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Conditional sampling has been performed on data from a transitional boundary layer

Chrlstopher M. Pratt subject to high (initially 9%) freestream turbulence and strgkg=(»/U2)(dU.. /dx) as
high as 9x10 ¢) acceleration. Methods for separating the turbulent and nonturbulent
Department of Mechanical Engineering, zone data based on the instantaneous streamwise velocity and the turbulent shear stress
United States Naval Academy, were tested and found to agree. Mean velocity profiles were clearly different in the tur-
Annapolis, MD 21402 bulent and nonturbulent zones, and skin friction coefficients were as much as 70% higher

in the turbulent zone. The streamwise fluctuating velocity, in contrast, was only about
10% higher in the turbulent zone. Turbulent shear stress differed by an order of magni-

tude, and eddy viscosity was three to four times higher in the turbulent zone. Eddy
transport in the nonturbulent zone was still significant, however, and the nonturbulent

zone did not behave like a laminar boundary layer. Within each of the two zones there was
considerable self-similarity from the beginning to the end of transition. This may prove

useful for future modeling effort$DOI: 10.1115/1.1521957

Introduction The turbulent zone included a range of both large and small scale

Boundary layer transition is an important phenomenon expe Igdles, much like a fully turbulent boundary layer and the turbu-

enced by the flow through gas turbine engines. Maglbstated ent zone in a low FSTI transitional boundary layer. The nontur-

that a substantial fraction of the boundary layer on both sides OFgIe_nt zone and the pre-transitional boundary layer were not
aminar-like as in a low FSTI flow, but instead were characterized

gas turbine airfoil may be transitional. The extended transitio{p high-amolitude large-scale fluctuations and an absence of
zones exist due to strong favorable pressure gradients, found on "9 p 9

both the pressure side and the leading section of the suction Sit vﬂgezosgglﬁ%usggtﬁrbtl#:?rte;gtrlga\r/ﬁlgﬁgeggiﬂggsu?ﬁrsouarﬁ brz_s-

which stabilize the boundary layer and delay transition in spite e fluctuations. as ()jliscussed in Volift0]. Near-wall turgu-p

the high freestream turbulence intensi§STI) in gas turbine en- | ducti C believed be | ) | b in th

vironments. The ability to model and predict high FSTI transitiory 'cc Pro uction is believed to be largely absent in the
g)nturbulent zone.

is important since heat transfer rates and skin friction coefficient The intermittent nature of transition, both at low and high ESTI,

may increase substantially when a boundary layer undergoes tr 05 led to efforts to incorporate intermittency in transition models
sition. Boundary layer separation, which is believed to be a si P y

nificant problem on the suction side of some low-pressure turbi Qd to model the two zones of the intermittent flow separately.

S ong recent efforts are the work of Steelant and Djdk],
airfoils, also depends strongly on the state of the boundary lay;
with respect to transition. Improved transition models and turbin uzen and Huanfl2], and Solomon et a[13]. Separate model-

: : . of the nonturbulent and turbulent zones requires knowledge of
designs depend, therefore, on a better understanding of high Fg:@ flow behavior within each zone WhiChq can be provi%led
transition. )

Documentaion of high FST ansion s e ok 208" Serdions, semain of eeents date. Condtonsl
turbine cascades and rotating rigsg., Halstead et aJ2]). Sev- piing P P

eral studies have considered the flow along flat and curved Wa%l?adr:egtngo\r/]\?am&nlszl?ylile(é?uﬁts afﬂri]r'rnsfgt‘/grzgcljeRersezztjl{ri]’ ?ggient
These simpler geometries allow for more detailed in-flow mea: : P 9

surements than are typical for cascade studies. On surfaces su fS have been reported by Bldil, Wang and l_(elle[ls],_ and
to zero streamwise pressure gradients, B[l Sohn and Re- ang and Zhoy(16]. j’ehe s.tro.ngest ac.celeratllon rate in t.hese
shotko[4], and Kim et al[5] all showed that at FSTI above abouttaSes wa$<:.0..75><10 - This IS a relatively mild accgleratlon
3%, transition occurred rapidly near the leading edge of a teIQf modern airfoils, and the transition zones were short in all cases
surface. Blaif{6] considered cases with FSTI up to 5% and con"—vIth lglevate(;i g,STI' 91 obtained h . f the ti
current acceleration, holding the acceleration paramg&tecon- Volino an '“?0“[7v 1o tained rough estimates of the time-
stant at values up to 0.7510-°. The acceleration delaved theaveraged intermittenc{fraction of time the flow is turbulentin

