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The effect of inlet conditions on the mixing of a passive scalar was investigated in a planar shear
layer with inlet boundary layers that were laminar, tripped and naturally turbulent—transitional.
Planar laser-induced fluorescence measurements of acetone were used to directly evaluate the shear
layer structure, and were processed to determine probability density fun@DbRs of the mixture
fraction. The results agree well with previous studies in aqueous and gaseous systems for laminar
inlet conditions. Large-scale structures of a nearly homogeneous composition were found, and the
structures spanned the mixing layer width giving rise to a nonmarching style PDF. A high-speed
boundary layer that differed from the laminar stgteoduced by tripping a laminar boundary layer,

from the naturally turbulent—transitional state at high flow rates, or by tripping the turbulent—
transitional conditiongave rise to a hybrid-style PDF that was markedly different from either the
laminar nonmarching case, or the marching shape that has been found by other investigators. The
hybrid PDF shape had a marching character on the high-speed side of the mixing layer, and a
distributed nature not favoring any specific composition on the low-speed side of the mixing layer.
Tripping the low-speed boundary layer produced no change in the hybrid PDF shape, confirming
that the difference observed between the high- and low-speed sides was the result of the shear layer
development with turbulent inlet conditions, not an inlet condition effect. In addition, with turbulent
and transitional inlet conditions all turbulent passive scalar profiles were found to be self-similar and
the velocity power spectra displayed-&/3 slope indicating well-developed turbulent conditions
prevailed at a relatively low (7)) Reynolds number. Secondary structures were observed in images
with turbulent—transitional inlet conditions, but not with tripped inlet conditions. 2@2
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I. INTRODUCTION x=10009,, wheref, is the high-speed boundary layer mo-
mentum thickness, while other researchers have found self-
In planar mixing layer experiments the freestream velocsimilarity to be achieved both earlleand later The mini-
ity and density of the two streams are fixed, allowing studymum downstream distance for self-similarity has also been
of the mixing layer with carefully controlled boundary con- expressed in terms of the number of large-scale structure
ditions. Despite the simplification, experiments have shown gteraction<s® Huang and H® showed that the exponent of
high degree of sensitivity to the state of the inlet boundarypov\,er spectra reached the asymptotib/3 value at a nor-
conditions even for measurements performed at highy jiized streamwise coordinat®x/\,~8, where R=(1
Reyno!d_s number, far downstrear_n of the splitter plate tip'—r)/(1+r), r is the velocity ratioU,/U;, and\ is the
The mixing layer growth rate, for instance, has been ShOWR}\/avelength of the initial structure. At the positidRx/\q

to be S|gn|f|cantly different _f(_)r either Ia_mmar_ or turbulent ~8, approximately two structure pairings had occurred over
boundary layer inlet conditions. Half-jet mixing layers, . . R .
a wide range of velocity ratios indicating a correlation be-

where the low-speed freestream velocity is zero, have show, . L )
. ween the large-scale behavior and self-similarity of the mix-
a larger growth rate when the boundary layer is turbutént. . L
ing layer. In a two-stream mixing layer, Bell and Mehta

In contrast, two-stream mixing layers with a nonzero veloc-

ity in each freestream have shown a reduced growth ratfaound agreement between the far-field turbulent profiles for
when the boundary layer is turbuleht laminar and turbulent inlet conditions, but self-similarity oc-
For laminar inlet conditions numerous criteria have beerfured much earlier with turbulent inlet conditions.
suggested as being necessary before a self-similar flow is Although the velocity data with either laminar or turbu-
obtained(where the transverse coordinate is normalized by€nt inlet conditions suggests convergence to a final self-
the local layer width In a half-jet, Bradshafvfound that Similar state, passive scalar measurements have shown less
self-similarity was not obtained until a streamwise position,2greement. Typically viewed in terms of the probability den-
sity function (PDP), either nonmarchind®!! where a pre-
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1070-6631/2002/14(3)/985/14/$19.00 985 © 2002 American Institute of Physics

Downloaded 01 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



986 Phys. Fluids, Vol. 14, No. 3, March 2002 L. M. Pickett and J. B. Ghandhi

layers at similar Reynolds number, ReAUSy™ %, whereAU The effect of initial conditions on the PDF shape has
is the velocity difference of the freestreams afids the  also been investigated through direct numerical simulation
mixing layer thickness based on the 1% value of the(DNS) of temporally developing mixing layers. A recent
freestream mixture composition. In a liquid mixing layer Study by Corteskt al.'® showed that when the domain was
with laminar inlet conditions, Karasso and Mungaound  initialized with two-dimensional perturbations to the mean
that the PDF shape depended solely on the value of the paiprofile a nonmarching PDF was obtained at the end of the
ing parameterRx/\o. For values of the pairing parameter simulation, but marching or tilted PDFs resulted in the final
less than a critical value of 22 the PDFs were nonmarchingStage of the simulation with three-dimensional perturbations.
and for values in excess of this critical value the PDFs werd® three-dimensional initial condition with a deterministic
marching. Although the PDFs presented at high values of thErcing that promoted rapid development of streamwise rib
pairing parameter were marching, the measurements weMortices produced a marching PDF, but a randomized three-
under-resolved and the authors suggest that the fully deveflimensional perturbation produced a tilted PDF. Using tur-
oped state would be characterized by a tilted PDF. For somgulént boundary layer data obtained from a previous DNS
instances tripping the high-speed boundary layer was foun§udy s an initial condition, Rogers and Mdseound a

to cause a change of a nonmarching PDF to a marching PDE;a’ching PDF shape. Ansdfistudied mixing layers initial-
but this was not found to be true in all cases. ized with both low and high-gradient laminar boundary lay-

Passive scalar measuring techniques tend to overestima‘iés and found final stage PDFs that were nonmarching for

the extent of molecular mixing due to the finite size of thet e low-gradient laminar boundary layer but marching for

measurement volume. When the mixing scale is smaller thawe h!gh-gradlent laminar boundary layer. Dlﬁerenpes in inlet
onditions are, therefore, shown to exert a dominant effect

the sampling volume, unmixed but stirred fluid appears a$ . ] .
mixed and passive scalar gradients are smoothed. The resy. the final PDF shape in these DNS studies, although ex-

. . . erimental verification is still limited.
lution of the experiment can be expressed in terms of th ! .
e : The research described here represents passive scalar
local mass diffusion scale,p, which represents the smallest

