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On the evolution of maximum turbulent kinetic energy production
in a channel flow
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The Reynolds number effects on turbulent kinetic energy production and mean transport terms in
near-wall turbulent channel flow are investigated analytically and with the help of direct numerical
simulations (DNS). Using the momentum equation for turbulent channel flow, an analytical
expression for the envelope of turbulent kinetic energy production curves is derived. It is shown that
this envelope coincides with the wall-normal position at which the turbulent and viscous shear stress
are equal. The DNS results carried out corroborate this finding and assess other quantitative details,
namely the evolution of the peak of kinetic energy production and of its wall-normal position in
terms of the Reynolds number. Empirical relations for the envelopes of the mean momentum
transport terms and for their extrema position are also derived20@2 American Institute of
Physics. [DOI: 10.1063/1.1511731

During the two last decades, direct numerical simula-all is atAy; .. <0.05, while the grid-size in the streamwise
tions have provided databases that enable detailed studies @fection is Ax"<10 and in the spanwise directiohz”

statistical properties in turbulent wall-bounded flows. In par-< 4,

ticular, the influence of the Reynolds number on statistical  For turbulent channel flow the mean momentum equa-
turbulence quantities has been examined for channel angbn is exactly

boundary layer flows using these databdsésThe main — .
conclusion is that turbulence statistics do not scale with the ~—Uv~ +S"=1—(y"/R"), @)
wall variablesy andu ., wherev is the kinematic viscosity whereS+=dU+/dy* andR™ =u_h/v, h being the channel

and u, the friction velocity which is defined asl, — paif-width andU* the mean streamwise velocity. The sec-
=(7w/p)™", with p the density of the fluid and,, the mean  ong term of the right-hand side @) originates from the

shear stress at the wall. S streamwise driving pressure gradient
The aim of the present study is to investigate the Rey- . .
Al /ox"=—1/R".

nolds number dependence of the production of mean turbu-
lent kinetic energyk=3(u?+v?+w?) in a channel flow The production rate of turbulent kinetic enerdy"
[whereu, v, w denote the velocity fluctuations in the stream- = —yy *S* can be written as
wise (x), wall-normal(y) and spanwis€z) directions, respec-
tively]. The understar):ding onuch dependencies is infportant PT=S"4S"(~28"+1- (y'/R"). 2
because it can give more insight on the mechanisms whictt follows from Egs.(1) and (2) that, at the position where
govern the turbulent production. the turbulent shear stressuv ™ is equal to the viscous stress
Despite the impressive available direct numerical simu-S*, the production rate is given by
lation (DNS) databases, new channel flow simulations have £_gt2_11_ (vIR))2 3
been conducted in order to obtain more Reynolds number Pe=Sc"=2(1=(ye/R"))"% )
cases covering a wider range. The numerical simulations arand depends, for a given Reynolds number, only on its nor-
based on a pseudo-spectral code using Chebychev-tau fanal positiony: and reaches an upper linfit* =7 at large
mulation in the wall-normal direction and Fourier expansionReynolds numbers.
in the streamwise and spanwise directions where periodic It should be noted that E¢3) represents the equation of
boundary conditions are appliédThe parameters of the the envelope of the curves %' for different values oR™.
simulations are given in Table I. The computational domainUsing Eq.(2) and expressing™ andP™ as function of the
has a size ol x2hX L] (the superscript- denotes nor- independent parameteR" and y=y*/R", the envelope
malization byu . and »). The first mesh point away from the equation, given by
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TABLE I. Simulation parameters of the present DNS.

Rea R+ L: L: AX+ Ay;in Ayr;ax AZ+

1263 72 909 454 7.1 0.022 1.8 3.6 1

1566 90 846 376 6.6 0.027 2.2 29

2125 120 1130 502 7.8 0.029 2.6 35 |

2890 160 1505 669 7.8 0.021 2.6 3.5

3295 180 1697 754 8.8 0.024 2.9 3.9

4432 235 2216 985 8.7 0.018 2.9 3.8 |
12606 589 2774 1387 7.2 0.044 7.2 3.6
#Reynolds number based on centerline velocity hnd

dP*/dR* = (dS*/dR*) (—2S*+1-Y)=0, 0 N : 12 10

1
E:(st)
leads toS™ = 3(1—Y) and finally to Eq.(3). This result is of o o N .,
great importance as it shows that the Reynolds number effe&t- 1-t V?r;atfn;ffE(Rt)/ F AW'éh 1R fortyEfz v11|' Cha”t”e'tﬂf;"‘(")'
H H H H resent study®, Moseret al, A, Kawamureet al,; ¥, Iwamotoet al. (+
on the rgte of turbulen(_:e production, nondlmer_1$|onal|zed b)gata used by Sahay and Sreenivasan; their fitting curve.
wall variables, can be inferred from the evolutionygf.

Sahay and Sreenivasaooked at the evolution of¢ in

i 1

the form yg =yg +fg(R") where ygm:_nmw%yg and . pi=si?[ 1+ =1 ©6)
fz(R™) are both unknown. Using experimental data for vari- e

ous channel and pipe flows, they deduced an average value dy |-

y
of ygx=1l and found a nonmonotic evolution fog(R™). ’

. . + el + + . .
This behavior is inconsistent with the monotonic increase ofn the limit R™ — thef""? posmon_sz/E a:ldylp , coincide
production with increasing Reynolds numBérTo clarify ~ at the location wher®" =z and —uv " =S"=3. _
this behavior, we calculate: for y; =11 from the present In the case of finite Reynolds number, because the vis-

; . +

DNS results and the datasets listed in Table II. The resultgol(;S hStreSS kdecrggses mono;onﬁally "“{fh(‘f's h/d37<Q)

are plotted in Fig. 1 where are also reported the data used t € pea position occurs feruv™ <S5 <2 the varia-
Sahay and SreenivasirThe DNS data for channel flow tion with Reynolds number of the normalized production
show a monotonic decrease for with increasing Reynolds peak is mainly related to the variation of the turbulent stress.

