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Non-canonical flows

* Roughness

* Pressure gradients

e Streamline curvature

e 3D effects in nominally 2D flows
 Flow control

e Compressible flows

Head (1982)

Dupont et al. (2005) Marusic et al. (2021)



Types of roughness

Large industrial roughness

. + _
Sandgrain roughness AU
Sparse vs. dense distribution N e
Grooves vs. grains AU = f(kY) b N S
k-type vs. d-type (relative magnitudes of
.. Figure2 Geometry of (@) d-type, and (b) k-type slotted
the frictional and pressure drags) walls. Flow is from left to right.

k/o << 1
Multiple length scales
No ab initio prediction

Townsend’s Reynolds number similarity
hypothesis

—  The turbulence beyond a few roughness heights
from the wall is independent of the surface
condition



Pipe flow friction: the Moody Diagram
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Nikuradse’s sandgrain experiments

What is k7
— rms roughness height: k,,,.

— equivalent sandgrain
roughness: k,

k.t <5, smooth
5<k,* <70, transitionally rough
k. > 70, fully rough

kT = kou, /v

Moody diagram gives | in terms
of k/D not k*

o.xo}i fully rough
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“Quadratic resistance" in fully rough regime:

Reynolds number independence



Fully rough: equivalent sand grain roughness

Description of surface

Uniform sand with 0.35 mm diam.
small graing in 2 in. pipe ([11] Surface I)

Uniform sand with large 3.5 mm
graing covering 2.5% of area ([11] Surface II)

Uniform sand with large 3.5 mm
graing covering 8% of area ([11] Surface III)

48% area smooth, 47% area uniformly covered fine grains,
5% area covered large grains ([11] Surface IV)

5% area smooth, 8% area covered large graing ([11] Surface V)
Hamburg sand & = 1.35 mm radius [20]
Cup-head rivets touching 2.6 mm radiug [20]
polished spheres touching 4.1 mm radius [20]
Cup-head rivets, 8 diam. apart, 2.6 mm radius [20]
Galvanized-iron pipes [12]
Asphalted cast-iron pipes [12]
Uncoated cast-iron pipes [12]
Wrought-iron pipes [12]
Wire mesh, various [19]

Heterogeneous glass beads, Gaussian distribution [19]

ks, mim

0.48
0.73
0.93

0.66
0.38
2.22
3.68
257
0.31
0.15
0.13
0.25
0.043

ks/kwms

1.36

0.11
164
140
0.63
0.12



Transitional roughness
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Superpipe experiments on honed roughness

Smooth pipe, 6uin
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Zagarola & Smits (1998); McKeon & Smits (2004)

krns

Honed rough pipe, 98uin
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Velocity profiles in smooth regime
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Profiles in smooth regime
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Inner scaling - all profiles

honed pipe
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Velocity profiles in transitional/rough regime

u 1 . AU
—:—lnyu + B —
Ur KV U
+_ L1 +
That is, U™ = Elny +B-AU

Nikuradse’s roughness function (relating Hama to sand grain roughness):

! In (/{7:) + B -85

K

AUT =

Roughness height (atmospheric boundary layer):

zo = exp[k(AUT — B)]



AU*

Honed pipe: inner scaling

48— Rough Pipe
= = = Colebrook

honed pipe

-
-
-
—"—
- -

N Fully rough

10° . 10’ +
k.

Honed surfaces do not follow Colebrook




Friction factor results for honed pipe

— McKeon Smooth
0.022 = = = Colebrook Rough
Nikuradse. k=507
— @ — Rough Pipe
0.02} . I
Nikuradse O
0.018
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0.016 Monotonic " ]
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Honed pipe velocity profiles: outer scaling

e Collapse for smooth, transitional, and fully rough flows

— Townsend's hypothesis supported
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Honed pipe turbulence results

e Collapse for smooth, transitional, and fully rough flows

— Townsend's hypothesis supported
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Honed pipe turbulence results

e Collapse for smooth, transitional, and fully rough flows

— Townsend's hypothesis supported
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1.5

Honed pipe turbulence results

(a)

z/R = (b)

4 0.030
< 0.051
» 0.202

Smooth
4 Rough

Premultiplied spectra, Re, = 10°
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Commercial stee

Honed rough pipe, 98uin
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Commercial steel pipe friction factor

Colebrook transitional
roughness ks = 3.0k,

ks = 1.6k,ms
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Commercial steel pipe does not follow Colebrook



