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An experimental investigation of symmetric and asymmetric turbulent wake
development in pressure gradient
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This paper examines and contrasts the response of planar turbulent wakes with initially symmetric
and asymmetric mean velocity profiles to identical imposed streamwise pressure gradients. The
focus on near wake behavior, profile asymmetry, and pressure gradient is motivated by their
relevance to high-lift systems for commercial transport aircraft. In the experiments, the symmetric
wake is generated by a flat plate with a tapered trailing edge. Active and passive flow control are
applied on an identical second plate in order to generate the asymmetric wake. Both favorable and
adverseconstantpressure gradients are imposed on the wakes by means of a downstream diffuser
section with fully adjustable top and bottom wall contour. For both symmetric and asymmetric
wakes, the effect of pressure gradient on wake spreading, mean velocity defect decay, and the
streamwise evolution of the turbulent stresses are documented in detail. In this manner, the role of
asymmetry in strained wake development is isolated. We also gauge the ability of commonly used
one- and two-equation turbulence models to predict the streamwise wake evolution observed in the
experiments. ©2004 American Institute of Physic§DOI: 10.1063/1.1687410

I. INTRODUCTION have a profound effect on the mean flow spreading and ve-
locity defect decay rate. Along with the enhanced wake wid-

In multielement airfoils used for high-lift in transport ening, the adverse pressure gradient condition was found to
aircraft, the wake from an upstream element develops in gield higher levels of turbulent kinetic energy than in the
strong pressure gradient environment imposed by downzero pressure gradient wake. In contrast, the favorable pres-
stream elements. The effect of the pressure gradient on glaure gradient case exhibited a reduced spreading rate, in-
bal wake development will have a profound effect on thecreased defect decay rate, and a more rapid decay of turbu-
aerodynamic performance of the high-lift system. For exdence kinetic energy relative to the zero pressure gradient
ample, the rate of slat wake spreading will influence the deease. Using a similarity analysis, explicit relations for the
gree of confluence with the main element or flap boundanstreamwise variation of global mean flow parameters were
layers. Even in the absence of confluence, the wake spreaderived that capture the essential features of the wake’s re-
ing will effect the degree of pressure peak moderation on theponse to imposed pressure gradients.
trailing flap(s) and thereby influence flap flow attachmént. Due to the disparate shear layer development that occurs
Smith? notes that off-surface flow reversal can occur if aover the top and bottom surfaces of a high-lift system lead-
wake encounters a sufficiently strong adverse pressure grazg edge slat, the wake mean velocity profile tends to be
dient. Several recent studies have exposed turbulent wakes itherently asymmetrical in shaplt is important, therefore,
adverse pressure gradients of sufficient strength to cause r® also characterize the response of asymmetric turbulent
versed wake flow® wakes to imposed pressure gradients. Previous studies have

The turbulent wake in pressure gradient has also reexamined the asymmetric wakes that result from the dispar-
ceived considerable attention as an example of a canonicate top and bottom surface boundary layer development that
free turbulent shear flow exposed to streamwise strainingoccurs on airfoils at angle of attacke.g., Hah and
However, the focus of most work has been on the asymptotitakshminarayand and Acharya, Adair, and Whiteld®.
response of symmetric turbulent wakes to spatially varyingiowever, in these studies the wake development occurred in
pressure gradients or the relaxation process by which aéd nominally zero pressure gradient environment. A notable
equilibrium wake responds to localized impulse-like pressure&xception is a fundamental study by Rbthat was also
perturbationge.g., Refs. 7-13 motivated by high-lift applications. Robsused passive flow

In marked contrast to these studies, ¥iand Liuet al®  control of the boundary layer on a splitter plate in order to
investigated the symmetric, planar turbulent near-wake exgenerate an initially asymmetric wake profile which was then
posed toconstantfavorable and adverse streamwise pressur€xposed to a strong adverse pressure gradient generated by a
gradients. The focus on the near wake was motivated by itgair of airfoils.
relevance to high-lift aerodynamics. It was demonstrated that
the mean flow and turbulence quantities in the wake are exl- OBJECTIVES
tremely sensitive to the applied pressure gradient. For ex- This paper will examine and contrast the response of
ample, even a modest adverse pressure gradient was founditdtially symmetric and asymmetric planar turbulent near

1070-6631/2004/16(5)/1725/21/$22.00 1725 © 2004 American Institute of Physics

Downloaded 19 Apr 2004 to 128.220.85.43. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp


http://dx.doi.org/10.1063/1.1687410
http://dx.doi.org/10.1063/1.1687410

1726 Phys. Fluids, Vol. 16, No. 5, May 2004 F. O. Thomas and X. Liu

S A A T R M e 1 R R D SO e s A B e

t Exhaust Fan

[
&

Unit: mm

JA 1397 . 1829 1829 813 3810

N
~
N
w

Air Flow
——FF
|

[

>

610

)
|

N |

=<

FIG. 1. Schematic of the experimental

facility.
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wakes to identical imposedonstantfavorable and adverse visualization and laser Doppler velocimetry measurement,
streamwise pressure gradients. The focus on near wake bleeth test sections have one sidewall made of plate glass.
havior, profile asymmetry, and pressure gradient is motivated For the symmetric wake experiments, the wake generat-
by their relevance to high-lift applications. For both symmet-ing body is a Plexiglass plate with a chord length of 1.22 m
ric and asymmetric wakes, we document the effect of presand a thickness of 17.5 mm. The splitter plate model is side-
sure gradient on wake widening, velocity defect decay, anavall mounted in the test section with end plates used to
the streamwise evolution of turbulent stresses. This extendsinimize the influence of tunnel sidewall boundary layers.
the work of Liu et al!® by isolating the effect of profile The leading edge consists of a circular arc with distributed
asymmetry on the development of the wake. Since the abilityoughness which gives rise to turbulent boundary layer de-
to predict asymmetric near-wake development in arbitraryelopment over the top and bottom surfaces of the plate. The
pressure gradient environments is prerequisite to achievingst 0.2 m of the plate consists of a 2.2° linear symmetric
reliable computational fluid dynami¢€FD) design tools for  taper down to a trailing edge of 1.6 mm thickness.

high-lift systems, we also seek to gauge the ability of com-  In order to create a wake with a skewed initial velocity
monly used one- and two-equation turbulence models to predistribution, both passive and active flow control was applied
dict the streamwise wake evolution observed in the experito a second, identical wake-generating plate as shown in Fig.
ments. 2. First, a suction slot was placed on the top surface of the

IIl. EXPERIMENTAL FACILITY AND MEASUREMENT
APPARATUS -

Suction slot
\ Suction Plenum

A. Flow field facility and model geometry

The experiments were performed in an open-return sub-
sonic wind tunnel facility located at the Center for Flow
Physics and Control at the University of Notre Dame. A
schematic of the wind tunnel facility is shown in Fig. 1. This \\S“f““ slot
facility has been documented in detail in Efuand Liu ) aw
et al!® and only essential aspects will be described here.

Ambient laboratory air is drawn into a 2.74 m by 2.74 m
tunnel inlet with a contraction ratio of 20.25:1. The inlet
contains 12 turbulence reduction screens that yield a Very pisyiputed roughness extended from leading edge to
uniform test section velocity profile with a free stream fluc- 156% C on the upper surface; 75% C on the lower surface.
tuation intensity level that is less than 0.1@&nd less than 83.3%C
0.06% for frequencies greater than 10)Hz - BAERC

For these experiments, the wind tunnel utilizes two con-
secutive test sections. The upstream test section contains Suction slot\
wake-generating plate while the second forms a diffuser sec-
tion as shown in Fig. 1. The wake measurements were con-
C

ducted in the downstream diffuser test section which is used _
to produce the desired adverse/favorable pressure gradien W'”b“mp
environment for wake development. The top and bottom
walls of the diffuser are made of sheet metal and their
streamwise contour is fully adjustable by means of seven
groups of turnbuckles in order to create the desired constant
streamwise pressure gradient environment. To facilitate flow FIG. 2. Splitter plate for generation of the asymmetric wake.

