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Experimental Investigation of the Confluent
Boundary Layer of a High-Lift System
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A fundamental experimental investigation is described of the structure and streamwise development of a conflu-
ent boundary layer generated by the interaction of a leading-edge slat wake with the turbulent boundary layer on
the main element of a multi-element airfoil model. The slat and airfoil model geometry are both fully two dimen-
sional. The research is performed in an attempt to investigate the flow physics of confluent boundary layers and
to build an archival database on the interaction of the slat wake and the main element wall layer. In addition, an
attempt is made to identify clearly the role that slat wake/airfoil boundary-layer confluence has on lift production
and how this occurs. Although complete laser Doppler velocimetry flow surveys were performed for a variety
of slat gap and overhang settings, the focus is on two cases representing both strong and weak wake boundary-
layer confluence. For those interested in performing numerical simulations, the full database is available from the

authors.

I. Introduction

HE lift augmentation that occurs in multi-element airfoils may

be described in terms of simple inviscid mechanisms as de-
scribed by Smith.! For example, the influence of a leading-edge slat
on high-lift system performance can be explained by considering
the loaded slat as a bound vortex that creates a downwash flowfield
over the main element leading edge and reduces the magnitude of
the suction pressure peak. The lowering of the pressure peak over
the main element reduces the severity of the adverse pressure gra-
dient and thereby lessens the chance of flow separation. This allows
the main element airfoil to be placed at a higher angle of attack than
would be possible without the slat, thus improving the lift capability
of the system. In a similar manner, the bound vorticity associated
with the loaded trailing-edge flap gives rise to an upwash at the trail-
ing edge of the main element. This upwash acting in conjunction
with the Kutta condition effectively increases the loading over the
main wing. This is equivalentto an increase in the suction pressure
distribution and, consequently, the lift force generated by the main
element.

Although simple inviscid arguments like those just outlined can
be used to qualitatively describe how a multi-element airfoil gener-
ates high lift, it is well known that the actual performance is domi-
nated by numerous viscous effects that loom quite large when one
attempts an optimal high-lift system design. As an example, con-
sider the interaction of the wake generated by the leading-edge slat
with the boundary layer over the main airfoil element. The orienta-
tion of the slat and its geometric spacing relative to the main wing
element is one obvious controlling factor on the extent of the slat
wake/main element boundary-layerinteraction. As the gap between
the slat and wing is made smaller, the slat wake will begin to merge
with the wing boundary layer. This mixing of a wake from an up-
stream body with the boundary layer on a downstream element is
commonly referred to as a confluent boundary layer. The location
of onset of confluence moves forward on the wing as the slat gap
is decreased. The resulting confluent viscous layer will be thicker
than the main element boundary layer alone, which increases the
likelihood of flow separation on the main element at large attack
angles.

The computation of flow over multi-element wings requires the
ability to successfullymodel certain high-lift system building block
flows, which we define as generic components of the flowfield over
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any modern high-lift system. These include (in no particular or-
der) 1) leading-edge transition mechanism; 2) a variety of sepa-
rated flow phenomena, for example,laminar separationbubblesand
large-scale cove flow separation; 3) confluent boundary-layer flow;
4) boundary-layerand wake developmentin pressure gradients and
with streamline curvature; 5) boundary-layerrelaminarization;and
6) multiple wake interactions.

It is apparent that the reliable prediction of the performance of
a multi-element airfoil using computational fluid dynamics (CFD)
will require accurate modeling of the relevant viscous flow interac-
tions. Our limited understanding is readily apparent on inspection
of the results from the recent blind CFD challenge for flow over
a two-dimensional three-element airfoil reported by Klausmeyer
and Lin.? In our view, the numerous and significant disparities be-
tween the CFD and the experiment exhibited by this competition
serve to illustrate just how far we really are from the goal of hav-
ing a reliable CFD-based high-liftdesign tool. The developmentof
such tools for high-lift system aerodynamic performance prediction
will require increased attention to fundamental flowfield physics
issues.

The focus of this paper is on one particular aspect of a high-
lift system flowfield; the confluent boundary layer. The confluent
boundary layer is a complex flow that combines certain character-
istics of both the classic turbulent boundary layer and wake in a
single integrated viscous layer. We first qualitatively describe the
confluent boundary layer and introduce some appropriate terminol-
ogy. Figure 1a is a qualitative sketch of the mean velocity profile
prior to any significant confluence between the viscous wall layer
and wake. In this case, the wall layer remains distinct from the wake
as evidenced by a region of uniform potential flow at the exter-
nal flow speed U, that appears between the two viscous layers. The
wake centerlineis well defined as are the inner and outer wake shear
layers. Figure 1b presents a confluent boundary-layer profile after
onset of mixing between the wall layer and slat wake. The region
of irrotational flow between the wall layer and lower wake shear
layer is now gone. The lower wake shear layer is still apparentas a
region where the velocity defect (U, — U) increases with increasing
distance from the wall. The location where dU/dz =0 just above
the wall has a local velocity U < U, indicating that the wake and
wall layer have begun to merge. Although it is tempting to define
this as a boundary between the wall layer and lower wake shear
layer, this is artificial inasmuch as there is undoubtedly a significant
dynamic interaction between the two. In Fig. 1lc, the lower wake
shear layer has nearly lost its identity and local values of dU /dz are
small throughoutdue to the mixing that has occurred with the wall
layer. In Fig. 1d, the mixing between the slat wake and wall layer
is sufficiently strong that the velocity defect now decreases contin-
uously with distance from the wall. We shall refer to streamwise
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Fig.1 Schematic of the confluent boundary layer.

regions for which the mean profiles resemble Fig. 1b as associ-
ated with weak confluence. Those regions for which the profiles are
monotonic, like Fig. 1d, will be referred to as associated with full
confluence.

