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ABSTRACT

The ‘alternate’ diagnostic plot introduced by Alfreds-
sonet al. (Phys. Fluidsvol. 23, 041702, 2011) is used as
a benchmark to locally evaluate the departure of turbulent
wing-body junction flow wakes from ‘equilibrium’ bound-
ary layers. Experimental measurements of the streamwise
and transverse velocity components have been acquired in
three spanwise/wall-normal planes in the wakes of both a
streamlined ‘wing’ and a bluff ‘wing’ junction. Both obsta-
cles produce a secondary flow of Prandtl’s first kind, which
disrupts the equilibrium implied by the universality of the
alternate diagnostic plot. The obstacle wake itself (away
from the junction) also disrupts this equilibrium. It is fodi
that with downstream development the flow eventually re-
covers to the base zero-pressure-gradient boundary layer
‘equilibrium’, and that this recovery process emanatesifro
the near-wall region.

INTRODUCTION

The ‘alternate’ diagnostic plot (hereafter referred to as
the AD plot) introduced by Alfredssoet al. (2011) shows
the local turbulence intensity (i.e. the root mean square
of the streamwise velocityyms divided by the local mean
streamwise velocity) as a function of the local mean ve-
locity U scaled by the free-stream velocitly. The original
version of this representation was proposed by Alfredsson
& Orlii (2010) as a means to identify potentially flawed ex-
perimental zero-pressure-gradient (ZPG) turbulent beund
ary layer data. This use also applies to the AD plot, since
it stems from the fact that neither the explanatory nor the
response variables depend on wall-distance, the boundary
layer thickness, or the wall-shear-stress-based scales. R
moval of dependence on these scales allows for direct in-
spection of the quality of the velocity measurements them-
selves, since all are subject to their own measurement er-
rors independent of those of the measured velocity. The
wall distance (and the need for a length scale along with
it) is removed from consideration by taking advantage of
the fact thatJ increases monotonically with wall-distance,
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and performing a coordinate stretching/transform such tha
Urms(y) becomesums(U (y)), or simply uyms(U ). Alfreds-
sonet al. (2011) found that ZPG boundary layer profiles
spanning nearly two decades in Reynolds numbers all fea-
ture a ‘sub-domain’ (on the alternate diagnostic plot) veher
the data are closely approximated by a single universal
curve. The upper bound of this sub-domain is the up-
per limit of the total domain (i.e.U /Uy = 1), while the
lower bound decreases as Reynolds number increases (from
U /Up = 0.75 atRey ~ 1000 toJ /U, = 0.5 atRey ~~ 80000,
cf. figure 4 for an example @& ~ 6500). The single-
curve behaviour over this domain is indicative of quasf-sel
preserving development in the boundary layer over a phys-
ical domain that is stretched by the coordinate transform
noted above (wherehly (y) replacesy). Townsend (1976)
writes that self-preserving development “embodies the-pri
cipal of moving equilibrium”. In this conception, the edslie
at a given downstream position are the result of similar ed-
dies from further upstream that have developed in space and
intensity to degrees that are reflected in the locally releva
length and velocity scales. The ‘equilibrium’ revealed by
the AD plot can therefore be understood to reflect an under-
lying structure of self-similar development in canoniaatt
bulent boundary layers. As such, one expects that a change
in the mechanisms of eddy generation manifests as a depar-
ture from the particular ‘equilibrium’ associated with ZPG
boundary layers. That is, one would not expect a turbulent
jet flow to obey the same equilibrium as is implied by the
AD plot for the boundary layer. It is for this reason that we
employ the AD plot from Alfredssost al. (2011) as, in the
words of Alfredsson &Drlii (2010), a “litmus test” to iden-
tify local departures from the boundary layer ‘equilibrium

In this study, the AD plot is used as a benchmark
to characterise departures in turbulent wing-body jumctio
flows from the base ZPG ‘equilibrium’. Junction flows
are generated by the impingement of a turbulent bound-
ary layer upon a wall-mounted obstacle. These flows are
of interest not only due to their direct practical significan
(e.g. submarine sails, submerged bridge piers, aircrafg wi
roots), but also because they present an opportunity taprob
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Figure 1.