AU

Hama roughness function
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Rough pipe summary

e Honed surface roughness e Commercial steel pipe roughness

e  Smooth — transitional—fully rough e  Smooth — transitional —fully rough

e kom/D=19x10° e Kko/D=38x10°

e Smooth for k;t < 3.5 e Smooth for k.* < 3.1

e Fully rough for k.t > 30 e Fully rough for k.t > 50

o k. =3.0Kmns o k.=1.5Kk(instead of 3.5k, )!

e |nflectional friction factor not e Friction factor monotonic (but not
monotonic (Nikuradse not Colebrook) Colebrook)

e Townsend’ s hypothesis confirmed for mean flow and turbulence (even for y/8 ~ 0.01, k/8 <<1)
e Connection between k and roughness type remains elusive



Adverse pressure gradients

Laminar separation

Turbulent separation

Head (1982)



Adverse pressure gradients

| Laminar separation

Turbulent no separation

Head (1982)



Pressure gradient

* Body-generated pressure gradient
* S/Lcurvature and divergence set by body and PG

* Blockage effects

 Externally-imposed pressure gradient
* S/Lcurvature set by pressure gradient

* Blockage effects

U/U,
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Adverse pressure gradients

* How do you measure pg? K=Y AU Pt — _V3 dp
* What effect does pg have on the mean flow and U3, dx puz dx
the turbulence? «
0* dp
b =—— Clauser pg parameter
Tw AT
0 dp .
=5 Castillo & G 2001
U2 dp)da da astillo eorge ( )

0.6 f -

©— Suction side

—5— Pressure side ||
-

*()‘.2 (.) O.I?_ 0?4 O;() ij i 1 j2 (‘) O.‘l ().‘2 ().‘3 ().‘4 ().‘5 (J.‘(v 0.7 0.8 ().“) 1
z/c z/c
Vinuesa et al. (2017) Falco in Head (1982)




Behavior near the wall

* Very near the wall, the viscous effects dominate,
and 2D boundary layer equations give T

dpw O (M8U> —_—
_ a. b
de oy \"'oy )|, //‘, \ % >0 oo

. . /
 Thatis, for favorable pressure gradients, the (49 J,§ £
gradient of the total stress is negative

* For adverse pressure gradients it is positive, and

2(0 \
we expect to see a peak in the shear stress Wk)\\

profile

=~ 5




Favorable pressure gradient (dp/dx < 0)

v dU,
K > 3 X 10 K UOQO dr

Relaminarization
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Adverse pressure gradient (dp/dx > 0)
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Scaling pressure gradient boundary layers

Favorable pg Adverse pg
40 . . . | 4.0 . 1 .

4 Clauser: Mild APG

© Ludwieg & Tillman: Mod FPG » Newman: Strong APG

3.0 ® Herring & Norbury: Mild FPG | 3.0 o Clauser: Mod APG )
: © Herring & Norbury: Strong FPG a1

% Ludwieg & Tillman: Very Strong APG (sep.)
@ Bradshaw: Mild APG
< Bradshaw: Mod APG

2.0

1.0

0.0

~1.0 : : ‘

0.5 1.0 ‘ 15

Castillo & George (2001)



Streamline curvature

Effect of short regions of curvature on turbulent boundary layers
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Convex curvature is stabilizing
* Expected to promote separation
* Slow recovery

Concave curvature is destabilizing
 Expected to delay separation
* Non-monotonic flow recovery
 Appearance of TG vortices
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Upstream history effects, initial conditions

Trip wire
(2 mm diam. at 153 mm)

Reattachment (: 2720 mm)
—0 4m ——0. 48 m
é=255.7
l.,,-20m/s w h—208mm

TE

Separation (s = 2095 mm)

(0 0)
0987 m \ 2 1.781 m — |
1.08m |
(a) \
+
0.003 ' . .
@)
Baskaran, Smits
A & Joubert (1987)
- -
g u __
a0
0.002 o a a
L)
o
—m #. " Aa
U:ef -T-.-\ A ;
* ° ° o g
" 7 over
0001} &
95; v
l;' x X
& x X
‘«r, + + =
Snowoxk
. N
1 Bl.‘.‘..laﬂlﬂ' &S
0 0.2 0.4 0.6 0.8 1.0 1.2

 Reynolds number

* Tripping conditions

* Roughness

* Incoming flow uniformity (2D, 3D)
* Freestream turbulence level

Castillo, L. and Walker, D. J. 1992. Effect of upstream conditions on
the outer flow of turbulent boundary layers. AIAA J.

Devenport, W.J. and Lowe, K.T., 2022. Equilibrium and non-
equilibrium turbulent boundary layers. Progr. Aerosp. Sci.

