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An experimental investigation of the planar turbulent wake in constant
pressure gradient
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This paper describes an experimental investigation into the development of a planar turbulent wake
under constant adverse and favorable pressure gradient conditions. The focus of the study is on the
near-wake due to its relevance to high-lift systems for commercial transport aircraft. The wake is
generated by a flat splitter plate with tapered trailing edge. The pressure gradients are imposed as the
wake passes through a wind tunnel diffuser test section with fully adjustable top and bottom wall
contours. The streamwise pressure gradients imposed on the wake flow field are held constant in
each case. The wake initial conditions are maintained identical upstream of the location where the
pressure gradient is first imposed. The use of constant pressure gradients, coupled with identical
initial conditions, facilitates isolation of the effect of streamwise pressure gradients on the near-field
evolution of the wake and provides a clean test case for computational models. In this paper we
focus on characterizing the mean flow widening, streamwise velocity defect variation, and the
streamwise evolution of turbulence statistics for both favorable and adverse streamwise pressure
gradients. The imposed pressure gradients are shown to have a very significant effect on both the
mean and turbulent flow quantities. @002 American Institute of Physics.
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|. BACKGROUND AND MOTIVATION Robinson, and McGheeThey explored the effect which
sub-boundary layer scale vortex generators placed on the
This paper presents the results of an experimental invesrailing flap surface of a multielement airfoil had on flap flow
tigation into the development and structure of a planar turattachment. As expected, the vortex generators were found to
bulent wake exposed tonstantfavorable and adverse pres- gugment lift at low-to-moderate angles of attack. Surpris-
sure gradients. Although the study is motivated by itsingly, however, their results showed no benefit at high attack
relevance to high-lift systems for commercial transport air-gngles where it was found that flow attachment was main-
craft, it is also of interest from a fundamental standpointizined even without the use of vortex generators. This ap-
since it involves a turbulent free shear flow exposed to wellpears due to the fact that at the highest incidence angles prior
defined streamwise straining. to stall, the main element wake thickens quite dramatically in
In multielement wings used for commercial transport air-response to the imposed pressure gradient which has the ef-
craft, the wake generated by each forward element will infect of suppressing the trailing flap surface pressure peak. As
evitably develop in a strong pressure gradient environment, consequence, the flap boundary layer flow remains at-
and subsequently interact with downstream elements. Th@\ched. In contrast, at low angles of attack the wake is com-
nature of this interaction will depend critically on the wake’s paratively thin and less effective at moderating the flap sur-
response to the imposed pressure field. For example, thg.e pressure peak.
spreading rate of the leading edge slat wake will determine, |4 gqdition to issues related directly to wake spreading,
in part, the location of onset of confluence with the maingmy# notes that off-surface flow reversal can occur if a
element boundary layer. Even in cases where there is Ngaye encounters a sufficiently strong adverse pressure gra-
strong confluence on the main element, the slat wake Willjiant. This has been termed by some as “wake bursting.”
have the effect of moderating the surface pressure peak ofhere has been speculation that wake bursting may be re-
the trailing flagis). The degree of flap surface pressure peakyyqnsihie, in part, for the so-called “inverse Reynolds num-
moderation(and consequentlyz flap flow attgchm)erﬁ di-  per effects” in high-lift systems in which the maximum lift
rectly related to the wake width as described by Garneryerformance will unexpectedly degrade with increased Rey-
Meredith, and Stonekin general, the thicker the wake, the 44 number. Wake bursting in a strong adverse pressure
more the flap surface pressure peak is moderated due to t'gadient was demonstrated in the experiments of Hill,
associated streamline displacement effect. Another examp chaub, and SendoThe existence of off-surface flow rever-
of the influence of wake spreading on high-lift system per-| of the wake generated by an upstream element of a mul-
formance is apparent from the experimental study of Lintiglement airfoil was detected visually by Petfoln addi-
tion, some measurements from the low turbulence pressure
dElectronic mail: Flint.0.Thomas.1@nd.edu tunnel at NASA Langleye.g., Chinet al® show wake pro-
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files over the trailing edge flap of a Douglas three-elemenstrained planar turbulent wake were undertaken by Rdyers
high-lift system that appear very close to exhibiting off- using a pseudospectral method. It was noted that despite a
surface reversal. High-lift aerodynamic computations bylack in complete similarity, the wake velocity defect profile
Rogeré clearly show reversed wake flow over a multiele- was nearly universal. The response of the mean flow to the
ment airfoil trailing flap. Hoffenberg, Sullivan, and imposed strain fields was rapid but that of the turbulence
Schneidéet and Hoffenberg and Sullivrapplied an adverse significantly slower. In fact, the turbulent field was found not
pressure gradient of sufficient strenglly means of a planar to keep pace with the mean flow even for low strain rates.
diffusen to cause flow reversal to occur. Tummers, Passchier,
and Henke¥ investigated the wake of a flat plate subjected); oBJECTIVES
to an adverse pressure gradient that resulted in local flow
reversal. Rods used passive flow control of the boundary ~ As described in Sec. |, the flow physics associated with
layer on a splitter plate in order to form an initially asym- wake development in pressure gradients has been studied in
metric wake profile which was then exposed to a strong adthe past, although the focus has often been on the asymptotic
verse pressure gradient. It was clearly demonstrated that thgehavior in complex pressure gradient environments. Other
initial wake asymmetry plays an important role in the subsestudies have focused upon the response of wakes to adverse
quent wake development. That is, initially symmetric andgradients of sufficient magnitude to give rise to wake flow
asymmetric wakes will respond quite differently to a givenreversal. In contrast, this study will examine the response of
imposed pressure gradient. More recently, a comprehensiv& symmetric turbulent planar wake to imposezhstantfa-
experimental investigation of pressure gradient induced floworable and adverse streamwise pressure gradients. The work
reversal of a symmetric turbulent wake at high Reynoldss motivated by the need to understand and accurately predict
number was completed by Driver and Mat&er. the effect of pressure gradient on near-wake development.
In addition to its relevance to high-lift aerodynamics, the The focus on near-wake behavior is motivated by its rel-
turbulent wake in pressure gradient has also received consig@vance for high-lift applications. Another unique aspect of
erable attention as a prototypical free turbulent shear flowihis study is that in each case the wake initial conditions are
exposed to streamwise straining. The focus of most previougaintained to be identical upstream of the imposition of the
studies has typically been on the asymptotic response of tupressure gradient. The use of constant pressure gradients,
bulent wakes in spatially varying pressure gradients or th€oupled with identical initial conditions, creates a very
relaxation process by which an equilibrium wake responds téclean” experiment for isolating the effect of streamwise
impulse-like pressure perturbations. For example, Narasimhgressure gradients on the near-field evolution of the wake
and Prabht? and Prabhu and Narasimffdnvestigated the and for providing a test case for computational models. In
asymptotic response of an equilibrium turbulent wake to a&his paper we are particularly interested in characterizing the
nearly impulsive pressure perturbation. They showed that thenean flow spreading, streamwise velocity defect variation,
approach to a new equilibrium state is exponential, with aand the streamwise evolution of turbulence statistics for both
relaxation length scale on the order of Ifomentum thick- favorable and adverse streamwise pressure gradients.
nesses. Studies by Reynditlsand Keffel® indicate that
when constant rates of strain are applied to turbulent wakes$, EXPERIMENTAL EACILITY AND MEASUREMENT
the flow is seldom truly self-preserving even though the gov-APPARATUS
erning equations of the mean motion may admit to self- ' -
preserving solutions. Gartshdfeshowed that the two- A. Flow field facility
dimensional turbulent wake can be self-preserving only  The experiments were performed in an open-return sub-
when it is subjected to an appropriately tailored pressure grasonic wind tunnel facility located at the Hessert Center for
dient. Nakayam? studied the combined effects of mild pres- Aerospace Research at the University of Notre Dame. A
sure gradient and streamline curvature on a two-dimensionaschematic of the wind tunnel facility is shown in Fig. 1.
low momentum deficit turbulent wake. More recently, directAmbient laboratory air is drawn into a 2.74 m by 2.74 m
numerical simulations(DNS) of a temporally evolving, inlet contraction by an eight-bladed fan connected to an 18.6
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kW ac induction motor. The contraction ratio of the tunnelveys obtained at selected fixed streamwise but different span-
inlet is 20.25:1. The inlet contains 12 turbulence reductionwise locations on the splitter plate were found to be identical.
screens that yield a very uniform test section velocity profileThis indicates that the flow over the plate is two-dimensional
with a free stream fluctuation intensity level that is less tharin the mean.
0.1% (and less than 0.06% for frequencies greater than 10
Hz). 307
For these experiments the wind tunnel utilizes two con- ] : DD
secutive test sections, both of which were specifically con- ] &
structed for the wake development study. The upstream tes
section contains a wake-generating splitter plate while the ]
second forms a diffuser section as shown in Figs. 1 and 2. ]
The wake measurements were conducted in the diffuser sec 1
tion which is used to produce the desired adverse/favorable v* 151
pressure gradient environment. 1
The upstream test section is 1.83 m in length, 0.61 m in ]
width, and 0.36 m in height. The length and the width of the ]
diffuser section are the same as those of the upstream tes ] @ Measurement
section. The top and bottom walls of the diffuser are made of
sheet metal and their contour is fully adjustable by means of 1
seven groups of turnbuckles in order to create the desirec 0 , . \
constant pressure gradient environment. To facilitate flow vi- 5o 1°‘§+ 1000 3000
sualization and laser Doppler velocimetilyDV) measure-
ment, both test sections have one sidewall made of plate (a)
glass. As indicated in Fig. %, y, andz denote the stream-
wise, lateral (cross-stream and spanwise spatial coordi- T
nates, respectively. .