. L measurements of a gaseous mixing layer with both laminar
physical length scale for mixing, as \p/é d turbul inl di ¢ d usi | |
—C, Re;¥S¢ 12 where a value oC,—11 has been sug- and turbulent inlet conditions performed using planar laser-
tb d f) Buch and DahH | b= o thi induced fluorescenc@LIF) of a tracer molecule. The pas-
gested by Buch and Lanm.In companson 1o this param-- .o gcqar technique is used to directly obtain the PDF
eter, the experimental resolutiob, in liquid mixing layers

: 1 . shape. Although the resolution of the passive scalar tech-
has b_een relatively poorL()\D>_713)_ due to the_ _h'gh nigue has been questioned, especially for liquid mixing layer
Schmidt numbers. The data acquired in gaseous mixing Iaye5”tudies, a separate technidUeecently showed minimal sub-

studies ha§ n_ot resol_ved the mixinzg scale, butis mgch bett%solution stirring in a gaseous system, and previous mea-
than the liquid studiese.g., Batt,” L/\p~10). In liquid _surements with this technique in our own facility showed
mixing layers, it has been suggested that the observed shift iye gy ate resolution of mixing scaf@sThe objective of this
PDF style from nonmarching to marching with turbulent in- yasearch is to study the influence of inlet conditions on the
let conditions or higher Rgis not Sphysmal but is due 10 ixing behavior of the system as provided by the passive
measurement resolution problefs®Thus, the effect of tur-  scalar structure and PDF shape. The detailed behavior will be
bulent inlet conditions on scalar mixing is somewhat unceremphasized as compared to the global changes effected by
tain. inlet conditions as has been previously described in the lit-
Recently, product measurements were made in a gaseodgature. Understanding these effects in a nonreacting mixing
reacting mixing layer with fast chemistry by Sles@ral.">  |ayer is the first step in being able to predict behavior in

By performing separate “flip” experiments where the lean practical devices for which well-condition inlet streams are
reactant was placed in either the low- or high-speed streanhot expected.

the product measurements were used as a resolution-free ap-

pro?<|mat|on pf thg amoun'F of molecularly mlxed f|UId.- Ex— Il. EXPERIMENTAL APPROACH
periments with either laminar or turbulent inlet conditions N

were performed at Re2x10°, x/6,=3300 andRx/\, A Shear layer facility

~47, thus all previous criteria suggested for self-similar flow A steady flow apparatus, fed by the building compressed
were satisfied. The product profiles with laminar and turbu-ijr supply, was used for the reported experiments. Both air
lent boundary layer inlet conditions showed strong differ-streams were metered by choked orifice plates comprised of
ences. With laminar inlet conditions, the product profile in —~80 small diameter holes. The two airstreams separately en-
both flip experiments was symmetric indicating a nonmarchtered an outer pressure containment vessel and passed
ing style PDF while with turbulent inlet conditions the prod- through a series of flow conditioning elements, consisting of
uct profile favored the lean reactant, more representative of gerforated plates, tube bundles, and mesh screens that reduce
marching style PDF. The mixed fluid profile was, therefore,the turbulence level and isolate upstream acoustical modes
not a unique function of local conditions, but remained senfrom the shear layer. After the final series of screens, a sym-
sitive to the state of the inlet conditions even in conditionsmetrical nozzle and a 3.8° tapered splitter plateminal tip
considered to be fully developed. However, the shape of théhickness is 0.1 minwere used to create the shear flow, see
PDF was only inferred from the results, not directly mea-Fig. 1. In this geometry, the high-speed and low-speed
sured. streams pass through a 1.75:1 contraction ratio. The nozzle
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fe——— 292m ————>ta— 1177cm —> was 34:1 in the high-speed freestream for the binned pixels.
" =700 om 1 . The spatial resolution of the images was limited by the
U o il thickness of the laser sheet and not the pixel size due to the
Uy—> A |B three-dimensional nature of the flow field. Using this length
Sl |

y = < scale and the diffusion length scale defined above, the rela-
nozzle fused silica

movable walls  indows tive resolutionL/\p was found to range from 1.2 to 3.2 for
the conditions investigated. Therefore, it is expected that
FIG. 1. Shear layer facility. there can be some sub-pixel stirring, but it is not expected to
strongly bias the results. Under similar conditions, King
_ _ et al® found minimal sub-resolution mixing.
served to thin the b(_)undary layer on the splitter plate and t0 e hundred temporally uncorrelated, single-shot im-
produce a flat velocity profile at the exit plane. The test seCzyag were obtained at each test condition for statistical analy-
tion was 5 cm in the cross-stream direction and 20 cm in thgis The data over 20 adjacent columns were compiled to
spanwise direction. The rectangular test section had tWEOmpute the PDF shape since the thickness of the mixing
hinged walls that were used to adjust the streamwise PresSUfR er changes by less than 2% over this dist#Adee shape
gradient in the flow. For all tests reported here, the walls;f the PDFE was unchanged compared to using single pixel-

were adjusted so that the streamwise pressure gradient Wasyin column data, and the effect of using multiple columns
zero. Optical access is provided with fused silica windows af, oo merely to minimize the effect of random noise.

each quadrant of the test section. The entire flow condition- The results are presented as the mixture fraction of high-
ing run and test section is enclosed in the pressurized CORgeaq fiuid,¢ which is linearly proportional to the acetone
tainment vessel which is designed for operation at pressure§gie fraction oré=x,/x, wherex, is the measured mole
. a a

up to 6 atm. At the top of the containment vessel, the gasef,ction of acetone and, is the mole fraction of acetone in
are throttled to atmospheric pressure before entering the eXze high-speed stream. The PDF of mixture fraction of high-
hgust sgstem. F_urther detalls_ of the faC|_I|ty can be found 'rbpeed fluidp(£,x,y), at a point(pixel) in the mixing layer
Pickett:” Extensive combusting tests with a high level of 5 assembled by binning the mixture fraction data into 25

heat release have been performed in this facility, and the 'acgqually spaced bins ranging from 0 to 1. The PDF was nor-
of any evidence of acoustical coupling with the heat releasg,jized such that

suggests that the facility is free from acoustical disturbances )
which could artificially excite the layer. fo p(£xy)dE=1. 1)