Vishwanathan, V., Fritsch, D.J., Lowe, K.T. and Devenport, W.J,,
2022. History effects and wall similarity of non-equilibrium
turbulent boundary layers in varying pressure gradient over rough
and smooth surfaces. TSFP12.

* Slow recovery from upstream
disturbances (sometimes very slow)

e Successive pressure gradients do not add
linearly



Reynolds number effects

Song & Eaton (2004)
 Expect separation to be delayed with increasing Reynolds

w o number due to enhanced mixing: only true for low Reynolds
152 - 131 mm number
separation
L . i * For Re,>1000, little effect on location of separation and
160”0 1 —_ reattachment
 Mean flow generally only a weak (or no) function of
Re_of = 525, 1410, 2686, 4621, 6676 Reynolds number

* u?in separated shear layer strongly increases with Re,, but
relaxes relatively quickly, followed by —uv and then v2

Drozdz et al. (2021) &\
- » Stress equilibrium (internal) layer observed to grow
e / downstream of reattachment.
. * Pressure recovery increases with Re;

1200 mm (measuring region)

5035 mm (inlet section) 1835 mm (test section)

Re = 1350, 2700, 4000

rref



Unsteadiness with steady freestream

Unsteady motions in the turbulent separation bubble

: Wang & Ghaemi (2022) * Separation bubble on NACA 4418
\ st @ g airfoil at 9.7°
6 a8
VI8, 4 * Unsteady separation and
2 reattachment
N
(b
8
6
/8 3
y ¢ 4 = -0.99"’--”/
2 e 507§ﬁ
0 L B _
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

* Unsteadiness well documented in SWBLI
* Increases with shock strength

Falco in Head (1982) * Unsteady pressure and heat loadings

* VLSM + shear layer instability + TG vortices




Trip wire

3D effects in nominally 2D flows

Wang & Ghaemi (2022)

* Significant spanwise variation (TG
vortices, stall cells)

(d) )
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Ch S NN Y S
. ‘ \ N \ \\ {
T\ i ) o %]
r 02 3 '
-0.1 0.3 -0.2 -0.1 0
X/c

e Well documented in SWBLI

* Increases with shock strength

* TG vortices

SWBLI Mach 2.9, 8° to 24°
Settles et al. (1979)
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3D symmetric flows

Flowfield for 6:1 Prolate Spheroid at a = 20°

— .
e Re, = 4.2 X 106

Mean secondary flow
streamlines on leeside

of crossflow separated
flow from 3DLDV data

.\  (Chesnakas and Simpson,
/,-,\\1 997)

Solid lines are oilflow &\
separation lines. Dashed lines N \
show local minima in skin friction.

(Wetzel et al., 1998).

“Open” and “closed” separation
Flow topology, critical points, lines of
convergence and divergence, etc.

SUBOFF at a = 40°

g Re, =76 x 103

Cross flow vortex 4

Secondary vortex

Primary separation line Laser sheet

(a) Three dimensional
vortical structures

(d) Streamlines (c) Largerview (b) 2D view

Saeidinezhad et al. (2015)
Fu (2019) AVT-307



Asymmetry in nominally symmetric flows

6:1 prolate spheroid

Re, = 18,000 o
P T
P ’:"‘— v

Centre line of the ‘o
main vortical structure : %

Helical symmetry

I
I
|
0 : alteration 20
05 : 116
=}
-10 y 12 2
& L 5
-15 | | 08
-20 ! ! 04
| d -
25 L ! 0
-2 0 2 4 6 8 10

DNS at o = 45°
 For Re; < 3,000, the wake is symmetrical

e Strong asymmetries appear at higher
Reynolds numbers

Jiang et al. (2016)



Asymmetry in nominally symmetric flows
SUBOFF no appendages

Laser sheet
generator

Experiments on SUBOFF model in pitch
2.4 x10°< Re, <30x 10°

SUBOFF model

P = D Persistent tilt in wake, immune to disturbances

e T
. Wwire probes
e — ' Ashok et al. (2015)

_— = = d

U/Us

. 1.00
0.96
0.92
0.88
0.84
0.80

©04 02 0 02 04
y/D

(x/D=8) -25 — '
=10 -05 0




Asymmetry in nominally symmetric flows
oL = 40° (Fiechter, 1966) Sharp-nosed bodies

) wD,,/U

Mgg,flh ondary shear-layer
ortices with th e primary vortex [l

Cone-cylinder body
at a = 40°

(Kumar et al.
(2020, PIV)

oo =40° (Luo et al. 1998)