Plan view (wall-parallel) diagram of the presereziments and measurement locations. Positions markéueby

‘x’and ‘+’ symbols represent locations where a ‘profile scan’ of astid® wall-normal positions was collected with the
3-wire probe in theu,v) and(u,w) orientations, respectively. The blue text and arrowstitate the skewing of the approach
boundary layer mean vorticity (i.62; < 0) into the streamwise direction, resulting in a secondany ©f Prandlt’s first kind
(note, however, that these sketches do not represent the datection of the mean vorticity vector).

the complex response of a turbulent flow field to a three-
dimensional perturbation in general. The perturbations as
sociated with the present geometries include both an em-
bedded streamwise ‘vortex’ secondary flow (of Prandit's
first kind, from skewing the incident boundary layer vortic-
ity, cf. the blue curves in figure 1) as well as a momentum
deficit associated with the wake of the obstacle itself.
Downstream of the obstacle, the secondary flow can be
characterised as a pair of embedded ‘co-flow down’ stream-
wise vortices that redistribute momentum, Reynolds stress
and all other quantities for which the wall-normal gradi-
entd/dy is non-zero. This redistribution is associated with
the wall-normal mean advective teitd(-)/dy present in
all transport equations. The cross-sectional area of these
vortices increases downstream roughly in proportion to the
(squared) boundary layer height since both depend on tur-
bulence diffusion, e.g. see Shabaiaal. (1985), Fleming
et al. (1991). The overall circulation, however, decreases
only very slowly, as it is reduced only by the spanwise
component of the wall shear stress, e.g. see Shattadda
(1985), Pauley & Eaton (1988). Although the broad picture
of the development of boundary-layer-embedded co-flow-
down vortices has been established, it is less clear how the
turbulent flow field locally adjusts to changes in the mean
flow field, or the degree to which changes in both are ‘syn-
chronised’. In addition to identifying departures from the
boundary layer ‘equilibrium’, as discussed above, the-diag
nostic plot can be used to identify ‘asynchronous’ changes
in the mean and fluctuating velocity fields, since replacing
wall-distance with an ‘intrinsic’ coordinate system based
local mean velocity compensates for the effects of their mu-
tual advection. Locations within the junction flow wakes
which do not follow the boundary layer ‘equilibrium’ im-
plied by the AD plot are therefore interpreted as a depar-
ture from ZPG boundary layer self-similarity, but also as
having been subjected to effects beyond simple mean ad-
vection. The latter interpretation is based on the fact that
simply changing the location where a setgfs andU val-

ues are observed does not change their representation on the

AD plot.

EXPERIMENTS

All of the present data, summarised in figure 1, were
collected in the Flow Physics Facility (FPF) at the Univer-
sity of New Hampshire. The FPF features a 72m fetch,
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making it the largest zero-pressure-gradient boundamrlay
wind tunnel in existence (Vincenét al, 2013). The scale

of the FPF allows for development of high Reynolds num-
bers boundary layers without generating scales too small to
be resolved by conventional measurement techniques.

Two obstacles were tested to permit an investigation
into the role of the obstacle wake on the overall wing-body
junction wake. Both obstacles featured a 3:2 semi-elliptic
‘nose’ with a maximum thickness df = 0.25m and chord
lengthC = 1.05m. Beyond the point of maximum thick-
ness, however, one obstacle tapers to a point following the
NACA 0020 profile while the other remains at a constant
thickness before terminating in another 3:2 semi-ellipse.
The flow around the streamlined obstacle, also known as
a ‘Rood wing’, remains attached, while that around the
other obstacle is expected to separate. In both cases, the
approaching boundary layer featured a Reynolds number
based on momentum deficit thicknesand free-stream ve-
locity Up of Reg ~ 6500. For the cases presented herein
with Up &~ 7 m/s, the ratio of approaching boundary layer
6 to obstacle thickness is =~ 0.06. Data were collected
in three spanwise/wall-normal planes located 2.1, 3.8, and
28.6 chord lengths downstream of the leading edge of each
obstacle. Unperturbed, the boundary layer would normally
develop over this range froRey ~ 8100-19300.

