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ABSTRACT 

This paper presents an experimental study to the effects of boundary 
layer-tripping on the aerodynamic performance and the near-wake which 
generates immediately behind the trailing edge of NACA-2415 airfoil sections. 
The airfoil was tripped by separately placing two different trip wires near the 
leading edge as an artificial roughness to induce rapid transition. The tripped 
and untripped airfoil were tested at different angles of attack to indicate the 
effects of pressure gradient and streamline curvature on its aerodynamic 
performance and the wake development behind the airfoil sections. 
Measurements included lift and drag coefficients, static pressure distributions, 
and mean velocity profiles in the wake region at Reynolds numbers between 
3 . 5 ~ 1 0 ~  and 1 . 9 2 ~ 1 0 ~ .  The results of this experimental investigation showed 
that the aerodynamic performance of the airfoil is sensitive to the tripping 
mechanism. The drag coefficient of the airfoil increases due to the distorted 
velocity profiles in the wake region caused by the boundary layer tripping. The 
boundary layer tripping did not affect strongly the wake velocity profiles in the 
case of negative angles of attack and the wake velocity distributions are 
symmetric. Asymmetric velocity profiles are observed in the wake region as 
the angle of attack increases, for both tripped and untripped airfoils. The 
results indicated also that, the pressure gradient and the separation location on 
airfoil surfaces significantly control the growth of the wake. The effect of the 
boundary layer tripping on the growth of the wake width, the decay of the 
maximum velocity defect and similarity of wake profiles are discussed. 
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1- INTRODUCTION 
There are many engineering applications where turbulent boundary layer 

over curved surfaces are encountered, e. g. turbomachine blades, wings or 
airfoils and hubs of propellers. Boundary layer separation is usually due to a 
sufficiently strong adverse pressure gradient. Such adverse pressure gradient 
may caused by streamline curvature. At the rear of the airfoils where 
separation is most likely to occur, the fiee shear layers which are formed pass 
on downstream to form the wake of the airfoil. The flow separation and the 
subsequent wake greatly influence the drag and stability of the airfoils. The 
structure of the wake under the influence of streamline curvature is different 
form that of the wake without this effect. The effects of streamline curvature in 
a turbulent flow were recognized by many experimental investigations, e. g. So 
and Mellor [1, 21, Ramaprian and Shiraprasad [3], Bradshaw [4] and Castro 
and Bradshaw [5]. Their experimental results have shown that the turbulence 
structure, as well as the mean velocity profile, is changed considerably due to 
the effects of streamline curvature. Consequently, the wake development under 
such flow conditions is subjected to pressure gradient and curvature effects. 
The curvature and pressure gradient will significantly affect the mean velocity 
profiles and turbulent properties of the wake. The behaviour of the wakes in 
the presence of free-stream turbulence was studied in Refs. [6-81. It was 
concluded that free-stream turbulence enhances wake mixing, growth rates, 
turbulence intensities and Reynolds stresses. The effects of pressure gradient 
and curvature on wake defect were investigated by Nakayama [9]. He carried 
out a systematic study of the effect of mild pressure gradient and mild 
streamline curvature on a small defect wake. The wake was subjected to mild 
curvature and mild pressure gradient by deflecting it by a thin plate at small 
angles of incidence in the external flow. The measured data indicate a strong 
sensitivity of turbulence quantities to the curvature and pressure gradient. In 
Ref. [lo], an experimental investigation was conducted to characterized the 
development of asymmetrical turbulent wake generated by a rotating cylinder. 
With respect to the stationary cylinder, the velocity profiles are symmetrical 
around the position of the cylinder central plane. As the speed of cylinder 
rotation increases, these profiles become increasingly asymmetrical, especially 
in the near-wake region. The positions of the near-wake flow, where the 
maximum of the mean velocity defect occur, are laterally displaced in a 
direction consistent with the cylinder center. For peripheral velocity of the 
cylinder less than the free-stream velocity, the characteristic velocity and 
length scales for the mean flow are effectively equal to those of the stationary 
cylinder wake, because the shedding of K b A n  vortices remains unaffected by 
rotation. As the peripheral velocity increases beyond that of the oncoming free- 
stream, however, the formation of K h A n  vortices is inhibited and the values 
of the mean velocity defect, wake width, and intensities ofthe fluctuating 
velocity components are decreased. 

