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The three-dimensional character of a nominally 
two-dimensional separated turbulent shear flow 
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Herrnann-Fottinger-Institut, Technische IJniversitat Berlin, I)- 1000, Berlin 12, West Germany 

(Received 8 February 1988 and in revised form 10 January 1989) 

Extensive experiments were performed in the highly turbulent shear layer and in the 
reverse-flow region downstream of a normal plate followed by a long splitter plate in 
its plane of symmetry. Whereas the earlier measurements of Ruderich & Fernholz 
(1986) and Castro & Haque (1987) concentrated on the plane of symmetry (x,y- 
plane, z = 0) ,  the present investigation reveals the full extent of the thrce- 
dimensional behaviour of the flow by presenting data in the whole flow field. 
Spanwise measurements of five components of the Reynolds stress tensor, of integral 
timescales, and of mean and fluctuating values of the skin friction were carried out 
by the pulsed-wire technique. Integral lengthscales and spectra outside the revcrse- 
flow region were measured using hot wires. I n  order to keep three-dimensional effects 
as small as possible, the aspect ratio was large (model width was 2.55 times the length 
of the reverse-flow region) and the blockage ratio and free-stream turbulence 
intensity were low. Despite these efforts the flow investigated here must be 
considered three-dimensional and classified as both pressure and shear driven. There 
appears to be a connection between the shape of the reverse-flow region and thc level 
of the fluctuating velocities. Measurements of power spectral densities revealed no 
flapping motion of the separated turbulent shear layer. 

1. Introduction 
Most of our knowledge of highly turbulent separated and reattached flow is based 

on experimental results obtained in nominally two-dimensional flows. These flows 
are often denoted ‘two-dimensional ’ or ‘nominally two-dimensional ’ because they 
are generated by a flow past a two-dimensional obstacle, i.e. a body with a uniform 
cross-section in the spanwise direction. 

For high-Reynolds-number flows with separation, reverse flow, and reattachment, 
three configurations have evolved as test cases : the backward-facing step (e.g. 
Adams, Johnston & Eaton 1984) ; the blunt flat plate (e.g. Ota & Itasaka 1976 : Kiya 
& Sasaki 1983, 1985; Cherry, Hillier & Latour 1984); and the flat plate normal to the 
flow with a long splitter plate (e.g. Ruderich & Fernholz 1986, henceforth denoted by 
R F ;  and Castro & Haque 1987). 

The latter two configurations have certain advantages. Unlike the flow past a 
backward-facing step they are hardly influenced by the state of the separating 
boundary layer. In  addition, the separated shear layer leaves the body surface 
normal to the free stream, thus creating a fairly high and long reverse-flow region and 
thereby facilitating experimental investigations. 

Whcn comparing experimental results obtained in a separating and reattaching 

7 Present address : Audi AG, Ingolstadt, West Germany 
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flow past a two-dimensional obstacle, large differences are found even in such basic 
properties as the position of the shear layer and the overall level of the Reynolds 
stresses (see for example the data compiled by Eaton & Johnston 1981). In some 
cases these differences can be traced to instrumentation problems. It is well known 
that measurements in regions of instantaneous reverse flow are subject to large errors 
if standard hot-wire or hot-film anemometry is used to measure the mean velocity or 
Reynolds stresses, or if hot films and Preston tubes are applied to obtain the skin 
friction. In  these complex flows few experimental results have been obtained by more 
sophisticated techniques such as pulsed-wire anemometry or laser-Doppler methods. 

However, even in cases where adequate instrumentation was used, differences in 
experimental results have been found. These are probably due to different ‘control 
parameters ’ such as frce-stream Reynolds number, free-stream turbulence intensity, 
aspect ratio, the thickness of the boundary laycr on the tunnel sidewall, and tunnel 
blockage. These parameters are known to influence the separated flow field in that 
they affect, for example, the length and the height of the reverse-flow region, the 
pressure measured a t  separation and the curvature of the reattachment line in the 
spanwise direction. 

A discussion of the influence of wind-tunnel blockage may be found in Smits (1982) 
and Ruderich (1985), and of the influence of free-stream turbulence in Cherry (1982), 
Latour (1983), Kiya & Sasaki (1983) and, more recently. in Nakamura & Ozono 
(1987). 

Three-dimensional effects in these ‘nominally two-dimensional ’ flows have 
received much less attention. This may be due to the investigation of de Brederode 
(1975), who investigated the effects of end plates and aspect ratio on the two- 
dimensionality of the flow past a backward-facing step, a blunt plate, and a forward- 
facing step. He found that the flow was nominally two-dimensional in his terms if the 
aspect ratio was larger than 10. The aspect ratio was defined as the ratio of tunnel 
width or distance between the end plates to the height of the step or the blunt plate. 
The data compilation of Eaton & Johnston (1981) confirmed nominally two- 
dimensional flow downstream of a backward-facing step for aspect ratios larger than 
10, whereas Cherry ~t al. (1984) claimed a minimum value of 15 for the blunt plate. 
In the expcriments discussed here, aspect ratios A (ratio of B, the length of the 
normal plate in the z-direction to the fence height h, abovc the splittJer plate) were 
26 and 37, respectively, with the latter value for flow visualization only. Even with 
these apparently high aspect ratios such a limiting value could not be determined for 
the T-shaped configurations. It is therefore possible that parameters other than Blh,  
may also influence the two-dimensionality of the flow. Figure 1 shows centreline 
distributions of xR/h,, where xR is the length of the rcverse-flow region, plotted 
against aspect ratio for different blockage ratios /3, The curves show that both aspect 
ratio A and blockage /3 have a strong influence on xE/hF. Thus it may be possible that 
the ratios xR/h, or Blx,  are more suitable parameters for the characterization of the 
two-dimensionality of the flow over a T-shaped configuration. This latter ratio was 
1.33 in the experiment of RF and has been increased to 2.55 (27) and 3.45 (37) in the 
experiment discussed here. In these cases the flow is by no means nominally two- 
dimensional but displays instead a curved reattachment line (cf. figure 2 )  and large 
variations of the flow field in spanwise direction. Figure 2 shows the topological map 
of the flow field of the T-shaped configuration in two planes. The main features of the 
flow agree with those presented in R F  and the reader is referred to the earlier paper. 
The three-dimensionality of the flow field is caused mainly by the two corner vortices 
formed by the interaction of the sidewall flow, the separated shear layer, and 
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FIGURE 1. Length of the reverse-flow region as a function of aspect ratio A for the T-shaped 
configuration: 0, Blockage p = 109'0, T, = 0.66Y0,; (>, p = 10%; T, = 0.08%,; 0 ,  p = 3.99'0, 
T, = 0.08%,. 

