
'AD-A18 156 STUDY OF UNSTEADY TURBULENT BOUNDARY LAYERS(U) IOWA 1/3
INST OF HYDRAULIC RESEARCH IOWA CITY

MENENDEZ ET AL. 31 DEC 8 IIHR-270 DAAG29-83-K-0004
UNCLRSSIFIE, F/G 28/4 NLEnmnhhmhnhiu
mhhIhhmhmIhIIu
IIEEEIIIIIIIhIE
mEEEIIIEEEEEEE
EIIIIhEEIhEII
IIIEEIIEIhhhIl
EhlhhlmhhhmhlI



.1.

. L

2.2.

*~k- 12 .0 0I

1.125 A11 1. 111.6

MICROCOPY RESOLUTION TEST CHART 
4

NADONAL BUREAU OF STANDARDS-1963-

0%*

z-

% ~



STUDY OF UNSTEADY

14v- TURBULENT BOUNDARY LAYERS

Interim Technical Report
/ . by

~A. N. Menendez and B. R. Ramnaprian

Sponsored by

The U.S. Army Research Office
Grant/Contract Nos. DAAG-29-79-G-0017 and

DAAC-29-83-K-000

IIHR Repor No. 270

Iowa Institute of Hydraulic Research
The University of Iowa
Iowa City, Iowa 52242

December IM DT3
C:1ELECTE["-

1)

L I'

II. ReotNo 7

Appi .... 2 84 02 16 088
7LC.)_ D ).' ;,,',

=:'.,'-'-'-% " ;--.•-, . ..''...-.-D-I.S T , . .-. .- ... ..'- :" -. :. .. ..- ?-.= . - ;'--_ :- -. ;='- -'v .' -



STUDY OF UNSTEADY
TURBULENT BOUNDARY LAYERS

Interim Technical Report

by

A. N. Menendez and B. R. Ramaprian

Sponsored by

The U.S. Army Research Office
Grant/Contract Nos. DAAG-29-79-G-0017 and

DAAG-29-83-K-000

J

A

. . . . . . .. . . .-



.- o

Qualified requestors may obtain additional
copies from the Defense Technical Information
Service

.5.

.5

Conditions of Reproduction

Reproduction, translation, publication, use
and disposal in whole or in part by or for
the United States Government is permitted.

S°2'

4.

-
4
o

" °

"q.:-"

S. . . . . . . . . . . S.



STUDY OF UNSTEADY

TURBULENT BOUNDARY LAYERS

Interim Technical Report

by

A.N. Menendez and B.R. Ramaprian

Sponsored by

The U.S. Army Research Office
Grant/Contract Nos. DAAG-29-79-G-0017 and

DAAG-29-83-K-0004

AprvdfrPbicRlae itibto niie

.5.R ReotNo 7

IoaIsiueo ydalcRsac o
Th niesiyofIw

Iowa ityIowa 5224

Deeme 18



SECURITY CLASSI FICATION Of THIS PAGE (Whom Date Entevedl)

REPOT DCUMNTATON AGEREAD INSTRUCTIONS
REPOT DM ENTAION AGEBEFORE COMPLETNG FORM

1REPORT NUMBER 12. GOVT jCE SIN0.3R3IT CATALOG NUMOBER

14. TITLE (810HISUbtitle) S TYPE OF REPORT A PERIOD COvERED

p.Study of Unsteady Turbulent Boundary Interim Technical
Layers Sept 1, 1980 to Oct 31, 983

6 PEPPORlNING ORG~ REPORT wUMI4(R 6
___ ___ __ ___ ___ __ ___ __ ___ ___ __ ___ lTTH R Wp rt 270

7. AJTo4Oft(@) 61. CONTRAT RGRANT NUMBER(s)

A.N. Menendez DAAG29-79-G-0017

N B.R. Ramaprian

9. PERFORMING ORGANIZATION NAME ANO ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK0

% Iowa Institute of Hydraulic Research AE OKUI USR

The University of Iowa
Iowa City, Iowa 52242

ICONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

U). S. Army Research Office 31 December 1983
Post Office Box 12211 '3. NUMBER Of PAGES

Research Triangle Park, NC 27709 ______________

1.MONITORING AGENCY NAME 8AOORESS(If diferen frm Controffinj Office) IS. SECURITY CLASS. (of this fpoHt)

Unclassified[7,. OECLASSIFICATION/OOWNGRADING

SC44EDULE k

16. OISTNIUIUTION STATEMENT (of tOle Rhport)

Approved for public release; distribution unlimited.

17I. DISTRIISUTION STATEMENT (of the obsi~ect antered In Block 30. If different hems Report)

NA

1S. SUPPLEMENTARY NOTES

* The view, opinions, and/or findings contained in this report are those of the
* author(s) and should not be construed as an official Department of the Army

position, policy, or decision, unless so designated by other documentation.

19. KEY WORDS (Ceetinue an toeves aide If neceseon& de ntify ey mfaca nhme"o)
Unsteady Flows oscillatory Boundary Layers
Turbulent Flows

*Boundary Layers 6

Periodic Flows

SIL AMPACrc~ -WN M.owwoo stE if mnewwdFFMM idealif &r b block mmber)

. ,A turbulent boundary layer, subjected to a free-stream9
velocity which changes sinusoidally in time under a zero time-
mean pressure gradient, is studied both experimentally and analy-
tically. Using a two-component Laser Doppler Anemometer and a
Heat Flux Gage, detailed and high quality information is obtained
on the instantaneous velocity distribution and wall shear stress,
respectively, at various stations. An asymptotic theory, for

* ~ 103 isromo~'WOVSISSSOEETEUNCLASSIFIED

SECUmTry CLASSI FICATtOpt oF TpIis PAGE rWhon Date antsrsdj



' C 3CUMITY CLASSiFiCATiON OF Toils PAGg' 17g., Des Enterd) .1

1 20. ABJTRACT CONT:NUWED

large Reynolds numbers, is developed for the oscillatory motion.
It is valid for both boundary layers at arbitrary time-mean pressure
gradients and fully developed pipe and channel flow, and is success-
fully applied to the present and previous available experimental
information. The theory identifies two frequency parameters, in
terms of which four different frequency regimes are defined. Simi- V%
larity laws are identified for each one of these frequency regimes.
All the experimental data have been archived on magnetic tape.- O

Accession For

NTIS GRA&I -
DTIC TAB
Unannounced
Justification"

By

Distribution/
Availability Codes

Avail and/or
Dist Special

at's

'I

- - _P

',.O.

-S -

I[~~~~$CuRlIT CLAS$4JFICATIOPN OF TIS re&GE(Wli,.n Dea Entoe,j.-

..................... ". '-. . .' "" ""-' ." '.ii i . -]':



it

ii.

* ACKNOWLED~4ENTS

.4 Our gratitude to Professor V.C. Patel for many helpful

discussions.

C,

w

-C

.. CP

jfi

.- r, ~ a** .- 2 ,* .* -. * .- .- *.....

. .'* .... - C

~......C.'.*... 
27.

- ~. . .*. . C C *

.C. ***C~*C~ .. C.~. 9 *-.*.*.*-..;.-.... ..
C.... ~ ........................................