In the range of Reynolds numbers of lo4 to lo6, Ref. [ll], many 
complicated phenomena take place within the boundary layer, separation, 



transition and reattachment could all occur within a short distance and affect 
the performance of the airfoil. At low Reynolds number, this separation may 
be occured over the entire rear of the airfoil and hence extended into the wake. 
However, in the low Reynolds number range, the boundary layer at the onset 
of the pressure rise may still be laminar, and thus unable to withstand any 
significant adverse pressure gradients. The performance of low Reynolds 
number airfoils is entirely dictated by the relatively poor separation resistance 
of the laminar boundary layer. Therefore, transition to turbulent flow must be 
accelerated for enhancing the airfoil performance because it plays a major role 
in the stall process. Transition can be accelerated by increasing the free-stream 
turbulence with wires or mids ahead of the airfoils, or bv artificiallv boundarv - 
layer tripping near the airfoil leading edge. It appears from the literature review 
that, trip wires have a remarkable effect on the boundarv laver transition due to . - - 
the formation of the wake behind the trip wires, Refs. [12] to [14]. The effect 
of artificial transition on the aerodynamic performance and the wake 
development behind the airfoil trailing edge are not completely clarified. 

In this paper, an experimental study was conducted to examine the effects 
of the boundary layer tripping and transition on the aerodynamic performance 
and a wake of a cambered airfoil. The NACA-2415 airfoil is used in this 
investigation. Wake-velocity profiles are measured at five values of angle of 
attack, namely 8 = -10, -5, 0, 5 and 10 degrees, while trip wires having 
diameters of 0.3 and 0.8 percent of the airfoil chord (0.3 and 0.8 mm 
respectively) were separately imposed near the leading edge of the airfoil. The 
data for the tripped flows have been compared with each other and with that 
for the untripped airfoil flow. 

2- EXPERIMENTAL APPARATUS AND PROCEDURE 

2-1 Wind Tunnel 

The experiments were carried out in a low turbulence open - type wind 
tunnel. The wind tunnel employed in these experiments consists of six parts 
centeraxial fan, wide angle diffuser, test section, contraction with 0.25 to 1.0 
diameter ratio, settling chamber and the entrance portion. Honeycomb and 
graduated screens are installed in the settling chamber for breaking the 
free-stream turbulence which is less than 0.05 % at air velocity of 55 m/s. The 
control panel of the wind tunnel consists of a variable frequency controller and 
a remote control speed device. The air speed in the test section can be 
controlled from the control panel of the wind tunnel using apre-calibrated 
curve. Calibration for the wind tunnel air speed against the frequency of the 
wind tunnel controller was made using a pitot-tube and a pressure transducer. 
The pressure was converted into speed and a straight line relation between the 
air speed and the frequency was obtained. The test section, which is made of 
prespex, has a square cross-section 305x305 mm and 610 mm long. At the top 
wall of the test section, a traversing unit was mounted and a small slot in the 
longitudinal direction was made to accommodate the probe holder. The airfoil 



model is horizontally mouutd by a vertical adjustable strut which allows the 
airfoil to be inched at the desired angle of attack. 

2-2 Aiioil model and instrumentation 

Wind tunnel tests were conducted with atwo-dimensional NACA-2415 
airfoil, Fig. (1). The airfoil model was made of a filled epoxy resin. The chord 
( c ) was 100 rnrn and the span was 300 mrn. The tested airfoil model has a 
maximum thickness of 15 percent of the chord and the maximum camber 
equal to two percent of the airfoil chord which located at 40 percent of the 
chord, measured from the leading edge. Static pressure taps were drilled 
normal to the airfoil surfaces with lmm diameter. The taps are distributed at 
the airfoil upper and lower surfaces. The tap locations on the upper and lower 
surfaces are presented in Fig. (1). The airfoil was tripped by separately placing 
two-different trip wires with diameter to airfoil chord of 0.003 and 0.008 near 
the leading edge, namely at 5 percent of the airfoil chord . The trip wires are 
designated as trip-1 and trip-2, respectively. The aerodynamic performance of 
the untripped and tripped airfoils were measured at angles of attack ranging 
from zero to 20 degrees. The measurements of the drag and lift were made via 
the force balance. Several investigators used this method at low Reynolds 
number and at low-to-moderate angles of attack, Ref. [15]. The lift and drag 
forces which give the airfoil performance were measured using the calibrated 
lift and drag dynamometer. The measurements of mean velocity profiles in the 
wake region were conducted at different locations downstream the tested 
airfoil, namely x/c = 0.5,0.75, 1.0, 1.5 and 1.7 . A calibrated five-holes probe 
of 5 mm diameter was used to measure the wake-mean velocity profiles, at 
constant Reynolds number of 1 . 6 1 ~ 1 0 ~  based on the free-stream velocity and 
the airfoil chord. The static pressure distributions along the upper and lower 
surfacses of the tripped and untripped airfoils were measured using multi-tube 
inclined water manometer. The measurements of pressure distribution, the lift 
and' drag forces were carried out at different Reynolds number ranged from 
3x10~ to 1 . 9 2 ~ 1 0 ~  . The NACA-2415 airfoil sections was initially tested 
without trip wires to obtain agreement with previous studies, Ref. [16]. Effects 
of boundary layer-tripping on the lift and drag coefficients as a function of 
angle of attack and Reynolds number were tested. In addition, the wake flow 
parameters downstream the airfoil with and without hipping were obtained. 