B. Planar laser-induced fluorescence of acetone The mean and root mean squdrems) mixture fraction val-

Planar laser-induced fluorescen@.IF) was performed ues can be directly determined from the PDF.
with acetone vapor seeded into one side of the mixing layer.  The mixed fluid probabilityP,,, is defined as
The acetone was added to either the low- or high-speed fluid 1-g
by a jet of atomizing droplets issuing from a small orifice Pm(x,y)=f p(&,x,y)dé, 2
located far upstream of the tip of the splitter plate. The seed- €
ing rate was known by controlling the liquid pressure abovewheree is chosen to exclude pure high- or low-speed fluid.
the orifice. The fluorescence signal is linearly proportional toln order to discriminate against noise a valueef0.12 was
the concentration of acetoffethus scalar mixing can be vi- chosen, thus,, is the probability that 0.12 £<0.88 fluid
sualized in the two-dimensional flowfield with excellent spa-will be measured.

tial and temporal resolution. The average mixed-fluid mixture fraction is defined as
The fourth harmonid266 nm of a Nd:YAG laser was [ e ep(éx,y)dé

formed into a 65Q.m (maximun) sheet to excite the acetone En(X,y)= i o ) ®)

fluorescence. Images 4.X3.13 cm in size were collected at Pm(X,y)

two streamwise positiongabeled A and B in Fig. lextend-  which describes the preferred mixed-fluid composition at a
ing to 11.77 cm downstream from the tip of the splitter plate.point in the layer. The total mixed-fluid mixture fraction for
The fluorescence signal was collected with an Apogee AP@ cross section taken across the layer is defined as

cooled, back-illuminated, slow-scan CCD camera and binned [ P(Y)En(y)dy
to a 256<256 pixel array. A Nikkor 105 mm focal length, Eu(x)= —— 0 (4)
f/2.8 lens was used as the collection optic and effectively JZ.Pm(y)dy

filtered the ultraviolefUV) light of the laser from the fluo-
rescence signal. Each binned pixel corresponded to a me
surement area at the laser sheet 0ofX@60 um. Each indi- The effect of inlet conditions was examined by perform-
vidual image was corrected for dark noise, backgroundng experiments with laminar, naturally turbulent and tripped
scattering, laser energy and profile variations, and absorptiohigh-speed boundary layers. The experimental test condi-
of the incident beam. The laser pulse energy and profiléions are shown in Table I. In all cases but doase 8 the
variations were corrected by using the uniformly seededow-speed boundary layer was laminar. For laminar inlet
freestream as a referenteThe signal to noise ratio was conditions, the momentum thickness of the high-speed
confirmed to be governed by the photonic shot noise, anthoundary layerf,, was calculated from the geometry of the

g_. Test conditions
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TABLE |. Operating conditions for passive scalar tests.

High-speed U, P 0o S (cm) &m
Case boundary layer (m/s) r (atm) (mm) x=11cm Re x=11cm PDF type
1 Tripped (weakly) 2 0.4 2 0.68 2.15 3300 0.57 Hybrid
2 Laminar 3 0.4 2 0.5% 241 5500 0.53 Nonmarching
0.47

3 Tripped 3 0.4 2 e 2.17 5000 0.55 Hybrid

4 Laminar 4 0.3 2 0.47 271 9600 0.52 Nonmarching
5 Turbulent—transitional 4 0.4 4 036 1.93 11800 0.55 Hybrid

6 Tripped-HS 4 0.4 4 et 1.82 10500 0.55 Hybrid

8 Tripped-LS 4 0.4 4 e 2.21 13500 0.55 Hybrid

7 Turbulent—transitional 5 0.4 4 - 1.89 14400 B B

#Predicted by the method of Thwaites for laminar inflow conditions.
PMeasured by hot-wire anemometry.

contracting section using the method of Thwaites, or directlythere is a velocity defect in the outer region. Both observa-
measured with hot-wire anemometry, with the latter provid-tions are consistent with turbulent boundary layer results.
ing slightly lower values. Tripping was achieved by install- The rms velocity profile in Fig. @) clearly shows that the
ing a 2.36 mm diameter rod on one side of the splitter plateRe=2.9x 10° case boundary layer is not laminar as the fluc-
153 mm upstream of the splitter plate tip. The size and potuation levels seen in the near wall region reach 14%. These
sition of the rod were calculated for the conditions of case ¥ms values are characteristic in level and position of those of
based on three criteria consistent with previous experiments turbulent boundary layéf® The uncertainty in the mean
using trip wires: dyi,/09>5, Re;,>850, and X,/  and rms velocity data were estimated to be 1.0% and 0.2%,
= —300"***where Rg;,=U;dy,»~ %, andé, is the laminar  respectively.
momentum thickness at the splitter plate tip in the absence of The Rg for the “naturally” turbulent(case % condition
the trip. A weakly tripped(dyi,/6o=3.5, Rgi{,=630, and is somewhat low to be considered fully turbulent, and the
Xyip/ 0o=—230) condition, case 1, was also tested. Finally,absence of the wall at the measurement location may intro-
the effect of a low-speed side trip was investigated in case &uce further uncertainty in the rms velocity data. Thus, the
Velocity measurements were performed with hot-wireraw velocity data were investigated further to better under-
anemometr§t under atmospheric pressure conditions to in-stand the nature of the inlet conditions. The data near the
vestigate the nature of the high-speed boundary layer. Due foeak in the rms velocity data, however, showed no low-
system constraints, the measurements were taken at a streafmrequency structure that would indicate intermittency or flap-
wise position 1 mm past the splitter plate tip. The experi-ping of the half-jet, and the power spectra showed a near-
ments were performed with the low-speed stream not flowequilibrium roll off. Thus, we do not believe the
ing (U,=0) and with the high-speed velocity chosen to measurements to be biased by the measurement position.
match the plate Reynolds numbers, K& x/v wherex is  However, the nonstandard value of the shape factor when
the linear distance along the splitter plate, as cases 2 (Reompared to fully developed turbulent boundary layers sug-
=1.1x10°) and 5 (Rg=2.9x 10°). The mean velocity pro- gests that the boundary layer has only recently transitioned to
files are shown in Fig. (@), where the Blasius profile has turbulent flow. Given the intermediate value of the, Rer
been fit to the data fox=15 cm instead of the actual dis- case 5, it will be referred to herein as “turbulent—
tance k=29 cm) to account for the favorable pressure gratransitional” to avoid misrepresentation. Differences be-
dient due to the nozzle. The average profile at=Rel tween this turbulent—transitional case and those with tripped
X 10° closely matches the laminar profile, but deviationshigh-speed boundary layers will be discussed below.
from a laminar profile are found for the Re2.9x 10° case. Hot wire anemometry measurements performed in the
The velocity profile is steeper in the near wall region andfreestream showed that the turbulence intensity was less than