p X ’ Y their high FSTI, strong acceleration case using an analog circuit,

transition, even with high FSTI. Wolino and Simén-9] consid- ; . X
ered transition along a concave wall with inlet FSTI of 8% ani{Mich determined when the flow was turbulent based on the time
erivatives of hot-wire voltages. The circuit worked well in the

acceleration witfK as high as 1976' Acceleration rates, Rey- low FSTI cases of Kim et a[5], but in high FSTI cases differ-
nolds numbers and FSTI were typical of the pressure side of a es in fluctuation level between the turbulent and nonturbulent

turbine airfoil. An extended transition region, with intermittentzones are narrower, and more careful setting of thresholds and
turbulent and nonturbulent zones, covered most of the test Surfa&%‘oothing of the intermittency function are required for condi-

buted by the Fluid o oubl - tional sampling. This is difficult with an analog circuit, and is
Contributed by the Fluids Engineering Division for publication in tice/BNAL ; ~ ; f i
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionbetter done in post-processing after the SIQnaI has been dlgltlzed'

July 12, 2001, revised manuscript received July 26, 2002. Associate Editor: K. B. MUCN post-processing requires data acquisition at a high enough
Q. Zaman. sampling rate to provide an essentially continuous signal. Due to

28 / Vol. 125, JANUARY 2003 Copyright © 2003 by ASME Transactions of the ASME

Downloaded 23 Jul 2008 to 131.122.82.145. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
JUL 2002 2. REPORT TYPE 00-00-2002 to 00-00-2002
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Conditional Samplingin a Transitional Boundary Layer Under High £b. GRANT NUMBER

Freestream Turbulence Conditions
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
United States Naval Academy,Department of Mechanical REPORT NUMBER
Engineering,Annapolis,M D,21402

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Sa_me as 10
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



screlfn fans
ressure | turbulence pac
Rops boundglrgedoyer generator honeycomb

_

s N
section y .
nozzie diffuser

Fig. 1 Schematic of the test facility

data storage limitations at the time, Volino and Sinj@®]only primarily due to the increasing freestream velocity. The stream-
sampled at a high enough rate for such processing at a few isfise componenti,, does decay somewhat due to straining of the
lated points in the boundary layer. Voliid7] examined the data freestream eddies in the accelerating flow, blutremains nearly
from these points using wavelet analysis and presented prelirginstant at all stations.

nary results of conditional sampling. Uncertainties were high dueysg|ocity profile measurements were made at ten streamwise

to the limited ar_nount of daya. To the authors’ knowledge, no Othgfations along the centerline of the test wall using a single sensor,
detailed conditional sampling results from boundary layers with

strong acceleration, extended transition zones and FSTI greater
than 5% are available in the literature. )
The present paper has two objectives. The first is to provide the ~ 'aPle 1 Flow parameters at measurement stations

results of conditional sampling for a transitional boundary laye| st x U., w, 7 | K e | Gos | Re
with high FSTI and strong acceleration. The case presented | m] | [s)| T, | U, | x10° | [%] | [mm] | x10°
Volino and Simon[7-9] has been reproduced on a flat test wall, %] | [%]
and data have been acquired throughout the boundary layer a= 1 [ 0118 | 622 | 64 | 64 | 532 | 41| 404 | 050
sufficiently high sampling rate for conditional sampling post pro{~ 2 {| 0.190 | 7.12 | 49 | 55 | 404 | 30| 399 | 091
cessing. The second objective is to provide a baseline case fo[ 3] 0268 | 799 | 39 | 48 [3.25] 47| 452 | 143
study of the significance of streamwise curvature on transition] 41 0345 | 9.13 | 32 | 42 | 253 | 89| 516 | 2.07
boundary layers at elevated FSTI. A second pa@shultz and 51 0423 | 104 | 27 | 38 [ 197 ] 17.| 472 | 2.88
Volino [18]) presents results from an otherwise similar case on 61 0503 | 114 | 24 | 34 | 1.63 | 34.| 528 | 3.77
wall with strong concave curvature. 7 | 0.581 125 | 2.1 32 | 133 ] 56. | 567 | 484
8 0659 ] 136 1.9 | 29 {113 ] 71. [ 580 | 591