TABLE OF CONTENTS

Page

LIST OF FIGURLS ....................... ............. vii1

CHAPTER

1 INTRODUCTION ..........................

1.*1. Probl em Introduced..*... . ..... . . . . . .. . . ....
1.2. State of the Art in Unsteady Turbulent

* ~~~~~~~Boundary Layers..... ..............

1.3. Objectives of the Present Research...............6
1.4. Layout of the Thesis ............ 0*000*0..........8

2 EXPERIMENTAL DETAILS. ...

2.3.1. Laser Doppler Anemometer........ ese ...15
2.3.2. Heat-Flux

2.4. Acquisition and Processing of the

2.5. Experimental Conditions .........******.*%********20
2.6. Flow Quality....................................21

2.6.1. Uniformity and Two-Dimensionality ........ 22
2.6.2. Design Conditions....................... .24
2.6.3. Steady BoundaryLae..........2

3 EXPERIMENTAL RESULTS ...... OF ..... CNES.e....-58

3.2. Time-MeanS.... .................................. 8
3.2.1. Velocity and Wall Shear Stress...........59

P3.2.2. Turbulence Properties .................... 64
3.ST 3. F scE 11 atoy ot...... ........................... 66

3.3.2. Turbulence Properties .................... 68
3.3.3. Wall Shear..tes........................ i

3.4. Ensemble-Averaged .......................... .
3.5. Derived Quanti ties... Researh ............... 6 72

iv

2.1, General ..............*~% , .... *...... , . ..-. r
2,,Aprtu-..... ........ ......... 13 ~ 2 ..



4 A GENERAL THEORY FOR UNSTEADY PERIODIC
" 'TURBULENT FLOWS .......

4.1 General ...................................... 131
.-- 4.2. Equati ons ............................... o .. .. 132 "

4.3. Asymptotic Characteristics of the Time-
Mean Flow at Large Reynolds Numbers............ 137

. 4.4. Asymptotic Characteristics of the
Oscillatory Motion.............................140
4.4.1. Low Frequency Regime.................... 142
4.4.2. Very High Frequency Regime..............150
4.4.3. Intermediate Frequency Regime....... .... 152
4.4.4. High Frequency Regime...................154
4.4.5. Summary of Results.....................155

4.5. Generalization to Nonzero Time-Mean
Pressure Gradient Boundary Layer........... .... 159
,4.5.1. Time-Mean Flow.......................... 161

4.5.2. Oscillatory Motion ..................... 163
4.6. Extension to Fully Developed Channel-' and Pipe Flows ..................... *99o*o*e9**oo165 "

4.6.1. Two-Dimensional Channel Flow............165
4.6.2. Pipe Flow ... .......................... 168

5 EXPERIMENTAL RESULTS IN VIEW OF THE THEORYo........... 172

5.1. General ........................................ 172
5.2. Velocity ...... ... o......................... 172

5.3. Other Flow Properties.......................... 178
5.4. Time-Mean Flow.................................180

6 CONCLUSIONS.. ooo.. oooooooooooo~o 200

R F R N E . .. o lo ... eooooo,ooooe eo~eoo ooooo e,,,.* eooo, . +

6V

-6a..-

4..

,.... . . ... ;

A. % ". . . . . . . . . .. . - -

A * A .



LIST OF TABLES

Table Page

2.1. Measurement (Random) Errors...........................28

2.2. Parameters for Steady Flow at I = 90 cm/s ............ 28e

3.1. Coles' Parameters for the Time-Mean Unsteady
Flows and the Steady Flow at the Time-Mean Free-
Stream Velocity .......... o ... ..................... 76

3.2. Relative Distance to the Point of Maximum
Amplitude of Oscillation..............................77

5.1. Characterization of the Present Experiments.......... 181

5.2. Characterization of Other Experimental Studies ....... 182

,..

'..4

* 44i

.4.

-,.

-4...

:1: Vi

°'; '€ ;* "- " '.-'.-" )" ," " " "." " " " " "."" " . ' "'" -" ." - g "- .i"g .' -" .2 2 " ; -.*-.,'-. -. -'2-*.':£.-,



- .- -.

LIST OF FIGURES

Figure Page

1.1. Correlation between amplitude and Strouhal
number [Carr (1981a)]................................ 10

1.2. Correlation between amplitude and relative
frequency [Carr (1981a)] .............................. 11

2.1. Layout of the water tunnel............................29

2.2. Optical Arrangement of LDA............................30

2.3. Calculation of the wall shear stress from the
wall heat transfer in unsteady flow ................... 31

2.4. Sketch of the heat-flux gage (HFG) ................. .. 32

2.5. Check of flow uniformity at x = 190 cm................33

2.6. Check of two-dimensionality in the core region,
at x = 190 cm.34

2.7. Check of two-dimensionality for l.......... ........... 35

2.8. Check of two-dimensionality for U .................... 36

2.9. Check of two-dimensionality for [<U>] ................. 37

-4 2.10. Check of two-dimensionality for [<U>] ................ 38
'2.11. Check of two-dimensionality for the phase of <U> ...... 39

2.12. Check of two-dimensionality for the phase of <U> ...... 40
2.2. Ceco wodiesinaiooorteheo.

2.13. Check of two-dimensionality for u .41

2.14. Check of two-dimensionality for u ...................42

i2>
2.15. Check of two-dimensionality for [<u >]................ 43iliill ~ ~2.16. Check of two-dimenslonality for[u2..4

2.17. Check of two-dimenslonality for -7 ................. 45

, vii

• " ""% " C" * *-, .* * *.*- "-" ... " •. " " '. . .. . . . .- . . . "

*' , ,..,,,,,.,, ................ , ,, ,,' . *... . .. . - . .- ... . .. . .,- .. ......



7%

2.18. Check of two-dimensionality for 7Tv ................. 46

2.19. Check of two-dimensionality for [-(uv>] ............... 47

2.20. Check of two-dimensionality for l-uv>] ............... 48

2.21. Longitudinal distribution of the time-mean free-

2.22. Longitudinal distribution of the free-stream -
amplitude of oscill1ati on.... so . . . .. *o*.* . ........ oooo. .50

2.23. Longitudinal distribution of the free-stream phase

2.24. Steady velocity profiles at station 5 in the
innercoriae...................5

2.25. Correlation between Cfand Re for steady flow... s....53

2.26. Correlation between wr and Re for steady flow... .... o.53

2.27. Steady velocity profiles at station 5 in the
:2..: ~~~outer codnts..... ............ .. 5

2.28. Steady-flow distribution for u 2at station 5,,,,...... 55

2.29. Steady-flow distribution for v 2at station 5s.,......o.56

2.30. Steady-flow distribution for - iv at station 5........57

3.1. Time-mean velocity profile at station 5 ...... ..ooo ... 78

3.2. Time-mean velocity profile at station I.,... o.o .... 79

3.3 Longitudinal distribution of Re,0 0.000000008

3.4. Longitudinal distribution of Hose.... oo..oo..oo .... o8l

3.5. Longitudinal distribution of Cf................o...82

3.6. Correlation between and Re0 for unsteady flow ...... 83

3.7. Time-mean velocity profiles in the inner
coordinates for f = 0.5 Hz... .o... ... ........ o...84

3.8. Time-mean velocity profiles in the inner
coordinates for f = 2 1z...... .. oooooo.oo.....85

3.9. Time-mean velocity profiles in the outer coordinates
for f =0.5 Hz,,..... ooo..............ooooooooo..86

Viii

V. ..



3.10. Time-mean velocity profiles in the outer coordinates
for f = 2 Hz .......................................... 87

- -. 3.11. Correlation between wr and Re for time-mean
unsteady flow......................... ..... ***************.88

* - 23.12. Time-mean distribution for <U > at station 5 .......... 89

3.1. imemen istibtio fr atsttio 4.......02
3.14. Time-mean distribution for <u > at station 43....... 00090

3.15. Time-mean distribution for <u2> at station 32.......... 91

3.16. Time-mean distribution for <u2> at station 21.......... 92

3.17. Time-mean distribution for <u2> at station I5...... ....94
4.2

3.18. Time-mean distribution for <v2> at station 3o.........95

* 3.9. imemeandisribtio for- (v> t satio 5......2
3.20. Time-mean distribution for- <v> at station 3 ........ 95

3.21. Aimlitude distribution for th <velocty satio .... 9

3.22. Amplitude distribution for the velocity at
station 3......................9

3.23. Apas e distribution for the velocity attio 5..10

3.24. Phase distribution for the velocity at station 53..... 100

3.25. Papie distribution for uvloit at station 3......101

3.26. Amplitude distribution for <u2> at station 53......... 102

3.27. Apas e distribution for <u2> at station 3............ 103

3.28. Phase distribution for <u2> at station 53............. 104

3.29. Papie distribution for < 2> at station 5........... 105

3.30. Amplitude distribution for <v2> at station 53......... 106

3.31. Apas e distribution for <v2> at station 3............ 107

3.32. Phase distribution for <v2> at station 3 ............. 109

Ix



3.33. Amplitude distribution for - (uv> at station 5 ....... 110

3.34. Amplitude distribution for - <uv> at station 3 ....... 111

3.35. Phase distribution for - uv> at station 5 ........... 112

3.36. Phase distribution for -<uv> at station 3 ........... 113

3.37. Longitudinal distribution of [<Cf>] .............. o...114

3.38. Longitudinal distribution of the phase (Cf> .......... 115

3.39. Frequency variation of Tf at station 5 ........... **..116

3.40. Frequency variation of [<Cf>] ........................ 117

3.41. Frequency variation of the phase of (Cf> .............l118

3.42. Phasewise variation of the free-stream velocity
at station 5 and f =2Hz.............19

3.43. Phasewise variation of <u2> at station 5 and

3.44. Phasewise variation of <v2> at station 5 and
f = 2 H.......................2

3.45. Phasewise variation of - (uv> at station 5 and
f = 2 Hz.... o... ................................... 122

3.46. Phasewise variation of [<Cf>] at f =2 Hz ....... o.... 123

3.47. Phasewise distribution of <c3*> ................... 124

3.48. Phasewise distribution of 0e> *...........

3.49. Phasewise distribution of <H>.o......................126 S

3.50. Phasewise distribution of (Cf>.*.....................121

3.51. Time-mean distribution for <vt> soe... ........... .128

3.52. Amplitude distribution for <v > se.. eessoeseesoe...129

3.53. Phase distribution for <vt> .............. 13

4.1. Schematic representation of the flow structure ....... 170

4.2. Schematic representation of the different flow
regimes in terms of the overlap between the steady
and unsteadystutes..............17

x



Q . *,,

5.1. In-phase velocity component for the low and
low/intermediate frequency regime............. ....... 183

5.2. Out-of-phase velocity component for the low
and low/intermediate frequency regime ................ 184

5.3. Qualitative representation of the evolution
of the in-phase and out-of-phase velocity
components with

5.4. In-phase velocity component in the unsteady .
layer coordinates ...... .......................... 186

5.5. Out-of-phase velocity component in the unsteady
layer coordinates................................ 187

5.6. In-phase velocity component in the unsteady
"*"" layer coordinates for the intermediate frequency

5.7. Out-of-phase velocity component in the unsteady
layer coordinates for the intermediate frequency
.regime ............................................. 19

5.8. In-phase component for <u2> in unsteady
5.10. I-ayer co or .... i unsteady.layer

5.9. In-phase component for <u2> in unsteady
layer coordinates .................................... 191

....-. 5.10. In-phase component for <uv> in unsteady layer,.

5.11. Out-of-phase component for <u2> in unsteady
layer coordinates .................................... 194

5.12. Out-of-phase component for <v2> in unsteady :

-. layer

5.13. Out-of-phase component for <uv> in unsteady
layer coordinates....................................195

5.14. Correlation of the amplitude of the wall shear
stress in terms of .

5.15. Correlation pf the phase of the wall shear stress
in terms of , ....................................... 197

5.16. In-phase component of <vt> in unsteady layer
_-.,coordinates .. .. .. .. .. .. .

4WO 5.17. Out-of-phase component of <vt> in unsteady layer
• . coordinates. .x.................................. .199

. . . . .

* ¢.°o ''' - .,' " .• .- . ," " . • . . . ,*- * ° °.. o

,.,..,,:,,......-..: .. . . ...... ,,.. ....... ......... .12 !



.',

LIST OF SYMBOLS

- -2

Cf 2T /PUe skin friction coefficient

E U*/U
e

*f frequency of oscillation

fb bursting turbulent frequency

H 6*/e = shape factor

k von Karman constant (=.418)

L o/E2  length scale in the longitudinal direction

p pressure

Re U v =momentum thickness Reynolds number

Re Ue x/v =longitudinal Reynolds number

R* to/i u*A/ 'asymptotic' Reynolds number

t time coordinates

* 0  A/u* outer time scale

2.ti V/u* inner time scale

u turbulent fluctuation of U

112
U* (w/p) shear velocity

U x-component of the velocity

U0  U~ for zero time-mean pressure gradient flow

v turbulent fluctuation of V

V y-component of the velocity

x streamwise coordinate

y cross-stream coordinate normal to the test plate

4' xii

. 4. - .

4 .4 4 4 -.- . . . . . ..

°



. .. *. . . . . . .- ".-.-..,r...... .-rr-. . °r. ° . rr . r" ' ".r -.

z cross-stream coordinates parallel to the test pldte

2
uL/w= frequency parameter for the inner flow

boundary layer thickness

displacement thickness

@/E = length scale for the boundary layer thickness

relative amplitude of oscillation of the free-stream

velocity

yA= dimensionless outer cross-stream coordinates

0 momentum thickness

e phase position along the oscillation cycleOp

v kinematic viscosity of the fluid

Vt eddy viscosity
x
f dx/L = dimensionless streamwise coordinate
0
Coles wake parameter

p density of the fluid

T -uv

wall shear stress

W 2,rf = angular frequency of oscillation

W WA/U, = frequency parameter for the outer flow

<( )> ensemble-averaged value

[(0] amplitude of oscillation

( ) time-averaged value

() dimensionless outer variable

( )+ dimensionless inner variable

( ) dimensionless variable in unsteady layer coordinates

xiii



Subscripts

e conditions at the edge of the boundary layer

p periodic (or oscillatory) component

1 complex amplitude

11 in-phase component

12 out-of-phase component --

Xiv

-F°.

S.._

* .-.. '

*4.

4,..

;..o .. .. .. .. ... -. .. , . . . .. ,... . ., . .,... ,. ,. ... ... 4 4. '. . ,.



1" .

CHAPTER 1

INTRODUCTION

1.1. Problem Introduced

There has been increasing interest in recent times in the study

of unsteady viscous flows. This is not surprising since, to a

certain degree, unsteady viscous effects are present in the majority

of practical flow situations. Viscous effects play either the

leading or a secondary role in such varied fields as biofluid flows,

iSm turbomachinery flows, aircraft flutter, helicopter rotor-blade flows,

etc.4..
The particular case of a boundary layer subjected to a free-

stream velocity which is forced to change sinusoidally with time

around a nonzero mean is of primary theoretical and practical

importance. Its study received pioneering contributions from

Lighthill (1954) and Karlsson (1959). The former introduced an

analysis and the first (asymptotic) solutions for laminar flow, which

set the basis for future theoretical investigations on the subject.

Karlsson, in turn, performed the first series of experiments in the

turbulent regime, covering a wide range of cases (varying the

frequency and amplitude of the imposed free-stream oscillation) which

have not been matched by any other study, either in number or in the

range of experimental conditions.

~~:4
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2 ..

Since then, broadly three different lines of approach have been

taken to study the phenomenon of oscillatory boundary layers. One is

the theoretical analysis, which has been mainly confined to laminar-

flow situations. In the restricted cases it can deal with, it

provides an understanding of the interplay among the different

physical mechanisms and the resulting effects. The works of

Ackerberg and Phillips (1972) and Pedley (1972) belong to this .. ,..

category. In turbulent flow, however, the theoretical analysis is

difficult because of the well-known closure problem.

Another line of approach is the numerical solution of the

differential equations. In laminar flow, this allows one to extend

the analytical solutions beyond their range of validity, sometimes

bridging the gaps between asymptotic solutions. Reference can be

made to the works of Tsahalis and Telionis (1974) and McCroskey and

Phillipe (1975) in this connection. When dealing with turbulent

flows, the use of a turbulence model is necessary in order to close

the system of equations. This limits considerably the generality of

the solution. In addition, in unsteady flow, the turbulence models

used so far are unmodified versions of those developed for steady

flow. Therefore, the predictions are expected to fail for relatively

large frequencies of oscillation. Work in this area has been done

y, among others, Nash and Patel (1975), Cousteix et al. (1977),

Orlandi (1981) and Menendez and Ramaprian (1982, 1983a, 1983b).

Integral methods have also been developed to obtain approximate

solutions [Cousteix et al. (1977), Lyrio and Ferziger (1983)].

* -A?



3

The third line of approach to the study of unsteady boundary

layers is through experiments. With regard to laminar flows they

have served primarily to corroborate the theoretical results. Hill

* and Stenning (1960) have provided some of the few known experimental

data. In the case of turbulent flows, on the contrary, much of the

current understanding of the phenomenon comes from the experimental

-.1 studies. These include the works of Patel (1977), Schachenmann and

Rockwell (1976), Cousteix et al. (1977, 1981), Jarayaman et al.

(1982), and Simpson et al. (1983a, 1983b). Related investigations on

duct (pipe or channel) flows have been performed by Binder and Kueny

(1981), Kobashi and Hayakawa (1981) and Tu and Ramaprian (1983a,

1983b). In a recent book, Telionis (1981) summarizes much of the

current knowledge about unsteady boundary layers.

1.2. State of the Art in Unsteady

Turbulent Boundary Layers

From the available experimental information, the following

picture of the phenomenon of oscillatory turbulent boundary layers

can be constructed:

(i) The time-mean velocity distribution is practically

coincident with that in steady-flow at the time-mean free-stream

velocity [Karlsson (1959), Cousteix et al. (1977), Jarayaman et al.

(1982)]. Small deviations from this behavior were observed by
S

Ramaprian and Tu (1982) in pipe flow.

(ii) The oscillatory velocity component depends strongly on the

forcing frequency. For low frequencies, the unsteady effects spread

Io

,.

. .
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over the outer part of the boundary layer. For larger frequencies,

the outer part is subjected to rigid-body oscillations, and the

unsteady viscous effects are concentrated in regions increasingly -

closer to the wall [Karlsson (1959), Jarayaman et al. (1982)].

However, unsteady viscous effects in turbulent flow extend over a

much wider region than in a hypothetical laminar flow with the same

boundary-layer thickness and at the same frequency of oscillation.

Using eddy-viscosity arguments, Ramaprian and Tu (1982) identified

the frequency parameter w6/u, as the one characterizing the extent of

unsteady viscous effects in the outer layer. They also used this

parameter to define five different frequency regimes. However, their

analysis is not rigorous but heuristic. Furthermore, it does not

properly account for the viscous effects very near the wall and hence

is unable to characterize the flow completely, especially at high

frequenci es.

(iii) The amplitude of the oscillatory velocity shows an

overshoot, which is especially large for adverse time-nean pressure-
p1

gradient flows at low frequencies [Cousteix et al. (1981), Jarayaman

et al. (1982)]. For high frequencies, this overshoot is small

irrespective of the free-stream conditions. Close to the wall and,

at least, for relatively large frequencies, the oscillatory velocity

leads the free-stream velocity [Karlsson (1959)]. At high

frequencies, the oscillatory motion seems to approach the laminar

(Stokes) solution given by Lighthill (1954) [Binder and Kueny (1981),

Jarayaman et al. (1982)].

. ,- .. .
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(iv) The turbulence properties are modulated with the forcing

frequency. Some of the existing data suggest that their time-mean

distributions coincide with the steady-flow distributions at the

time-mean free-stream velocity [Cousteix et al. (1977), Jarayaman et

al. (1982)]. Others [Ramaprian and Tu (1982)] do not seem to suggest

