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Averaged N.S equations

B Problem Averaged Navier-Stokes compressible equations with k — ¢ closure model :
Find (p, pu, pE, pk, pe) solution of :

% +Ve(puw) = 0,
3P“+v (pu ® u) ~Vp+ AV o+ V-1,
8”E+v (PE + p)u AV out Veorut (5 + 5 ) Vh
%k +V - (puk) 7 VUV (4 pueow) VK]  pe,
0p5+V (pue) = (él)eT Vu—c®pl 4 c )) CO 4+ V- [(n+ peoe) Ve]
(1)

2
with pr = Cufu%
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Recall K — R model

B Change k — ¢ by a simplified kK — R closure model :

0, k2
ai + V- (puk) = & + V- [(1+ peow) VK + p o
(2)
7] Q
g +V - (puR) = ¢1 Tt1:S% — min (pczk ,utu) + V- [(,u,—l- ) VR:|
O¢
With eddy viscosity
e = peuf | KTu(1 — ) + R | (3)

o) u®

Hi
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k — R wall law

B Using [Jaeger and Dhatt, 1992] and [GOLDBERG and OTA, 1990] works :

_ P

if y*>10: k:%, e= =L (4)
m
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k — R wall law

B Using [Jaeger and Dhatt, 1992] and [GOLDBERG and OTA, 1990] works :

uf |ur®
ifyt>10: k= —1t—, e= 5
e vV Cu KO ®)
u2 y+ 2 v y+ 2 K y+ 2
if yT <10: k= —*L (7) . &= Re—f- (7) 1022 1_(7)
0 NN °T 0k |\s /G 5
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k — R wall law

B Using [Jaeger and Dhatt, 1992] and [GOLDBERG and OTA, 1990] works :

e+ . _ ufz' _ |Uf‘3
if yT>10: k—\/q, €= oy )
2 2 4 2 2
ifyt <100 k= —f (i) c=Re—L (ﬁ) +02— 1-(5)
VG \ 6 10 ) VCu 1)
(8)
B Using equations 7, 8 and R:g:
if y© > 10: R:Mné,
Cu
- 10k a . yt\?
ify"<10: R= m s w1tha:(—) .
CuRe a+0.2ﬁ(17a) 0
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Set up

B Mesh:yf=15=2x10"*%

B Set up
e Mach = 0.1, Re = 3900
o Uso = 34.025, poo = 1.225
e turbulence intensity : Iy = 0.5%
o koo = 3 (IkUso)?, €00 = koo /10

B Boundary conditions :

k3
Rsc =0, and Rooc = =
Eoco

Figure — Cylinder mesh
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sults R

Name Mesh size Sw Cy [ —Cpb Ly 0 St
Present simulation

k — ¢ Goldberg 3D 176K 0.002 0.96 0.11 0.85 1.56 111 0.20
k—R 176K 0.002 1.00 0.11 0.86 1.53 93 0.20
Numerical simulation

Spalart 3D [?7] - 0.002 0.97 0.11 0.83 1.67 89 0.21
DVMS WALE 3D [?7] 1.46M 0.004 0.94 - 0.85 1.47 - 0.22
Experiment

Norberg, 1994] - - 0.94-1.04 - 0.84-0.93 - - 0.20
Parnaudeau et al., 2008] - - - 0.1 - 1.41-1.58 - -
Lourenco, 1993] - - - - - - 86 -

Table — Bulk coefficient of the flow around a circular cylinder at Reynolds number 3900, Cy4

holds for the mean drag coefficient, E; is the root mean square of lift time fluctuation, f,,b is

the pressure coefficient at cylinder basis, L, is the mean recirculation length, 0 is the mean

separation angle.