“ 1.43% C
v

2.2 degree
linear taper

0.13% C thickness
at trailing edge

I
114.6% C
—
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FIG. 4. Measured streamwise pressure distributions.

plate at the 65% chord position. The suction slot was con-

ne_cted to an internal p'e_”“m that, in turn, was connected Vi8treamwise distribution of mean velocity in the potential
suitable external plumbing to a large rotary vacuum PUMB 5y region, U.(x), were found to be fully consistent with

_Care vr\:as taken to miure_ trdat the mte_rnal pl_:canum Waf baf:fleﬁm measured wall pressure variation, thereby confirming the
N Such a manner as to yield a spanwise unitorm suction 0Wsuitability of the pressure tap placement and use in the char-

at the slot. The suction slot seryed to thin the bqgndary laye cterization of the stream-wise pressure gradient imposed on
on the upper surface of the splitter plate. In addition, a smal he wake. In this paper the imposed pressure will be ex-

semicircular, spanwise uniform bump was placed on thepressed in terms of a pressure coefficie@,=[P(x)

9 [ is- . ; .
lower surface of the plate at the 14.6% chord location. D'S—Pw]/qm, where P(x) is the local static pressure in the

tributed roughneséin the form of grit tapg was placed on iffuser, andP,, andq.. are the static and dynamic pressures
the lower plate surface extending from the leading edge ofespect}vely upstream of the splitter plate '

0 . —
the plate to the 75% chord location. The combination of the Three sets of experiments were conductéd: a zero

:)hqup gmd c:ci?:]ribgted (;ougrlmess gi\r’]e :ise to fitSignif]icagﬁressure gradientZPG base flow condition,dCp/dx
ICkening of the boundary layer on the lower platé surface_g, g m % (2) a constant adverse pressure gradigkRG)

without incurring unsteady effects associated with the sepa | Jiion withdCp/dx=0.338 m %; and (3) a constant fa-

ration bubble aft of the bump. The combination of thesevorable pressure gradienEPG condition with dCp/dx

techniques gave rise to an initially asymmetric wake profile_ —0.6017 L. The zero pressure gradient wake served as an

similar to that encoun.tered in actual h|gh-||.ft' ;ystems. Theessential baseline case for comparison with the nonzero pres-
degree of mean velocity asymmetry of the initial wake pro-

. . . sure gradient-wake development. In each case, a common
file expressed as a ratio of the momentum thickness of th

) - ero pressure gradient zone occurs immediately downstream
lower (thick) wake shear layeé, to that on the uppe(thin) P g y

hear lavew, is . /0.2 5. Fi 3 itial wak of the splitter plate trailing edge in order to ensure that the
shear ayle ?t's 1 f'|2_ f' ' thlgure co?w_paresaml lalwa te' wake initial condition is identical in each case.
mean velocity profies for theé Symmetnc and asymmelric  tpq \easyred streamwise pressure distributions corre-

wlalt<e tca_?es az me_arlﬁure?f Jmft%?hm? downsttreﬁm (I)<f th.e sponding to these different experimental conditions are
plate traifing edge. 1he efiect ot the Tiow control In SKEWING g,y i Fig. 4. As indicated, the pressure gradients are

the initial wake profile is apparent. As in the slat wake, it 'Sinitially applied downstream of the plate trailing edge at a

the disparate shear layer development over the top and bocE'ommon location designateg} . Also shown in this figure is
tom surfaces of the plate that gives rise to the initial wake

trv. For additional detail ding th K a larger adverse pressure gradient case that was run but
asymmetry. Foradditional detalls regarding the wake geneig, g 1o give rise to intermittent, unsteady flow separation
ating body and flow field facility the reader is referred to

T4 near the aft portion of the diffuser wall. Wake measurements
Liu. for this case will not be presented. This case may be regarded
as an effective upper limit on the magnitude of the constant
adverse pressure gradient that can be produced by the dif-

The streamwise pressure distribution was measured bfuser without incurring intermittent, unsteady flow separation
means of a series of static pressure taps located on one flaffects.
sidewall of the diffuser test section at the same latémrl, y) Before conducting the detailed flow field surveys for the
location as the centerline of the symmetric wake. Laser Dopédifferent pressure gradient cases, the quality of the flow field
pler velocimetry (LDV) measurements of the centerspanin the diffuser test section was carefully examined. These

B. Imposed pressure gradients
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The degree of wake asymmetry is represented by 6, / 6,

measurements verified the two-dimensionality of the flowWind tunnel seeding was performed at the tunnel inlet with
field in the mean. In particular, profiles of mean velocity andan Aerometrics particle generator model APG-100 using a
turbulence quantities at fixedfor several spanwise locations 1:2 mixture of propylene glycol and distilled water. The

across the test section exhibited nearly perfect collapsdransceiver of the LDV system was mounted to a computer-
These measurements indicate that the mean flow remaim®ntrolled traverse table. The accuracy of the movement of
spanwise uniform in the diffuser test section up to the lasthe traverse table in both the horizontal and vertical direction

measurement station at=1.52 m. was 0.4um. The streamwise and cross-stream dimensions of
the measurement probe volume of the LDV system was
C. Flow field parameters 234.4 and 234.Qum, respectively.

The experiments were performed at a Reynolds number The LD_V surveys were repeated using constant.tempera-
of Re=2.4x 1P (based on the chord length of the splitter ture hot-wire anemometry. For the reported hot-wire mea-
plate and a free stream velocity of, = 30 m/s) for all cases surements a multichannel TSI IFA 100 anemometer together
It may be noted that during landing approach, a Boeing 737\-'\’Ith miniature x-wire probesAuspex type AH\.NX'.lO(’D
100 will have a Reynolds number based on slat chord opere used. Th.e.anemometer output was anti-alias filtered at
about 1.& 10°, a value quite comparable to this experiment. 10 kHz and digitally sampled at_ 20 KHz. The tOtQI re(_:ord

For ZPG, APG, and FPG cases involving the symmetriéength at each measurement station was 26.2 s which yielded
wake, the initial wake momentum thicknegs= 7.2 mm and fully converged turbulence statistics. .
the Reynolds numbetbased on initial wake momentum Comparison between the LDV and x-wire measurements
thickness Re,=1.5x 10". For the asymmetric wake the ini- showed excellent agreement in both mean flow and turbu-
tial momentugm thicknesses of the lower and upper shear |a))9nce quantities with the exception of the free stream turbu-
ers are 6,=7.13mm and 6,=2.88mm, respectively lence intensity levels which are overpredicted by the LDV.
(6,/6,=2.5). The initial momentum thickness of the asym-Th'S is a well-known signal-to-noise ratio problem when

metric wake isfy= 6,+ 6,=10 mm and the corresponding LDV measurement systems are operated in very low-
Re,=2.1x 10%. turbulence free stream environments.

D. Flow field diagnostics IV. RESULTS

The streamwise development of the symmetric and . In this §ect|on measurements characterizing the. _stream—
wise evolution of both mean and turbulent flow quantities for

asymmetric wake mean and turbulent velocity field for the i d i K ted and
selected pressure gradients was investigated nonintrusive§7e Symmetric and asymmetric wakes are presented and com-

with an Aerometrics three-component fiber optic LDV sys- ared. 'We first describe the mean flow developmgnt fol-
tem and also with constant temperature hot-wire anemo owed, in turn, by the second-order turbulence statistics.
etry. Wherever possible, both techniques were employed i
order to insure the fidelity of the data.