n
0.07
The wake generating body is a Plexiglas™ splitter plate - ® VimsiUe, Klebanoff
u]
[e]

— Log law-of-the-wall

Urms/Ue, Klebanoff

with a chord length of 1.22 m and a thickness of 17.5 mm. g .

The leading edge consists of a circular arc with distributed g

roughness which gives rise to turbulent boundary layers go.05- 4

which develop over the top and bottom surfaces of the plate. 2 -

The last 0.2 m of the plate consists of a 2.2° linear symmetric 3°%7 o o,

taper down to a trailing edge of 1.6 mm thickness. The split- 2 ce O o0

ter plate model is sidewall mounted in the test section with = *%3 %oy O

end plates used to minimize the influence of tunnel sidewall ° &

boundary layers. For additional details regarding the wake °° .

generating body and flow field facility, the reader is referred ;1 "0 5

to Liu, Thomas, and Nelsoff. *Ce0g, g
Measurement of the streamwise surface pressure distri- o . ‘ °

bution over the platévia an array of static tapshows that 0 05 vis ! e

the splitter plate boundary layer develops under a very slight

favorable streamwise pressure gradient condition due to the (b)

boundary layer growth on both the plate surface and the turf!G. 3. (@ Inner variable scaling of the boundary layer mean velocity pro-

nel walls. Measurements of the spanwise surface ressufilee at the 75% chord location on the splitter plaf®; comparison of X-wire
’ P P [J— andv-component turbulence intensity measuremenig@t 75% on the

distribution on the platénot presentedshow that it is uni-  spjitter plate with the data of KlebanofNotre Dame wake study: Re
form to within 1.5%. In addition, LDV boundary layer sur- =5.0x10* Klebanoff: Rg=7.8x 10%).

Urms/Ue, Current Study
Vrms/Ue, Current Study

s/Ue
o
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Figure 3 presents an example of the plate boundary laye# C p/dx= —0.60 m *; and(4) a more severe constant favor-
mean velocity and turbulence intensity profiles measured adple pressure gradietSFPGQ dCp/dx=—2.18 m . The
the 75% chord location. From Fig(a it can be seen that the zero pressure gradient wake served both as an essential base-
splitter plate boundary layer exhibits classic log law-of-the-|ine case for comparison with the nonzero pressure gradient
wall behavior. Although not presented here, similar meanyake development and as a means to further validate the
flow behavior was observed at stations extending to theqw field facility.
99.9% chord location. The boundary layer streamwise and  The measured streamwise pressure distributions corre-
wall normal-component turbulence intensity profiles aregponding to these different experimental conditions are
shown in Fig. 8b) along with the results of Klebanof. The  shown in Fig. 4. Also shown in Fig. 4 is a larger adverse

two data sets are observed to be in good agreement. pressure gradient case that was run but found to give rise to
. ) intermittent, unsteady flow separation near the aft portion of
B. Imposed streamwise pressure gradients the diffuser wall. Wake measurements for this case will not

The streamwise pressure distribution was measured bye presented. This case is included in Fig. 4 since it may be
means of a series of pressure taps located on one flat sidew#&figarded as an effective upper limit on the magnitude of the
of the diffuser test section at the same latéral,y) location ~ constant adverse pressure gradient that can be produced by
as the centerline of the wake. Laser Doppler velocimetrythe diffuser without incurring intermittent unsteady flow
based measurements of the centerspan streamwise distritgeparation effects. The imposition of a constant adverse
tion of mean velocitylJ(x), were found to be fully consis- dCp/dx is associated with a “trumpet shaped” diffuser wall
tent with the measured wall pressure variation, therebyontour. Thus for large constant adverse pressure gradients
confirming the suitability of the pressure tap placement andhe wall slope can become excessive at the farthest down-
use in the characterization of the imposed pressure field. 1atream stations. Since unsteady effects associated with inter-
this paper the imposed pressure will be expressed in terms afittent diffuser wall separation were to be avoided, this re-
a pressure coefficien€,=(P(x) — P.)/q.., whereP(x) is  quired that the magnitude of the imposed adverse gradients
the local static pressure in the diffus&, andq. are the be kept modest. Fortunately, as will be shown in this paper,
static and dynamic pressures, respectively, upstream of tlibe wake’s response to even modest gradients produce quite
splitter plate. significant changes in the global behavior of the near wake.

Four sets of experiments were conductétl a zero The Appendix tabulates the diffuser wall coordinates corre-
pressure gradienfZPG) base flow condition,dCp/dx  sponding to each of the pressure gradient cases shown in Fig.
=0.0m1; (2) a constant adverse pressure gradi®fRG) 4.
condition with dCp/dx=0.338 m'*; (3) a moderate con- For each pressure gradient case shown in Fig. 4, note
stant favorable pressure gradiefEPG condition with  that a common zero pressure gradient zone occurs immedi-
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ately downstream of the splitter plate trailing edge in order tabe pointed out that the slight spanwise variation of the mean
ensure that the wake initial condition is identical in eachvelocity U at the locationy=5 mm was traced to a slight
case. Figure @) confirms that the initial wake mean velocity misalignment of the traverse system with the wind tunnel
profiles are virtually identical for each of the experimental coordinates rather than an actual spanwise variation of the
conditions. In this figured, is the initial wake momentum flow field itself. Measurement of the spanwise variation of
thickness U is the local velocity outside the wake, ally  the wake at different streamwise stations located farther
denotes the local maximum velocity defect. Maintenance ofjownstream reveal that the mean flow two-dimensionality of

the same wake initial condition in conjunction with the useihe \ake remains quite satisfactory in the diffuser test sec-
of a constantd_Cp/dx facilitated isolation of the effect of 5, up to the last measurement statiorxat1.52 m.
pressure gradient on the near-wake development.

