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rigure 5.1: Sketdh of a round jet experimen, shaving the polar-
cylindricalcoordinatesystememplgyed.
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rigure 5.2: Radialpro Tesof meanaxial velccity in a turbulert round
jet, Re= 95 500. The dashedinesindicatethe half-width,r %(x),
of the pro les. (Adaptedfrom the data of Husseiret al. (1994).)
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rigure 5.3: Meanaxial velccity againstradial distancein a turbulert
round jet, Re ¥4 10, measuremés of Wygnanskiand Fiedler
(1969).Synbols: £+; x=d = 40;4 ; 50;2; 60;8; 75;2; 975.
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rigure 5.4: Certerline meanvelccity variationwith axial distancan a
turbulent roundjet, Re= 95 500: synbols, experimenal data of
Husseiret al. (1994)line|Eq. (5.6)with xo=d= 4;B = 5.8:
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Figure 5.5: Self-similampro Te of the meanaxial velccity in the self-
similar round jet. Curve t to the LDA data of Husseinet al.
(1994).
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rigure 5.6: Mean lateral velccity in the self-similarroundjet. From
the LDA dataof Husseiret al. (1994).
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rigure 5.7: Pro Tes of Reynoldsstressei the self-similaround jet.
Curwve t to the LDA dataof Husseiret al. (1994).



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flows

StephenB. Pope
Cambridge University Press 2000

°c StephenB. Pope 2000

5.0¢

40}
40r

U
aJn

3.0}
2.0}

1.0}

0.0_"""""""'
0.0 1.0 2.0 r/l’1/2 3.0

0.0 0.1 0.2 0.3
g

rigure 5.8: Pro Ie of the local turbulenceintensity| hu?i 2=hUi [in
the self-similaroundjet. Fromthe curve t to the experimenal
data of Husseiret al. (1994).
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Figure 5.9: Pro Tesof huvi =k andthe u-v correlationcoetciern %, in
the self-similaroundjet. Fromthe curve t to the experimenal
data of Husseiret al. (1994).
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rigure 5.10. NOormalizedturbulert di®usiviy ®r (Eq. (5.34))in the
self-similaroundjet. Fromthe curne t to the experimenal data
of Husseiret al. (1994).
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rigure 5.11: Pro le of the lengthscalale nedby (Eqg. (5.35))in the
self-similaroundjet. Fromthe cure t to the experimenal data
of Husseiret al. (1994).
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rigure 5.12: Self-similapro Tesof the integrallengthscalem the tur-
bulert roundjet. From Wygnanskiand Fiedler(1969).
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rigure 5.13: LONgitudinalautocorrelationof the axial velccity in the
self-similaroundjet. From Wygnanskiand Fiedler(1969).
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Figure 5.14: Sketdh of planetwo-dimensionashear°ows shaving the
characteristicow width +(x), the characteristiaccorvective velcc-
ity U, andthe characteristiovelccity di®erencéls.
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Figure 5.15: Meanvelccity pro Te in the self-similaround jet: solid
line, cune t to the experimenal data of Husseiret al. (1994);
dashedine, uniformturbulert viscosi solution(Eq. 5.82).
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Figure 5.16: 1 Urbulert kinetic energybudgetin the self-similaround
jet. Quartities arenormalizedby Uy and ry. (From Pandapale-
sanandLumley(1993a).)
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Figure 521: Sketdh of the mean velacity hUi againsty, and of
the scaledmeanvelccity pro le f (»), shaving the de nitions of

Yo1; Yog and,
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Figure 5.22: Scaledvelacity pro lesin a planemixing layer. Synbols,
experimenal dataof Champagnetal. (1976)]ine, error-function
pro le (Eqg. (5.224))shavn for reference.
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Figure 5.23: AXial variation of yq.1; Yo.5 and yg.9s5 in the planemixing
layer, shaving the linear spreading Experimertal data of Cham-
pagneet al. (1976).
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Figure 5.24: Scaledmeanvelccity pro Ie in self-similamplane mixing
layers. Synbols, experimen of Bell and Mehta (1990)(U-=U, =
0:6); solidline, DNS data for the temporal mixing layer (Rogers
and Moser1994); dashedline error-functionpro le with width
chosernto matd datain the cerer of the layer.
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Figure 5.25: SCaledReynoldsstresgro lesin self-similaplanemixing
layers. Synbols, experimen of Bell and Mehta (1990)(U-=U, =
0:6); solidline, DNS data for the temporal mixing layer (Rogers
and Moserl1994).
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rigure 5.26: Normalizedvelccity defect pro e in the self-similar
planewake. Solid line, from experimenal data of Wygnanski
et al. (1986);dashedine, constatturbulen-viscosiy solution,
Eq. (5.240).
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Figure 5.27: Meanvelccity de cit pro lesin aself-similaaxisymmetric
wake. Synbols,experimenal dataof UberoiandFreynuth (1970);
line, constatturbulert-viscosiy solutionf (») = exp(j »*In2)
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Figure 5.28: R.M.S. velccity pro les in a self-similaraxisymmetric
wake. Experimemal data of Uberoiand Freyrmuth (1970).
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rigure 5.20: TUrbulen kinetic energybudgetin a self-similaaxisym-
metric wake. Experimenal data of Uberoiand Freynuth (1970).
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rigure 5.30: Sketdh of the meanvelccity pro Ie in homogeneoushear
°ow.
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Figure 5.31: Reynoldsstressesgainstaxial distancein the homoge-
neousshearow experimen of TavoularisandCorrsin(1981):°
hudi; o, hvai; 4, hwai.
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rigure 5.32: Sketdh of a turbulencegeneratinggrid compmsedof bars
of diameterd, with meshspacingM .
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Figure 5.33: Decd of Reynoldsstressesn grid turbulence: squares
hu?i =U3 ; circleshv?i =U2 ; trianglesk=U3 ; lines,proportionalto
(x=M)i 3, (From Comnte-Bellotand Corrsin(1966).)
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Figure 5.34: NOrmalizedmeanvelccity de cit f (») andscalar, (») =
hAi =hAi - in the self-similarplane wake. Synbols (solid f
open' ) experimenal data of Fabris (1979);solid line, f (») =
exf(j »In2);dashedine,' (») = exp( »*¥ In2) with % = 0:7.
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Figure 5.35: NOormalized.m.s.scalar’uctuationsin a roundjet. From
the experimenial data of Pandapalesanand Lumley(1993b).
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Figure 5.36: SCalavariancebudgetin aroundjet: termsin Eq.(5.281)
normalizedby hAiy=; Us and ry. (From the experimen data of
Pantapalesanand Lumley(1993b).)
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Figure 5.37: Scalar-to-glcacity timescaleratio in a round jet. (From
the experimenal data of Pandapalksanand Lumley(1993Db).)
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Figure 5.38: NOrmalizedcalavarianceonthe axisof self-similaround
jetsat di®erehReynoldswumbers. Trianglesair jets(experimerts
of Dowling and Dimotakis(1990);circleswater jets (experimens
of Miller (1991)).(From Miller (1991).)