The fiber-optic LDV system was typically operated in In this section experimental results are presented which
two-component back-scatter mode with 514.5 and 488 nndocument the mean flow development of symmetric and
laser wavelengths used to measure the streamwijsand asymmetric turbulent plane wakes exposed to the same con-
cross-streamy, components of velocity, respectively. Fre- stant pressure gradients. In each case, these results are based
guency shifting was used in order to unambiguously resolveipon cross-stream LDV and hot-wire traverses of the wake
flow direction. The measurements were made in the coinciever the full range of streamwise locations in the diffuser
dence mode and results for both mean flow and turbulenceection. Figure 5 illustrates wake mean flow nomenclature
guantities presented in this paper represent ensemble avéhat will be used in describing the mean flow evolution of the
ages over at least 10 000 valid coincident LDV burst eventswake. As indicated in Fig. 5, y, andz denote the stream-

[&. Wake mean flow development
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FIG. 6. Comparison of ZPG wake spreading for the symmetric and asym-
metric wake cases.

wise, lateral (cross-stream and spanwise spatial coordi-
nates, respectively. For the asymmetric wake, the thicknesse: 107
of the two wake shear layers will not be the same and will be Yy(mm)
denoteds;(x) and &,(x) as indicated. These thicknesses are
defined as the lateral distance from the location of local

maximum velocity defect) ;=[U 4(X) — U]max. t0 the loca- m APG

tion where the defect drops to 50% Uf; in the thick and 20} ® ZPG

thin shear layers, respectively. The local asymmetric wake A FPG

half-width is then defined a8=(5,+ 5,)/2. For the symmet- 1
ri(‘f wake no distinction between _individual nge shear layer AN A - o o AN 5 o
thicknesses needs to be made sifige 6, . In this cased, as x(m)

defined above, yields the conventional wake half-width. (b)

Since the flow control used to generate the wake asymmetry

also gives rise to a disparity in initial wake thickne&®-  FiG. 7. (a) Asymmetric wake mean velocity profiles for the ZPG case, and
tween symmetric and asymmetric caséise wake spreading (b) stream-wise variation iyy(X).

will be compared in terms of a normalized wake width

8(X)/ 6y. For the symmetric wake the local maximum veloc-

ity defectUy occurs at the centerline of the wakg<0).  spreads at a rate that clearly exceeds that of the symmetric

For the asymmetric wake the lateral location associated withake. Figure 6 also presents the streamwise growth of the
Uq is denotedyy and varies with streamwise distane@s  jndividual asymmetric wake shear layers denosa(x)/ 6,

will be demonstrated in results to be presented. and 8,(x)/6,. Note that the spreading rate of the thinner
wake shear layer exceeds that of the thicker shear layer and,

1. Asymmetric' wake mean flow development in zero as a consequencé,(x) gradually approaches;(x) with

pressure gradient downstream distance. This implies that the asymmetric wake

In order to gain an initial appreciation for the effect of mean velocity profile gradually becomes more symmetric
profile asymmetry on wake mean flow development, we firstvith streamwise distance. This effect is also evident in Fig.
examine the baseline zero pressure gradient case. Figure76a) which shows a series of ZPG asymmetric wake mean
presents the streamwise variation of the normalized wakgelocity profiles measured at several representative stream-
width 8(x)/ 6, for both the symmetric and asymmetric zero wise locations. The trend toward the development of a more
pressure gradient cases. It is well known that the symmetrisymmetric mean velocity profile is apparent. Another feature
wake half-width,5(x), and the local maximum velocity de- of the asymmetric wake mean flow development that is ap-
fect, U4(x), vary with streamwise distance &Y? andx /2, parent from Fig. 7a) is a lateral migration of the location of
respectively, given sufficient distance downstream of thenaximum local velocity defect with. In particular, the lat-
wake generating bodySchlichting®). Figure 6 shows that eral location of the maximum local velocity defegi(x) is
the symmetric wake width gradually approaches the exnot fixed aty=0, as is the case for the symmetric wake, but
pected x'2 variation. In contrast, the asymmetric wake instead migrates toward the thicker side of the wake with
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FIG. 8. Cross-stream profiles omomentum equation terms a6, x{(m)

=38.1 for the asymmetric wake ZPG case.
FIG. 9. Streamwise variation in maximum velocity defect for the symmetric
and asymmetric wakes.

downstream distance. This effect is clearly shown in Fig.
7(b) which presents the measured streamwise variatiomer, the observed streamwise variationyg{x) is directly
yq4(x), for the ZPG asymmetric wak@s well as for the APG related to the asymmetry of the Reynolds stress in the wake.
and FPG cases which exhibit a similar variation withThis The streamwise variation of the local maximum velocity
aspect of the wake development is not unique to this experidefect for the symmetric and asymmetric ZPG wakes is com-
ment. In fact, a similar cross-stream migration of the maxi-pared in Fig. Y(along with nonzero pressure gradient cases
mum defect location toward the thicker slat wake shear layewhich will be discussed in the next sectjoin each case the
has been observed in a high-lift system as reported by Thanaximum local defecU is normalized by the initial maxi-
maset al1® mum defect value Lod)x0 in order to account for the initial

In order to understand the origin of the streamwise variadifference in defect magnitude for the two cases. For the
tion of y4(x), consider the streamwise momentum equatiorzPG case, Fig. 9 shows that there is essentially no difference
for the ZPG wake, which in the thin shear layer approxima-in the velocity defect decay rate between the symmetric and
tion is given by asymmetric cases with both tending toan*/? variation.

—9gU —dU  au'v') au'?—v'?)

UaxtV ay ay X '

(1) 2. Effect of pressure gradient on wake mean flow
development
Each of the terms in Eql) can be measured and Fig. 8

presents cross-stream profiles as obtained in the ZPG asym-_lized maximum velocity defedﬂd/(ud)xo for the ZPG,

metric wake at the sample locatiothd,= 38. For reference, . L
APG, and FPG cases. It is apparent from this figure that

this figure also shows the local wake mean velocity profile. K h i | i he defect d
Both the lateral advection and the normal stress terms ard2<€ asymmetry has virtually no effect on the defect decay

small in comparison with the corresponding streamwisd at€- The streamwise variation of the velocity defect exhibits
term. Hence, to good approximation, a virtually |dent|call dependencg on imposed pressure grady
_ ent for corresponding symmetric and asymmetric cases. It is
—dU du'v') also clear from Fig. 9 that the imposed pressure gradient has
U~ 2 ff h k f -

X ay a pronounced effect on the wake defect decay. As noted ear

) lier, the maximum defect for the zero pressure gradient case
Figure 8 shows that as a consequence of the cross-streafnipits the expected 2 variation. The velocity defect de-

asymmetry of the Reynolds stress distribution, the pealgay is significantly reduced by imposition of the adverse
streamwise mean velocity gradient does not occur at the lajyressure gradient. In fact, it may be noted that for the APG
eral location associated witty(x) (as is the case for the cage the velocity defect actually grows slightly at the largest
symmetricwake). Rather, the peak value @lU/dx may be  x |ocations measured. In contrast, for the FPG case the ve-
observed to occur at a lateral location just inside the thinnefocity defect decays much more rapidly than for the ZPG
wake shear layer. Near the lateral location of maximum veywgke.

locity defect, the mean velocity will exhibit a larger incre- Figure 10 summarizes the effect of applied constant
ment at downstream locations within the thinner shear layeipressure gradient on wake spreading for both the symmetric
In the thicker shear layet) will have a smaller increment. and asymmetric wakes. In particular, this figure presents the
As a consequence, this will give rise to the observed lateradtreamwise variation of the normalized wake width,
migration of the location of maximum velocity defect toward &(x)/6,, for zero, favorable, and adverse pressure gradient
the thicker shear layer as the wake evolves.im this man-  conditions. The streamwise location at which the pressure

