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Abstract

This paper presents results obtained from a
combined experimental and computational
study of the flowfield over a multi-element
aerofoil with and without an advanced slat.
Detailed measurement of the mean flow and
turbulent quantities over a multi-element
aerofoil model in a wind tunnel have been made
using pressure, stationary and flying hot-wire
(FHW) probes. The model configuration spans
the test section and is made of three parts: 1) an
advanced slat, 2) a NACA 4412 main aerofoil,
3) a NACA 4415 flap. The chord lengths of the
elements were 38, 250 and 83 mm respectively.
The results were obtained at a chord Reynolds
number of 2.5×105 and a free Mach number of
less than 0.1. The slat performance at different
angles of attack, α, were investigated and
compared with cases without the slat.
Numerical predictions have been obtained by
solving the time-averaged Navier-Stokes
equations incorporating a Reynolds Stress
Model (RSM) for the same configurations. This
paper presents results for both experimental
and numerical selected cases placing the multi-
element aerofoil at angles of attack of 15° and
20° with the advanced slat and 5° and 15°
without employing the advanced slat. The
computational results are compared with
experimental data, which showed excellent
agreement for low angle of attack and good
agreement for other cases without separation,
taking into account errors in both the
experimental and numerical results. However,
discrepancies were in particular observed in the

complicated shear layers and high turbulent
intensity regions due to limitations in the
turbulence model and also inadequate grid
resolution.

1 Introduction

High-lift systems are used on aircrafts to
provide adequate low speed performance in
terms of approach speed and take-off and
landing field lengths. Leading-edge devices
such as slats and Kruger flap are commonly
used to delay stall to higher angles of attack and
consequently increase the maximum lift
performance, CLmax . Studies are available which
present data on slatted and flapped
configurations. Conventional slat performance
in high lift systems was studied by a number of
researchers [1-4]. Since slat cove separation is
minimised for the advanced slat due to its
smooth and heel-less lower surface, it produces
less drag compared to a conventional slat with
lower surface discontinuity [5]. Laser Doppler
Velocimeters (LDV) have been used to measure
mean and fluctuating velocities around three-
element aerofoils [1]. Several researchers have
measured other related quantities such as CP, CL

and CM [6,7]. One of the previous experimental
works is of particular importance since it deals
with measurement of velocity and turbulent
quantities at two angles of attack, οα 10= and

οα 18=  [8]. Further experiments of mean
velocity and turbulence quantities in the slat and
flap cove regions have been undertaken [9,10].
The former reported pressure distributions for a
range of 0° to 20° and the latter presented
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mainly velocity distributions in the slat and flap
cove regions at angles of attack of 10° and 14°.

Methods for computing flows around high-
lift systems of multi-element aerofoils are still
providing major challenging problems. The
presence of confluent boundary layers, wakes
and turbulent boundary layer separation remain
substantial challenges for accurate and efficient
computation of lift and drag for different multi-
element aerofoil configurations. Several
computational methods for solving the Navier-
Stokes equations for multi-element aerofoil
flows have been reported [8-16]. Since a single
structured grid can not be generated around a
multi-element aerofoil, unstructured [10] and
multiple structured grids [8-9] are usually used.
For complex turbulent flows, the choice of the
turbulence model can have a large impact on the
accuracy of the results and computational
expense. Simple algebraic models, such as the
Baldwin-Lomax model, have been used
extensively and successfully for single aerofoil
models, especially for the case of attached flow
[11]. The k-ε turbulence model, one of the most
widely used and validated turbulence models,
has been used for a number of multi-element
aerofoil computational investigations [12-14].
The most complex classical turbulence model is
the Reynolds stress model which solves the
differential transport equations for the Reynolds
stresses (DSM) or solves the differential
transport equations for the Reynolds stresses
and Reynolds fluxes (DFM). Several major
drawbacks of the k-ε model emerge when the
RSM model is used to predict flows with
complex strain fields (e.g. curved boundary
layers, swirling flows). Consequently a number
of researchers have used the RSM model to
predict flowfields around multi-element
aerofoils [15-16].