. . . ey . +
number. A power law fitting of these data gives Th|s+ also |mpI|e_s th_at the peak posﬂuylﬁ is such thaly,,
<Yy _as shown in Fig. 2, where are plotted the evolutions of
ye ~11+345R*" ~32 4 P*, uv*?andS*?with y* for R"=72.

Equation(6) can be rewritten as
Let us now consider the position of maximum produc- o -
tion in channel flow. Upon differentiating* with respect to Pp=Sp"(1+9(yp)), )

+ e + -
y™, the positiony, of the peak production occurs when whereg is a negative function defined by

duv*

1
J— ~ N _ ~ +1
—wt dy” . 1 - Q(YP)——2+[(1—VP)/SP]—W- ()
= =1+ P
st ds’ 5+ 087
dy+ dyJr 0.25
and for the maximum value
0.20
TABLE Il. Parameters of the turbulent channel DNS datasets used for com-
parison. 015
Re R*
Moseret al. (Ref. 6 3260 178 010 ¥
7900 392 s S
12485 587 rd ﬂ/./‘ )
Kawamuraet al. (Refs. 7, 8 3330 180 005 1 p L 7
8090 395 s ,a/'”/
13980 640 N s G ol . . .
Iwamotoet al. (Ref. 9 1917 109 ~0.00 0.05 0.10 0.15 0.20 0.25 0.30
2689 150 ¥
5788 298
7988 396 FIG. 2. Shear stresses and turbulent kinetic energy production from present
13843 643 DNS at R*=72. -A--, (§9)% -O--, (w*)% -O-, P*; -, P¢
[Eq. 3], —; P} [Eq. (9],
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FIG. 3. Variation ofg with Y, in channel flow,——, g=—1.7%p. The
symbols are the same as in Fig. 1.

]
FIG. 5. Profiles of the mean transport terms in turbulent channel flow. En-
velope curves:--, 1/g(y); —— —(1+1/g(y)). Other symbols are the

. . . . same as in Fig. 4.
The values of this function, extracted from numerical simu-

lations of channel flow, are plotted in Fig. 3 agaigst This _
figure shows thaty decreases linearly witi, according to numbers. Thus, we can conclude that the peak of production
the fitting law g(Yp)~ —1.7%p. Using this expression in coincides with the point of the envelope of the transport
Egs.(8) and(7) we can deduce an evolution for the peak of terms.

. - 5 ior of y5 in conjunction with Eq.(5) implies that, for large
Pe=((1-Yp)/(2=1.%p))*(1-1.7p). (9 Reynolds numbers, the position of the peak of turbulence

This relation is plotted in Fig. 4 with the envelopiqg. (3)]  Production must coincide with the location of the extrema of
and the production curves for different Reynolds numbersth® mean momentum transport terms. However, this is incon-
This figure highlights the Reynolds number dependence ofistent with the foregoing result and with the increase with-
the turbulence production in agreement with the equation ofut limits with Reynolds number of the normalized transport
the envelopéEg. (3)] and the equation of the maximuig.  terms observed in Fig. 5. Indeed, this behavior implies that
9)]. the position of the extrema of the transport terms remains
It is also interesting to note from E¢p) that the function ~@lways below the point of the envelope. Note that, because
1/g(y) corresponds to the envelope of the mean viscou®f the constancy of the sum of the turbulent and viscous
transport ternR*dS*/dy* (normalized by the pressure gra- transport terms, their extrema occur at the same posjtjon
diend. Since the sum of the so normalized mean turbulent ~ This is obvious from Fig. 6 where are plotted, against the
and viscous transport terms is equaltd, the envelope of Reynolds number, the evolutions p andyy . This figure
the mean turbulent transport term is(1+1/g(y)). The shows thatyy <yp and brings out the asymptotic behavior
curves displayed in Fig. 5 show a good agreement betweel®r R —, with limiting valuesyp =11 andy; =7.35.
the above envelope expressions and the distributions acrostence, we can clearly conclude from the above results that
the channel of the transport terms for different Reynoldgheir statement is erroneous.
As for yg , we derived the following empirical expres-
sions foryp andys :

0.25 T T T T T

0.20

| Dt~ S EE S
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0.5 1 15k 4
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FIG. 4. Turbulent kinetic energy production in channel flow. Present study: . . ! ! I 1 L
— R+=72; _ 90’ -, 120, - 180, Rpe— 235’ Rp— 590. Experi— 0 100 200 300 400 500 600 700 800
mental data:(+), LDV measurements of Giter et al. (Ref. 10 at R* Rt
=297.(--X--) Comte-Bellot(Ref. 1), R"=4800.---, P£ [Eq.(3)], —, FIG. 6. Wall-normal position of the peaks of production and mean transport
P [Eq. (9)]. [The data from Comte-Bellot were obtained by differentiating terms vs Reynolds numb&*. (+), y¢ ; filled symbolsy/ ; open symbols,
the mean velocity profile and using E@).] y . Symbols are the same as in Fig. 1.
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