Previous studies involving confluent boundary layers generally
fall into two rather broad categories. First, there have been studies
on specific two-dimensional high-lift configuration models in both
low-speed and pressure tunnels. These studies have typically been
carried out as part of a high-lift system configuration optimization
and performance testing program (e.g., Nakayamaet al.,> Mack and
McMasters,* and Chin et al.?). As such, the focusis often not on the
confluentlayeritself but rather the resulting integrated aerodynamic
forces. Measurements of the confluent boundary-layerstructure are
typically restricted to pitot probe surveys that provide single com-
ponent mean velocity profiles.

More fundamentalstudies of confluent boundary layers have been
performed, albeit in less realistic geometries. For example, Bario
et al.® used a tandem arrangement of symmetric airfoils to investi-
gate the interaction between the wake of the upstream airfoil with
the boundary layer on the downstream airfoil. In addition, an ex-
tensive set of experimental results for confluent boundary layers are
reportedin a series of papers by the group at Cambridge University:
Zhou and Squire,”-® Agoropoulosand Squire,” and Moghadam and
Squire.' In these studies, wakes generated by both a flat plate and
symmetric airfoils were allowed to merge with the turbulentbound-
ary layer on the floor of a wind tunnel. In each case either a porous
top wind-tunnel wall or a contoured insert was used to impose an
adverse pressure gradienton the confluent layer. In the adverse pres-
sure gradientcases, the merging of the two viscouslayers was accel-
erated. In those cases where there was strong vortex shedding from
the wake generating airfoil, the mixing in the interacting flow was
found to be quite strong. The study by Moghadam and Squire'”
involved a swept airfoil and addressed the effects of wake three di-
mensionalityon the confluentboundary-layerstructure. Tulapurkara
et al.!! investigated the interaction of both an airfoil and bluff-
body wake with a flat plate boundary layer. The higher turbulent
fluctuations in the bluff-body wake gave rise to a more rapid mix-
ing and earlier development of a monotonic mean velocity profile.
The interaction between a symmetric airfoil wake and flat plate
boundary layer as well as between two symmetric airfoils in a
wing/leading-edge slat configuration was undertaken by Johnston
and Horton.!? Measurement of confluent boundary-layer develop-
ment in a very realistic geometry was performed at Lockheed Cor-

poration by Braden et al."* using a NASA GAW-1 main element
airfoil equipped with a single-slotted trailing flap and a leading-
edge slat. Particularemphasis was placed on documentingconfluent
boundary-layerseparation characteristics. A study of the confluent
boundary layer on a four-element high-lift system model was per-
formed by Brune and Sikavi'* at the Boeing Research Wind Tunnel
Facility. They used X-wire probes to characterize both the mean
and turbulent flow development under conditions representative of
takeoff.

This paper describes a fundamental experimental investigation
of the confluent boundary layer generated by the interaction of a
leading-edgeslat wake with the boundary layer on the main element
of a two-dimensional multi-elementairfoil model. The experiments
are performed in both a geometry and pressure gradient environ-
ment that is similar to that encountered in actual high-lift systems.
The research reported in this paper is performed in an attempt to
investigate the flow physics of the confluent boundary layer and
to build an archival database on the interaction of the slat wake
with the main element wall layer. In addition, an attempt is made to
identify clearly the role that slat wake/airfoil boundary-layer con-
fluence plays on lift production and how this influence occurs. To
forma comprehensivedatabasefor future CFD/turbulencemodeling
efforts, nonintrusive flowfield surveys were performed for several
positions of the slat with respect to the main element. Space lim-
itations prevent presentation of the complete results. Instead, this
paper will contrast two cases representing examples of delayed and
early wake/boundary-layerconfluence.

II. Experimental Facility and Measurement Apparatus

The experiments were performed in an in-draft wind-tunnel fa-
cility located at the Hessert Center for Aerospace Research at the
University of Notre Dame. Ambient air is drawn through a con-
traction with inlet area of 2.74 X2.74 m and contraction ratio of
20.25:1. The test sectionis 1.83 m in length, 0.61 m in height, and
0.61 m in width. To facilitate flow visualization and laser Doppler
velocimetry (LDV), one sidewall of the test section is made of
glass.

A schematic of the high-lift system model is shown in Fig. 2.
The model is a simplified two-dimensional multi-element airfoil,
the main element of which is elliptical with a maximum thickness-
to-chord ratio of 15%. A plain tapered flap of 30% chord length
was hinged at the trailing edge to provide the same characteristic
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Fig.2 Schematic of the multi-element airfoil model.

peaked main element pressure distribution for confluent boundary-
layerdevelopmentthat occursin actualhigh-liftsystems. A leading-
edge slat, the upper surface of which takes the shape of the leading
edge of the main airfoil, was deployed in front of the main element.
The slat has a lower surface cove region that is virtually identical
to that of the often studied McDonnell Douglas three-element high-
lift system.? The position of the slat relative to the main element
was fully adjustable in terms of angle of attack, gap, and overhang.
For readers unfamiliar with slat rigging nomenclature, Fig. 2 also
shows representative lines of constant slat gap and overhang. The
coordinatesystemthatis usedin presentingthe measurementsis also
shown in Fig. 2. As indicated, x is the spatial coordinate locally
tangent to the main element surface with the corresponding local
tangential velocity component U. The spatial coordinate locally
normal to the main element is z, with corresponding local normal
velocity component W.

