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The behaviour of a turbulent boundary layer on a flat surface as it encounters the 
nose of a cylindrical wing mounted normal to that surface is being investigated. A 
three-component laser anemometer has been developed to measure this highly 
turbulent three-dimensional flow. Measurements of all the non-zero mean-velocity 
and Reynolds-stress components have been made with this instrument in the plane 
of symmetry upstream of the wing. These data have been used to  estimate some of 
the component terms of the turbulence kinetic energy equation. Histograms of 
velocity fluctuations and short-time cross-correlations between the laser anemometer 
and a hot-wire probe have also been measured in the plane of symmetry. In  all, these 
results reveal much of the time-dependent and time-averaged turbulence structure 
of the flow here. 

Separation occurs in the plane of symmetry because of the adverse pressure 
gradient imposed by the wing. I n  the time mean the resulting separated flow consists 
of two fairly distinct regions: a thin upstream region characterized by low mean 
backflow velocities and a relatively thick downstream region dominated by the 
intense recirculation of the mean junction vortex. In  the upstream region the 
turbulence stresses develop in a manner qualitatively similar to those of a two- 
dimensional boundary layer separating in an adverse pressure gradient. In  the 
vicinity of the junction vortex, though, the turbulence stresses are much greater and 
reach values many times larger than those normally observed in turbulent flows. 
These large stresses are associated with bimodal (double-peaked) histograms of 
velocity fluctuations produced by a velocity variation that is bistable. These 
observations are consistent with large-scale low-frequency unsteadiness of the 
instantaneous flow structure associated with the junction vortex. This unsteadiness 
seems to be produced by fluctuations in the momentum and vorticity of fluid from 
the outer part of the boundary layer which is recirculated as it impinges on the 
leading edge of the wing. Though we would expect these fluctuations to be produced 
by coherent structures in the boundary layer, frequencies of the large-scale 
unsteadiness are substantially lower than the passage frequency of such structures. 
It therefore seems that only a fraction of the turbulent structures are recirculated in 
this way. 

1. Introduction 
An appendagebody juncture flow is formed when a boundary layer on a surface 

encounters a protuberance or strut projecting from that surface. Upstream of the 
protuberance the time-averaged direction of the boundary-layer vorticity is spanwise 
across the surface. In  order to satisfy the vortex theorems of fluid dynamics, 
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streamwise legs of this upstream vorticity stretch around the protuberance in a 
horseshoe shape with each leg having vorticity of the opposite sense. In  most 
practical situations the protuberance has some aerofoil section and therefore imposes 
strong pressure gradients upon the junction flow. These greatly complicate the flow, 
producing a region of separation around the leading edge of the protuberance, a 
region of strong flow acceleration between the leading edge and maximum thickness, 
and a region of adverse pressure gradient (and possible separation) towards the 
trailing edge. This type of three-dimensional turbulent flow occurs in many 
situations of engineering interest, such as in turbomachinery blade and endwall 
flows, aircraft wing and body junction flows, and ship appendage and hull junction 
flows. 

The flow in the immediate vicinity of the leading edge of such a protuberance is 
very poorly documented and understood. Surface oil- flow visualizations in this 
region have been performed for a variety of different appendage shapes (Belik 1973 ; 
Baker 1980; Rood 1984; Moore & Furlini 1984; Harsh 1985; Abid & Schmitt 1986; 
Dickinson 1986 and many others). These visualizations show complex and sometimes 
ambiguous patterns of oil streaks in the separated-flow region. Most workers have 
interpreted these patterns as showing the separation of the backflow upstream of the 
appendage and as a result find it necessary to speculate on the existence of multiple 
regions of recirculation in the mean flow away from the wall. 

The structure of the instantaneous flow in the nose region has been observed by 
Falco (Van Dyke 1982, Plate 165) who studied the flow of a low-Reynolds-number 
turbulent boundary layer past an upright circular cylinder. His visualizations, 
performed using smoke, show that eddies in the outer region of the boundary layer 
are rapidly distorted as they approach the protuberance. He also reports seeing an 
intermittent rushing of fluid upstream from the leading edge of the protuberance in 
a ‘jet’ close to the wall. 

Only Tree (1986) and Abid & Schmitt (1986) have made velocity measurements 
(using directionally sensitive laser anemometers) in the separated-flow region near 
the nose. Both of these studies used a wing with a circular leading edge. Tree mapped 
in great detail the mean-velocity field in the plane of symmetry but made no 
turbulence measurements. Abid & Schmitt present measurements of mean velocity 
and turbulence kinetic energy but their published results do not reveal the 
turbulence structure of the flow in much detail. Both of these studies show a simple 
region of intense recirculation adjacent to the wall in front of the protuberance, 
confined to an area less than one-fifth of the boundary-layer thickness in height. 

The Reynolds-averaged effects of this junction vortex on the flow downstream of 
the nose, in the streamwise corner between the appendage and body, have been 
studied by a number of workers for several different appendage shapes (Shabaka & 
Bradshaw 1981; McMahon, Hubbart & Kubendran 1983; Mehta 1984; Moore & 
Furlini 1984; Rood 1984; Kubendran, McMahon & Hubbart 1986; Diekinson 1986). 
Despite the different appendages, all of these studies show the flow to have the same 
basic structure in this region. A strong secondary flow, associated with the junction 
vortex rotates so as to bring fluid close to the protuberance down towards the 
surrounding surface and then outwards across it. This action energizes the mean flow 
close to the surface. The junction vortex significantly alters the turbulence structure 
as well, enhancing turbulence levels near the centre of the secondary flow and 
suppressing them closer to the appendage. Effects on the turbulence shear stresses 
are also large, resulting in negative and non-isotropic eddy viscosities (Shabaka & 
Bradshaw 1981). 
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FIGURE 1 .  Perspective view of the wing-body junction showing the three-component LDV 
system. 

Observations concerning the spectral characteristics of flows past appendagebody 
junctions have been made by Rood (1984) and Hasan, Casarella & Rood (1985). 
Rood's velocity measurements, on a cylindrical protuberance with a 3 : 2 semi-elliptic 
nose, show extensive spatial coherence in the vortex flow downstream of the 
protuberance a t  low frequencies. Frequencies in one bandwidth f S / U ,  = 0.04 to 0.13, 
where S and U ,  are the thickness and edge velocity of the undisturbed approach 
boundary layer, appear to emanate from the nose region of the junction. The wall- 
pressure spectra of Hasan et al., for a similar configuration with a 3:  1 elliptical nose, 
show pressure fluctuations in the separated flow ahead of the protuberance to be 
most intense for f S / U ,  between about 0.008 and 0.08. In  the corner flow accelerating 
between the nose and maximum thickness there is some suggestion of a second 
frequency band between f S / U ,  of about 0.074.17. 

The purpose of our continuing investigation is to study in detail the time-averaged 
and time-dependent properties of the flow past an idealized wing-body junction. I n  
this paper we shall present detailed laser-anemometer measurements made in the 
region of separated flow immediately upstream of the leading edge of the wing. 

2. Experimental apparatus and instrumentation 
2.1. The wing 

The wing (figure 1) is cylindrical. I ts  cross-section consists of a 3 : 2 elliptical nose 
(with its major axis aligned with the chord) and NACA 0020 tail joined at  the 
maximum thickness. It has a maximum thickness of 7.17 cm, a chord of 30.5 cm and 
a height of 22.9 cm. 