The experimental errors in the measurements were calculated using Kline 
and McClintock technique [17]. It was found that, the error in the mean 
velocity measurements to be in the range of + 1% at the maximum calibration 
velocity of 50 m/s. The corresponding error in the measured static pressure 
coefficient was about + 1.2% . The uncertainty in the velocity defect was about 
2.1%. 



3- EXPERIMENTAL RESULTS AND DISCUSSION 

3-1 Pressure Distribution 

A representative sample of pressure coefficient data are shown in Fig. (2) 
for the angle of attack range of zero to 10 degrees and for Reynolds number of 
1 . 6 1 ~  lo5. For untripped airfoil, Fig. (2-a) indicates that the beginning of the 
adverse pressure gradient on the upper surface is very close to the leading 
edge. Also, the magnitude of the adverse pressure gradient increases 
significantly with increasing the angle of attack. On the lower surface these 
effects are just the opposite. As the angle of attack increases, the adverse 
pressure gradient decreases. However, the pressure coefficient on the lower 
surface for 0 = 10 degrees indicates a separated flow at x/c = 0.2 which is 
represent by a constant pressure coefficient. This separated region is followed 
by flow reattachment which is indicated by a negative pressure gradient. As a 
consequence, asymmetric separation patterns developed on the airfoil upper 
and lower surfaces. The adverse pressure gradient has a strong effect on 
boundary layer transition which controls the airfoil performance. The effect of 
placing a trip wire on the leading edge as an artificial roughness for 
accelerating the flow transition is shown in Figs. (2-b) and (2-c). For airfoil 
with trip-1, Fig. (2-b) shows the major part of the model upper and lower 
surfaces which is subjected to adverse pressure gradient for zero-angle of 
attack. Boundary layer transition points on the upper surface moves forward 
and rearward on the lower surface as the angle of attack increases. The peak 
value of the negative pressure increases with the increase of the trip-wire 
diameter, as shown for airfoil with trip-2 in Fig. (2-c). The effect of the angle 
of attack and trip-wire diameter on the maximum value of the negative 
pressure coefficient, which represents the transition point from laminar to 
turbulent flow, will be discussed in the following. 

Figure (3) shows the airfoil peak value of the negative suction pressure 
coefficient, (Cp ,,, ), plotted against the angle of attack ( 0 ), for the untripped 
and tripped airfoil and for two Reynolds numbers, namely Re = 0.83 1 x lo5 and 
1 . 6 1 ~ 1 0 ~  . It is seen from this figure that, the presence of trip wires increases 
the negative peak value of the pressure coefficient at zero-angle of attack. As 
the angle of attack ( 0 ) increases, the adverse pressure gradient increases 
causing a large increase in the velocity at the leading edge and consequently a 
steep in the static pressure. It appears from Fig. (3-a) that, the stall angle of the 
untripped airfoil at Re = 0.83 1x10~ reduces from 14 degrees to 12 degrees for 
the airfoil with trip-1. Thus, it is clear that the placement of the trip-1 actually 
degrades the airfoil performance, due to a leading edge stalling. The peak 
value of the negative pressure coefficient with trip-2 at Re = 0 .831~10~  is 
slightly higher than that with trip-1 before the airfoil experiences abrupt 
leading edge stall. The stall angle of the airfoil with trip-2 is increased again to 
the same stall angle in the case of untripped airfoil (0 = 14 degrees ), while the 
leading edge separation still foms in this case. When Reynolds number 
increases to 1.61 x lo5, Fig. (3-b), the untripped airfoil experiences a trailing 