z 
FIGURE 2. Topological map of the flow field. 

horseshoe vortices generated in front of the normal plate due to separation of the 
sidewall boundary layer. It is not to be expected, therefore, that flow-field properties, 
such as static pressure, skin friction, and mean and fluctuating velocities, will be 
uniform in the spanwise direction. There appear to be three obvious measures to 
reduce the strength of the three-dimensionality of the flow : 

( a )  increase the aspect ratio ; for a fixed tunnel geometry this means reducing the 
fence height and therefore the height of the reverse-flow region, in the present 
experiment making measurements prohibitively difficult ; 

( b )  change the direction of the separating flow from 90" in the present experiment 
to smaller flow angles by tilting the normal plate in the direction of the splitter plate, 
i.e. perform a different experiment ; and finally 

( c )  reduce the effects of the sidewall boundary layer/horseshoe vortices interaction 
with the separated shear layer and the flow in the reverse flow region. 

As option ( c )  was the only feasible approach, we tried to reduce the sidewall effects 
by inserting end plates ; these results were published by Jaroch (1987 b ) .  Various 
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types of end plates, carefully adjusted to the model and the flow direction, were 
investigated and found to reduce the strength of the corner vortices and the sidewall 
effects, increasing the straight part of the reattachment line in the centre of the flow 
field. However, even for the highest aspect ratios investigated, three-dimensional 
effects govern considerable regions of the flow field of the T-configuration. As shown 
in figure 6, a reduction of the aspect ratio and the use of end plates leads to a more 
strongly curved reattachment region than for the case of the largest possible aspect 
ratio without end plates. A larger aspect ratio can be achieved without end plates, 
as the presence of the plates reduces the effective spanwise dimension of the tunnel. 
The present investigation used the full span of the tunnel and no end plates. 

These considerations have led to an investigation of the effects of the three- 
dimensionality of the flow on the characteristic properties of the flow field using the 
largest feasible aspect ratio, small blockage, and a low turbulence level. From these 
measurements we hoped to be able to generalize the results, a t  least for a practically 
interesting range of aspect ratios, by showing which flow quantities were affected 
most. 

Dimensional analysis suggests that the parameters shown in table 1 should 
characterize the flow around the T-configuration. For comparison the table includes 
recent investigations on turbulent flows with separation and reattachment. 

The notation is as follows: B and H are the width and height of the test section, 
L and d the length and thickness of the splitter plate, h and h, the total height of the 
normal plate and its height above the splitter plate, b the distance between end 
plates, xE the length of the reverse-flow region. A is the aspect ratio, p the blockage 
ratio and T, = (.I")&/., the turbulence level. 

The experimental programme outlined is presented in detail. Section 2 describes 
the experimental apparatus and the measuring techniques with the emphasis on the 
pulsed-wire technique. This is followed in $ 3  by an extensive presentation of the 
behaviour of wall and field measurements in the spanwise direction and a possible 
explanation for the existence of the high intensities in this three-dimensional flow 
field. Section 4 contains the conclusions. 

2. Experimental apparatus and measuring techniques 
The wind tunnel used for these experiments was the closed-return low-speed wind 

tunnel of the Hermann-Fottinger-Institut. The tunnel is driven by an axial fan with 
blades of variable pitch and powered by a 0.5 MW d.c. motor. Motor and fan are 
mounted between two sets of sound mufflers. The settling chamber contains three 
screens and a non-woven filter cloth mounted onto the first screen. The contraction 
reduces the square cross-section of the settling chamber to the rectangular cross- 
section of the test section and has a contraction ratio of 6.25: 1.  

The test section has a cross-section of 1.4 x 2.0 m2 and a length of 10 m. It consists 
of four interchangeable boxes. The model was mounted into the third box so that the 
separation line on the plate normal to the flow (position x = 0) was 5280 mm 
downstream of the end of the wind-tunnel contraction. At this position the thickness 
6 of each of the tunnel boundary layers on the top and bottom walls, was 150 mm, 
or 10.7 ?4 of the model span. The mean velocity profile outside the tunnel boundary 
layer was constant within 1 % of the mean velocity, and the turbulcnce intensity was 
0.1 % over the frequency range d.c. to 40 kHz. 

The model was mounted vertically (figure 3) to avoid problems with model 
bending due to its weight ; it spanned the tunnel height. The splitter plate was made 
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FIGURE 3. Sketch of the model and the traverse gear mounted in a test section box 
of the wind tunnel. 

of two separate plates 10 mm thick, ALCA-PLUS, each 1.4 x 1.0 m2. The upstream 
plate could be turned by 180" about the axis normal to its surface to allow for two 
orientations of the probes mounted on i t  with respect to the leading edge. Each plate 
had a slot along the line of symmetry into which different PVC inserts could be 
mounted, with pressure tappings or holes for the traverse gear. The upstream plate 
had, in addition, 18 holes to hold instrumentation ports. 