Symmetry is hard
(Perry & Hornung, 1984)

Significant, unsteady
, | side forces




Asymmetry in nominally symmetric flows

e BeVERLI Hill model at 0°, Rey, = 650,000

|Supere/lipiic Corner |

Gargiulo et al. (2021) AVT-349

Asymmetry in experiment and computation

RANS S-A wall shear stress Experiment flow visualization



Response to strong perturbations

given boundary conditions

rapid change in

boundary conditions

I mean velocity, I :
. turbulence quantities |___,,_—-————
'gl?/:nl generally calculable I boundary layer
co:c‘l'iti'gns with existing
boundary layer I techniques |
~——BLACK BOX——| "~ "“wall' """ ”'1
given boundary conditions rapid change in
boundary conditions
Examples:

Sudden change in surface roughness
Rapid changes in pressure gradient
Rapid changes in surface curvature
Application of suction or blowing
Shock-wave boundary layer interaction

//"]

boundary layer

% = %l"(Y/Zm)

—= RESPONSE ?

.__.x

6i

internal
layer

Smits & Wood (1985)



Strongly perturbed turbulent flows

Boundary layer response to short regions of roughness and heat transfer,
with relevance to atmospheric flows

4l o e

* Andreopoulos & Wood JFM 1982; Andreopoulos 1983 AT "‘_."_j_—_"_i‘jf_"_i":'"_":“jjj:j

Interested in non-equilibrium wall-bounded flows s

Especially impulsive changes:

X /6,
74 O
\ BL &

\’ 350 =

601 ©

* Roughness, wall curvature, pressure gradient, heat transfer, y
buoyancy, etc. {

curvature extent 0<x/6,¢6 -1

* Are there universal features (e.g., overshoots) in the flow response, 0%, g
and what does it say about production, dissipation, transport? ﬁ/

* (Can we use this knowledge for flow control?

Four new examples

* Pipe flow response to change in roughness (rough-to-smooth)

* Pipe flow response to square bar roughness element 0
* Pipe flow passive mode control

° Boundary |ayer active wall motion control Impulse in concave curvature (taken at a crest in skin friction), with
turning angle of 30°  (Smits et al., JFM 1979)



Response length scales

R time for st taining eddi t TRE i
esponse time for stress-containing eddies: = — = ——
P 5 rate of production  —wwoU/dy

xr = Ut;

For Re, = 5200 (Moser & Lee DNS channel flow):

xT ~ 50 (/6 ~ 0.01) inner layer response distance at y*=15

T

T ~ 75,000 (z,/d ~ 15) outer layer response distance at y/8 =0.2

boundary layer 50

How does this relate to perturbations?
i =5 /2o 6 e
77777777_’77774

__.x

Bradshaw (1973); Smits & Wood (1985)



Step change in roughness

e Antonia & Luxton (1971) Smooth-to-Rough
e Inner region: overshoot of stress levels

e  Quter region: stress “bore” moving outwards, reflecting
growth of the inner layer

i

ul

10~

0 1 1 |
0-01 0-10 10 50

y (in.)

Antonia & Luxton Part | (1971)

Antonia & Luxton (1971) Rough-to-Smooth

Inner region: rapid collapse of stress levels

Outer region: slower collapse of stress levels

T

— 0
UF s O o 0.5 to 16
— = —0.9 to
x100 |, ;
10 O
, |
8 |
6'1‘.'_‘ £ A O
4 u = I/. nl oy
2 e UA.
0
0 0.2 0.4 0.6 0.8

Antonia & Luxton Part Il (1971)

@159
A233
m45.1
O-14



Step change in roughness

e Antonia & Luxton (1971) Smooth-to-Rough

Antonia & Luxton (1971) Rough-to-Smooth
* Inner region: overshoot of stress levels * Inner region: rapid collapse of stress levels

e  Quter region: stress “bore” moving outwards, reflecting e  Quter region: slower collapse of stress levels
growth of the inner layer

I

- T

18

ul )
2 E 16 Q)OO
Uz ur U? 14 5 7
%100 L %100 0 F O % = —0.5to16
\ " o/ ®159
: ot 3 / A233
| What happens further downstream? | mis.
= - O-1.4
at " /" wko
4
4 ||
2 2 e UA.
it S ro > °0 0.2 0.4 0.6 0.8 1

Antonia & Luxton Part | (1971) Antonia & Luxton Part Il (1971)



Van Buren et al. (2020)

1. Step change in

SPIV cameras

roughness (Ar/As = 9.1)