The boundary layer on the wing is tripped to avoid any unsteadiness or uneveness 
in the flow that may result from natural transition. Trip wires of circular cross- 
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FIGURE 2. Side-view schematic of the wind-tunnel test section for the wing-body junction 
experiments. Vertical scale exaggerated to show detail. 

section, 1 mm in diameter, are attached 10 mm upstream of the maximum thickness 
of the wing. This diameter was chosen according to  criteria stated by Schlichting 
(1968) to ensure that the wires would be fully effective at  the lowest flow speeds of 
interest. 

2.2. The wind tunnel 
The wind tunnel is of an open-circuit type and is powered by a centrifugal blower. 
Air from the blower is supplied to a test section after first passing through a fixed- 
setting damper, a plenum, a section of honeycomb to remove the mean swirl of the 
flow, seven screens to remove much of the turbulence intensity, and a 4: 1 contraction 
to further reduce turbulence levels and accelerate the flow to test speed. The 
potential core of the flow entering the test section is uniform to within 0.5% in the 
spanwise direction and 1 % in the vertical direction and has a turbulence intensity 
of 0.2 % a t  27 m/s. This tunnel has been used in much previous research at VPI & 
SU and at  Southern Methodist University. 

The wind-tunnel test section (figure 2) is 6 m long, 0.91 m wide and has a 
rectangular cross-section. Flow entering the test section is subjected to a further 
1.5: 1 contraction produced by the shape of the upper wall. A throat is reached 
1.63 m downstream of the entrance where the test section is 25.5 cm in height. 
Downstream of the throat the upper wall is almost parallel to the (flat) lower test 
wall, diverging gradually from it with distance downstream. In the absence of the 
wing this arrangement produces a flow of very nearly zero streamwise pressure 
gradient and thus an equilibrium boundary layer on the test wall. This boundary 
layer, which is tripped by a 0.63 cm high step at the test-section entrance, was 
studied during the first part of this research (Ahn 1986; Devenport & Simpson 1986). 
This work shows its statistical and spectral properties to be very much like those of 
equilibrium boundary layers studied by previous workers. Measurements made in 
the boundary layer closely satisfy the two-dimensional momentum integral equation, 
Velocity and pressure spectra show no preferred frequencies. 

The wing was mounted on the test wall a t  zero incidence and sweep with its leading 
edge 1.39 m downstream of the throat. As recommended by Dechow (see Dechow & 
Felsch (1977)) a gap (of 37 mm) was left between the upper end of the wing and the 
upper wall of the wind tunnel. This gap prevented the formation of a second junction 
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vortex here which might have interfered with the flow on the test wall further 
downstream. Inserts for the wind-tunnel sidewalls were constructed to minimize 
blockage-induced pressure gradients around the wing. 

2.3. Laser Doppler anemometer 
A three-component laser Doppler velocimeter (LDV) was used to measure the 
magnitude and direction of the mean-velocity vector, elements of the Reynolds- 
stress tensor and other properties of the flow. 

The LDV uses a Coherent Innova 90 argon-ion laser operated a t  a wavelength of 
514.5 nm with a power of about 1.5 W. Light from the laser is passed through a dual 
Bragg cell containing 21.5 MHz and 15 MHz transducers. The Bragg cell is adjusted 
so that almost all the light leaving it is in four beams of approximately equal 
intensity, one unshifted and the other three shifted by - 15, 21.5 and 6.5 MHz. One 
of three different sets of sending optics is used to direct these beams to the 
measurement volume. Each set of sending optics produces an arrangement of the 
beams that is sensitive to a different pair of velocity components. Only one set of 
sending optics is used a t  any one time. 

The optical system designed by Simpson & Chew (1979) is used to measure velocity 
components in the (U,  V)-plane. This system produces three convergent beams 
(unshifted, +21.5 MHz shifted and - 15 MHz shifted) that enter the wind tunnel 
through one of its glass sidewalls, as shown in figure 1. In  the measurement volume 
these beams produce moving fringe patterns sensitive to U-, V- and (U-V)-  
component velocities, with small contributions from W that were negligible in the 
present experiments. The U ,  W optical system (figure 1) produces a similar 
arrangement of these three beams which in this case enter the wind tunnel through 
a Plexiglas plate set in the test wall. At their crossing point these beams produce 
moving fringe patterns sensitive to U-, W- and (U-  W)-component velocities with 
negligible contributions from V .  The V, W optical system, which was not used for 
measurements presented here, is described by Devenport & Simpson (1987). 

The flow is seeded using a dioctal phthalate smoke produced by the aerosol 
generator described by Simpson & Chew (1979), originally designed by Echols & 
Young (1963). Smoke is injected into the test-wall boundary layer through a slot 
located a t  the step where this boundary layer is tripped (see figure 2). Since the 
smoke is ultimately discharged into the laboratory some of it returns through the 
centrifugal blower providing seeding particles in the free stream. 

Light scattered from the measurement volume is collected through the sidewall of 
the wind tunnel, about 20' away from the axis of the U,  V optics in the downstream 
direction. The scattered light is focused on to the 200 pm pinhole of a single 
photomultiplier tube by a large converging lens. This off-axis scattering arrangement 
makes the effective size of the U, V and U,  W measurement volumes 0.3 x 0.3 x 0.6 
mm and 0.07 x 0.3 x 0.07 mm in the X-, Y- and Z-directions respectively. 

Reynolds-averaged velocity measurements are obtained from the photomultiplier 
signal using the technique known as fast-sweep-rate sampling spectrum analysis. 
This method, described in detail by Simpson & Barr (1974, 1975) and Simpson & 
Chew (1979) involves the detection of peaks in the output of a rapidly swept filter 
spectrum analyser. When using this method, only a fraction of those particles 
traversing the measurement volume are detected (about 400 to 500 per s). This 
means that data obtained from different signals over the same period of time will not 
have been produced by the same set of seeding particles. The Reynolds shear stresses 
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- UIUre, 0.07 -0.34 0.06 0.56 
~ " ~ , z , ,  0.014 0.052 0.041 0.003 

u p , , )  
0.025 0.025 0.025 0.025 
0.000 1 0.007 0 0.0065 0.0002 - 

- ~ v / u ~ e r  

W/U,2,,) 0.0005 0.001 6 0.001 3 0.000 1 
4 - (uv) /~," , , )  0.000 3 0.001 3 0.001 9 0.000 1 
S( - T/l& 234_2 aU/aX) 0.016 0.120 0.086 0.004 
6( - T/U:ef 2 3  aV/aY) 0.002 0.022 0.039 0.00003 
- TI qe1 2v= a wlaz) 0.01 1 0.029 0.034 0.0008 
- ~ / ~ ; ~ , 2 r n a t i / a ~ )  0.01 1 0.084 0.061 0.000 1 

S( - T/U$ZrnaV/aX) 0.00005 0.004 0.014 0.000 1 

S( - T/{Jrel Uau2/laX) 0.003 0.067 0.003 0.001 9 
6( - TI U,3,, U @/ax) 0.000 7 0.033 0.006 0.001 
a( - T/u,s,, uaglax) 0.001 2 0.012 0.004 0.0009 
S ( - T / U ; ~ ~  vag/ar) 0.003 0.010 0.002 0.000 1 

6 (total production) 0.016 0.120 0.082 0.004 

S( -T/U:elVaz;L13Y) 0.0005 0.005 0.002 0.00007 
4 - T/u;~, v w / a ~ )  0.001 3 0.003 0.000 6 0.00006 
S (total advection) 0.005 0.076 0.007 0.0024 

TABLE 1 .  Estimates of 95% confidence limits (8) for measurements made with the LDV 

therefore cannot be obtained directly by multiplying the signals of different velocity 
components. Instead they are obtained using the mean square of signals that 
correspond to the difference of velocity components. 