The plate normal to the flow was made of a steel bar of B = 1.4 m, 6 mm thick and 
h = 54 mm resulting in a height over the surface of the splitter plate of h, = 22 mm. 
The edge of the bluff plate was machined to a sharp 25" bevel. This plate could be 
removed and replaced by a profiled leading edge (Hancock 1980) followed by a 
DYMO-tape V-band tripping device for calibration purposes. I n  order to produce a 
flow symmetrical about the upper and lower surfaces of the splitter plate, three 
movable flaps were fitted at the downstream end. These flaps had to be set a t  an 
angle of 10" to obtain a symmetrical flow field. Symmetry with respect to the 
centreline of the flow was obtained by adjusting the model about the y-axis until the 
mean pressure field on the surface of the splitter plate was symmetric about the line 
z = 0. Even very small changes in the 'yaw angle' of the plate system ( ~ 0 . 1 " )  
resulted in large changes of the surface pressure field. 

Probes were moved by means of two traverse gears outside the wind tunnel. One 
traverse provided motion in all three linear directions and allowed rotation about the 
y-axis ; the y-direction translation and the rotation were computer automated, 
whereas the other two degrees of freedom were controlled manually. The second 
traverse also provided three linear degrees of freedom, with only the x-direction 
automatically controlled. Computer Controlled automatic movements had a 
resolution in a linear direction of loe6 m and in an angular direction of 0.2". 

Hot wires were used where possible and pulsed wires where necessary. Hot-wire 
measurements were carried out using a Prosser Scientific Instruments PSI 61 10 
anemometer interfaced to a Commodore 3032 microcomputer via a 10-bit AD 
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converter. All measurements were taken digitally using 10 000 samples per point, 
except for the power spectral density and the coherence functions which were 
measured by means of a Wavetech/Rockland cross-channel analyser. The probes 
were HPI-standard normal- and x -wire probes. The hot-wire probes and their error 
estimates have been described by Fernholz & Vagt (1981). 

Pulsed-wire measurements (Bradbury & Castro 1971) were performed by a 
modified PELA Flow Instruments anemometer (Wagner 1986) intcrfaced to a CBM 
3032 mivrocomputer. The velocity probes were HFI-pulsed-wire probes of the ‘large 
type’ (Jaroch 1985). Reynolds stresses in the (x,y)- and the (z,z)-planes were 
measured with the special slanted pulsed-wire probe described by Jaroch & Dahm 
(1987) ~ see also Castro & Cheun (1982) - and measurements of the autocorrelation 
coefficients of the fluctuating velocity coordinate u’ were performed employing the 
pulsed-wire procedure of Castro (1985). 

Hot wires and pulsed wires were calibrated in the free stream of the test section 
without the normal plate in position. The calibrations were checked after each profile 
measurement and, if the valucs of the calibration were found to be suspect, the 
measurements were discarded. Integration time for the hot wires was ~ 6 0  s. 

Fluctuating and mean values of skin friction were measured using a pulsed wall 
probe (Castro & Dianat 1983) which was calibrated directly against a Preston tube 
in the zcro-pressure-gradient turbulent boundary layer on the splitter. plate with a 
faired leading edge. The calibration of the probe is described by R F  and its design 
by Dengcl, Pernholz & Hcss (1987). The sensor wires had a smaller active length 
(0.5 mm) than the probe used by RF,  thus permitting a better spatial resolution of 
the wall shear-stress fluctuations. 

Static pressure was measured by pressure orifices (0.5 mm diameter) along the 
centreline, a t  various positions in the spanwise direction on the splitter plate, and on 
the front part of the normal plate. The pressure tappings were connected via a 
Scanivalve to an automatic micromanometer (Froebel & Vagt 1974). 

The free-stream Reynolds number, RehF = 1.4 x lo4, was monitored by a Pitot- 
static tube a t  a reference location 4 m upstream of the normal plate. The free-stream 
velocity a t  the normal plate (x = 0) was about 6% higher than that at the reference 
position. 

A detailed discussion of the resolution, the repeatability, and the measurement 
error for the different techniques in differcnt regions of the flow field is given by 
Jaroch (1987a), as summarized in table 2. By ‘measurement error’ we mean an 
interval about the measured value of a variable which is likely to contain the true 
value of the variable. The width of the interval is given as a fraction of the measured 
value. By ‘repeatability’ we mean the degree to which successive measurements of 
a variable are identical. 

3. Measurements of wall and field variables in the reverse-flow region and 
downstream of reattachment 

Three-dimensional turbulent shear flows can be generated by pressure differences, 
shear stresses, or large vortex structures interacting with the main flow. The three- 
dimensionality of the flow described here has been caused by all three effects and it 
will be impossible - unless a very generous measuring programme can be financed - 
to separate these effects from each other and from parameters such as blockage and 
aspect ratio mentioned above. The description of the measurements will therefore be 
divided into two sections. First, we shall present field measurements of cp and cf 
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FIGURE 4. Spanwise distributions of the mean static-pressure coefficient on the surface of the 
splitter plate: a, x/x, = 0.2; V, 0.56; 0, 0.72; W, 0.92; V, 1.09; 0, 1.45. 

followed by more detailed mcasurcments along the centreline (x, y-plane, z = 0) of 
the splitter plate. Finally, a display of the three-dimensional behaviour of the flow 
field off the centreline in the spanwise direction will be given. Owing to limitations 
of space only a selection of data can be presented and the reader is referred to Jaroch 
(1987 a )  for details. The results of this investigation show that the centreline is a line 
of symmetry in a wholly three-dimensional flow. 