Data were collected with a custom 3-sensor hot-wire
probe based on a design originally described by Kawall
et al. (1983). This probe is composed of a standard or-
thogonalx-wire array with one un-slanted normal wire be-
tween the two slanted wires. As with a standardvire
design, this probe is capable of resolving the streamwise
component of velocity along with one transverse compo-
nent—the additional wire mitigates errors associated with
large instantaneous flow angles. The probe may be op-
erated to simultaneously measwendv, or rotated 90
about the streamwise axis to simultaneously measaired
w. The ‘x’ symbols in figure 1 demarcate locations where
the probe was deployed in ti{e,v) orientation, while the
‘4’ symbols demarcate where data were collected using the
(u,w) orientation. Wall-normal profile scans consisting of
at least 10 logarithmically spaced points were collected at
each %’ and '+’ symbol shown in figure 1. For com-
parison, multi-sensor hot-wire measurements of the unper-
turbed ZPG boundary layer are also available at each of the
streamwise measurement stations.
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Figure 2. Contours of mean streamwise velocity normalisethb free-stream velocity,, along with (where available)
vectors representing the mean wall-normal and spanwisecitiesVV andW, respectively. The vector scaling is constant
throughout all regions of all sub-plots, and the longestamscshown correspond t/'2 +W2)1/2 ~ 0.08o.

RESULTS

In this section, we first discuss features of the mean ve-
locity and mean streamwise velocity variance for the three
streamlined obstacle and three bluff obstacle measurement
planes. These features are then used to provide context to a
discussion of the features exhibited by the data when shown
in AD plot form.

Contours of the mean streamwise velocity of all three
planes downstream of the streamlined and bluff obstacles
are shown in figures(2)—(f). The two near-wake planes
for both obstacles also include vector fields corresponding
to the mean wall-normal and spanwise velocitiégandW
respectively. The vector field scaling is constant in space
(despite the log-scaling on the ordinate) and across sub-
plots, with the longest vectors shown corresponding to a
velocity magnitude about 8% bf,. The vector origins also
indicate the locations of each hot-wire measurement. Fig-
ures Za), (b), (d), and(e) clearly show the relationship
between the secondary flow streamwise ‘vortex’ and the
lifting/thinning of the streamwise velocity contours from
the associated upwash/downwash flow. Also shown via the
encircledx symbols on the same plots are the qualitative
centrepoints of the secondary flow vortex based on the vec-
tor field. These symbols will be replicated in the subse-
quent figures to show the proximity of various features to
the mean vortex position. Qualitatively, there is very lit-
tle difference between the top and bottom rows of figure
2, which respectively represent the flow downstream of the
streamlined and bluff obstacles. That said, the bluff body
wake does appear to be associated with a wider momentum
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deficit in the region bounded by®<y/T and 0< z/T < 1.
Although less pronounced than the near-wake planes, span-
wise heterogeneity is still visible in tHé contours shown

in figures 2(c) and (f) which represent the flow field at
x/C = 28.6.