. Before conducting _the detailed flow fie!d surveys for t_hecl Flow field parameters

different pressure gradient cases, the quality of the flow field

in the diffuser test section was carefully examined. These = The experiments were performed at a Reynolds number
measurements verified the two-dimensionality of the flowof Re=2.4x10P (based on the chord length of the splitter
field in the mean. As an example, Figb®shows the span- plate and a free stream velocity Gf,=30 m/9 for all cases
wise distribution of the mean streamwise velocity componenexcept the SFPG case, which corresponds to a Reynolds
at two differenty locations within the initial wake. It should number Re=2.0x1(° (with a free stream velocity o,
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=24 m/9. As a basis for comparison, it may be noted that atally sampled at 20 kHz. The total record length at each
Boeing 737-100 operating at a mean chord Reynolds numbeneasurement station was 26.2 s. Comparison between the
of 15.7x 10° during landing approach will have a Reynolds LDV and X-wire measurements showed excellent agreement
number based on slat chord of aboutd 8P, which is quite  in both mean flow and turbulence quantities with the excep-
comparable to this experiment. tion of the free stream turbulence intensity values which are

For the ZPG, APG, and FPG cases which have the sameverpredicted by the LDV. This is a well-known problem
tunnel speed of 30 m/s the initial wake momentum thicknesgvith LDV measurement systems in low-turbulence free
6,=7.2 mm and the Reynolds numbi@ased on initial wake Stream environments.
momentum thicknegs Re,=1.5x 10*. However, for the
SFPG case the initial wake momentum thicknegg
=8.1 mm due to a lower initial free stream flow velocity and
the corresponding Reynolds number was Rk 3x 10°. IV. EXPERIMENTAL RESULTS

As mentioned earlier, this study will focus on near-wake
behavior due to its relevance for high-lift applications. From
Fig. 4, it can be seen that the useful length of the test section In this section experimental results documenting the
for the investigation of the wake development extends 1.52mean flow development of the wake for the constant pressure
m downstream of the trailing edge of the splitter plate. Thisgradient cases are presented. Cross-stream wake mean veloc-
streamwise range corresponds te % 6,<212. Both LDV ity profiles obtained at selected streamwise locations via
and hot-wire measurements were performed at the centéV surveys were used to establish the streamwise variation
span location for a variety of selected streamwise position§f the wake mean velocity half-widthj(x), and the local

within the aforementioned range of the diffuser test sectionmMaximum velocity defectUq(x). Here 5(x) is defined as
the lateral distance from the centerline of the wake to the

D. Flow field diagnostics position at which the local velocity defect drops to one-half

Uq4(x). For purpose of comparison we also present results
The development of the wake mean and turbulent veloctor the zero pressure gradient wake which is expected to

ity field for the selected pressure gradients was investigatedynipit well-defined mean flow similarity scaling with suffi-
nonintrusively with an Aerometrics three-component fibergijent distance downstream of the splitter plate trailing edge.
optic laser Doppler velocimetry system and also with conqr example, it is well known that the ZPG planar turbulent
stant temperature hot-wire anemometry. Wherever possiblgake half-width, 8(x), and the local maximum velocity de-
both techniques were employed in order to insure fidelity offgct, Uq(x), should vary asx'? and x 2 respectively,
the data. given sufficient distance downstream of the wake generating
The fiber optic LDV system was typically operated in body (Schlichting?).
two-component backscatter mode in order to measure the Figure 6 presents the measured streamwise variation of
streamwise velocity component, and the cross-stream ve- the wake mean velocity half-width for zero, favorable, and
locity componenty. The 514.5 and 488 nm laser wave- adverse pressure gradient conditions. Bétnd the stream-
lengths were used to measure theand v components of wjise coordinatex are made nondimensional by the initial
velocity, respectively. Frequency shifting was used in ordekyake momentum thickness,. The streamwise location at
to unambiguously resolve flow direction. The measurementghich the pressure gradient is first applied is indicated on the
were made in the coincidence mode and results for botlhscissa ag,. The profound effect of the pressure gradient
mean flow and turbulence quantities presented in this papen wake spreading is readily apparent from Fig. 6. The base-
represent ensemble averages over at least 10 000 valid coiline zero pressure gradient case is shown to exhibit the ex-
cident LDV burst events. Wind tunnel seeding was perpected streamwise growth. In contrast, the adverse pressure
formed at the tunnel inlet with an Aerometrics Particle Gen-gradient case is observed to spread approximately exponen-
erator Model APG-100 using a 1:2 mixture of propylenetially with x as evidenced by the indicated least-squares fit. It
glycol and distilled water. The transceiver of the LDV sys- s interesting to note that in the DNS of a turbulent wake by
tem was mounted to a computer controlled traverse tableRogers'® the case of constant negative streamwise strain rate
The positioning accuracy of the traverse table in both thexhibited spreading that was approximately exponential in
horizontal and vertical directions was Oudn. The stream- time. More will be said about these DNS results later. In
wise and cross-stream dimensions of the measurement probentrast, Fig. 6 shows that for the favorable pressure gradient
volume of the LDV system were 234.4 and 234, re-  cases the wake spreading is greatly reduced. The wake width
spectively. for favorable pressure gradient appears to follow a power
The LDV surveys were repeated using constant temperdaw variation withx but with reduced exponemt from the
ture hot-wire anemometry. In addition, the measurement ofalue of 3 that characterizes the zero pressure gradient case.
certain terms in the wake turbulence kinetic energy budgeNear the end of the diffuser section, the FPG case appears to
(not presented in this paperequired the use of hot-wire be approaching a parallel flow conditiod § dx—0). Note
anemometry techniques. For the reported hot-wire measur¢hat for the SFPG case shown in Fig. 6, the wake flow is
ments a multichannel TSI IFA 100 anemometer together wittessentially parallel wittd~ const. Recall tha#,, for this case
X-wire probes(Auspex type AHWX-100 were used. The is larger so that the scalectoordinate is shifted with respect
anemometer output was anti-alias filtered at 10 kHz and digito the other three cases.

A. Wake mean flow development
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The measured streamwise variation of the local maxislightly for x/6,>125. In contrast, for the FPG and SFPG
mum velocity defect for the zero, favorable, and adversecases the velocity defect decays much more rapidly than for
pressure gradient cases is presented in Fig. 7. The maximuthe ZPG case.
defect for the zero pressure gradient case exhibits the ex- Note that in both Figs. 6 and 7 the response of the mean
pectedx Y2 variation commencing neat/ §,~70. The ve- flow to the imposed pressure gradient is very rapid with both
locity defect decay is significantly reduced by imposition § andU 4 showing deviations from the zero pressure gradient
of the adverse pressure gradient. In fact, it may be notedase just downstream of locatiog .
that for the APG case the velocity defect actually grows  Figure 8 presents measured wake half-wid#mnd maxi-
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mum defeclU 4 at two representative streamwise locations inscaled withd(x). Using this scaling, it is apparent that the
the diffuser as a function of the imposed constant pressur&ake mean velocity profiles exhibit similarity and are nearly
gradient. It is clear from Fig. 8 that the sensitivity of the universal in shape despite the very different imposed pres-
wake mean flow to the imposed pressure field is not symmetsure gradients. In each case the measurements in Fig. 9 con-
ric with respect to the zero pressure gradient conditionform quite well to the profile of form
Rather, Fig. 8 shows that the wake’s mean flow response is .
considerably more sensitive to adverse pressure gradients. U.—U

Figure 9 compares measured wake mean velocity pro- Td
files in ZPG, APG, FPG, and SFPG conditions at selected
representative streamwise locations. The local velocity dewhich is identical to that used by Wygnanskial > to col-
fect is scaled byJ4(x) while the lateral spatial coordinate is lapse wake profiles generated by several different screens,
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cylinders, and airfoil shapes under zero pressure gradiemifferent. Despite this, wake mean velocity profiles shown in
conditions. Rogers also reports a nearly universal profile Fig. 9 exhibit a remarkable collapse. It is of interest to ex-
shape for DNS simulations of a planar turbulent wake in-amine the conditions under which the observed universal
volving constant positive and negative imposed streamwisenean velocity profile shape occurs and, perhaps more impor-
strain rates. It is also interesting to note that in an actuajantly, whether this limited degree of similarity can be ex-
high-lift flow field, the outermost wake-like portion of the ploited in order to predict the wake spreading and defect
main element confluent boundary layer exhibited self-decay for arbitrary pressure gradients. This is the topic to
similarity despite the strong adverse pressure gradient enviyhich we will turn our attention in Sec. V.