Figure 9 compares the streamwise variation of the nor-
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gradient is first applied is indicated on the abscissxas  which is identical to that used by Wynganski al?! to col-
The profound effect of the pressure gradient on wake spreadapse wake profiles generated by screens, cylinders, and air-
ing is readily apparent from this figure. Figure 10 shows thafoils under zero pressure gradient conditions. Rddeatso
for both the symmetric and asymmetric wakes in FPG, tha@eports a nearly universal mean velocity profile shape for
wake widening is reduced below that for the ZPG. As wasDNS simulations of planar turbulent wakes involving con-
the case for ZPG, however, the asymmetric wake in FPGtant positive and negative imposed streamwise strain rates.
widens at a greater rate than the corresponding symmetrio an actual high-lift flow field, the outermost wake-like por-
case. For both symmetric and asymmetric FPG cases, th®n of the main element confluent boundary layer exhibited
wake width appears to follow a power law variation with  self-similarity despite the strong adverse pressure gradient
but with reduced exponent from the asymptotic value of 1/2environment as reported by Thometsal 1°
that characterizes the zero pressure gradient case. The sym- In order to assess the degree of similarity exhibited by
metric wake adverse pressure gradient case is observed tite asymmetric wake mean velocity, a similar but modified
widen approximately exponentially witkh as evidenced by scaling was employed. This involved examining the scaled
the indicated least-squares fit. Initially the asymmetric, APGvelocity defect f=(U,—U)/U4 as a function of p=(y
wake widens at a slightly greater rate than that exhibited by-y,)/¢8;, i=1, 2. Herey4(x) denotes the lateral location of
the symmetric case. However, by=1.25m the two cases maximum velocity defect, and;(x) and 5,(x) denote the
are virtually indistinguishable. Hence, unlike the ZPG casenalf-widths of the thick and thin wake shear layers, respec-
discussed earlier, the symmetric and asymmetric APG wakegvely. In effect, for the asymmetric wake, we examine the
exhibit virtually identical streamwise growth except immedi-
ately downstream o%,, .

Note that in both Figs. 9 and 10 the response of the mean

flow to the imposed pressure gradient is very rapid with both D ZPGxR, = 847
& and U4 showing deviations from the ZPG case immedi- 07 ° i:—io - :Z‘:
. .y . A = X
ately downstream of imposition of the pressure gradient at 0.8 Egn (3) N
<o APG_x/E)o = 158.8
Xp- . . 0.7 \ + FPG_x8, = 1235
Figure 11 compares measured symmetric wake mean ve- $ N

= 158.8
06 FPG_x/8, = 158

locity defect profiles in zero, favorable, and adverse pressure = _
gradients at representative streamwise locations. The Ioca)—‘U'— 0.5
velocity defectU.— U is scaled byJ4 while the lateral spa- T el
tial coordinate is scaled wit#(x). Using this scaling, it is

apparent that the symmetric wake mean velocity profiles ex-

hibit similarity and are nearly universal in shape despite the 0.2]
different imposed pressure gradients. In each case the mea 011
surements in Fig. 11 conform quite well to the profile of o Lornad
form a3 2 - 0 1 2 3
_ y/9
Ue_ u . . .
=exq —0.637y/ 5)?>—0.056y/68)*] 3 FIG. 11. Scaled symmetric wake velocity defect profiles for APG, ZPG, and
Ud FPG cases.
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. . w6 w130 found to accurately represent the scaled symmetric wake de-
4 o - . . oy .
. # fect profiles. For each pressure gradient condition shown in
014 ® a . .
Fig. 12 the thin wake shear layey { y4>0) conforms very
S well to (3) while some deviation may be noted for the thicker
< 4

FIG. 12. Scaled asymmetric wake velocity defect profil@sAPG case(b)

ZPG case; andc) FPG case.

wake shear layery(—yy<<0). In fact, it turns out that the
thick shear layer is better fit to a simpler profile shape given
by (Us—U)/Uy=exd —0.637(/5,)%]. Comparison with(3)
indicates that in each case the scaled asymmetric wake defect
profiles are not completely symmetric. The deviation from
symmetry is smallest for the APG case but the overall effect
of pressure gradient on profile shape appears to be small.
Rather, the slight asymmetry in the scaled profiles appears to

similarity of the two wake shear layers individually. Figure originate from the disparate initial conditions in the upper
12 presents scaled asymmetric wake velocity defect profileand lower wake shear layers. Despite this, the wake profiles
corresponding to the APG, ZPG, and FPG cases as obtainddve been rendered nearly symmetric with the applied scal-
at selected streamwise locations throughout the diffuser. It isxg and this is reminiscent of the results of Wynganski
apparent that this scaling provides a reasonably good cokt al?* where different widening rates were measured for
lapse of the profiles at each streamwise location. Figure 18ifferent wake-generating bodieénitial conditiong al-
implies that the asymmetric wake shear layers exhibit simithough the scaled wake mean velocity defect profiles ap-
larity provided that their disparate streamwise growth ratepeared to exhibit a common self-preserving shape.
(dé,/dx>dé,/dx) are accounted for in the scaling. Also Figure 13 presents the streamwise evolution of the ratio
shown in Fig. 12 is the profile shape given 8) which was  Uy/6; for the thin and thick asymmetric wake shear layers as
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measured for each of the pressure gradient cases. This quaranced lateral wake growth, the APG condition sustains
tity is directly proportional to the absolute value of the maxi- higher levels of turbulent kinetic energy over larger stream-
mum local mean strain ratédU/dy| ma. In particular, for the  wise distances than does the FPG wake. In contrast, the FPG
scaled defect profilé(7) shown in Fig. 12, the local maxi- case exhibits a more rapid streamwise decay of turbulence
mum strain rate|dU/dy|; max=(Ua/8)|f'|max- The stream-  Kkinetic energy than the ZPG case. A similar effect of pressure
wise evolution ofU4/8; shown in Fig. 18a) tends to group gradient on turbulence kinetic energy levels was reported for
into two curves; one for each of the wake shear layers. Furthe symmetric wake as described in Lét al™® Figure 14
thermore, the two groups of curves tend to merge as thalso shows that as the asymmetric wake evolves, ithe
asymmetric wake develops downstream. Of particular importocal turbulence kinetic energy profiles gradually become
tance is the observation that the streamwise variation ofnore symmetric iry. The rate at which cross-stream sym-
Ug4/ 8; is virtually identical(within measurement uncertainty metry is approached clearly depends on the applied pressure
for each pressure gradient case. This may seem surprisirggadient. In particular, the APG case approaches a symmetric
given the very significant differences in the streamwise evocross-stream distribution & much more rapidly than does
lution of &;(x) andU4(x) shown previously. In order to un- the FPG case which still exhibits a degree of asymmetry at
derstand this note that, to_good approximation, the meathe last measurement station shown in FigfLl4rhese data
spanwise vorticity),~ — 1/29U/dy. Upstream of imposition ~suggest an accelerated development of the turbulence for the
of the pressure gradient the mean spanwise vorticity is idenAPG case.
tical in each case, consistent with maintenance of the same For the wake in pressure gradient, turbulence kinetic en-
initial conditions. The Reynolds-averaged vorticity transportergy production involves not only the local shear production
equation shows that the redistribution of spanwise vorticityterms,—u’v’'dU/dy and —u'v’dV/dx, but also the dilata-
will be independent of the direct effects of the imposed prestional prodiction_term,—(u’z—v’2)aU/ax. Measurements
sure gradient{ X VP=0). Physically, this is a consequence show thatu’?>v'?, so the dilatational term is positive for
of the fact that pressure forces act through the centroid ofhe APG case and represents an additional source for turbu-
fluid elements. As expected, Fig. (8B also shows initially  lence. For the FPG case, the term is negative and represents
higher strain rates in the thinner wake shear layer. For botkhe transfer of turbulent kinetic energy back to the mean
wake shear layers the strain rate diminishes with streamwisgow. The shear production term-u'v’ aV/dx, was mea-
distance and values in the thin and thick shear layer are olsured and, as expected, was found to be entirely negligible in
served to approach each other as the mean flow becom@gch case sincgU/dy> dV/ax. Comparisons between mea-
more symmetric with streamwise distance. In factJif/ 6;  sured cross-stream profiles of the local dilatational and shear
is normalized by the initial strain rate to account for thetypulence production terms show that, for both APG and
initial difference, the two groups of curves in Fig.(&Bcol-  FpG cases, the wake flow is shear dominated despite the
lapse to one, as shown in Fig. (b The imposed pressure jmposed streamwise pressure gradients. An example is
field clearly has no direct effect on the mean strain rateshown in Fig. 15 which compares measured profiles of local
Similar rgsults are shown in Fig. 10 of Lm.t al™ for the  ghear production-u’v’ 9U/dy, and dilatational production,
symmetric turbulent wake in pressure gradient. —(F—ﬁ)&ul&x, as obtained a/6,=1015 for the
asymmetric wake FPG case. The dominance of the local
shear production term is apparent. This was also the case in
One of the most physically descriptive measures bythe symmetric wake as well, since the imposed pressure gra-
which the effect of pressure gradient on the turbulent flondients were the same. Note, however, that the dominance of
may be assessed is the streamwise evolution of the turbuletite shear production does not preclude the dilatational pro-
kinetic energy per unit mask= 1/2(F+F+W). Using  duction mechanism from playing an important role in the
x-wire measurements, profiles of the required normal stressdsrbulent wake development. As described in kiual ™ the
were measured over a range of streamwise locations and tlilatational production can serve as a trigger to initiate pres-
local turbulent kinetic energy computed. Figure 14 comparesure gradient-dependent differences in the turbulent kinetic
cross-stream profiles df for the APG and FPG cases as energy and consequently, an associated disparity in the Rey-
obtained at representative streamwise locations in the asymwolds shear stress between different pressure gradient cases.
metric wake. For reference, correspondingrofiles for the  More will be said about this later in this section of the paper.
ZPG case are also shown at the same locations. The lateral Figure 16 presents the streamwise evolution of the total
coordinatey has been left unscaled in order that the associturbulence productioridilatational plus shearas measured
ated effect of pressure gradient on wake widening may alsat the (arbitrary lateral locationsy/8;==*0.9 in the thick
be observed. Figure 1@ shows that upstream of, the  and thin asymmetric wake shear layers for the FPG and APG
turbulent kinetic energy profiles are virtually identical due tocases. In each case the turbulence production decreases with
matching initial conditions. The turbulent kinetic energy is streamwise distance. This reduction is consistent with the
initially higher in the thick wake shear layer due to the dis-Streamwise variation it/ (a quantity intimately related
parate boundary layer development that occurs over the to the maximum mean strain rat@J)/dJy) shown in Fig. 13.
and bottom surfaces of the wake-generating pldés is  For both pressure gradients the magnitude of the turbulence
associated with the flow control used to generate the initiaproduction in the thin shear layer is always higher. However,
wake asymmetry Figure 14 shows that, along with the en- this disparity is reduced as the asymmetric wake develops