1.0 a
0.14 s
-8~ Re,=1.1x10
0.8 0.12 6~ Re,=2.9x10°
0.10
_0.6 . - FIG. 2. Splitter plate high-speed boundary layer pro-
2 O Re,=1.1x10 =,0.08 : ; ;
2 *en= 0472 mim 4 files acquired 1 mm past the splitter plate tip), aver-
= o4 5._1‘149mm' = 0.06 age and(b) rms velocity. The lower plate Recorre-
o Re.c200d sponds to the conditions of case 2 and the highgr, Re
. & = 0.360 mm, 004 case 5.
’ 5 =0.746 mm 0.02
5@@ ‘E\%m
0.0 0.00
T T T T T T T T T
-1 0 1 2 3 4 -1 0 1 2 3 4
(a) y (mm) {b) y (mm)
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0.6%, and the velocity profile was uniform to within 1.3% considered transitional in natuféIn our facility under lami-
across the span of the inlet for atmospheric conditions. Fumar inlet conditions, transition at Re5000 was typicaf’
ther, under the pressurized conditions of Table |, power specFhis study, therefore, concentrates on effects at low and tran-
tra derived from hot wire measurements in the freestreansitional Rg where the effects of inlet conditions are more
indicated no clear acoustical modes or frequencies, and copronounced. But, as the study by Slesstrl!® demon-
firmed that the turbulence intensity was less than 0.6%strated, inlet conditions continue to be important at very high
Therefore, it can be stated with confidence that the effects dRes. Another consequence of the conditions chosen is that
the inlet conditions arise from the boundary layer, and arghe pairing parameteRX/\ is less than 5 for all cases. As
not due to freestream disturbances. will be discussed, the relevance B\ is less for cases
The test cases listed in Table | are taken at fRat are  with turbulent inlet conditions.

Case 5 Case 6

FIG. 3. PLIF passive scalar images acquired at location B for operating conditions corresponding to cases 1—-6.
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Ill. RESULTS
A. Shear layer structure

Four instantaneous PLIF realizations from image posi-
tion B (see Fig. 1 for each of the cases 1-6 are shown in
Fig. 3. The local Rgatx=11 cm for these cases are listed in
Table I. The two cases with laminar inlet conditid@sand 4
are characterized by large-scale structures of relatively ho- | (a)
mogenously mixed fluid which extend entirely across the
mixing layer. Distinct core and braid regions are readily ap- FIG. 4. PLIF images acquired at location @) case 2,(b) case 5.
parent with some evidence of structure pairing. Freestream
fluid can be entrained entirely across the layer. At the lower
Re; of case 2 the layer is just beyond the turbulent transition, w -
and the turbulent structures superimposed on the initial in- E(x):f (&(X,y)—&(x,y))dy. (5)
stability are relatively large. By Re9600, case 4, the tur- w7
bulent structures have broken down to scales significantlyThis integral will be sensitive to passing large-scale struc-
less than the layer width. tures that occupy the entire width of the mixing layer. An
The effect of tripping the high-speed boundary layerautocorrelation,R(/), was then performed for each indi-
with a nearly constant Rés seen by comparing cases 2 andvidual image as
3 in Fig. 3. The promotion of a turbulent boundary layer
prevents the rollup of the large-scale laminar Kelvin— JE(X)E(x+)dx
Helmholtz structures. The mixing layer is instead dominated R(/)= [E2(x)dx

by small-scale turbulent structures which produce a rela- . . . A
tively uniform gradient in the cross-stream direction, angWhere/ represents the separation distance. The individual

freestream fluid does not entrain across the entire layer as ESultS were summed over the entire image data set. The

does with laminar inlet conditions. There is some visual evi-2utocorrelation results are shown in Fig. 5 for cases 1-6 at

dence of large-scale structures but these structures are ngiage location B, and for cases 2 and 5 at location A.

separated by a distinct braid region. A similar set of obser- The Iami_nar, pre-transiti_on condition Qf case .2A provides
vations are true when the high-speed boundary layer i&" opportunity to assess this method for identifying structure

turbulent—transitionalcase %. However, occasional images spacing. The autocorrelation reaches a minimum/&b

(~18% showing identifiable large-scales structures sepa. -6 @nd @ maximum extrema &t 5= 1.2. Dimensionally,

rated by a distinct braid were found for the turbulent/th's corresponds to a length of 1.4 cm which is in excellent

transitional boundary layer inlet condition. One such imageagreement with Fig. 4. Furthermore this provides a Strouhal

number,St=60,//=0.033 based on the measuréglin ex-

is shown at the upper right in Fig. 3, case 5. No such occur- . . .
rences were observed for either the strongly tripped Iamina‘l"ellent agreement with the theoretical value of 0.832his

or tripped turbulent inlet conditions, cases 3 and 6, respeCe_:xcellent agreement betV\_/een the autocorrel_atlon results_ and
tively. measured structure spacing from the PLIF images provides

The effect of weakly tripping the high-speed boundaryconﬁdence in the autocorrelation method for detecting large-
layer, case 1, produces results which fall between the tW(§cale structures. The autocorrelation for the turbulent/
limiting cases discussed previously. In spite of the fact tha{ransmonal inflow condition at position Acase 54 also

Res~3000 for this case, the layer has undergone turbulent
transition and small-scale structures are evident. However, in

(6

several instances large-scale structures spanning the layer 1.0 — N
width are evident. In these cases freestream fluid is entrained osd N [ zzzz 5
across the layer, and mixing occurs in a fashion similar to ’ X case 2A
post-transition conditions with laminar inlet boundary layers 064 W 0 | case 3
(case 4 \\\ — - — case 4
The differences observed in the shear layer structure can 0.4 — \\ T z::z 2 A
clearly be shown to result from the in-flow boundary layer oF '
conditions. Figure 4 shows images acquired closer to the 0.2
splitter plate tip, position A in Fig. 1, for cases 2 and 5. The
difference in the initial shear layer development with laminar 0.0
and turbulent high-speed boundary layers is readily apparent.
The set of instantaneous images were analyzed to detect 029
the presence of large-scale structures, especially for turbulent 04

in-flow conditions. Following the technique used by

Frieler®® a cross-stream integrated instantaneous variance 0.0 0.5 ;é) L5 20
from the average mixture fractio& (x), was defined at each
streamwise position as FIG. 5. Autocorrelation of integral mixture fraction variance.
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FIG. 6. Mixture fraction PDFs for cases 1-6, computedatll cm.