The small diameter of the U,  W measurement volume caused some finite-transit- 
time broadening of the corresponding signals. This error results from having only a 
small number of fringes in the measurement volume. It increases the measured 
turbulence intensity by an amount in proportion to the mean velocity while leaving 
the mean velocity unaffected. It is therefore simple to correct. Corrections obtained 
using the theory described by Durst, Melling & Whitelaw (1981) have been applied 
where necessary to the data presented in this paper. 

Uncertainty estimates for the LDV measurements are listed in table 1. It should 
be mentioned that turbulence measurements in the free stream are not reliable 
because of the lack of seeding particles here and inaccuracies in the corrections for 
finite- transit- time broadening. 

3. Results and discussion 
Results will be presented using the right-handed coordinate system (X, Y ,  2)  and 

(U,  V ,  W )  defined in figure 1. Distances are non-dimensionalized by the maximum 
thickness of the wing T, equal to 71.7 mm. Velocities are non-dimensionalized by 
Uref, the approach main-stream velocity measured using a Pitot-static tube mounted 
in the wind-tunnel throat 1.39 m upstream of the nose of the wing. Under nominal 
test conditions the momentum- thickness Reynolds number of the approach 
boundary layer, measured 2.15T upstream of the wing leading edge, was 6700, 
corresponding to a total boundary-layer thickness S,,,, of 36 mm (S9,.JT = 0.50) and 
Urer of 27 m/s. 
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FIGURE 3. Contours of mean pressure coefficient in the vicinity of the nose of the wing, 

(a) measured on test wall, (b )  calculated for free stream. 

3.1. Surface-pressure measurements and oil-$ow Visualization 
Figure 3 shows contours of mean static pressure coefficient C, measured on the test 
wall in the vicinity of the nose of the wing. Contours for the free stream calculated 
by assuming two-dimensional unbounded potential flow are also drawn. C,, defined 
as (p-pre f ) / (po-pre f ) ,  where p ,  and pref are the stagnation and static pressures of the 
undisturbed free stream, has an uncertainty of about 0.006 for the measurements. 
However, the difficulty of assigning exactly equivalent reference pressures for the 
measurement and calculation means that there is an additional uncertainty in their 
comparison of about 0.02 in C,. 

The wall and free-stream pressure distributions are qualitatively fairly similar 
despite the fact that the magnitude of the wall C, is considerably lower in the 
immediate vicinity of the wing because of the boundary layer. An interesting feature 
seen only on the wall is the distortion of the measured contours that occurs about 
0.3T from the wing surface. This is probably due to the lowering of the pressure in 
the vicinity of the junction vortex. Measurements (not plotted in figure 3) show the 
pressure distribution about the wing to be very closely symmetrical. 

Figure 4 shows a surface oil-flow visualization performed on the test wall around 
the wing nose. A line of separation, wrapped around the wing, originates at a saddle 
(or separation) point in the plane of symmetry 0.47T upstream of the wing leading 
edge. (Strictly speaking, a line of attachment, coincident with the plane of 
symmetry, also passes through this saddle point.) Separation occurs because of the 

2-2 
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FIQURE 4. Surface oil-flow visualization performed on the test wall surrounding the wing nose. 
Circles show locations of LDV measurements in the plane of symmetry. 

strong adverse pressure gradient imposed by the wing in this region (figure 3). 
Surprisingly, away from the saddle point, the separation line is not initially marked 
by much accumulation of pigment. Instead pigment has built up on a line formed 
closer to the wing that crosses the plane of symmetry 0.28T upstream of the wing. 
Close to the plane of symmetry this line is not a separation or reattachment since the 
oil streaks here pass through it. Measurements made by Devenport & Simpson 
(1989) show this to be a line of low streamwise shear. This line divides the separated 
flow into two distinct regions: a strip of high surface shear stresses adjacent to the 
wing, presumably generated by the time-averaged action of the horseshoe vortex, 
and a crescent-shaped region of apparently lower shear stresses upstream. Although 
not clearly visible in figure 4, oil-flow visualizations did show the presence of a small 
region of secondary separation in the corner between the wall and wing. This was 
observed as a reattachment line on the wall and a line of separation on the wing 
about 0.025T from the corner in the plane of symmetry. 

3.2. Reynolds-averaged measurements of velocity 
Measurements were made using the laser anemometer a t  a number of the stations in 
the plane of symmetry (figure 4). Uncertainties in these data are listed in table 1. 

Mean-velocity measurements, drawn as vectors in figure 5, show the expected 
presence of the time-mean junction vortex. This roughly elliptical structure, centred 
near X / T  = -0.2, Y / T  = 0.05 generates an intense backflow by reversing fluid 
impinging on the leading edge of the wing. The backflow reaches a maximum mean 
velocity of 0.48Ur,, and then decelerates, giving the appearance of reseparation 
between X/T = -0.25 and -0.3 in the vicinity of the line of low shear. Reseparation, 
however, does not occur, as a thin region of weak reversed flow is sustained adjacent 
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to the wall. This region is then all that persists of the backflow upstream to the 
separation point a t  X/T = -0.47. 

The near-wall behaviour of the separated flow is illustrated to a certain extent in 
figure 6. This shows the variation of ypu, the fraction of time for which the flow is in 
the positive U-direction, in the plane of symmetry as deduced from laser-anemometer 
measurements made 0.01 in. (0.003T) from the wall. Figure 6 shows the expected fall 
in ypu as the flow approaches separation a t  X/T = -0.47 (ypu should pass through 
0.5 near a separation point). Between separation and the line of low shear ypu 
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remains approximately constant a t  around 0.45. The implication is that in- 
stantaneously this zone is one of intermittent forward and reverse flow and not one 
of organized detachment. Closer to the wing, under the influence of the junction 
vortex, ypu falls, becoming almost zero a t  X / T  = -0.1 and -0.05. 

The flow approaching the nose of the wing is subjected to the strong adverse 
pressure gradient illustrated in figure 3. On either side of the plane of symmetry, 
cross-stream pressure gradients, which steepen as the wing is approached, tend to 
draw flow away from the plane of symmetry in the spanwise direction. The effects of 
this pressure field and of the junction vortex can be seen in the profiles of mean 
velocity, turbulent stresses and correlation coefficients plotted on semilogarithmic 
scales in figures 7-10. 

From the most upstream station (X/T = -0.86) to the vicinity of the se,paration 
point ( X / T  = -0.46) these measurements reveal a flow developing in a manner not 
unlike a two-dimensional turbulent boundary layer in an adverse pressure gradient 
(see for example Simpson, Chew & Shivaprasad 1980, 1981 ; Shiloh, Shivaprasad & 
Simpson 1981). The outer region of the mean-velocity profile grows here, engulfing 
the log-law region (figure 7a). The peak levels of the turbulence stresses increase, the 
peak in 2 moving away from the wall (figure 9a).  Over the outer part of the 
boundary layer 7 and are approximately equal and the ratios (v2/Iuz); and (wz/Iu2)i 
remain approximately constant between about 0.5 and 0.6. The two correlation 
coefficients -w/(-); and -m/(u2 + w2 + w') remain fairly constant over most of 
the boundary layer, at about 0.35 and 0.1 respectively (figure 10) and vary little with 
distance downstream. (Note that the erratic variations of the coefficients in the near- 
wall region are thought to be due to uncertainty in the measurement of -w and are 
not physically significant.) 