— Laminar theory (A = 64/Rep)
12y O Nikuradse (laminar) ]
L 10r O Nikuradse ;- =60 (turbulent) | T
friction @ Nikuradse % -30 (turbulent) | |
factor O Experiment (turbulent)
oF O Experiment (laminar) 4
100 A
4t . R/k,=57
laser sheet
2L i
10 10° 10°
Rep
4 - [ ) ! : ) ; ! :
@ turbulence kinetic energy -
i O O momentum gradient 1.2 I
8 31 O W pressure gradient ¢ ¢ N
& A\ skin friction L e s Mty W I
S 24 o 0.8 ¢ . L[
g 40 60 80 100 120
5 ¢
o
A [P E——— ‘ ....... " ...... l. s 3 PAY ¢ & 4
i 4‘ ¢
o
c‘lé 0 - .OOO ........ O @ TN O O o) o m— E
@)
-1 T T T T T T T T
0 20 40 60 80 100 120
x/R Van Buren et al. (2020)



Step change in roughness: mean flow

z/D =22 3.2

(2)

AL A AT NAAAAN

/N
-8 "Av“@"_‘.é'é.é.-....’.,

/\ equilibrium profile

354

301

251

—_ 201

15+

104

46 6.7 9.7 14.2 20.6 30 40 50 13
U
Uy
0

r/R

60

4.4
6.4
9.2
13
19.
28.
41.
60

80

100
120

DOO XAV AePnuno
NS S

(b)

/\ equilibrium profile

% 1 G 14

y/R



Step change in roughness: shear stress

oIz
o 4.4
m 6.4 |
A 9.2
¢ 13.4
o000, <4 19.4
° ° > 28.4
® oog® v 41.2
mEEn
o =" ..' * 60
o " . © 80
® = AAAAAL,, oN o 100
o W Ak Asgm A 120
i
H A
- 0.




Step change in roughness: turbulence production

300||D|||||A||||1|l|||||||||l||||l|llllllllllllllllll_
A . ® x/D=3.3
/D=3.63
2500 = o3 o H : z/D:4.3 .
1 < He gy © ¢ x/D=5.3
| ] A > x/D=11.3]| |
T aUCU E 200{ 4 oon AAA A Hg v x/D=19.3] |
or u3 v om, 4 A ga
] DA .l ¢ O
150‘_ IE.A omA,A 4 "" ¢ . ? L
* ~ " o ¢ A.I -
] ¢ X Lo
100] o B9 g0 ¢ wl 't -
1 g Pd P ¥ <1<]<1 A
S TN I <
; v < < n
5] vvvvvangz >§>5 s8¢ % -
O0:1 a2 03 Bad 0.5 B:sb 0.7 8:8 0.9

y/R

Production
collapses



2. Flow over a square bar

— 2
—uv/urO

0 8
ML R =0.04 —

) )
(
)

@ o5

Y /h I
l_T 4 — WR=0.04
X —HR=0.1
—hR=02
(b) )
~
P | T N~ <t~
2 ~
yh © =8 )
(((((((((((Q:n D _$)>))))>)
c —0.5 : - : -
© ; 0 2 4 6 8 10 12
: x/h
yih |
:  E— renbtersach
Angé a
x/h 2 gﬁ
S 20F
@ing?& Smits (2821)
I Ding & Smits (2021)
= 40 A
e;: - - ~Equilibrium
I 60| A h/R=0.04 -
o AWR=0.1
B O hR=02
-80 - : : :
20 40 60 80 100
x/h

Ding & Smits (2021)



(@ 15

1.0

U/Ub 0.5

®) 14
1.2

1.0
U,

0.8

0.6 t

(c) 13

Uty 10t

102

103

—A—x/h =20

—7—x/h=30

—8—x/h=150

O—xlh=175
x/h =100

= = =Equilibrium _

P
P

-
LT

10?

103

~&— x/R =12 (x/h = 120)

—7— x/R=16

—&— x/R=20

—6— x/R =40
x/R =60
x/R =120

- = = Equilibrium

Flow over a square bar response

(a) 20

(b

2
uz,

—uvl

() 20

sl
vz,

—A— x/h=1
—— x/h=4
—&— x/h=6
o~ x/h=18
x/h=10

0.8 1.0

—A— x/h =20

—5— x/h =30

—&—x/h=50

o~ x/h="15
x/h =100 |

0.2

0.4

0.6

0.8 1.0

—A—x/R=12

e Mean flow near wall recovers by x/h = 100

J Mean flow in outer region recovers by x/R = 120
(x/h =1200)

e Shear stress near wall recovers by x/R = 20 (x/h =

1200)

J Shear stress in outer region overshoots recovery
before approaching equilibrium state by x/R = 120
(x/h =1200)




General Reynolds shear stress response

4
1

Rough to smooth
step change

ANAA

.....