achieves a local maxima at/5=1.2 despite a significant B. Shear layer mixing
d|ffe_zrence n the layer thickness fror_n_lam|_nar inflow case. Mixture fractions PDFs for cases 1-6 at a streamwise
Unlike the laminar case, the local minima in the autocorre-

lation does not occur at half the distance to the maximum. Eosmon of XI_: 13 %m tz;re shown '2 Eﬁltﬁ Ihe data h?r\:e
The autocorrelations performed at position B are limited een normalized by the measure 6 thickness, and the

by the image size. As such, the positive correlation corre=~ 0 location is defined as the midpoint of the 1% and 99%

sponding to a full structure length is not observed, and th&nixture fraction positions. The PDFs are displayed as con-
negative correlation corresponding to the half spacing will bdOUr plots where lines g1(£)A§=0.04, 0.06, 0.08, 0.10, and
used for discussion. It can be seen in Fig. 5 that all of thé)-12 are drawn in each plot. The high-speed sigfe 1) is at
cases with turbulent inflow conditions exhibit a strong negathe left aty/5<—0.5 while pure low-speed fluidé{=0) is

tive correlation at’/ 8= 1.1 suggesting that large-scale struc- found aty/§=0.5. The uncertainty in the PDFs is difficult to
tures are present in the layer despite the disorganized appe&ssess directly, but uncertainty in the derived quantities will
ance in Fig. 3. The autocorrelation for the laminar inflow be discussed fully below. Contour plots have been presented
conditions at position B display a minima at a slightly lower instead of three-dimensionéD) projections to allow quan-
718. titative comparison independent of perspective.
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The PDFs for the two laminar inlet condition cad@s 0.30
and 4 exhibit a nonmarching behavior, as a preferred mixed-
fluid composition slightly greater thafi=0.5 extends from .25

one side of the mixing layer to the other. The nonmarching
PDF style originates from the large, homogeneously mixed
structures that typified the laminar inlet case in Fig. 3. The

0.20 4

preferred mixed fluid composition is slightly higher in value RS
for case 4 owing to the lower velocity ratio and higher en- —
trainment rate of high-speed flufd There is some evidence
of a slight “tilt” in the PDF shape with higher Re 6,05
The effect of tripping the laminar boundary layer for
Re;~5000, case 3, is quite significant. The PDF for case 3 0.00 = . ,
exhibits a “hybrid” style, where the mixed fluid appears to 05 0.0 05

march on the high-speed sidg,6<0, but displays a rela- via

tively flat, distributed style on the low-speed side5>0. FIG. 7. Similarity of the rms mixture fraction profile for case 6 for distances
This distinct change in the PDF style from the laminar cas@anging from 7.6 to 11.7 cm downstream of the splitter plate tip (7700
is in agreement with the major differences observed in the<Re;<11000).

instantaneous mixture fraction images, where tripping pro-

duced a mixing layer devoid of distinct large structures with

clean braid regions or evidence of pairings.

The PDF for the turbulent—transitional inlet condition, behavior when scaled by the layer widshover the spatial
case 5, also exhibits the hybrid shape, with a strong march oextent of Fig. 3. The rms mixture fraction profile is shown in
the high-speed side of the layer and a distributed structure oRig. 7 for case 6 at a range of downstream positions spanning
the low-speed sidéFor comparison a solid line showing the the imaged area. These data span a range gfrB@ 7700—
hybrid PDF style has been added to all cases with turbuleritl 000, encompassing the Ref case 4(laminar inlet con-
inlet conditions in Fig. 6; where the shape was establisheditions). It can be seen that self similarity has been achieved.
based on case 3 and is unchanged between ¢d$esPDF The differences observed between the different curves can be
shows a slight widening neaj~0.6 (in terms ofy/é§, re-  used to(conservatively estimate the uncertainty in the mea-
flecting a slight preference in composition and less marchingurement technique. The uncertainty for each of the derived
behavioj which is believed to be the effect of the occasionalquantitiesé e, &ims: Pm, andé,, was defined as 20 where
large-scale structure passing as was previously mentioned. was the maximum standard deviation measured in plots
The similarity of the PDF to that of case 3 is achieved insuch as Fig. 7. In all subsequent plots this value will be
spite of the factor of 2 difference in Re Tripping the shown attached to the case 3 data.
turbulent—transitional boundary layer, case 6, causes only a Figures 8a)—(d) show the&ave, &ms: Pm, andé,, pro-
slight change in the observed PDF style. A hybrid shape idiles obtained ak=11 cm for the turbulent inlet condition
retained, but a slightly more pronounced march is observedases. There is excellent agreement between the three cases
on the low-speed side of the layer. In addition, the PDF ndor all of the quantities. The relatively large uncertainty as-
longer exhibits the widening nedr=0.6, consistent with the sociated with theP,, is considered to be an artifact of the
lack of any large-scale structures observed in the instantadefinition of the layer width based on the 1% levels. The
neous images. The small change observed upon tripping thedight lateral shift in the data coupled with the high rate of
turbulent—transitional case further supports the assertion thahange of the data produces unrealistically large uncertainty
the boundary layer is past the transition state. values. The value obtained wté=0 is shown as a reference

The weakly tripped inlet conditions again show a behav-and it is a factor of four less than the value defined by the
ior which falls between that of the fully laminar or turbulent procedure described above.
inlet condition limits. The PDF is seen to march on the high-  The mean mixture fraction profile has the classic shape
speed side of the layer in Fig. 6, but not as strongly as thavith a gradual shift in composition across the layer with a
fully turbulent conditions and may be best described as havmaximum slope ay/ 5~0. The RMS mixture fraction profile
ing a tilted shape. The PDF exhibits a widening ngar has an asymmetric shape, with a peak value occurring on the
~0.6 again in accord with the existence of identifiable largedow-speed side of the layey/5=0.2. This is also the posi-
scale structures. On the low-speed side of the mixing layetion where the hybrid PDF profile was found to transition
the PDF behavior is most reminiscent of the nonmarchingrom a marching to a distributed style. The mixed fluid prob-
laminar inlet conditions, where fluid either exists at a com-ability P,,, peaks at the center of the mixing layer and sym-
position neag=~0 or é~0.6. In all cases with perturbed inlet metrically decreases on both sides. The peak value is close to
conditions it appears that the mixing processes differ froml.0 indicating that little freestream fluid is entrained across
the high- to the low-speed side of the mixing layer. the center line. The mean mixed fluid mixture fractién

