
CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flo ws
StephenB. Pope

CambridgeUniversity Press, 2000

c° StephenB. Pope 2000

fluid
supply

nozzled

U q

r

W
U

V

x
quiescent
surroundings

J

Figure 5.1: Sketch of a round jet experiment, showing the polar-
cylindricalcoordinatesystememployed.
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Figure 5.2: Radialpro¯lesof meanaxial velocity in a turbulent round
jet, Re= 95; 500.Thedashedlinesindicatethe half-width,r 1

2
(x),

of the pro¯les. (Adaptedfrom the dataof Husseinet al. (1994).)
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Figure 5.3: Meanaxial velocity againstradial distancein a turbulent
round jet, Re ¼ 105; measurements of Wygnanskiand Fiedler
(1969).Symbols: ±; x=d = 40;4 ; 50;¤ ; 60;§; 75;² ; 97:5.
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Figure 5.4: Centerlinemeanvelocity variationwith axialdistancein a
turbulent roundjet, Re= 95; 500:symbols,experimental data of
Husseinet al. (1994),line|Eq. (5.6)with x0=d= 4; B = 5:8:
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Figure 5.5: Self-similarpro¯le of the meanaxial velocity in the self-
similar round jet. Curve ¯t to the LDA data of Husseinet al.
(1994).
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Figure 5.6: Meanlateral velocity in the self-similarround jet. From
the LDA dataof Husseinet al. (1994).
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Figure 5.7: Pro¯les of Reynoldsstressesin the self-similarround jet.
Curve ¯t to the LDA dataof Husseinet al. (1994).
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Figure 5.8: Pro¯le of the local turbulenceintensity| hu2i
1
2=hUi |in

the self-similarroundjet. From the curve ¯t to the experimental
dataof Husseinet al. (1994).
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Figure 5.9: Pro¯lesof huvi =k andthe u-v correlationcoe±cient ½uv in
the self-similarroundjet. From the curve ¯t to the experimental
dataof Husseinet al. (1994).
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Figure 5.10: Normalizedturbulent di®usivity º̂ T (Eq. (5.34)) in the
self-similarroundjet. From the curve ¯t to the experimental data
of Husseinet al. (1994).
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Figure 5.11: Pro¯le of the lengthscalede¯nedby (Eq. (5.35)) in the
self-similarroundjet. From the curve ¯t to the experimental data
of Husseinet al. (1994).
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Figure 5.12: Self-similarpro¯lesof the integrallengthscalesin the tur-
bulent roundjet. From WygnanskiandFiedler(1969).
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Figure 5.13: Longitudinalautocorrelationof the axial velocity in the
self-similarroundjet. From WygnanskiandFiedler(1969).

13



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flo ws
StephenB. Pope

CambridgeUniversity Press, 2000

c° StephenB. Pope 2000

(a)

(b)

(c)

(d)

<U>
plane jet

y

U = Uc      s

xd

<U>

plane mixing layer

y

U c

x

d

U s

<U>

plane wake

y

U c

xd

U s

boundary layer

y

xd

U = Uc      s

Figure 5.14: Sketch of planetwo-dimensionalshear°ows showing the
characteristic°ow width ±(x), the characteristicconvective veloc-
ity Uc, andthe characteristicvelocity di®erenceUs.
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Figure 5.15: Meanvelocity pro¯le in the self-similarround jet: solid
line, curve ¯t to the experimental data of Husseinet al. (1994);
dashedline,uniformturbulent viscosity solution(Eq. 5.82).
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Figure 5.16: Turbulent kinetic energybudgetin the self-similarround
jet. Quantities arenormalizedby U0 andr 1