this trend. 1

(v) The oscillatory component of the turbulence properties has

a strong dependence on the forcing frequency. For low frequencies,

significant amplitude and phase variations occur all across the

. boundary layer. For higher frequencies, these variations are

confined to the near-wall region, and the turbulence oscillations are

practically supressed in the outer layer [Jarayaman et al. (1982)].

(vi) There is controversy about the interaction between the

forced oscillation and the turbulent fluctuations. It still remains

to be answered if there is any interaction; and, if so, at what

frequency and what its nature is.

(vii) No direct wall-shear-stress measurements have been

performed. Cousteix et al. (1981) utilized the conventional

procedure developed for steady flow to obtain the wall shear stress

distribution in a cycle. This consists of assuming the validity of

the "logarithmic law" for the ensemble-averaged velocity profile and

using the "Clauser plots". However, it is not clear whether this

procedure is correct. Moreover, for high frequencies the logarithmic

region may disappear for part of the cycle [Jarayaman et al. -

(1982)]. Ramaprian and Tu (1982) performed direct wall-shear-stress

measurements in pipe flow. They found that the time-mean value was

. . , - . .. .. .. . - . - .. , . .... . .]. . : .

° ° " . . , -. . , - - . . . . ... , . . * . . . •.



slightly larger than the steady value at the time-mean free-stream, i

velocity.

In an admirable effort, Carr (1981b) is compiling all the .

available experimental data on unsteady turbulent boundary layers.

This has provided him with the opportunity of establishing some

correlations among the different experimental conditions, which may

bring more order into the ongoing research. Figures 1.1 and 1.2,

taken from Carr (1981a), show two different ways of correlating

experiments with zero (ZPG) and adverse (APG) time-mean pressure-

gradient boundary layers and with pipe flows. Both are in terms of

the frequency and amplitude of oscillation and the extent of unsteady

viscous effects. In Fig. 1.1, the frequency is presented in terms of

a Strouhal number based on the local time-mean boundary layer

thickness and free-stream velocity. In Fig. 1.2 f is normalized by a

critical value associated with the local turbulent burst frequency.

These figures suggest that there is still a need for experiments on

boundary layers at zero time-mean pressure gradient, especially at

high frequencies and large amplitudes of oscillation.

1.3. Objectives of the Present Research

The objectives of the present work were twofold. First,

detailed and high quality experimental information was sought for a

turbulent boundary layer in a zero time-mean pressure gradient with a

relatively large amplitude of oscillation. Two frequencies were

studied; for the lower one, the unsteady viscous effects extend over

the outer le'er, while they are confined in the near-wall region for "4

.z4e

A, •,V

.4 .
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the higher frequency. The higher frequency is comparable to the

turbulent bursting frequency in the boundary layer. One can,

therefore, expect the imposed oscillation to interact with the

turbulent motions. The experiments are represented in Figs. 1.1 and

1.2 by means of lines, which cover the conditions from the first to

the last measuring station along the tunnel employed. The main

differences with the similar experiments performed by Karlsson (1959)

and Cousteix et al. (1977) are:

(i) Water was used instead of air as the working fluid. Hence,

the amplitude modulation imposed by acoustic effects was avoided and

a long test section could be used. This allowed study of spatial

history effects as the boundary layer evolves through transition and

develops into a fully turbulent boundary layer.

(ii) The high frequency utilized, when properly normalized, was

much larger than those used by Cousteix et al. (see Figs. 1.1 anu

1.2). Though some of Karlsson's frequencies are comparable to the

present ones (or even much larger than the present ones, as in an

experiment not represented in the foregoing figures), he was not able

to isolate properly the turbulence properties due to limitations in

his data processing system.

(iii) Laser Doppler Anemometry, capable of nonintrusive

measurements, was used in the present studies. Also, wall-shear-

stress measurements were made using a surface-mounted probe rather

than inferring it indirectly from a 'law of the wall' of

unestablished validity.

..

0



Some similarities between the present experiments and those by

Jarayaman et al. (1982) are evident. However, the latter correspond

*to an adverse time-mean pressure-gradient flow. In addition, in the

- . present experiments, two velocity components were measured instead of

one.

The second objective of the present research was to provide,

following an analytical approach, a theoretical framework to classify

and characterize different unsteady tu rbulIent -flIow regimes for

nonseparating boundary layers in an arbitrary (time-mean) pressure

gradient, as well as for fully developed pipe/channel flows. A

singular perturbation technique was used, and led to asymptotic

similarity laws for the different frequency regimes. These laws can

be considered as extensions to unsteady flows of the classical

steady-flow laws, such as the "law-of-the-wall" for the inner layer,

the "velocity-defect law" for the outer layer, and the "logarithmic

law" for the overlap region.

1.4. Layout of the Report

The experimental apparatus and procedures are described in

Chapter 2. The results of the experiments are presented and

discussed in Chapter 3. The asymptotic analysis of unsteady -

turbulent boundary layers and pipe/channel flows is developed in

Chapter 4. Chapter 5 presents an examination of the present as well

as earlier experimental data in the light of this analysis. The

major conclusions of the present work are summarized in Chapter 6.

The detailed experimental data are too voluminous to be presented in
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a report. They are, however, archived on digital tape and will be

sent to the AGARD Data Bank [Carr (1981b)], from which they will be

available on request.

to
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• .

CHAPTER 2

EXPERIMENTAL DETAILS
• -.. .4.

2.1. General

The object of the experimental investigation was to generate and

study a zero time-mean pressure gradient boundary-layer flow, with a

free-stream velocity given by

<U > = U (1+c sin wt) (2.1)
e 0

where Uo , e and w = 2nf are constant. A large water tunnel was built

for this purpose. The use of water as the working fluid has the

following advantages: .. ..

(i) It is possible to study oscillation frequencies that

approach the turbulent frequencies.

(ii) There is a significant separation between the

oscillation and turbulent frequencies on one hand, and

the acoustic frequencies on the other.

(iii) No seeding is necessary for use of Laser Doppler

Anemometer.

[,,, ~~. .. . ...... ,. -,.-,.... . ..... ,. , . ......... ,_. .... ,,,,, ... ..... ,....,....-....,
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In addition, there exists a good deal of experience at IIHR in

building such facilities for steady flow.

The main instrumentation consisted of a Laser Doppler Anemometer

(LDA) to measure the velocity, and a heat-flux gage (HFG) operated by

constant-temperature hot-wire anemometer to determine the skin

friction. The data were digitally acquired and processed on an

HP/1000 minicomputer. More details are presented below.

2.2. Apparatus

A unique water tunnel was built especially for this study. Fig.

'- 2.1 shows a layout of the apparatus. It works under a constant head

of about 8 m. The test section is 2.4 m long, with a rectangular

cross-section 50 cm in width and 22.5 cm in height. Its bottom, used

as the test surface for the boundary layer studies, is a smooth brass

plate. Transition was promoted by means of a strip of 14-mesh brass

screen (15 cm in width) glued to the test surface at a distance (x)

of about 22.5 cm from the end of the contraction. The side walls of

the tunnel are 9.5 mm thick steel plates, with five windows located

at, approximately, x : 48, 69, 90, 142 and 203 cm. The windows are

made of Plexiglas. Originally, the side walls were tempered glass,

but it was found that they depolarized the laser beams, so they had

to be removed. The top wall of the test section is a Plexiglas sheet

37.5 mm thick. In addition, a 6.4 mm thick flexible Plexiglas sheet

was used as a 'false' wall. By adjusting its position to correct for

the displacement thickness of the boundary layers along the walls a

nearly zero (time-mean) longitudinal pressure gradient was obtained

--
- , • , _ , , . • '''W ','.," .,-'.' - ". •"'- ." "" - . " " " ". "- " ",. " ,"C'. " ," -" - " , "." " .
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in the test section. For the 0.5-Hz experiments (see below), the

false wall was reinforced with transverse strips 6.4 to 9.5 mm thick,

spaced approximately 23 cm apart. Other details of the tunnel can be

seen in Fig. 4.1. Note, in particular, that no screens were used in

the tunnel . This was to avoid clogging problems, likely to arise

from the use of unfiltered recirculated water. The tunnel ends in a

steel cylinder (40 cm diameter x 60 cm long) whose downstream end is

closed. The cylinder has two longitudinal rectangular slots, 61 x -

2.54 cm, located 180 degrees apart, from which the water exits. The

area of opening of the slots is varied by a rotating profiled sleeve

driven by a 3 H.P. geared D.C. motor whose speed can be regulated to

within 1/4 percent. Each complete rotation of the sleeve corresponds

to two oscillation cycles. The sleeve profile was contoured to

produce a sinusoidally varying free-stream velocity in the test

section at the desired frequency. The details of the design are

given by Ramaprian and Tu (1982). Note that a different profile

should be used, in principle, for each desired frequency (and

amplitude) of oscillation. However, it was found that, with a given

profile, the frequency can be changed appreciably from the design

* value without producing a large change in the amplitude or any

significant distortion in the velocity wave form.

2.3. Instrumentation

Two types of instruments were used; a two-component LOA, and a

flush-mounted HFG. The first measures the longitudinal and vertical

velocity components. The HFG measures the shear stress at the
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wall. Each of these is described in some detail in the following

subsections.

2.3.1. Laser Doppler Anemometer

The principle of operation of the LDA is well known. Two laser
.0

beams intersect each other producing an interference fringe pattern

in the small intersecting region ("measuring volume"). When

particles suspended in the fluid cross the measuring volume, they

scatter light with a frequency proportional to the particle velocity,

assumed to be the same as the fluid velocity. The detector of the

frequency-shift provides a signal linearly related to the velocity.

For more details see, for example, Drain (1980).

In the present experiments, a two-component LDA was used. This

system works with three laser beams which, when properly polarized,

produce two sets of interference fringes, allowing the simultaneous
."

measurement of two velocity components. The system consists of a

SPECTRAPHYSICS 5 mW He-Ne Laser, TSI (Thermo System Inc.) optics, an

acousto-optic Bragg cell for frequency shifting (which allows

directionality distinction), a pair of photodetectors (one for each

signal) and a pair of TSI Model 1090 frequency trackers, which

process the photodetector signals. The output-voltage signal on each

channel is then low-pass filtered by an active filter (Rockland,

Model 852) with a sharp cut off (36 db/octave), and sampled

simultaneously by the computer. A sketch of the optical arrangement

is shown in Fig. 2.2. For more details, see Ramaprian and

Chandrasekhara (1983). The LDA was operated in the forward scatter

;5-,

G
1  
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mode. A beam expander was used to reduce the size of the focal

volume to 1.8 nm x 0.1 mm. The transmitting and receiving optics

were both mounted on a traverse, which could be moved in three

spatial directions.

The calibration of the LDA depends on the frequency of the laser

beams (fixed) and their geometrical configuration. Once the latter

is set, the calibration constant is fixed, known, and independent of

the experimental conditions. To determine the distance of the

measuring volume from the wall, it is necessary to establish the

position of the wall ("zero"). This is done with an estimated error

of the order of the laser beam thickness at the focal plane of the

optical system, namely 0.1 mm.

2.3.2. Heat-Flux Gage

The use of the flush-mounted HFG in steady laminar or turbulent

flow is based on the analogy between heat transfer from the heated

' element to the fluid and the local wall shear stress. The proposed

relation is the following:

r. ? ' 1/3 2-i

w AE2 + B (2.2)

where the voltage E, read from the anemometer, is related to the wall

heat transfer, and the constants A and B are obtained by calibration

[see Bellhouse and Schultz (1966)]. As part of the present work,

considerable effort was directed to determine the extent to which

this technique is applicable to unsteady flow situations. As a

SS..'. *.* .
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result, a more general relationship between the two

quantities, Tw and E, has been developed, namely [Menendez ind

Ramaprian (1983c)]

S.

c ( dUe dE2= (AE2 + B)3 + 2A B dt _+ c 2A dt (2.3)

where the constants cI and c2 depend on the fluid properties and the

effective dimensions of the heated element. Fig. 2.3, taken from the

above reference, shows typically the improvement in results for phase

and amplitude of <Tw> obtained by the use of Eq. (2.3) instead of Eq.

(2.2), under different operating conditions. The results are

compared in each case with theoretical results obtained from a

numerical solution of the unsteady boundary layer equations. Eq.

(2.3) reduces practically to Eq. (2.2) when the frequency of

oscillation is small enough to satisfy the conditions

I w14/3
<< c 1 Ue (2.4)

Tl-We

W << 1/3 (2.5)
c2 [ w I3 

i'

[For details, see Menendez and Ramaprian (1983c)]. These conditions

were satisfied in the present experiments. Hence, Eq. (2.2) was used

for the determination of T
w

A TSI quartz-coated film probe was used, and operated by a DISA

constant-temperature hot-wire anemometer. A sketch of the probe, -5'

mounted on the wall, is shown in Fig. 2.4. An overheat ratio of

5. * 

, 
.. 

-
" 

..
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about 1.1 was used. Measuremnents were performed at four stations; x

-48 cm, x = 80 cm, x = 142 cm and x =203 cm. The signal was low-

*pass filtered before being sampled by the computer. Simultaneously,

an LDA signal corresponding to the longitudinal velocity was also

sampled as a reference. The probe was mounted just before each

experimental run, and removed and cleaned after the run. The

* ~.:calibration was performed in steady turbulent flow, for which the

wall shear stress is known from a Coles' fit to the velocity profile

(see section 2.6.3). The calibration depends critically on both the

film and water temperatures, and thus could change considerably

during an experiment. Hence, two calibration curves were obtained

for each experiment, one immediately before and one immediately after

* * the unsteady run, and an average of the two was taken as the final

- .curve. For more experimental details, reference may be made to

Ramaprian and Tu (1982).

1%

2.4. Acquisition and Processing of the Information

An HP/1000 data acquisition system with a PRESTON Analog-to

Digital Converter was used for both data acquisition and

processing. A triggering mechanism synchronized with the sleeve

rotation provides the sampling pulses at fixed phase positions. Thi s

is described in detail in Ramaprian and Tu (1982). An improvement

over the previous way of operation is that the starting, stopping,

and eventual repetition (in case of missed pulses) of the sampling

* w as done automatically by the computer. The triggering mechanism

gives 200 pulses for each complete revolution of the sleeve, which

S. . . . . . . . . . . . . .



19

corresponds to 100 pulses per oscillation cycle. For the steady-flow

experiments, the pulses were provided by a square-wave generator.

For each pulse, the computer sampled simultaneously the two signals

(either two LOA signals or one HFG and one LDA signal) received from

the two channels. This information was temporarily stored in disk

file and later processed. Both the raw and processed data were

- permanently stored on digital tape. The latter type of files are in

the format appropriate for the AGARD Data Bank of L.W. Carr (1981b).

The software for data acquisition and processing of single

periodic unsteady signals, previously developed at IIHR, has been

extended to deal with two simultaneous signals. It has also been

enhanced with new features which allow the automatic recognition of

spurious signals and the consequent discarding of the corresponding

cycle during the processing. Spurious signals may appear due to LDA

drop-outs [see Drain (1980)] or the temporary locking of the tracker

to a secondary signal (for example, the signal corresponding to the

other channel).

The signals are processed according to the concept of the

"triple deck decomposition" [Hussain and Reynolds (1970)]. This

means that any instantaneous quantity D is expressed as

I O(x,y) + (Xy,p + (x,y,t) (2.6)

where b is the time-mean value, Dp the periodic deterministic
component, 0 the turbulent fluctuation and 8 the phase position

p

within a cycle. The first step, in practice, is to obtain the

I. B.

-° • .. . • . , . .. • • "* %°_o , . '. -* "° . . . . °. . . . ° . . • . . . •
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ensemble-averaged value (o>(x,y,e )by averaging the instantaneous
p

values at identical e positions over a large number of cycles. The
p0

time-mean value jis then obtained by averaging <,D> over the complete

cycle (0 < e < 2,T) The periodic component (Dis the difference

<(D> Finally, the turbulent fluctuation is simply <(D>

This is a statistical quantity, for which the phase-averaged and

2
time-averaged mean squared values, <0, > and ,respectively, are

also calculated using the above procedure. For more details of the

whole procedure, see Ramaprian and Tu (1982).

2.5. Experimental Conditions

The nominal free-stream conditions are expressed by Eq. (2.1),

with U0  90 cm/sec and c 0.40, and two different frequencies, f

0.5 Hz and f = 2 Hz. They were attainable within t 0.5 cm/s for the

velocity, t 0.0015 for the relative amplitude, and 1 0.005 Hz for the

frequency.

The turbulent bursting frequency fb in the boundary layer, which

can be regarded as a characteristic frequency of turbulence, was

estimated, from the criterion of Rao et al. (1971) [see Eq. (4.9)] to

vary from about 13 to 4.5 Hz from the first to the last measuring

station. It is seen that the higher of the two oscillation -

frequencies is comparable to the bursting frequency, at least for the

downstream stations. The fundamental resonant acoustic frequency of

%I the tunnel is estimated to be about 40 Hz. The turbulent energy

spectrum was found to contain only a very small amount of the energy

beyond 40 Hz. Hence, no significant acoustic interaction with the
WS

turbulence is expected.



The number of sampled cycles was chosen equal to 1000 for the 2-

Hz experiment. In order to keep the experimental time within

reasonable limits, this was reduced to 250 for the 0.5-Hz

experiment. However, to obtain statistically stable averages for the

turbulent quantities, the results for each four consecutive phase-

positions in a cycle were averaged, assigning the result to the

intermediate value of the phase. This brought the effective number

of samples again to 1000.