Further details of the mixing process can be obtainedvas found to be strongly tilted, favoring the closer
from the PDF data using the derived quantities defined irfreestream value. The total mixed fluid mixture fraction cal-
Egs.(2)—(4). For the turbulent inlet casé8, 5, and §it was  culated atx=11 cm was the same for all the turbulent inlet
found that all of these derived data exhibited self-similarconditions(not surprising given the coincidence of tifg,
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FIG. 8. Comparison of statistical quantities derived from the PDF data for cases with turbulent inlet conditions(stdist, 8ase 5dashegl and case 6

(dotted.

and &, curves &,,=0.55, and clearly shows a high-speed case 5 there were no clear peaks in the power spectra and the
exponent is close to the equilibrium5/3 value. The power

The self-similar behavior and qualitative agreement inspectra and PLIF images suggest that the turbulent inlet case
the PDF shape between the turbulent inflow cases suggedias obtained a high degree of three-dimensional behavior
that the turbulence is well developed. Hot-wire velocity dataand follows a standard energy cascade; and the flow has
were obtained in the center of the mixing layer using thereached this state in a short streamwise distance past the

entrainment bias.

apparatus described previously, at a downstream position alitter plate.

x=4.5 cm. This position is approximately one-third of the
distance from the bottom of the images in Fig. 4, and is well
below thex=11 cm position where the image data for sta-
tistical analysis were acquired. The power spectra of the ve-
locity data are shown in Fig. 9. The tests were performed in
a similar manner to the boundary layer data shown in Fig. 2,
where the pressure was 1 atm. The mass flow rates were the
same as in cases 2 and8;=6 m/s, case 2tJ;=16 m/s,
case 5 therefore, the Rewas approximately the same. Al-
though the pressure was different from the actual tests, the
structure spacing scales directly with the momentum thick-
ness of the high-speed boundary layer which remained
unchanged’

The power spectra for case 2 where the boundary layer
was laminar shows a peak corresponding to the Kelvin—
Helmholtz rolloff frequency, f=294 Hz, which gives a
Strouhal numberSt= 6,f/U=0.033, in excellent agreement
with predictions from linear stability theotyand the previ-

E@®

10
10*
10°
10°
U, =6 m/s
107 — (Case 2) -
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10_8 a (Case 5)
10.9 I T T IIIIIII T Hll_h“lhl_l_ﬁ'l‘l
2 3 456 2 3 456
10° 10° 10°
SHz

ous length-scale measurements. The exponent of the pOWEIrG. 9. Power spectra of velocity acquiredxat 4.5 cm andy/§=0. Data

spectra for case 2 is near=—4, indicating largely two-

dimensional behavior. For the turbulent inflow conditions of(U,=6 m/s) and case 54;=16 m/s).

were acquired at atmospheric pressure with the same plgtafRease 2
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FIG. 10. Comparison of statistical quantities derived from the PDF data for cases with laminar inlet conditions(dzee® and case 4dash—dotwith
fully turbulent, case 3solid), and weakly tripped, case (Hlotted, inlet conditions.

A comparison of the statistically derived quantities for profiles are nearly symmetric, and everywhere larger in mag-
the laminar(cases 2 and )4 weakly tripped(case 1 and nitude than that of the turbulent inlet condition case. For the
turbulent(case 3 inlet conditions is shown in Figs. 1&—-  weakly tripped condition an asymmetric profile is observed
10(d). The data were obtained a&t=11 cm, and the uncer- with high values observed on the low-speed side of the mix-
tainty determined in the manner discussed previously isng layer similar to the turbulent inlet condition case, but the
shown attached to the case 3 data. rms magnitude is higher. The increase in magnitude of the

Significant differences are observed for the different in-rms mixture fraction in the laminar and weakly tripped cases
let conditions. The laminar and weakly tripped inlet condi-are considered to be a result of the large-scale structures that
tions produce an average mixture fracti@g,e, profile that were observed in Fig. 3. The passing of a large-scale struc-
has a triple inflection point. This is most clearly seen for casdure produces a toggling of the mixture fraction from a
2 where a plateau is observed&tes~0.6 in Fig. 1@a). This  freestream value to that of the preferred mixture composition
behavior is the result of the nonmarching characteristic of thef the structure, resulting in a high rms value.

PDF that was found with laminar inlet conditions. The pre-

ferred composition of the nonmarching PDF manifests itselfy. DISCUSSION

in the first moment of the distribution resulting in the plateau
observed at this level. The mean mixed-fluid mixture frac-
tion, &, shown in Fig. 1Qd), also reflects this trend. The Comparisons will be made with previous studies based
laminar inlet condition cases produce a relatively #at on the inlet conditions. The laminar inlet condition results
curve that is insensitive to location within the mixing layer, will be compared to low Rgliquid and gaseous studies,
suggesting a single, preferred mixed fluid composition. Inalthough direct quantitative comparison is limited in part by
contrast, the turbulent inlet conditions produce a tiltgggl  the lower Rg of these data. The turbulent inlet condition
profile that favors the nearest freestream value. The weaklgesults exhibited self-similar behavior and-&/3 slope in
tripped condition again exhibits an intermediate behaviorthe power spectra, so they will be compared to fully devel-
showing a more highly tilted structure on the high-speed sid®ped conditions reported in the literature.

of the layer and a flatter profile on the low-speed side where  The nonmarching PDF observed with the laminar inlet
the PDF was nonmarching. condition cases compares quite favorably with the results of

The mixture fraction rms profiles differ significantly de- Konrad? in a gaseous mixing layer, and the low Results
pending on the inlet conditions. For the laminar cases thén liquid mixing layer studies!*® Further, the relatively in-

A. Comparison with previous studies
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variant &, across the layer width, and the triple inflection non-marching components have been obsér/&dt high
point behavior of the¢,,. profile are also consistent with Re; conditions. However, in those studies the PDF was
previous findings:'® The peak value in the mixed fluid found to march on the low-speed side rather than the high-
probability, P, , is higher than observed in liquid phase stud-speed side as in this study; and the nonmarching behavior of
ies due to the loweSg and is not considered to be a reso-the high-speed side differs from the broadening of the PDF
lution effect?® Finally, the PLIF images clearly show the observed in this work. Further discussion of the PDF shape
large-scale Kelvin—Helmholtz structures, and their persisand its implications are provided in the following section.
tence past the turbulent transition.