Unless otherwise noted, the experiments were performed at a
stowed chord Reynolds number of nominally 1.2 X 10°.

To facilitate flow visualization of the slat wake-main element
boundary-layerconfluence, both the main element and the leading-
edge slat contained separate internal plenums connected to surface
smoke injection slits. A kerosene smoke generator was connected
via flexible tubing to both internal plenums. The slit on the main
element allowed the seepage of smoke into the boundary layer near
the stagnation point (which was nominally located on the lower sur-
face). The slit on the top surface of the leading-edge slat allowed
seepage of smoke into the slat boundary layer and thereby provided
a means of visualizing the slat wake. An argon-ion laser light sheet
was positionedin the x-z centerspanplane of the modeltoilluminate
the smoke and thereby visualize a slice of the confluent boundary
layer. To obtain integratedlift, a second identical multi-element air-
foil model was constructed that contained numerous static pressure
taps on the upper and lower surfaces of the slat, main element, and
trailing flap. Both multi-element airfoil models nearly spanned the
test section and were installed in the wind tunnel with transparent
end plates. Spanwise arrays of airfoil pressure taps and support-
ing flow surveys confirmed that the flow over the model was two
dimensional. The observed spanwise variation of mean flow veloc-
ity at any given fixed chordwise location was always less than 1%.

Transition was allowed to occur naturally inasmuch as no surface
gritorboundarylayertrips were used. However, LDV measurements
indicate the boundary layer on the main element to be turbulent by

the first chordwise measurement station, which was x/c¢ =0.06.
Hot-wire surveys indicated the boundary layer on the slat top
surface just upstream of the trailing edge to be transitional. Smoke
flow visualization revealed the flow in the slat cove region to be
separated. Hot-wire measurements made immediately downstream
of the slat trailing edge indicate the near wake to be in a transitional
state with most fluctuationenergy residingin discrete spectralmodes
associated with vortex shedding from the slat. The importance of the
assumed slat boundary-layer transition state and location on CFD
prediction of high-lift flows was recently discussed in the paper by
Rumsey et al !

The structure of the confluent boundary layer was investigated
nonintrusivelyby means of two-componentLDV surveysatselected
chordwise locations on the main element. The measurement lo-
cation was at the center span of the model. An Aerometrics
three-component, fiber optic LDV system was operated in two-
component, coincident, backscatter mode using a 5-W argon-ion
laser. Frequency shifting was used to unambiguously resolve flow
direction. Results for both mean flow and turbulence quantitiesrep-
resent ensemble averages over at least 10,000 valid coincidentburst
events. An Aerometrics seed particle generator using a mixture of
propylene glycol and distilled water was used to seed the flow near
the tunnelinlet with dropletsthatare nominallyinthe 1-2 ymrange.
The transceiver of the LDV system was mounted to a computer-
controlled traverse table. The 514- and 488-nm laser wavelengths
were used to measure the U and W velocity components, respec-
tively. The diameter of the LDV measurement volume, which is the
limiting factor in setting the spatial resolution in the z coordinate,
is 239 um.

An error analysis including the effects of both bias and preci-
sion errors showed that the uncertainty in the measured mean ve-
locity is £0.17 m/s within 95% confidence. For the streamwise
component this translates to a relative error with respect to the ex-
ternal freestream of £0.56%. The uncertainty for the local values
of the normal stresses was computed to be +1.4%, again within the
95% confidence interval. The correspondingvalues for the measured
Reynolds stresses are in the range of +=4%.

III. Experimental Results
A. Summary of Flow Visualization and Integrated Lift Results
The focus of the experiments is on the characterization of the
structure and development of the slat wake/main element confluent
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boundary layer and the role that confluence plays on lift production
in high-lift systems. For this reason, the geometric angle of attack
and trailing-edge flap deflection were held fixed in the experiments
while the leading-edgeslat gap and overhang were then varied overa
range of positions. It was found that a main element geometric angle
of attack of 10 deg and a trailing-edge flap deflection of 13 deg
represented a good compromise in terms of producing a surface
pressure distribution on the model similar to those encountered in
actual high-lift systems while minimizing the effects of wind-tunnel
blockage. The slat was positioned at an attack angle of —10 deg so
that it faced directly into the approach flow.

Even at the main element angle of attack quoted earlier, however,
the tunnel blockage was still 15%. To assess the effect of blockage,
experiments were also performed in a larger in-draft tunnel at the
Hessert Center with a 1.52 X 1.52 m cross-sectionalarea for which
the blockage was only 2.4%. It was found that standard blockage
corrections applied to the data obtained in the smaller test section
yielded results matching those obtained in the larger tunnel. Per-
haps most important for the purposes of this investigation,however,
was the observationthat integrated lift coefficients showed the same
trends with variation in slat gap and overhang in both facilities. Be-
causeour purpose was simply to providea realistic pressure gradient
environment for the confluent boundary layer to develop and not to
produce lift data for extrapolationto flight, the blockage issue was
nota significant factor. The higher overall flow quality of the smaller
tunnel motivated its use in this study.