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flows

StephenB. Pope
Cambridge University Press 2000

°c StephenB. Pope 2000

1k
0.0
1(t) 0 (a) = |
1L S S — S

1)) _|(b) 0=0.25
0 t

1
1(t) 0»(0) B o  g=0.75
t

1
1(t) o»(d) - g=0.95

Figure 5.30: Sketdh of the intermittency function vs. time in a free
shear°ow (@) in the irrotational non-turbuleh surroundinggb)
in the outerpart of the intermittert region(c) in the innerpart of
the intermittert regionand (d) closeto the cener of the °ow.



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flows

StephenB. Pope
Cambridge University Press 2000

°c StephenB. Pope 2000

1-0 | —

0.5}

y !y

Figure 5.40: Pro e of the intermittencyfactorin the self-similaplane
wake. The meanscalarpro le shavn for comparison:yj, is the
half-width. Fromthe experimenal dataof LaRueandLibby (1974,
1976).
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Figure 5.41: Comparisorof unconditionabndturbulert mean(a) and
r.m.s.(b) scalarpro lesin the self-similaplanewake. From the
experimenal data of LaRueand Libby (1974).
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Figure 5.42: Sketdn of a turbulert roundjet shavingthe viscousuper-
layer, andthe path of a °uid particlefroma poirt in the quiescen
anmbiert, O, to the superlayer, E.
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Figure 5.43: Pro Tes of the intermittency factor ©, the unconditional
meanaxialvelacity hUi andtheturbulert Ui+ andnon-turbulem
hUin conditionalmeanvelcities in a self-similarmixing layer.
From the experimenal data of Wygnanskiand Fiedler(1970).
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Figure 5.44: Pro Ies of unconditionalhu?i, turbulert (u%)? and non-
turbulert (u)? variancesof axial velccity in a self-similamix-
ing layer. From the experimenal data of Wygnanskiand Fiedler
(1970).
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Figure 5.45: Standardized®DF's of (a) u, (b) v, (c) w and (d) A in
homogeneowshearow. Dashedinesarestandardizedaussians.
(From Tavoularisand Corrsin(1981).)
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Figure 5.46: Cortour plots of joint PDF's of standardizedvariables
measuredn homogeneoushear°ow: (a) u andv, (b) A andv,
(c) u andA. Cortour valuesare(:15 0:1Q 0:05and 0:01. Dashed
linesarecorrespndingcorioursfor joint-normaldistributionswith
the samecorrelationcoexcierts. (From Tavoularisand Corrsin
(1981).)
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rigure 547: PDF's of a consergd passie scalarin the self-similar
temporal mixing layer at di®eren lateral positions. From direct
numericalsimulationsof Rogersand Moser(1994).
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Figure 5.48: Pro les of unconditional(S4; K 4) and conditionaltur-
bulert (Sat; Kar) skewnessand kurtosisof a consergd passie
scalarn the self-similaplanewake. From the experimenial data
of LaRueand Libby (1974).
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rigure 5.49: PDF's of axial velccity in a temporal mixing layer. The
distancefrom the cener of the layeris » = y=t The dashedine
correspndsto the freestreanvelaity U,,. From the DNS data of
Rogersand Moser(1994).
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Figure 5.50: Pro Iesof skewnesgsolidline) and kurtosis(dashedine)
in the self-similaroundjet. From the experimenal data of Wyg-
nanskiand Fiedler(1969).
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Figure 5.51: Flow visualizationof a planemixing layer. Sparkshadav
graphof a mixing layer betweenhelium (upper) U, = 101m=s
and nitrogen(lower) U- = 3:8m=s at a pressuref 8 atm. (From
Brown and Roshlo (1974).)
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Figure 5.53: MiXing layer thicknessy, againstaxialdistancex, for dif-
feren forcingfrequencies,. (From OsterandWygnanski{1982).)