Figure 3 shows the streamwise velocity variance nor-
malised byU; z, the friction velocity associated with the
unperturbed ZPG boundary layer at the same streamwise
position. The friction velocity is used here so that the val-
ues can be compared more directly to existing ZPG velocity
variance results. In contrast to the mean streamwise veloc-
ity contours shown in figure 2, the contours &t for the
two near-wake streamlined obstacle cases exhibit clear dif
ferences with those of the bluff obstacle cases at the same
locations. The downwash associated with the secondary
flow downstream of the streamlined obstacle promotes en-
trainment of flow with very low variance (characteristic of
the wake region of the ZPG boundary layer), whereas no
such ‘reservoir’ of low-variance flow exists negfT =0 in
the bluff obstacle cases owing to the separated wake of the
obstacle itself. Thus, there is no clear region of ‘inge'sted
low-variance flow in the bluff obstacle wake as there is in
the streamlined obstacle wake. This suggests that the sec-
ondary flow vortex may lose coherence more rapidly down-
stream of the bluff obstacle than downstream of the stream-
lined obstacle. Far downstream, the flow directly behind
both obstacles appears to have slightly elevated variance
relative to the flow further outboard, indicating (as witke th
mean streamwise velocity) that the flow has not completely
returned to a spanwise-homogeneous state.
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Figure 3. Streamwise velocity variance normalised by th@@grhing boundary layer friction velocity; 5, as measured at
the location of the leading edge of the obstacle without thetaxrle present. All values are therefore normalised byénee
constant, and not byld; that decreases with increasing downstream distance.

A selection of the present data is shown in alternate

diagnostic (AD) plot form in figure 4. Also shown in figure
4 is theRe ~ 6500 boundary layer DNS data of Sillero
et al.(2013) for comparision to the present ZPG benchmark
measurements. The quasi-self-preserving sub-domain for
the DNS Reynolds number begins@dfU, ~ 0.6, where
the data appear to merge with the dashed line in figure 4,
given by Alfredssoret al. (2011) as:

U

Uo) '

“rT"‘S — 0.031+ 0.260(1 - @

As expected, the present unperturbed boundary layer mea-

surements aRe = 8100 fall almost directly on top of the
DNS data over the quasi-self-preserving range. Large de-
viations from the unperturbed curve are seen in the bluff
obstacle data that, as will be shown in figure 5, correspond
to the region directly behind the obstacle. Although the
deviations of the streamlined obstacle data from the ZPG
boundary layer equilibrium curve appear small, given the

agreement between the experimental and DNS unperturbed

cases, these deviations can be considered significant.
Figure 5 shows the difference (as a function of space)

between each measured velocity signal when represented in

AD plot form and the expected value for the unperturbed
boundary layer at the sane/U,. In other words, figure 5

shows the spatial dependence of the difference between the

coloured dots and the lines that connect the white squares
at the samé /U, for each of the six cases plotted in figures
2 and 3. For the two planes in the near-wake of the stream-
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Figure 4. Alternate diagnostic (AD) plot (Alfredsson
etal, 2011) for:=— : boundary layer DNS of Silleret al.
(2013) atRe ~ 6500; T1": present ZPG boundary layer
measurements &e = 8100; - : present streamlined ob-
stacle measurements»iC = 2.1; - : bluff obstacle mea-
surements fox/C = 2.1. The dashed black line corresponds
to equation 1 as given by Alfredssebal. (2011).

lined obstacle, the flow directly below the vortex ‘centre’
falls below the ‘self-similar’ curve on the AD plot, while
the opposite is true for the flow directly above the vortex
‘centre’. The largest deviations from the unperturbed-self
similar curve in the vicinity of the vortex ‘centre’ there-
fore do not occur in either the ‘upwash’ or ‘downwash’ re-
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Figure 5. Spatial dependence of difference in turbulentenaity between junction flow (subscripf) and ZPG boundary
layer (subscripZ PG) at matched mean velocity /U,. Sub-figurega)/(d), for example, respectively represent the spatial
dependence of the difference (as shown in figure 4) betwemmetliyblue dots and the curve that passes through the white

squares.

gions, but rather in the intersecting flow between the two,
where the secondary flow is mostly horizontal (i.e. in the
+z-direction). This is consistent with the notion that the
boundary layer ‘equilibrium’ is maintained (at least some-
what) throughout the initial advective transport, but tiat
is eventually destroyed where flow originating from above
meets flow originating from below.