B. Wake turbulent flow development
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FIG. 14. Streamwise evolution of turbulent kinetic energy for the asymmetric wake! 6,= 25.4; (b) 38.1;(c) 50.8;(d) 76.2;(e) 101.6, andf) 127.

downstream. This is associated with local mean velocity propressure gradient. It has also been shown that the wake is
files becoming more symmetric with streamwise distanceshear dominated and greater local turbulence production
Note also that at any streamwise location, the turbulenceates in the thin shear layéassociated with highetU/dy)
production associated with the APG case exceeds that for thgill give rise to the gradual return to cross-stream symmetry
FPG case. In addition, Fig. 16 shows that the effect of apin the turbulence kinetic energy profiles shown in Fig. 14.
plied pressure gradient on turbulence production is greatestowever, it remains to account for the pressure gradient-
in the thin wake shear layer. That is, the difference in localdependent differences shown in both Fig. 14 and in the
turbulence production between the APG and FPG cases istreamwise evolution of turbulence production shown in Fig.
most significant in the thinner wake shear layer.

As demonstrated previously in Fig. 13, the mean strairsure gradient-dependent differences in the Reynolds stresses
rateJU/dy is not directly affected by the applied streamwise and we next describe how these can occur.

16. In order to account for these results we must have pres-
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180 Here— ’Q&U/al is obviously the dominant production term
sincedU/dys aVIax andu’2~0O(v'?). Since the strain rate
dUldy is not dependent on pressure gradient we must con-
sider how the normal stress,’2, can take on pressure
gradient-dependent differences that could ultimately influ-
ence the Reynolds stress production. Examining the source
terms in theD(F)/Dt transport equation we have

160
140

120

Turbulence Production (m2/s3 )

and the dominant term is-v'?dV/dy which is directly re-

lated to the applied pressure gradient through conservation of

mass ¢V/dy=—adU/dx). It is apparent therefore, that 2

will be augmented for the FPG cage consequence of the

“spin-up” associated with the stretching of streamwise vor-

ticity) and for the APG case it will be reduced. This would

suggest that the dominant source term in the Reynolds stress

FIG. 15. Comparison of shear and dilatational turbulence production atransport equation,—FaU/ay, should enhance the produc-

X/ 8p=101.5 for the asymmetric wake FPG case. tion of —u'v’ for the FPG case relative to the APG case.
The effect of this would, in fact, be counter to the results
shown in Figs. 14 and 16. The resolution of this apparent

Due to the maintenance of the same initial cond|t|onsC°”ﬂ'Ct comes from considering the source terms in the
both the wake mean flow and turbulence statistics are iniD(U’2)/Dt transport equation where we have

tially identical (within experimental uncertaintyupstream of

the locationx, where the constant pressure gradient is ini-

tially imposed. Although we have shown that the wake tur- X ady

bulence development is shear dominated, the dllatat'omhence in contrast to. to the previous results for the lateral fluc-
terms play an essential role in initiating pressure gradient-:

dependent differences in the Reynolds stresses. For exampfuatlng componenu will be augmented for the APG case

1o 2
the production terms in the Reynolds stress transport equélnd reduced for FPG. While'” does not explicitly appear as
tion D(u'v")/Dt are a source term for the production efu’v’, it is important to

realize that a portion of the kinetic energy initially appearing
in the streamwise fluctuation will be redistributed to the
& + W andw’?2 components due to the role of fluctuating pressure in
_ the velocity-pressure-gradient tensor, more specifically, the
—,Z&V —~ U pressure-rate-of-strain tensor. As a consequence, the gain in
ax ay - v'? due to the redistribution of augmented? under the
APG condition can actually exceed the direct production of
2 under the FPG condition. This would, in turn, lead to
450 enhanced growth of the Reynolds stress for the APG case.
e——— The enhanced Reynolds stressu’v’ would again
0. APG hick) strengthen the production of the normal stres$ as re-
—e— FPG (hin) vealed by the production term—u’'v’'dU/dy in the
-0 - FPG (thick) D(u’?)/Dt transport equation. This appears to be the case as
shown in Fig. 17 which compares profiles-elu’v’ at three
selected streamwise locations for the FPG and APG asym-
metric wake. Neax, the profiles are nearly identical. Farther
downstream,—u’v’ decays at a slower rate for the APG
case than for FPG. In fact, at certaifocations—u’v’ even
shows streamwise growth for the APG case. In each case the
effect is greater in the thin shear layer and this is a manifes-
o0 <r tation of the importance of strain rate in the dominant source
0 . . . : . ! term in the Reynolds stress transport equatien, 2dU/ dy.
2 40 80 80 100 120 140 Hence, even though the wake is shear dominated, pres-
*/% sure gradient-dependent differences in the local Reynolds
FIG. 16. Streamwise evolution of turbulence production for the asymmetricStr€SS have their origin in dilatational terms. Once created,
wake APG and FPG casests, = +0.9. these disparities in Reynolds stress give rise to significant

_zaV — U U oV
—u’ +v'%—+u
ax ay

400

350

300

250

200

150

Turbulence Production (m2/s3)

100

50

Downloaded 19 Apr 2004 to 128.220.85.43. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