To further reduce the parameter space for detailed LDV study,
integrated lift and confluent boundary-layer flow visualization was
first performed for a variety of slat overhang and gap settings. The
resulting variation of lift coefficient (based on integration of mea-
sured surface pressure distributions) with slat position is shown in
Fig. 3. In Fig. 3 the integratedlift coefficient is Cjy and is normal-
ized by the lift coefficient obtained with the slat fully stowed, Cjq.
This normalizationshows the relative change in lift coefficient with
slat gap and overhang variation. In Fig. 3, the lift measurements
are presented as shaded contours in slat gap-overhang parameter
space. Both the slat gap and overhang are expressed as percentages
of the stowed chord length. The range of gap and overhang values
shown in Fig. 3 span those typically encountered in high-lift sys-
tems. Lighter shading indicates the highest relative lift coefficient.
Note that optimumliftis obtainedfor a quite narrow range of slat gap
and that lift falls off for both larger and smaller slat gap settings.
Figure 3 shows that the lift also falls off with negative overhang.
These data show what has often been observed in design tests of
multi-elementairfoils: The performance of the high-lift system can
be quite sensitive to slat position relative to the main element. With
the indicated sensitivity, it is not surprising that a slat orientation
that is found to be optimum in ground tests may not be opti-
mum at flight Reynolds numbers. This has been a well-known
problem in the design of high-lift systems for commercial trans-
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ports. Note that much of the early high-lift system development
work at Boeing prior to the 757-200 model was performed at
stowed chord Reynolds numbers of 1 X10°% (comparable to this
study) in the University of Washington Aeronautical Laborato-
ries.

To clarify the role of the leading-edge confluent boundary layer
on the observed variationin lift, smoke injection flow visualization
was performed for several of the slat gap/overhang combinations
indicated in Fig. 3, and key results are qualitatively summarized in
a series of schematics presentedin Fig. 4. Case numbers correspond
to those shown in Fig. 3. Figure 4a presents case 3, which cor-
responds to zero overhang and a slat gap of 3.1% stowed chord.
At this comparatively large slat gap setting, surface pressure mea-
surements (not presented) show that the slat is unloaded and is,
therefore, ineffective at moderating the surface pressure on the
leading edge of the main element. As a consequence, a large sep-
aration bubble is observed to form on the main element and lift
is reduced. Figure 4b presents case 2, which corresponds to zero
overhang and a 1% gap setting. This configuration is nearly opti-
mum in terms of lift production. Surface pressure measurements
indicate the slat is highly loaded. The flow visualization shows
the slat wake and boundary layer remain separate entities, and
strong confluence is apparently delayed until the most aft chord-
wise stations. Figure 4c presents case 1, which corresponds to zero
overhang and 0.4% gap setting. This case represents the small-
est slat gap investigated. Although pressure measurements indicate
that the slat remains loaded, Fig. 4c suggests a more rapid merg-
ing of the slat wake and main element boundary layer near the
leading edge. Associated with this forced early confluence, the lift
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production is adversely affected. Figure 4d corresponds to case 4,
which has the same gap setting as in case 2 but a negative over-
hang of —0.83%. In this case, pressure measurements indicate that
the slat is not highly loaded, and the flow visualization indicates
a vertical jetting of the wake near the trailing edge. The main ele-
ment boundary layer, while remaining attached, grows in a strong
adverse pressure gradient environment. Strong confluence is ob-
served upstream of the midchord position. Finally, Fig. 4e presents
case 5, which corresponds to 1.2% overhang and 1% gap. As in
case 2, the slat is highly loaded and moderates the main element
leading-edgepressure peak. The slat wake and boundary-layercon-
fluence is delayed until well downstream yielding favorable lift
behavior.

In summary, Fig. 4 shows that optimum lift behavior appears
associated with cases for which strong slat wake/main element
boundary-layerconfluenceis delayed to aft chordwise stations. Note
that case 3 simply correspondsto a case in which confluence is not
the key issue, but rather, the slat is ineffective at moderating the
main element pressure peak due to the large gap setting.

Of course, the primary benefit of a slat is to increase the main
element attack angle before separation occurs and thereby increase
Crma. However, inasmuch as the higher lift at constant angle of
attack observed in our experiments represents a healthier main el-
ement boundary layer, it can be presumed that higher C; ,,.x would
result.

B. Confluent Boundary-Layer LDV Flowfield Surveys

Detailed two-componentLLDV surveys of the confluent boundary
layer were performed for a variety of the slat gap and overhang set-
tings shown in Fig. 3. Here we focus on a comparison of confluent
boundary-layerflowfield surveys for case 2, which correspondsto a
near-optimumslat setting, and case 1, which involves an early onset
of strong confluence due to the reduced gap setting. In presenting
the LDV measurements we will first discuss the mean flow develop-
ment, followed in turn by the presentation of turbulence quantities.

1. Mean Flow Development in the Confluent Layer

Figure 5 compares mean velocity profiles, U(z)/ U, for cases 1
and 2 as obtainedatseveral chordwiselocationson the main element.
U, is the local velocity outside the viscous layer and is of course a
functionof x/c. At x/c =0.1, the slat wake is well defined for both
cases. The wake and viscous wall layer are well separated at this
chordwise location for case 2. In case 1, however, mixing between
the wake and boundary layer has already commenced at x/c =0.1
and is well underway by x/c =0.3. As a consequence, the case 1
flow is more severely retarded near the wall in relation to case 2. This
trend is observed to continue for each x/ ¢ location investigated and
is associatedwith the early onsetof confluencebetween the slat wake
and boundary layer. Figure 5 shows evidence of onset of very weak
confluence for case 2 at the x/c =0.3 location. Figure 5 suggests
an accelerated and more aggressive mixing between the slat wake
and main element boundary layer for case 1.