3.1. The mean static-pressure field 
The mean static-pressure distribution in the spanwise direction (figure 4) is given for 
several x-locations in the reverse-flow region and downstream of reattachment. The 
usual pressure coefficient, Cp = (p-pm)/(O.5pu2,), is plotted against the dimensionless 
spanwise coordinate z. 

The distribution a t  x/xR = 0.2 is determined by the two corner vortices (cf. figure 
2) which are low-pressure regions. Flow visualization experiments using the surface 
oil-flow technique showed that the rate of rotation of these corner vortices and thus 
their strength and the pressure in their centre depend on the thickness of the wind- 
tunnel wall boundary layer. When end plates were used, the vortices rotated much 
more slowly compared with the case when the model spanned the entire width of the 
test section. This did not depend on whether or not the end plates extended upstream 
of the model. It is therefore concluded that the strength of the vortices is controlled 
by the interaction between the separated shear layer and the wind-tunnel wall 
boundary layer. The strength of the interaction will again control the pressure level 
in and near these vortices which cause the pressure to remain lower than near the 
centreline (filled circles). The addition of end plates and therefore a reduction in the 
effective boundary-layer thickness only weakens this pattern but does not change its 
nature. Further downstream, owing to  the strong secondary flow in the corner region 
between the splitter plate and the sidewall, the static pressure increases sharply near 
the sidewalls (filled triangles) and leads to earlier flow reattachment than on the 
centreline, resulting in a curved reattachment line (see also figure 7 for the skin- 
friction distributions). 

Downstream of reattachment (XI., = 1.09, open triangles) the pressure field 
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'O'O } Ruderich & Fernholz (1986) 
1.4~10' 21.8 17.2 
0 . 9 ~  lo4 11.0 22.6 5.7 

A 1 . 4 ~  los 2.4 33.6 5.0 Roshko & Lau (1965) 
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FIGURE 5. Development of the pressure coefficient along the centreline of the splitter plate. 

becomes almost uniform across the span of the splitter plate. This rapid return to 
uniformity differs from the behaviour of all other flow quantities discussed here. The 
pressure distribution along the centreline is shown in figure 5, using the modified 
pressure coefficient E p  suggested by Roshko & Lau (1965). The present results agree 
well with the distributions shown in RF's figure 7 and coincide with their lower- 
blockage case in the region x/xR > 1. 

3.2. Reattachment region and skin-friction distribution 
As was mentioned above, one of the most obvious manifestations of the three- 
dimensionality of the flow is the curved reattachment line. It is defined as the locus 
of points on the splitter plate a t  the downstream end of the reverse-flow region where 
the x-component of the mean skin-friction vector is zero. Figure 6 shows the 
reattachment line for the available experiments, where the lateral direction is 
normalized by the reattachment length xR on the centreline of the splitter plate. 
Irrespective of the aspect ratio, which ranges from 9 to 37, all flows show curved 
reattachment lines, implying they are a common feature of the flow field generated 
by the T-configuration. The smallest curvature is obtained in the experiment with 
the largest aspect ratio (filled squares, A = 37), i.e. here the end effects are smallest 
(the same ratio of 6/B as for A = 26). The effect of the introduction of end plates with 
the reduction of the aspect ratio to 15 (other parameters unchanged) is shown by the 
open squares; the curvature does not increase significantly. So the 'positive' effect 
of end plates in reducing the thickness of the sidewall boundary layer may be 
counteracted by the reduction of the aspect ratio. Still another effect may be seen by 
a comparison of the experiments of Castro & Haque and R F  where the aspect ratios 
were similar (table 1) but only the first authors used end plates. The curvature of 
their reattachment line is even slightly larger than that seen by RF. 

Although the aspect ratio of the present experiment (filled circles) exceeded that 
of RF by a factor of 2.6 the distributions of xR/xRc are almost the same. Our 
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FIGURE 6. Spanwise reattachment line: 0,  Ruderich & Fernholz (1986); V, Castro & Haque 
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FIGURE 7. Three-dimensional behaviour of the 5- and z-coordinate of the mean wall-shear-stress 

coefficient on the splitter plate: 0,  x/x, = 0.2; V, 0.56; ., 0.92; V, 1/09; 0,  1.45. 

conclusion here is that, although end plates might have reduced the effects of three- 
dimensionality, they would not have eliminated them altogether. 

Figures 7 ( a )  and 7 ( b )  show the three-dimensional behaviour of the x- and the z- 
component of the mean skin-friction coefficient, respectively, where Eft = 2Twi/(pu2,) 
and 5, is the mean wall shear stress. cfz and cfz show considerable variation in the 
lateral direction. Immediately downstream of reseparation the component in the 
z-direction is of the same order as the component in the main flow direction ; further 
on, rfz is almost everywhere smaller than cfZ, with the obvious exception of the 
reattachment region. The spanwise variation of cfz is still about 50 % at x/xB = 1.45, 
in contrast to the spanwise pressure distribution but in agreement with the slow 
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FIGURE 8. Distribution of mean value, fluctuation intensity and reverst-flow parameter of 
well shear stress along the centreline of the splitter plate. 

the 

readjustment of the other flow quantities (see R F  and below). The larger values a t  
the sides of the splitter plate are due to  the development of the reattached shear layer 
over a larger distance than along the centreline. 

Figure 8 presents the development of the mean and fluctuating skin friction and 
of the reverse-flow parameter xw along the centreline of the splitter plate, with 

0 

x w  = s_mP(7w*) dTw,, 

where ~(7,~) is the probability density function of the distribution of the 
instantaneous shear stress. 