. 9 0735 | 146 | 1.7 | 27 {097 | 8. | 6.58 | 7.20

Experiments 10 0817 159 1.5 | 25 | 083 | 93. | 792 | 8.54
Facility and Measurements. All experiments were con-
ducted in the low speed wind tunnel shown in Fig. 1. Three fan| St | Bee | # xcio3 Reo | H S{oa Reo | H 303
supply air to a plenum, which is followed by a diffuser, a settlin =
i composite non-turbulent turbulent

chamber containing a honeycomb, a screen pack, a second sett T 36 T 196 1 630 [ 136 | 197 | 650 | 90 ] 1.97 | 105
chamber, and a three-dimensional contraction which reduces t— 9 108 1575 1149 1199 [ 575 | 135 | 1.72 | 9.60
cross sectional area from 1.09x%.09 m to 0.69 mx0.18 M. A =31 ¢9 | 1.04 | 535 | 168 | 1.94 | 540 | 186 | L.59 | 8.90
bi-planar turbulence-generating grid with 43% blockage is in th{ 3 796 1187 | 500 | 193 | 1.89 | 5.00 | 244 | 1.51 ] 8.10
plane of the contraction exit. The grid is based on the design us{— s [ 221 | 1.82 | 4.80 | 212 | 1.86 | 4.70 | 293 | 1.48 | 7.50
by Kim et al.[5] and consists of a 3.8-cm diameter, 0.69-m lond™ ¢ § 263 | 1.76 | 4.50 | 239 | 1.86 | 4.20 | 366 | 1.46 | 6.70
vertical pipe down the center of the contraction exit, and siy 7 | 324 | 1.66 | 4.60 || 264 | 1.86 | 4.00 [ 432 | 1.46 | 6.10
3.2-cm diameter, 0.18-m long evenly spaced horizontal pipes. Fq 8 | 372 | 1.58 | 5.00 | 278 | 1.82 | 4.10 | 474 | 143 | 6.10
lowing the grid is a 1-m long rectangular development sectionan 9 [ 457 | 149 | 530 | 297 | 1.81 | 3.90 | 580 | 1.39 | 5.90
the test section, a converging channel. One side of this channel| 10 | 580 | 1.43 | 5.60 | 364 | 1.69 | 3.70 | 745 | 1.35 | 5.50

a flat Plexiglas plate of 0.69 m width and 1.2 m length, which
serves as the test wall. Pressure taps are installed along its sp~,
wise centerline. At the leading edge of the test wall a slot is use
to bleed off the boundary layer which grows in the developmer |
section. Opposite the test wall is a flexible wall which can be '°
adjusted to set the desired pressure gradient along the test w
For the present study the inlet velocity is set to 4.6 m/s and tk 1o+
velocity gradient along the wall is held constant at 13.8. The
acceleration parametdf, drops from a maximum of 8 10°% at
the inlet to the test section t0X110"® at the last measurement
station. Values oK through the test section, measurement Iocag
tions and other parameters are given in Table 1. 10°
At the inlet to the test section the mean flow is spatially uniforn
to within 3% and the turbulence is uniform to within 6%. The
components of the freestream turbulence intensity are 8.8%, 8.9
and 8.3% in the streamwise, cross-stream, and spanwise dir
tions, respectively. The integral length scales of these componer ™
of the freestream turbulence are 3 cm, 1.6 cm, and 1.4 cm. Spec
of the freestream turbulence at the most upstream measurem ¢° . ) .

1 2 3

mz/sz/Hz]

10°

rum [t

8
5

2
a

station are shown in Fig. 2. In the test section, the freestrea o R 10

turbulence intensitynormalized using the local freestream veloc-

ity) drops to about 2% at the last measurement station. The drop is Fig. 2 Freestream spectra at Station 1
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boundary layer type hot-wire prob@Sl model 1218-T1.f a A second function]',, , is next computed based on the abso-
boundary layer cross-wire prol@SI model 1243-T1.5 and a lute value of the second derivative of the filtered velocity signal,
constant-temperature hot-wire anemoméTes| model IFA-100). |g?u/dt?| . The threshold fol 5, is set such that the time average
The probes were moved normal to the wall at each station usingfal';, andT',, are equal. Next, a combined intermittency func-
motorized traverse with minimum step size of 18. At each tion, I3, is defined as

position in the velocity profiles, data were acquired for 26 seconds
at a 20 kHz sampling rate {2data points). The hot-wire signals
were low-pass filtered at 10 kHz. All raw data were stored. Sam-
pling at 20 kHz provided essentially continuous velocity traces f
subsequent processing.

