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Accurate modeling of the sub-grid scales (SGS) is crucial in determining the accuracy of the large eddy
simulations (LES) in turbulent flow analysis. In recent years, new branches of the sub-grid scales
models called gradient-based models were developed in computing the sub-grid scales stresses and heat
fluxes and used in large eddy simulations. In this work, the modulated gradient model (MGM)
equations were implemented in the OpenFOAM package, and pimpleFoam solver was modified to
improve the solution accuracy. The modulated gradient model is based on the Taylor-series expansion
of the sub-grid scales stress and employs the local equilibrium hypothesis to evaluate the sub-grid scales
kinetic energy. To assess the accuracy of the modulated gradient model as well as the improved
pimpleFoam solver, turbulent channel flow at a frictional Reynolds number of 395 was simulated via
the OpenFOAM package and results were compared with the direct numerical simulation (DNS) data as
well as the numerical solution of the Smagorinsky, Dynamic Smagorinsky and Deardorff models. The
results show that modulated gradient model evaluates first and second order turbulence parameters with
a high-level of accuracy.
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Fig. 2 Profile of the mean of the normalized streamwise component of
velocity in three different grid size.

gliie AL dus )0 Ay o (5,970 by Adgo BUD(S oS bagie Juds 2 KU

290


http://journals.modares.ac.ir/article-15-10186-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:12 IRDT on Sunday May 13th 2018

90 vl g Sl SHY bl

P80l I3l )5 ) eod Jress 2 T3 b slasib )) S yulise (s Hgasls Ao )3 0dub eulais LIS Jawe bl

1FRe=395
- Smagorinsky g,
-- - - - dynamicSmagorinsky ,/
- — - — DeardorffDiffStress § 1
08— MGM B /
B o DNS O/
oy ’
| OO’ /
0.6 |- O,/
2*' B OI ] v
5 i
g o
g 0al 7 /
02} )
O 10 o o et N |
10" 10° . 10 10°
y

Fig. 5 Profiles of the normalized standard deviation of the wall-normal
component of velocity, v'™ /u,

iy o2,6 Adlge 5 lslin] Bl il aw o s 8y 2 5 S

" Re=395
12 B Smagorinsky
“}- - - - dynamicSmagorinsky
| — - — DeardorffDiffStress
1L— MGM
- o DNS 9
osf
EV =
3 B
206
04l
02}
i o
Ol-\\\uﬂo el el NIRRT |
10" 10° . 10 10°

Fig. 6 Profiles of the normalized standard deviation of the spanwise
component of velocity, w™ /u,

s o il il Gl ool s (slaLids 6 JSUi

polie ey Bas g gope Addae g0 yo o lailinl Gzl Gloges jo
s lin 5o (SIS 5 slo oo (slo s o 3l ol oy
Sade (Sealys Sy jo¥len] Joo diiid puiian (930 (g3lwdds
@l 5 VLYt R 1T L | ce e gypme Ailge o luiliel Bl
Joe a5 cwl Jojo cplicwl 00 )5 diu i peiies g00e (3luas
s (6332 (6 5ludis gl Vb o ¥ = 51 b el sty JLol S
S 5 Sl Szl slo e sl by ol 23,5 13
dw 5o oslasbinl Blzul Jlade cp 5 s CaBge wldiudly ool ppdais
Br99m0 Joo 3 Casdgs cpl alp e (VL EES L) Sae s ddlge
ool azlge il glrals b (S )slewl Joo o 5 Swil sl L
Lxbog Pl Y 50 s g3 iluand Jedgn o ool Sl
5 0ad pit ol ((Soalns (SoutyysFland (sloie b (goe 8
o dlgo ;3 By90 50 Joo S 5 Sl oad b3k (93 4 Bye0 o

Syl ey las  Sail ceyu

291

el 00l ool s glaSil 3 sl wlite calize sla Joe

5 Soalizd (Kool (sla e sl by g oloe Sl ot
B s Jaw 90 Gladidsn Ll sl jlads ool pulas gbol,S
Szl sloon Led B ol o ol |, sl
ol 00l i (295 & B)ed s g odd e SLol )T Selus
S Saligs il (sla i sl ity T &Y 0
doe s wies Ghie meiies gods Gilodnd @l ool pplas
Sla iy T ot B Al j0 ams oo plis 1) (g5l BT B 90,00
e polie oud el SLolS 5 (Seolsd Sty ysSlad slo o
v Silwand | S |y dug g ond pShugie )97 Sy
Bl 4 Seoliys Sty 55l ko gl Lol eailos, S aaslons poiions
by Sl b cwl S5 b pefies o0 siluant
St 5 o i oS s Sl Sty sFlad sl Jas
20 By90,m0 Jde oS e @) Koo YT & 300 8 pbiies go0e
o3 Glwdnd da 970 i Ailse g 2 )0 42l aw ples
Joo wS o0 sm L Ol Gl )8y (Sl L 5 axd )8 s
5 el 00,55 &) oo3 o, Slae Cg = 0.1677 oo b Sty )55 Lol
A oo 75 o @B (i S sed B o)lss I (28 Falolé

ey lblice! -3-5
clalazel Geogs o dol glaceeS 5l jisn, 25 el sloadlye
kol ki 55, 2 adly slaailse Joloo a4 byl Wigd o gume (SaiS]
calgs 5l iy (Uf%) daailge oyl ol oids 4l (i gl
are Ay, 5l o tial Bl 1 eslinul wyzy ol b akies ey