While the overall features of this development are similar to those observed by 
R F  and by Castro & Haque (1987), there are some differences. The minimum 
skin friction, which occurs a t  about x/xR = 0.6, is lower in the present work 
(cfrn," = - 1.65 x than that measured by R F  (Cfrnln = -3.3 x or by Castro 
& Haque (1987) (Cfmln = -3.6 x 

The same trend is observed in the maximum strength of the skin-friction 
fluctuations ; it  is lower in the present experiment (c)kax = 2 x compared to 
2.6 x lop3 and 3 x lW3 measured by R F  and Castro & Haque, respectively. The probe 
used in the present experiment had a higher spatial resolution than that of RF, for 
example, and would have shown higher values, had they been present. The reverse- 
flow parameter xw does not exceed 87 %, which is lower than the value measured by 
R F  (cf. their figure 8). 

The 'turbulence intensity of the skin friction ' (c;")i//ef in the centre of the reverse- 
flow region (x/x, = 0.5) shows a trend which will be found again in the distribution 
of the velocity fluctuations. The intensity peaks a t  115 YO in this flow, compared with 
62Y0 and 72% in the experiments of Castro & Haque (1987) and RF,  respectively. 

This is one indication that the flow with parameters selected to minimize the 
influence of aspect ratio and blockage shows higher fluctuation levels than the flow 
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FIGURE 9. Development of the profiles of the reverse-flow parameter x along the centreline of 
the splitter plate (pulsed-wire data). The dashed line represents the locus of ti = 0. 

past a similar configuration with higher blockage and/or lower aspect ratio. We shall 
return to this point later. 

3.3. The distribution of mean velocity and Reynolds stress projiles 
Measurements were made of the mean velocity field, a, B and i i j ,  and of five of the six 
components of the Reynolds stress tensor, uf2, v f 2 ,  wI2, u’v’ and u‘w’. The sixth 
component, m, was not measured because the pulsed-wire measurements would be 
difficult and have a large uncertainty. - _ _  All data were taken by means of pulsed-wire 
probes, and measurements of d2, w‘~ and a differ from the hot-wire results of RP 
in the inner part of the separated shear layer. An estimate given by Castro & Haque 
(1987) provides some insight into why x -wire data are too low in this region of the 
flow. Only centreline measurements are presented here: see 53.6 for a discussion of 
the spanwise variations of these quantities. 

Figure 9 presents profiles of the reverse-flow parameter x along the centreline of 
the splitter plate. These profiles give an indication of the regions of the flow in which 
normal hot-wire probes may be used without rectification errors. 

Figures 10-13 show sequences of profiles of uf2, v ’ ~ ,  wJ2 and a, respectively, 
through the reverse-flow and the reattachment region. Full circles indicate pulsed- 
wire data and open circles hot-wire measurements. Qualitatively they confirm the 
Reynolds stress distributions presented by RF,  but attention is again drawn to the 
differences between measurements obtained by the pulsed-wire and the hot-wire 
technique as far downstream as x/xR = 1.4. This means that all previous hot-wire 
measurements presented in the literature for the reattachment region - and not only 
for the T-configuration - should be regarded with caution. 

For some distance downstream of reattachment, the effects of the instantaneous 
reverse flow in the near-wall region and the adaptation of the reattaching shear layer 
to the wall boundary condition combine to produce a mean velocity profile that does 

_ _ _ ~  - 

_ _ _  
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FIGURE 10. Development of the profiles of the intensity of the Reynolds normal stress 
the centreline of the splitter plate: 0, hot-wire data; 0 ,  pulsed-wire data. 
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FIGURE 11. Development of the profiles of the intensity of the Reynolds normal stress along 
the centreline of the splitter plate. Symbols as figure 10. 

not fit the logarithmic law of the wall (figure 14). The logarithmic region grows from 
near the wall into the attached shear layer with downstream distance but the 
velocity profile is not characteristic of that in a typical undisturbed boundary layer 
even as far downstream as x/xR = 2.38. All profiles, however, display the usual linear 
region in the vicinity of the wall, even immediately downstream of reattachment. 
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The mean-velocity measurements permit the calculation of the vorticity thickness 
a,, defined by Brown & Roshko (1974) as 

where (aa/i3y)max was evaluated between the locations of amin and amax. 6JxR (with 
xR = 550 mm) is plotted against x/xR in figure 15 and compared to  the measurements 
of RF and Castro & Haque (1987). In  contrast to  RF, the other two sets of 
experiments do not confirm a roughly linear growth of the vorticity thickness but 
show a gradually reducing growth rate down to reattachment. It appears that 
the vorticity thickness is dependent on the blockage ratio and the aspect ratio ~ 

and possibly on the turbulence level of the flow - which are different in the 
three experiments. The distributions of AU/u, in the upper part of figure 15 (where 
AU = amax - amin) differ by not more than 20 YO and this cannot explain the different 
behaviour of the &distributions, So far we have not enough evidence for an 
explanation, 

Figure 16 shows the loci of the maxima of the Reynold stresses, the locus of a = 0, 
and the locus of 5'; = 10% along the centreline of the splitter plate. The behaviour 
of the loci is generally in agreement with that observed by R F :  the maxima of all 
measured components of the Reynolds stress tensor occur a t  approximately the same 
distance from the splitter plate for the first 80 % of the separated shear layer. After 
reattachment the locus of the maximum of the Reynolds shear stress increases 
its distance from the wall with increasing x, while thc maxima of the normal stresses 
remain ~ at - approximately constant distances above ~ the wall (2-3 fence heights for 
uzax and 

The maximum values of the Reynolds stresses along the centreline are plotted in 
figure 17. The normal stresses and rise for the first 60% of the length of the 
reverse-flow region and then fall to approximately 20 YO of their respectively absolute 

and about 0.5 fence heights for ~ 2 , ) .  

