
www.kit.eduKIT – The Research University in the Helmholtz Association

16th EUROPEAN TURBULENCE CONFERENCE, Stockholm, Sweden

𝒀𝒄

𝒖(𝒀𝒄 − Τ𝒓 2)

𝒖(𝒀𝒄 + Τ𝒓 2)

𝑟𝑧

𝑟𝑦

𝑟𝑥

Scale energy fluxes in turbulent channels
with drag reduction
at constant power input

Davide Gatti, A. Remigi, A. Cimarelli, 

Y. Hasegawa, B. Frohnapfel, M. Quadrio



2 23.08.2017

The question in drag reduction

“how do turbulent flows 

with and without drag reduction 

differ?”

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input

Comparison between different flows required

Very different outcomes depending upon how flow is driven
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Our question in drag reduction

“how do turbulent flows 

with and without drag reduction 

differ energetically?”

Comparison between different flows required

Very different outcomes depending upon how flow is driven

An example: enstrophy in drag reduced flows:

Ricco et al., JFM12: at CPG increases

Agostini, et al., JFM14: at CFR decreases

Gatti et al., submitted: …it depends!

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input2
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Today’s goal

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input3

control

input

X

Pc

Pp

viscous dissipation rate

pumping 

power

transport

transform

“how do turbulent flows 

with and without drag reduction 

differ energetically?”

Assess changes of scale energy fluxes 

in turbulent channels 

driven at Constant Power Input (Hasegawa et al., JFM14)



5 23.08.2017

A model control strategy

𝑥
𝑦

𝑧

𝑧

𝑦𝑠

𝑣𝑤 = −𝑣(𝑥, 𝑦𝑠, 𝑧, 𝑡)

𝑥
𝑦

𝑧

𝑧

𝑦𝑠

−𝑣𝑤

Opposition Control (Choi, Moin & Kim, JFM94)

𝑅𝑒𝜏 =
𝑢𝜏ℎ

𝜈
= 200 𝑅𝑒𝜏 = 190.5

𝑅𝑒𝑏 =
𝑈𝑏ℎ

𝜈
= 3177 𝑅𝑒𝑏 = 3474

𝑅 = 1 − ൘
𝐶𝑓

𝐶𝑓,0
= 23.9%drag reduction

control power 

fraction
𝑈𝑏

𝑈𝑏,𝑟𝑒𝑓
= 1.094

𝛾 = ൗ
P𝑐

P𝑡
= 0.0035

reference controlled
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Second-order structure function (1)

𝛿𝑢2 𝒓, 𝑿𝑐 = 𝑢 𝑿𝒄 − Τ𝒓 2 − 𝑢 𝑿𝒄 + Τ𝒓 2 𝑖
2

𝛿𝒖

𝒖′ = 𝒖 𝒙 + 𝒓, 𝑡

𝒖 = 𝒖 𝒙, 𝑡

𝒙

𝑿𝒄

𝒓

loosely speaking, amount of fluctuation energy at scale 𝒓

𝒙′
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Second-order structure function (2)

𝛿𝑢2 𝒓, 𝑌𝑐 = 𝑢 𝑿𝒄 − Τ𝒓 2 − 𝑢 𝑿𝒄 + Τ𝒓 2 𝑖
2

in channels function of wall-normal coordinate 𝑌𝑐 and vector 𝒓

𝑌𝑐

𝑟𝑥
𝑟𝑧

𝑟𝑦

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input6



8 23.08.2017

Kinetic energy budget

휀
𝑃

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget
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𝑌𝑐
+

7



9 23.08.2017

Kinetic energy budget

𝑠

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget
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𝑌𝑐
+
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Kinetic energy budget

𝑠Φ

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget
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𝑌𝑐
+
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Scale energy budget

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ
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𝑌𝑐
+
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Scale energy budget: 𝒓𝒛, 𝒀𝒄 space

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

𝑠

𝑌𝑐

𝑟𝑧
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𝑟𝑧
+

𝑌𝑐
+𝑌𝑐

+
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Scale energy budget: 𝒓𝒛, 𝒀𝒄 space

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

𝑠
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𝑟𝑧
+

𝑌𝑐
+𝑌𝑐

+
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Scale energy budget: 𝒓𝒛, 𝒀𝒄 space

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

𝑠
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𝑟𝑧
+

𝑌𝑐
+𝑌𝑐

+
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𝒓𝒛, 𝒀𝒄 space with drag reduction

𝑠𝑠

Opposition Control Reference

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input

𝑟𝑧
+ 𝑟𝑧

+

𝑌𝑐
+ 𝑌𝑐

+
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𝒓𝒛, 𝒀𝒄 space with drag reduction

𝑠𝑠

Opposition Control Reference

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input

𝑟𝑧
+ 𝑟𝑧

+

𝑌𝑐
+ 𝑌𝑐

+
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𝒓𝒙, 𝒓𝒛, 𝒀𝒄 space

𝑟𝑧
𝑟𝑥

𝑌𝑐

𝑌𝑐

𝑟𝑧

𝑟𝑥

reference

opposition control

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input11
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Conclusion

Constant Power Input (CPI) approach 

is essential to assess energy transfer rates in drag-reduced flows

Scale energy budget 

is modified by the control in the near-wall region

highlights some mechanisms of drag reduction

Paths of energy

only small differences in drag reduced flow…

… when the comparison is fair! (CPI)

small differences are important!!