Cp pressure

CpkR —
Cp k-eps
Experiment o

theta
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B Re = 1M using WL

meanflow pressure coefficient Re= 1M meanflow pressure coefficient Re= 1M

K-R/DVMS WL y* =100 K-RIDVMS WL y* =

K-R/IDVMS WLy —_— K-epsilon/DVMS WL y *
K-R/IDVMS WL y _— Exp Warschauer Re=1.26 *
1 K-RIDVMS WLy ’10 1
K-R/IDVMS ITW
K-eps/DVMS ITW
aironum-3D K-eps/DVMS WL aironum-3D
0 Exp Warschauer Re=1.26 0
a A a
8 8
-1 -1
-2 -2
mesh 80x200x10 mesh 140x400x10
-3 -3
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
(degrees) (degrees)

Figure — Mean pressure distribution on body
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ults R

Name Mesh size Sw Cy CI, 77pb Ly 0 St
ITW simulations

k — ¢ Goldberg / DVMS 3D 176K 0.002 0.65 0.13 0.63 1.30 100 0.28
k — R / DVMS 176K 0.002 0.60 0.04 0.50 1.74 105 0.30
WL simulations

k — ¢ Goldberg / DVMS 3D 176K 0.002 0.25 0.08 0.25 1.10 125 0.05
k— R/ DVMS yt =10 176K 0.002 0.29 0.08 0.21 0.77 133 0.08
k — R / DVMS y% =20 176K 0.002 0.31 0.11 0.20 0.62 140 0.06
k — R/ DVMS y' =10 572K 5 x 1075 0.18 0.02 0.14 0.84 135 0.56
Experiments

al [Shih et al., 1993] 0.24 - 0.33

[Schewe, 1983] 0.22 - -

[Gslling, 2006] - 130
[Zdravkovich, 1997] 0.2-0.4 0.1-0.15 0.2-0.34

Table — Bulk coefficient of the flow around a circular cylinder at Reynolds number 3900, Cy
holds for the mean drag coefficient, C, is the root mean square of lift time fluctuation, C is

the pressure coefficient at cylinder basis, L, is the mean recirculation length, 0 is the mean
separation angle.
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In summery :
e k — R works very well for low Reynolds
e Hybrid wall law k — R gives better results using coarse grid.
e ITW computation can't be established for fine mesh.
To do :
e Improved implicitation ?
e Modify the mesh?
e given up the k — R
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Part 2 : Current status of k — ¢ — v
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Transition kK — e — 7

B Akhter 2015 transitional model :

Opy MtS Cg2
LY LV puy = (1 —y) 2 4 pE *V’Y Vy (9)
ot "5
Production Auxiliary production
+ V- [oy (1 =) (1 + 1) V]
Dissipation
with cg1 = 0.19, ;2 = 1.0 = 04, cug = 1073 pr = k/w and
k _
ni= |1+ cug 572 = NIV | e (10)
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B Akhter 2015 transitional model :

0 S2 C,
;W + V- puy = ca1y(1 =) M +p22)p va vy (11)
t 6
Production Auxiliary production
+ V- oy (1 = 7)1+ pe)VA]
Dissipation
with cg1 = 0.19, ¢z2 = 1.0 = 0, cug = 1073 p¢ = k/w and
* k —
pi= |1+ cug 572 = NIV | e (12)
B Using € = B*wk , equations can be transformed in :
dpy Py k2
—— + V- puy=Cay(l—7) 7 +pC2—Vy - Vy (13)
ot k €
Production Auxiliary production
+ V- [oy (L =) (1 + pe) VA (14)
D’Y
with Cug = 1077 = ¢,4(3%)? and the turbulent viscosity
* k3 -2 2 k2
BE = 1+ Cug 57 2= IVAIR | Gufi (15)
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Transition kK — e — 7

B Problem Averaged Navier-Stokes compressible equations with k — ¢ closure model :
Find (p, pu, pE, pk, pe, p7y) solution of :

F+V-(pu) = 0
dpquV (pu @ u) prJr wmV-o+V-T,

BPE+V (pE + p)u 1V ou+V Tu+ + 5t—
PrRe Pri Ret
"’Pk+v (puk) T:Vu+ V- [(1+ peog) VK] — pe,