IH FLM 205 
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Ruderich 6 Fernholz 
Author Castro 6 Haque (1987) ( 1986) This investigation 
- 
u:a:,,/e 0.09 0.13 0.22 

v:ax/e 0.07 0.04 0.20 
- 

~ 

w:aT,,/e 0.07 0.05 0.18 

- u*v;ax/ti: 0.03 0.02 0.05 

Y G Z ) / %  0.10 0.15 0.17 

- 

-- 
caa,/u:*x 0.75 0.28 0.93 

w:ax/uZx 0.79 0.37 0.80 
-- 

-- 
- U’vLax/U:ax 0.34 0.17 0.24 

TABLE 3. Comparison of the maximum turbulence intensities measured in the experiments of 
Ruderirh & Fernholz (1986), Castro 6 Haque (1987) and in this investigation 

maximum value a t  about 1 . 5 ~ ~ .  The high degree of anisotropy in the turbulence 
structure upstream of reattachment decays rather quickly, and downstream of 
x/xR = 1.6 all normal stresses maintain approximately constant ratios. 

Table 3 gives a comparison of the absolute maxima of the fluctuation intensities 
and the Reynolds shear stress. The measurements of RF show rather low values for 
v2ax, w Z x  and - U‘V-~, owing to the use of the hot-wire technique as was noted by 
Castro & Haque (1987). In  comparing the ratios of the absolute maxima of the 
Reynolds stresses of this investigation with those of Castro & Haque (1987), 
differences can be explained to some degree by the uncertainties of the pulsed-wire 
measurements. However, the discrepancies in the maxima of the streamwise 
fluctuations, measured using the pulsed-wire technique in all ___ three experiments, are 
larger than the estimated uncertainty in the measurements : u2ax/uL = 0.22 (present 
experiment), 0.13 (RF), and 0.09 (Castro & Haque 1987). These different levels may 
be connected to the differcnt shapes of the reverse-flow region in the three flow 
configurations. I n  the present experiment the separated shear layer is less curved 
immediately downstream of separation than the shear layer of RF, for example, and 
reaches much further out into the flow. If the maximum distance y of the locus of 

-- 

- _ _  
u f 2  - - u:ax from the surface of thc splitter plate is defined as the maximum height of 
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the reverse-flow region, a ‘bubble slenderness ratio’ may be defined as X J G .  
This value is 6.1 in the present investigation and 6.4 and 9.8 in the flow configurations 
of RF and Castro & Haque (1987), respectively. 

A comparison between the data of the present experiment and that of Castro & 
Haque shows that increasing the aspect ratio A by a factor of 3 and decreasing 
blockse by a factor of 2 (table 1)  approximately doubles the maximum values of 
and u’v’ and triples those of v’” and This leads to the conclusion that a higher 
aspect ratio and lower blockage increase all fluctuating quantities along the 
centreline in the reverse-flow region and probably also in spanwise direction. We 
believe that these two parameters dominate over that of the sidewall boundary layer, 
which nevertheless may exert a strong local effect. 

3.4. The integral scales of the $ow field 
The figures described in this subsection present the results of the measurements of 
the spatial correlation coefficients 

u’(x + re,) u’(x) 
(u’2(x + ret) u’2(x))+ 

Rf? = 

(where r is the separation in the direction of the unit vector e i ) ,  and the 
autocorrelation coefficient 

u’(t + 7 )  u’(t) 
(u”(t + 7 )  U ’ * ( t ) ) i  

R:? = - - 

of the longitudinal velocity fluctuations u‘. Correlation coefficients are not shown 
here (they may be found in RF and Jaroch 1987a) but profiles of the respective 
integral scales 

A!? = Jo RIY dr 

Ag = ri?-o) Ri? d7 

r(R$?-O) 

and 

are presented instead. 
Figure 18 displays profiles of the integral timescale A!? of the longitudinal velocity 

fluctuations along the centreline of the splitter plate. While there is some variation 
in the normal direction in the upstream part of the reversed-flow region, the profiles 
of A!? become almost flat, beginning at about x/xR = 0.6. Figure 19 shows the 
development of the integral timescale along the line of the maximum longitudinal 
fluctuation intensity. A:? rises rapidly in the first quarter of the reverse-flow region 
and reaches a plateau near reattachment, implying that the energy-carrying 
structures do not grow further but are simply convected through the reattached flow 
field. These integral timescales were measured as suggested by Castro (1985) and 
agree very well with those presented by Castro & Haque (1987). 

Since the integral lengthscales were measured using hot wires only, no data are 
available in the reverse-flow region. Profiles of the integral lengthscales A!;) and A!;) 
were measured a t  several stations along the centreline. Owing to space limitations 
the full profiles are not presented here but they confirm in more detail the trends 
found by RF. To illustrate the general behaviour, figures 20 and 21 show the 
development of the two integral lengthscales a t  two characteristic loci of the flow : a t  
the outer edge of the separated mixing layer (y where T, = lo%), and a t  the centre 
of the layer (y where has a maximum). The values of A g )  and A!;) rise almost 
monotonically along the locus of G, with A!:) always larger than A!;), showing 

In 2 
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FIGURE 18. Profiles of the integral timescale AYj along the centreline of the splitter plate 
(pulsed-wire data). 
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FIGURE 19. Development of the integral timescale At! along the locus of u $ ~  against x/x,. 
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FIGURE 20. Development of the integral lengthscale Ait) along the locus of and the locus of 
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FIGURE 21. Development of the integral lengthscale A\? along the locus of and the locus of 

the limited spanwise extent of the large-scale structures. Along the locus of 
T, = 10 % both lengthscales peak dramatically near reattachment. Ag)  subsequently 
falls off sharply owing to the wall constraint in the reattached shear layer, whereas 
A:;) decreases more gradually. For the spanwise behaviour of the profiles of the 
integral lengthscales the reader is referred to Jaroch (1987 a ) .  