The present research is an investigation of
the flowfields over the multi-element aerofoil
using mainly flying hot-wire X probes to
highlight flow field improvement due to slat
performance at different angles of attack (i.e. 5°,
10°, 15°, 17.5°, 20°, 22.5° and 25°) for both
deflected and non-deflected flap. The acquired

data were analysed and U , V , 2u , 2v ,uv  were

calculated in each case. This paper first presents
detailed measurements of the mean velocity of
the turbulent flow in the vicinity of a two-
element aerofoil for angles of attack of 5° and
15° and results for the multi-element aerofoil at
angles of attack of 15° and 20° with the
advanced slat. This is followed by numerical
predictions of the mean velocity for the same
configurations. Finally the experimental
observations are compared with the
computational results.

2 Experimental Arrangement and Test
Conditions

The experiments were conducted in a low speed
wind tunnel of University of Bradford having a
600×600 mm cross section. The model
configuration spans the test section and it is
made of three parts: 1) an advanced slat, 2) a
NACA 4412 main aerofoil, 3) a NACA 4415
flap. The chord lengths of the elements were 38,
250 and 83 mm respectively. The free stream
velocity was set at 18m/s and the corresponding
Reynolds number based on main aerofoil chord
length was 2.5×105.
     Two-dimensionality was validated after
making the following observations:
Measurement of the mean velocity profile at
different spanwise location and comparison of
them showed negligible variation about the
centreline profile with and without the slat for
90% of span width.
 The main experimental technique of present
research was a flying hot-wire mounted on a
precise computer-controlled mechanism. The
rectification problem which is common for
stationary hot-wire probes when measuring
reversed flow was thus avoided by biasing the
relative velocity. The basic principle of the
FHW can be explained with reference to figure
1. Consider a surface with a (two-dimensional)
separated flow region. A space-fixed co-
ordinate system is introduced, in which the flow

velocity vector V  and its velocity components
U and V are to be calculated. Based on the
geometry of the flying hot-wire mechanism, the
probe sensors will follow a prescribed curve (a).
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At time t, the probe is assumed to be at a known
position (xp ,yp) and move with a known

velocity pV . The moving hot-wire probe is

exposed to the relative velocity rV , and this
velocity vector for a X probe is normally
evaluated in terms of the velocity components
[Ur´, Vr´] in a probe-stem aligned co-ordinate
system. Provided the orientation of the probe
stem relative to the space-fixed coordinate
system is known, then the corresponding space-
fixed velocity components [Ur, Vr] can be

calculated. Having measured pV and rV  the flow

vector V  is obtained from

pr VVV +=                                             (1)
as illustrated in figure 1. Provided that the

magnitude of the probe velocity  pV   is greater

than the magnitude of the flow velocity  V  ,
the relative velocity vector rV  will remain
within the approach quadrant of the X probe and
the hot-wire signals can be interpreted uniquely
[17].
 The principle of the mechanical
implementation for the bean shaped curve path
used at Bradford University is illustrated in
figure 2. Details of Bradford University’s flying
hot-wire system is given in [18-19].

3 Measurement Procedure and Results

Measurements were obtained from a number of
points on the lower part of the probe curve path
on figure 2 during a single sweep, and for this
experimental study, 20 evenly spaced points
were selected for detailed analysis. The sweep
was repeated N times and ensemble average was
used to calculate the mean velocity components,

U and V , and the turbulent quantities,
2u , 2v and uv .

3.1 Main aerofoil at α=5° and flap at δf =0°
Figure 3 shows the mean velocity vectors results
for the main aerofoil at an angle of attack of

οα 5=  equipped with a non-deflected flap. The
velocity vectors indicate that the flow is
attached to the model surface and there is no
sign of separation. An accelerated flow over the

leading edge of main aerofoil is responsible for
creating suction and lift. The maximum velocity
in this region reaches a peak value of
(~1.3 ∞U ). The asymmetric wake is narrow and
the velocity deficit is small over the trailing
edge of the main aerofoil and the flap. The flow
is seen to have recovered one chord length
beyond the trailing edge of the flap. The
minimum velocities of about 10 m/s are
observed over the trailing edge of main aerofoil.
This flowfield pattern is similar to the one
reported in [15].