edge stall at 0 = 16 degrees as seen by the gradual decrease of Cp,i, 

immediately after stalling condition. With trip-1 in place, the airfoil develops 
consistently lower peak suction levels than that when it is untripped. Also, the 
stall angle of 14 degrees is lower than the stall angle of 16 degrees for the 
untripped case. The airfoil performance with trip-2 is worse than that of the 
untripped airfoil and tripped airfoil with trip-1. Also, the peak suction level 
reaches a maximum value at 8 = 10 degrees and then falls gradually, indicating 
a trailing edge stalling airfoil. It appears from these figures that, this radical 
change in steady stall behavior demonstrates the sensitivity of the flow to the 
design of the tripping mechanism and points to the need for properly tripping 
the airfoil. 

3-2 Aerodynamic Performance 

A convenient parameter to measure the effectiveness of an airfoil is its 
lift-to-drag ratio ( CL / CD ). The maximum value of this quantity gives a good 
indication of the airfoil effectiveness. Figure (4) shows how the airfoil 
effectiveness vary with Reynolds number at a given angle of attack for 
untripped and tripped airfoils. Generally, it can be seen from this figure that, at 
lower values of Reynolds number where the viscous effects are relatively 
large, causing high drags and limiting the maximum lift-to-drag ratio, while at 
the higher values the lift-to-drag ratio improves. As discussed previously, 
increasing the angle of attack at small Reynolds number causes an abrupt 
leading edge stall and hence sudden severe deterioration in airfoil 
effectiveness, as shown in Fig. (4-a). For tripped airfoil, Figs. (4-b) and (4-c), 
the drag introduced by placement of any trip wire reduces the energy available 
to overcome the adverse pressure gradient, possibly resulting in separation at 
lower values of the pressure gradient. The effect of tripping on the drag 
coefficient at different Reynolds number is shown in Fig. (5). It appears that, a 
large part of the drag increment may be associated with airfoil tripping results 
from a forward movement of transition. The induced drag by the trip wires 
causes a more reduction in the airfoil effectiveness compared with that of the 
untripped airfoil. This occurs due to that, the wire diameter may be larger than 
the boundary layer thickness. For a given tripping at the leading edge, the lift- 
to-drag ratio increases slowly with increasing Reynolds number, especially 
after stalling conditions. This analysis demonstrates that when selecting a trip 
wire for the transition purpose must be produce turbulence and suppress a 
laminar separation without causing the turbulent boundary layer to become 
thick. A thick turbulent boundary layer may again suffer separation or at least 
cause an increase in drag. 

3-3 Mean Velocity Distributions 

The distributions of the experimental mean velocity behind the untripped 
cambered airfoil NACA-2415 for five different longitudinal locations is shown 
in Fig. (6). In Fig. (6-a), the angle of attack (0) is taken to be -10, -5 and 0 
degrees, while the mean velocity profiles are plotted in Fig. (6-b) at 8 =  0,5  