2
. (From Panchapake-

sanandLumley(1993a).)
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Figure 5.21: Sketch of the mean velocity hUi against y, and of
the scaledmeanvelocity pro¯le f (»), showing the de¯nitions of
y0:1; y0:9 and±.
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Figure 5.22: Scaledvelocity pro¯lesin a planemixing layer. Symbols,
experimental dataof Champagneet al. (1976);line,error-function
pro¯le (Eq. (5.224))shown for reference.
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Figure 5.23: Axial variation of y0:1; y0:5 and y0:95 in the planemixing
layer, showing the linearspreading.Experimental data of Cham-
pagneet al. (1976).
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Figure 5.24: Scaledmeanvelocity pro¯le in self-similarplanemixing
layers. Symbols,experiment of Bell and Mehta (1990)(U`=Uh =
0:6); solid line, DNS data for the temporal mixing layer (Rogers
and Moser1994);dashedline error-functionpro¯le with width
chosento match data in the center of the layer.
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Figure 5.25: ScaledReynoldsstresspro¯lesin self-similarplanemixing
layers. Symbols,experiment of Bell and Mehta (1990)(U`=Uh =
0:6); solid line, DNS data for the temporal mixing layer (Rogers
andMoser1994).
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Figure 5.26: Normalizedvelocity defect pro¯le in the self-similar
plane wake. Solid line, from experimental data of Wygnanski
et al. (1986);dashedline, constant-turbulent-viscosity solution,
Eq. (5.240).
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Figure 5.27: Meanvelocity de¯cit pro¯lesin aself-similaraxisymmetric
wake. Symbols,experimental dataofUberoiandFreymuth (1970);
line,constant-turbulent-viscosity solutionf (») = exp(¡ »2 ln 2)
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Figure 5.28: R.m.s. velocity pro¯les in a self-similaraxisymmetric
wake. Experimental dataof UberoiandFreymuth (1970).
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Figure 5.29: Turbulent kinetic energybudgetin a self-similaraxisym-
metricwake. Experimental dataof UberoiandFreymuth (1970).
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Figure 5.30: Sketch of the meanvelocity pro¯le in homogeneousshear
°ow.
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Figure 5.31: Reynoldsstressesagainstaxial distancein the homoge-
neousshear°ow experiment of TavoularisandCorrsin(1981):° ,
hu2i ; ¤ , hv2i ; 4 , hw2i .
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Figure 5.32: Sketch of a turbulencegeneratinggrid composedof bars
of diameterd, with meshspacingM .
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Figure 5.33: Decay of Reynoldsstressesin grid turbulence: squares
hu2i =U2

0 ; circleshv2i =U2
0 ; trianglesk=U2

0 ; lines,proportional to
(x=M )¡ 1:3. (From Comte-BellotandCorrsin(1966).)
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Figure 5.34: Normalizedmeanvelocity de¯cit f (») andscalar,' (») =
hÁi =hÁi y=0 in the self-similarplane wake. Symbols (solid f ,
open ' ) experimental data of Fabris (1979);solid line, f (») =
exp(¡ »2 ln 2); dashedline,' (») = exp(¡ »2¾T ln 2) with ¾T = 0:7.
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Figure 5.35: Normalizedr.m.s.scalar°uctuationsin a roundjet. From
the experimental dataof PanchapakesanandLumley(1993b).
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Figure 5.36: Scalarvariancebudgetin a roundjet: termsin Eq.(5.281)
normalizedby hÁi y=0 ; Us and r 1

2
. (From the experiment data of

PanchapakesanandLumley(1993b).)
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Figure 5.37: Scalar-to-velocity timescaleratio in a round jet. (From
the experimental dataof PanchapakesanandLumley(1993b).)

33



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flo ws
StephenB. Pope

CambridgeUniversity Press, 2000

c° StephenB. Pope 2000

103 104 105
0.00

0.05

0.10

0.15

0.20

Re

áf ñ2
áf ¢2ñ

Figure 5.38: Normalizedscalarvarianceontheaxisofself-similarround
jetsat di®erent Reynoldsnumbers.Triangles,air jets(experiments
of Dowling andDimotakis(1990);circles,water jets (experiments
of Miller (1991)).(From Miller (1991).)