ronment as reported by Thomas al** It should also be Figure 10 presents the streamwise evolution of the ratio
pointed out, however, that profiles of normal and Reynolds, /s as measured for each of the pressure gradient cases.
stresses corresponding to the cases shown in Fip 8ot Thjs quantity is directly proportional to the absolute value of
generally exhibit similarity when scaled appropriately &Y ine maximum local mean strain rei@U/ dy|max. IN particu-

and Uq. In this sense the similarity encountered in theseyr for the profilef(y/8) shown in Fig. 9, the local maxi-
_experiments is incomplete. This _is ce_rtginly nqt surprising. Ityum strain rate 9U/ 3y | max=(Uq/9)|f' [max. The normalized

is well known that mean velocity similarity in free shear o qinate ysed in Fig. 10 accounts for the fact that the initial
flows typically occurs upstream of the onset of similarity forvalue Ugo/ 8, for the SFPG case is different than for the

the second-order turbulent statistics. In fact, despite collapsgther three cases since that experiment was performed at a
of the mean velocity profiles, the results of Wygnanski

et al?® demonstrated a substantial dependence of wake in;—O wer Reynolds _num_ber. The mea_sured st_reamwise eyolu_tion
tial c.onditions even far downstream of the wake generatin of U.d/5 shown in F|g. 1011 c-onS|stent W!th a.reductlon n

. : g?Haxmum mean strain rate with streamwise distance. Note,
body. For example, different spreading rates were measurec
for different wake-generating bodies although the wake

owever, that the streamwise variationf/é is virtually
. i S lr%jentical for each pressure gradient case. This may seem sur-
mean velocity profiles appeared to be self-preserving in each . . . N . .
. rising given the very significant differences in the measured
case. This suggests that the turbulent wake may never rea@f'reamwise evolution 0B(x) and Uy(x) shown in Figs. 6
a self-preserving state that is completely independent of ini= d gs.

tial conditions. Based on this, Geofgesuggested a less re- and 7, respecti\{ely. .In order to understan.d this n_ot_e that,
strictive interpretation of self-preservation for free shear@ 900d approximation, the mean spanwise vorticiy
flows and presents an analysis which allows for a multiplic-~—33U/dy. Upstream of imposition of the pressure gradient
ity of self-preserving states. His analysis suggests that for ¢he mean spanwise vorticity is identical in each case, consis-
given free shear flow, the self-preserving state that is actuall{ent with maintenance of the same initial conditipsse Fig.
observed will depend upon initial conditions. 5(a)]. The Reynolds-averaged vorticity transport equation
The wakes investigated in this study share a commoishows that the redistribution of spanwise vorticity will be
origin but are exposed to very different pressure gradients foindependent of the direct effects of the imposed pressure
x>x,. Consequently, at a given streamwise measuremergradient ¥ X VP=0). Physically, this is a consequence of

station the upstream history of these wake flows will be quitehe fact that pressure forces act through the centroid of fluid
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1.6 result of the lateral propagation of the edge of the wake into
] 0 the inviscid flow region and the mechanism for this propa-
1.4+ A De . . . . . .
] e gation is mainly due to turbulent diffusion. It is to the char-
1.2 A& acterization of the second-order turbulence statistics that we
] o turn our attention in the following.
1.0 & 4
Yys 0 8- B oz B. Wake turbulence quantities
A [ ]
] a i i
0.6 o dColdx = 0.338/m The imposed pressure _g_radlents also have a pronounced
] B effect on turbulence quantities measured in the wake. Per-
0.4 ® dCp/dx =0.000/m haps the most fundamental and physically descriptive of
02_? A dCpidx = -0.60/m these is the turbulent kinetic energy per unit maks,
“ =L(u'?+v'?+w’?). Using X-wire measurements, profiles
0.0 ——-17—+r—+""7"-"-"r—————— of the required normal stresses were measured at selected
0 20 40 60 80 100 120 140 160 streamwise locations and the local turbulent kinetic energy
x (cm) computed. Figure 12 presents shaded iso-contours of the
FIG. 11. Streamwise variation of mean streamfuncijooorresponding to wake turbulent kinetic energy in the-y plane for APG,
the lateral positiory= 2. ZPG, FPG, and SFPG conditions. Note that the lateral coor-

dinatey has been left unscaled in order that the associated

effect of pressure gradient on the wake spreading may also
elements. Consequently, the imposed pressure gradient witle observed. Upstream of, the turbulent kinetic energy
manifest itself only indirectly through its effect on the turbu- distributions are virtually identical with the exception of the
lent field (as described in Sec. IV)Band consequently, on SFPG case which was run at a somewhat lower Reynolds
spatial gradients of correlations between fluctuating velocitynumber. Figure 12 shows that along with the enhanced lat-
and fluctuating vorticity. eral wake growth, the adverse pressure gradient condition

At each streamwise locatior, the streamfunction cor- sustains higher levels of turbulent kinetic energy over larger

responding to a particular cross-stream distance from thstreamwise distances than in the zero pressure gradient wake.
wake centerline can be computed. Using the self-similain contrast, the favorable pressure gradient cases exhibit a
wake mean velocity profiles shown in Fig. 9, and assumingnore rapid decay of turbulence kinetic energy relative to the
that the value of the streamfunction on the wake centerline igero pressure gradient case.

$=0, (i.e., symmetric wakewe obtain Figure 13 presents cross-stream profiles \Aﬁ/ud

measured via LDV at several representative streamwise lo-

' 2 cations for each of the pressure gradient cases. Figure 13
] illustrates another key difference which involves the rate at
where 7=y/é(x). As an example, Fig. 11 presents the hich the profiles of second-order turbulent statistics ap-
streamwise variation in the mean streamfunctipreorre-  oroach self-similarity. In the case of the adverse pressure
sponding to the arbitrary lateral position=2 as obtained at o raient, the tendency for the scaled rms profiles to approach

selected streamwise locations. The ZPG, FPG, and AP@qapse is apparent and is clearly accelerated over and above
cases are shown in Fig. 11. The SFPG case has been gy exhibited by the ZPG case. In marked contrast, the FPG

cluded since that experiment was run at a different Reynold§ 4 sppG cases show little evidence of an approach to self-
number(and hence, volumetric flow rgteFigure 11 shows similar behavior.

that, to good approximation, all cases collapse to exhibit a A jhe might well expect, the trends shown in Fig. 13

common streamwise variation. This was found to be trug o ot exclusive to the streamwise fluctuating velocity com-

regardless of the lateral extent over which the integratiorbOnent Figure 14 presents the streamwise evolution of
was performed. Since the diffuser wall is, to good approxi- '

mation, a mean streamline for the flow, and since each of thé/ﬁlud' \/;/Ud: andu’v’/U§ as measured at the arbi-
experiments shown was performed at the same flow rate, thigary lateral locationy=0.85. For each scaled statistical
presentation of wake evolution ii—x space maps the dif- gquantity, the accelerated approach of the turbulence to simi-
fuser wall to a common locug= const. That the streamwise larity for the APG case is apparent while the FPG and SFPG
evolution of s associated with a given lateral position in the cases show no evidence of approaching an asymptotic value.
wake is common across all pressure gradient cases is indichlote that the turbulent statistics for the ZPG case are just
tive that the mechanism by which the wake mean flow rebeginning to approach a limiting value near the downstream
sponds to the imposed pressure gradient is common to afind of the diffuser test section.

