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Abstract A modification of the Townsend-Perry attached eddy model is deriveddar to reproduce a more realistic variation of
the integral length scale. A new wavenumber range is introduced to thel mibdavenumbers smaller than the Townsend-Plerry
spectrum. This necessary addition can also account for the high Reymamber outer peak of the turbulent kinetic energy in the
intermediate layer. An analytic expression is obtained for this outer peafr@ement with extremely high Reynolds number data
by Hultmarket al. [3, 4]. The finding of Dallaset al. [1] that it is the eddy turnover time and not the mean flow gradient which
scales with distance to the wall and skin friction velocity in the intermediate layglids) when combined with Townsend’s (1976)
production-dissipation balance, that the mean flow gradient has anpmatielat the same location as the turbulent kinetic energy.

INTRODUCTION

Townsend developed a well-known attached-eddy model [Gpifge/channel and turbulent boundary layer (TBL) flows
to predict the profile with distance from the wall of the tudnt kinetic energy (TKE). For wall distances much larger
than the wall unity, and much smaller than, say, pipe raddushe turbulent kinetic energy scales with the square of the
wall friction velocity u,. and decreases logarithmically with distance to the wallweler, measurements in turbulent
boundary layers dating from about twenty years ago (seeafjyell as more recent Nano Scale Thermal Anemometry
Probe (NSTAP) data obtained in the Princeton Superpipesfij)v that an outer peak appears in the mean square fluctuat-
ing streamwise velocity at distances from the wall betwdsyual 005, and8004,, when the turbulent Reynolds number
Re. = /6, is large enough. Such non-monotonic behaviour in regiorerethe mean flow is monotonically increasing
is hard to account for in current turbulence models and theStarting with the spectral model of [5] there have been
numerous developments and extensions of the attached eattl but none has accounted for the outer peak in turbulent
kinetic energy. Moreover, this model predicts that thegrakscale varies logarithmically with wall distance, aihiis

too weak to be in agreement with several observations. Theveay to repair this model without removing its attached
eddy part is to introduce a fourth large scale range in theainod

MODEL AND RESULTS

We consider a model of the streamwise energy specffyntk,,y) with the following four ranges (see [7] for more
details): (i)k1 < 1/ WhereFE; (k) ~ C,u2d with a constant’,, independent of wavenumber; (iiyd., < ki <

1/6. whereEy; (k1) ~ C1u26(k6)~™ where0 < m < 1 and(C; is also a constant independent of wavenumber; (i)
1/6, < k1 < 1/y whereEy1 (k1) = Couﬁkfl where(Cy is a constant independent of wavenumheand Re.. (the
‘attached eddy’ range); (iv)/y < k1 whereE;; (k1) has the Kolmogorov fornk; (k1,y) ~ 62/3kf5/ggK(k1y, k1m).
Compared to the Perry-Towsend model, two new scalesindd, are introduced to bound the new wavenumber range
which must grow as the positianwhereE; (k1, y) is evaluated approaches the wall and distances itself fnencéntre

of the pipe withind, < y < 4. Asd../d. must depend op™ = y /4, andRe, a plausible functional dependence is

0oo/0x = A (y/0) PRe;9 ~ A (y") "ReP™4 1)

where A is a dimensionless constant and where the physics impase- 0 andp > ¢. Matching the energy spectral
forms at the two bounds of our new range and assuming agaiwerpaw form ford, /6 = B(y/§)*Re?, an integration
of E11 (k) yields

1—
SWZ(§)/u2 ~ Coo = Can(3/y) = Cua (y/8)7 4~ e g0 @

in 0, < y < y. WhereCy is a weak function ofRe,, Cs; andC,, are independent aRe, and the upper boung, is
deduced from a viability requirement of our four-range $edOur model recovers the original Twonsend-Perry foemul
but only in the range). < y < §. In Fig. 1 we show the result of the fit against the NSTAP superplata of the
Townsend-Perry formula

S (w)/u? ~ Co + Com(s/y) @

in the rangey,. < y < § and our new formula (2) ik, < y < y.. Note the gradual development &g, increases
of the peak of turbulence intensity inside the intermediattond, < y < y.. The position of this peakyf...) which
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Figure 1. Plots ofu/2(y) /u2 versusy™ (left) andy/$ (right) obtained from the NSTAP Superpipe data of [3, 4] for diffenaities
of Re,. The circles are calculated for all Reynolds numbers from equatignan@ (2) withy. = SAYPRe; P and A = 0.2,
Co=1.28,m=0.37,¢ =0.79, p = 2.38 ando = 1.21.
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Figure 2. (Left) Normalised integral scaleb,; /4 obtained from NSTAP Superpipe energy spectra plotted veysior various
Reynolds numbers. Also plotted are the Townsend-Perry and our emdifbdel’s prediction fol.11 /. (Right) Linear-logarithmic

plotof (1 —y/d — %) df; Versusy/ypeqk for the largest values dke, obtained from the NSTAP Superpipe mean flow data

starts appearing de, values larger than about 20,000 evolves, according to outeinwith the fitted parameters, as
Ypeak /0y ~ 0.23Re%-67. This means, as observed in Fig. 1, that,,/d decreases ang,..x/d, increases withke, as
indeed observed. This modified model leads to a power lawrdkgrese iny of the integral scale foy < y,. which is

in better agreement with observations and with the NSTARipe data than the original Townsend-Perry logarithmic
dependence (see Fig. 2).

Moreover, the very higlRe, Princeton Superpipe data used here support the view of §t]itis the eddy turnover time
T = E/e (E is the total TKE and its dissipation) that is independentmfandd in the range, < y < ¢ rather than
the mean flow gradient. This implies~ y/u., in that range, a relation which can serve as a unifying polecicross
Reynolds numbers in turbulent pipe/channel flows. Assuraipgoduction-dissipation balancejp. < y < § (where
ype is smaller thary,.,), a profile forE* similar to that ofﬁ/uf and—(u/v') ~ u2, it follows that d‘ff;+ () has an

outer peak at the same positign= ypeqr wherew/2 /u? has an outer peak, and (i) decreases with distance fromahe w
as a function ofn(d/y) wherey, < y < ¢. As seen in Fig. 2, both results are supported by the NSTA®. dat
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