Figure 5 serves to illustrate another interesting difference be-
tween the mean flow data of cases 1 and 2. Each datum point in
Fig. 5 is based on an ensemble average over at least 10,000 valid
LDV burst events. As a result, the case 2 profiles are quite smooth
and exhibit very little scatter. In contrast, despite the long effective
averaging times used for the measurements, the case 1 profiles of
Fig.5 show considerablescatter, especiallyin the wake region.It was
found that this scatter could not be removed by repeating the mea-
surements with even longer averaging times. Velocity histograms
(not presented here) revealed a bimodal character for case 1 that
suggested an unsteady or mode switching type of behavior. This bi-
modal behavior was most apparentin the W-componenthistograms.
The origin was traced to unsteady separated flow behaviorin the slat
cove. This unsteady aspect of the high-lift flowfield, and the associ-
ated acoustic emission, is the topic of a detailed investigationusing
a fully instrumented slat, the results of which will be reported in a
separate paper. To the authors’ knowledge, the unsteady aspects of
high-lift flows have not received attention in the past.

Despite the obvious differences between the confluent boundary-
layer mean velocity profiles shown in Fig. 5 and those of conven-
tional turbulentboundary layers, note that, in each case, sufficiently
close to the wall the profiles exhibit classic log law-of-the-wall
scaling behavior. This may be seen in Fig. 6, which presents se-
lected case 2 mean velocity profiles plotted in inner wall variables,
u* =U/u, andz* =(zu,)/ v, where u, is the local friction velocity
and v is the kinematic viscosity. Figure 6 shows log law behaviorin
each case for z* < 200. Note that the profiles have been biased from
eachotherby Au* =2 for the purpose of facilitating their compari-
son in a single figure. To apply inner variable scaling, the local skin
friction was measured by both the Clauser and Preston tube methods,
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which gave quite similar results. Although both these methods as-
sume log law behavior, plots of U/ U, vs f(U,z/v) exhibited a
well-defined logarithmic zone, and subsequent inner variable scal-
ing of the profiles using the experimentally obtained values of skin
friction did indeed yield profiles of the form u* =(1/x)bz* + B,
with k =0.41 and B =35 (this line is indicated in Fig. 6).

For z locations extending from the wall to the lower edge of the
slat wake, it was found that the profiles are well represented by a
modified form of Coles’ composite relation:

ut =(1/x) bz + B + [[L(x, 8,)/x][25in’(72/28,)] (1)

In Eq. (1), IT.(x, 8,) is a wake parameter that at a given x location
is given by

I1.(8,) = (x/2)[U} — (1/%) tn(8}) — B] ()

where 6, is the distance from the wall to the lower edge of the slat
wake, 5: is the corresponding value in wall units, and U:, =U,/u,
is the corresponding velocity at the lower edge of the wake. The fit
of Eq. (1) to the case 2 mean velocity data is shown in Fig. 6 and
is denoted by the term composite profile. The z* limit of the fit at
each x/c is denoted by a small vertical line. This ranges from 600
wall units at forward positions on the main element to nearly 1000
wall units for the aftmost chordwise stations.

For x/clocationsupstreamoffull confluence, it was found that the
value of §,, that provides the best composite scaling of the mean ve-
locity measurementscorrespondsto the local z value where u’w’ =0
above the wall. Note that this is not the same z location where
dU /dz =0; this occurs farther from the wall. This aspect will be dis-
cussed further on presentationof the Reynolds stress measurements
in the following section. For those chordwise stations corresponding
to full confluence, there is no near-wall location where either u/w’
or dU/dz equals zero. For such locations the length scale 8, cannot
be associated with any readily identifiable feature of the profiles of
either mean flow or turbulence quantities. However, it was found in
each case that §, varied exponentially with x/c. Extrapolation of
the exponential fit of the values of &, (x) as determined upstream
of full confluence by the u'w’ =0 condition provided an excellent
representationof the optimum values of 8, in the region of full con-
fluence. In this region, it is always true that 5, was located below
the Reynolds stress minimum.

Although not presented in this paper, inner variable scaling of
mean velocity profiles for case 1 using the composite relation (1)
also provided a very satisfactory fit below the slat wake extending
to zt =500, ..., 600. For case 1, it was found that the increased
scatter of the profiles associated with unsteady effects is confined
primarily to the wake region whereas the near-wall region appears
largely unaffected.

Focusing on the outermost portion of the confluent layer,
Fig. 7 shows the non-dimensional wake velocity defect, (U — U,,)/
(U, —U,,), in the upper wake shear layer for case 2 as a function

of 1 =(z—2z.)/dq. U, is the minimum velocity in the wake, the
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Fig.7 Scaled upper wake shear layer profiles for case 2.

location z, corresponds to the center of the outer wake shear layer,
that is the location where U = %(UL, +U,), and &, is the upper
wake shear layer vorticity thickness. Figure 7 shows that despite the
strong adverse pressure gradientenvironmentin which the flow de-
velops, the outermost portion of the confluent boundary-layermean
velocity exhibits approximate similarity behavior when scaled in
the manner described earlier. The solid curve shown in Fig. 7 is a
modified hyperbolic tangent profile of the form

(U - Um)/(Ue - Um)
=0.5(1 + tanh(n) {1 + sech’(m)[0.05tanh(n) — 0.23]}) (3)

The term in brackets contains both symmetric and antisymmetric
correctionsto a basic hyperbolictangentprofile. The collapse shown
in Fig. 7 is perhaps not surprising given the analysis by Townsend,'6
which demonstrates that a low-momentum deficit wake can admit
to approximate similarity solutions even in a pressure gradient en-
vironment. Similar scaling results were also obtained for the outer
wake shear layer of case 1.

