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My CV: Education

* 1993-2002:
Physics studies, Niels Bohr Institute, University of Copenhagen
1999-2002:

* Ph.D in optical measurements of fusion plasma turbulence [1.5 yr DK/2 yr DE]
1996-1998:

* M.Sc in physics [1 yr DK/1 yr UK]
1993-1996.

e B.Sc. In physics [DK]



My CV: Jobs

* 2019-present:

* Volvo Cars [SE], thermofluid modelling and simulation of electric drivelines

* 2016-2019:

* Danfoss [DK], simulations and acoustic measurements of valve flow

* 2011-2016:

* Siemens [DK], modelling and simulation of flowmeters

* 2006-2011:

* ABB [CH], modelling and optical measurements of circuit breaker flow
* 2002-2005:

 MIT [USA], optical measurements of fusion plasma turbulence



Introduction Pope 2000]

e Overall topic:

* Turbulent flows:
* Modelling of measurements

e Computational fluid dynamics (CFD)
simulations [Roache 1972]

* Focus on boundary conditions (BCs):

* Measurement example:
* Well-conditioned pipe flow

* CFD example:

* Reynolds-averaged Navier-Stokes (RANS):

* Two-equation eddy viscosity models
(EVMs):

e Standard k — € model
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Standard k — € model

* Model constants in use today
[LS 1974]

2. 2. Recommended Constants and Functions

At high Reynolds numbers, the transport equation for € may be expressed:

De_1 a [ﬂr ie_] LGk (an+i%) oU; _

it} —L (2.2-1)
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a form which was first developed and used in the Imperial College group by Hanjali¢ [17]. Equa-
tion (2.2—1) together with a similar one for the turbulence energy, k:

aU, U\ U,
Dk_1 3 [#rai],fﬁr( iy Jg) P, (2.2-2)

Df pax, Lo, axe) o \ax,  ax; ) ax,

enables the turbulent viscosity g, to be found from equation (2.1-13) or its equivalent in terms

* The values of C, and C; depend on the choices for m and a.

* RANS models no longer an

active research topic

e But widely used by CFD
practitioners

—2>Gap

B.E. Launder, D.B. Spalding, The numerical computation of turbulent flows 275
of € (rather than [); thus:
p=C ok e . (2.2-3)

According to the recommendations of Launder et al. [19], made after extensive examination of
free turbulent flows, the constants appearing in equations (2.2—1)—(2.2—3) take the values
given in table 2.1:

Table 2.1
The values of the constants in the & ~ e model

C

n G

s o O¢

1.0

1.92

0.09 1.44

The above constants have been found appropriate to plane jets and mixing layers. Siightly dif-
ferent values from those quoted have hitherto been adopted in the calculation of flows near walls;
but there is reason to suppose that, for these flows also, the values in table 2.1 would lead to as
satisfactory preditions as obtained with those originally employed.
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A Historical Review

e Chapter by K.Hanjali¢ and
B.E.Launder in [Runchal 2020]

Eddy-Viscosity Transport Modelling:

S5 The Current Usage of Two-Equation EVMs

While today (in 2020) a large proportion of commercial CED computations are made
with eddy-viscosity models such as those outlined above, several model originators
(including the present authors), sensitive to the limitations of that closure level for
flows subject to complex strains or force fields, have thrown the weight of their
efforts to higher order schemes. In such approaches, closed transport equations (or
sometimes truncated algebraic versions thereof) are devised for the second moments
(the Reynolds stresses and turbulent heat or mass fluxes) and, sometimes, for higher
order moments too. Such schemes lie beyond the scope of the present article, but the
books by Wilcox [81], Pope [60]. and Hanjali¢ and Launder [27] provide an account
of the development of these types of model and, particularly the last of these, present
an array of applications.

But two-equation linear eddy-viscosity models remain the workhorse of the CFD
industry and while, to many with a deep knowledge of turbulence and its modelling,
their continuing popularity remains a mystery, the reasons are not hard to see. Such
models rarely give major convergence problems and, even for complex flow configu-
rations, they can be applied at modest computational cost on an acceptable timescale.
Moreover, the accuracy of the predictions they deliver is often good enough to guide
industrial design or to trace the cause of a malfunction in some operating plant or
machinery. Indeed. it may be said that weaknesses that would seem to be dramatically
damaging 1n a strictly two-dimensional shear flow may turn out to be far less influ-
ential in three-dimensional flows—which includes the majority of cases for which
commercial CFD is employed.
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[HL 2021]