However, this two-dimensional analogy is limited. The boundary-layer thickness 
in this region (plotted in figure 6) falls with distance downstream instead of 
increasing, as would normally be expected in an adverse pressure gradient. A 
comparison between the profiles of z / U & ,  and -G/qe,  at X / T  =-0 .5 ,  0.88 
upstream of separation, and those of Simpson et al. (1980), 0.258 upstream of 
separation in a two-dimensional boundary layer, shows that the peaks of the present 
profiles are much closer to the wall (figures 8a and 9a). These three-dimensional 
effects are due, at least in part, to the removal of fluid from the plane of symmetry 
by the cross-stream pressure gradients acting on either side. These gradients affect 
most the low-momentum boundary-layer fluid close to the wall and thus act to 
reduce the boundary-layer thickness and hold the boundary layer to t,he wall. 

An interesting three-dimensional effect with no obvious explanation is apparent in 
the near-wall behaviour of the turbulent normal stress 2 in this zone (figure 9a).  As 
the wall is approached 3 remains approximately constant a t  its peak value 
becoming equal to, if not exceeding, 2 very close to the wall. In  two-dimensional 
boundary layers 2 remains a small fraction of 2 as the wall is neared (Shiloh et al. 
1981 ; Sandborn & Slogar 1955; Schubauer & Klebanoff 1950). 

Between separation and the line of low shear (-0.47 < X/T < -0.28) the mean- 
velocity profiles (figure 7a, b )  develop maxima near the boundary-layer edge. The 
continuing reduction of boundary-layer thickness in this region (figure 6) indicates a 
curvature of the free stream sufficient to account for this. I n  the thin region of mean 
backflow that occupies most of this region (figure 5 )  the mean-velocity gradient at 
the wall remains very small (figures 7 a ,  b ) ,  consistent with the oil-flow visualization 
(figure 4) and the variation of ypu (figure 6). Upstream ofX/T = -0.3, where some 
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FIGURE 8(u-e). Profiles of the turbulent shear stress --m/Ufef. Solid line shows -mi data of 
Simpson et ul. (1980) for a two-dimensional boundary layer separating in an adverse pressure 
gradient. (These data are compared by scaling them on the local boundary-layer thickness and edge 
velocity.) 

of the reversed flow is associated with the mean junction vortex, the weak backflow 
is probably generated by the turbulent structures of the boundary layer as they 
decelerate in the adverse pressure gradient. The low momentum of this reversed fluid 
makes it especially susceptible to the cross-stream pressure gradients on either side 
of the plane of symmetry, perhaps explaining why this region remains so thin. As will 
become clear the kinks in the mean velocity profiles a t  X / T  = -0.35 and -0.3 are 
associated with unsteady motion in the vicinity of the junction vortex. 

The turbulent stresses measured in this zone show the effects of separation and, at 
X / T  = -0.35 and -0.3, the increasing influence of the junction vortex. The profiles 
of -m/Upef and 7/Utef develop pronounced peaks between Y/T = 0.01 and 0.1 that 
appear symmetrical on the semilogarithmic scales of figures 8 ( b )  and 9 ( b ) .  The 
corresponding profiles of z/U:ef develop in a similar way except that they also show 
substantial increases in the turbulence level between Y/T = 0.004 and 0.01. ;;"/U:ef 
increases little in this zone as do all the stresses in the outer part of the boundary 
layer ( X / T  > 0.1). 

Under the immediate influence of the junction vortex, between X / T  = -0.3 and 
-0.15, the profiles of mean and turbulence quantities cease to bear much 
resemblance to those of a boundary layer in an adverse pressure gradient. The 
circulation of the mean vortex dominates the mean-velocity profiles (figure 7 b ) .  The 
maxima in the outer part of these profiles, attributed to curvature of the free stream, 
persists, moving slightly towards the wall as the wing is approached. Within the 
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FIGURE 9(a ,b) .  For caption see facing page. 
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- FIGURE 9 (a-c). Profiles of the turbulent normal stresses G/U,Z,, (squares), ~ / U ~ e , ,  (triangles) and 
w2/lJ,Z,, (circles). Solid line shows u2 data of Simpson et al. (1980) for a two-dimensional boundary 
layer separating in an adverse pressure gradient. (These data are compared by scaling them on the 
local boundary-layer thickness and edge velocity.) 

time-mean vortex the turbulence stresses are very large. The maximum recorded 
values of -m/CJ:ef, v2/U:ep and G/U:ef are all reached about 0.04T from the wall in 
the area of high mean-velocity gradient near the centre of the vortex. This fact alone, 
though, does not seem to be enough to explain the sizes of these stresses which a t  
some locations are more than an order of magnitude greater than those normally 
observed in turbulent boundary layers. ?/ U,Z,, becomes particularly big, reaching a 
maximum of 0.073 (0.225 if non-dimensionalized by the local edge velocity) a t  
X/T = - 0.2. Large values ofg/U:e, were also recorded close to the centre of the mean 
vortex. However, this stress reaches its maximum recorded value of 0.098Ute, much 
closer to the wall, near Y / T  = 0.006, where both 2 and 2 are comparatively small. 
The high turbulence stresses near the centre of the mean junction vortex are 
associated _ - -  with increased values of the correlation coefficients -m/(U2"2); and 
-w / (u2  +v2+w2)  of about 0.55 and 0.2. Results presented and discussed below show 
this to be a result of large-scale coherence in the instantaneous flow here. 

Above the junction vortex (Y/T > 0.2) the turbulence stresses fall with distance 
downstream, perhaps as a result of the distortion and stretching of turbulent 
structures in the imposed pressure field. The appearance of negative Reynolds shear 
stresses close to Y/T  = 0.08 a t  X / T  = -0.15 may be a result of the angle of the flow 
here with respect to our laboratory fixed coordinate system. 

Downstream of the centre of the mean junction vortex ( X I T  = -0.1 and -0.5) the 
normal turbulence stresses, a t  all positions in the profiles, decrease rapidly with X ,  

- 
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reaching comparatively small values immediately upstream of the wing. The 
Reynolds shear stress also decreases, becoming negative over much of the boundary 
layer a t  X/T = -0.05. These effects are presumably a result of turbulent fluctuations 
being inhibited by the wing and of the gross distortion of the instantaneous 
boundary-layer structure that must be present in this region. Extrapolation of figure 
6 suggests a time-averaged boundary-layer thickness of 0.3T a t  the wing leading 
edge, 60% of its initial value. 

3.3. Probability-density functions of velocity 
Conventional turbulent mixing does not seem sufficient to explain the very large 
turbulence stresses recorded in the vicinity of the mean junction vortex. These 
stresses are, however, associated with unusual histograms of velocity probability- 
density functions (p.d.f.s) that  suggest the presence of another mechanism. 

Figure 11 shows a series of p.d.f.s of U measured during the traverse performed at 
X/T = -0.2 through the centre of the mean vortex. Above the mid-height of the 
vortex, Y/T > 0.05, the p.d.f.s have the approximately Gaussian form typical of 
turbulent flows. Below Y / T  = 0.05 the distributions are bimodal, appearing as though 
they have been produced by the addition of two roughly Gaussian distributions, or 
'peaks', with different mean values. U-component histograms of this type were 
observed a t  other streamwise locations as well, wi'thin the region indicated by the line 
drawn in figure 5. Bimodal p.d.f.s were also observed in the V- and (U-V)-  
components but over slightly different regions (figure 5 ) .  This phenomenon is absent 
from the W-component. 
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As is obvious from figure 11, the bimodal p.d.f.s do not all have the sa.me shape - 
the relative size and separation of the two peaks comprising each p.d.f. varying with 
position, the _ _  variance (the turbulence normal stress) changing accordingly. The 
maxima o f u 2 ,  v2 and ( u - v ) ~  all occur close to the point where the two peaks of the 
corresponding p.d.f. are furthest apart. An interesting feature of the U-p.d.f.s is that, 
despite these changes in shape, one peak is almost always centred near zero velocity 
and the other a t  large negative velocity. 