The scaling embodied by Eq. (3) was was not suitable for de-
scribing the inner wake shear layer. For locations above the wall
corresponding to 0.2 < z/5< 0.5 (here & is the distance from the
wall to the location where U =0.99U,), there is little hope of sim-
ilarity scaling due to the very strong streamwise variation in the
profile shape. This comes about as a consequence of the strong
mixing with the main element wall layer.

Velocity defect scaling may be employed to document the devel-
opment of the confluent boundary layer, and the results for case 2
are presented in Fig. 8. In Fig. 8 the wall normal coordinate z is
scaled by 6. Using defect scaling, it is apparent that weak conflu-
ence commences near x/c =0.2 as evidenced by a nonzero defect
below the wake. Note that the profiles exhibit reasonable collapse
for z/ 6> 0.65, consistentwith the precedingdiscussionof the outer
wake shear layer. Below this region, the defect grows with stream-
wise distance. For a conventionalturbulentboundary layer, the mo-
mentum defect decreases monotonically with z/ 8. For the confluent
boundary layer shown in Fig. 8, locations above the wall for which
the velocity defect increases are evidence that the slat wake has
not fully mixed with the boundary layer and maintains some sem-
blance of a separate identity, that is, the confluence is weak. Based
on Fig. 8, this would suggest that, for case 2, full or strong conflu-
ence is reached by approximately x/c =0.7. Note that downstream
of this location, the profiles exhibit large changes in character with
the defect near the wall growing very rapidly. As one might expect,
velocity defect scaling of the case 1 mean velocity profiles (not pre-
sented) reveal that the slat wake and boundary layer have begun
to merge upstream of x/c¢ =0.1 and appear completely mixed by
x/c =0.4 as evidenced by a continuous decrease in velocity defect
with z.
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Fig.8 Velocity defect scaling for case 2.
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A comparison of the streamwise variation of the displacement
and momentum thicknessesfor cases 1 and 2 is presentedin Fig. 9a.
Figure 9a is derived from numerical integration of mean flow pro-
files like those presentedin Fig. 5. The integrationis from the wall to
the inviscid freestream and so includes the entire viscous layer. Fig-
ure 9a shows that at each chordwise station the case 1 displacement
thickness exceeds that for case 2. This is consistent with the case 1
flow mixing more aggressively with the slat wake and being more
severely retarded in relation to its case 2 counterpart. Because of
the associated streamline displacement effect, the suction pressure
on the main element is reduced, as is shown from the comparison
of the cases 1 and 2 pressure distributions shown in Fig. 9b. Hence,
even in the absence of separation, lift is adversely affected by the
confluence. Figure 9a also indicates the streamwise locations of
full confluence based on the defect scaling described earlier. Note
that both cases’ 1 and 2 displacement thickness show a significant
increase in growth rate starting at these locations. Figure 9a also
presents the streamwise variation in the skin-friction coefficient for
each case.

2. Development of Turbulence Quantities in the Confluent Layer

Figure 10a presents profiles of the local tangential and normal-
component turbulence intensities as obtained at selected chord-
wise locations on the main element for case 2. At each z loca-
tion, \/u?/ U, > \Jw’?/ U, as expected because the Reynolds stress
working against the mean velocity gradient will feed energy into
the tangential u’ fluctuating component first. Qutside the viscous
layer, the #’ and w’ intensities are approximately equal, which is
consistent with a background turbulence in the wind tunnel that is
nearly isotropic. At each chordwise station shown, peak u’ intensity
occurs very near the wall at a value of approximately 10%, which
is typical of turbulent boundary layers in general. Peak near-wall

w’ intensity values are between 4 and 5%. In contrast, the u'- and
w'-component turbulence intensities for 0.3 < z/8 < 0.9, which the
mean velocity profiles indicate to be associated with the slat wake,
are observedto decay with x/c. This is associated with the reduction
in mean shear as the slat wake widens. There is streamwise growth
in the u’- and w'-componentintensities for 0.09 < z/5 < 0.3, partic-
ularly near x/c¢ =0.6-0.7, which is the streamwise location asso-
ciated with the onset of full confluence between the wake and wall
region.

Figure 10b presents sample u’ and w’ intensity profiles for case 1.
One difference between these data and the corresponding measure-
ments for case 2 is that the ' intensity near the wall is considerably
higher at small x/c for case 1. Note that the abscissa scale for the
intensity profiles at x/c¢ =0.2 is different than the others to accom-
modate the higher near-wallintensities. With increased x/ ¢, the case
1 wall layer intensity appears to relax toward similar values as oc-
curred in case 2. Measurements near the main element leading edge
and slat trailing edge suggest that the high-turbulence levels near
the wall originate from the interaction of the lower slat wake shear
layer with the wall layer on the main element as a consequence of
the reduced slat gap setting. The case 1 turbulence intensity values
for z/ 8 correspondingto the wake region are observed to decay ini-
tially, as in case 2. However, unlike case 2, the fluctuation level in
the outer wake exhibits renewed growth downstream of x/c =0.4.
This indicates a more complex and dynamically active wake struc-
ture than occurred for case 2. As in case 2, there is growth in the
turbulence level for regions of z/ & corresponding to the region of
mixing between the wall layer and slat wake.