100

|

Single square
barh/R=0.1

Overshoot before recovery far downstream (x/R > 100)




General Reynolds shear stress response

. n . " . N N n 4

1

Rough to smooth
step change

|

+.’E/h— 1an

AN

Single square
barh/R=0.1

x/&,
74
13-4

concave curvature

Short region of

350
601

o mpC

curvature extent 0<x/§,46

upstream @

D F H
a ° [] A bd
a ) [] <o
E G 1

Smits, Young & Bradshaw (1979)



Another example of stress overshoot

Trip wire
(2 mm diam. at 153 mm)

Reattachment (s 2720 mm)
—0 4m ~— 0. 48 m
é=255.7
,,, =20 m/s a_’_,_/m,mj/\ | 4= 208 m

TE
(0 0)
0987 m \ 2 1.781 m — |

1.08m |

(@) \

4

Separation (s = 2095 mm)

0.003 — r
@
Baskaran, Smits
" & Joubert (1987)
- -
C
A @
0002 . s
.
o
L A
_:70 . A s
Uref __r.o-\ A;
* ° ° o 4
';‘% o % o 0y
0001} &7 « Y
95; v
!;' x X
x
& x X
‘«r, + + =
5 553
. N
L BA.‘....l..alﬂﬂ A

0 0.2 0.4 0.6 0.8 1.0 1.2
n/é

Short region of concave curvature
followed by prolonged convex curvature
and adverse pressure gradient

Shear stress amplified by concave
curvature, then collapses in outer region
over convex curvature prior to separation

Slow recovery from upstream
disturbances (sometimes very slow)

Successive pressure gradients do not
add linearly




A model for non-monotonic recovery

r Or r2  ror Or?

B B | Reoom? CHJEAY GG i
=" ror T Di\er) 7

Dt dx r Or
>Cyoverning Egs.

Dt — OU, <0ux ou, >

Dt i or ¥ or T ox

- Model pressure strain with using Rotta (1951), Crow (1968)
- Introduce perturbations for U, and u2
- Assume shape-preserving disturbances, e.g., A7(x,r) = g(z)f(r)

X — OAU,
—  or Second-order response

2L
S f / 1
+ (w70 - CFL o) (72 ) X0

Van Buren et al. (2020), Ding et al. (2021)

ct Co 1 1 .
+ {CTU;,O —P3 CtotU;«()_*‘ [KO + 4KO CtotTO] } X




A model for non-monotonic recovery

DU, OP 18rr Remove P D <8Ux) U oU, T 107 O*r .

Dt Oz r Or Dt \ or r Or r2 ror Or?
=Csoverning Eqs.
& . T oU, " O, 2 ou,
N A ox o

- Model pressure strain with using Rotta (1951), Crow (1968)
- Introduce perturbations for Uz and u?
- Assume shape-preserving disturbances, e.g., A7 (z,r) = g(z) f(r)

15 ' ' Square bar response ,
0 Rough-to-smooth @ . ®) , ;
] o o WR=0.1 _ -
o S 1fp o hR=02 = o
é \ O - Model with A/R = 0.2 < ‘~q\
0AUz 05 o SIS SETT® O oF 0 =
6’!’ e IEIO >~ \Es 'E;O o & o
0 Q B -1 e(%% @ E -1 \p@" d
N 2 B"Q.Qg o L
o -
[ -2 . =9 i
25+ 10 10! 10° y 10!
0 50 100 150 x/x, BNy

Van Buren et al. (2020), Ding et al. (2021)



Opportunities for flow control?

Perturbed flows are very slow to recover
Typically exhibit a second-order response
Overshoots are associated with production “trapping”

Can these observations be used in flow control?



3. POD inspired turbulence control in pipes

e The use of a varying spanwise Reynolds stress may be used to enhance (increase mixing) or
suppress (reduce losses) specific turbulence structures
o Target the most energetic POD mode (m=3, 15.5%)

o fo‘ / >

® 2 J 5

- _— —

0% 1%, (- =

‘. \‘., \/ 5

6% /:%,)\ /.- S

%% VY Yev | | =

n 3

o"o /.’".\ 19\ -
Yap' Vagd LY

Radial mode (n)

Van Buren, T., Hellstrom, L. H. O., Marusic, |.. and Smits, A. J., “Turbulent pipe flow response to wall changes targeting specific azimuthal modes,” TSFP-10, Chicago IL, July 2017.