cases. That is, the growth rate of the waka/inx space is Figure 15 presents cross-stream profiles of the Reynolds
independent of the imposed pressure gradient. In additiorgtress normalized by the local turbulent kinetic energy as
since they value corresponding to fixegl is not constant, it measured at several representative streamwise locations for
also shows that the wake boundary does not simply follonthe APG, FPG, and SFPG cases. It is apparent from Fig. 15
the imposed external inviscid streamlines. The streamwisthat in each case the Reynolds stress profiles exhibit a rea-
increase in the value of corresponding to a fixedy is a  sonable collapse when scaled kyThatu’v’ scales withk

y=U¢9

Udfﬂf( ')d ,
7 U. Jo n)un
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FIG. 12. Turbulent kinetic energy iso-contours for the APG, ZPG, FPG, and SFPG cases.

has important implications regarding the applicability of al- which acts on a supposedly universal lateral shape function
gebraic Reynolds stress closure models to this class aj(#). Figure 16 presents the measured profileg(@f) ob-

strained flows. Inherent to the algebraic stress model origitained throughout the diffuser section corresponding to the
nally proposed by Rodi is the so-called weak-equilibriumAPG, ZPG, FPG, and SFPG cases. Figure 16 clearly shows

assumptiorf® that the shape functiog(z) is indeed independent of the
_ — — applied pressure gradient. Also shown for comparison is the
E(u’u-’)m Uj Uj D_k 3) function g(#) resulting from integration of Eq(13). The
D, t Dt agreement with the measured profile shapes is reasonable.

o Figure 16 indicates that the imposed pressure gradient has no
which is equivalent to assuming thaD(Dt)(u/u{/k)=0.  effect on the cross-stream shape of the Reynolds stress pro-
For the wake flow under investigation here, it is clear fromfiles although it certainly does influen@,,(x) as suggested
Fig. 15 that if the lateral coordinate is scaled Bythen by Fig. 14.

(9/9x)(u’v"/K) =0 for both favorable and adverse gradients. ~ One may question whether the scaled normal turbulent
Measurements confirm that(d/dy)(u’v'/k) is generally stresses exhibit a cross-stream profile shape that is indepen-
quite small across the wake as well. These results suggedent of the imposed pressure gradient condition. Figure 17
that the neglect of variations af'v’ that are due to the presents profiles ofi(7)=u’?/(G(x)U3) (whereG(x)

anisotropy tensor while retaining those duektds a very —=u'?_, /U3 for each pressure gradient cas€&igure 17
reasonable approximation for this strained turbulent wake&hows that, unlike the Reynolds stresses, the normal stresses
flow. do not exhibit a cross-stream shape that is independent of

In the similarity analysis which appears in Sec. V, the either streamwise coordinate or imposed pressure gradient.
dependence of the scaled Reynolds streas,v’/Uj, is ac-  Some insight regarding this behavior may be gained by not-
counted for by an amplitude functio®,,(X)=u’v’m/U3  ing that in each case the profiles are most dissimilar near the
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FIG. 13. Representative cross-stream profiley af 2/U, for different pres- —
nolds stress-u'v’.

sure gradient case&@) APG; (b) ZPG; (c) FPG;(d) SFPG.

centerline of wake. Since turbulence production is zero therethis paper, Lid’ measured the full turbulent kinetic energy
the turbulence on the centerline is due to transport by advedudget for the APG, ZPG, and FPG cases. Scaling issues
tion and/or turbulent diffusion. Consequently, similarity of related to the various terms were explored and, consistent
the normal stress profiles requires a higher level self-similawith the results shown in Fig. 17, significant differences in
behavior than that required for the Reynolds stresses. Morthe turbulent advection terms were noted between the differ-
specifically, it requires similarity at the level of the turbulent ent cases.

kinetic energy transport equation. Although not presented in  In these experiments turbulence production can occur
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FIG. 15. Cross-stream profiles of the Reynolds stress normalized by the
local turbulent kinetic energy at several representative streamwise locatio
for the APG, FPG, and SFPG casé.APG casefb) FPG case(c) SFPG

case.

not only by the local shear production termsu’v’ aU/ay
and —u’v’ dVIdx, but also by the dilatational production
term, —(u’?—v'?) gU/dx. Sinceu’?>v'?, the latter term

3
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the transfer of turbulent kinetic energy back to the mean
flow. Although not presented here, the shear production term,

—u'v’ dVIdx, was measured and found to be entirely neg-
ligible. In order to assess the relative significance of the re-
maining production terms, profiles of each were measured at
selected streamwise locations throughout the wake for each
pressure gradient case. As an example, Fig. 18 compares the

local shear production termu’v’ aU/ay with the dilata-

tional production term-(u’2—v'?) gU/dx as measured at
x/ 6,=106 for each of the pressure gradient conditions. In
each case the production term has been scaled by the com-
mon factor 6,/U3,. From Fig. 18, it can be seen that the
flow is clearly shear dominated despite the imposed pressure
gradients. Even for the SFPG case, the magnitude of shear
production term is greater than that of the dilatational term.
This is not to say that the effect of the dilatational term on
the flow is without significance. Note that the dilatational
term serves to augment the turbulence for the APG case and
significantly reduces the turbulence production for the two
favorable pressure gradient cases shown.

The streamwise development of the scaled turbulence
production as measured wts= 0.95 (the location of maxi-

mum local 9U/dy) is presented in Fig. 19 for each of the
pressure gradient conditions. In each case the turbulence pro-
duction decreases with streamwise distance. This reduction
in turbulence production is expected given the streamwise
variation inUg4/ 8 (a quantity intimately related to the maxi-
mum mean strain rateshown in Fig. 10. However, unlike

dUlady, the streamwise decay in turbulence production var-
ies significantly with imposed pressure gradient. It is greatest
for the favorable pressure gradient cases and this apparently
gives rise to the more rapid streamwise decayk ishown
previously in Fig. 12. In contrast, Fig. 19 shows that for the
APG case the local turbulence production exceeds that of the
ZPG case at each streamwise location giving rise to the
higher sustainedd values shown in Fig. 12. Since the stream-
wise variation in the mean strain ra&da_J/ay is common to
each of the cases, the differences shown in Fig. 19 must
originate with the Reynolds stressu’v’ and/or the dilata-
tional production term.

Figure 20 compares measured cross-stream profiles of
—u'v’ for the FPG and APG cases at four representative
streamwise locations downstream of imposition of the pres-
sure gradient. Initially, the profiles are identical but with in-
creased streamwise distance the APG case exhibits larger
values. In order to assess whether the imposed pressure gra-
rglent had an effect on the phase relationship between 'the
and v’ fluctuations, the streamwise evolution of the Rey-
nolds stress correlation coefficient functionp,,