Iy, (H)= .
3u(t) 0 otherwise

4)
(gasing I'5, on both the first and second time derivative of the
velocity helps to minimize dropouts within the turbulent zone,
Data Processing. Mean and rms fluctuating velocities in thewhich occur inl"y, andI',, when the derivatives cross zero. The
streamwise and wall-normal directions were computed from tfigal step is to smootfi's, to minimize false turbulent points in
instantaneous data. Uncertainties in these quantities are 3—5%tbr-nonturbulent zone and false nonturbulent points in the turbu-
cept in the very near wall regiory( <5) where near-wall cor- lent zone. The functionl’s, is low-pass filtered with cutoff
rections(Wills [19]) are applied to the mean velocity. Uncertaintyfrequency
in the turbulent shear stress,u’v’, is 10%. Skin friction coeffi- fLp=17.78U., (5)
cients were determined using a technique wherepywas ad- o o ) ) )
justed until theU* versusy™® data fit profiles computed using Whereéfip is in Hz andU.. is in m/s. Finally, using the filtered
near-wall similarity, as described by Volino and Sinf@@]. This | su» the intermittency functiod’, is set as

technique accounts for pressure gradient effects on the near wall 1 if [3,>05
profile. Uncertainty inC; is 8%. Boundary layer thicknesses were L= . (6)
determined from the mean velocity profiles. Uncertainties in the 0 otherwise

momentum and displacement thicknesses are 10%. These ung@e thresholds and filter frequencies presented above were set

tainties include bias uncertainties which tend to cancel such thater visual inspection of many data traces andIthét) resulting

the uncertainty in the shape factét, is 7%. with several different thresholds. Visual inspection of the data is
Intermittency Based on u.The intermittency functionl, in- ultimately the best criteria available for determining how well an

dicates whether the boundary layer is instantaneously turbulent/f€"mittency function is separating the turbulent and nonturbulent

nonturbulent at a measurement location. It is assigned a valuellgf¥ [17,22]. The thresholds and frequencies were useful both for

zero for nonturbulent flow and one for turbulent flow. The timdh€ Present study and the separated flow transition study of Volino

average ofl" is the intermittency,y. Keller and Wang?21] and and Hultgren23]. They are not expected to be universal criteria
Solomon[22] review several techniques for determinifigin the for all flows, and other intermittency detection schemes 'mlght
present study, two intermittency detection techniques were Ug_prk as well. The thresholds might be made more general if non-
lized and compared. The first, as used in Volino and Hult§2&3, imensionalized using the viscosity or a characteristic length such

is based on the instantaneous streamwise velacijheu signal 2S the boundary layer thickness.
is first digitally high-pass filtered with a cutoff frequency Intermittency Based on’u’ . A second intermittency func-

fp=200-U., 1) tion is computed based on the instantaneous turbulent shear stress.

Without pre-filtering of the velocity signal, an intermittency func-
wherefp is in Hz andU., is in m/s. The filter eliminates low- tion is computed as

frequency fluctuations, which are common to both the turbulent ) o 4

and nonturbulent zones. The filter was used by Volino and Hult- 1 if (u'v’/9t)*>50-Uz

gren [23] to remove narrow band fluctuations associated with 1“1Uv(t):0 otherwise ' Q)
shear layer instabilities in separated boundary layers. In the

present work, this filter had little effect on the intermittency funcA second functior™,,, is computed based om{u’v'/5t?)? with
tion. The filtered signal is then used to determine an intermittendfje threshold set such that the time averagds,gf andl',,, are
functionT'y,, as

gy L i loulot>8.89-U U )
lu(t)fo otherwise ) @

where
U+2_ur31/3_ur21/2 if 2'U’31/3>U’21/2

mu otherwise

v’ [mis]

®)

The velocity U is the local mean velocity at the measuremen
location andU., is the local freestream velocity at the measure © 0005 001 0015 002 ?iggcsl 003 0035 004 0045 005
ment station. All velocities are in m/s, and the time derivative is it

m/$. The time derivative of the velocity should scale with the »
magnitude of the velocity and the frequency with which eddie® |
pass, which in turn also scales with the velocity. This explains tr 4

velocity squared term in the threshold in B8). The use olJ,, & _,

instead ofU., allowed the threshold level to adjust in the near-wé:z

wall region where the mean velocity becomes small. Very near tt >
wall, asU approaches zero, the threshold would also approac _,
zero and’;,, would go to 1 ifU,, were set equal t&J. To prevent " . . . s . . . .
this, U, is adjusted using the fluctuating velocity, as shownin Ec ¢ 9% 001 0018 062 078 003 068 004 0045 065
(3). This adjustment models the instantaneous rise in the near wall

velocity which occurs during turbulent intervals when higheFig. 3 Instantaneous velocity traces and intermittency func-
speed fluid sweeps toward the wall. tion: (a) uand I'y, (b) u'v’ and T,
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always at least 0.8, however, and at 95% of the measurement
locations it was above 0.9. Although the shear stress is often con-
sidered a better criterion function, the good agreement between
I'y(t) andI',(t) suggest that both are acceptable. This is particu-
larly useful very near the wall, where only can be measured.
Both functions were used in conditional sampling, providing es-
sentially the same results. The uncertainty in the intermittepcy,

is 0.1. In the figures which follow, data points are shown for the
nonturbulent zone only when the locgk95%, and for the tur-