VIIl. CURRENT TRENDS: HIGHER-ORDER MODELS
VERSUS EVMS

The authors have for decades been advocates of using second-
moment closure models in the firm belief that, despite their greater
demands on computer resources, they captured the physics more
taithfully and, thus, should reproduce more accurately complex turbu-
lent flows over a greater range of configurations and conditions than
eddy-viscosity schemes. However, the expectation that, with advances
in computer hardware, our view would gradually prevail has not in
tact come about. Indeed, the opposite has happened: the ever widening
of the CFD community and the expansion in the scope of CFD appli-
cations has brought about greater demands on CFD-code vendors to
ensure their codes’ robustness (i.e., certainty to converge to a result),
computational economy, and “user friendliness”—demands which
inevitably favor simpler models.

Some protagonists of this philosophy have gone so far as to
denounce “the relentless attempts to build into them first-principle
content and rational ideas” Spalart (This remark was made in the con-
text of limiting the use of RANS models to the wall-adjacent region in
hybrid LES-RANS schemes.),”” arguing that no RANS model can pre-
dict flows with massive separation. Industry at large has preferred
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simplicity and robustness, even at the expense of physical transparency
and comprehensiveness. As a result, CFD software companies have, to
a great extent, been responsive to such demands. Some new two-
equation and even one-equation eddy-viscosity models have been
proposed, tuned for a family of flows particularly suited to certain
industrial sectors; indeed, some have become quite popular, despite
their containing ad hoc, opaque inputs in terms of empirical functions
and limiters. One might well conclude that the situation is reminiscent
of that of the early days of turbulence modeling a half century ago!
Among these, the Spalart-Allmaras (S-A) one-equation model for
eddy viscosity (Spalart and Allmaras'”") and the “shear-stress trans-
port” (SST) k- model, Menter'"” are probably the most widely used,
at least in the aerospace industry. It seems doubtful that this trend will
reverse.

Yet, it is recognized that for certain vital applications (whether
these be industrial, environmental or medical) predictive accuracy still
remains of paramount importance. That fact and the increasing geo-
metric complexity of the flow domains to be resolved would seem to
favor the employment of second-moment closure. However, even
here, the emergence of hybrid LES-RANS approaches (with the RANS
region employing an eddy viscosity model) for flows bounded by walls
of complex configuration and involving heat and mass transfer offer,
for many, the preferred route. So, it may well be the case that differen-
tial second-moment closure is destined to remain a relatively minor
“niche” market in the firmament of turbulence closure schemes.
Nevertheless, there is a reasonable prospect that the better physics
embedded in the second-moment approach to closure will, through
judicious simplification to algebraic form, still make a significant con-
tribution to enhancing the reliability of CFD for turbulent flows.

Nils T. Basse
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Turbulent length scales

 Wall: z = 0, center-line (CL): z =6

* Boundary-layer thickness §, pipe diameter D:
e 26=D

* Area-averaged (AA):

* (Jaa = % 06['] X (6 — z)dz

0.2

0.15F

Turbulent length scales

Mixing length: Local

= = 'Mixing length: Area-averaged
- Attached eddy: Local
= = 'Attached eddy: Area-averaged

o
Q0.1
S}
* Mixing-length (ML) [Nikuradse 1933]:
* YmrcL =0.07XD 0.05
* fyraa = 0.04 X D[Greenshields 2021]
» Attached-eddy (AE) [Townsend 1976] with global (g)
von Karman constant k;, = 0.34 [Basse 2021al: 0
* Lagcr =2XD=017xD
* fAE,AA Z%QXD = 0.06 XD
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Inlet BCs for k — ¢

k is turbulent kinetic energy (TKE) of velocity fluctuations per unit mass:

3— 3 2
2.2 _2
c k=-u?= 2(IUref)

* Assumes isotropic turbulence

« VuZisthe time-averaged fluctuating velocity
Ures is @ mean reference velocity
I is turbulence intensity (TI):
5 u? 2k
I ===
Uref 3Uref

¢ is rate of dissipation of TKE per unit mass:
_ 3/ k3/?