Estimations of the (random) measurement errors are presented in

Table 2.1. They were obtained from the scatter in the data from

repeated trials. Systematic errors may also occur. In the LDA

measurements, the main source of systematic error is the deter-

mination of the distance between laser beams as they exit from the

transmitting optics. This quantity is used in determining the

calibration constant, and may produce a deviation of the order of

3%. In the HFG measurements systematic errors are considered to be

negligible in comparison to random ones. The estimated error in the

distance of the measuring volume from the wall is 0.4 mm in the outer

region (y > 1 cm) and 0.12 mm in the inner one (1 mm < y < 1 cm).

The (x) location of the measurement station along the tunnel, is

specified with a tolerance of 1 cm.

2.6. Flow Quality

To assess the quality of the flow in the test section, the

following tests were performed:

- " .. °. . . . .5- -5 o.-5...... .. . -. .. . . ..

,... ... .. . .. ; .. ,. - .. .. . - . ...- .. .. . .. . . . . ..... . . . .. .. . - .-
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(i) Check for uniformity and two-dimensionality: this amounts

to verifying the absence of organized structures (such as vortices)

in the core of the flow and determining the range of influence of the

side walls.

(ii) Check for design conditions: this included verification

of Eq. (2.1), i.e. establishing the variation of the time-mean free-

stream velocity and the amplitude and phase of its oscillatory

component along the test section.

(iii) Check for performance of the tunnel as a steady flow

facility: this required comparison of the boundary-layer structure

to standard data available in the literature.

The results of each of these tests are presented and discussed

in the three following subsections.

2.6.1. Uniformity and Two-Dimensionality

The uniformity of the flow in the core region (beyond the

boundary layers on the walls) was verified in the steady flow at

extreme upstream and downstream stations, x = 45 and 190 cm,

respectively. The results for the latter station are presented in

Fig. 2.5, and are seen to be very satisfactory. In fact, the

standard deviation of the velocity is only 0.61% of the mean velocity

at this station, and 0.64% at x 45 cm.

To check the two-dimensionality of the flow in the core region,

similar measurements were made, except that they were spaced much

closer together. The results for the station x 190 cm are shown in

Fig. 2.6. It is observed that the flow is free from any kind of -'

organized structure.

.................................-................. .
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Two-dimensionality checks were also performed in the boundary

layer. This time, however, complete sets of velocity profiles were

measured at eight spanwise locations in the unsteady flow dt the

higher frequency (2 Hz) at the most downstream station (x 203

cm). The results for the time-mean value of the longitudinal

velocity are presented in Figs. 2.7 and 2.8 for the "left" (z < 25

cm) and "right" side of the test section (z > 25 cm) respectively,

when facing the flow. In these figures, the parameter Re stands
~mu

for yUe/v. The bottommost distribution in both figures corresponds

to the plane z = 18.9 cm where all the subsequent detailed studies

were performed. It is superimposed as a line on the other

distributions so as to assess the extent of two-dimensionality. It

is observed that the agreement is good, at least in the range 13.6 cm

< z < 29.6 cm. It is necessary to mention that the measurements at

the far-right locations (largest z values) are of lower quality due

to optical constraints imposed by the larger distance from the

transmitting optics and of the LDA. Furthermore, a misalignment of

the right wall was discovered and corrected after these measurements

had been completed. Hence, an improvement in the performance of the

flow on the right side may be expected, producing a more symmetrical

behavior. Similar results were outained for the amplitude and phase

of the first harmonic of the longitudinal velocity, as shown in Figs. -

2.9 to 2.12. Results for the time-mean value and amplitude of

oscillation of the turbulent quantities <u2> and - <uv> are presented

in Figs. 2.13 to 2.20. Again, the same conclusions hold. The flow

in the boundary layer can, therefore, be considered to be two-

dimensional at least over the central 30% of the span.

. . . ~. .. ;
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2.6.2. Design Conditions

The design conditions were checked in both the steady and

unsteady regimes. Figure 2.21 presents the longitudinal variation of

* the time-mean velocity, relative to its value at the first measured

station, denoted by the subscript V0. Some of these measurements

were made before the glass side walls were removed (see section

2.2). Two sets of data points are shown for the steady-flow case,

corresponding to experiments conducted on two different days. They

agree well with each other. It is observed that the longitudinal

*variation of U is within about t 3.5% relative to the mean, which is

acceptable. The "peak" at x =90 cm seems to be associated with some

waviness in the upper wall. In turn, it is seen that the time-mean

velocity for the unsteady flow at 2 Hz agrees very well with the

steady flow data. Some deviation from the steady-flow results is

4.observed in the case of the 0.5-Hz experiment. This is due to the

readjustment made in the false-wall position after its reinforcement
-1.

(see section 2.2). The maximum variation in U is now about ±1.5%.

The longitudinal distribution of the relative amplitude of

oscillation for the unsteady runs is shown in Fig. 2.22. The

variation is of the same order as for the time-mean velocity. Figure

2.23 presents the relative phase, which shows a maximum difference of

only about 4 and 1.20 degrees for the 2 and 0.5-Hz experiments,

respecti vely. .4
The higher harmonic content of the free-stream oscillation was

found to be of the order of 0.3% relative to the time-mean value, and

thus negligible.

4AL
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2.6.3. Steady Boundary Layer

Measurements of the velocity profile in steady flow were inade at

various free-stream velocities and at the five measuring stations,

namely x = 48 cm (station 1), x = 69 cm (2), x = 90 cm (3), x = 142

cm (4) and x = 203 cm (5). From the time-mean velocity profiles the

integral parameters, namely the displacement thickness, ., the

momentum thickness, e, and the shape parameter, H = 6,/o, were

calculated. In addition, the data were fitted by Coles' "log + wake"

law,

%°.

"', - yu,
U = [5.5 log + 5] + W (Y-) for -< I

(-) + 6 6
r "  (2.7)

for - >1
U* U 6

where the function W(n), which characterizes the 'wake component', is

taken as

W(n) = 2 (3n 2  2n ) (2.8)

The fitting was performed by matching 6, and e, and using the

logarithmic friction law [Eq. (4.23)], from which the shear velocity,

u*, the boundary layer thickness, 6, and the wake strength

parameter, Ii, are calculated. Figure 2.24 shows the velocity

profiles in the inner or wall coordinates at station 5 and the

corresponding fit to the Coles-profile, Eq. (2.7). It is observed

that the profiles do, in fact, follow very closely Coles' law at all

fk.'',.,

S . . . . ' ' ' ' ' ' . " .. , """""""'"","- ." -"- .. ' "" ',.'
°

% J "% . ""-'' -, . ' "-,.,°', ," . - - .
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the free-stream velocities. Very similar results were obtained for

the remaining stations. Table 2.2 presents the values of the

parameters characterizing the velocity profile at the five measuring

stations, for a free-stream velocity of U t 90 cm/s. They will be
e

useful as a reference when analyzing the unsteady flow results.

Figure 2.25 shows the correlation between Cf and Re according

to the present measurements, and a line representing the experimental

results of ten different investigations [Coles (1962)], including one

performed at IIHR [Landweber and Siao (1958)]. The agreement is very

good, except, perhaps, at station 1. This may be due to the fact

that the flow was not yet fully turbulent at this station. Figure

2.26 presents the variation of iI with Re0 , together with the "normal

curve" given by Coles (1962). Except for the points corresponding to

" . station 3, which show excellent agreement with the "normal curve",

the present results are consistently lower. This may be because of

the relatively high free-stream turbulence intensity (1 to 1.2%) in

the present experiments [Coles (1962)], which, in turn, is evidently

due to the absence of screens in the calming chamber (see section

2.2).

The four velocity profiles at station 5 are replotted in Fig.

2.27 in the outer coordinates and compared with the results of

Klebanoff (1954) corresponding to Re, 7800. The agreement is

excellent for the largest free-stream velocity, for which

Re = 5840, and, as expected, gets poorer for lower velocities due

*. to the incomplete development of the wake component.

ow,
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2 2-
The distributions of the turbulence properties, u, v and - uv

at station 5, normalized by the shear velocity u,, at station 5, are

presented in Figs. 2.28 to 2.30, together with the results of

Klebanoff. The comparisons are considered to be satisfactory at the

higher free-stream velocities and become poorer (as expected) at the

lower ones.

The results show that the facility is, in general, able to

produce a standard steady boundary-layer flow. Note that, in

addition, they provide the data needed for the "in situ" calibration

of the HFG, during the measurement of the wall shear stress.

a",
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Table 2.1

Measurement (Random) Errors

Quantity Time-Mean Amplitude Phase (deg.)

U/Ue 0.005 0.005 0.8

u2/Ue2 x 103  0.15 0.20 10

V2/Ue2 x 103 0.11 0.16 9

-uV/Ue2 X 103  0.15 0.15 10

Cf 0.0001 0.0002 4

Table 2.2

Parameters for Steady Flow at U = 90 cm/s
e

Station x(cm) 6.(mm) 6(mm) i Cf 6(mm) 11

1 48 1.785 1.003 1.780 0.004373 14.46 0.1011

2 69 2.141 1.359 1.575 0.004164 17.29 0.1621

3 90 2.879 2.012 1.431 0.003660 20.87 0.4027

4 142 4.465 3.285 1.359 0.003373 33.05 0.3975

5 203 5.217 3.895 1.339 0.003276 39.73 0.3769

* ... ~.,.

**""' - ." . . *"". - - ." "." ". " . . . ... .• . . . . . . . ".. . " ." ." * . ." . ' • -." - ,,,_,. " .. •, "
E* . . '" :. • . . . . . •. . . : . , . . . . . " . • . - .-. *: S: ":,,':, *. ,.: . . ' ': ,:, . , .. .. '.,.S '

*.". . . . ..'. .... .-. . . . ..'. ...'. S',"-"." , .. S',.• ". ,. - '' .- .:,""." -', "--. ,"S' -,' ',i,' ';-,.-'"', - ,, ': . " ,",",,,-"-" .
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iv~ 7.0xact solution

60D 0 From Equation (2.2)
a From Equation (2.3)

5.0

xI wL E

4.0- Ue U

.0

004

4, ." 5.0
V50 .

4.0

3D

* 2D

1.0-

0.0 I
0.0 0.2 0.4 0.6 0.8 1.0

wt/2v

Figure 2.3. Calculation of the wall shear stress from the
wall heat transfer in unsteady flow. L is the
effective length of the heated element.

.4.-,



432

::::::: ,,,.--- Film
Ilk .0

,..-....-

:',.:-2.2-Plan "

,Film

Filmrtewo I

Electrical leads

Side View

Figure 2.4. Sketch of the heat-flux gage (HFG).

N

. ...".

- ..-. .. .
-i 

Ifl



33

120.0__

110.0- y=9 cm

y=17 cm
1 10. 0 e --.e _. .

y=15 cm

y=13 cm

110.0 ---

y=ll cm

(,0

y=7 cm
10 11 0.0O.

y=5 cm

1 10. 4 = --..e_°-e.-_. ...
In I

y=3 cm
110.0-

100. 0

90. 0 L

80. 01 J ± . L , , L ;

0.0 100.0 200.0 300.0 400.0 500.0

Z (MM)

Figure 2.5. Check of flow unifonnityat x 190 C.

6 -O

J.>

p
..................................................................

; ;: :. .. ; . *-. .*. < :J.* .-- .,- . .-.-. ,-.,..,-,...... '-',:i..-;-; .]:--,



341

90.0-

y=ll cm

60.0-g3

Y=10 cm

60.0 **Su*S3s

y=9 cm

60.0 agu uSaS u

(D) y=8 cm

.70.

80.0

70.0O

50.0-

40.0

0. 0 100. 0 200. 0 300. 0 400. 0 500. 0

z (MM) -

Figure 2.6. Check of two-dimensionality in the core region,
*x =190 cm. 1So

* ... .



35

1.4 1 1 1 1 1

1.2

1.0

x
x

x
xx 40.8X .

x
x

x0

I~0.6-

0.6-..- 00

.0.6/

(0
0

0.6 +
0

0.4-

2 3 4 I
10 10 10 10

Re9

Figure 2.7. Check of two-dimensionality for U. 0
z 18.9 cm; *, z = 16.2 cm; +, z 13.6 cm;
x, z 8.3 cm.

-. .. . .. . .. .. . .. . .. .

a
"

. ..- .-



36

1.4 i I I t I I I  I i I a l l l l

1.2

1.0-Dp

x
V.0 x

S* -

0.8 x mo

x
x

x

0.6 *

I0

InI
0.

0*

0.6 0w 00

00

10 10 10 105

Re

Fiqure 2.8. Check of two-dimensionality for U. o ,

z = 18.9 cm; * z = 24.3 cm; + z = 29.6 cm; x.
z 34.9 cm; :, z = 40.2 cm.

e N7



370

1.4 1 11 11 1 11 IT__ 11111

1.2

1.0-

A

_j

1.0 *

1. 0 0 0000

0.8 111 111I 11 1
2 3 4 5

10 10 10 10
Re
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as in Fig. 2.7.
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Figure 2.24. Steady velocity profiles dt station 5in the
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141 .77 cm/s; ,Coles' fit.
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CHAPTER 3

EXPEk MENTAL RESULTS

3.1. General

In this chapter, the main experimental results on unsteady

boundary layers are presented and discussed. Emphasis is placed on

. the comparison among the steady, quasi-steady and unsteady flows. In

the study of the oscillatory motion, the first harmonic of the

Fourier decomposition of the flow quantities is analyzed in detail,

lp
and only a relatively short discussion is included on the behavior of

the complete periodic flow.

It is pointed out that, in the interest of brevity, only typical

results are presented here. As already mentioned, all the processed

data for both steady and unsteady flows are stored on digital tape

and are available to any interested reader.

3.2. Time-Mean Flow

The time-mean flow may be expected to differ from the steady

Flow at the time-mean Reynolds number due to the nonlinearity of the

p roblem. This nonlinear behavior arises, mathematically speaking,

from the nonlinearity of the Navier-Stokes equations. However, at

the amplitude of oscillation studied in the present experiments,

nonlinear effects are found to be practically insignificant, in

agreement with previous investigations.

. .° . .-

.0.



TO

3.2.1. Velocity and Wall Shear Stress

The time-mean velocity for stations 5 and 1 are shown,

respectively, in Figs. 3.1 and 3.2 for both forcing frequencies,

together with the corresponding quasi-steady (zero-frequency)

velocity distribution for the same amplitude of oscillation. The

latter distributions were obtained for each station by averaging over

* -i the steady distributions corresponding to the complete range of free-

* stream velocities included in the oscillation [i.e., from (i-c)U 0

to (I-C) Uo ]. These steady velocity distributions were represented

by Coles' profiles [Eq. (2.7)], whose parameters were related to the

free-stream velocity by means of relations u*(Ue), R(Ue) and 5(Ue)

deduced from the present steady flow measurements. The quasi-steady

distributions so obtained were found practically to coincide with the

corresponding steady-flow velocity profiles at the time-mean free-

stream velocity. Thi uu,,firits that nonlinear effects on the

velocity are not significant. On the other hand, the time-mean

velocity distributions for both frequencies of oscillation, while

being very similar to each other, are seen to differ from the steady-

flow distributions. This difference between the steady and unsteady

flow velocities is in disagreement with previous experimental

results, and has to be explained. A first insight into the nature of

this problem is provided by the analysis of the behavior of the

parameters Re0, H and Cf.

Figures 3.3 and 3.4 present the evolution of Re and H with Rex 0

for the steady flow at the time-mean velocity and the time-mean

unsteady flows. They show, as expected, the same trends as the

40

-* -. . .°- .
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velocity profiles. The values of the parameters corresponding to the

two unsteady experiments are practically equal to each other, and

they differ from the ones for the steady flow. This difference tends

to disappear when moving downstream. This seems to indicate that

there is a 'Reynolds number effect', which vanishes asymptotically

for large Reynolds numbers, i.e., when the flow is completely

developed. The results for the time-mean wall shear stress are shown

in Fig. 3.5. It seems that the time-mean unsteady value for the

smaller frequency is slightly larger than for the higher frequency,

and very close to the wall shear stress for the steady flow at the

time-mean free-stream velocity. This latter value, in turn, is

always smaller than the quasi-steady value. Thus, the trend seems to

be a slight decrease in time-mean wall shear stress with the

frequency. It is interesting to note that this is opposite to the
.40

trend observed by Ramaprian and Tu (1982) in pipe flow. In any case,

the magnitude of the decrease is too small to be quantified from the

present measurements, which have an uncertainty of ± 1%.

From the experimental results shown, it is obvious that the

outer and inner layers are responding quite differently to the

imposed oscillation. On the one hand, the inner flow (whose behavior
.4

is illustrated by that of Cf) does not seen to be very much

affected. On the other hand, the outer flow (whose response is

characterized by those of Re and H) is significantly changed by

unsteadiness, though the differences tend to disappear for large

Rex- This mnismdtch is well illustrated in Fig. 3.6, where the

relation between Cf and Re for the unsteady flow eperiments is
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compared with the experimental data reviewed by Coles (1962). It i' I
seen that they do not follow the "normal" law for a standard steady

00"-"' turbulent boundary layer, except for the largest Re0 values.'.

N In order to understand the details of behavior of the outer and

inner flow in the unsteady flow regime, it is necessary to analyze
;0

the complete velocity profile. Figures 3.7 and 3.8 present the

velocity distributions in the inner coordinates for the five stations

and the two frequencies. The measured value of the time-nean shear

velocity is used as the scaling velocity. Lines representing the

universal logarithmic law (u4" 5.5 log y + 5.5) and the quasi-

steady velocity distribution are also shown. It is observed that the

time-mean unsteady velocity profiles do not follow the universal law,

except asymptotically at large Reynolds numbers (i.e., at the more

downstream stations). However, they show a logarithmic region, but
-AN

with a slightly different slope and a significantly different

additive constant.

In fact, these time-mean distributions, like their steady

counterparts, also belong to the Coles family of velocity profiles

[see Eq. (2.7)]. The corresponding parameters (Cf, 6 and ii), for

each flow and each station, are presented in Table 3.1, together with

the ones for the steady flow at the time-mean velocity, as a

reference. Note that, in the case of the unsteady flows, the

physical interpretation of Coles' parameters is not obvious except
0'

for 6, which can be considered as the boundary layer thickness for

the time-mean flow. It is this quantity that is used in Figs. 3.9

and 3.10 to present the velocity-defect distribution in the outer

....................................................
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coordinates. Also shown are the quasi-steady profiles and a line

representing Klebanoff's data (1954), considered to be the standard

distribution for steady flow at large Reynolds numbers. It is seen

that both the unsteady and quasi -steady distributions approach --

Klebanoff's profile for large Rex, the unsteady profiles doing so

faster, though nonmonotonically. In any case, the approach is from

'below', showing that there is development of the wake component in

the downstream direction.

It is interesting to go back and study the significance of

Coles' parameters for the time-mean velocity profile in unsteady

flow. The values of the parameter Cf are also shown in Fig. 3.5. It

is observed that, except at the last stations, they do not correspond