34



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flo ws
StephenB. Pope

CambridgeUniversity Press, 2000

c° StephenB. Pope 2000

0

0

0

0

1

1

1

1

g=0.0

g=0.25

g=0.75

g=0.95
t

t

t

t

I(t)

I(t)

I(t)

I(t)

(a)

(b)

(c)

(d)

Figure 5.39: Sketch of the intermittency function vs. time in a free
shear°ow (a) in the irrotational non-turbulent surroundings(b)
in the outerpart of the intermittent region(c) in the innerpart of
the intermittent regionand(d) closeto the center of the °ow.
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Figure 5.40: Pro¯le of the intermittencyfactorin the self-similarplane
wake. The meanscalarpro¯le shown for comparison:yÁ is the
half-width. Fromtheexperimental dataofLaRueandLibby (1974,
1976).
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Figure 5.41: Comparisonof unconditionalandturbulent mean(a) and
r.m.s.(b) scalarpro¯les in the self-similarplanewake. From the
experimental dataof LaRueandLibby (1974).
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Figure 5.42: Sketch of a turbulent roundjet showingtheviscoussuper-
layer,andthe path of a °uid particlefroma point in the quiescent
ambient, O, to the superlayer, E.
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Figure 5.43: Pro¯les of the intermittency factor ° , the unconditional
meanaxialvelocity hUi andtheturbulent hUi T andnon-turbulent
hUi N conditionalmeanvelocities in a self-similarmixing layer.
From the experimental dataof WygnanskiandFiedler(1970).

39



CHAPTER 5: FREE SHEAR FLOWS

Turbulen t Flo ws
StephenB. Pope

CambridgeUniversity Press, 2000

c° StephenB. Pope 2000


 u 2

T
2(u©  )

N
2(u©   )

x


 u 2

US
2

-1 0 1




0

0.01

0.02

0.03

Figure 5.44: Pro¯les of unconditionalhu2i , turbulent (u0
T)2 and non-

turbulent (u0
N )2 variancesof axial velocity in a self-similarmix-

ing layer. From the experimental data of WygnanskiandFiedler
(1970).
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Figure 5.45: StandardizedPDF's of (a) u, (b) v, (c) w and (d) Á in
homogeneousshear°ow. DashedlinesarestandardizedGaussians.
(From TavoularisandCorrsin(1981).)
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Figure 5.46: Contour plots of joint PDF's of standardizedvariables
measuredin homogeneousshear°ow: (a) u and v, (b) Á and v,
(c) u andÁ. Contour valuesare0:15; 0:10; 0:05and0:01. Dashed
linesarecorrespondingcontoursfor joint-normaldistributionswith
the samecorrelationcoe±cients. (From Tavoularisand Corrsin
(1981).)
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Figure 5.47: PDF's of a conserved passive scalarin the self-similar
temporal mixing layer at di®erent lateral positions. From direct
numericalsimulationsof RogersandMoser(1994).
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Figure 5.48: Pro¯les of unconditional(SÁ; K Á) and conditionaltur-
bulent (SÁT; K ÁT) skewnessand kurtosisof a conserved passive
scalarin the self-similarplanewake. From the experimental data
of LaRueandLibby (1974).
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Figure 5.49: PDF's of axial velocity in a temporal mixing layer. The
distancefrom the center of the layer is » = y=±. The dashedline
correspondsto the freestreamvelocity Uh. From the DNSdataof
RogersandMoser(1994).
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Figure 5.50: Pro¯lesof skewness(solidline) andkurtosis(dashedline)
in the self-similarroundjet. From the experimental dataof Wyg-
nanskiandFiedler(1969).
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Figure 5.51: Flow visualizationof a planemixing layer. Sparkshadow
graphof a mixing layer betweenhelium(upper) Uh = 10:1m=s
andnitrogen(lower) U` = 3:8m=s at a pressureof 8 atm. (From
Brown andRoshko (1974).)
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Figure 5.53: Mixing layer thickness,µ, againstaxialdistance,x, for dif-
ferent forcingfrequencies,f . (FromOsterandWygnanski(1982).)
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