Since at a point the U-,  V-  (U-  V ) -  and W-p.d.f.s represent projections of t,he same 
joint velocity probability-density function, this joint p.d.f. must be bimodal 
throughout the aggregate of the regions drawn in figure 5.  The existence of the joint 
p.d.f. requires the ratio between the areas of the two peaks of a bimodal histogram 
to be the same for all velocity components a t  a point, whether or not the peaks can 
be distinguished in every component. Thus, the absence of bimodal histograms in the 
W-component means that the two peaks of the joint p.d.f. are always centred on the 
same value of W (zero). The bimodal regions of U,  V and U-V are not exactly 
coincident for the same reason. 

Double-peaked histograms of velocity fluctuations imply that the velocity has two 
preferred states. With reference to the U-p.d.f.s (most of which have a peak at  large 
negative velocity and one a t  near zero velocity) we shall call these two states the 
backflow mode and the zero-flow mode. The peaks in the V-p.d.f.s associated with the 
zero- and backflow modes may be identified by requiring that the ratio of the area 
of those peaks to the area of the entire p.d.f. be approximately the same as in t,he U- 
p.d.f.s. 

An approximate method has been devised to obtain from each bimodal histogram 
estimates of the average velocities associated with the zero- and backflow modes and 
an estimate of the proportion of time yb for which the backflow mode is present. The 
method assumes that the larger peak of each bimodal histogram is symmetrical, with 
a shape determined by its unattached side. This symmetrical distribution is then 
subtracted from the original histogram to yield an estimate of the shape of the other 
peak. The average velocities associated with the two modes may then be calculated. 
yb is given by the ratio of the area of the peak associated with the backflow mode to 
that of the original histogram. This procedure provides reasonably consistent data 
throughout most of the bimodal region. However, a t  locations where there are large 
differences between the size of the peaks or the peaks are close together, uncertainties 
in the calculated velocities are substantial and yb cannot be reliably estimated. 

Since both U- and V-component histograms were analysed in this fashion velocity 
vectors associated with the backflow mode (figure 12) and with the zero-flow mode 
(figure 13) may be drawn. Note that the regular mean-velocity vectors have been 
plotted in these figures a t  locations where the separate modes could not easily be 
distinguished (i.e. towards the edges of, and outside, the bimodal region). 

To appreciate the physical significance of these vector fields i t  is necessary to 
examine the distribution of yb in the bimodal region, plotted as contours in figure 14. 
Note that these contours are only drawn where yb could be confidently estimated. 

Near the downstream edge of the bimodal region yb approaches 1, implying that 
the flow here is almost always in the backflow mode. yb decreases monotonically with 
distance upstream falling to near zero at  the upstream edge of the bimodal region, 
the zero-flow mode dominating here. The flow in the bimodal region is thus normally 
a combination of the zero- and backflow modes so figures 12 and 13 can a t  best only 
represent extreme and comparatively rare states of the flow. Intermediate states 
may be better represented by combinations of these two plots. If we assume that the 
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FIGURE 12. Velocity vectors of the backflow mode (dotted line shows the extent of the 
aggregate of the bimodal regions of figure 5). 

L 

-0.5 -0.4 -0.3 -0.2 -0.1 0 - 
X f T  Ud 

FIGURE 13. Velocity vectors of the zero-flow mode (dotted line shows the extent of the 
aggregate of the bimodal regions of figure 5). 

bimodal histograms result from unsteadiness on the scale of the bimodal region then 
contours of yb represent likely instantaneous limits of the region occupied by the 
backflow mode. Probable flow patterns a t  various stages of the large-scale 
unsteadiness may therefore be constructed by plotting, for each yb contour, vectors 
of the backflow mode downstream and vectors of the zero-flow mode upstream. From 
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FIGURE 14. Contours of yb (the fraction of time for which the backflow mode is present). 

these patterns, presented in figure 15, and from those of figures 12 and 13, we propose 
the following time-dependent flow structure. 

For between 20 and 30% of the time (figures 13 and 15a) the recirculation region, 
formed by the reversal of fluid impinging on the wing, is much smaller than on 
average (figure 5). The backflow associated with this recirculation separates near 
X I T  = -0.2 where there are large velocities normal to the wall. (This is where 2 
reaches its maximum value.) As a result of this separation a weak secondary 
recirculation is formed upstream, centred near X / T  = 0.3. For the other 70-80 % of 
the time the fluid reversed by the wing does not reseparate in this fashion. Instead 
it continues upstream as a ‘jet ’ of near-wall backflow (figure 15b,  c ) .  Some of the time 
part of this fluid does lift away from the wall and recirculate (figures 15d, e and 12), 
but over a much larger region than on average. 

An intermittent reversed jet like that proposed above has been observed by Falco 
in the flow of a turbulent boundary layer past a circular cylinder mounted normal to 
a wall. Falco’s visualization (see plate 165 in Van Dyke 1982), performed in the plane 
of symmetry upstream, appears to show the jet being formed from irrotational free- 
stream fluid that has penetrated into the corner between the wing and wall. This 
suggests a connection between the unsteady flow structure we have proposed and the 
nature of fluid flowing into the corner region. 

Consider a situation in which a body of fluid from a rotational, presumably outer- 
region, boundary-layer structure arrives in the corner region. (This must happen at  
some time since our velocity measurements show significant Reynolds shear stresses 
here.) This fluid would have relatively low momentum. It would therefore be 
particularly susceptible to cross-stream pressure gradients and be lost fairly rapidly 
from the nose region. During this process its spanwise vorticity would be stretched 
and concentrated. It is easy then to  think of this fluid forming the relatively small 
recirculation region of figures 13 and 15(a). Consider now a situation in which a body 
of fluid from the free stream arrives in the corner region. Since this fluid would be 
irrotational and have a greater momentum i t  seems unlikely that it could be 
accommodated simply by an increase in the size of this rotational region of 
recirculation. Perhaps to preserve its irrotationality it must form the reversed ‘jet ’ 
observed above before loosing its streamwise momentum and moving out of the nose 
region. 

Given this explanation figure 15 implies that fluid arriving in the corner region has 
a turbulentlnon-turbulent intermittency of between 0.2 and 0.3 which, following the 
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results of Fiedler & Head (1966), we would expect between Y/6  = 0.8 and 1.05 in the 
approaching boundary layer. 

The mechanism we have proposed could occur in front of any forward-facing part 
of the wing nose and indeed, in recent measurements (Devenport & Simpson 1988), 
we have observed bimodal histograms of velocity fluctuations as far downstream as 
the maximum thickness of the wing. However, since the turbulent/non-turbulent 
interface must be strongly three-dimensional in the nose region we would not expect 
the near-wall structure we have described have an instantaneous spanwise extent 
greater than, say, the boundary-layer thickness. 

As far as the authors are aware no previous published work has conclusively 
demonstrated the presence of bimodal velocity histograms in a wing-body junction 
flow. Tree (1986) presented time-averaged spectra of the photomultiplier signal of a 
laser anemometer recorded in the vicinity of the mean junction vortex upstream of 
a circular-nosed wing. A few of these appear bimodal. However, such spectra are not 
truly equivalent to velocity p.d.f.s. Tree did not comment on the unusual form of his 
results. 
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FIGURE 16. Simultaneous velocity records at X / T  = -0.2. Upper trace, hot wire a t  I’/T = 0.4. 
Lower trace. LDV at Y / T  = 0.007. Transitions between the backflow and zero-flow modes marked 
by the arrows. 