to the correct value of the time-mean wall shear stress (unlike in

steady flow). However, when plotted in the Coles-plot of Cf

vs. CfRe. (see Fig. 3.6), they fall on the 'normal' line. Hence,

they can be interpreted as the skin friction coefficient for a

'normal' steady turbulent boundary layer at the given Re As

S-" for I, it can still be regarded as a measure of the strength of the

wake component relative to the logarithmic region. Its variation

with Re is presented in Fig. 3.11. Comparison with Fig. 2.26 shows

that the distribution is 'normal' by the present standards.

These last results demonstrate that, in the unsteady boundary

layer, the mean outer flow can be considered to he the same as that.

in a 'normal' steady boundary layer at the same Re,. From this point

of view, the observed difference between the velocity distributions

dt a given location, in steady and unsteady flows, can he interpreted

• . • - . . . - .- .*.. , . '.. - ' ,. • . . . .• ,
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as being due to a relative shift in the virtual origins for the two

cases. This is also strongly suggested by Fig. 3.3, from which one

can obtain, by extrapolation, the approximate position, Xv, of the

virtual origin. It is found that xv = 7 cm for the steady flow and

xv  75 cm for both the time-mean unsteady flows. Hence, the

effect of the imposed oscillation on the outer flow is to promote a

rapid development towards its asymptotic structure. Note that the

response seems to be quantitatively similar for both frequencies.

* However, from Table 3.1 or Fig. 3.11 it is observed that n actually

varies significantly from one frequency to the other at a given

station. Since both the unsteady profiles have similar values

of Re at all stations, this difference must he due to the effect of

unsteadiness. We shall call it the "frequency effect". It is

plausible (and consistent with other results, as shown in the next

section) to assume that frequency effects manifest themselves as an

increase in n. Hence, they seem to be important at the last station

for f = 0.5 Hz and at the first three stations for f = 2 Hz.

In conclusion, it can be said that the imposed oscillation acts

very differently on the inner and outer layers. The inner flow

responds rather weakly. The outer flow, on the other hand, is .O4

strongly affected. The changes in the outer flow can be interpreted,

in general, as a combination of rather strong Reynolds number

effects, which are due to shift of the virtual origin of the

turbulent boundary layer, and relatively mild frequency effects which

increase the wake-component strength. The former are almost

independent of frequency and decrease in the downstream direction, 411

•. . .-'a
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i.e., with increasing length Reynolds numbers. It is seen that the

main differences, between the time-mean velocity distribution andI~m
that for steady flow at the time-mean free-stream velocity observed

in the present experiments, is due to their different 'history'. In

the limit of large Reynolds number, they nearly coincide with each

other (in agreement with previous experimental results), except for

small residual effects which depend on the oscillatory frequency.

Some correlation (though not an explanation) will be found for these

frequency effects later in this work (see chapter 5).

3.2.2. Turbulence Properties

The distributions of the mean-square longitudinal turbulent

2intensity, u2 , for the five stations and for both the frequencies,

are presented in Figs. 3.12 to 3.16 in the outer coordinates. Also

shown are the corresponding distributions in steady flow at the time-

mean velocity, and the data of Kiebanoff (1954), considered to be the

asymptotic limit for large Reynolds numbers. It is, in fact, seen

that this limit is slowly but continuously approached by the present

steady-flow data for increasing values of Rex.

The hehavior of the distributions in the unsteady flows is

rather interesting when compared with the steady flow. In fact,

trends not previously observed can be clearly distinguished. First,

-.- it is to be noted that, at larje Reynolds numbers, tie steady-flow

profiles are riot very sensitive to Reynol ds-number variati ons. This

is related to the above-mentioned insensitivity nonlinear effects,

and can be checked by cooparinq the distributions for stations 3, 4,

[:, -2
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and 5, which are very similar to each other. Significant chanjes

occur, however, for stations I and 2, where Re, is relatively

small. Hence, for these stations an additional line is drawn,

corresponding to the distribution in steady flow at station 3. This

may be used as the reference steady-flow distribution for a value

* of Re0 similar to those for the unsteady-flow profiles at those

stations. The difference between this reference distribution and the

actual steady-flow profile is a Reynolds number effeL. In turn, any

departure of the unsteady-flow distribution from the reference

profile has to be considered as a frequency effect. It is observed,

from the figures, that frequency effects show up as a positive

departure, at the two downstream stations for f = 0.5 Hz and at the

two upstream stations for f = 2 Hz. These differences, though not . -

very large, are significant and consistent with the discussion on the

effects of unsteadiness on the velocity profile.

Similar trends are observed for the mean-square transverse

turbulent intensity v2 . Figure 3.17 presents the results for station

5, where frequency effects are seen to be present for f = 0.5 Hz,

while Fig. 3.18 shows the distributions for station 3, where very

significant departures due to frequency effects are observed for f =

26
2 Hz. Notice the tendency of the v - istributions to increase very

close to the wall. This is believed to be associated with the

(small) oscillation of the test surface. Figures 3.19 and 3.20

illustrate the behavior of the turbulent Reynolds shear stress. Note

that, now, no significant frequency effects are observed for station

3 at any frequency.

- . "S



3.3. Oscillatory Motion

Only the behavior of the amplitude and phase of the first

harmonic of the flow quantities is studied in the following sections,

as it is the most energetic component of the oscillatory notion. A

brief discussion of the complete ensemble-averaged flow and its --

departure from a sinusoidal response is presented in a later section.

3.3.1. Velocity

Stations 5 and 3 are selected as representative of the behavior

of the oscillatory motion. The corresponding results for the

amplitude of oscillation of the velocity are shown, respectively, in

Figs. 3.21 and 3.22. An overshoot, typical of periodic flow, can be

seen in each case. Its magnitude is of the order of 7-8% of the

free-stream amplitude, and decreases slowly with the position along

the plate and the oscillation frequency. The extent of amplitude

variation, however, varies significantly both with x and f. Beyond

the amplitude overshoot, and closer to the outer edge of the boundary

layer, the flow undergoes constant amplitude oscillations at the

free-stream amplitude, i.e., it is an inviscid or slug-flow

oscillation. The unsteady viscous effects can be considered to be

confined within the zone of significant amplitde variation. 4

neasure of the extent. of ,nsteady viscous effects is ;rovided by the

d istance, yM, from the via II to the !)oint of ,naxi'num a:yi Iit de. This
-00

distance, referred to the local bouodary layer thickness, is

tresented in Table 3.? for eoch station and te two frequencies.

.Mlso the correspondirnq relative tAoke,-. - 1 yr L i c,iess, namely
* .-S

*'
U U .
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V 2v-/6, is tabulated as a reference, which measures the extent of

unsteady viscous effects in a hypothetical periodic laminar boundary

" layer of the same thickness and oscillated at the same frequency. It

is observed that yM/6 decreases in the downstream direction, for a

given frequency, and also decreases with frequency, for a given

station. However, it is interesting to note that when yM is

normalized by u,/w, it remains essentially constant with both

*U frequency and position along the plate, as shown in the last column

of Table 3.2. In any case, yM/6 is always very much larger than the

relative Stokes-layer thickness, showing that unsteady viscous

effects propagate over a much wider region in turbulent flow. These

results are in agreement with previous investigations. The table

also suggests that, from the point of view of unsteady viscous

effects, there is a continuous transition between what happens at

station 5 at the lower frequency and at station 1 at the higher

one. All these trends will be shown to be consistent with the theory

developed in the next chapter.

Figures 3.23 and 3.24 present the distribution of the phase

lead, relative to the free-stream velocity, of the velocity

oscillation. It increases monotonically towards the wall, in some

cases after attaining a small phase lag. This agrees with previous

experimental results. At the closest point (at about 1 mm from the

wall) the phase lead is, for all stations, in the range 10-13 degrees

for f = 0.5 Hz and 7-9 degrees for f 2 Hz. The significant phase

variations extend over, roughly, the same distance as the amplitude

variations. Also shown in these figures are the phases of the

-. I
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:?.-4
corresponding wall shear stress (see below), except for station 5 at

f 2 Hz, in which case it goes out of the range of this figure.

They suggest that some nonmonotonic behavior may occur close to the

wall for the low-frequency cases. However, measurements could not be

obtained closer than 1 miri from the wall in the present experiments.

3.3.2. Turbulence Properties
2q

The amplitude of oscillation of the turbulence properties <u2 >,

<v2> and -<uv> are normalized by 2[<Ue>] U. The logic behind this

nondimensionalization is that the resulting quantity, say the
2l

amplitude of <u2>, should be essentially equal, in quasi-steady flow,

to the steady-flow value of u /Ue (see chapter 4). Hence, any

departure from the steady-flow distribution indicates that the

quantity <u2> is not varying in a quasi-steady manner. Figures 3.25

2and 3.26 present the amplitude of oscillation for <u >. Departures

* from the quasi-steady behavior are, as expected, very important for

both the frequencies (compare with Figs. 3.12 and 3.14). On the
,04

other hand, the region of significant variation of the amplitude are

now more extended (roughly doubled) than for the velocity. Beyond

this region the amplitude is essentially zero, indicating a state of

frozen turbulence, in agreement with previous investigations. For

station 3 (Fig. 3.26) and f 0.5 Hz, d secondary peak in the

amplitude is observed close to the oajter edge of the boundary
S

layer. The origin of this disturbance, which also shows up at other

locations and at, the higher frequency, could not he satisfactorily

Fexplained.

I1 1.-•. . .
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The phase of <u2>, relative to the free-stream velocity, is

presented in Figs. 3.27 and 3.28. It is actually interpreted as a

phase lag, which tends to zero at or close to the wall (where the

turbulence is produced), and increases to 360 degrees at the outer

edge of the region with strong unsteady viscous effects, which will

* be called the "unsteady layer" (indicated by a vertical line for f

2 Hz). The scatter observed beyond this, for f = 2 Hz, is a result

of the very small (spurious) amplitude of oscillation in that region.

Similar results are obtained for <v2>, as depicted in Figs. 3.29

to 3.32. This time, however, the unsteady viscous effects extend

over a slightly smaller region. Note the anomaly in the phase

distributions at f 2 Hz over the outer region (Figs. 3.31 and

3.32). The amplitude of this disturbance, however, is very small, as

seen from Figs. 3.29 and 3.30.
;0

Lastly, Figs. 3.33 to 3.36 present the amplitude and phase of

the Reynolds shear stress, which show a behavior very much analogous

to that of <u2>.

The amplitude and phase distributions of the turbulence

properties are in general agreement with those measured by Ramaprian

and Tu (1982) and Mizushina et al., (1975) in periodic pipe flow. It

is seen that, as observed by these investigators, the phase lag of
<u2> increases approximately linearly through the unsteady layer.

This can be interpreted as if the disturbance in the turbulence

(generated near the wall) imposed by the oscillation diffuses outward

with a constant velocity. Now, the distance travelled by the

disturbance in one oscillation period, due to diffusion, corresponds

"> .
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to the thickness of the unsteady layer. If this thickness can be

regarded to be characterized by yM, the relation ,oyM/u, - 1 indicated

by Table 3.2 suggests that the diffusion velocity is constant and is

roughly equal to u,. Another significant point to be noted is that

both <u2> and - <uv> are out of phase with <U> over most part of the

unsteady layer, a result which is in agreement with the observations

of Ramaprian and Tu (1982). This points to the limitation of quasi-

steady eddy viscosity models that relate <uv> to <U>. A careful

examination of Figures 3.27, 3.28, 3.35 and 3.36 also shows that <u2>

and -<uv> have a relative phase difference which varies across the

unsteady layer. This is, again, in agreement with the earlier

results in pipe flow and shows that the turbulence structure is not

in 'equilibrium' during the oscillation cycle.

V

3.3.3. Wall Shear Stress

Figure 3.37 presents the amplitude of oscillation of the wall

shear stress, normalized in the same manner as the turbulence

properties. Comparison with the time-mean results, represented by

the shaded region, shows that there is some departure fron the quasi-

steady distribution for the amplitude at all the stations. This

departure is larger, as expected, for the higher frequency. However,

the deviation from quasi -steady flow is not as strong as that

observed in tho case of the turbulence properties in the outer layer.

The phase of the wall shear ;tress is the more reliable quantity

Measured with the HFG. The reason is that it is not very sensitive

to the cal i brati on constants. Fi Jure 3.38 resents the results for

-e1
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the four measuring stations. It is observed that the phase lead

increases in the downstream direction for a given frequency, and also

* -: increases with the frequency for a given station.

-*Additional experiments were done with the HFG at station 5

varying the frequency of oscillation, but using the sleeve designed

_ '1for f = 0.5 Hz (see section 2.2). The results for the time-mean wall

shear stress are shown in Fig. 3.39. A weak tendency to decrease

with the frequency is observed. The quasi-steady value corresponding

to this station is also shown in this figure, and seems to agree well

with the general trend. The amplitude of oscillation is shown in

Fig. 3.40, where also the time-mean results are represented as a

shaded region. Again, there is a weak departure from a quasi-steady

amplitude distribution. The phase variation is presented in Fig.

3.41, where results obtained using the sleeve designed for f = 2 Hz

are also shown. A monotonic and roughly linear increase with the

frequency is observed.

J '9

3.4. Ensemble-Averaged Flow

Though the harmonic motion with the forcing frequency is the

most energetic component, higher harmonic motions are not negligible

for the present amplitude of oscillation. Only the ensemble averaged

velocity can be considered sinusoidal with little error, as

illustrated in Fig. 3.42, where the phasewise variation of the free- O

stream velocity is shown. For any location across the boundary

layer, higher harmonic contributions to <U> were found to be less

than 1% of the fundamental.

.'o o--', -,.S * -
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This is not the case for the turbulence properties. Figures

3.43 to 3.45 present their variation with phase position for

different locations relative to the wall, at station 5 and f = 2

Hz. One location (y/6 .47) corresponds to the region where the

turbulence structure is 'frozen'; another (y/5 .068) to the zone of

maximum oscillation amplitude; and a third (y/6 = .023) to tne

- . measurement point closest to the wall. The contrbution from the

higher harmonics, relative to the fundamental, is of the order of 15-nS

20% at y/6 = .07 and increases up to about 40% at y/5 = .02. Similar

results were observed in the lower frequency experiment. Higher

harmonic contributions in this case ranged from 10-20% at the zone of

maximum amplitude (y/6 .22) to about 30% at the closest measuring

point.

Figure 3.46 shows the phasewise variation of the ensemble

averaged wall shear stress in some typical cases. Higher harmonics

in <Tw> were found to be of the order of 7-10% for f = 0.5 Hz and 15-

20% for f = 2Hz, relative to the fundamental.

3.5. Derived Quantities

The experimental information can be used to calculate some

secondary quantities that are important from a theoretical and/or

practical point of view. Some of these are presented and briefly

discussed next.

Figures 3.47 to 3.49 show the phasewise variation of the

integral parameters for a few phase oositions along the cycle, at

station 5 and for both frequencies. It is seen that the time-mean

* ,

*" S

. . ,
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value as well as the amplitude of oscillation are, for each

parameter, very similar for both the frequencies. The relative

amplitude is roughly 43% for the displacement thickness, 33% for the

momentum thickness and only 12% for the shape parameter. In quasi-

steady flow, these integral parameters are 180 degrees out of phase

V.. with the free-stream velocity. It is observed that this is still

roughly the case for the 0.5-Hz experiment, but that for the 2-Hz

experiment there seems to be a phase lead, relative to the quasi-

steady case, of about 30 degrees. It is seen that there is

significant distortion from the sinusoidal behavior.

It was found, from a detailed study of the data, that the

ensemble-averaged velocity profiles for given phase positions do not

belong to the Coles' family. However, it seems to be still possible

to distinguish a logarithmic region close to the wall which matches

with some of the lines in a Clauser-plot, though smetimes this is a

difficult and ambiguous task. The "skin friction coefficient" so

obtained, for station 5, is presented in Fig. 3.50. Compared to the

results of the wall shear stress measurements, their mean values and

amplitudes are low, specially for the 0.5 Hz case. This means that

the conventional Clauser-plot cannot be used to obtain the phasewise

distribution of the wall shear stress.

Another important and useful quantity is the eddy viscosity.

Its ensemble-averaged value is defined as
0

-<uv> (3.1)
.t> 3-..<U>

• " ... 1" - i '" "> "i' "



To obtain a meaningful estimate of this value, it is crucial F L-

smooth the variation of <> with y before proceeding with the

differentiation. This is difficult and very laborious to do with the

whole set of ensemble-averaged velocity profiles. A simpler nethod

can be used by invoking the small-amplitude approximation. Utilizing

the complex notation, one can write

<U> =J + CU e  (32)

-<uv> I+ -Te (3.3)

<Vt> V + Cvtle (3.4)

Introducing Eqs. (3.2) to (3.4) into Eq. (3.1), the following
O

expressions for the time-mean value and the complex amplitude of the

eddy viscosity follow:

-- T..

V (3.5)
t

3y

US
- V1 l-t Dy (3.6)

3Y

Thus, the smoothing procedure is now only noeded fir U jnd U1 (which

includes hoth the "in-phase" an "out-of-phse" cunponeits). Col es

"it is used for whil, U1 , representod by I Me cewlso polyno'1al

• , . . .
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fit. Figure 3.51 presents the time-mean distribution for station 5

and both frequencies. A line is also shown, representing the

distribution Df Vt in steady flow. As in the case of the turbulent