and 10 degrees. It is not possible to cany out measurements before x/c = 0.5 
due to the presence of violent eddies and flow separation in the trailing edge 
region. For negative angle of attack, as shown in Fig. (6-a), it appears that the 
mean velocity in the outer region of the wake is slightly increases as the angle 
of attack decreases from zero to -10 degrees. In this case, the flow is 
accelerated on both the upper and lower airfoil surfaces because the flow is 
subjected to a favourable pressure gradient. In addition, the minimum velocity 
in the wake region decreases with decreasing the angle of attack and the 
velocity distributions are symmetric with respect to the wake center. The 
minimum velocity increases with downstream locations. In other words, the 
velocity profiles in the presence of negative pressure gradients are 
characterized by a highly dissipative vortical core inside the wake region 
surrounded by external flow region. This results from the strong interaction 
between the wakes of the upper and lower sides because separation occurs 
close to the trailing edge. Overall, it may be considered that the effect of 
streamline curvature on the mean velocity defect distribution is small in case 
of negative attack angle or favorable pressure gradient. As the angle of attack 
increases from zero to 10 degrees, the separation of the developed boundary 
layer on the upper surface of the airfoil is due to an adverse pressure gradient. 
The separation occurs upstream of the trailing edge forming a re-circulation 
region, which has a high turbulence intensity, and a turbulent wake is formed. 
This is reflected on the mean velocity profiles behind the airfoil as shown in 
Fig. (6-b). It is observed from Fig. (6-b) that, the velocity distribution exhibits 
a strong asymmetric character with higher velocities at the upper region of the 
airfoil. This asymmetric behaviour is a result of the existing an adverse 
pressure gradient across the wake and the streamline curvature effects. The 
difference between the edge velocities of the wake indicates the magnitude of 
the net pressure variation across the wake. It is noticed from Fig. (6-b) that, the 
difference between the wake edge velocities is still found up to the last 
measured location, x/c = 1.7 . This occurs due to that, the boundary layer 
separation unsymmetrically from both upper and lower airfoil surfaces which 
causes momentum transfer from lower to upper surface. However, increasing 
the angle of attack results in a decrease in the wake velocity defect which is 
indicated with increasing of the minimum velocity. 

Figure (7-a) reflects the effect of placing a trip wire with different 
diameters near to the leadiig edge on the wake velocity profiles downstream 
the airfoil, at zero-angle of attack. The velocity profiles shown in Figs. (7-b) 
and (7-c) are plotted for angles of attack of -10 and 10 degrees, respectively. 
The mean velocity profiles downstream of the untripped airfoil are included in 
these figures for comparison purpose. For 8 = -10, it appears from Fig. (7-a) 
that, the boundary layer tripping did not affect strongly the wake velocity 
profiles downstream the airfoil. For airfoil with trip-2 and zero angle of attack, 
Fig. (7-a), the wake center is shifted towards the lower surface. Fore = 10 
degrees, the presence of trip wires with adverse pressure gradient strongly 
affect the wake velocity profiles due to the presence of violent eddies and 



asymmetric flow separation. The effect is quite evident for airfoil with trip-2, 
particularly in the near wake region from the trailing edge, x/c = 0.5 and 0.75 . 
In the near wake region, the velocity profiles show more vortex pairs within 
the wake compared with the untripped case. This may be occurred due to the 
formation of the wake behind the trip wire and the boundary layer separates 
asymmetrically from the two airfoil surfaces, as discussed previously. In this 
case, there is a weak interaction between the wakes of the upper and lower 
surfaces causing different minimum velocity peaks in the upper and lower 
regions of the wake. Further downstream at d c  = 1 .O, the interaction between 
the wakes becomes strong indicating a minimum velocity at the wake center, 
due to the high momentum flow by the vortex pairs. Much further 
downstream, the velocity profile defect starts to decrease. The airfoil with 
trip-2 is characterized by larger velocity defect and the velocity profiles 
showed asymmetrical wake. 

3-4 Wake Flow Parameters 

Sreenivasan and Narasimha [18] and Townsend [19] have characterized 
a plane wake by two parameters ( b ) and (Au), where b is the half-wake width 
and Au is the wake defect velocity. The wake center is defined as the location 
of maximum velocity defect (Au, ). The maximum velocity defect Au, 
normalized by the free-stream velocity ( U, ) and the half-wake width ( b ) 
normalized by the airfoil chord ( c ). A schematic representation of the wake 
parameters for symmetrical and asymmetrical cases are shown in Fig. (8). The 
parameters which represent the general behaviour of the wake downstream the 
untripped cambered airfoil ( NACA-2415 ) are selected and shown in Fig. (9) 
for angles of attack of -10,0, and 10 degrees. It is observed from this figure 
that the wake half-width ( b ) is not same on the two sides of the wake. For 
0 = -10 and zero degrees, the half-width of the wake is more on the lower side 
of the cambered airfoil than that on the upper side. The variation of an average 
of the values of the half-widths on the upper and lower sides ( b ) are included 
in the figure. As shown in Figs. (9-a) and (9-b), the average wake width 
increases with increasing d c ,  because of the diffusional processes that take 
place in the free turbulent shear flow. For 0 = 10 degrees, Fig. (9-c), the 
half-width of the wake on the upper side of the wake is more than that on the 
lower side due to the presence of adverse pressure gradient which causes 
separation flow on the upper and lower surfaces of the airfoil. It is seen that, 
the width of the wake was found to be strongly dependent upon the angle of 
attack. Therefore, it can be concluded that, the pressure gradient and separation 
location on the airfoil significantly control the growth of the half-width of the 
wake and this, in turn, controls the wake size downstream the airfoil. The 
growth of the average half-wake width is faster for a positive angle of attack 
than that of zero and negative angle of attack. The variation of the maximum 
value of the dimensionless mean velocity defect ( Au, / U, ) withdc for 
different attack angles are included in the figures. As pointed out, Aum / U, 
decreases as d c  increases, for 0 = -10 and zero angle of attack. The wake 