The turbulent inlet condition results are in good agree-B. Mixing imbalance

ment with the resolution-free results of FriefelThe mean The hybrid PDF shape suggests that there is a difference

mixed-fluid mixture fraction tilts to favor the local . e . )
. . . in how mixing occurs between the high- and low-speed sides
freestream composition, although somewhat more highly in

: . . " f the mixing layer. On the high-speed side of the layer the
the present results. The peak in the mixed fluid probability a?narching PDF shape suggests a gradient diffusion-like en-

the center of the layer is in good quantitative agreement with . .
Y g d N ainment process. On the low-speed side of the layer, the

Frieler’s results, and further suggests that the resolution otfrl tivelv flat PDE sh merel s a bi flow d
the current passive scalar measurements is sufficient. In tti? atively fla shape merely suggests a bias otlow-spee

liquid study of Karasso and Mundélthe P,, derived from .u'd.' _In spite of the- ob;erved asymmetry of thE?\ PDF’. no
their passive scalar measurements was shown to greatly eﬁl_gnn‘lcant asymmetries in the mean mixture fraction, mixed
uid probability and the mean mixed-fluid mixture fraction

ceed their resolution-free measurements.

In the present work the PDF shape was found to chang8'® oPserved. _ _
very abruptly when the inlet conditions changed from lami- ' @ll of the cases for which the hybrid PDF shape was
nar to turbulent. Karasso and Munisshowed a case below °OPServed the high-speed boundary layer was turbulent or
the critical value of the pairing parameter for which no shift ransitional, but the low-speed boundary layer was laminar.
from a nonmarching PDF style was observed with a high-TO investigate Wh_ether the observed mixing imbalance was
speed trip (Rg=14000). However, another sub-critical case the result of the different states of the splitter plate boundary
in that study did toggle to a marching behavior with thel@yers, a testwas performed with a low-speed boundary layer
addition of a trip on the high-speed side (Rel8500). In [rip for a case where the high-speed boundary layer was
the present study, the pairing parameter for case 2 with lamiurbulent—transitional, case 8 in Table I. The conditions of
nar inlet conditions was 2.9, much less than their criticalthe low-speed boundary layer for case 8 are nearly identical
value, yet tripping produced a significant change in the PDEO those of the high-speed boundary layer of case 3, so we
shape(compare cases 2 and 3 in Fig. Based on estimates are confident that we are in the strongly tripped limit.
from the data provided in Ref. 13 the tripping conditions A comparison of the statistical properties derived from
were insufficient for their Rg=14 000 cas€(dy;,/9,=5.7, the PDF for the tripped low-speed boundary layer, case 8,
Reyip=630, andxyi,/ 6o=—230), and somewhat better, but and thgt of.the laminar low-speed boundary layer, case 5, is
not completely satisfied for their Re18500 casédy,/ shown in F|g._11. Excellent e_lgreemenf[ is seen between these
=8, Re;p,= 707, andky;,/ o= — 300). It was observed in the two cases, with the small discrepancies much less than the
present results that inadequate tripping produces results igncertainties discussed in Figs. 7 and 8. These two data sets
termediate to the limit cases, and this is believed to be th#ere acquired more than one calendar year apart, providing
cause of the behavior observed in Ref. 13. The uRxk further confidence in the experimental apparatus. The PDF
does not appear to be a relevant indicator for the turbulerfor case 8 is not shown, but exhibited the hybrid shape and
inlet boundary layer conditions. Qualitatively, the observedagreed well with the case 5 PDF.
change in the shear layer mixing upon tripping is in agree-  The lack of an effect of a low-speed boundary layer trip
ment with the results of Slesset al!® is consistent with previous investigatdravore importantly,

The hybrid PDF shape obtained with turbulent inlet con-the lack of an effect from the low-speed trip indicates that
ditions in the present work is considered to be uniquethe mixing imbalance cannot be explained by inlet condi-
Karasso and Mung&l found marching PDFs for cases with tions. Thus, the mixing imbalance is the result of the free
high Re; or cases that were strongly tripped. However, theirshear layer development when the high-speed boundary layer
results were under-resolved, and they argue heuristically thas turbulent. It should be noted that the hybrid style of PDF is
in the asymptotic limit a tilted PDF profile results. Friéfer —inconsistent with the Broadwell-Briedenthal mddefor
inverted his time-temperature measurements to predict PDRhear layer entrainment and mixing, which was based on a
of the scalar field. On the low-speed side of the layer at hisionmarching style PDF.
highest Rg the results compare favorably with the hybrid A consistent, physical cause for the hybrid shaped PDF
PDF observed in this work. However, the calculated PDFs ofs not clear at this time, but several factors that may be of
Friele?® on the high-speed side of the layer differ signifi- significance are considered here. DNS work by Cortesi
cantly from the marching structure observed herein. In thaet al*® suggests that the tendency of the PDF to tilt may be
work, there was more of a preferred composition that tiltedcaused by a balance between large-scale spanwise structures
slightly to the local freestream as compared to the strongnd cross-stream mixing promoted by smaller-scale, three-
march observed on the high-speed side of the layer in thesdimensional stirring. The existence of large-scale structures
results. In turbulent jet studies PDFs with both marching andn the mixing layer even when the boundary layer is turbu-
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FIG. 11. Effect of low-speed trip for a condition with a turbulent—transitional high-speed boundary layer. Gabé) Bias no low-speed trip, Case€dashedl
has low-speed trip.

lent is consistent with the autocorrelation results presented ibulent high-speed inlet conditions is fully developed at this
Fig. 5. The hybrid shape of the PDF could, therefore, bdocation.

influenced by the interaction of the large and small-scale

structures. However, the tilt or fully marching style PDF ob- C. Secondary structures

served in temporally developed DNS studies is generally
symmetrical about the center of the mixing layer. TemporallySe
developed DNS studies are incapable of showing an entraith
ment bias of high-speed fluid which occurs in a spaltiallyar
developed mixing layéP (experimental mixing layers are
spatially developed Thus, the high-speed side entrainment
bias may play a role in the hybrid shape of the PDF observe
in the experiment.