TR ey

» C, = 0.09 [BFA 1967]

v, is the kinematic turbulent viscosity:

k? 1/4
v = o= G 3720y I U ey = 0.67 X L3y 1Uy o
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D=0.1 m, I=3%

5000 .
. . . Water @ 20 degC

Turbulent viscosity ratio | AL @20 desC
* Total viscosity Vior = Viin + V¢ >

* Viin IS the kinematic molecular viscosity

. . . 1%
e Turbulent viscosity ratio v,, = —
Vkin

e Examples: 0 20 10 50 30 100

* Ve = 0.67 X fMLIUTef U et [m/s]

= 0.67 X (0.07 X 0.1m) X (0.03) X Uy
=14 x107*m X Uyf

VikinWater@20degC = 1.0035 X 10_6m2/5
Vkin Air@20degc = 15.06 X 107°m?*/s

Danfoss CFD Community Tech Talk, Mind the Gap: Boundary Conditions for Turbulence Modelling
March 14th, 2022 Nils T. Basse



Motivation

e Started at Siemens:
* Flowmeter calibration:

————— original Message-----

From: CFD Online [mailto:webmaster@cfd-online.com]

Sent: 28. marts 2014 12:08

To: Basse, Nils Taangefjord

Subject: Re: CFD Online Feedback: Original source of equation

I think that this comes from the Fluent and ESI manuals. I am not aware of the original scientific paper. If you find it please let me know.
Yours,
Pete

'On 2014-83-27 13:35, Nils Basse wrote:

Can you provide the original refernce for the equation relating turbulence intensity and Reynolds number here:

http://www.cfd-online.com/Wiki/Turbulence intensity

* Scaling of fluctuations with mean flow speed
e Goal: Provide measurement-based estimates

e CFD Online:

* ANSYS Fluent scaling (without source—>until recently):

2
Ucr,

* lcransys) = —

 Bulk Reynolds number Rep =

= 0.16 x Re,'/®

DXU

,mrUm = <U>AA

kin

* https://www.cfd-online.com/Wiki/Turbulence intensity
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https://www.cfd-online.com/Wiki/Turbulence_intensity

ANSYS Fluent User’s Guide

For internal flows, the turbulence intensity at the inlets is totally dependent on the upstream
history of the flow. If the flow upstream is under-developed and undisturbed, you can use a low

[ /turbulence intensity. If the flow is fully developed, the turbulence intensity may be as high as a
® ANSYS 202 1a] few percent. The turbulence intensity at the core of a fully-developed duct flow can be estimated
) from the following formula derived from an empirical correlation for pipe flows:

* [ANSYS 2021b] I=g-=0.16(Ren,) (7.71)

Uavg

° ANSYS 2022] For internal flows, the turbulence intensity at the inlets is totally dependent on the upstream

- history of the flow. If the flow upstream is under-developed and undisturbed, you can use a low
turbulence intensity. If the flow is fully developed, the turbulence intensity may be as high as a
few percent. The turbulence intensity at the core of a fully-developed duct flow can be estimated
from the following formula derived from an empirical correlation for pipe flows, [165] (p. 4942):

’ —

8
__u
I=7==0.16( Rep, ) (7.71)

For internal flows, the turbulence intensity at the inlets is totally dependent on the upstream
history of the flow. If the flow upstream is under-developed and undisturbed, you can use a low
turbulence intensity. If the flow is fully developed, the turbulence intensity may be as high as a
few percent. The turbulence intensity at the core of a fully-developed duct flow can be derived
from an empirical correlation by Blasius for pipe flows (see Chapter 20 Equations (20-4) and (20-
5) in [127] (p. 5098)), using the additional estimation of the RMS velocity fluctuation at the pipe
core u'=0.8*u, :

u’ -1/8
I=75==0.16( Rep, ) (7.71)
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ANSYS derivation

. —(AP/L)D Z
* Friction factor A = (1 /LD _ g x T
EPU% Um

* AP is pressure loss, L is pipe length and p is density

. e . T .
* Friction velocity u, = /?W, T,, is wall shear stress

* [Blasius 1913] (smooth pipe): A = 0.3164 X Re;1/4

e Assume: /u—gL = 0.8 X u, [TL1972]

/uT
* Icpjansys) = UTZL = 0.8 X \/g = 0.8 X /0'38164 x Rep"/® = 0.16 x Rep'/*




Why is the turbulence intensity important?