velocity defect decrease resulting in a continuous increase of the wake width 
with downstream location. The decay rate of dimensionless maximum velocity 
defect in the presence of positive pressure gradient ( 0 = 10 degrees ) is slower 
than that in the case of zero and negative pressure gradients. This occurs due to 
the presence of asymmetric separation patterns which are formed on the upper 
and lower airfoil surfaces, as discussed previously in section (3-1). 

The wake parameters downstream the tripped airfoil are shown in 
Fig. (10) for different trip-wire diameters and different attack angles. The 
experimental results indicate that, the average wake width strongly affected 
with the size of the trip-wire. For 0 = -10 degrees, the average wake width with 
the untripped airfoil is more than that of the tripped airfoil. On the other hand, 
the presence of tripping slightly increases the rate of decay of the maximum 
velocity defect and reducing its value in the location immediately downstream 
the airfoil. Increasing the angle of attack from -10 to 0 and 10 degrees delays 
the decay of the maximum velocity defect. This occurs because the separation 
location on the upper surface of the airfoil moves fonvard and rearward on the 
lower surface in the presence of tripping wires. Therefore, it can be concluded 
that, the presence of tripping slightly influences the decay of the maximum 
mean velocity defect in the case of zero and negative angles of attack. For 
0 = 10 degrees, the maximum velocity defect increases with increasing the 
trip-wire diameter (trip-2) and hence the rate of decay is decreased. 

3-5 Wake Similarity 

Figures (1 1) to (13) show the lateral distribution of the non-dimensional 
mean velocity defect for different longitudinal locations and for various values 
of angle of attack. The normalized mean velocity defect are plotted for the 
tripped and untripped airfoil. The mean velocity defect is normalized by its 
maximum value ( hum ) and the lateral distance by the average wake width 
( g ) .  The purpose for normalizing the mean velocity defect and the lateral 
distance is to check the existence of similarity for mean velocity defect 
profiles. In these figures, the experimental results (symbols) are compared with 
the developed theory for straight wakes (solid and broken lines) Ref. 1201 and 

[21]. The solid and broken lines are based respectively on, Au / Au, = e-+2 

and Au / Au, =(I-  0.293 )2 where 4 = ( y - y,) /b  and y, is the lateral 
distance measured from the wake center. It appears from Fig. (1 1) that, the 
results of mean velocity defect in the c,ase of 0 = -1 0 degrees, which leads to a 
favourable pressure gradient, confirm the existence of similarity and almost 
identical to the straight wake. It is observed also from Fig. (1 1) that, the wakes 
are wider on the lower side of the wake. Hence, it may be considered that the 
effect of airfoil curvature and the favourable pressure gradient on the mean 
velocity defect profiles are small. This is observed for tripped and untripped 
airfoil. Increasing the angle of attack from -10 to zero and 10 degrees 
increases the degree of asymmetry in the mean velocity defect profiles, as 
shown in Figs. (12) and (13). This asymmetric behaviour is aresult ofthe 



existence lateral pressure gradient associated with wake curvature. In case of 
boundary layer tripping, the individual velocity defect profiles are 
characterized by a highly dissipative vortical core inside the wake region 
surrounded by an external potential flow region. In addition, the presence of 
trip wires causes two peak values of the mean velocity defect in the wake 
region. This may be attributed to leading edge separation and due to the wake 
of the trip wires located near to the leading edge of the airfoil, Refs. [12] and 
[13]. Figures (11) to (13) show that the similarity profiles of tripped and 
untripped airfoil are well described with the previous developed theory for the 
case of the negative angles of attack. For zero and positive angles of attack, 
asymmetry about the wake center in the similarity profiles is reduced when 
compared to the asymmetry in the mean velocity profiles due to the 
appropriate normalization. However, the comparison between the experimental 
results and the developed theory given in Refs. [20] and [21] indicates that the 
similarity profiles are not represented by this theory. 