2
ap€+V (pue) = (cél)sr Vu—c() = +C(2)> CO 4V - [(p + proe) Ve]

P24V puy = Cuy(1-9) +ng2*V" Vy

L v [07(1*7)(M+u:)v /]

Vh

(16)

€

. . 3 K2
with i = [14 Cug 5577 2(1 =) IV71?] 6ufu > and P =7 : Vu.
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B Concatenate equation

%’t\’ + V- Fe(W) = V- F (W) = 7K75(W) + 77(W) (17)
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B Concatenate equation

aaivtv + V- Fe(W) = V- F (W) = 7575(W) + 77(W) (18)

B Using a correct definition of ¢ :

d);l'otal

W, [Ci| + ®i(W, di, xi) — (Tk*S(W;) + 77(W;), ¢i) =0 (19)
W;(0) = W?

i
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B Concatenate equation

%Vtv + V- Fe(W) = V- F (W) = 7575(W) + 77(W) (20)

B Using a correct definition of ¢ :

@ Jotal
i

OeW; [Ci] + i(Wi, 61, 1) — (TK72(Wi) + 7 (W), 1) = 0 (21)
W;(0) = WP

B Time discretization and implicit scheme

A Total

ICil (WIHE — W7) + Atd[eR (W7, , ¢, xi) + At (W) (W] —WP) =0

(22)

Id —
At oW

i

Ci 8¢Tota/ .
(' | <w,~">) (WL W) = — 0P/ (W, 6y, x)  (23)
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B Approximation of the v jacobian source term on a tetrahedron :

Py i T
——| ~Cg—— (1 —2v,) P 24
o | glphkh( n) Pk (24)
(BDW’ ) (n+m") |- T)i 20 (1> Ti | (@)
—= ~oy (p+p -7 — - = Vj
oy |1/, y t h = pj Ox; o) = ) ox;
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B Mesh:yf=1§=2x10"5

B Set up
e Mach = 0.1, Re = 1M
o Uso = 34.025, poo = 1.225
e turbulence intensity : [y = 0.5%
o koo = 3 (kU )?, €00 = koo /10

B Boundary conditions :

Yoc =1, and ys = 0.01

i
,” :”

Figure — IBM mesh
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Name Mesh size  y. Cy c/ —Cpp L, 0
Present simulation

URANS k — ¢ 0.6M 1 0.50 0.24 0.51 1.00 109
URANS k —e — v 0.6M 1 0.51 0.23 0.49 1.10 110
DDES k — £ Goldberg ITW 4.8M 1 0.50 0.07 0.54 1.22 103
k - £ / cubic WALE ITW 4.8M 1 0.48 0.11 0.55 1.14 109
Experiments

[Shih et al., 1993] 0.24 - 0.33

[Schewe, 1983] 0.25 - 0.32

[Galling, 2006] - 130
[Zdravkovich, 1997] 0.2-0.4 0.1-0.15 0.2-0.34

Table — Bulk coefficient of the flow around a circular cylinder at Reynolds number 1M, Ed
holds for the mean drag coefficient, C/ is the root mean square of lift time fluctuation, Cp, is
the pressure coefficient at cylinder basis, L, is the mean recirculation lenght, 0 is the mean
separation angle.
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meanflow pressure coefficient Re= 1M (ITW)

DDES ITW ——
URANS ITW ——
RANS-DVMS WALE ———

1 k-\varepsion-gamma
\\ Exp Warschauer Re=1.26  »

\ aironum-3D

Cp

0 20 40 60 8 100 120 140 160 180
(degrees)

Figure — Pressure distribution
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Problems occurs :
e Low CFL number = low time advancing
e Pressure distribution not better than URANS
To do :
e Improved implicitation ?
e Improved transitional model, modify the production ?