0.0 & P 25
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 (@) C_’ S“"°"57
y/s* 20 2 8 o
v 9
o 10
1.0 -
b | #00e, o staton? 151 PRSI
A va <& A 3
J v 4 + i
08 PN TN Ty© A4 5 > 10
0.7 1 N o s
A' o [ ] 7
0.6 a 8
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S5 05 (] o o 10 o 2
s % A A 3
0.4 Qg . U=y v 4
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o = . '
0.2 4 /0»0.. o I:Q A 100 1000
A4 M . QO o} LN .
0.1 4 WWVV ‘AZ‘YJZ S . o’ﬂo y
0.0 4 BRESED S & o 0u®0a?'s

01 2 3 4 10 11 12 13 14 15 25
yis* (b)
Fig. 4 Intermittency profiles based on  (a) u and (b) Reynolds 201
shear stress
15 -
1.0 z ® Station 1
® Present Data o) o 2
0.9 {—— Equation 8 10 - A 3
v 4
0.8 1 * 5
J (o] 6
07 5 1 [ ] 7
0.6 ¢ U=y A 8
. j U= (1/0.41) Iny" +5.0 y 9
£ 05 . o 10
0.4 1 10 100 1000
0.3 - y*
0.2
25 -
0.1 4 ° ® Station 1
° o 2
oo B2 o 7 . . : : ) a 3
0.2 0.0 0.2 0.4 0.6 0.8 1.0 20 4 Z ;
(x=x M(x,x,) S :
) . . . ) . ) 151 & 8
Fig. 5 Peak intermittency in profile versus dimensionless g v 9
streamwise location L F < 10
>
10 4
equal. The remaining steps in computing the intermittency func- 5 4
tion_TuU(t) follow the steps in _Eqs(,.4)—(6) above. N . Usy
Figure 3 presents a t_yplcal _S|gnal from t_he transitional b_oundar) U= (1/0.41)Iny* +5.0
layer along with both intermittency functions. Some regions are 0 y

clearly turbulenie.g., 0.025 s—0.035 and some are clearly non-
turbulent(0.01 s—0.02 s). Between zones the demarcation is no
always sharg0.04 s—0.045 sleading to differences i ,(t) and

I'y,,(t) and the possibility of some “leakage” of data betweerFig. 6 Mean velocity profiles in wall coordinates:
ite; (b) nonturbulent;

zones. The correlation coefficient betweég(t) andT",(t) was

Journal of Fluids Engineering

(c) turbulent

+

y

100

1000

(a) compos-
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bulent zone only wheny>5%. Bulk parameters such & are 0.8
presented when,<95% andy,>5% for the nonturbulent and 07 a
turbulent zones, respectively. ’

06 1 A

[ ]
Results 05 4 L 4t .
Intermittency. Intermittency profiles for the ten measure- E 041 . 4 .

ment stations are shown in Fig. 4. Agreement betweerutaed = o o
shear stress basegis good. Intermittency remains low for the 0.3 ®* « & * 8 0 0 o0 g
first three stations and then begins to rise. By the last station,
transition is nearing completion. Transition criteria such as those 02 e Composite
presented by Johns¢@4]and Mayle[1] indicate that the present o1 O Non-turbulent
boundary layer would be transitional by Station 1 under zero pres- A Turbulent
sure gradient conditions. In fact, the intermittency is nonzero at oo . . : . T . . :
Station 1, but the strong acceleration prevents the transition from 00 01 02 03 04 05 06 07 08

proceeding. The beginning of the riseyttorresponds t& drop-
ping below 3x10°® In low FSTI boundary layersK>3
X 10 leads to relaminarizatiofdones and Laundé®5]). Fol- Fig. 8 Momentum thickness versus streamwise distance
lowing the technique of NarasimH&6], as modified by Volino

and Simon[27], the function

x {(m)

F(yo0 = (= In(1— y5,)) V2 ®) be .exp.ected for a zero-pressure gradignt case with the same FSTI,
Ypk Ypk indicating a longer transition zone with the favorable pressure
can be computed based on the peak intermittency at each stagioadient than with a zero-pressure gradient.