In recent, as yet unpublished, work we have observed bimodal histograms in t,he 
plane of symmetry in front of: the present wing with a 50% thinner approach 
boundary layer ; the present wing with flow-control devices attached to the nose ; and 
t,he Rankine half-body of Moore & Furlini (1984). This phenomenon is therefore not 
peculiar to the present configuration or boundary layer. 

3.4. Xhort-time cross-correlations 

An experiment was devised to examine directly some of the time-dependent 
behaviour of the flow and to  test the proposed relationship between the structure of 
the outer part of the approach boundary layer and large-scale fluid motions 
associated with the bimodal histograms. 

A single hot-wire probe was positioned in the plane of symmetry at X/T = -0.2, 
Y/T = 0.4 (93% of the local boundary-layer thickness) in the outer intermittent 
region. The measurement volume of the laser anemometer was simultaneously 
traversed at this same X-location to a number of positions within the region of 
bimodal flow ( Y / T  = 0.007 to 0.029, see figures 11 and 15 to visualize these 
positions). Here the LDV was expected to detect the sudden changes in velocity 
implied by the bimodal U-p.d.f.s and (given our explanation) associated with the 
formation and disappearance of an intermittent reversed jet. By using only the U- 
sensitive beams of the U,  W optical system, a sufficiently high signal-to-noise ratio 
was obtained to allow us to use a TSI counter (model 1980) to process the signal from 
the photomultiplier tube. Though the counter settings were adjusted to minimize the 
number of false velocity measurements produced by noise, data rates in excess of 
10000 velocity samples per second were not difficult to obtain. It should be noted 
that the comparison circuits of the counter (which help distinguish between Doppler 
bursts and noise) have since been found to  have a fault  which would have caused a 
proportion of valid Doppler bursts to be rejected as noise. However, i t  is not thought 
that this had any significant effect on any of the results presented here. The analogue 
voltage output of the counter and the signal from the hot wire were recorded 
simultaneously at a sampling rate of 33 kHz using a Data Precision Data 6000 
analogue-to-digital converter. 18.4 s of data were taken for each position of the LDV. 

Simultaneous velocity records measured with the hot wire and LDV, with the 
latter located at Y / T  = 0.007, are shown in figure 16. (This was the closest the U ,  W 
optical system could be brought to the wall because of the effects of flare.) The hot- 
wire signal has the expected intermittent character although there are fewer periods 
of relative inactivity, indicating the passage of non-turbulent fluid, than might 
normally be expected at this position in a boundary layer. This presumably is a 
consequence of the extreme distortion of the boundary layer that  must occur this 
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FIGURE 17. Histograms of the time between events (transitions between back- and zero-flow 
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line represents a log-normal distribution. 

close to the wing. The LDV signal has periods in which the velocity remains large and 
negative and periods in which the velocity is much smaller and fluctuates around 
zero. These two states correspond respectively to the backflow and zero-flow modes 
presumed from the two peaks in the bimodal velocity histograms. 

An examination of figure 16 and the rest of the time records reveals that the 
transition between the backflow and zero-flow modes in the LDV signal is almost 
invariably rapid (the transition back is sometimes rapid and sometimes gradual). 
This transition (from back- to zero-flow mode) is both easily distinguished from the 
rest of the velocity trace and well defined in time. We were therefore able to identify 
and obtain the temporal locations of all such events in the LDV signal simply by eye, 
there being about 580 in the 15.3s of data analysed for each location. That the 
number of events is approximately independent of Y is a t  first surprising. In  this 
region the velocity p.d.f.s (figure 11) show, with increasing Y ,  a reduction in the 
relative magnitude of the peak associated with the zero-flow mode, implying a 
reduction in the proportion of time that this mode is present. It seems then that this 
must be achieved not by a reduction in the number of periods of zero-flow mode but 
by a reduction in their length. 

Histograms of the time between events for the various LDV positions were 
constructed and are plotted in figure 17. Consistent with the above conclusion there 
is little change in these histograms with Y.  They all have approximately the same 
log-normal form showing a large variation in the time between events. This 
irregularity of the unsteadiness suggests that  it was a truly turbulent phenomenon 
and not associated with any artificial excitation of the flow, such as vibration of the 
model (which was firmly bolted to a steel mount) or blower noise (which was 
minimal). The most common time between events in figure 17 is about 0.011 s and 
the mean time between events is about 0.026 s. The frequencies corresponding to  
these periods are 91 Hz, or 0.12Ure,/c?g9,5, and 38 Hz, or 0.05Uref/~,,,,, respectively, 
where c?,,., is the thickness of the approach boundary layer at X = - 2.15T. These are 
close to  or within the range of non-dimensional frequencies found by Rood (1984) and 
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Hasan et al. (1985) to be important near the nose of similar appendage-body 
junctions. They are, however, significantly smaller than the most energetic frequency 
of velocity fluctuations in the outer region of the boundary layer, obtained from the 
signal of the hot-wire probe at  YIT = 0.4. This frequency, 0.25Ur,,/Sgg,,, was taken 
as the position of the peak in the first moment of the hot-wire velocity spectrum, 
which Strickland & Simpson (1975) show to be mathematically identical to the most 
energetic frequency of velocity fluctuations, as would be obtained through short- 
time autocorrelations. 

The difference in frequency does not imply that the instantaneous characteristics 
of the junction structure are unrelated to the structure of the outer part of the 
boundary layer. Indeed we might expect this difference since only a fraction of the 
boundary-layer fluid can recirculate in the corner between the wing and wall, the rest 
being carried out of the nose region in the spanwise direction. If there is a relationship 
then a correlation should exist between some of the velocity fluctuations recorded by 
the hot-wire in the outer part of the boundary layer and the transition between the 
backflow and zero-flow modes seen in the LDV signal. This possibility was 
investigated using short-time correlations since long-time correlations and coherence 
functions revealed nothing of significance. 

Time-delay correlations between a kernel of the LDV signal 0.018 s long, centred 
on each sudden change in velocity between the backflow and zero-flow modes (see 
figure 16), and the hot-wire signal were calculated. The resulting correlation- 
coefficient functions were averaged over all such events for each position of the LDV. 
Note that to reduce computation times only every fourth point was correlated and 
the LDV signal was treated as though it  were continuous. Average short-time 
correlation-coefficient functions (uncertainty about f 0.02) are plotted in figure 18. 
As with the histograms of figure 17 these do not vary significantly with Y ,  supporting 
our assumption that the bimodal histograms are associated with large-scale structure. 
All the curves show a significant negative correlation that reaches a peak a t  a time 
delay of about - 3 ms. This indicates that  the change from a high-velocity backflow 
to a flow of near zero velocity a t  the LDV locations (which would coincide with the 
disappearance of the intermittent reversed jet) is preceded by a drop in the velocity 
measured by the hot wire near the edge of the boundary layer (which would normally 
accompany the arrival of a body of low-momentum turbulent fluid). While this result 
does not conclusively demonstrate that the bimodal unsteadiness depends on the 
turbulent/non-turbulent origin of fluid arriving in the corner region it is what would 
be expected given the mechanisms we have proposed. 