* Pipe flow CFD example:

e Left as an exercise for the reader ©

 [Momentum] Isothermal:

* Increase TI:
* Increased pressure drop

 [Momentum and energy] Conjugate heat transfer (CHT):
* Assume heat source in pipe walls

* Increase TI:
* Increased pressure drop
* Increased heat transfer coefficient (HTC)
* Decreased solid temperature



Research findings

* Modelling based on Princeton Superpipe measurements [HVBS 2013]:
* https://smits.princeton.edu/superpipe-turbulence-data/
* Note: Weakness to have used only one dataset

e Siemens: [RB 2016]

* Independent Scientist:
e [Basse 2017]
e [Basse 2019]
e [Basse 2021a]
e [Basse 2021b]
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https://smits.princeton.edu/superpipe-turbulence-data/

[RB 2016]

Measurements
0.1 — —rrrr T

oD Doononooini O Pipe axis (measurements)

—_— - Pipe axis (fit)

u%‘L 0.09 == Pipe axis (CFD-Wiki)

—0.0407 O Pipe area (measurements)

° — — . :

ICL,[RB 2016] — _UCL = (0.0550 X ReD 0.08 = :Fz’lr:)e::a:r:ea (it)

0.07

u2
* Iy = w?AM = 0.227 x Rep 190

m

0.06

0.05

0.04

* Arithmetic mean (AM): 0.03

* Cam =3 Jy [1dz

OO‘I b e T T E E T ETT e T T T T T T ST e T e T T T T T T T e T T

Turbulence intensity

O 1 1 1
10* 10° 10° 10’ 10
Re

Fig. 22. Turbulence intensity for measured compressible flow.
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[Basse 2017

<\/§>AA

= 0.317 X Rep %110

* lyp=—7°
m
e [ ~+/A[TL1972]
0.15 7
§0.1 :\\..__
€ S
éo.os-
3

O Pipe axis (Smooth pipe)
— Pipe axis (Smooth pipe fit)
O Pipe area (Smooth pipe)
= = Pipe area (Smooth pipe fit
A Pipe axis (Rough pipe)
V¥ Pipe area (Rough pipe)

~‘.ll
“,zz‘

-

[ 9O %—e—n» ad

10* 10°

Figure 5. Turbulence intensity for smooth and rough pipe flow.
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108 107
Re

108

~

0.035

0.03 N

0.025

0.02

0.015

0.01F

0.005

= Smooth pipe (Gersten)
= = Rough pipe (Gersten)
====Smooth pipe (Blasius)

0
104

10°

Figure 6.
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108
Re

Friction factor.



0.14 F T T
3 0.6577 = )\gﬁ’;‘f}h ]
012 O Pipe area, AM (Rough pipe) |+
[Basse 2019] .
2 01F
5]_|J
£
o 0.08
S
* Log- and power-law scaling: 2
. . € 0.06
e Both with Rep and A as variables =
* Example with code:
3 ?>AA 0'0/111 0* 165 1(.)6 1(.J7 108
d ICL,[Basse 2019] — U— — 00276 X ln(A) + 01794‘ Re
CL D
4 ICL,[B(ISSQ 2019] = 0_4-4-2 X /10'463 Figure 9. AM definition of TI as a function of Rep, for smooth- and rough-wall pipe flow.
» Useful conversions:
e Uy = Uy, X 1.4671 X Rep 00163
* Friction Reynolds number Re.:
ou u
Vkin 2Unm
* Re, = 0.0621 X Rep?148
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[Basse 2021a]

* Assume global mean velocity log-law:

c Uy = = x In(z*) + A,

Kg
° U+ — ﬁ
g Ur
. ,t = P
Vkin

* Fit parameters K, and 4,
* High Reynolds number
transition:
e Re, ~ 11000
e Rep ~5x10°

* {I3),, =039%x2
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Solution 2
0.4 T

0.35F

<2 0.3
© Global smooth pipe
0.25} Global smooth pipe fit| |
’ o Global rough pipe
Local smooth pipe
= Threshold
0.2 " .
10° 104 10°

Re
-

-2

Solution 2
5 T
4 -
3 -
2 =
o © °

1

)

g o

(0] Global smooth pipe 7

Global smooth pipe mean

Global rough pipe

Local smooth pipe o
103 104 10°

Re

FIG. 10. Left-hand plot: g souton2 VS Re:, right-hand plot: A souion2 VS Re:. Blue lines are Eqgs. (38) and (39), and local parameter values are black lines.
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[Basse 2021Db]

