y

-6.635 -8.391

-8.905 -11.789

10.863 -15.208

12.525 -18.599

13.908 -21.921

15.025 -25.135

15.887 -28.210

16.503 -31.126

16.878 -33.866

17.015 -36.421

16.917 38.785

16.584 -40.956

16.017 -42.935

14.959 -45.201

13.483 -47.333

11.620 -49.251

-9.447 -50.736

-7.076 -51.488

-4.525 -51.448
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T ab le  2

C o o rd in a tes  used in d e fin ing  m ain  w in g  position

X y

385.000 -15.190

369.800 -17.395

352.800 -19.762

336.200 -21.949

320.000 -23.963

304.200 -25.807

288.800 -27.484

273.800 -28.995

259.200 -30.335

245.000 -31.507

231.200 -32.509

217.800 -33.327

204.800 -33.947

192.200 -34.363

180.000 -34.574

168.200 -34.587

156.800 -34.421

145.800 -34.100

135.200 -33.641

125.000 -33.054

115.200 -32.355

105.800 -31.563

96.800 -30.690

88.200 -29.751

80.000 -28.760

72.200 -27.731

64.800 -26.676

57.800 -25.598

51.200 -24.500

45.000 -23.380

39.200 -22.237

33.800 -21.072

28.800 -19.887

27.000 -19.430

24.590 -18.596

22.618 -17.077

21.085 -14.939

19.990 -12.499
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T a b le  2  (con t)

C o o rd in a tes  used in defin ing  m ain w in g  position

X y

19.332 -9.991

19.113 -7.500

19.257 -5.446

19.686 -3.292

20.402 -1.037

21.406 1.316

22.695 3.763

24.270 6.292

26.133 8.887

28.282 11.526

30.717 14.174

33.439 16.792

36.448 19.335

39.743 21.753

43.325 23.995

47.193 26.020

51.348 27.805

55.789 29.348

60.516 30.692

65.531 31.938

68.197 32.538

70.864 33.035

73.531 33.386

80.000 33.975

8 8 . 2 0 0 34.610

96.800 35.160

105.800 35.624

115.200 36.000

125.000 36.289

135.200 36.488

145.800 36.596

156.800 36.607

168.200 36.521

180.000 36.333

192.200 36.042

204.800 35.645

217.800 35.141

231.200 34.525
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T ab le  2  (con t)

C o o rd in a tes  used in defin ing  m ain  w in g  position

x

245.000

259.200

273.800

288.800

304.200

320.000

336.200

352.800

369.800

387.200

405.000

423.200

441.800

450.000

450.000 

441.898 

434.259

427.083 

420.371 

414.121

408.333 

403.009 

398.148 

393.750 

389.815 

386.343

383.333 

380.787 

378.704

377.083 

375.926 

375.231

375.000 

375.278 

376.111 

377.500 

379.445

381.945

y

33.796 

32.949 

31.980 

30.880 

29.641 

28.251 

26.693 

24.943 

22.986

20.796 

18.320 

15.493 

12.265 

10.732 

10.132 

10.646 

10.998 

11.107 

10.941 

10.497

9.779

8.859

7.733

6.453

5.054

3.564

2.010

0.410

-1.226

-2.887

-4.571

-6.275

-8.000

-15.190-15.425 and 385.000 
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-9.889 

-11.743 

-13.469 

-14.816



T ab le  3

C o o rd in a tes  used in defin ing  flap  position

X y

570.452 -45.160

551.098 -40.443

532.097 -35.926

513.432 -31.655

495.100 -27.641

477.1 13 -23.846

459.499 -20.195

457.322 -19.743

454.370 -18.920

452.230 -17.492

450.863 -15.562

450.149 -13.464

450.000 -11.437

450.385 -9.567

451.192 -8.026

452.428 -6.661

454.091 -5.475

456.182 -4.468

458.699 -3.644

461.639 -3.011

464.998 -2.580

468.771 -2.489

472.947 -2.458

477.518 -2.700

482.471 -3.305

487.793 -4.248

493.472 -5.566

499.497 -7.286

505.862 -9.426

512.567 -1 1.979

519.626 -14.926

527.063 -18.180

529.195 -19.143

531.309 -20.160

533.382 -21.285

536.696 -23.289

553.564 -33.667

570.712 -44.444 and 570.452 -45.160
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