e Compute hybrid kK — & — v model.
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Part 3 : Immersed Boundary Method applied on k — ¢
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Averaged N.S equations with IBM

B Averaged Navier-Stokes compressible equations with k — & closure model and
Brinkman Penalisation :
Find (p, pu, pE, pk, pe) solution of :

F+V-(pu) = 0,
8”"+V (puu) = prJriV-UJrV-‘r*%pu,
BPE +V-(pE+pu = év.gu+v-7u+<ﬁ+ﬁ>Vh—%p”u”z
YL £V (puk) = T:Vu+V-[(n+ peox) VK] — ps — Xpk,
a;f +V-(pue) = V-[(u+peoe) Vel + (cé”g? v — P+ c<2>) cm
2 2
- (psf EV\/E'H)

(26)

gy {1 ifxec
and x = 0 otherwise.

References : |.V.Abalakin,A.P.Duben, N.S.Zhdanova, T.K.Kozubskaya, Simulating an
unsteady turbulent flow arround a cylinder by the immersed boundary method,
Mathematical Models ans Computer Simulation, 2019, vol 11, No 1, pp 74-85.
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st case description

B Mesh:yf=1&5=2x10"*%

"
NN

B Set up
e Mach = 0.1, Re = 3900
o Uso = 34.025, poo = 1.225
e turbulence intensity : Iy = 0.6%
o koo = 3 (IkUso)?, oo = koo /10

o Immersed parameter : = 10—2

N
i \
,,////,7///,441" AN
e R
S
i

Figure — IBM mesh
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Name Mesh size Sw Cy c/ —Cpb L, 0
Present simulation

k — & Goldberg 3D 176K 0.002 0.96 0.11 0.85 1.56 111
IBM k — & Goldberg 3D 176K 0.002 0.98 0.12 0.85 1.49 80
Numerical simulation

Spalart 3D NOisette - 0.002 0.97 0.11 0.83 1.67 89
IBM Spalart 3D NOisette - 0.002 1.04 0.11 0.86 1.58 87
Experiment

Norberg, 1994] - - 0.94-1.04 - 0.84-0.93 - -
Parnaudeau et al., 2008] - - - 0.1 - 1.41-1.58 -
Lourenco, 1993] - - - - - - 86

Table — Bulk coefficient of the flow around a circular cylinder at Reynolds number 3900, Cy4

holds for the mean drag coefficient, f,’ is the root mean square of lift time fluctuation, C

pp IS

the pressure coefficient at cylinder basis, L, is the mean recirculation length, 0 is the mean

separation angle.
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sults

Cp pressure

Cpk-eps IBM
Cpkeps
1 Experiment

Cp
o

05

Figure — Mean pressure distribution

B Moving geometry center parametrized by (0, sin(4t))
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Problems occurs :
o low value of  ( 1072 instead of 10712 )
e incorrect pressure distribution
To do :
e Add ghost cell method with Brinkmann penalization ?
e Implement Caradonna Thung geometry

e Run Caradonna test case
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Part 4 : Current state of aeroacoustic post-treatment
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Aeroacoustic

B Root mean square pressure

p~=p—P, (27)
1 _
pgms = ? / (p - p)zdt’ (28)
T
L / 2 dt (29)
- T T pN b
M We can proved : L o
przms = p2~ = ﬁz =) (30)
Then
Par\ _ P~
dg =10log | 5~ | =20log | — [dB] (31)
P Poo
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 Results

Figure — Root mean square of the pressure field
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270° 2700

2
‘;’é”s is shown at r = 5, and on right side we show the acoustic level of the

Figure — On left
pressure in [dB]
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Problems occurs :

® Prms/Poc < 1.

e The mesh density in the wake is not adapted.
To do :

e Adapted the Lemma’s mesh to Aironum

e Run the Lemma’s adapted mesh

e Compute instantaneous aeroacoustic field using Kirchoff method and/or FWH
method.
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