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input12
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Outlook

Quantitatively assess small control-induced changes

Consider the whole 4D 𝑟𝑥, 𝑟𝑦, 𝑟𝑧, 𝑌𝑐 -space 

Consider the budget equation for 𝛿𝑢𝛿𝑣

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input13
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THANKS
for your kind attention!

for questions, suggestions, complaints:

davide.gatti@kit.edu

14 Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input
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Comparing energy transfer rates correctly

Hasegawa et al., JFM (2014) propose Constant Power Input:

CPI =

CFR = ?

𝑈𝑏 −
d𝑝

d𝑥
𝐏𝐩 = −

d𝑝

d𝑥
ℎ𝑈𝑏 𝐏𝐭 = 𝐏𝐩 + 𝐏𝐜 𝑪𝒇

CPG =

successful control 𝑹 = 1 −
𝐶𝑓

𝐶𝑓,0
> 0 in turbulent channels

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input3

𝑃𝑝 and 𝑃𝑡 change between controlled and natural flow!!
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Outlook

Quantitatively assess small control-induced changes

Consider the whole 4D 𝑟𝑥, 𝑟𝑦, 𝑟𝑧, 𝑌𝑐 -space 

Consider the budget equation for 𝛿𝑢𝛿𝑣

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input

𝑌𝑐

𝑟𝑦
𝑟𝑧
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Results - ref
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CFR = ?

𝑈𝑏 −
d𝑝

d𝑥
𝐏𝐩 = −

d𝑝

d𝑥
ℎ𝑈𝑏 𝐏𝐭 = 𝐏𝐩 + 𝐏𝐜 𝑪𝒇

CPG =

successful control 𝑹 = 1 −
𝐶𝑓

𝐶𝑓,0
> 0

How to drive the flow?

Dr.-Ing. Davide Gatti – Energy transfer rates in turbulent channels with drag reduction
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Control strategies

Spanwise wall oscillations

𝑅 = 1 − ൘
𝐶𝑓

𝐶𝑓,0
= 17.1%drag reduction

control power 

fraction
𝑈𝑏

𝑈𝑏,𝑟𝑒𝑓
= 1.028

𝛿

𝑤𝑤 = 𝐴sin(𝜔𝑡)

𝑥
𝑦

𝑧

𝛾 = ൗ
P𝑐

P𝑡
= 0.098

Dr.-Ing. Davide Gatti – Energy transfer rates in turbulent channels with drag reduction

Opposition control

𝑥
𝑦

𝑧

𝑦

𝑧

Opposition control

𝑦𝑠

𝑣𝑤 = −𝑣(𝑥, 𝑦𝑠, 𝑧, 𝑡)

𝑥
𝑦

𝑧

𝑦

𝑧

𝑦𝑠

−𝑣𝑤

𝑅 = 23.9%

𝛾 = 0.0035

𝑈𝑏
𝑈𝑏,𝑟𝑒𝑓

= 1.094
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Scale energy budget

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

divergence of fluxes

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input

𝑌𝑐
+
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Scale energy budget

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

source term

𝑠 𝒓, 𝑌𝑐

budget between 𝑃 and dissipation 𝜖
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Scale energy budget

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

space flux

Φ𝑐 𝒓, 𝑌𝑐

transport of 𝛿𝑢2 in geometric space

in a channel flow, transfer of energy

at scale 𝒓 in 𝑌𝑐-direction
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Scale energy budget

dΦ

d𝑌𝑐
= 𝑃 − 𝜖 = 𝑠(𝑌𝑐)

𝑘 = 1

2
𝑢𝑖
2 budget

𝛁𝒓 ⋅ 𝚽𝒓 +
𝜕Φc

𝜕𝑌𝑐
= 𝑠(𝒓, 𝑌𝑐)

𝛿𝑢2 budget

𝑠Φ

scale flux

𝚽𝐫 𝒓, 𝑌𝑐

transport of 𝛿𝑢2 across scales 𝒓

not visible in the TKE budget!

Davide Gatti - Scale energy fluxes in turbulent channels with drag reduction at constant power input
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+
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A model control strategy

𝑥
𝑦

𝑧

𝑧

𝑦𝑠

𝑣𝑤 = −𝑣(𝑥, 𝑦𝑠, 𝑧, 𝑡)

𝑥
𝑦

𝑧

𝑧

𝑦𝑠

−𝑣𝑤

Opposition Control (Choi, Moin, Kim, JFM94)

𝑅𝑒𝜏 =
𝑢𝜏ℎ

𝜈
= 200 𝑅𝑒𝜏 = 190.5

𝑅𝑒Π =
𝑈𝜋ℎ

𝜈
= 6500 𝑅𝑒Π = 6500

𝑅𝑒𝑏 =
𝑈𝑏ℎ

𝜈
= 3177 𝑅𝑒𝑏 = 3474

𝑅 = 1 − ൘
𝐶𝑓

𝐶𝑓,0
= 23.9%drag reduction

control power 

fraction
𝑈𝑏

𝑈𝑏,𝑟𝑒𝑓
= 1.094

𝛾 = ൗ
P𝑐

P𝑡
= 0.0035

reference controlled
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