In the recent literature a significant effort has been put
forth to identify the asymptotic far-field PDF shape associ-
ated with shear layer development in pldfial® and
axisymmetri¢®? configurations. As shown by Slessor
et al,'® and confirmed in part by this work, there does not
appear to be a unique shape that is independent of inlet cor
ditions. However, it is interesting to note that in these results
all conditions with a turbulent high-speed boundary layer
produced the same hybrid PDF shape; and the quantities de
rived from the passive scalar PDF had achieved self-
similarity. Further, the hybrid shape was observed for turbu-
lent inlet conditions obtained in several different wawsth
turbulent—transitional, tripped laminar and tripped
turbulent—transitional high-speed splitter plate boundary lay-
er9. Lastly, the power spectra obtained from hot wire an-
emometry measurements exhibited-&/3 exponent. Thus, g, 12. Secondary structures observed at image positiéa Base 5,(b)
by all conventional metrics the flow field obtained with tur- case 7.

A unique, secondary Kelvin—Helmholtz rollup was ob-
rved in some images for cases with turbulent—transitional
et boundary conditions, cases 5 and 7. Shown in Fig. 12
e sample images taken from image location B for these
cases. Large-scale structures are clearly evident in both

ases. In the braid region, a chain of spanwise vortices are

bserved suggesting that a localized shear layer has formed.

Secondary Kelvin-Helmholtz rolll;r
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As this shear layer is not connected directly to the originalures that persisted past the turbulent transiti@es~5000
Kelvin—Helmholtz instability it is termed a secondary rollup. in this apparatus The measured mixture fraction PDF

Secondary rollups were not observed in every image, bushowed a non-marching style with a high-speed entrainment
did occur in approximately 5% of the images at these flowbias. The mean mixed-fluid mixture fraction profile was
conditions. Additionally, secondary rollups were not ob-nearly constant across the mixing layer, and the rms mixture
served for any case where the inlet conditions were laminafraction was nearly symmetric.
or where the laminar boundary layer was tripped. The defi-  Tripping the laminar high-speed splitter plate boundary
nition of what constitutes a secondary rollup is somewhatayer significantly changed the PDF shape from the laminar
arbitrary from simple flow visualization as many small- case at a similar Rgcases 2 and 3 in Fig.)6The resultant
structure fingerlings are frequently seen, however, in nd®DF had a hybrid structure that was characterized by a
cases other than 5 or 7 were the structures so organized anthrching shape on the high-speed side of the layer that tran-
clear. sitioned to a relatively flat, broad shape on the low-speed

Moser and Roger8 observed similar structures in a side of the mixing layer. The existence of a turbulent—
DNS study, but no previous experimental reporting of suchtransitional high-speed stream boundary layer also produced
secondary structures was found in the literature. The threea significantly different PDF shape compared to the laminar
dimensional simulation of Moser and Rogers extendedigh-speed boundary layer case at a similag ®ases 4 and
through the turbulent transition, and several inlet boundanb in Fig. 6. The PDF for the turbulent—transitional high-
conditions were simulated. When the inlet boundary condispeed boundary layer exhibited the same hybrid shape as the
tion included three-dimensional disturbances with hightripped laminar case. Tripping the turbulent—transitional case
streamwise vorticity the secondary structures were observedid not alter the hybrid PDF shape. Thus, for all turbulent
The structures were shown to occur at the stagnation plan@gh-speed inlet conditions a hybrid-style PDF was obtained
between two counter-rotating streamwise vortices. Undemdependent of Rg and is a unique finding of this study.
this condition, a localized step-change in streamwise velocityrhe statistical quantities derived from the PDFs were identi-
could be maintained in the cross-stream direction, and crezal within the accuracy of the measurements for all of the
ated a localized shear layer and subsequent laminar Kelvinturbulent high-speed boundary layer cases. Further, all turbu-
Helmholtz rollup. Unlike the original rollup, the secondary lent profiles were found to be self-similar when scaled by the
rollup is a localized event and does not span the entire tesayer width, and the power spectra frofimited) hot-wire
section. This localized behavior could be the reason for th@nemometry measurements exhibited &3 slope, suggest-
relatively infrequent observation of the secondary structureng that a well developed turbulent state had been established
in the experimental data. a short distance from the splitter plate tip and at low values

Although there is no way to directly prove that the struc-of Re; and the pairing parameter.
tures are caused by the process described in the study of The asymmetrical shape of the hybrid PDF suggests that
Rogers and Moser, the similarity between the necessary inlehe mixing process differs between the high- and low-speed
conditions for their existence is striking. Development ofsides of the mixing layer. The presence of a low-speed
streamwise vorticity in the boundary layer is characteristic ofboundary layer trip when the high-speed boundary layer was
transitional boundary layef$, and streamwise vorticity in turbulent—transitional produced no discernable difference in
the inlet conditions was necessary to observe the secondatlye PDF shape, or the statistical quantities derived from it.
structures in the DNS stud.As noted above, the tripped This confirmed that the asymmetrical hybrid PDF shape is
cases did not support the secondary rollup. This subtl¢éhe result of the natural evolution of the mixing layer with a
change in the inlet condition between a turbulent—turbulent high-speed inlet condition, not the result of a dif-
transitional layer and a forced turbulent layer may be responference between the inlet conditions of the two streams. The
sible for this difference. passive scalar results were found to be sensitive to the level
of perturbation introduced by the trip wire, with the existing
criteria in the literature accurately reflecting the necessary
conditions.

Finally, the naturally turbulent high-speed boundary

Passive scalar measurements were performed in a twdayer cases gave rise to the occasional appearance of second-
stream planar mixing layer to investigate the effect of inletary structures within the shear layer. These structures were
conditions on the mixing process. High-speed boundary laynot observed with tripped high-speed conditions. This differ-
ers that were laminar, turbulent—transitional and tripped, anénce between cases with nominally similar inlet conditions
low-speed boundary layers that were laminar and trippeguggests that complete inlet flow characterization may not be
were tested. The resolution of the acetone PLIF measurgossible, as even subtle differences of in-flow conditions af-
ments was near the mass diffusion length scale<L/A,  fect the nature of the flow development.
<3.2), so it is expected that there was minimal sub-
resolution mixing, and the measurements were adequately
resolved. ACKNOWLEDGMENT
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V. CONCLUSIONS
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