3 T
©  Smooth pipe
B Rough pipe
Global fit including viscous term
25+ Global parameter from Basse 2021

* Assume global fluctuating velocity
Iog-law: | 2 e o o

Global fit including viscous term
2 —
‘u — Bg

Global parameter from Basse 2021
1

Z — 10° 1&1‘1 1cl)5 10° 104 1(.35
- Ag X ln (E) - Cg (Z+) 1/2 Re_ Re_

— FIG. 6. A, as a function of Re.. FIG. 7. B, as a function of Re,.
—t 2
2 u
[ —_—
u >
Uz
70 T T 0.7
» Fit parameters B,, A, and C =
Fit parameters 5,, A5 and (g |
05F
50F 1
[ [] [ o
* High R [o mber t t -
igh Reynolds number transition
30 -
0.2F
©  Smooth pipe ©  Smooth pipe
20F o Rough pipe o] 0.1F| @ Rough pipe o 1
Gilobal fit including viscous term Global fit including viscous term L
10 L . 0 . L
102 104 10° 10° 107 10°
Re_ Re,
FIG. 8. Left-hand plot: C, as a function of Re., right-hand plot: C, //Re; as a function of Re..
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2
[Basse 2021Db]
g 1
* Ratio of turbulence production rate P and |
dissipation rate &:
. . - 0 1
* High Reynolds number transition 107 10* e
. Re
* Possibly related to growth of outer peak (prrvo 2021] T
Re: T/t Line style (a) 050 [—rrrmr e (b) 050
1803 2040  cmm— 025 025
4953 874 o o /N o=
1136.6 25.9 — +\
11442 311 NA S 0 \
1134.6 24.5 NA =~ —0.50 —0.50 . ]
1131.0 313 NA
11357 28.6 NA e e \ ’
};28 ;22 NA BT 10! 10° 107 0 T 02 0r 06 o8 1o
. L2, pt VIR
3028.1 16.6 — . o o . T o .
6019 4 .32 Figure 13. Excess of turbuzllizcsul::;_esté;lzlzle(r;)y\sgﬁdéligstllaonrlc?Eri;ié:b;l[sz;ga:gbziz?fulmtlon of inner-scaled («a)
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[Basse 2022}
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Modelling Reynolds number scaling of C,
Simple turbulent shear flow:

[{uv)| _ / P
Kk C”s

Local Reynolds stress:

[{(uv)|

~03forP/c =1

(wv)[\° &
+ = () £ =(03)% = 0.09 [BFA 1967]

Global Reynolds stress:

o)l 2 _u? _g( 1 )Z_OZZNE
k (w?),,  3\17277) 77T 9

+ (Cy),, =005 <§> ~ %(g}

w

0.1

0.08

0.06

0.04 f

0.02

=]

Local Reynolds stress
Global Reynolds stress

103

10%
Re

T
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Recommendations

e Simple scaling:
* Power-laws:
* Smooth pipe
* Does not capture transition
* More complex scaling:

* Friction factor:
* Includes roughness
* Captures transition

* Use consistent length and velocity scales to calculate v;:
1. Center-line (CL): Lower TI, longer length scale
2. Area-averaged (AA): Higher TI, shorter length scale



Conclusions and outlook

* Provide measurement-based Tl for:

* General purposes, e.g. calibration
 BCs for CFD

* Learn new physics along the way:
* High Reynolds number transition

Future:
e Tl for other canonical flows: Boundary layers, channels
* Turbulent length scale and other BCs

* Overview (anonymous) of BCs used by industry for different applications
—Close the gap

 RANS and machine learning (ML)

Acknowledgment: Professor Alexander Smits and former students
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https://www.researchgate.net/publication/336374461_Python_code_to_calculate_turbulence_intensity_based_on_Reynolds_number_and_surface_roughness

Useful links

* NASA Turbulence Modeling Resource (aerospace applications, no BC focus):
* https://turbmodels.larc.nasa.gov/
e http://www.cfd2030.com/

* NASA Technical Reports Server:
* [Nikuradse 1933] https://ntrs.nasa.gov/citations/19930093938

* ResearchGate:
* N.T.Basse
» K.Hanjalié
 B.E.Launder
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Useful links

CFD Online:
* https://www.cfd-online.com/Wiki/Turbulence length scale
* https://www.cfd-online.com/Wiki/Turbulence intensity

Markus Uhlmann:
e http://www-cfd.ifh.uni-karlsruhe.de/uhlmann/VORLESUNG/turbmod/ws08/talk8 ho.pdf
e http://www-cfd.ifh.uni-karlsruhe.de/uhlmann/VORLESUNG/turbmod/ws08/talk9 ho.pdf

David D. Apsley:
* https://personalpages.manchester.ac.uk/staff/david.d.apsley/lectures/comphydr/turbmodel.

pdf
Nils T. Basse:
e http://www.npb.dk/pub/pub.html
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