1736 Phys. Fluids, Vol. 16, No. 5, May 2004 F. O. Thomas and X. Liu
15
(a) -
N e O xg =635
— a °© 0 g, =762
o . ©
@ 05 D‘ s & xg =889
3 . o © x/g, =1016
d «
@ obaso, . en O + xg =1143
o ‘o - x xg, =1270
=
cg 0.5 © - + g =1307
hol o«
S - 2
S M SR
) L] .
o s ,3: o * APG
: e’ 0 FPG
-2 T T T T T
-3 -2 -1 ] 1 2 3
15
o
®) .- . 0 xe, =254
. . _
= 1 * e o x8 =381
(%) e0 e =
2 W0 oe, A x/8, =508
[y
£ 057 ﬁm » o X6, =635
= .
. . Co. + X6, =762
[7:3 e e s L& Juf ul
o 0 Dc':na : x %6, =889
0 “, c + X8, =1016
n -0.5- -
ke Ce ‘3‘3 B x/ 6 =114.3
g. 1] e % x/8) =127.0
& B x/6, =1307
1.5
-2 T T T T T
3 2 -1 0 1 2 3
15 8 4
©) x/ 8, = 25.
14 x/ 8, =38.1
—~
& L x/ 6, =508
> e X/ 6 =635
NE 0.5 .SDDCIEED& o = 83
£ S 1= X 6, =762
.
B ohen LY. Jrlc Yoo %/ 6,=889
[ o
£ o 2 X 8, =101.6
] () & 0
w 057 -.my x 6, =114.3
© o,
° X/ 6, =127.0
< N
5 -1 X 0, =139.7
04
1.5
-2 T T T T T n
-3 -2 -1 0 1 2 3

FIG. 17. —u'v’ at representative streamwise locations for the asymmetri

°FIG. 18. Cross-stream profiles efu’v'/k for the APG, ZPG, and FPG
wake under APG and FPG conditioria) x/ 6,= 38.1; (b) 76.2; and(c) 127. protes oru v i

asymmetric wake case&) APG casejb) ZPG case; andc) FPG case.

differences in shear turbulence production that are largelyo subsequent modification in the turbulent shear production
responsible for the observed effect of pressure gradient ovia changes in the Reynolds stress.

the turbulent kinetic energy. Additional evidence of this  For the symmetric wake in pressure gradient, éfal*®
comes from examination of the streamwise variation in thedemonstrated that cross-stream Reynolds stress profiles ex-
difference between local turbulence production rates for th&ibit a reasonable collapse when scaledkby his property
APG and FPG cased(x). This will be composed of dif- ©0f the Reynolds stress is also observed for the asymmetric
ferences due to dilatational productiofiy(x), as well as wake in each of the different pressure gradient cases. Figure
those due to shear productiakg(x). It is found that imme- 18 presents asymmetric wakeu'v'/k profiles for APG,
diately downstream ofk,, Ayq/A.>As/A, while farther ZPG, and FPG conditions. In each case it is clear that scaling
downstreamA /A, dominates. This is consistent with the the Reynolds stress Wyprovides a reasonable collapse. The
argument that the pressure gradient-dependent effects on theak magnitude of the Reynolds stress varies between ap-
turbulent field are initiated by dilatational terms that give riseproximately 0.&% and 0.4. That —u’v’ scales withk is
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@ |pu|~0.44 in each case. Corresponding measurements for
08 the asymmetric wake in pressure gradient are shown in Fig.
05 ac® 19(b). For the asymmetric wake there is little effect of pres-
sure gradient o, for the thick shear layer. Initiallyp,,
0.2 ~ —0.5 but appears to gradually approach values comparable
b zré to those in the symmetric wake near the end of the test sec-
o PG tion. In contrast, the evolution qf,,, in the thin wake shear
layer exhibits a significant effect of applied pressure gradi-
ent. Upstream ofk, we see thatp,,~0.5 for each case.
58 IEC TP SR % ,os &oe H.owever, downs.tream of, the eyolutlon ofpy, IS d|§t|nctly
* different depending on the applied pressure gradient. In par-
Rt 0e o4 os  os 1 T2 14 16 ticular, the APG case appears to exhibit the most rapid de-
X {meters) velopment withp,, becoming nearly constant by~0.9 m.
In contrast, the value for the FPG case is clearly still evolv-
ing at the last measurement station.
6 B o o B a Figure 20 presents the evolution of cross-stream profiles
047 °© o ° o 8 of the rms stream-wise velocity fluctuation for both the sym-
ZPG (tnin) metric[(a)—(c)] and asymmetrig(d)—(f)] wakes under APG,
ZPG (thick) ZPG, and FPG conditions. The rms fluctuations have been
scaled in the traditional manner by the local maximum ve-
locity defect,U4(x), and the lateral coordinatgelative to
yq) by the wake shear layer thickneés. Figure 20 shows
that for both the symmetric and asymmetric wakes, this tra-
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i i 43! . ditional scaling fails to collapse the wa@/ud profiles,
e 02 o4 os o8 1 12 14 18 indicating that the evolution of the turbulent field does not
x (meters) keep pace with the changes in the mean flow. Hence the
FIG. 19. Streamwise evolution of the Reynolds stress correlat@rsym- similarity exhibited in Figs. 11 and 12 is incomplete. The

metric wake andb) asymmetric wake. lack of collapse of theyu’? profiles is not surprising since
the experiment is focused on the near wake and it is typical
for mean flow similarity to occur before similarity of second-
order turbulence statistics is reached. For example, even in

Reynolds Stress Correlation
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)

equivalent to stating that thie,, component of the anisot- =
ropy tensor is nearly invariant with respect to the streamwis¢he absence of applied pressure gradient,\l/@/ud pro-
coordinate. This indicates that the neglect of variations irfiles for the symmetric wakgFig. 2Qb)] are just beginning
—u’y’ that are due to the anisotropy tensor while retainingto show collapse near the end of the test section. However,
those due tdk is a very reasonable approximation for the Fig. 20 shows that the degree of collapse exhibited by the

strained turbulent wake flow. This has important implications\/ﬁ profiles depends strongly on the imposed pressure gra-
regarding the applicability of algebraic Reynolds stress clogjient The overall impression one is left with is that the APG
sure mc_)dels to this class _of strained flows. Inheren.t .to thease provides an accelerated approach to an eventual self-
algebraic stress model originally pr(_)pozsed by Rodi is thesimijar state. The collapse exhibited by the APG symmetric
so-called “weak-equilibrium assumptiorf” case is especially notable. In contrast, the FPG case shows no
— —_ — evidence of collapse as the mean velocity defégtappar-
D — uu; Dk dq4=
—(ujuj)~ x b’ (4) ently decreases at a greater rate than dpe&. In compar-
Dt Dt ing the symmetric and asymmetric cases for a given pressure
gradient condition, care must be used since the rangédgf
covered by the flow apparatus is not the same. Recall that
. . i this is due to the disparate initial conditions in the two cases.
18+h,at if the lateral coordinate is scaled by thgn However, even after taking this into account it does appear
d(uj uj/k)/9x~0 for both favorable and adverse gradients.ihat wake asymmetry delays the approach to self-similarity
Measurements confirm tha¥/d(ujuj/k)/dy is generally  gver that observed in the symmetric wake. This is most ob-

quite small across the wake as well. _ vious by comparing the symmetric and asymmetric APG
Figure 19 presents the streamwise evolution of the Reycase over a comparable rangexdd, .

nolds stress correlatiomuvz—u’v’/\/ﬁ\/ﬁ, as mea-
sured aty/5;==*0.95 (i.e., near the location of maximum
mean strain rajefor both the symmetric and asymmetric
wakes in pressure gradient. For the symmetric wake, Fig. The similarity exhibited at the level of the mean flow as
19(a) shows thatp,, is essentially independent of pressureshown in Figs. 11 and 12, respectively, suggests that it may
gradient and there is very little streamwise variation withbe possible to collapse the corresponding Reynolds stress

which is equivalent to assuming t@ﬁt(u{uj’/k)=0. For
the wake flow under investigation here, it is clear from Fig.

Wake similarity scaling issues
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FIG. 20. Cross-stream profiles mﬁ/ U, at several representative streamwise locatiG@sSymmetric wake APG casé)) symmetric wake ZPG cas&)
symmetric wake FPG caséd) asymmetric wake APG casé) asymmetric wake ZPG case; affd asymmetric wake FPG case.