Experimental setup

4 )

baseline

. _/

Insert cross sections

SPIV

cameras

Rep = 158,600 Gradual streamwise
Re, = 3,486 changes




Streamwise development: mean velocity
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Streamwise development: mean velocity
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Streamwise development: mean velocity
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0.015
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Streamwise development: TKE

x/D - 10.3 x/D - 16.3

z/D = 2.3
i

max=20%

005 Ak
. Kk
-0.05
-0.1
-0.15

-0.2



Streamwise development: TKE

x/D - 10.3 z/D =163 z/D =263
| i




Streamwise development: TKE

x/D - 10.3 z/D =163 z/D =263
|




Observations

-~

Able to create specific flow “shapes” in the mean statistics

/

Very little impact on mean for relatively large impact on the
turbulence

- -

0.8
1
0

.8

No single spikes in modes, more clouds of impact
bun in the targeted region

0om
2 . .
" ‘ L U7 Inserts act more like barriers to modes above or
“’2 04 below the target
. —— g

0.6 0.2

=<

Inserts have long lasting impact, 30D
downstream there is still 20% change in

turbulence from equilibrium o

"

PP
S

AN

"




4. Active flow control by transverse wall oscillation

A promising approach to drag
reduction is transverse wall
oscillation

w = Asin(k,x — wt)

N, = LS

\\\
. C=wk .
A\tum

Input to Flow




4. Active flow control by transverse wall oscillation

A promising approach to drag
reduction is transverse wall
oscillation

Flow

w = Asin(k,x — wt)

A'mum

Input to Flow

 Gatti and Quadrio (2016, etc.)
mapped actuation parameter space
for low Re, (<1000) using DNS

DRpnaz = 39% (Re, = 1000)
T T

O I

-0.5 0 0.5
upstream +

downstream



Reynolds number dependence

(Gatti, 2011)

500 1000 1R52? 2000 2500 3000 > Re,‘ ~10%-105
\ J
Y -
Small scales dominate drag Large scales emerge and become increasingly important

Can we use wall oscillation to get meaningful drag reduction at high Reynolds number?




Transverse wall oscillation experiment

f
/ &

& o8

Melbourne wind tunnel at x = 21m

X elements

Marusic, Chandran, Rouhi, Fu, Wine, Holloway, Chung, Smits, Nature Communications, 2021



Used only upstream traveling wave (up to 25 Hz)




DR (%
[

LITERATURE

W

~ 100: Small-eddy actuation

osc

-+

Y! b15\\ T T

Tt =140, A =12, £} = 0.0014

0osc

. “Inner-scale actuation”

— Our experiments and LES follow Gatti &
- Quadrio (2016) prediction:
m DR decreases with Reynolds number

T

L NPS is not possible

NPS = relative change in the total

power cost between an oscillating

wall and its stationary counterpart
for an idealized actuator




~ 100: Small-eddy actuation

+
osc

T

> 350: Large-eddy actuation

0sc

+

T

DR (%

15

10

DR (%)

W

LITERATURE

W

T). =

0osc

140, A* =12, £+ = 0.0014 |

T+ > 350

NPS = relative change in the total

power cost between an oscillating

wall and its stationary counterpart
for an idealized actuator

0osc

0sc

T, ~ 600, At ~'5, kT =0.0
Tt =1100, A* = 3.5, kt =

f15\\ \\\'

10 4,% y
— 5* /’// |

—
—_— =
— —_
e

“Inner-scale actuation”

Our experiments and LES follow Gatti &
Quadrio (2016) prediction:
DR decreases with Reynolds number

NPS is not possible

“Outer-scale actuation”

Our experiments and LES do not follow Gatti
& Quadrio (2016) prediction:
DR increases with Reynolds number

NPS is possible

An energy-efficient pathway
to turbulent drag reduction




Pre-multiplied
shear stress
spectra

Effects on wall stress

Non-actuated

Small-eddy actuation

25 —
DR(%)z( — _—w)x100
ol Tw0
= 24%
1.5 L ’
1 Wi | , \‘ni | ! | “\ ‘ T g (00 il ‘ ! | | it __lNon—act.
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b T =140, AT=12, r;=0.0014 c T, =604, AT=4.6, x:=0.0008 Sroadband ¢
T T ||||||| T T ||||||| T T TTTTTT T _I TTTTTT T T ||||||| T T ||||||| T T TTTTTT T lllllll [ ] roa an requency
Re, = 6000 ——INon-act. Re, = 9700 ——I Non-act. o forc
0.05 - Actuated_ 0.05 - Actuated. response to rorcing
* Nonlinear interactions
4 0.04 - 1< 0.04 - between inner and
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Deshpande et al. 2023