and plotted versus streamwise location. The data in these coordix

i . ) . )

nates tend to lie along a straight line. The line may be extrapolated/€an Velocity Profiles. Mean velocity profiles for the ten

t0 f(yo,=0)=0 andf(yy,=0.99)=2.146, corresponding to the measurement stations are presented in Fig. 6 in wall coordinates.
P p . . ’

beginning and end of transition at=0.29 m andx,=0.98 m, Figure 6(a)shows the compositéunconditioned)profiles. The

respectively. Figure 5 shows,, plotted versus dimensionlesspmf'les rise through Station 6, with a somewhat laminar-like

streamwise location within transition. Also shown is the theoretf] shape. qunstream of Station .6’ the profiles assume a more
urbulent-like shape and by Station 10, where transition is near

cal curve completion and the acceleration rate has droppedKtel
X—Xg |2
Yok=€Xp —4. x 9)
e S 2.1
based on the Dhawan and Narasimf28] transition model. ¢ Composite
Agreement between the data and theory is good. In favorable 291 . ® o Non-turbulent
pressure gradients some differences are expected and observed i g | s 4 Turbulent
low intermittency, in a region Narasimipa6é | referred to as “sub- ’ 8 v o o
transition.” 18 1 b ° o
The dimensionless turbulent spot propagation rate may be com- hd
puted, following the development of Maylé], as T 174 . D
. 4.60°U., 10) 61 .
no= ——— 10
(Xe—x9)°U3 "5 RN .
— A L ]
whereU,, is the average freestream velocity in the transition re- 14 1 4
. ~ . A
gion. In the present caseo=4.2x10 % In agreement with ] i . i i i i

3 :
trends reported by Maylgl ] for other favorable pressure gradient 00 01 02 03 04 05 06 07 08

cases, this value is an order of magnitude lower than what would X (m)

Fig. 9 Shape factor versus streamwise distance

0.012
. po— La_n:ninar calculation e Composite
;_:.‘ ---------- Mixing length calculation o Non-turbulent
0010415 4 A Turbulent
0.008 -
28
=] O 0.006 a
0.004 - o
0.2 q e Composite
. . o Non-turbulent 0.002 4
—— Laminar calculation
7 e Mixing length calculation 4 Turbulent
0.0 4 T T T T 0.000 . . . . v . . :
0.0 0.1 0.2 0.3 04 0.5 0 1e+5 2e+5 3e+5 de+5 5Se+5 6e+5 Te+5 8e+5 Ge+5
Yi8yq 5 Re,
Fig. 7 Mean velocity profile for Station 7, y,,=56% Fig. 10 Skin-friction coefficient
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%108, there is good agreement with the zero pressure gradier 014 o Composite
law of the wall. The nonturbulent zone profiles are shown in Fig. O Non-turbulent
6(b). All the profiles exhibit a laminar-like shape, even at the enc 012 1 ﬂn s Turbulent
of transition. Figure &) shows the turbulent zone profiles. All i@m&i
have a turbulent-like shape, and the last five stations show goo 10 185 ii!
agreement with the zero-pressure gradient law of the wall. The Y 2,
high FSTI suppresses the wake at all stations. Figure 7 illustrate=§ %98 g am,
the differences between the composite, nonturbulent, and turbys b o ¢ 3
lent profiles at Station 7, in the center of the transition zone. 06 18 e a e a a
Distance from the wall is normalized on the composite flgyy/s. B o * e s
Velocities in the turbulent zone are clearly higher in the near wall 0041 ° a o ; ° .
region due to higher levels of turbulent mixing. Also shown in 0.02 4 s u
Fig. 7 are low FSTI calculations for laminar and fully turbulent '
0.00 ; r iy : - . . .
00 01 02 03 04 05 06 07 08 09 10
o ® Stationt
(a) 25 .%&-9;8& 2 : Y1895
20 A‘%%;#foe \' Z ; Fig.=l526%FIuctuating streamwise velocity profile for Station 7,
weas L <.> : Yok
lof“ a 8
=P 1.5 :V E v 9
= .y - < 10}
s A AOowe boundary layers with the same pressure gradient. The fully turbu-
101 "% 0 lent calculation was done with a mixing length model. The turbu-
S f:, lent and nonturbulent zone profiles at all stations differ from the
05 -‘v‘q&‘? low FSTI calculations. Higher levels of transport lead to higher
« near wall mean velocities in the data than in the calculations. This
is particularly true in the nonturbulent zone. The increased trans-
0.0 T T i port in the nonturbulent zone makes the differences between the
1 10 100 1000 turbulent and nonturbulent profiles less pronounced in the data
y' than in the low FSTI calculations. At no point does the boundary
layer behave as if it were laminar. Differences from laminar be-
St havior have b(_een reported in low FSTI transitional fldeg.,[5],
2.5 o 2 [15]) and attributed to the effect of the turbulent zone on the
(b) @% 4 3 nonturbulent. In the present study, however, deviation from lami-
20 Wo A . ; nar behavior is seen even at Station 1, where the boundary layer is
: e " ) 6 nearly all nonturbulent. The deviation from laminar behavior must
A b N : be due to the high FSTI.
* 15 ‘ﬁ‘ v 9 .
=4 4 o> 10 Boundary Layer Growth. Figure 8 shows the momentum
s v_3 ;’ thickness as a function of streamwise position. The composite
104 av o 0‘2 boundary layer does not grow through the first five stations due to
%ﬁ”fﬂ — the strong acceleration. Momentum thickness increases at the
05 ..2“;@’ R III355%s, downstream stations as the acceleration weakens and transition
T OO proceeds. In the nonturbulent zone, momentum thickness remains
constant at all stations. The turbulent zone momentum thickness
0.0 " T increases continuously, possibly due to turbulent entrainment at
1 10 100 1000 the edge of the boundary layer.
v The shape factor, shown in Fig. 9, is an indicator of the state of
the boundary layer with respect to transition. In the nonturbulent
_ zone it drops only slightly from 2.0 to about 1.8. A low FSTI
25 | o Swtont laminar boundary layer with the same pressure gradient would
(© A 3 have a shape factor of 2.4. As shown in Fig. 7, the high FSTI
. ; enhances mixing and makes the nonturbulent zone appear less
2.0 1 ° s laminar-like. In the turbulent zone{ drops from about 1.5 to
. 7 1.35. The low FSTI fully turbulent calculation mentioned above
3 15/ 3 : resulted inH values about 10% higher than the experimental data.
g © 10 This suggests that the high FSTI promotes greater momentum
Is transport in the turbulent zone, but the effect is not as great as in
101 the nonturbulent zone.
05 | Skin Friction Coefficients.  Skin friction coefficients were
’ computed from the mean velocity profiles and are shown in Fig.
10. Also shown for reference are the results from the low FSTI
0.0 . : . calculations. The skin friction coefficient is as much as 70%
1 10 100 1000 higher in the turbulent zone than in the nonturbulent zone. The