An order-of-magnitude calculation, assuming a convection velocity of 0.29Ur,, 
(half the local free stream) and guessing the distance travelled by fluid in recirculating 
between the hot wire and LDV positions as 0.5T, yields a delay time of 4.5 ms. This 
difference, if significant, may be accounted for by the fact that a t  93% of the 
boundary-layer thickness the hot wire might only detect the top part of a boundary- 
layer structure, the bottom of which travels a shorter distance before arriving in the 
corner region. 

The curves of figure 18 do show a significant correlation a t  zero time delay and 
small positive time delays. While this could be due to distortion of the boundary- 
layer structure in the nose region we suspect that  it is a result of the finite length of 
the correlation kernel. Consider for example the short-time correlation between two 
simultaneous step functions which does not fall to zero until the time delay exceeds 
half the kernel size. Calculations were performed using shorter kernels but the 
resulting estimates of average correlation coefficient were too uncertain to be useful. 
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FIQURE 18. Average short-time cross-correlations between velocity signals measured with the hot 
wire at Y / T  = 0.4 and with the LDV at (a) Y / T  = 0.029, ( b )  0.022, (c) 0.016, ( d )  0.012, ( e )  0.009, 
(f) 0.007. 

3.5. Turbulence kinetic energy balance 
To further reveal the turbulence structure and its effect on the Reynolds-averaged 
properties of the flow in the plane of symmetry, measurements made using the laser 
anemometer have been used to estimate the magnitude of some terms in the 
turbulence kinetic energy equation. This analysis also enables us to examine this flow 
from the point of view of the computor. 

For three-dimensional flows the turbulence kinetic energy equation, written in 
summation-subscript notation, is 

- - - 

_ - -  
where = u2+v2+w2 (Townsend 1956). In  the plane of symmetry W ,  vw, m and 
aq2/aZ are zero. These simplifications, after expanding and non-dimensionalizing the 
equation, give 
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FIGURE 19. Contours of production of turbulence energy normalized on U:el/T. 

neglecting viscous diffusion. From left to right the bracketed groups of terms 
represent advection, production, - _ -  diffusion and dissipation of turbulence energy. 

Measurements of U ,  V ,  u2, v2, w 2  and -VO were used to estimate the component 
terms of the production and advection. To do this Y-differentials were computed by 
fitting a parabola to each adjacent set of five points by the method of lcast squares. 
Gradients with respect to X were computed by fitting a parabola to adjacent sets of 
three points except at the streamwise limits of the data set where a linear fit was 
used. a W/aZ was calculated using the mean continuity equation. Uncertainties for 
the estimated terms are included in table 1. 

Figure 19 shows contours of the total production of turbulence energy in the plane 
of symmetry. The contours indicate a region of intense positive production between 
X/T = -0.14 and -0.34. This region is approximately coincident with the regions 
of bimodal flow (figure 5), suggesting that this production is a result of the large-scale 
unsteadiness proposed above rather than conventional shear-layer mechanisms. The 
contours also show some negative production in the corner between the wall and the 
wing leading edge. 

Figure 20 compares the component terms of production at several streamwise 
locations. This figure reveals variations of production in the near-wall region more 
dearly. As might be expected, most of the production of turbulence energy in the 
boundary layer a t  Y / T  = -0.65, upstream of separation, occurs close to the wall and 
is a consequence of the Reynolds-shear-stress term -2maUIaY. By X / T  = -0.40, 
however, just downstream of separation, peak production has moved away from the 
wall and is principally a result of the normal-stress term - 2 2  aU/aX .  The influence 
ofthe junction vortex is apparent in the much increased production at X/T  = -0.30. 
Here there are two peaks in the distribution of total production, both in the backflow 
region. The first (only just discernible in figure 20) is located very close to the wall 
near Y / T  = 0.004 and the second, near Y / T  = 0.03, is within the regions of bimodal 
flow. The shear- and normal-stress terms, -2maUlaY and - 2 G a U / a X ,  are both 
important a t  this location. Two peaks in the production distribution can also be seen 
a t  X / T  = -0.25 and -0.20 on the upstream side of the mean vortex, though the 
overall production is much greater at tthese locations. The inner peak near Y / T  = 
0.006, associated with normal-stress production - 2?aU/aX, results from the rapid 
deceleration of the backflow a t  these two locations (figure 5 )  and the high turbulence 
levels resulting from bimodal flow. The outer peak, located near the mid-height of the 
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FIGURE 20. Component terms of the turbulence energy production: 0 ,  -2u2aU/XX; x , 
-2v2aV/T/aY; A, -2w2aW/aZ; +, -2mXJ/aY; V, - 2 m a V / a X ;  0,  total production. Divisions 
on vertical axis 0.5U;JT. 

junction vortex, is principally due to shear-stress production -2maU/aY,  which is 
large because of a shear stress augmented by bimodal flow and substantial aU/aY 
associated - with the centre of the mean vortex. Small but significant amounts of 
-2v2aV/aY also appear in the vicinity of the outer peak. The large negative 
production close to  the wall a t  X / T  = -0.25 is a result of a steep negative velocity 
gradient aU/BY associated with the backflow here, and a positive Reynolds shear 
stress -rn produced by bimodal flow. 

On the downstream side of the mean vortex, between X / T  = -0.20 and -0.10 
there is a substantial fall in production. This is partly due to a drop in -2GaU/aX,  
which becomes negative a t  X/T = -0.10 because of the acceleration of the mean 
backflow here. While the contribution to the total production from -2mBU/BY is 
still significant a t  X / T  = -0.15 and -0.10, -2;J"aV/aY is also important because of 
the substantial wallward flow in this region. Production resulting from - 2 3 a W / a Z  
and -2maVICIX seems to be largely insignificant in the plane of symmetry. 

Contours of total advection are drawn in figure 21. Component terms are compared 
in figure 22. Unlike those of  production, the contours of advection are not centred on 
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FIGURE 21. Contours of advection of turbulence energy normalized on U&*/T. 
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F m u e  22. Component terms of t h e  advection of2urbulence eneBy: 0, -UaG/i?X; 0,  
-Uav2/aX; x ,  -Uaw2/aX;  A, -Vau2/i3Y; f ,  -Vi3v2/i3Y; V, -Vaw2/aY, 0,  total advection. 
Divisions on vertical axis 0.2U,3,,/T. 
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the region of bimodal flow because the advection does not depend on absolute values 
of the turbulent stresses. Instead they are mostly concentrated in four regions 
surrounding the middle of the mean vortex. The first of these, a negative region 
located to the upper left of the vortex centre, extends upstream into the approach 
boundary layer. Here advection is extracting energy primarily because of the 
increase in turbulence energy with distance downstream in the separating boundary 
layer and over the upstream half of the mean junction vortex. The terms - Uau'/aX, 
- Ua?/aX and - U a z / a X  are most important here. 

In  the second region, located to the upper right of the vortex centre, advection is 
mildly positive, adding to the local balance of turbulence energy. Here the mean flow 
(figure 5 ) ,  having come over the top of the vortex, is moving back down towards the 
wall. This fluid is experiencing a loss of 2 as it moves downstream but a gain in 3 
as it approaches the wall. The total advection is therefore a sum of several terms 
associated with both X- and Y-gradients of turbulence energy. 

In  the third region, to the lower right of the vortex centre, the advection is large 
and negative. This region almost exactly encloses the backflow between the wing 
leading edge and the centre of the mean vortex. Much of this flow may originate from 
the outer part of the boundary layer and therefore has less turbulence energy than 
the surrounding fluid. I ts  movement upstream therefore subtracts from the balance 
of turbulence energy mostly through the term - U a g / a X  and, to a lesser extent, 
through the terms - U aZ/aX and - U ai&43X. 