—u’v’ profiles by suitable scaling. It has already been dem-  y,y  gv

onstrated that the similarity exhibited by the wake is incom- -+ ay (6)
plete. In addition, although not presented here, classical scal-

ing of the Reynolds stress byﬁ(x) failed to produce a By  substituting f(ﬂ)E(Ue—U)/Ud and  g(7)

suitable collapse. In this section, we examine the conditions. _
required for similarity at the level of the momentum equa-
tion.

The governing equation for the flow is the thin shear
layer form of the momentum equation,

—9U —9U  dU, d(u'v’)
_+ —_— e__—
X ay dx ay

and mass conservation,

u'v’/R(x) [where n=(y—ygq)/; and R(x) is an un-
specified, x-dependent Reynolds stress scalinigto the
X-momentum equation, it is straightforward to show that the
governing equation becomes

5 Af+Bf2+C17f’+Df’fnf dp+Ef'=R(x)g’, (7
L 0

where
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d(UUy) dUq Hence instead of making the priori assumption that the
A=—10—g | B=|dYagy | appropriate similarity scaling for the Reynolds strest/fs
we will take R(x) ~U4d(U.8)/dx. We note that the similar-
_lu d(Ues) __|u d(Uqd;) ity requirement that) 4~ U, would appear to be especially
179 dx | d dx | restrictive and, in fact, is only met to good approximation for
q the APG casége.g., Figs. 2&) and 25b)].
E:[Ueudﬂ ] The more general approach to similarity scaling for tur-
dx bulent free shear flows outlined above was originally sug-

For the symmetric wak&E=0 (sinceyy=0) and 6;= 4,

= §. Cross-stream integration ¢f) for the symmetric wake

yieldsA—C=pB(B—D) wherep= (S 2f2dn/fTZfdy). It

is shown in Liuet a

|15

that for the symmetric wakd andD

are quite small in comparison t4 and C. If B and D
are neglected, the integral constraint then giesC and
measurements confirm that this is true to good approximasonditions.

tion.

Similarity

then

requires R(x)~ — 6d(U Uy)/dx

~U4d(Ugd)/dx andUy~U,, where the symbol " is to
be interpreted as “varies witlkk in the same manner as.” D. Cross-stream integration @) still yields A~C since

gested by Geord2 and was motivated by the observation
that wake flows often exhibit a common velocity defect pro-
file but disparate streamwise growth rates that appear related
to initial conditions. The observation that wakes possess long
memory of initial conditions may be interpreted that multiple
self-preserving states exist and are selected based upon initial

For the asymmetric wake, coefficieBtis of the same
order asA andC which, in turn, are again larger thaand
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FIG. 22. Scaled symmetric wake Rey-
nolds stress profile for APG case.

-0.6 T T T T T

UUgdyy/dxf T2f" d9p=0. As for the symmetric wake, the to that shown by the corresponding profiles in Fig. 20 using

Reynolds stress scaling will bB(x)~Uqd(Ud)/dx with the traditional scaling,\/F/Ud. As before, however, the

g :(51;: 52)/2'. For a?ytrrr:gegla wakg: S|m|Lar|ty ;’;:e agdzl_n FPG case exhibits the greatest degree of scatter and the APG
ave the requiremen a~Ue and we have the addi- . . 1o pect collapse.

tional imposed constraint thaty,/dx~dé;/dx. Although
not presented here,' megsurements reported i’ ls'hovy C. Numerical simulation of the wake in pressure
that, to good approximatiory,y/85; andyy/d, are approxi- gradient
mately constant although the values of the constant are not
the same since the two wake shear layers have disparate In order to assess the ability of commonly used turbu-
growth rates. lence models to capture the global evolution of the symmet-
Figures 21a) and 21b) present cross-stream u'v ' ric and asymmetric wakes in constant pressure gradient,
profiles measured in the asymmetric wdkeg x-wire probeé ~ complementary numerical simulations were performed.
that span a representative range of streamwise locations fdhese simulations are based on the thin shear layer form of
the APG and FPG conditions, respectively. The Reynold$he Reynolds-averaged Navier—Stokes equations for incom-
stress has been normalized Ryx)=U4d(U.6)/dx and the  pressible flow, Eqs(5) and (6). The use of the thin shear
relative lateral coordinatey~yy) by &;. In both cases the layer form of the governing equations permits the use of a
collapse is observed to be surprisingly gagiven the fact simple, efficient, parabolic marching scheme. The numerical
that the measurements are confined to the near )wakk  scheme employed is second order accurateandy, and is
the Reynolds stresses exhibiting a slightly asymmetric crosgully implicit with conservative central differencing in the
stream shape. The cross-stream asymmetry is consistent witlirection and backward differencing ia Prior to running the
the previously observed slight asymmetry of the scaled wakeurbulent wake simulations, the numerical scheme was vali-
mean velocity profiles. Note that the collapse is best for thejated against the laminar wake asymptotic series solution of
APG case. This is not surprising since only in the APG case&oldsteirf* and was found to show excellent agreement.
is Ug~Ue as strictly required for similarity. Despite the col- For the symmetric and asymmetric wake simulations the
lapse, the scaled Reynolds stress profiles are not the sam@bulence models utilized were the Spalart—Allmaras one-
and clearly depend on the applied pressure gradient envirorquation model and the Wilcdi— » two-equation model. In
ment. Similar results were also obtained for the symmetriqmp|ememing theses models the momentum equation is de-
wake in pressure gradient. An example is presented in Figsoupled from the turbulence model transport equations by
22 which presents scaled Reynolds stress profiles for thgsing velocity values at the nearest upstream nodal points.
APG case. These symmetric wake data were acquired Vigtandard model constants were used and no attempt was
LDV and the reason for the relative scarcity of data neainade to optimize the turbulence models for this particular
y/6=0 is due to limitations imposed by seeding. flow. Initial conditions for the computations were the mean
The apparent success B(x)=U4d(Ucd)/dx to scale  yelocity profile and the Reynolds stressegatl2.7 cmi.e.,
the measured Reynolds stresses suggests scaling Croggs|| ypstream of imposition of the pressure gradiebetails
stream profiles of the rms streamwise quctuativ/[F as regarding the implementation of the numerical scheme may
measured for the asymmetric wake in APG, ZPG, and FP(®e found in Brookg®
by the velocity scaléU,d(U.8)/dx]¥2 Figure 23 presents Figures 24a) and 24b) present a comparison between
these data. The degree of collapse is observed to be superimeasured and computed streamwise variations in wake
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spreading and mean velocity defect, respectively, for thdor the asymmetric wake APG and FPG cases. The devia-
symmetric wake APG, ZPG, and FPG cases. These figurd®ns between experiment and computation are greater than
show that both computations are able to faithfully capture thdor the symmetric wake in pressure gradient. With regard to
effect of constant pressure gradient on the streamwise evolthe asymmetric wake widening, as shown in Fig(a25the
tion of global wake mean flow parameters. There is little inWilcox k— » model accurately captures the wake growth in
these figures to motivate the use of the more complicatedPG while it is overpredicted by the Spalart—Allmaras
two-equation model over the simpler one-equation Spalart-model. In FPG, however, the Spalart—Allmaras model does a
Allmaras model. better job capturing the streamwise variation in wake width,
Figures 2%a) and 2%b) present a similar comparison which is underpredicted by the Wilcdx— » model. Figure
between measured and computed streamwise variations &5(b) shows that both turbulence models do a satisfactory
wake spreading and maximum velocity defect, respectivelyjob in capturing the velocity defect variation for the FPG
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ments. In order to isolate the effect of wake asymmetry, a
detailed experimental investigation has been performed to
characterize both the mean and turbulent flow development
of symmetric and asymmetric wakes exposed to identical
(constant pressure gradients. Initial wake asymmetry is
achieved by means of both passive and active flow control
applied to both sides of a wake-generating plate.