=u'v ’/\/E\p was examined for each pressure gradient
case. Although not presented here, the correlation coefficient
was quite similar for each of the cases and exhibited little
variation with streamwise distance with nominal local maxi-
mum values ofp,,~0.42. This suggests that the difference

is positive for the adverse pressure gradient case and repreetween the cases shown in Fig. 20 is associated primarily
sents an additional source for turbulence. For the favorableith the amplitude of the fluctuations rather than their phase
pressure gradient cases, the term is negative and represenggationship.
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FIG. 16. Summary of all measurements of the wake
Reynolds stress shape functigiiy) for APG, ZPG,
FPG, and SFPG cases taken throughout the diffuser test
section.
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In an effort to assess the relative importance of the dilawhere primes denote fluctuating quantities and overbars in-
tational and shear production terms in accounting for thelicate time averaging. Note that the viscous stress term has
differences between cases shown in Fig. 19, we define  not been included. Neglect of the viscous term is based on
be the local difference between turbulence production for theecognition that the characteristic time scale for viscous dif-
APG and FPG cases. This difference is composed of contritusion of momentunt,.~O(5%/v) is much greater than
butions associated with the difference in the dilatationalboth the characteristic residence time of fluid particles in the
termsA4 and shear production ternds;. Figure 21 presents diffuser test sectiont,.c~O(L/U,) and the characteristic
the measured streamwise variation of the ratlggd A and  time scale for turbulent momentum transtgf,~O(5/u’).
Ag/A (expressed as a percentagdear the location where Here L denotes the streamwise extent of the diffuser test
the pressure gradient is first impostgl/ A~ 100% since the section andi’ is a representative measure of the fluctuating
response of the mean flow to the streamwise strainngyx ~ Vvelocity. The requirement thag;s>ty,p is equivalent to re-
is immediate while the Reynolds stresses are more slow tfuiring that Rg=u’d/v>1. That is, the turbulent Reynolds
respond, as shown in Fig. 20. As they do, the ratig/A number must be large. Calculations verify that for the experi-
grows to account for approximately 80% df. In other ~ments reported hera’ 5/v~0O(10%), whereu’ is taken as
words, with increasing distance downstream the effect of théhe rms streamwise velocity. This indicates that turbulent
dilatational term in augmenting fluctuations for the APG casénomentum transport is three orders of magnitude larger than
and suppressing them for the FPG case leads to the dispari§scous transport. Similarly, requiringsc>t,esis equivalent
in —u’v’ shown in Fig. 20. The increasing disparity be- 10 (L/6) (v/Ued)<1. For these experiments calculations
tween the shear production terms with streamwise distance 80w that {/8)(»/U¢8) ~0O(10~%), indicating that the resi-
reflected by the rise of thA/A. In this manner the dilata- dence time in the diffuser is simply too short for viscous
tional production term initially triggers the differenceskn transport to be significant.
between the FPG and APG cases. The associated disparity in Defining the following similarity variables,

—u’v’ between cases gives rise to the differing rates of
shear production shown in Fig. 19. f(7)=

Ue—U G _ —u'v’ oy
Ud ’ UU(X)g(ﬂ)_ Uﬁ ’ 7]_%!

V. WAKE MEAN FLOW SIMILARITY CONSIDERATIONS where it is noted that the scaled Reynolds stress is taken as
the product of anx-dependent amplitude functio®,,(x)

The governing equations for the wake flow are the thinand a lateral shape functi@f ). This scaling is appropriate
shear layer form of the momentum equation, for the near-wake under consideration here. In fact, similar
— — — scaling has been suggested by Gettgs the preferred form
_ U —gu  dU, a(u'v’) . 1S
U—+V— — (4)  forasymptotic free shear layer evolution in order to properly

IX gy ¢dx Iy account for initial conditions. Substituting infd), and using
and mass conservation, (5) yields
Y ;
ﬂﬁ?—:o, (5) Af+Bf2+C17f'+Df’J fdn=G,(x)g’, (6)
X ay 0
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FIG. 17. The normal stress shape functiofwy) at different streamwise
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where primes denote differentiation with respecytand the

coefficients on the left-hand side are given by

o[ 8 4L [ 5 duy
U2 dx | T |Ug dx )’
1 d(Ueo) L1 d(Ugd)
“lug dx |© T |ug dx

()
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In order for similarity to occur, the coefficients, B, C, D
and G, must remain proportional to each other as the flow
evolves inx. Cross-stream integration ¢) shows that

A—C=pB(D-B), (8)

where B=([TZf2dy)/(JTZfdy)=0.73 for the profile
given by(1). Examination of(6) and(7) shows that similar-

ity can only be achieved under the rather restrictive assump-
tion that U, is proportional toU,. If we suppose thal,

= aUg then it follows thatA= —2aB andC= — aD. Using
relation (8) we also haveD =B(2a— B)/(a— B). Thus for
self-similarity, relation(6) becomes

(20— pB) (2a—p) 7
_ 2_ ' ’
2af+f°—a (a—p) nf'+ (a=p) f fo fdy
Gu(x)
=By ¢ ©

which shows that similarity also requires ti@g, (x) be pro-
portional toB(x).

Let us first consider the implications for the APG case.
Figure 7 shows that, to good approximatith,~ «U 4 with
a~4. Taking3=0.73 we find thatA~ — 8B, C~ —8.89B,
and D~2.22B. From this we see thaB and D are small
compared toA and C and thatA~0.9C. Now from Fig.
14(c) it is also found that for the APG cas€,,,(x) is con-
stant and therefore so too B according to the similarity
requirement.

We next consider the FPG case. In this case the coeffi-
cientsA, B, G andD cannot be proportional since the veloc-
ity defect is clearly not proportional to the external velocity,
as shown in Fig. 7. However, Fig. 6 does show that for the
SFPG casé& is constan{parallel flow and even in the FPG
case it appears that this condition is gradually approached
near the end of the diffuser test section. Takahg/dx=0
and definingQ=(U./2U,) we find thatA=—-B(B8+Q), B
=B, C=B(B—Q), andD=—B. From Fig. 7 it is apparent
thatQ continually increases with streamwise distance and, in
fact, is on the order o® (10) near the end of the test section.
With g fixed, it is apparent that the coefficierisand C will
again dominat€6) with the dominance of these terms grow-
ing with streamwise distance Now A—C=—28B with
the sign ofB determined bydU,/dx<0. Hence it follows
that A>C (which is opposite the APG caseExperiments
show that for the FPG cas€~0.8A. Note, however, that
for favorable pressure gradient3,continues to increase as
the flow evolves inx and the conditiorA~C~ —BQ is ap-
proached. This asymptotic condition yields a particularly
simple relation for the velocity defect. In particular, for par-
allel flow with 6= &,, we obtain

Ug UgoUZ%

Ue UZ (0
Here the subscript 0 denotes initial values taken at the onset
of the pressure gradient condition. Figure 22 compares the
measured streamwise variationdf /U, for the SFPG case
with that predicted by relatioii10). The agreement is ob-
served to be quite good.

Downloaded 01 Dec 2003 to 128.220.85.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



2832 Phys. Fluids, Vol. 14, No. 8, August 2002

-1
(a). dCp/dx=0338m’" (b). dCp/dx=10.000 m

Production
N
|
Production
N
i
Bog
.
no? a

O—T [
-2 T T T T T -2 T T T T T
-3 2 -1 0 1 2 3 -3 -2 1 0 1 3
y/8 y/8
5 (¢). dCp/dx=-0.60 m™ 6 (d). dCp/dx=-2.18 m"
) i [¢)
— =3 U] 005
1 1 . [_(u,z_vyz)ax]U 510
4— -
| ity %
= |:’|:I oy |:||3 % c
2 & B 5] o
5] o % &g a B
3 2- =] 8 a 3
e E o o
© & j % &
a o
0 Wmn
'2""1""F"‘I"“I"'IHH '2"'l""l""|"‘!“‘ T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 3

Liu, Thomas, and Nelson

FIG. 18. Comparison of shear and di-
latational turbulence production terms
for different pressure gradients at
x/ 8,=106. (a) dCp/dx=0.338 nT?;
(b) dCp/dx=0.0m%; (c) dCp/dx
=-0.60nm1; (d) dCp/dx
=-2.18mt

For both favorable and adverse pressure gradients case&ak. If, corresponding to this observation, the approxima-

we have shown that the coefficiemdssand C dominate(6)
and that their size is comparable. If we make the approximayield
tion that

A~C=K(x), (11)

(Ueo)?