The near-wake planes downstream of the bluff obstacle
show clear deviation from the boundary layer equilibrium
within the wake of the obstacle itself. The region immedi-
ately behind the obstacle deviates from the boundary layer
equilibrium because the local momentum deficit and level
of turbulence intensity are reflective of the dynamics of the
separated wake flow rather those of the boundary layer. As
the wake of the obstacle widens with downstream distance,
so too does the region where the AD plot points exceed the
boundary layer equilibrium curve.

Although less distinct than in the streamlined obstacle
cases, there does appear to be a region of positive devia-
tion from the boundary layer AD curve above the vortex
centre for the two near-wake bluff obstacle cases. The neg-
ative deviation region observed below the vortex centre in
the streamlined obstacle cases, however, is not replicated
in the bluff obstacle cases. This is reflective of the lack of
low-variance flow neaz/T = 0 to be ‘ingested’ by the sec-
ondary flow as noted above, and the consequent higher
in the ‘downwash’ region of the secondary flow compared
to the streamlined obstacle case.

The magnitude of the deviations from the boundary
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layer AD plot curve decrease near the wall moving down-
stream fromx/C = 2.1 tox/C = 3.8 for both obstacles. This
suggests that the equilibrium in that domain is at leastypart
maintained/enforced by the conditions at the wall. Given
the knowledge that the boundary layer equilibrium is not
entirely maintained by the outer flow conditions, it stands
to reason that the relaxation appears to occur more rapidly
near the wall, since the turbulence time scales in that regio
are shorter than those further from the wall.

Essentially all of the flow within the boundary layer
(i.e. that having any appreciablg) returns to the equilib-
rium curve by the time it has traveled to tkgC = 28.6
measurement station. The darker blue regions in figures
5(c) and(f) between O< z/T < 3 correspond to a region of
slightly reduced velocity relative 1d, (which is taken here
as the maximum measured velocity) but essentially zero
variance. This is likely the remnant of the two-dimensional
obstacle wake, where the mean deficit remains, while the
turbulence has decayed.

CONCLUSIONS

The alternate diagnostic plot introduced by Alfredsson
et al. (2011) contains a sub-domain upon which velocity
data from zero-pressure-gradient boundary layers spgnnin
nearly two decades in Reynolds number satisfy a similar-
ity solution. The existence of this similarity solution im-
plies that the development of ZPG boundary layers (on the
applicable sub-domain) is quasi-self-preserving, or\equi
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alently that it obeys a “moving equilibrium” (Townsend,
1976). Since this ‘equilibrium’ reflects the mechanisms of
eddy generation associated with ZPG boundary layers in
particular, local departures from the similarity solutiare

interpreted as reflective of mechanisms associated instead

with perturbationsto the boundary layer. On this basis, we
characterise the relaxation of two wing-body junction flow
wakes (back to the ZPG base case) through the lens of lo-
cal departures from the boundary layer similarity solution
It is found that the largest departures from the boundary
layer similarity solution are associated with the separate
wake of the bluff obstacle, where local turbulence inten-
sity levels are considerably higher at fixddU, than in the
ZPG boundary layer. The regions directly above and be-
low the streamlined obstacle secondary flow ‘vortex centre’
clearly deviate from the boundary layer similarity solatio
at x/C = 2.1 andx/C = 3.8, while those adjacent to the
centre do not. This suggests that the ‘equilibrium’ is main-
tained through the initial ‘mutual advection’ ofys andU,

but that it is disrupted at the interfaces between flow origi-
nating from above and flow originating from below. Devi-
ations from the boundary layer similarity solution near the
wall relax more rapidly from thex/C = 2.1 plane to the
x/C = 3.8 plane than those further from the wall. This sug-
gests that the associated ‘equilibrium’ is maintaineddast

in part) by the conditions at the wall.
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