3.2 Main aerofoil at α =15° and flap at δf =0°
The mean velocity vectors for the NACA 4412
main aerofoil at an angle of attack οα 15=  and
with a flap deflection angle of 0° are shown in
figure 4. The experimental data for the flow
over the two-element aerofoil clearly shows that
a large region of recirculating flow exists over
the main aerofoil. This deterioration in the flow
field causes considerable loss of lift. The large
velocity deficit is seen to persist further
downstream, beyond a distance of one chord
length from the trailing-edge of the main
aerofoil. The flap gap flow is observed to be
responsible for a limited improvement in the
velocity field over and beyond the flap.

3.3 Main aerofoil at α =15°, slat at δs =15° and
flap at δf =0°
Introduction of a 15° deflected slat at οα 15= ,
is seen to enhance the whole flow field in terms
of large velocity vectors over the multi-element
aerofoil and in the wake, figure 5. The
elimination of the recirculating flow, evident in
figure 4, and the appearance of the attached
boundary layer means a great enhancement in
the lift. The high velocity vectors near the
leading-edge of the main aerofoil shows about
10 percent increase as compared with the case
without the slat. The flap gap flow is observed
to have a small effect in terms of flow field
trend. On the other hand, most of the beneficial
changes in the flow field is caused by the slat
gap flow. In this contest it was observed that the
effect of  the slat wake on the boundary layer
development on the main aerofoil is not very
strong with only a small downstream velocity
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deficit effect. The flow direction in the potential
flow region experiences the least changes
especially beyond the flap.

3.4 Main Aerofoil at α =20°, slat at δs =15° and
flap at δf =0°
Increasing the angle of attack to 20° is seen to
create larger velocities near the leading edge of
the main aerofoil, figure 6, hence resulting in a
higher lift. The maximum velocity for this
configuration has increased to ~1.55 ∞U  over
the leading edge of the main aerofoil. However,
compared to case c, οα 15= , the velocity deficit
over the trailing edge of the main aerofoil and
over the flap is observed to be very large, which
is reflected in a wider wake.  This operates
against the overall enhancement of the lift.

4 Numerical Procedure

Since the experimental data, obtained using the
flying hot-wire technique was not corrected for
wind tunnel wall effects, the wind tunnel walls
were included in the computational procedure.
The wind tunnel test section extended four
chord lengths upstream of the leading-edge and
4 chord lengths downstream of the trailing-edge
and the computational space was divided into a
number of blocks around the multi-element
aerofoil using the CFX-4.2 code. The grid in the
physical space was created using a body fitted
coordinate system with a size of 220×100. The
flow field was obtained by solving the averaged
Navier-Stokes equations using the RSM
turbulence model available in the numerical
code. A number of finite difference schemes are
available in the code and a Curvature
Compensated Convective Transport scheme
(CCCT) was selected to discretise the governing
equations, due to its 2nd accuracy and
boundedness.

 The RSM turbulence model used can not
predict adequately the flowfield for all
configurations. The pressure-strain, the
diffusion and the dissipation terms in the exact
equations for the Reynolds stress transport,
contain new correlations for which model
approximations must be introduced [20]. For
example, for the pressure-strain which is usually

decomposed into three parts, the CFD code uses
the Rotta’s linear model for modelling the first
part. This form does not satisfy the underlying
assumption in its derivation and advanced
suggestions propose a non-linear equation for it
[21]. Thus, introducing the recent developments
for modelling of all the correlations into the
RSM turbulence model employed in
commercial CFD codes probably can result in
more accurate predictions.