4- CONCLUSIONS 

On the basis of an experimental investigation on the effects of the 
boundary layer-tripping on the performance and the development of an airfoil 
wake, the following conclusions can be drawn, 

1- The results showed that the airfoil performance is sensitive to the tripping 
mechanism. The stall flow was extremely affected with the trip used and 
hence to the turbulence level in the flow immediately downstream the trip. 

2- The drag coefficient for the airfoil with trip-wires becomes higher than that 
the corresponding value for the untripped airfoil. This causes a more 
reduction in the airfoil effectiveness. 

3- The mean velocity distribution behind the untripped airfoil exhibited 
asymmetric character in the case of positive angles of attack due to the 
existing of an adverse pressure gradient across the wake and curvature 
effects. 

4- For untripped airfoil,. the wake centerline velocity (minimum velocity) 
recovers faster in the case of negative angles of attack than that in the case 
of zero and positive angles of attack. The wake width is not the same on 
both sides of the wake. 

5- The wake velocity profiles are observed to be asymmetrical when the wake 
is influenced by the positive pressure gradient and boundary layer-tripping. 
The boundary layer-tripping did not affect strongly the wake velocity 
profijes in case of negative angles of attack. Increasing the angle of attack 
cakes a strong distortion in the wake velocity profiles due to the presence 
of violent eddies and asymmetric flow separation. 

6- The presence of tripping slightly influences the decay of themaximum 
mean velocity defect in the case of zero and negative angles of attack. For 
0 = 10 degrees. the maximum velocity defect increases with increasing the 
trip-wire diameter (trip-2) and hence the rate of decay is decreased. 



7- For negative angle of attack and untripped airfoil, the similarity in the 
mean velocitv ~rofiles for the Dressure or suction side is almost identical to 
the straight wake profile. ~'ymmetry in the velocity profiles behind the 
tripped and untripped airfoils increases with increasing the angle of attack 
and the trip wire diameter. 

NOMENCLATURE 
half-wake width 
average half-wake width, 0.5( b, + b, ) 
airfoil chord 
drag coefficient, D / ( 0.5 p U$ c ) 

lift coefficient, L /  ( 0.5 p U i  c )  

static-pressure coefficient, ( P  - Po) l(0.5 p U i  ) 
drag force 
lift force 
static pressure 
reference static pressure 
Reynolds number, Uo c / v 
free-stream velocity 
fluid-velocity at a distance y 
minimum velocity at the wake centerline 
wake velocity defect 
streamwise-direction with origin at the leading edge 
crosswise-direction 
angle of attack 
fluid density 
kinematic viscosity 

Subscripts 
c wake centerline condition 
l lower side of the wake 
m maximum conditions 
min minimum conditions 
o free-stream value 
u upper side of the wake 
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, Location of trip-wire 
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Taploeations an the upper surface 
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Tap-locations on the lower surface 

TapNo. 1 2 3 4 5 6 7 

x l c  (%) 0 11.5 21 32 41.5 57 72.5 

Fig. (1) Model profile of NACA-2415 airfoil 
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Figure (2-a) and (2-b) 



Fig. (2) Effect of angle of attack on the pressure coefficient 
of untripped and tripped airfoil 

Fig. (3) Effect of tripping on the minimum pressure coefficient 
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Fig. (4) Effect of angle of attack on the effectiveness of untripped 
and tripped airfoil 



Fig. (5) Effect of tripping on the drag coefficient 

Fig. (6) Effect of angle of attack on mean longitudinal velocity distributions 
for untripped airfoil, Re = 1.61 x lo5 . 



(c) u/uo 
Fig. (7) Effect of tripping on the longitudinal velocity distributions, 

Re = 1.61x105. 



Symmetric wake Asymmetric wake 

Fig. (8) Definition sketch of wake parameters 
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Fig. (9) Wake flow parameters 
for untripped airfoil 
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Fig. (10) Effect of tripping on wake 
flow parameters 



Pig. (11) Normalized velocity defect for 8 = -10 degrees 

Fig. (12) Normalized velocity defect for zero angle of attack 

Fig. (13) Normalized velocity defect for 8 = 10 degrees 