Figure 11 presents the streamwise evolution of the nondimen-
sional Reynolds stress —uw/ U? for case 2. The z variation of the
Reynolds stress across the confluent boundary layer can be char-
acterized by three distinct regions. In the region nearest the wall,
—uw > 0. With sufficient distance above the wall, the Reynolds
stress changes sign and becomes negative in the lower slat wake
shear layer. A second change in sign occurs as the Reynolds stress
becomes positive again in the top slat wake shear layer. The locus
of points corresponding to z locations where —uw =0 closest to
the wall is shown by a dashed line in Fig. 11. As discussed earlier,
for streamwise locations upstream of the onset of full confluence
(x/c =0.7), these z locations coincide with the scaling length &,
in Eq. (1). The solid curve shown in Fig. 11 is the locus of points
corresponding to where 8U/ 9z =0 nearest the wall. Note that by
x/c =0.7 the lower shear layer of the slat wake and wall layer
have mixed such that 83U/ 9z > 0 throughoutthe confluent boundary
layer. For z locations between the solid and dashed curves, the tur-
bulence productionterm —uw dU/ 9z is negative. Such countergra-
dient momentum transport violates standard eddy-viscosity-based
turbulence models because it requires a negative mixing length. In
this experiment, the region of countergradienttransportis observed
to be restrictedto the wall layer/lower slat wake shear layerinterface
for those chordwise locations upstream of where the slat wake and
wall layer have thoroughly mixed. Countergradient transport has
been observedin other experimentsinvolving wake/boundary-layer
confluence,”? as well as in wall jets and curved turbulent flows near
the location of maximum velocity.” We have already seen that the
mean velocity profile in the region of mixing between the wall layer
and wake changes dramatically in the streamwise direction so as
to prohibit any type of similarity scaling. In such a region, mem-
ory effects associated with streamwise evolution are likely to be
very important. This would invalidate a gradient transport model in
which Reynolds stress is assumed to depend only on the local strain
rate.

Figure 12 presents the streamwise Reynolds stress evolution
for the case 1 slat configuration. As in Fig. 11, the dashed and
solid curves represent the z locations where —uw =0 and where
0U/9z =0 below the slat wake shear layer, respectively. In the
region between the curves, turbulence production is negative. As a
consequenceof the forced early confluencein case 1, the 80U /9z =0
conditionbelow the slat wake is lost by x/c¢ =0.4. Similarly, the re-
gion where —uw < 0 in the lower slat shear layer disappears much
earlier than in case 2.

Because u? > w? (as shown in Fig. 10) and because the confluent
layer develops in a strong adverse pressure gradient environment,
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Fig.10 Profiles of local tangential and normal-component turbulence intensities.

thatis, 80/dx < 0, the term —(u? — w?2) U/ dx represents an ad-
ditional dilatational turbulence production mechanism that can aug-
ment the shear production term, —uw 90U /9z. Figure 13 shows an
example comparison of these two production terms at x/c =0.6
for case 2. Note that the turbulence production at the wall greatly
exceeds that associated with the wake shear layers. This was also
foundto be true at the most upstreamlocations. Figure 13 also shows
that shear turbulence production dominates over the dilatational
term. That is, despite the strong pressure gradient environment, the
main element confluent boundary layer is shear dominated. This
was observed at each x/c location for both cases 2 and 1. Note
that this may not be the situation in the vicinity of incipient flow
separation.

3. Mixing Length Evolution

As describedin detail by Wilcox,'® turbulentflows are often mod-
eled by invokingan eddy viscosity conceptthatrelates the Reynolds
stress to the local strain rate. That is,

-uw =v,— 4
uw = v = 4)

where v, is a kinematic eddy viscosity. In the Prandtl mixing length
hypothesis the eddy viscosity is given by

oU
Vi =gi”a_z (&)

where £, is a so-called mixing length and, in analogy to the mean
free path in the kinetic theory of gases, is related to the cross-stream
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distance over which a lump of fluid is transported while preserving
its streamwise momentum. There have been numerous criticisms of
this analogy. However, irrespective of physical interpretation, the
mixing length is a measurable quantity that almost invariably finds
its way into Reynolds-averaged Navier-Stokes computations. For
this reason we next document the mixing length evolution in the
confluent boundary layer.

Using measured profiles of mean velocity and Reynolds stress,
the Prandt]l mixing length was determined via the relation

1

)

The observedmixing length variationacross the confluent boundary
layer may be classified in terms of three distinct regions. In the
viscous wall layer, that is, below the lower slat wake shear layer,
z < 6, themixing lengthexhibitsbehaviorthatis reminiscentof that
encountered in conventional boundary layers. Figure 14 presents
sample profiles of the mixing length £, across the near wall region
of the confluent boundary layer. In Fig. 14, both the mixing length
and wall normal coordinate are nondimensionalized by the local

—uw

e — 6
oU/0z|00/ oz| ©®



THOMAS, NELSON, AND LIU 987

1 ] T T
| B x/c=0.3
O.Bi ® x/c=04 | |
. x/¢=05
] * =
061 x/c=06 § |
Lo ] 6 x/e=07
A o]
[
1 o ¥ = . =
0.2 p ¢ 3 W g N .———- ry
] 3 - “m|,® *
] ®
.
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Z— Zx
A

Fig.15 Profiles of mixing length £,, across the outer wake shear layer
for case 2.

lengthscale 6, . In thisscaling,z/8, =1 correspondsapproximately
to the lower boundary of the slat wake. Figure 14 shows that in the
immediate vicinity of the wall the mixing lengthis givenby £,, =z,
where x is the von Karmdn constant. This relation, along with the
observation that peak near-wall Reynolds stress —uw) ux/ uf ~ 1,
is fully consistent with the observationof a logarithmic law-of-the-
wall mean velocity variation.