3.5. Power spectral densities and coherence 
Using hot-wire anemometry we have investigated the spectral properties of u’. The 
power spectral density function 

m 
S,, (0) = R$ eiWt d7 s_, 

provides the fluctuating kinetic energy at a specific frequency. The coherence is 
defined as 

Here Sllab(~)  denotes the cross-spectral density of two signals u: and u; measured at 
two different positions a and b in the flow. The coherence is a measure of the 
correlation at  a specific frequency w .  

Measurements of S,, (w)  in the empty test section showed no specific peaks that 
could be characteristic of harmonic changes of the volume flow due to separation in 
the wind tunnel. Figure 22 presents the development of S,, at a fixed height above 
the centreline of the splitter plate a t  different positions x/xR. The two upstream 
distributions, with the separated shear layer lying below the measuring stations, 
are characterized by low-frequency fluctuations, whereas further downstream 
fluctuations at higher frequency become more important. Beyond the mean 
reattachment point little change occurs in the power spectral density distribution. 

Since Castro & Haque (1987) measured a dominating frequency of about 24 Hz 
(0.12u,/xR) in their flow configuration and interpreted it as the ‘flapping frequency’ 
of the separated shear layer, we checked the flow of the present experiment for the 
occurrence of a similar effect. Figure 23 presents one example of the power spectral 
dcnsity function in the frequency range 0.25 < f < 50 Hz. Here, as with all other 
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FIGURE 23. Power spectral density S,, at x/x, = 0.26 and y l h ,  = 3.18 on the centreline in the 
reverse-flow region. 

spectra measured, no low-frequency peak could be observed. This result is in 
accordance with RF and based on several hundred measured spectra. 

The development of the coherence at  x/xR = 0.2 and y/h, = 3.18 with different 
spanwise separations of the two probes is shown in figure 24. The fixed probe was 
positioned above the centreline of the splitter plate, and it is observed that the high- 
frequency content of the signals contributing to the coherence decreases rapidly with 
increasing spanwise separation. Even at small spatial separation it is only the larger 
structures with frequencies below 200 Hz that contribute to the coherence. 

3.6. Measurements in the spanwise direction 
Since we could not perform a complete parameter study to separate the effects of 
aspect ratio and sidewall boundary layer/horseshoe vortex interaction on the flow 
field, it is not possible to discuss these effects separately. We do think, however, that 
the present experiment is typical of the type of flow over a T-shaped configuration 
and demonstrates which turbulence quantities are affected most by the three- 
dimensionality of the flow. 

Owing to space limitations only a small fraction of the spanwise data can be 
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FIGURE 25. Distributions of the mean velocity a a t  ( a )  x/x, = 0.2, (b) 0.56 and ( c )  0.92 and 
three spanwise positions: 0,  z/(L$) = -0.286; V, -0.571 ; n, -0.857. 
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FI(:I:RE 26. Distributions of the mean velocity at ( a )  x/xK = 1.09 and ( b )  1.46 and four 
spanwise positions: 0 ,  z/(1$) = 0; 0, -0.286; V, -0.571 ; 0,  -0.857. 

presented. For a more detailed description the reader is again referred to Jaroch 
(19870). They show that evcn a flow with relatively large aspect ratio and low 
blockage is severely influenced by secondary flow. The distributions of the mean- 
velocity components and the Reynolds shear and normal stresses show three- 
dimensional effects both in the distributions of the magnitude of their maxima and 
in the shape of the profiles in the spanwise direction. Even if profiles of a given 
quantity are compared not at identical positions dowiistrearn of separation but 
rather a t  identical positions in terms of the local bubble length, the profiles do not 
collapse onto each other. 

Figures 25 and 26 show the spanwise variation of the mean velocity profiles for five 
positions downstream of separation. Except a t  x/xR = 0.2, profiles near the sidewall 
(squares) are clearly distinct from thosc at other spanwise positions for y lh ,  < 4. 
They are strongly influenced both by the system of horseshoe vortices a t  the splitter 
plate/sidcwall junction and by the wind-tunnel wall boundary layer. No profile 
shows an inflection after x/xR = 0.56. 

There were no measurement ports on the centreline a t  the three positions of 
the splitter plate in the reverse-flow region, so the figures do not contain data at 
z/(-p) = 0 a t  these stations; however, the profiles a t  x / ( $ )  = 0.286 are representative 
of those on the centreline. The changes between the profiles denoted by the circles 
and triangles between x/xR = 0.92 and 1.09 indicate a faster reattachment of thr 
flow further away from the centreline. Figure 25 also clearly displays the flow retarda- 
tion near the tunnel sidewall (squares) in the separated shear layer (y/h,> 4). 
Readjustment to nominally two-dimensional behaviour appears to be achieved at  
about 0.52, downstream of reattachment. However, this is not the case for the 
turbulence quantities, and even the mean velocity profiles themselves, when scaled 
with inner (wall) variables (figure 27), continue to show three-dimensionality as far 
downstream as 2 . 3 8 ~ ~  (see figure 14). 
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FIGURE 27. Distributions of the mean velocity ii in inner coordinates a t  x/xR = 1.45 and four 
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FIGURE 28. Spanwise distributions of the maximum of the longitudinal fluctuation intensity 
d2:  0 ,  x/xR = 0.20; V, 0.56; ., 0.92; V, 1.09; 0, 1.45. 