+

y

Fig. 11 Fluctuating streamwise velocity profiles in wall coor-
dinates: (a) composite; (b) nonturbulent; (c) turbulent
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compositeC; does not change much during transition, which if

viewed alone, might suggest that there is little difference between
the nonturbulent and turbulent zones. When viewed with the con-
ditional sampling results, however, it is clear that the two zones
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are quite different. In both zones the freestream turbulence resuétpse, showing self-similarity throughout the transition region.
in C¢ as much as 40% higher than the corresponding low FSFigure 12 shows thei’ profiles at Station 7, midway through

calculation.

Fluctuating Velocity. Figure 11 showsi’ profiles in wall co-
ordinates. The composite flow data, shown in Figallare typi-
cal of transitional and turbulent boundary layers. The peak ir‘,1
u’/u, occurs ay " =16, and the magnitude of the peak is betwe
2 and 2.6. The peak is highest at Station 7, in the middle
transition, due in part to the unsteadiness associated with
switching between turbulent and nonturbulent states. The nont

ef

transition. The peak i’ is closer to the wall in the turbulent
zone, but the magnitudes of the peaks differ by only about 13%
between the two zones.
Figure 13 showsv’ profiles. The composite flow data are
own in Fig. 13(a). As expected for a high FSTI boundary layer,
f’ drops from a peak in the near wall region to a minimum, and
n rises to the freestream value. The minimum is indicative of a
gﬁmping of the freestream effect by the wall. Near the wall, there

bulent and turbulent zone data are shown in Figéb¥land 11(c), 'S not much change in’/u; for the first three stations. As transi-
respectively. In the turbulent zone the data from all stations cdion begins,v’/u; rises at Stations 4 and 5. Between Stations 6
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Fig. 13 Fluctuating wall-normal velocity profiles in wall coor-

dinates: (a) composite; (b) nonturbulent;

(c) turbulent
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and 10 there is little change. In comparison to theprofiles of

Fig. 11,0’ is lower in magnitude and shows more change through
the transition region. Far from the wall, normalized drops in

the streamwise direction due to the increasing value,of The
dimensional value of ' in the freestream remains essentially con-
stant at 0.4 m/s at all stations. The nonturbulent and turbulent zone
data are shown in Figs. {3 and 13(c). As withu’, the turbulent
zone profiles collapse. Figure 14 shows tHeprofiles at Station

7. In contrast to ther’ profiles of Fig. 12, which showed similar
magnitude in the turbulent and nonturbulent zonesptheagni-

tude is nearly twice as high in the turbulent zone as in the non-
turbulent. Volino[17] found that much of the unsteadinessuiis
low-frequency unsteadiness induced by the freestream and com-
mon to both zones. When freestream eddies buffet the boundary
layer and push higher speed fluid toward the wall, the effect is an
increase inu, particularly near the wall whereU/dy is large.