shear stress, the time-mean distribution of -t for the higher
t?

frequency agrees very well with that in steady flow, but the

distribution for f = 0.5 Hz shows a departure due to frequency

effects. Figures 3.52 and 3.53 present the amplitude and phase of

the oscillatory component. Note, that for f 2 Hz the eddy

viscosity is frozen in the outer region (as is to be expected since

both .- ' and <U>/ay are frozen).

-.;

iS-
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Tab] e 3.1

Coles' Parameters for the Time-Mean Unsteady Flows
and the Steady Flow at the Time-Mean Free-Stream Velocity

St at ion f(Hz) (m

1 2 0.003533 20.22 0.5159
0.5 0.003642 21.13 0.3895
0 0.004373 14.46 0.1011

2 2 0. 003516 24.78 0.4159
0.5 0.003609 27.21 0.2783
0 0.004164 17.29 0.1621

3 2 0.003433 28.74 0.4062
0.5 0.003507 30.17 0.3116
0 0.003660 20.87 0.4027

4 2 0.003204 36.58 0.4979
0.5 0.003177 36.32 0.5037
0 0,003373 33.05 0.3975

5 2 ()003072 45.10 0.5061
0.5 0.002967 46.60 0.5850
0 0.003276 39.7 3 0.3769 -

* -0



Table 3.2

Relative Distance to the Point of
Maximum Amplitude of Oscillation

f(Hz) St at ion YM6 v/,/ Y m/u*

0.5 1 0.526 0.038 0.83
2 0.490 0.029 0.98
3 0.425 0.026 0.966
4 0.254 0.022 0.73
5 0.240 0.017 0.84

2 1 0.115 0.020 0.74
2 0.121 0.016 0.96
3 0.120 0.014 1.00
4 0.067 0.011 0.79
5 0.065 0.009 0.93

Los,
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Figure 3.6. Correlation between Cf and Re,, for unsteady flow.
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CHM-' 4

A GENERAL TI , OR UNSTEADY

PERIODIC TLENT FLOWS

4.1. General

The stumbling block in the o-<ysis of turbulent flows, both in

the steady and unsteady regimes, is the well-known closure problem.

This arises as a consequence of the statistical approach, that

provides a hierarchy of equations in which correlations of a given

order are related to the next-order correlations. As an attempt to
."4 "

overcome this difficulty, the so-called turbulence models have been

introduced. Essentially, they amount to truncating the sequence of

equations at a certain level, and relating the re:maining highest-

order correlations to the lower-order ones through "models" based on

ad hoc physical arguments and experimental data [see Bradshaw

(1976)].

Though useful for engineering purposes, the t:jrbulence models do

not seem to be the appropriate tool to provide new physical insigit .k-'i

into the turbulence process. Such insight has been obtained

primarily from experiments and, to some extent, fron simnple, yet

powerful , dimensional analysis. In fact, a conbination of a minimumi
V.-

of experi,qental information, dimensional analysis and singular

perturbati on theory has proved useful , in recent times, in provi di nj

quite general asymptotic results for large Reynol is nulbers, in the -.

-,-+

L€ ..

;.;."," '""'"''.,"", '.1""'"'*' '"' "'"" "'" ;' " "" "; " " . •". • " "'," ."• . " """. " "
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form of similarity laws for many categories of steady turbulent shedr

flows [see Tennekes and Lumley (1980)]. The power of this approach

(and, perhaps, its major limitation) is that it works on the open

system of equations, thus avoiding the anomalies introduced by a

specific turbulence model. While in the case of steady flows such

analysis has merely reconfirned already well-established experimental

knowledge, it is used in the present work as a predicting tool to

obtain similarity laws for unsteady turbulent flows. Some of these

results are verified in the next chapter, using the available

experimental information.

In analyzing the behavior of the velocity in unsteady (periodic)

flows, the tendency has been to search for similarity laws (e.g., law

of the wall, logarithmic law, etc.) in the instantaneous (ensemble-

averaged) velocity profiles [Cousteix et al. (1931)], with little

success. In the present work, instead, the velocity profile is

decomposed into its time-mean and oscillatory components, and each

one of them is studied separately.

4.2. Equations

The analysis is started from the ensemble-averaged unsteady

' turbulent boundary-layer equations for an incompressible, two-

dimensional flow [Patel and Nash (1971)]

<U> <V>4.)
a x ay -(.

2 5
<0 a<U> + <V> a<U> ....1 <p> aU> <T> (4.2)

. at ax ay p Dx y2  y

3y,

iT! ...;°.;..:... ;....-..-...:',;. : - .- .; ;i.. - ::-.- :-::-. ; . .- . - :::::::::::::::::::: > - ;::.-.: '- ======================== ;::Si

• . ' . .'. '.i-2"%" .. '." "."."- 7 . * '. '. . .. ' ..- ,., . - -" ,"' "" '. ."." " -""" " ' " "-" " """-"' ' "-
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1 ap = e U e (4.3)p Dx at e ax

The inclusion of the unsteady terms in Eqs. (4.2) and (4.3) does not

involve any additional hypothesis beyond the classical boundary-layer

assumption for steady turbulent flows. Briefly, this assumption

states that the length scale of the motion normal to the wall is much

smaller than that along the wall. As a consequence, diffusion in the

longitudinal direction can be neglected, and the pressure can be

considered to remain constant in the transverse direction. Actually,

in turbulent flow, this last conclusion requires one to neglect also

2
the contribution of the normal Reynolds stress <v >, which can be

done safely except near the separation point. Then, the longitidinal

pressure gradient is a known quantity in boundary-layer theory, and

is related to the free-stream velocity by Eq. (4.3). Likewise, in
Eq. (4.2) the contribution due to the normal turbulent stress <12>

has been neglected, for which the same considerations apply as for

<v2>. The above equations are subject to the fo I owi ng boundary

conditions

0, <V> =0 at y 0

(U> Uj asy + (.4)
atK-[. r> = O y j O

The up st-pe.,1 hound ry cond itions, i ,e., th s' nec C i I i o( f 0 t

t e first s ta ion, is so:fe;.dhat (o,1p 1iOatel. liv/,a .", th ':1'1 y si s

- .**:.*.i** --- .".
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will concentrate on the search for asymptotic self-similarity la-vis,

which do not need this information.

The following particular form of the periodic free-stream

velocity is now assumed:

Uo(t) U (1+c sin wt) (4.5)

where both the time-mean value, U., and the relative amplitude of

oscillation, e, are constants. Note that, from Eq. (4.5), Ue = U0,

i.e., the time-mean flow is a "flat plate" type of boundary layer, in

the sense that it is not subjected to any effective pressure

gradient. In fact, the time-mnean quantities are related through the

following equations:

Tx + - -0 (4.6)
ax ay

- au V-- U - 2 - P P P (47)
ax ay 2 ay ax ay

and boundary conditions

Zi

U O, V 0 at y =0

+ U as y + (4.8) _7

T=0 aty=O

14"

"". "-' ." - - " - "-"-' - . "" . - ' --. - - - ..
p. , ..... . . . . . .. .. .. .. . ,. = ... ;, .- .. - .; ., . ... ; .; . . ... . ... , •, .
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resulting from time-averaging Eqs. (4.1) to (4.4). The last two

terms of Eq. (4.7) are the Reynolds stresses due to the oscillatory

2motion. They are of the order 2,and can be neglected provided the '"].

amplitude of oscillation of the freestream is sufficiently small, sufcenl.h

i.e., e << 1. Assuming this to be the case, the above system reduces .

to the standard boundary-layer equations for a flat plate. However,

differences with respect to the corresponding steady motion (i.e.,

the one produced by a free-stream velocity Ue = Uo) could, in

principle, arise if the time-mean turbulent shear stress, T, is

affected by unsteadiness. It has been speculated that this could

happen if the forcing frequency f = w/27r is high enough to interact kO

with the most energetic turbulent frequencies [Ramaprian and Tu

(1982)]. A measure of this frequency range is provided by the

bursting frequency, fb, which in a boundary layer can he correlated

with global quantities through the approximate relation [Rao et al.

(1971)]

5 (4.9)

b

Ramaprian and Tu (1982) give some experimental evidence. Past and

present experiments have indicated that, in any case, the resulting

variation in the time-mean velocity profile relative to the

corresponding steady profile is small for large Reynolds numbers. It

can, therefore, be neglected for purposes of the perturbation

analysis presented here.
I -O

.°-
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The assumption c << I allows a linear analysis in the amplitude

to be performed. This means that only iotions at the forcing "

frequency are considered to be significant, i.e., higher harmonic

oscillations can be neglected. The advantage of the complex notation

can, then, be utilized, defining O

U : U + U e (4.10)

V =V + V1 e (4.11)

- i Wt
T + 6T 1 j e (4.12) .

and restating Eq. (4.5) as

lWt
Ue Uo(l + e (4.13)

Note that U1, V1 and T are all, in general, complex quantities.

Introducing Eqs. (4.10) to (4.13) into Eqs. (4.1) to (4.4), and using

Eqs. (4.6) to (4.8), the equations and boundary conditions for the

oscillatory components are obtained as [Telionis (1981)] .6

au aV
0 (4.14)

@x @y

1-a - 1 VIau

1i(Ul-U0 ) + U x + U1 - + V Y+ V Y

2
h U1  a i (4.15)

V 2 + y

2, A >-.-

+ "~~~~~~~~~~~~~~~~~~~~~~. .. " .. " . .. . .....'I ",' '' .-% . . . ., ,•. . . -°.. -. ','. . . .- -, .. . . . ." -.....-.
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U =0, V =0 at y 0

- +Uo asy+ (4.16)

"= 0 at y =0

Before undertaking the analysis of Eqs. (4.14) to (4.16), the

asymptotic behavior of the time-mean flow for large Reynolds number

is briefly discussed, in the next section.

4.3. Asymptotic Characteristics of the

Time-Mean Flow at Large Reynolds Numbers

As pointed out in the previous section, the time-mean velocity

is practically the same as for the corresponding steady flow, to the

first order in the amplitude of oscillation. Tennekes and Lumley

(1980) presented an asymptotic analysis of the steady flow for very

- large Reynolds numbers, without using any closure hypothesis for the

trbulent shear stress. Their results, then, can he assumed to apply

also to the time-mean unsteady flow. Their mnain conclusions, with

reference to the present context, can he summarized as follows:

(i) There exist two distinctly different length scales for the

motion, which deternine a double-layei structure: an outer layer

characterized by the (local) boundary layer thickness, S, and an

inner layer with length scale v/u,. The quantities )(x) and u,(x)

will be assurned to correspond to the steady flow at the time-mean

velocity. Alternatively, they could be chosen as the time-mean

values in unsteady flow ihi ch cannot differ much froq the 1)revi ou s

.. -



ones due to the small amplitude of oscillation. Furthernore, as the

boundary layer thickness, 6, is an ill-defined quantity, a thickness, I
-, defined by

U( U) U
A=f UoU. dy 0 (4.17)S0*

will be used instead. Note that the ratio of the two length scales

defines the following Reynolds number:

U*A
R _ (4.18)

With the present definitio0  of A, Eq. (4.17), it follows that R.

Ree Uo 0/v. However, it is better to work with R* in order to be

able to generalize the results to fully developed flow in pipes and

two-dimensional channels (see section 4.6).

(ii) The velocity scale for both the layers is u.. Then, the

2time scales are to =A/U and ti  v/u* for the outer and inner

layers, respectively.

(iii) In the limit R. + * , the following relations hold:

(u-) for the outer layer (4.19)

-- yu*

S(-) for the inner layer (4.20)

where the functions F and f can only be obtained from experiments.

This indeterminacy arises because the system of equations is not

'4,_
' ~~...... ... ....... ... ,....- . -.
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cl osed. Eqs. (4.19) and (4.20) are the well-known "velocity-defect

law" and "law of the wall".

(iv) For R,,~ there exists a region where the outer and

inner layers overlap. In this "inertial sublayer" Eqs. (4.19) and

(4.20) are both valid, leading to the following results

U 1. 1 * (4.21)

0 1
kin + D(4.22)

where k (von Karman constant) , B3 and 1) are constant and independent

of the Reynolds number R*. Equation (4.21) or (4.22) is the well-

* -: known "logarithmic law".

(v) Subtracting Eq. (4.2?) from Eq. (4.21) yields

1 U 1
£- -In R* + B-U (4.23)
U*

which is called the "logarithmic friction law", as it allows tie

dietermi nati on of the shear velocity (and, then, the wall shear

stress) if the constints k, R and D and the boun d ary layer

* thic'vness t~are known.

(vi) If L is the length scale in the longi tidinal di rection,

then A/L + 0 as + * Equat ion (4.23) 31lso *shows that

E + 0 as R* doi i. Io r, the! rjt) *uLU reumains finite in
*LU

0

the 1 i ni t. Thr len'jth s;ii 'w m corrol a~ed to I neal quanti ties

hy perfonroi ng an orieor-of - iai if idl mil i I n the iiiolleltwl inutegral

L

1A. . .



equation, which for a steady flow at zero pressure gradient is si3iply

[White (1974)]

do 2 (4.24)

2'L> Then, L can be defined as

L E 2  (4.25)

Notice that, from Eqs. (4.17) and (4.25), it follows that y = 1, and

hence the definition of L is consistent with the asymptotic

requirement that y should remain finite.

The foregoing results will be very usef in the analysis of the

oscillatory motion, discussed in the following section. 5

4.4. Asymptotic Characteristics of the

Oscillatory Motion

-1 *

The imposed oscillation introduces a third time scale, m , into

the problem. Its relation to the outer and inner time scales can be

described by the following two frequency parameters

t
0 - wA L- w (4.26)

S.I - u 0 - -0W 0
2

-i u, R,
._ _ (4.27)

t i  WV

l '.-- .' (
*. . . . . . . .
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In addition, a third length scale, namely u,/w, appears, being

• associated with the imposed oscillation. This defines an "unsteady

layer" whose thickness bears to the outer and inner thicknesses the

same relation as the corresponding time scales, and is thus described

by the same parameters, i.e., w and (, defined above.

Various flow regimes can be distinguished, according to the

values of the foregoing parameters. For < 1, one has that

> to and hence, significant unsteady effects must be expected in

,:V the outer layer. In fact, the unsteady layer is merged with the

outer layer. On the contrary, cc = R,/w > R, >> 1, i.e., W >> ti

indicates that the inner layer responds instantly to the excitation,

i.e., in a quasi-steady manner. This will be called the "low

frequency regime". Note that, in the particular case, w << 1, the

outer layer will also show an instantaneous response, i.e., the

entire boundary layer will behave in a quasi-steady manner,

The other extreme situation arises when w > R, i.e. o < 1, in -

which case W < t.. In this case, the unsteady layer will be -

actually submerged in the inner layer. The effects of unsteadiness

are, therefore, significant in the inner layer. On the other hand,
-1

since << to, there is not enough tlne for the turbulent flow in

the outer layer to respond to the imposed oscillation and hence this

layer will move as a rigid body, i.e., it will perform inviscid or

slug-flow oscillations. In fact, even the outer part of the inner

layer may exhibit the slug-flow behavior. This situation will he

named "very high frequency regime".
-O

.,,.

:-, . ...........,9.

ut r.. .- '..t%- - .•2 i .. •~t
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The situation 1 << W << R. which lies between the two Iiiniriju

cases, described above, needs careful study. Since, under this

condition, the inner and outer time scales are such that t-i

<< -1<< to, one should expect that there will be quasi-steady flow

in the inner layer, while a slug-flow is present in the outer

layer. Furthermore, the fact that v/u. << u./w << A in thi s flow,

suggest that the unsteady layer lies between the outer and inner

layers. Only in this unsteady layer, then, the unsteady viscous

effects are significant. In fact, it has been found to be useful in

the analysis to subdivide this regime further into two distinct

regimes: an "intermediate frequency regime", for which
1/ ,1R / 2

1 << W < R 1  (or, equivalently, R < c << R.), and a "high fre-

1/2 <rquency regime", with << R(or equivalently, 1 << a
':" I/ 2 11 i/2-1

<< R. ). Notice that W = .. corresponds to the case =

(toti) 1/ 2 , i.e. the geometric mean of the outer and inner time

scales, for which w = a.

Each one of these four frequency regimes is analyzed in detail

in the following sub-sections.

4.4.1. Low Frequency Regime

This regime, as explained above, is characterized by the

conditions w < 1, a > R.. The outer layer, where unsteady effects

are expected to be important, is analyzed first. For this purpose,

the following dimensionless variables are introduced:

y x dx S-- n = y  dx

ff

.......-.. •...........-.-..........-
. - . . .. . -
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0 U- 0F uU1 u,

(4.28)

LV LVI
V AU- V 1 Au,

1 T2

The quantity F defined in Eq. (4.28) is the same as in Eq. (4.19),

and hence F = F(n). The definition of the variable U1 . in turn, stems

from the similarity between the equations and boundary conditions

for U and UI . 'n the other hand, the nondimensionalization of the

transverse velocity components in Eq. (4.28) is suggested by the

2respective continuity equations. Finally, the scale u, for the

oscillatory component of the tir'ulent shear stress, TI, arises from .6

the following quasi-steady argument. As already mentioned in Chapter

3, it is well known, from experiments in steady flow,
2

that T/Ue depends only weakly on Ue (i.e., on the Reynolds

number). Considering it to remai n constant, to a first

approximation, when Ue is varied by AUe , the variation AT in T is

related to AUe by 4

2AUJAT eT . (4.29)
S U

e

Equation (4.29), together with Eq. (4.12) and (4.13), show

that TI = 0(u2) in quasi-steady fI ow. s shown in chapter 3,

experiments however suggest that u*2 is, in fact, the appropriate S

scale also for any finite frequency.

.
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Introducing the definitions (4.28) into Eqs. (4.14) and (4.15)

-. one obtains

In  2 1 +a-- 0 (4.30)

-°,-- + 2 01

iUI + (1 + EF) (T-- + 2 1

- .dF aU1 dF
+ (I + Eg1) (-Bin j + 2F) + E (F --In + 1 n

1' -T + -- (4.31)

where

L dA
1 =A dx (4.32)

L du.

"2 u- dx (4.33)

In the limit R+ , Eq. (4.31) reduces, to the lowest order, to

l 1 dFi + d7 gin  2n + 2Fan- + .2 '1 "1" 4 2

- (4.34)r91

The outer boundary condition for Ul in Eq. (4.16), can be expressed

now as

*4 . . , . . - - : .. .• .
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1 0 as n (4.35) j
According to Eq. (4.34), viscous effects on the oscillatory motion

are negligible in the outer layer, to this order of approximation.

One the other hand, from both Eqs. (4.30) and (4.34) it is observed

that, for similarity solutions to exist, i.e., solutions independent

of the streamwi se coordinate ,it is necessary that the

coefficients B and a be constant. Not surprisingly, these are the

same conditions as those necessary to achieve self-preservation in

the time-mean flow [Yajnik (1970)]. Now, from Eqs. (4.17), (4.24), 1.]
and (4.25), it can easily be shown that 1 - B2. Hence, the only to

necessary condition for similarity is

2SU 0 du *-- - du-- = const. (4.36)

Now, for very high Reynolds numbers one has that u,/U- const. This

shows that Eq. (4.36) is satisfied, with the constant on the right

hand side equal to zero, and that similarity is, in fact, possible in

this case. Then, a "velocity-defect law" for the oscillatory motion

can be expected to hold in the formO

U -U

10o_ F (i-; ;) (4.37)
- u,

where F, is a compl1e x function that mnust be deterninted f romn

experiments. Note that Eq. (4.37) is riot a self-p)reseriing soljtion

l for any physical (constant ,) oscillatory fl oo, because , stil 0

___ ___ 9 ~ ~ - ~:K:.:- -
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depends on x (or ). Se f-si i , it i rf a g ivei f2I(q h o he '(Thived

only in the quasi -steady Iii,;i i.e. for . << I , for whic' the

effects of the local accel pratirn tnd the .ressare gradient luol)ed

together in the first tern of Li. (4.34)] are negligible. Il this

case, it can be shown thi Fl(-)) is practicaily coincident

with F(n). However, Eq. (4.37) should still be useful in prividing