As shown in Fig. 14, with sufficient distance above the wall the
mixing length departs from its linear variation with z and grad-
ually approaches a relatively constant plateau with most values
of4,/5,=~0.19,...,0.24. Note that the increased scatter in mixing
length values near z/5, =1 is because the mean strain rate 30U/
0z— 0 1n this region of mixing between the wake and wall layer.

As already described, the interface between the lower slat wake
shear layer and wall layer is characterized by countergradient mo-
mentum transport, and the mixing length is, therefore, undefined
there. This effect is greatest in the initial stages of confluence be-
tween the wall layer and wake as documented in Figs. 11 and 12.
Even farther downstream, where the wake and wall layer have un-
dergone considerablemixing, it is difficult to obtain reliable mixing
length values because the mean strain rate, U/ dz, is quite small
due to the considerable mixing that occurs in this region.

Figure 15 presents the mixing lengths in the outer wake shear
layer as obtained at several chordwise locations. Both the ordinate
and abscissaare scaled by the local thickness of the outer wake shear
layer, A = z, — z,,, where z, and z,, are the locations of the outer
edge of the wake shear layer and the location of maximum wake
defect, respectively. As is the case for free shear flows, the mixing
lengthis found to vary remarkably little across the wake shear layer,
and for most locations a constant value of 4,/ A = 0.19 represents
a reasonable fit to the data. The most notable exception occurs for
x/c =0.7, which is the location of onset of full confluence. This
gives rise to highly elevated values of £, near the center of the slat
wake, thatis, as z — Z,,.

IV. Conclusion

The combined flow visualization and integrated pressure mea-
surements presented show that optimum lift behavior is associated
with slat positions for which full confluence is delayed to the most
aft chordwiselocationson the main element. Early confluence gives
rise to enhancedmixing between the viscous wall layer and slat wake
that produces an increased momentum defect near the wall and an
associated increase in displacement and momentum thickness over
the main element. This has the effect of reducing the suction on
the main element, and, consequently, lift is reduced. Thus, even in
the absence of main element separation, lift is reduced as a con-
sequence of confluence due to the associated outward streamline
displacement effect.

Despite obvious differencesin the confluent boundary-layerpro-
files from those of conventional turbulent boundary layers, it was
found that, between the wall and mixing interface on the lower side

of the slat wake, the mean velocity is well representedby a modified
form of Cole’s composite relation. The wake parameter I1,(x, )
is to be evaluated at the location above the wall corresponding to
u'w’ =0 for chordwise stations corresponding to weak confluence.
For the region of full confluence, optimum values of J,, can be ob-
tained by extrapolationof an exponentialfit to upstream values. That
Eq. (1) fits the measured mean velocity profiles below the slat wake
indicates that the inner region of the confluent boundary layer be-
haves very much like a classic turbulent boundary layer in pressure
gradientbut that instead of adjusting to the local inviscid freestream
it adjusts to the velocity imposed on the lower side of the slat wake.
This is not surprising because the near-wall dynamics occur on a
timescale of order 7 oc v/u? whereas the characteristiceddy rollover
time associated with the shear layer extending from the wall to the
wake is on the order of T ocU,,/ §,,. Based on the experiments, the
ratio of these timescales is found to be 7/t =§'/U} = 5. As a
consequence, the lower slat shear layer presents a quasi-static local
condition for the more rapid dynamics of the near-wall region of the
confluent boundary layer to adjust to.

Despite the adverse pressure gradient environment, the outer
wake shear layer is found to exhibit mean flow similarity when
scaled by the local vorticity thickness and maximum wake defect.
In contrast, the local mean velocity at z locations associated with
the interface between the viscous wall layer and lower slat wake
shear layer exhibits a strong variation in the streamwise direction
that prohibits any type of similarity scaling. This is the same region
that was found to exhibitcountergradientmomentum transport.Note
that negative values of —u’w’ 3U/0z were found to be associated
with locations for which the wake is not fully mixed with the wall
layer and the lower wake shear layer remains distinct. That coun-
tergradient momentum transport occurs only in the initial stages of
mixing suggests that the interaction between large-scale vorticity
shed by the slat wake and the large-scale structure associated with
the outer portion of the viscous wall layer plays an important role.
This is qualitatively consistent with the mechanism for countergra-
dient transport postulated by Hinze.!”

Finally, the experimental results presented representonly a small
fraction of a large archival database that has been obtained on the
development of a confluent boundary layer under geometric and
pressure gradient conditions quite similar to those occurring in ac-
tual high-lift systems. This data set provides a unique opportunityto
perform benchmark numerical simulations of confluent boundary-
layer development and to investigate the suitability of various tur-
bulence models. Although the Reynolds number of the experiment
is comparatively low, we feel that this represents a very complete,
nonintrusivelyobtained data setof highintegrity thatincludesthe in-
fluence of both strong and comparatively weak confluence. As such,
it should provide a suitable challenge to current predictive schemes
despite the modest Reynolds number. The authors will be happy
to provide access to the full database to those readers interested in
performing their own CFD simulations.
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