This effect is common to both the nonturbulent and turbulent
zones and is not dependent on turbulence produced near the wall.
It explains the similarity between the turbulent and nonturbulent
u’ behavior. There is no similar effect arf, so thev’ fluctua-
tions are more closely related to turbulence and eddy transport in
the boundary layer, and greater differences exist between the tur-
bulent and nonturbulent’.

Turbulent Shear Stress. Profiles of the turbulent shear stress
are shown in Fig. 15 in wall coordinates. Similart&/'u.. in Fig.
13(a), there is little change in the composite profiles in Figal5
for the first three stations. As transition begins, the dimensionless
shear stress rises. In the nonturbulent z@Rig. 15(b)) —u'v’
values are low. In the turbulent zone, Fig.(dbshows that the
data from beginning to end of transition all collapse onto a single
line. To compare the turbulent and nonturbulen’v’ directly,

Fig. 16 shows the Station 7 profiles. In contrastitg which had
similar magnitude in the two zones,u’v’ is much higher in the
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Fig. 14 Fluctuating wall-normal velocity profile for Station 7,
‘ypk=56%
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Fig. 15 Reynolds shear stress profiles in wall coordinates:
composite; (b) nonturbulent; (c) turbulent

@ Fig. 17 Eddy viscosity profiles:

lent; (c) turbulent

(a) composite; (b) nonturbu-

turbulent zone. The nonturbulentu’v’ is not zero, however,

indicating some eddy transport of momentum even when thayity within the turbulent zone. The turbulence contained within
boundary layer is non-turbulent. This may explain the deviation dfe turbulent spots in the upstream part of transiiahere the
the nonturbulent mean velocity profiles from laminar predictiongtermittency is low and the spots occupy only a small fraction of
and the enhancement of the skin friction above laminar valuthke total flow)appears to be very similar to the turbulence in the

shown in Figs. 7 and 10.

nearly fully turbulent region downstream. This similarity may

The collapse of the turbulent zone data in Fig(ci5also seen simplify modeling of the turbulent zone. Although the collapse of
inu’ andv’ in Figs. 11(c)and 13(c), indicates considerable simithe data in the coordinates of Figs.(il, 13b), and 15(b)is not

0.0020

quite so good, similar arguments can be made concerning the
self-similarity of the nonturbulent zone.
Profiles of the eddy viscosity are shown in Fig. 17. The com-

& o Composte posite profiles in Fig. 17(aghow thate,, increases in the stream-
S 4 Turbulent wise direction as the transition proceeds. Comparison of the non-
00018 ., turbulent and turbulent zone profiles in Figs.(4)7and 17(c)
“ ‘a shows that the eddy viscosity is three to four times higher in the
2 00010 L S Lt . turbulent zone. While the difference between the two zones is
2 ¢ e N clear, Fig. 17(bjagain shows that there is significant eddy trans-
‘es Loa port in the nonturbulent zone.
0.0005 . o
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Fig. 16
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Reynolds shear stress profile for Station 7,

7pk=56%

Conditional sampling was successfully performed on experi-
mental data from a transitional boundary layer subject to high
freestream turbulence and strong acceleration. Intermittency func-
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tions based on the instantaneous streamwise velocity and the in- ¢ = turbulent spot propagation parameter
stantaneous turbulent shear stress agreed well and produced es+,, = wall shear stress
sentially equal conditional sampling results. Subscripts
Mean velocity profiles differed significantly between the turbu- )
lent and nonturbulent zones, and skin friction coefficients in the HP = high pass
turbulent zone were as much as 70% higher than in the nonturbu- LP = low pass
lent zone. Theu’ fluctuation levels did not differ greatly between § = transition start
the turbulent and nonturbulent zones, it and the turbulent e = transition end . .
shear stress were significantly higher in the turbulent zone. Within Y = intermittency based on streamwise velocity
each zone, considerable self-similarity was observed in all turbu- v = intermittency based o_n_turbulent shear stress
lence quantities from beginning to end of transition, particularly in < — local freestream condition . .
the turbulent zone. The differences between the two zones and the2:3 = intermediate steps in construction of intermittency
similarity within each zone suggest the importance of properly function
modeling the transition process in boundary layer prediction and N1 = nonturbulent zone
support arguments for the development of intermittency basd¢RB = turbulent zone
models.
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