The three-dimensional behaviour of the Reynolds stresses is indicated by the 
spanwise variation in the maximum values of and a a t  five downstream 
positions, presented in figures 28 and 29, respectively. The strongest variation in the 
maxima of and a occurs immediately downstream of reseparation (x/xR = 0.2) 
and at  reattachment. Except near reseparation, the longitudinal fluctuation intensity 
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FIGURE 29. Spanwise distributions of the maximuin of the Reynolds shear strrss pu'z,' 
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~ 

(figure 28) is highest along the centreline, and within the reverse-flow region 
fluctuations of about the same level are generated near the sidewall by the 
interaction of the corner flow and the shear layer. The same pattern holds for the 
component ( U ' V ' ) ~ ~ ~  of the Reynolds shear stress. Jus t  downstream of reattachment 
z/zRe = 1.09 (open triangles), the Reynolds stresses near the sidewall fall to  
approximately one-quarter of the centreline levels. This indicates the strong 
damping effect on the turbulence which accompanies the carly reattachment induced 
by the sidewall (cf. figure 6). A comparison of figures 4, 7, 28 and 29 shows that  
spanwise uniformity is achieved first by the static pressure, then by UI'UI, and Surthest 
downstream by the skin friction and the Reynolds normal stress component 11.12. 
Since measurements of the components of the Reynolds stress tensor are still rare in 
reverse-flow regions, figure 30 shows profiles of the normal stresses at several 
spanwise locations and figure 31 shows u12/1 and m. These figures prove a clearly 
three-dimcnsional behaviour, with distinctly different profiles on the centreline and 
near the sidewall. The profile peaks of increase near the sidewalls owing 
- to  the strong mixing in this region, whcrcas the sidewall exerts a strong damping on 
W'2. 

The profiles of u.I'uI confirm the trend indicated by the distribution of the maxima 
in figure 29 (filled - triangles) with the maximum value at z / ( @ )  = -0.571. 

The component U'W' (figure 31) is the smallest Reynolds shear stress, with a peak 
value of about 8 %  of that  of 2, and shows a strong variation in the spanwise 
direction including a change of sign. Further downstream (x/x, = 1.09) the negative 
sign, characteristic of the distribution in the outer part of the flow, extends down to 
the wall. Downstream of reattachment u'w' decreases rapidly towards zero, as i t  
should for two-dimcnsional flow (for a more detailed discussion see Jaroch 1987a). 

~ 

and 

- 

4. Conclusions 
Detailed pulsed-wire measurements of skin friction, velocity, and Reynolds 

stresses in the reverse-flow region of a normal plate with a long splitter plate have 
revealed the three-dimensional character of this type of flow. Large spanwise 
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FIGURE 30. Profiles of the intensity of the fluctuating velocities ( a )  u‘, ( b )  21’ and (c) 20‘ at 
x/x, = 0.56 and three spanwise positions: 0, z / ( $ )  = -0.286; V, -0.571; 0, -0.857. 
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FIGURE 31. Profile8 of the components (a) and ( b )  of the Reynolds shear stress at 
x/x, = 0.56 and three spanwise positions. Symbols as figure 30. 

variations of mean velocity and of five components of the Reynolds stress tensor 
have shown that the shape of the reverse-flow region is longer and higher along the 
centreline of the splitter plate, and i t  shortens and flattens towards the tunnel 
sidewalls. This three-dimensional behaviour of the flow occurs even though tunnel 
blockage and the turbulence level of the free stream are lowest and the aspect ratio 
highest among the published cases of this type of configuration. End plates were 
found to weaken the three-dimensionality in some cases but could not eliminate it. 
Increasing the aspect ratio A by a factor of 3 and decreasingblockage by a factor of 
2 approximately doubles the maximum values of and u’v’ and triples those of .;T” 
and along the centreline in the reverse-flow region. The influence of these two 
parameters appears to dominate that of the sidewall boundary layer. However, the 
sidewall boundary layers do appear to  change the nature of the three-dimensionality 
close to  the sidewalls, as demonstrated by the differences in the profiles of the mean 
and fluctuating quantities. In  the upstream part of the reverse flow near the sidewall 
region the turbulence intensities were, for example, distinctly larger than those near 
the centreline, which may be explained by the interaction between the shear layer 
and the system of horseshoe vortices. These vortices apparently induce highly 
correlated fluctuations, resulting in high Reynolds shear stresses. 

Measurements of the correlation coefficients of the longitudinal turbulent 
fluctuation u’ show that the turbulent structures have correlation lengthscales in the 
spanwise direction that are not significantly higher than those measured in the other 
directions. This permits the conclusion that the turbulent energy-carrying structures 
have finite spanwise extent. 

Low-frequency flapping of the separated shear layer does not occur in the present 
experiment, since peaks were not observed in extensive measurements of power 
spectral densities. Thus, the observed increase in turbulence activity, indicated both 
by the turbulence intensities and by the shear stresses, cannot be accounted for by 
a fixed frequency flapping of the shear layer ; however, such flapping may occur as 
a rare stochastic phenomenon. A comparison with experimental results obtained in 
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other turbulent shear flows of a similar geometry leads to the conclusion that flow 
parameters such as aspect ratio, wind-tunnel blockage, and presumably free-stream 
turbulence intensity influence the reattachment length, the bubble slenderness, and 
the level of the turbulence fluctuation intensities. Reverse-flow regions obtained in 
‘low-interference ’ experiments are long and high, with high fluctuation intensities. 

These experimental results confirm the conclusion from numerical experiments 
using the discrete-vortex method (Jaroch & Graham 1988) that the flow around the 
configuration investigated by RF cannot be assumed to be nominally two- 
dimensional. Models that do not take into account three-dimensional effects should 
therefore give physically incorrect answers. 

The authors, especially M. Jaroch, thank the Deutsche Forschungsgemeinschaft 
for the financial support of this investigation and appreciate the discussions with 
J.-D. Vagt, R. Ruderich, P. Dengel, G. Janke, P. M. Wagner, A. Alving and I. P. 
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without the superior craftsmanship of A. Dahm and A. Ebner. 
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