5 Numerical predictions and comparison
with experimental results

The numerical predictions of the mean
velocities for the same configurations as the
experimental ones are shown in figures 7 to 10
and the corresponding difference in velocity

vectors, comVV −exp , using the experimental
grids are shown in figures 11 to 14. For an angle
of attack of 5°, the experimental results are
shown in figure 3 the corresponding numerical
predictions are plotted in figure 7. The

corresponding difference plot, comVV −exp ,
shown in figure 11 demonstrates an excellent
agreement over the flowfield.
The computational results for the main aerofoil
at o15=α  with the non-deflected flap, figure 8,
exhibits a separated region of similar pattern to
the experimental data, figure 4. Almost 50% of
the main aerofoil is stalled while for the
experimental results, the recirculating flow was
observed to cover around 65% of the flowfield
over the main aerofoil. As was explained earlier,
inadequate modelling for the different
correlations of the RSM turbulence model in the
CFD code is partly responsible for a late start of
separation [21]. The comparative velocity
vector results, figure 12 demonstrates poor
agreement within the separated region, and
satisfactory agreement elsewhere.
Enhancement of the flow field due to
employment of the advanced slat is clearly
demonstrated by the computed velocity vectors
depicted in figure 9. The attached flow is
observed to be similar to the experimental
results, figure 5, and a satisfactory agreement
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exists over the whole flow field except for the
shear layer near trailing edge of main aerofoil.
Similar comparisons were also carried out for
the three-element aerofoil for angle of attack set
to 20° with a non-deflected flap. The
experimental, numerical and difference results
are shown in figures 6, 10 and 14 respectively.
The results demonstrate that for the potential
flow, the computational results are similar to the
experimental results, but the numerical
predictions are less accurate in the enlarged
shear layer over the trailing edge of the main
aerofoil and the flap.

Conclusions

The present study is mainly concerned with the
effect of the advanced slat on the flow field over
a multi-element aerofoil. The main method used
for the present experiment is the flying hot-wire
technique. The recirculating flow and
unattached boundary layer which are obvious
signs of the flow field deterioration over the
two-element aerofoil at οα 15=  all disappeared
when the advanced slat was used in front of
main aerofoil. This flow field improvement is
observed to extend to angles of attack as high as
20° with the non-deflected flap resulting in a
higher lift.

An excellent agreement between the
experimental data and the computed results was
observed at an angle of attack of 5°. For other
flow cases without separation (i.e. the three-
element at high angles of attack of 15° and 20°),
the predicted values of the mean velocity are in
good agreement with the experimental data,
taking into account error evaluation in both the
experimental and numerical results. However,
discrepancies were in particular observed in the
complicated shear layers and high turbulent
intensity regions due to limitations in the
turbulence model and also inadequate grid
resolution. When separation was present a rather
high discrepancies is observed in the separated
zone and a satisfactory result elsewhere.
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Fig 1 Measurement with flying hot-wire probe in a separated region

Fig 2 Four-bar flying hot-wire mechanism and notation, The geometry of that of the University of
Bradford: ,60mmr =  ,160mma =  ,146mmc =  468=b and mm548  for old and new flying arm
respectively
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Fig 3- Mean velocity vectors for οα 5= , δf =0°.

Fig 4- Mean velocity vectors for οα 15= , δf =0°.
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Fig 5- Mean velocity vectors for α =15°, δs =15°, δf =0°.

Fig 6- Mean velocity vectors for α =20°, δs =15°, δf =0°.
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Fig 7 - Numerical prediction of mean velocity vectors for α =5°, δf =0°.

Fig 8- Numerical prediction of mean velocity vectors for α =15°, δf =0°.
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Fig 9- Numerical prediction of mean velocity vectors for α =15°, δs =15°, δf =0°.

Fig 10- Numerical prediction of mean velocity vectors for α =20°, δs =15°, δf =0°.
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Fig 11-Mean velocity vector difference, compVV −exp , for α =5°, δf =0°.

Fig 12- Mean velocity vector difference, compVV −exp , for α =15°, δf =0°.
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Fig 13- Mean velocity vector difference, compVV −exp , for α =15°, δs =15°, δf =0°.

Fig 14- Mean velocity vector difference, compVV −exp , for α = 20°, δs =15°, δf =0°.