In the absence of imposed streamwise pressure gradient,
it is found that the asymmetric wake spreads faster than the
corresponding symmetric wake. The spreading rate of the
B Experiment, APG == Spalert-Almaras, APG * < + Wiox (1998) ko, APG thinner wake shear layer exceeds that of the thick shear layer
Experimen, ZPG —— Spalart-Alimaras, ZPG - = - Wikox (1998) k-a, PG and consequently, the asymmetric wake mean velocity pro-
+ Expacmen. FFG —— SpalartAlimaras, FPG - - - Wil (1988) koo, FPG file tends to become more symmetric in shape as the wake
‘ . . . ' , . develops downstream. In contrast, wake asymmetry has no
¢ o e ™ effect on the streamwise variation of the local maximum ve-

locity defect. The center of the asymmetric waks defined
(a) by the lateral position of the local maximum velocity deject
is found to migrate toward the thicker wake shear layer with
. increases inx. This effect, which was also observed in
. | Experiment APG === Spalart-Almares, APG - - = Wikcex (1998) k-0, ARG complementary asymmetric wake numerical simulations, is
057 ® Experiment, ZPG —— Spalart-Almares, 2PG - - -+ Wiicax (1998) k-0, ZPG found to be a direct consequence of the asymmetry of the
A ExpormentFPG — Spalat-Alimarss, FPG - - - Wikox (1998) k-0, FPG Reynolds stress distribution.
04 The imposed pressure gradients have a profound effect
on both the symmetric and asymmetric wake mean flow de-
velopment. Compared to the zero pressure gradient case, the
imposed adverse pressure gradient greatly enhanced the
spreading rate for both symmetric and asymmetric wakes.
For both the symmetric and asymmetric wakes in FPG, the
wake widening is reduced below that for the ZPG case. As
was the case for ZPG, however, the asymmetric wake in FPG
widens at a greater rate than the corresponding symmetric
0 . v * . v ' 5 ' FPG case. The symmetric and asymmetric wakes in APG
' ' x (m) exhibit virtually identical streamwise growth with both
(b) spreading approximately exponentially wih

The velocity defect decay rate is reduced by the imposi-
FIG. 24. Comparison of measured and computed streamwise variaian in tion of the adverse pressure gradient and increased by the
wake spreading antb) maximum velocity defect for the symmetric wake. favorable pressure gradient. The streamwise variation of the
velocity defect exhibits a virtually identical dependence on

imposed pressure gradient for corresponding symmetric and

case. For the APG case, however, both underpredict the degymmetric cases indicating that wake asymmetry has virtu-
fect decay rate observed in the experiment. ally no effect on the defect decay rate

Figure 26 presents a streamwise sequence of mean ve- By scaling the local velocity defedﬂe—U by Uy(x)

locity profiles resulting from the computation of the asym- . : .
metric wake in APG and clearly shows the same lateral mi-and the lateral spatial coordingtéy the mean velocity halt

. . X . width, §(x), symmetric wake mean velocity profiles exhibit
gration of the wake maximum velocity defect locatigy{(x) similarity and are nearly universal in shape despite the dif-
toward the thicker side of the wake as was seen in the ex- y y P P

periments. Since the pressure gradient is directly imposed i prent imposed pressure gradients. In fact, the self-similar

the computations and does not explicitly include the curveoSymmetrlc w(;a_ketpro?li Shtip? obzetr)ved for the \Z/\ﬁke-m-
diffuser walls, this serves to illustrate that this effect is gPressure gradient maiches that use y Wyngaetsid.™ to

generic aspect of the asymmetric wake development and f‘sollgpse wake profiles frpm a variety of wake-generating
not attributable to a peculiarity of the flow field facility. bodies under ZPG conditions. For the asymmetric wake the

defect was scaled with 4(x) (since wake asymmetry had no
effect on the maximum defectbut the lateral coordinate
(relative toyy) was scaled bys;, i=1, 2, whered;(x) and

Due to the disparate boundary layer development thad,(x) denote the half-widths of the thick and thin wake shear
occurs over the top and bottom surface of a high-lift systemayers, respectively. This scaling was found to yield a nearly
element, the wake tends to be inherently asymmetric. Theymmetric, self-similar profile shape which was largely inde-
asymmetric wake develops in a strong pressure gradient ependent of the applied pressure gradient. For both symmetric
vironment and subsequently interacts with downstream eleand asymmetric wakes, the similarity is incomplete in the

o

0.3

sl

0.2

0.1+

V. CONCLUSION
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sense that second order turbulence statistics generally do netke. In contrast, the favorable pressure gradient case exhib-
exhibit collapse over the streamwise range covered by thi#s a more rapid streamwise decay of the turbulent kinetic
experimental apparatus. energy relative to the zero pressure gradient case. For asym-
Despite the strong effect of pressure gradientyix) metric wakes, the turbulent kinetic energy profiles are ini-
and 8(x) individually, for both symmetric and asymmetric tially asymmetric but approach a symmetric shape as they
wakes the streamwise variation of the quantity/d; was  evolve inx. The approach to symmetry is most rapid for the
found to be independent of the applied pressure gradienAPG case and slowest for the FPG.
This quantity is intimately related to the local maximum Despite the imposed streamwise pressure gradients,
strain rate, |dU/9y|; max=(Ua/8)|f'|max- Hence the local comparison of local turbulent shear and dilatational produc-
mean strain rat@gU/Jy will be independent of the imposed tion mechanisms revealed that the wake was shear domi-
streamwise pressure gradient. It is, of course, a strong fun#ated. For the asymmetric wake, the higher turbulence pro-
tion of the wake asymmetry, however. Recall that the meanluction rates in the thin wake shear lay@ssociated with
spanwise vorticity(),~ —1/29U/dy is initially identical in  highergU/dy) is, in large part, responsible for the turbulent
each pressure gradient case due to maintenance of the sakigetic energy profiles approaching cross-stream symmetry
initial conditions. The Reynolds-averaged vorticity transportas shown in Fig. 14. Explanation of the pressure gradient-
equation shows that the redistribution of spanwise vorticitydependent differences in the evolution of the turbulent field
will be independent of the direct effects of the imposed presrequires the dilatational production mechanism to play a key
sure gradient sincE X VP=0. role. It is found that even though the wake is shear domi-
It was found that for both symmetric and asymmetricnated, pressure gradient-dependent differences in the local
wakes, the imposed adverse pressure gradient sustains high&eynolds stress have their origin in dilatational terms. Once
levels of turbulent kinetic energy over larger streamwise discreated, these disparities in Reynolds stress give rise to sig-
tances than does the corresponding zero pressure gradiemficant differences in shear turbulence production that are
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largely responsible for the observed effect of pressure gradepment of the turbulent field while the FPG condition retards
ent on the turbulent kinetic energy. In support of this, it isit.
found that the difference in local turbulence production be-  Complementary numerical simulations of the symmetric
tween the APG and FPG cases is primarily associated witand asymmetric wake in pressure gradient were performed.
dilatational mechanisms just downstream f while the  For the symmetric wake, both the Spalart—Allmaras and the
shear term dominates farther downstream. Wilcox k— w turbulence models are able to faithfully capture

Profiles of —u’v’/k for both the asymmetric and sym- the effect of constant pressure gradient on the streamwise
metric wakes exhibited collapse under FPG, ZPG, and AP@volution of global wake mean flow parameters. For the
conditions. That-u’v’ scales withk is equivalent to stating asymmetric wake simulations, the agreement between com-
that theb,, component of the anisotropy tensor is nearlyputations and experiment is not as good. The Wilkexw
invariant with respect to streamwise coordinate. Hence th&odel captures the wake spreading in the APG case. It is
neglect of variations in-u’v’ that are due to the anisotropy overpredicted by the Spalart—Allmaras model. For the FPG
tensor while retaining those due fois a very reasonable case, the Spalart—Allmaras model captures the wake spread-
approximation for the strained turbulent wake flow. This in-ing Which is underpredicted by the two-equation model. Both
dicates that the “weak-equilibrium assumption” proposed bymodels underestimate the defect decay rate for the APG case
Rodi which is inherent to algebraic Reynolds stress closur®ut capture it quite faithfully for the FPG case.
models is entirely appropriate for this class of flows.
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