5. Flow control using liguid-infused surfaces

“LOTUS LEAF”

SHS: Superhydrophobic surface
air/water interface

SHS

dif | Flarl b




5. Flow control using liguid-infused surfaces

“LOTUS LEAF”

SHS: Superhydrophobic surface
air/water interface

SHS

dif | Flarl b

SLIPS “PITCHER PLANT”
SLIPS: Slippery Liquid-Infused
Iu,w Porous Surface
oil/water interface
Ho

N = 'u—w N = 0(1)
o for SLIPS drag reduction




Turbulent Taylor-Couette experiments

Hydrophilic Taylor_couette experlments

on grooved surfaces
water

Superhydrophobic

106 pm pitch

Liquid-infused

(a) (b)
100 T
N A\ .
. YN J, ’ o TR pTNS .
g Y AR 7\ ZaAN w =106 um (width)
= 50f X A f 3 f 5 7" b
e A \ /s n 9 -
~ I‘.' 1 /C,\ '{ ’.— ‘. ..; |- )
/- D I > /N 4 4 .
e W/ v/ \ 7 A
0 KA L |J"! L LA 1 ! E\] 1 !
0 50 100 150 200 250 300 350 400
x (pm)

(c)

Rosenberg, Van Buren, Fu & Smits (2016)



T (uNm)

Drag measurements

Impregnating fluid Surface functionalization /o
¢ Dupont Krytox GPL-101 fluorinated 0.033 O
A 3M Fluorinert FC-3283 fluorinated 0.66 A
% Heptane OTS 2.7 *
0O Air fluorinated 50 (SHS) O
2500 - T s 25
® control
O fw/po =1/30
A py,/p,=1/1.5 ‘%‘ 20
* /o = 2.7 i
O fw/fto = 50 (air)
2000 15+ e
i ol
Qo “%“ = 10 |
<
1500 | (ﬁ - 5t I
% : |
[ 1
1000 : : 5 : :
4000 6000 8000 10000 4000 6000 8000 10000
Re Re

Rosenberg, Van Buren, Fu & Smits (2016)



T (uNm)

Drag measurements

Impregnating fluid

Surface functionalization /o

®
¢ Dupont Krytox GPL-101 fluorinated 0.033
A 3M Fluorinert FC-3283 fluorinated 0.66
% Heptane OTS 2.7
0O Air fluorinated 50 (SHS)
2500 s 25 T —F
@® control 0
O i/ pto = 1/30 Heptane 15% max DR
A py,/p,=1/1.5 ‘%‘ 20|
* /o = 2.7 i
O ftw/ o = 50 (air) @
2000 15+
i F A A A
Qo “%“ i: 10
1500 | (ﬁ 5t I
% : |
[ 1
1000 : : 5 : :
4000 6000 8000 10000 4000 6000 8000
Re Re

10000



Can we do better?

1. Try other alkanes 2. Try larger groove sizes

Impregnating fluid  Surface functionalization i, /o

Hexane OTS 3
Heptane OTS 2.3
Octane OTS 1.8
Decane OTS 1.1
Undecane OTS 0.8
Dodecane OTS 0.6
Air fluorinated 50 (SHS)

Confocal microscope measurement

w =\100,]200, 400, 800 um




T (pNm)

Torque data O N=1.(Baseline) |
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T (pNm)

Torque data @® N-1 (Bascing)
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Summary on SLIPS drag reduction

Turbulent drag reduction:

Drag reduction up to 45% for air and 30% for
liguids (hexane, heptane)

Larger grooves successful at retaining air and
liquid (w < 800 pm)
“Best” drag reduction occurs with wT ~ 35

DNS (Leonardi) shows that drag reduction tied to
damping of wall-normal velocity fluctuations

DNS (Park et al. 2013) shows damping of near-wall
vortical structures
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Overall summary

The response of a turbulent flow to changes in surface roughness is very slow, and may lead to
production trapping

* Provides fundamental information on non-equilibrium turbulence response

e (Can be modeled using RANS equations

» Suggest concepts for turbulence control
Targeting energetic large-scale modes (surface modulations) lead to long-lasting modifications
to turbulence structure, and demonstrate nonlinear interactions

* (Can be used to control turbulence

* Provides fundamental information on non-equilibrium turbulence response
Smart surfaces show promise for implementing drag reduction

* More needs to be done — opportunities for future work



Questions?