the link between oscillatory moti)vis at different frequencies.

Next, the inner layer is analy7ed. The nondiinersionalization is

carried out using similar cr'iteria as for the outer layer, with the

results

+"yu* X", -" + = ...

o L

l0

f U U

U1
(4.38)

LV1
LV + I

A- 1-

fVu *

Note that the function f in F. (4.38) is the same as in Eq. (4.29);

then, f = f(y+). Introducing the definitions (4.38) into Eqs. (4.14)

and (4.15) yields

+ - Y + ;J 1 (4.39)
2 1 i 4-

-c- (EU1-1) + * f ..

, .. . . , .- . . . . ... ... . ., .- ... . -.. ---. . : . - 1 . : , : ., , , : -
. . . L ... .. !Q .*,• . .. . *... . . . - . . .* ... * - . •." . . •

,, ,, " .. ' , . . - - . - -- -.. .. - , . - -.- , .- . .- . . ." ,- .
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+ + df+ + a + f + df
" + a 2 Uf1 (Y + v + V l

+ 21_dy Vy dy

2+ +
- U1 -+I
-+ + (4.40)

+S

When R, CO, the zero order approximation of Eq. (4.40) is simply

2 + +

+ 1""2Ui 0 (4.41)

i.e., a balance between viscous and turbulent diffusion. The inner

boundary conditions of Eq. (4.16), are now rewritten as

U1 =0, VI =0 at y =0

(4.42)

T 1
0  at y =0

Note that (as expected) Eq. (4.41) will yield quasi-steady solutions,

since it does not depend on w. Furthermore, self-sinilarity can be

expected to hold in the form of a "law of the wa1l", i .

•~~ + U1-fly. (4..43) .&'- [i U I ,'

"-1 _

with the function fl to he determined.

Now, as in the case of the tine-mean flow, an asymptotic

",atchi ng procedure can he appl i ed to the i n-r and oijter sol ,ti ons

4. % for tile oscillatory flow. The procediire proposed by Van DyKe (197:3)

will he followed here. Syblbolicallv, it states t'hit

:..
".-fx
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0 1 10, 4.44)
mn: n in

-,. In words, Eq. (4.44) expresses that the m-term outer expansion of the

* . n-term inner expansion of the quantity between brackets equals tile n-

term inner expansion of its r-term outer expansion. In the pre sent

" case, the expansions are in terms of the large parameter R,, and the

quantity chosen to be matched is U+  U/1 U*. Now, as in the inner

Slayer U+ is assumed to satisfy Eq. (4.43), it does not have any

explicit dependence on R,. Hence the inner expansion of U consists

of only one term, namely f1(y+)
.  On the other hand, from Eqs.

(4.23), (4.37) and (4.38), one gets the following outer expansion

+1
UI (n; R,) = In R, + [B-D + F1 (n ;)] (4.45)

i.e., a two term-expansion, with the leading term growing very large

for R* + 0. The matching procedure is started with m n = 1. Then,

- - + 1 1 "

- 0 (UI) = i n R,) = In R, (4.46)

0 1I(U+) = 01[f1 (R*n)] (4.47)

From the matching principle, Eq. (4.44), and from Eqs. (4.46) and

(4.47), one obtains

i"[fl(R*n) ] = ln k

".-. %i
90'
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which is satisfied only if

+- 1 + +"
f,(y) + in y + B1  as y +O (4.49)

where 81 is an unknown constant. Eq. (4.49) shows that the law of

the wall merges with a logarithmic law when y+ is large. The next

step in the matching is to take m 2 and n 1. Then,

1 02U i I n R, + B-D + (Y W)

1 +
in R + II [F1 (R-; )] (4.50)

0211 (lU) = 0[fl(R,n)] i : O

1

I - ln (R*r) + B1  (4.51)

Equation (4.49) has been used in Eq. (4.51). From Eqs. (4.44),

(4.50) and (4.51) one obtains
I,'-

+ ;o
: 1 [F (Y-; 1 n n B (4.52)

-*k

oihich means that

S. ..,

1k ;  I) + n q + D as .5

*. ,

e -o

• " . .. "- -. ." . ." "- '-[ ',-''. - . . . • . . -" . . . . .' "", .' -.- - .' . - " - -.- ' -"- . -
, ,n n -Id I .- , n . . . n . . .- - - "-- " -="... . -- . . . .. . . .
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where D I is a new constant. From Eq. (4.53) it is seen that the

velocity defect law also merges with a logarithmic law when n . .

Interestingly, Eqs. (4.49) and (4.53) show that the slope of the

logarithmic curve, I/k, is the same as for the time-mean flow.

4.4.2. Very High Frequency Regime

- ~ The conditions satisfied by the frequency parameters are now

w > R,, < 1. The lowest order approximation of Eq. (4.31) is,

then, simply

I 0 (4.54)

i.e., a balance between local acceleration and pressure gradient.

Equation (4.54) shows that the outer layer performs rigid body

oscillations, as expected.

On the -other hand, when the zero order approximation is sought

in the inner momentum equation, Eq. (4.40), a contradiction is found,

since the leading term is a constant. This indicates that there

exists a scaling problem. In fact, Eq. (4.54) suggests that changes

in the velocity of the order of Uo must occur within the inner layer

in order to match the outer solution. Hence, the following alterna-

tive nondimensionalization is proposed:

-
U -U

" '=+ + 0 E + ( 4 .5 5 )
U'. UUI U 1

0

++ LV l (4.56)I U'0
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after which, the zero-order approximation of Eq. (4.40) becomes

2 ++ O
++ U 1

+2

i.e. a balance between local acceleration, pressure gradient and

viscous diffusion. In turn, the inner boundary condition for the

velocity is, from Eqs. (4.42) and (4.55),

++ +
U1  - I at y 0 (4.58)

while the matching condition with the outer layer simply becomes,

from Eq. (4.54)

+1

U1  0 as y + (4.59)

The solution to Eqs. (4. J7) to (4.59) is the well-known Stokes or

shear-wave solution, namely Mg

++- +

UI  exp [- (4.60)

which is obviously self-similar in the inner coordinates. Hence, for

these very high frequencies, the oscilIatory 1otion hehaves as in

laminar flow [Lighthil (1954)]. Note, from Eq. (4.60), that the

main change in the oscillatory velocity occuirs in a layer whose width

is of the order of " ire

S-

. ... .

• . . - .. . , .... , -, -. , . . -, ,• , . . .. .
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2V (4.61)
6O

is the Stokes thickness. For a - 1, the Stokes layer thickness is if

the same order as the inner layer thickness. However, for

a << 1 (w >> R,), 6s becomes much smaller than the thickness of the 0

inner layer, which will then perform slug-like oscillations, just

like the outer layer.

4.4.3. Intermediate Frequency Regime

The conditions that characterize this frequency regime are

1 < < R, < a << R,. Hence, the zero order approximation in both

R, and w of the outer momentum equation, Eq. (4.31), is again Eq.

(4.54), i.e. there exists an outer slug flow, as in the very high

frequency regime. -Owl,
1/2-.

In turn, taking into account that cxE > (R. /ln R.)

+ o, as R + -, Eq. (4.40) for the inner layer reduces to Eq.

(4.41). Hence, there is a quasi-steady motion in the inner layer,

and a law-of-the-wall like Eq. (4.43) can be expected to hold. Note

that, this time, nothing suggests that the scaling for the

oscillatory velocity is wrong: neither the momentum equation nor the

matching with the outer layer, as this is performed through the

unsteady layer, analyzed next.

The dimensionless variables for the unsteady layer are defined

as follows:

v -, = yr dx .-S__
) J

.. . . . . . . . .... .. - .. , . -. . -..-.. , . .- . --- -- ' ' . - . , • ..- - - - - .-- , "- - . i * . .

." > '2 [ '< .'< d. -'X-" -. " .? - -.; .< ; L -." -i " .-. ' : -• " . -" ' - -.. - . ' " . i i '
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11-u u-u ed
F"-U 1  (4.62)

"-"11T wLUJ
WLV ~u

21 2u. u

i ^ *

Note that F now depends both on y and .,. The scaling for U1 seems to

he appropriate to bridge the gap between the inner and outer flows.

Introducing the definitions (4.62) into Eqs. (4.14) and (4.15) one

obtains

I U1  0V ,'
y  2 U + - 0 (4.63)

+ (U1 + F) - - ( 1 + F).
y .

+ U2 (U1 + F)] (4.64)

1(

To zero order in , , Eq. (4.64) reduces to

ii(4.bi1 : fa. 65) :l

1- i5e., a balance hetween loc.al pr r.ioi , ,r qsIre jraiie:it arid

* - tJrl)ijle t di ffusion. "j. (4.65 d :i l 'S s - i: I ir solitionc i1 the

for .)I' a velocity def -,' lav4, i .

,~~~~~~~~~~~~~~~......-.,. --................"..",' ''. .. " ,: .. ,..-',-:..........-.....-',
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= -_ 9 -j

with F2 to he deternined. Matching withi the ouiter layer simply

requi resa

F2(y) 0 as y (4.67)

On the other hand, matching with the inner layer, using Van Dyke's

principle, is more cumbersome than in the low-frequency regime, as

the three parameters , t and R, are now assumed to grow very

large. For 1 << 1 << , however, ( may be considered fixed

when R. + , and the matching principle indicates, as before, the

1/2existence of a logarithmic region. As c + , this region would

tend to disappear.

4.4.4. High Frequency Regime

This regime is characterized by the conditions 1 << ot << R,1/ 2

<< << R*. The outer layer motion, hence, continues to be a slug

flow oscillation, as Eq. (4.31) reduces to Eq. (4.54).

In the inner layer, Eq. (4.40) leads again to a contradiction,

as aE + 0 when R. + (a is now fixed when R. + ). Using the

alternate scaling proposed for the very high frequency regime, Eqs.

(4.55) and (4.56), the zero-order approxination of Eq. (4.40) is then

j7 J1) (4.63

. . . . .- ... - - . .:- -"-,"... . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..".:. . . . .

.. . . . . . . . . . . . .. . . . . . . . . . .
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Eq. (4.68) shows that the only siqnificant mech:nis:n is now viscous

di ffusion, which must be count-2rcti nj the (1I ffurunce in shear stress

at the two ends of the inner Iayer, i.e. i t is undergoing a Couette

moti on. From Eq. (4. 6R) dn:r the inner bounfdary condi t ion, Eq.

(4.58), the following Sultoti is ohtined

q1 ,j/ - 1 (4.69)

where a i s a constant that ,Ie i ,u l , n the c,;,i i tin s i n the unsteady

l ayer.

The analysis of the us! idhy 1 ver Joes nout Ji f fer at alI from

the one for the i nterm meii te fre-ee,,y-re .ji', c,.e. Thus, Eqs.

(4.65) to (4.67) are still expe,:tol I) nold. Mai hin] with the inner

layer, in turn, requires that K? bcone a linear function of its 'Li

argument 4hen this becomes very snalI. Is i nj F,. (4.69), tqis can be

written as

Fm(Y) E as y -. 0 (4.70)

.4-.

4.4.5. Su;iary of Resijltc-

The -ia n re ts of the ff-)re inj a',ilysis i r. r to sr'- marized.

The original concet introdticeJ i,; that ot d tril e-layered striictur, "

inposed hy inst di ness, as s he:i .. i 7ed in 1 -. 4. 1(b). This is

smperi'To';eu ) ( I I 1i. 1 *t)- ir tr :t.. ",, , ' nrse t i -,

d f I owi) h Tw. 'I rirT e',Y r, ji no .ir "-.
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defined according to the way the unsteady stricture overlaps the

steady structure. This is scheratically represented in Fig. 4.2. 0

Different similarity laws hold in the different layers, for each

frequency regime. These la.s were derived in terms of the complex

quantity U1, defined by Eq. (4.10). They are restated below in a

form, that is more convenient to use in practice.

For a free-stream velocity given by Eq. (4.5), the longitudinal

velocity component given by Eq. (4.10) is written as 0

U U + (I S l t - I]12 CoSIt) (4.71)

where U11 and 1J12 are, respectively, the in-phase and out-of-phase

components of the oscillatory motion. To obtain the results for U

and U1 2 from those for U1, it is only necessary to replace UI by (UI1

- i012) in the various relations derived earlier. The following are

the results for U11 and U12.

(i) Low frequency regime: W < I o > R,

(a) Outer layer (coincident with unsteady layer)

U -U
= F ( ; ) (4.72)

U,(A

u") F ,/ ,i Y) (4. 73)0

F (473
u 12 (

F y. ,) 1 } (4.74%)
II ( ' w) )- -1n (-) + D[Ia

[,"~~~1 A A' -1 a ll -0 " - " . " • " " .

le i " -" " " " ' " " " " " " " " " '• ".. • " -. .,'' .- -' . .- . ..- " ; .
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F Y 1 0 (4.75)

where FI, F12 are unknown functions and DII, D 2

unknown constants.

h) Inner layer:

u f ii ( - - (4 .7 6 )

I 2 yu.*

U . f  (4.77)

y .j yu .y i"
f + In +  B as c (4.78)

kk-

yu* Y!

+ BIa, (4.79)

where f f 12 1re .mno.'vi functiois an 11 2, B12

unknown constnts.

(i i) Interme tiate fmequency , -jiiie : <. R1/ (K <<R

(a) 9 it r layer"

Aj!7~A -. 7- - .....S-N



(h) Unsteady layer:

F2
2 1  u )

- F (1 ) 3,
22 .Lq

where F2 1, F2 2  ]re iilkL'no ri functions.

(c) Inner lay r':

'Il YtU*
- 11= f J---) (4.84) r

U12 yu*

u f 12 (-7) (4.85)

1/2
(iii) High frequency regime: 1 <K << R, << << R,

(a) Outer layer: same results as for the intermediate

frequency regime.

(b) Unsteady layer: simi lar r-esilts as for the O

intermediate freuency reji,no.

(c) Inner •yer. :

Y (

..-.

- -. " 1.



1.-J---2  (4.37)

where a1 and a2 are unknown constants.

(iv) Very high frequency regime: t > R., a < I '

(a) Outer layer-: same results as for the intermediate

frequency regime.

(h) Inner layer (coincident with unsteady layer)

+

U -U - +
I - e V2cx cos (Y) (4.88)

U --- ..-UY0 +V2x

_y

U12  +
e Sin (Y) (4.89) '01o

The foregoing results are asymptotic I inits for R. * . Hence, they

should be referred to as "wea " similarity laws [YCdjniK (1970)], in

the sense that they hol I only to the 1 ow,est order asymptoti c i

analysis. Devi ati ons from these j ,aymptoti c la;.s should be exnezted

in practice, due to the finite value of R*. -.

4.5. Generalization t.o Nonzero i l-, fl

Pressure Gradi ent Boinda ry Layer0

The cornctepts clvrl oel o far f )r -ro an r r'>'-s, I r e

gr adient loq ad:rnit a r 1i , 'j t I y. , .S

fl own . 1n t, o n I " n t f

,.S
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application, but also enables one to verify some of the general

conclusions using the available experimental informaation. In tiils

section, the general case of nonzero tine-nearn pressure *jradient

- boundary layers is examined. Fully developed channel and pipe flows

are analyzed in the next sectioq .

Consider a general harmonic free-streai osciillation of tie formi

Ue( ,t) U %(X) [I + £(X) sill wt] (4.90)

with £<< 1. To the first order in the relative aplitude £, the

driving pressure gradient is, from Eqs. (4.3) and (4.90),

d U

cdx

dU
-(2e + U - ) sin wt (4.91)

The two extra contributions, namely the first and the last terms on

the right hand side of Eq. (4.91), will produce modifications in the

time-mean flow and the oscillatory motion, respectively, relative to

the case of zero time-mean pressure gradient. Note that, rigorously

" speaking, flows with U const., c = (x) would belong to ttie

category of zero pressure-gradient flows. However, this name will ;e

reserved for the situation in which both U and are constent.

-. J - ,W J -. - . -



4.5.1. F ine --ile a riovi

The di scoss i on on the h neortl;t.i e~ fl ow of section

4. 3 can be genera Ii zed to i ;-d!e thek_ [Mresenl cas2 in the fol Iowing

manoner [Tenck n anid o1-i I y T -

(iI Tho i?)~ 0 wIr o ii&05 . ~!d the

Ient sel I or hio r r ler 2 rdfined a s

IT (I dy (4.92)

vhi cii is a ;lioroeoc riar eyidros £ (0 io n L1. (4.17).

(i i In a ddli ti ort the, oit.r andl, rnoer tim(e scales, the2

Ionfi tnT1il 7 tir i(w the tr e e L!trami veloC i ty

itiodc s i t 1? sA i, n~l Jd it~s

C~.1)Srew o tedMj r espes' ine rpeUvely,

th e to I I4 ovin) two p)drj~ioetzr

'1~~ - .. 3)

)E4) -**1

02~
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-: at this order of aoprexirati.

(ii i ) hen R , + * , the ve l i -Jief , Ee. (4. ) ,

generalizes to S

F 4.) (495)

For Eq. (4.95) to hold, it is required that dyl/dx 0.

This condition defines the so clled equilibriu boundary

layers, for which Eq. (4.95) gives a self-preserving

velocity profile (in the outer layer). On the other hand,

the law of the wall, q. (4.?0), is still valid.

(iv) The log rithinic laws, Eqs. (4.21) and (4.22), are

at satisfied as long a- yI remains finite [see (vi) below].

However, the extent of the inertial sublayer and the value 

of I) in Eq. (4.22) depend on

iS

" (v) A I oqari th ni c fri cti on law like that of Eq. (4.23) holds

for finite yI

.5 :: (vi) The olntiont jm mn t ra ! , e l iti , r scoady flow is [White

(1974)]

J6 A.

, -. -.- ... -.
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Equation (4.))) i 4i b s that in addi tion to the

loni tudinal lenLi Ie JI et ,4.5) , a

second length sia-, I /,, ,l;) l' r sel hy the -1

snatiaI variatiorn of 12i tci- -t ream. It ,ij - assumed

that , i.e. r;iwy aJc,rd.irg ur lecelerating

f Iows are exc, lde . Pler, !!i /fix < iI , as,  assu ed w'..

above, an d y <

4.5.2. Oscillatory Motion

RegardIi nj the os(i I Idtr m L l, , tc- i s- i b 1U l 1)re snted at

the beginninq of section 4.4 sti i ap e ics, if in !q. (4.26) Uo  is

changed t.o I . Pot jiiIf ,1 I iIi ( 4t (4. 12) and

updating Eq. (1. 13) to

9,7)4

Eqaton(4 1~ !nne b 'en~ i 'e I

" -II I - . 'I f - I' n w 0 fl I

-I

• -' i i .

, . . .. .. : . .. . * -4 . -~ -. .. .: -. . . .... . : . ..- .



The outer a n(I )t .~ s. St -1 ar'o,)rj a te jf 1

raplaced by U . TI)jr:, i-) o *:r>% -s J a n I E (4. 3 1'

exceopt for thie f, I ovi ri'j alji :i' -rm on I ts I ef t nail s j'I- -:

wh ereP

Ld
- x(4. OO) A

i s a new "equ iI i r'i ujn poar r.ie ri t he 1 ow frequency re jiime * then ,J

in order for a similarity la, li e Eq. (4. 37) to hol d (witVi U0

repl aced by U ) it i s necessiry that, in addition to satisfying Eq.

* .(4.36), both and becon s tant. For the rernaini ng fi ow regimes,

in turn, w >> 1 and, hence, the flIow wi 1 be slIug-l i ke i n the outer 4

layer, as for zero-pressure-,qradi ent fl ows.

*.The analysis for thie i nner 1layer flrliseXactly the same as

before because, as explained above, j[Eq. (4.94)] vanishes at the 0

lowest order of ap pro x ima t io n. F in aly , the equation f or the

unsteady layer, in the niteirmeiiAi atr and hi (Jh frequency regimes , is

still analogous to Eq. (4. 64) , e.xcoj) L for toe foIlI owingy add it ional 4

term on its left hand Oide

where the samie s ca I i riq i; bfo re t, i j rim ly I I. (4. 62), w it h U1O

re')1 I iced by I 11'ei; a jaK5 i: a i

va I i - to I-. 10 1 Oies t;1 ord) r 1) r, j' w1 in ] ni ri ty

*1 j * .: *.-:. *" ~~' .
................................................
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law 1 ike that in l. (4.66) . ti ht(I (with 11 replaced

I, by U-) .

Though the above di'cu s iru s in ,, Y ,.o e ,li b i riuf boundary

. layers, only a few -)f Tha r', , : - a 'Toal I v . t ri ted by this

condition. First, for iwu 1, ii I Lu ±:,1 Ii ,'.' I '.I.,, the v I OCi ty-

defect law, Lq. (4.95 , is not v, ilJ as the pr ofitIe will dlso depend

on its "history', i~ . , 1 m v o I i t i 0 n. Howe e, , a

logarithmic region still .'i ts (for, finite y]' though its extent.-

(and the valuie of U) w i I I o on the history. Then, the only

difference in the results fr the oscillatory motion is that no

similarity law, like that. of v1. '.1. 37), wit iol d in the oi(ter layer

for the low frequincy retine.

4.6. ,_xtension to Fully D,velop- 2io mn-_l

and Pipe Flows

In fully dev] o)pel fl ; all toe prom-tlis aro inariant in the

l ongi tudi nalI di re-cti on. Io particular, thie shoit- velocity, uj*, 15 a

constant (in the curres;ondi;'i Stoal' , fow'l. :. o, sinre the

convecti10 terms .it151 (05 . , Cr',')<04. o~uc it1 ' <V>) the

problem beces linear lnies I rciS t: I Kir f or 1 iam1 i tuide of,. .

oscillation, rot -)IIs(ii, l a'O -1 - t , if;titlrn,' uS

Reynolds r,,, r . K.. . , j ,-

4.6.1. Two -. i)r:en qiiunal Vh.o,,e Ii c-i

>i,. ".[... .,
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the1 l s) by Il-

and with the ori,3in uf t-; , -: u I a - t rn ~ ~ ~ *i

-] a~~syvptoti c ar-ly:s s uf tha t! e-:lea ' f cli f,: the ]),w'r ha If 'ti u

- ~ ~~upper half is, obviously, sy-,,, et, i- lo,, provids rasi] s co <:',te]y .

" I ~analogous to those for a hoir~ary 1layer, r, e .... tr, d in secti on 4.3, if

Uthe length scale A: is replaced by h. This time, however, the 1, n,,th

scale in the lonqitudinal -irertio, is infinitely large and ne!d not

be considered. In tiirr,, i t i fai rly easy t,) show that th-,

equivalent to Eq. (4.15) is

nI d 2 Ul ,
.,pd' dd=h + ( ,4.103)ody 2 dy y=h d

The second ter:n on the right hand side of Eq. (4. 103) is part of the

pressure-gradient contribution. Again, th- discussion at the

beginning of section 4.4 applies, with , now defined as -

- il!04)

-: The outer scaling is, in an.lojy with F . . .

6 h- S

t I I I
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Introducing Li. (4. [Oh)) lrj I. PH. ' anl taknj the l imi t

R, one t

41 106)

w h ic nhou;i v ' tr 'I*U i i sltio ns in the f or; n