The final (positive) region, to the lower left of the vortex centre, extends into the 
near-wall region of the approach boundary layer. The gain of turbulence energy in 
this near-wall region (where the mean flow is still mostly in the downstream 
direction) is principally due to -Vag/aY.  This is important because of the 
movement away from the wall of the peak in 2 here (see figure 9 b )  to a region where 
V is significant. Near the vortex centre the positive advection is due mos'cly to 
- U a Z / a X  because of significant backflow velocities and the increase in 2 with X. 
Contributions to advection from - VaG/aY do not appear to be important in the 
plane of symmetry. 

The diffusion and dissipation terms of the turbulence kinetic energy equation 
could not be estimated directly. However, contours of their sum, plotted in figure 23, 
have been drawn from the negative of the sum of the production and advection 
terms. I n  this plot the contribution from dissipation must always be negative. Figure 
23 therefore shows a strong diffusion of turbulence energy into fluid in the corner 
region between the wall and leading edge of the wing. This is consistent with the idea 
that a t  least some of this is non-turbulent fluid brought here from the outer region 
of the boundary layer. I n  the bimodal region figure 23 shows negative contours. We 
would argue that these are mostly due to diffusion. This is because our analyses of 
the bimodal region imply the presence of instantaneous structures large in 
comparison to the probable scale of energy-dissipating eddies. It would therefore be 
surprising if these structures were associated with an increase in dissipation sufficient 
to  account for these large negative values. 

As a matter of course we have examined the behaviour of the eddy viscosity, 
mixing length and Prandtl-Kolmogorov lengthscale in this flow. Upstream of 
separation these quantities vary in ways consistent with the analogy of a two- 
dimensional boundary layer in an adverse pressure gradient. However, downstream 
in the vicinity of the junction vortex, these parameters are probably of little use, 
their variations being greater than those of the turbulence stresses they are used to 
model. While the failure of these simple concepts is hardly surprising we anticipate 



52 W. J. Devenport and R. L. Simpson 

-0.5 -0.4 -0.3 -0.2 -0.1 0 

FIQURE 23. Contours of diffusion +dissipation of turbulence energy normalized on U;JT. 
X I  T 

that many other, more sophisticated, turbulence models will also perform poorly. 
This is because such models, which either imply or directly specify the form of the 
velocity p.d.f., are unlikely to be able to predict the variations of turbulence stresses 
associated with the bimodal velocity histograms. One possible approach may be to 
compute the flow patterns of the zero- and backflow modes separately. However, i t  
is not clear from the present data how two such solutions could be combined a priori. 

4. Conclusions 
The behaviour of a turbulent boundary layer on a flat surface as it encounters the 

nose of a wing projecting normal to  that surface has been investigated. Measurements 
made using a three-component laser anemometer in the plane of symmetry upstream 
of the wing for the first time reveal in detail the turbulence structure of this flow. 

The adverse pressure gradient in the plane of symmetry causes the boundary layer 
approaching the wing to separate. Upstream of separation and in the vicinity of the 
separation point mean-velocity and turbulence-stress profiles appear like those of a 
two-dimensional boundary layer separating in an adverse pressure gradient. This 
similarity is only qualitative, though, the growth of the boundary layer and 
movement away from the wall of the peak turbulence stresses being inhibited by the 
local removal of fluid from the boundary layer in the spanwise direction. For a short 
distance downstream of separation, mean backflow is present only in a thin region 
adjacent to the wall. Flow reversals are common here and velocity gradients a t  the 
wall are small. This backflow may be generated locally by the turbulent structures 
of the boundary layer as they decelerate in the adverse pressure gradient. This zone 
extends downstream to where a line of locally low wall shear stress crosses the plane 
of symmetry. This line, observed in the oil-flow visualization, extends around the 
nose of the wing downstream of the primary separation line. In  the vicinity of the line 
of low shear, the flow moves away from the wall to accommodate the presence of the 
time-mean junction vortex. This structure, an intense approximately elliptical 
recirculation, is centred about one-tenth of the undisturbed boundary-layer thickness 
from the wall. In  its vicinity the turbulent stresses become very large, reaching 
maximum values much greater than those normally observed in turbulent boundary 
layers. 2 and -WU reach their peak values in an area of h&h mean-velocity gradient 
close to the centre of the mean vortex. The maximum of u2 occurs much closer to the 
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wall in the region of intense backflow. The large stresses are associated with bimodal 
(double-peaked) probability-density functions of U and V that occur over a region 
encompassing most of the mean vortex. The velocity variation with time that 
produces these p.d.f.s is bistable and switches between two states, one of large 
negative U (the backflow mode) and one of near-zero U (the zero-flow mode), a t  most 
locations. 

The two peaks of each bimodal p.d.f. may be separated in an approximate way to 
yield estimates of the average velocity vectors associated with each mode and an 
estimate of the proportion of time for which the backflow mode is present, yb. 
Assuming the two modes are generated by some unstable large-scale structure, 
contours of yb represent likely instantaneous limits of the region occupied by the 
backflow mode. Thus probable flow patterns at various stages of the large-scale 
unsteadiness may be constructed from a combination of the velocity fields associated 
with the zero- and backflow modes. These patterns show that for between 20 and 
30 % of the time the region of recirculation, formed by the reversal of fluid impinging 
on the wing, is much smaller than on average. The backflow associated with this 
recirculation separates and a weak secondary recirculation is formed upstream. For 
the rest of the time the fluid reversed by the wing does not separate in this fashion 
but continues upstream as a jet of near-wall backflow. (An intermittent jet of this 
type is apparent in the flow visualization of Falco, see Van Dyke 1982.) 

Mean-velocity measurements and Falco’s visualization suggest that  a t  least some 
of the fluid reversed by the wing comes from the outer intermittent part of the 
boundary layer. We therefore propose that the presence or absence of the reversed 
jet depends on whether this fluid originates from a low-momentum boundary-layer 
structure or from the irrotational free stream. Short-time cross-correlations between 
velocity signals measured in the outer part of the boundary layer and in the backflow 
region tend to confirm this hypothesis. However, the frequency of large-scale 
fluctuations in the backflow, 0.051Jre,/S99~, (derived from the mean period between 
transitions from the backflow to the zero-flow modes), is substantially lower than the 
typical passage frequency of structures in the outer part of the boundary layer, 
0.25Uref/Sss,,. Thus only a fraction of these structures can affect the recirculation, the 
rest presumably being carried away in the spanwise direction. 

The various components of the production and advection terms of the turbulence 
kinetic energy equations were estimated from the velocity measurements. This 
analysis shows that the region of bimodal flow surrounding the time-mean junction 
vortex is one of intense turbulence production. We do not see this production as 
resulting from conventional mechanisms but from the large-scale unsteadiness of the 
flow described above. The advection in this vicinity is concentrated in several 
positive and negative regions surrounding the centre of the time-mean vortex. There 
is a strong diffusion of turbulence energy into the backflow region in the corner 
between the wing and wall. With the possible exceptions of - 2 G a W / a Z ,  -2m 
aV/aX and - V a g / a Y  all the component terms of the production and advection are 
important in the plane of symmetry. 

The bimodal histograms seem to be a very important feature of the turbulence 
structure of this flow. Unfortunately this feature is likely to make the development 
of successful prediction methods much harder, especially those that imply or directly 
specify the form of the velocity probability density function. 

A full data report, including the measurements presented in this paper, is available 
(Devenport & Simpson 1987). These data are also available on magnetic media. 
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