1

2
which, from (8), is equivalent to neglectin® and D, we M

obtain the approximate form @6),

(UUg2 ™ M

tion of Eq. (15) is retained, relatior{11) may be solved to

2 (K
J—dx+C0, (16)
Ue

whereC, is a constant of integration. Equati¢t6) provides

| !
Af+Cryf'=Gu.g (12 a means for predicting the streamwise variation of the global
or equivalently, wake parameters(x) and Uy(x) for a specified external
Gy, (X)
f+gpf'= " 1
7 Kox) 2 (13
. . 25
Relation(11) leads to the requirement that J.
] ® dCp/dx = 0.338/
U2"Us"=const, (14) o ] e "
_ _ X 20 ® dCp/dx = 0.000/m
where n is any number other than zero. Takimg=1, we q><:|"’Ds ] A dCo/dx = -0.60/
define a grouping ir14) as ” prax =058
2 '_F 15; 1o} < de/dx=—2.l8/m
M=UZU46=const. (15 R ]
N 1 A
Within the small velocity defect approximation, the above- l: ]
mentioned grouping represents the wake mean flow kinetic Li 10 'Og
energy defect flow rate which Eq15) states is constant. R|& o
Measurements of the streamwise variatiorvbfor each of 15 ] 5w o
the pressure gradient cases are presented in Fig. 23, wher—' 57 o S m©
Mg represents the initidyl value in the wake. The value of ] o O 'A Z m oo
M for the ZPG case is observed to be approximately constani ] SN s A"
with x. In contrastM increases and decreases witfor the 01— R VA Y P
. o 0 50 100 150 200 250
APG and FPG cases, respectively. This is a consequence ¢ y/0
0

the previously documented imperfection of the assumption

thatA=C. Note, however, that Fig. 23 also i_ndica'_[es that theFIG. 19. Streamwise variation in turbulence productigi &= 0.95) for
dependence oM on the streamwise coordinate is actually APG, ZPG, FPG, and SFPG cases.
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y/8 y/8 profiles at selected streamwise loca-
tions for APG and FPG casesa)
(c). x/8, =1058 (). x/8, =1235 X1 8y=52.9; (b) x/8,=70.6; (¢) X/,
157 187 =105.8; (d) X/ 6,=123.5.
1] = APG

1 = APG

velocity U4(x) (i.e., imposed pressure gradignvore spe- Measurements ok (x) by Liu?’ show that it exhibits only a
cifically, solving (16) one obtains the following explicit ex- weak streamwise dependence and we will approximate it as a

pressions fors(x) andU 4(x): constant. A suitable representationkis=0.044 independent
——— of the imposed pressure gradient. Wittiaken as a constant,
5(x) _ J1+2(T —To) (17) relations(17) and(18) indicate that both global wake param-
% Ue/Uep 7 eterss(x) andU4(x) are only functions of the imposed ex-
ternal velocityU(x). It may be noted that for the zero pres-
Ug(x) _ 1 (18) sure gradient casd7) and(18) yield classic planar turbulent
Udo  (Ug/Ug) V1+2(T*—T%)' wake similarity scaling.

I . Figures 24 and 25 present comparisons of the stream-
where the global wake parameters at the initial streamwise . o . .
L " Wise variation of§ and U, respectively, as predicted from
positionx= X, are denoteds, andU 4, and

relations(17) and (18) with the experimental measurements
_ Uy [x K(x)dx

T —T5= —_—. (19
0 8 Jxo Uelx)
0.6
io)
0.5
1.2
|
Jo OO RN 0.4
1.0 | -~ i, ? .
| | \
0.8 | \ : Qﬂ 0.3
] I \ Ue ®
Ay | \ |
T (100%) 0.6 | \ | A8 0.2}
| | \ | 1 Eqn. (10)
0.4 I \ [ 1
] 1 \ | 0.1
j a\ 1
0.2 } - - ]
Xp .._A_/-A_—‘ o777
0.0_.~.xu.$vmm».~v.~-,m‘\i‘~.~ 0 50 100 150 200 250
0 20 40 60 80 100 120 140 160 180 200 X/ 60
x/8,
FIG. 22. Comparison of the measured streamwise variatiod U, for
FIG. 21. Streamwise variation of the ratidg /A andAg/A. the SFPG case with the prediction by relatid®).

Downloaded 01 Dec 2003 to 128.220.85.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



2834 Phys. Fluids, Vol. 14, No. 8, August 2002 Liu, Thomas, and Nelson

2 250
@ APG
B ZPG
A FPG ~ 200
1.5
¢ SFPG
- 150
M . i [m} g (] o9
| | 4, 3 .
M 19~ &- f o = 2w — T M (m'/s”) FIG. 23. Comparison of the stream-
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x/ 6,

corresponding to the APG, ZPG, FPG and SFPG conditiong17) predicts a decrease in wake width instead of the experi-
In each case the initial input positioq is taken as the loca- mentally observed parallel flow. From relatioiis) and(18)

tion where the imposed pressure gradient commences. lone can obtain the predicted streamwise variation of the ratio
most cases, the overall agreement is observed to be goddl/d as

with the analytical expressions capturing the essential as-

pects of the streamwise behavior of the wake mean flow Uqg 1
parameters. For the velocity defect variation, the worst 5 1+ 2(T*—=T%)
agreement is observed for the FPG case wli&8 under-

predicts the defect decay. It is interesting to note that thevhich is compared with experimental results in Fig. 10. The
agreement is much better for the SFPG case. From the preredictions are in general agreement with the measurements.
vious discussion, we see that this is because the SFPG case In order to investigate the suitability of relatiori$7)
represents a closer approximation to the assumptionAhat and(18) to applications involving much stronger streamwise
=C. For the streamwise variation i, the agreement is strain rates, we next compare their prediction with the DNS
generally good, with the exception of the SFPG case whersimulation results for a temporally evolving, strained planar

(20

Yo
S |’

FIG. 24. Comparison of the measured
and the predicted wake half-width in
APG, ZPG, FPG, and SFPG.

0 450 100 150 200 250
Xp x/ 90
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0.4
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Ua 1
— 0.3 o FIG. 25. Comparison of the measured
Ue i < and the predicted maximum velocity
defect in APG, ZPG, FPG, and SFPG.
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turbulent wake reported by Rogersin particular, we focus more sensitive to the choice &f. Although the trends are
on cases that Rogers desighates as C and D in which theell captured forK=0.044, deviations between predicted
wake is exposed to constant nondimensional streamwisand actual values of and U4 emerge, particularly at large
strain rates ofa=—0.271 and a=+0.271 [where a  times . For the decelerated wake, the prediction based on
=(268p/Uq0)(dUc/dx)]. The negative strain rate employed relations (21) and (22) with K=0.014 shows quite good
by Rogers is an order of magnitude larger than that encouragreement with the DNS results even at large values of
tered in our wake experiment. For example, the equivalent The comparisons with both experimental and DNS re-
nondimensional straia for the APG and FPG cases studied sults suggest thaK is a fairly weak function of pressure
here are only approximately0.01 and+0.1, respectively, at gradient and that with suitable “calibration,” relatiori&7)
the location corresponding to the beginning of imposition ofand(18) should be capable of providing very good estimates
the pressure gradient. Since the simulations of Rogers imf §andU in even large adverse pressure gradient environ-
volve a temporally evolving turbulent wake, relatiofis?) ments. For favorable pressure gradients the predictive ability
and (18) must be transformed to the equivalent temporallyof relations(17) and(18) is less impressive and appears com-
evolving form. This gives, when botdU./dx and K are  paratively insensitive to the choice of the value of parameter
taken as constants, K. In particular, the prediction for the FPG case underesti-
mates the defect decay rate and overestimates the decrease of
8(t)  N1+4K(7—7p)

= — , (21)  the wake width. This may reflect an inherent limitation of the
(7o) g7 analysis which is based upon the assumption of incomplete
flow similarity. Fortunately, for high-lift applications, wake
Ug(7) - 1 (22) development occurs primarily in a strong adverse pressure
Ug(70) 2770 1+4K(7— 1) gradient environment where relatiof7) and (18) appear
where capable of providing good predictions.
Finally, it should be noted that forming the product
Ugo (*x dx Uq(7)6(7) from relations(21) and(22), respectively, yields
T—Toz—f —_— (23
250 XOUe(X)