of a 'V i,±. l-l,

El~tf'n('I 1)i,, :j 'es )L.(.') iiieyonld the

Ilow fnreqiiency rnc'li,? (i. I ur > 1), L . (4.106) s hows

that I u at thl 1 rwi order, 1 ie. , the otiter 1 den oi- "cone

ne(iion" un(Ier oocs~ i-lom i* - lat i -s, a'; in Fm)ondarj layer flow.

The inner sra Ii nt, oni other aion i0, thev samne as i n the

houfldd y-i ayer Sil 1, V 11-i . 31). To the zero

order, 0 .*ljth';

M3 ('. r 1nst thi S

elation vil op -) o :r f K~ -n>,2I,>e i t~ L.

.. 1.P



0 i')

fIoo on te inner or "s , r ' . -. ,th'.

;ontri bution only in tie ;o;i t,'O y ,i4II. 1' ra1/ fr" ,

th flow i I the core re.1ioq in n o-like ani, tr', I, ';.

the iligh and very hicgh fre i .:e re les, Ii qee r; : ). r- -3 2 I
according t o Fq. (4.55), as o,, Y ,rl.ar/-l,,r lo', J ' i:
solutions, naiely EIs. (4.69) n " t.60) r ensec ti *e

The results for te u2; ,eiii iier, [il ter'J *3 an i -

frequency regimes, are comp lete ly I-). o o' tht fur tle 5u1'i d! y

layer case.

4.6.2. Pipe Flow

Very simi lar result ; ar obtai ned for pi pe f2o If the radi us

of the pipe is R, the centerline veplcit'! i 4 iven by L. (4.103) and

the origin of the 1-a i s i cIosenr It the inner srf e (a rather

unusual choice for an a v i syitnet rio I ow), teIo,) th , i:ln -[wan - o'

satisfies the sam cod it on, a s in bo , 'iiry -1 ye r' f I ow S ot io

4.3), if A is replaced by R. The equ3tion equivalent to E. (4.103)

is

-4 -Yd U

d0_

If the outer scalini, of (,I (,, j i , ,, i'O h e i Y P,

t " the lowest order ap)'rnximatie on f I i. X 1(,l) L,, the coure I'jio n

becomes

• ,, . . . • . - , > * **~
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-1 d~iW U1  (1 a, (-,T]- ,) T [ )T],: (4.110)

Eq. (4. 110) is the counterpart o f 1i. (4.106), and gives also

solutions of the form of Eq. (4.10/), with h replaced by R.

Likewise, the equivaler.t to Fq . (4.1,),)

4-

1 d Ii T [(R -y ) ( .... + Ti)]+ IN + T )l
- y  dy dy

II H_ ... [ -y+) ( , . .., ) } 4 (4.111)
)dy -

+0

-Y y d~yy ,

Equation (4.111) gives sol] itions in the foril ot Eq. (4.43). Note

that, as in channel flow, the o~rni ,r the ri qht hand side of Eq.

(4.111) gives a nonnegl igible contriht ion only in the low frequency

regime. In fact, for I>> 1 )(I lU ,'dy and - 1 ,,,ish in the core

region. That T must zer', m';i he easi ly prved by considering

series expansions in powers of , for both )I arn T 1 , which, when

inserted into the outer equition, give a set )'I huo );Jeneois ej.uations

with homogeneois boundary conli ions

SFor the unsteady l ay:,! finally, thi e. ii aie t to Eq. (4.65) is

vhere ~ ~r I*an the ;tanla r I cail o n ve I. Eg. (4. 112)

Iprovi de2s snoliti ans of the o)r; .

• *i a*-- " [ -. -'.* . . . .. . . .
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Free Stream Free Stream

s Slug-flow

Outer Layer

Overlap Region __ UsedLar

InnerLayerQuasi-steady Flow

WallI Wall

(a) Steady Structure (b) Unsteady Structure

Figure 4.1. Schematic representation of the flow structure.
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S__ _ _ __ _ _ _ __ _ _ _ _ _ _

I//I7I T /1/1/1- 77 7/7 7~// ./

(o) Low Frequency Regime (b) Tntermediote Frequency Regime

Linear Flow, Eq. (4.69)S60
__________________ Q Stokes Flow, Eq (4 60

/ /// /777 7T77T77T7777 7-1-

(c) High Frequency Regime (d) Very High Frequency Regime

Fiue 4? lep, ''~ ' <1~9 :I. ..
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VIEW .I!-1 TE~

5.1. General

The theory devel oped ;n the i)revi )i s a!)ter is Oo, a I , t.

the experimental results. This not only constitijtes a check, ii

also alows the identificatior, qithin experimental error, of su uf

the similarity laws to which the theory leads. In addition, a clear

picture starts to emerge regarding the continuous transition of the

oscillatory velocity profiles from the low to the very 'higl frequency

regime. Some of the concepts and ideas provided by the theory are

also used to generalize its application to other flow quantities.

Table 5.1 shows the most relevant parameters for tie resent

data at each station and for toth the oscillating frequencies. It is

observed that the majority of the sit-uations correspond to the

intermediate frequency regime. The remai ning ones are in the

transi tion range between the I ow and i nter':iedi ate f reqency

regimes. Therefore, they are expected to have, to _twio extent, the

main characteristics of hoth regimes.

5.2. Velocity

In thi s sec t ion, in ,iddi t i ot, 1. 1 t, n - . -

nelr imr t, I re Il Il L - n t 1 thr -twtio', wl oii1 ry1 ' yer, h aoI .Ch

9::

S
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and pipe fl Iows are ex a qi n-!d. i 1 noirt ry . tr.austrate the

generality of the theory, hiut wi I also p rov1 ,. a winr c o)rehensive

picture of the effect of unsteadiness on va]1-bounutd,! Lorbulent shear

flows. Table 5.2 presents a list of these additiciml experiments,

together with their most ,el evau. pd:t ro

The cases in thy low or trunstiudl ll o w-itermediate frequency

regime must be expected to nhiot toe "i,::yai thti. O n"'', Eq. (4.53)

or Eqs. (4.74) and (4.75). Fi,n.ir 5.1 'resents the in-phase

osci latory component, UlI, in the inor toor',di nat as, for experiments

MI, M5, CA, Ti arid ,l. liat curr.ainn.dinq to internediate arid

internediate/high frequency reqimres; (,euerienerots W?, 1 and J4) are

also shown. A line correslorn iln to u wi aVIrsAi rnjdritomi c lav

for the mean velocity profile in .rdIy 1na is drawn, s t slope is

used as a reference. It is ra di !y. u h;,rvol that, in all the low and

low-internediate frequency Ce1io o-'cnimi.'i: , t'ier-' is a range in

wh i ch the in-phase cvoUri'ont vi i..r l in. l al-i wth th'

universal slope, as pr'udicted i,. tie the'r'. -li,", W',i nit.Cr uinjo,

a 'wake conponent" can he idu'tti 'jul as tr" LI . d LA.l''-"l oi nrrifl

velocity profile, hot t..ndi:nI d p -lt " i' 1-n tr, r.ri layr-. If

that this wake ni r -,t 15i , Vy.r "I -q r . t

tir-neI an adverse tir"s;'ire ,r id n ,,Thin , :. - '-, ' 3'

extent of the imqirit.ir ,'pji ' -i t A

The corresQpo dirnj 9 L- t K i i, r ',. , L .. 1

5. .  It i S -L t r, rw .n -', .... W

the I O 7 a h i t l I rV E' and h q, ' -' ' , -t - ,i.

. i ! C . ° . . .

,,,- - _- a--,...-. ... .. : .. .. '



U I St riiu ti On, erp K C1 t :

constant value behavps i i sai -jq . Th . ,

I ike the ti'ile-i an flow, tn,- , iatiry 'l!< Y, '0 Liii ;.2Ar ,.

deoends stron1ly on t he par, p- -4w co, d t o.

1:; is ,, s0 S ile ti .i)t ' e , -:

foregoing fiqures. omparin , rient 11, ni, j. ri ,,

5.1, it can be concluded to at the d i ive -nis int (I

logarithmic law [Bii i i.. (4.7)] i:lres, wi* .

effect is prodiced by the h .- ne n advrse p rs j.r ra i'-n, aS

seen from thie data for eyoli.rt i. It is more i ) -

identify trends in the case of tcb constant aIssDc i ted with the out-

of-phase component. This is becaose, s inc,- it is sai i n the zero

or small time-mean pressire jrai lent cases, it is subjected to larger

experi nenta 1 errors. However, si rIce i t a; to vani h f or- 0

(quasi -steady fi ow) and for : (slug flow, xce t i n a very thin

Stokes 1 ayer) a nonmonotonic trend has to be expected, as is, in

fact, suggested by the dal-. Note that tie adverse pres,.,re

ir, ol nt, in t. r n, causes the cols t int to heco '.e posit ive (wil cii

0 t ther i.; a phase I,,I

, .ly. r i n el r d , f i ro n I ar L. oi , resent: the

K ,Y,;, s 1, 3 a,(1 14. Vhev at, - art c1 1 r I ' uI

. . .. ,,, yi.;I ,i:irate ,Jl.t P L4 dilip ii;, v .ere J )ta d 1 i3

* i ... K, ho- 2, 2' ' <! r l 2 1 I .• . .' V V. . I

o" ndIInII

& -. . . . ." . - - -" "
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experiments J2 and J4 show that, with increasing , a slug-flow

region develops in the outer layer beginning from the outer edge.

The out-of-phase component, in turn, is reduced in the inner layer,

relative to the lower frequency cases Jl and J3. In fact, higher

frequencies cause the local velocity to lead the free-stream

" velocity. This trend is opposite to that produced by the time-mean

pressure gradient, which tends to produce a phase lag in the local

velocity. It is also important to note that, at a given time-mean

adverse pressure gradient (experiments J1, J2 or J3 ' J4), there is no

significant change in the distribution of U11 in the inner layer.

This supports the theory of Chapter 4 that the behavior of U11 in the

inner layer is quasi-steady in the low to intermediate frequency

range.

The previous discussion permits one to construct a general,

though still speculative, picture of how the oscillatory components

behave when the frequency parameter w increases. Figure 5.3 refers

to the case of a zero time-mean pressure gradient boundary layer. It

is observed that there is a continuous transition between the "log +

wake" profile for the low-frequency regime and the Stokes (viscous)

solution for the very high-frequency regime.

According to the theory, in the intermediate-frequency regime

there must exist an outer region of slug flow. That this is in fact

the case for the present experimental results has already been shown

in Chapter 3 (see Figs. 3.21 and 3.22). The same is true for the

other experiments discissed in this section, as already mentioned

with reference to experiments J2 and 34. Immediately next to this

.. %.". ...
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layer, and closer to the wall, an intermediate unsteady layer

develops where the "velocity defect law", Eq. (4.66) or Eqs. (4.82)

and (4.83), must be satisfied. Figures 5.4 and 5.5 show the in-phase

and out-of-phase velocity components, respectively, for all the

present experimental data, plotted in the coordinates corresponding

to the unsteady layer [see Eq. (4.62)]. The error in the asymptotic
-1

results is of the order (ln R,) . Admitting an error of ±0.5 (see

Table 5.1), we conclude that the collapse is reasonably good for the

truly intermediate frequency cases, in agreement with the theory.

Deviations occur for the transitional low/intermediate frequency

cases, specially for the out-of-phase component and closer to the

outer edge of the unsteady layer. In these cases, the slug-flow

region has nearly disappeared, so the unsteady layer extends

practically up to the edge of the boundary layer. Hence, the

deviations must result from the interaction with the free stream. In

all the cases, the scatter for the out-of-phase component is much

larger than for the in-phase component. This is, as already

mentioned, due to the larger experimental errors in the measurement

of U12. It is significant to note that the location of the peak in

the in-phase component, which is a measure of the extent of the

unsteady layer, corresponds to y 1.

Figures 5.6 and 5.7 present the results for experiments T2, J2,

J4, AR and BK plotted in the "unsteady-layer coordinates". A typical

set of data from the present experiments is also shown in the figure -9

for comparison. It can be seen, again, that this normalization

brings the data closer to one another, even though considerable

--. 4I

y2V' - ~ 2;K:: .. "-
................................................ ... ',
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deviations still remain. However, these should be interpreted with

caution due to the following reasons:

() Except for the data set of experiment T2 and, of course,j

the present ones, all of the data were obtained from

published graphs.

(ii) The data of experiments J2, AR and BK, though closer to

satisfy the small-amplitude assumption, may be subjected

to larger experimental errors because, preci sely, of the]

very low amplitudes of oscillation (see Table 5.2).

(iii) In using the data set J2 and 34, the local boundary-

layer thickness used by the origi nators to normal ize the

y -coordinates in their plots was not available and was

therefore estimated.

There is a relatively good collapse of the results for the in-phase

component in the near-wall region (see Fig. 5.5). In the outer part,

some of the relative departures may be genuine and linked to the

different characteristics of the outer flow. Similar comments can be

made about the out-of-phase component (Fig. 5.7) which, again, show

significant scatter in the near-wall region.
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5.3. Other Flow Properties

Though the theory has been developed only for trie osci laLr'y

velocity components, the ideas can be extended to analyze other flow

properties also. If the in-phase and out-of-phase componeits Uf the

turbulence properties, namely <u2>, <v2>, and <uv>, are defined in

complete analogy with those for the velocity [see Eq. (4.71)], they

2: 2must scale with u,. To be consistent with eariler definitions (see

chapter 3), they are normalized with 2u, . Their distributions in the

unsteady-layer coordinates, for the present experiments, are shown in

Figs. 5.8 to 5.13. With the same admitted error as for the velocity

(+_0.5), the data for the in-phase component collapse fairly well for

all the quantities, except for <u2> in the outer part of the unsteady

layer. Deviations occur there for the transitional low/intermediate

frequency cases (see Fig. 5.8). As in the case of the velocity, this

must be attributed to interactions with the free stream, including

some feeding of free-stream turbulence into the boundary layer. Less

satisfactory is the performance of the out-of-phase components (Figs.

5.11 to 5.13), especially in the near-wall region. This can be due

to a higher sensitivity of the turbulent quantities to the value

of a. Note that the best data collapse is for <uv>. The agreement

improves when moving outwards, except for <u2>, for which the same

considerations as for the in-phase component apply.

As in the case of the turbulence properties, the in-phase and

out-of-phase components of the wall shear stress <Tw> (obtained from

(Cf>) must scale with 2 Figure 5.14 presents the amplitude of

oscillation of the wall shear stress as a function of the fr Aqiency

..-... .
-..... °- .
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parameter . Included are the measurements at all stations and all

frequencies. They merge satisfactorily within the admitted error,

±0.08 (obtained from that for [<Cf>]; see Table 2.1). It is observed

that the amplitude remains fairly constant with ?. There possibly

exists a mild minimum around w 30 to 35. The variation of the

phase of <Tw> with frequjency is shown in Fig. 5.15. Again, there is

a satisfactory correlation of the results. An approximately linear

trend is observed in the variation of the phase angle with w.

Finally, the in-phase and out-of-phase components of the eddy

viscosity, obtained from the measurements at station 5, and at both

the frequencies, are plotted in Figs. 5.15 and 5.16. They are

2
normalized by u*/w, as suggested by dimensional analysis. A

relatively large uncertainty must be accepted because of the manner

in which they are calculated. For example, they are very sensitive

to the values of aUl/ay, which are obtained from a piecewise fit to

01 vs. y (see chapter 3). The collapse for the two sets of data is

fairly good in the near-wall region, especially for the in-phase

component. Large differences are observed in the outer part, which

are belipved to be associated with the above-mentioned calculation

errors. The results corresponding to the lower-frequency data set

are considered to be nore reliable in this respect. The data,

howeveir, seem to confirn that neither a quasi-steady (v012 =0) nor a

frozen eddy-viscosity model (0 = 0) is realistic at either
til.

of these frequencies.

.|

16° "'
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5.4. Time-Mean Flow

As discussed in chapter 3, small but significant fr .jl.

effects are found in the outer distribu tion of the ti meiie di

quantities, specially the turbulence properties. Though tile theor)

developed does not deal with the time-nean flow (in fact, it ass. es

that it is equal to the steady flow at the time-mean free-strtatn

velocity), the frequency parameters derived from the analysis can hi

used to correlate the observed departures.

The strongest frequency effects were observed in experiments M4,

M5, M6 and M7. Hence, it can be said that frequency effects on the

time-mean quantities, in the outer layer, can be expected in the

range 8 < w < 20. For w < 8, frequency effects are too weak. On the

other hand, for w > 20, frequency effects, if present, must be

confined to the near-wall region. In the outer layer the turbulence

distribution is then frozen, so the time-averaged flow properties

approach those in steady-flow at the time-mean velocity.

.
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CHAPTER 6

CONCLUS IONS

The following are the ma in findings of the p)rese; n t

investigation:

(i) Spatial history effects on the time-mean properties have?

*been identified and interpreted for a periodic, turbulent boundary

layer developing in zero time-mean pressure gradient. It has been

found that the oscillation accelerates the development of the outer

*rflow, while it has little effect on the inner flow. The modification

of the outer flow can be interpreted as a shift in the virtual origin

of the turbulent boundary layer. For large Reynolds numbers, the -

time-mean properties tend to approach their steady distributions at

the time-mean free-stream velocity. The small residual differences

between the two can be considered to be 'frequency effects'.

* (ii) Frequency effects on the time-mean properties have also

been identified and correlated. They produce a small positive

departure in the outer layer, relative to the steady -flIow

distribution at the same Reynolds number, for 8 < w < 20.

(iii) The behavior of the oscillatory components of the motion

has been seen to confirm what was previously known. In particular,

many of the conclusions of Ramaprian and Tu (1982) on periodic pipe

flows apply equally well to unsteady boundary layers. The thickness

of the unsteady layer, i.e. the layer over which unsteady viscotv-

- * J-



201 -

" effects are significant, has been characterized by the

quantity u./w, in agreement with Ramaprian and Tu (1982). Phase "

differences of about 360 degrees in the oscillatory components of the

turbulence properties, across the unsteady layer, have been

measured. Eddy-viscosity calculations, obtained from the

measurements, have shown that neither a quasi-steady nor a 'frozen'

turbulence model is appropriate for unsteady boundary layers at the

present frequencies.

(iv) Wall-shear-stress measurements have been made using a

flush-mounted heat-flux gage. The timnenean wall shear stress has

been found to decrease slightly with increasing frequency, a trend

opposite to that observed in pipe flow [Ramaprian and Tu (1982)].

The amplitude of oscillation is close to the quasi-steady value at

all the frequencies. Larger phase leads (of over 30 degrees) than

those reported by Ramaprian and Tu (1982) have been observed i, -he

boundary layer at the higher frequencies.

(v) An asymptotic theory, for large Reynolds numbers, has been

developed for the oscillatory motion. It is valid for both boundary

layers at zero and adverse time-mean pressure gradients and fully

developed pipe and channel flow, and has been successfully applied to

the present and previous available expcrimental information.

-'. (vi) The theory identified the frequency parameters w =A/u.

2and ( = u,/wv, as the appropriate parameters to characterize the

oscillatory motion at large Reynolds nirubers. The first one is

analogous to that introdticed by Ramaprian and Tj (19.2) based on eddy

viscosity arguments.

. . . . . . . .. .. . * . .



(viii) Four frequency regimes have been identified (excludinj

the quasi-steady regime):

* Low frequency regime: < 1 (a > R.)

I2 .1/2Internediate frequency regime: I << w< R /( < << R,

1/2 1/2
* High frequency regime: R /  < _ < < ( < ~ < R/

* Very high frequency regime: w > R, (o < 1)

Similarity laws have been identified for each one of these frequency

regimes. These laws are the extension to unsteady flows of the well

known "law-of-the-wall", "velocity-defect law" and "logarithmic law"

for steady flows, and are summarized in section 4.3.5.

,......
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