Ug(7)8(7)=Ug(70) 8(70)e 22770, (24)
The temporal evolution o8 and Uy predicted by relations L . . )
(21) and (22) is compared with Rogers DNS results in Figs. which is |dent|gal to th.e expression derived by Roéf.éimm

26 and 27, respectively. In order to assess the sensitivity df’©SS-Stream integration of the momentum equation for the
the comparison to the assumed constant valug, die com- temporally e_volvmg vyake fl_ow su_bjected to constant strain
parison is made for botK =0.044 (the same value used in 'ate. Essentially relatiof24) is equivalent to

the previous comparisons with experimeand K=0.014.
For the accelerated wake flowm€ +0.271) Figs. 26 and 27
show that the comparison is not very sensitive to the choicé the key transformation relation between the temporal and
of K. In contrast, the decelerated wake floa={—0.271) is  spatial domaindJ.=U+a(x—Xg) is valid. Relation(25)

U2U4(7)8(7)=U2U4(79) 8(70) =M = const (25)
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10
9 Ean. (21),
] K=0.014
8 e
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61
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F 57 a3 =-0.271 FIG. 26. Comparison of the predicted
0 ] wake half-width with the DNS results
4 of Rogers(Ref. 19.
3
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] a=*. K =0.044
17 Eqn. (21), -~
1 K=0.014
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T

states that the mean flow kinetic energy defect is a constantirbulence intensity and the Reynolds stress are both ampli-
for the temporally evolving wake flow subjected to constantfied. In contrast, when the wake develops in a favorable pres-

strain rate as simulated by Rogéfs. sure gradient, the wake spreading rate is reduced, the veloc-
ity defect decay rate is increased, and the turbulence intensity
VI. DISCUSSION and Reynolds stress are both decreased in relation to corre-

The experimental results demonstrate that even mode§POnding zero pressure gradient values. The experiments
pressure gradients have a |arge influence on both Wak@"lOW that the response of the wake mean flow to the imposed
spreading and velocity defect decay rate. When the advergiessure gradient is very rapid while the turbulence is con-
pressure gradient is imposed, the wake spreading rate is esiderably slower to respond. The sensitivity of the wake
hanced, the velocity defect decay rate is reduced, and thmean flow to the imposed pressure gradient is not symmetric

6.0
i Eqgn. (22),
Case C, Rogers / K=0014
] DNS simulation,
5.0 3=-0271
4.0 \
] Eqgn. (22),
K=0.044
Ud 1
U 3.0 FIG. 27. Comparison of the predicted
do ] maximum velocity defect with the
DNS results of RogeréRef. 19.
2.0+
] O—_ Eqn. (22), Eqn. (22),
) Case D, Rogers K=0.044 K=0.014
1 DNS simulation,
| a=+0.271
0.0 - - 71 - - I - T - 5Trrr
0 2 4 6 8 10 12
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relative to the zero pressure gradient condition; the responsepplied favorable pressure gradients, scaled profiles of turbu-
of the mean flow is more sensitive to adverse pressure grdent quantities do not exhibit collapse.
dients. Cross-stream profiles of-u’v'/k obtained at various
Despite the demonstrated sensitivity ®and U4 to the ~ streamwise locations exhibit collapse for each pressure gra-
imposed pressure gradients, the experiments show that titkent case investigated. This suggests the suitability of
wake mean velocity defect profiles for the APG, ZPG, FPG Rodi’s weak equilibrium assumption and the applicability of
and SFPG cases all collapse to a common shape/féy algebraic stress models for this class of strained flows. These
> 40 when scaled by andUy. In his DNS simulations of a experimental results also imply that the components of the
planar turbulent wake exposed to constant rates of streanfReynolds-stress anisotropy tensor are largely invariant with
wise straining, Roget$ also noted a universal wake profile r€Spect to mean flow convection.
shape. Our experiment also showed that the dtjés ex- The wakes studied in this. paper are all shear dominaFed
hibits a streamwise variation that is nearly identical for eactfl€SPite the imposed streamwise straining. However, the dila-
of the pressure gradient cases. This, along with the commgf@tional production term is found to play an important role in

wake defect profile shape, indicates that the mean strain raf'dmenting and suppressing the turbulence for the APG and

— . . . FPG cases, respectively. Acting as a trigger, this term gives
aU/Qy at correspond|rjg//5 locations is unaffected by the rise to the initial disparity in turbulence levels after imposi-
applied pressure gradients.

i . tion of the pressure gradients and subsequently alters the
The experiments also demonstrate that the spreading %ﬁwear production term through modification-eti’v’. Mea-

the V\(/jake ny—x spgpe IS '”Vzg‘f"_”t with rclaspect to the ('jm' surements of the Reynolds stress correlation suggest no sig-
posed pressure gradient. In addition, thealue correspond-  itieant modification in the phase relationship betwegn
ing to a fixedy/§ is not constant, which indicates that the andv’ due to the imposed pressure gradients.

wake bogndary does not simply follow the streamlines of the |, these experiments, the magnitude of the imposed
external inviscid flow. pressure gradients was limited by a desire to achieve con-
An analysis that exploits the incomplete similarity ob- stant pressure gradients in the diffuser section. It may be
served in the wake experiments yields explicit analytical exshown that for the range of flow velocities encountered in the
pressions fow(x) andU4(x). Comparison of the theoretical experiment, the streamwise strain rate is nearly constant as
prediction with the experimental data shows that expressiongas the case in the DNS simulations of Rog€rk an ac-
(17) and(18) capture the essential aspects of the streamwisgyal high-lift system, however, the pressure gradient magni-
variation of global mean flow parameters. The agreement ifudes are significantly larger and vary in the streamwise di-
best for the APG case and worse for favorable pressure graection. For example, a slat wake typically encounters a short
dients. Their ability to predict wake development in muchduration favorable pressure gradient followed by a strong
stronger pressure gradients was verified by comparing thand spatially varying adverse pressure gradient. This gives
expressiongtransformed to the temporal domainith Rog-  rise to a highly nonequilibrium turbulent wake flow where
ers’ DNS simulation results for a temporally evolving, there may be little direct relation between local mean strain
strained planar wake. This comparison showed that if proptate and Reynolds stress. In other words, “memory” effects
erly calibrated, the relations are capable of capturing th@ssociated with the upstream flow history may become far
wake mean flow parameters in pressure gradients muchpore important. One way to impose a pressure field that
larger than those encountered in our experiments. This igiore closely resembles that which occurs in an actual high-
particularly true for negative strain rates. In addition, expreslift system would be to pass the splitter plate wake through
sions (21) and (22) vyield an expression fotJy& which is the pressure distribution generated by a single downstream

identical to the one derived by Rog&tén the temporal do- airfoil or between a twin airfoil configuration. As in an actual
main. high-lift system, the wake would initially encounter a short

The similarity of the wake flow in the near-field is in- duration favorable pressure gradient and this would be fol-

complete since the profiles of normal and Reynolds shealpvre?' mdt(Ljthn bytr? more ext;andde? r(_ag|ont of ad_vcirse _gra;ﬂh
stresses do not exhibit similarity if scaled Wyand Ug. ent. 'n acdition, the assoClated sirain rate variation In the

. . streamwise direction would be quite significant giving rise to
However, if the Reynolds shear stressi’v’ is decomposed N g gving

) . ; a highly nonequilibrium turbulent wake flow that is analo-
Into anx—dependent 'arnplltude functidd,,(x) and a'IateraI gous to that encountered in a high-lift system. Such experi-
_shgpe fP”Ct!O@(’?)' itis found that the shape functigy( ) ments are currently underway in our laboratory.

is identical in all pressure gradient cases. However, for the

normal stressi’?, no such universal shape functibiz) is

observed.
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