"6 L 4 Gl SE el pyye 5 @l W™ = (W) ay Tlags

oylps p vgee sliwly jo 1) Copu ddlge ans o lasbinl Bl ol 51 n e

T X obas
3[Re=3%5 o
- ——— Smagorins
[ - - - - dynamicSmagorinsky/C %
25— - — DeardorffDiffStress b
- — MGM
B o DNS
2 =
= B
g 1.5 -
S -
1k
05| /
- o
= o
Ot I | |
10" 10° , 10 10

y
Fig. 4 Profiles of the normalized standard deviation of the streamwise
component of velocity, u™™ /u,.

LSy (5570 :\.EJ}A Q)IAJLL.;I Jl):x.il R LQLQJ,JS).:LI JS\»A

! Viscous sub-layer
2 Buffer layer

3 Log-law region

4 Root mean square

7 ol 17 0,53 1396 Mo Auu)'A.s Llse Fodis


http://journals.modares.ac.ir/article-15-10186-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:12 IRDT on Sunday May 13th 2018

290 vl g il pSHY gl

P80l I3l )5 ) eed Jress 2 T3 b slasib )) S yulise (s Hgamsls awlxo S 03ub eulais LIS Jawe bl

0-25 MRe=3%5 _
i Smagorinsky
NN - = = = dynamicSmagorinsky
R —— - — DeardorffDiffStress
02fF
i o N —_ MGM
:\ AN ° DNS
| \ 000000,
° c° = g
015} N . 230N Ty,
NEF i ~ \O S e Zo° — *
E> i N o L ° ~ N N
e AN N
0.1 B \ — . \ N N
i ~N
T \/_«
0 I el el

=}
ol
o)

10" 10°
.

Fig. 8 Profiles of the normalized standard deviation of the streamwise
component of vorticity, w;™v/u?

wls 3 (5,970 ddlge o lastinl Bl il s o s Ldg 8 JS&

0-2 "Re=395

——— Smagorinsky o
[ - - - - dynamicSmagorinsky”
_ - = DeardorffDif'fStressO ,
015 MGM 0!
B o DNS 1

viu?
.
T

g
-
T
o
~

mrms
y
T
-
~
~

0.05 - O// .

| o
4 e
B /5,
i » Y
Ot a® o ol ol
10 10° , 10 10

Fig. 9 Profiles of the normalized standard deviation of the wall-normal
component of vorticity, w}™v/u?

WIS )5 oye Alge s Ilial Gl ol o (sla by 9 U5

Sl ol dedon 25 50 peiies o0 Siloand @S 4 Cund o0
000 ilutnsd Jidy SIS S, e 3 Bpssms Jas laid S
Koz ssF ] Joo sl 05 Jae (S5l oo J| sy i
G als,8 Jloy (5,90 addge o lailinl Blymdl Ldgyn jo Las (Sels
o lasbiwl Glymsl Jdgp 4o Ls oad eeas Lol S Jow gyt = 12
@ b anlic ;0 55,5 polieyT R BL wl S oy e dilge
JBon sliio Gl rizpa WS A ) padites s0ue (ludnnd
ol (S jsS Lol Jow jo als 5 lo Ree dalge o ikl Bl ol
Sl 5l S (gunaSils K po pelias g00s (glwdand ool b
by SLol T Jaw aS 50 4SS ol o lil aes o w3 Jaw pl YL
Joe sbal pdleen sodmmar K> oS04 Lol
455ls 08 Sl 5 5 355 bl ey 5o (Solizs (St 55
Wb ol ool 5l G &S pebples cens bl 1 JB el
cad s oS Saals S sSlad sloue slo s

7 o)l 17 095 1396 e (o0 Suilfo wise

S| o gy o5 —4-5
ol Eogonl Flo sy 5 et ol S5 b slaailye o
O el 51YZ 5 XZ glaadlgs adjhe Jele JUS oLy o)
3 oM 0po b oS wleoe (XY ddlge Lo cnlpln adlios jlen,
Dgd o wilid (Suan] by G5 oleke 4 oSG site lade

(et A5 Jden (JUE Ol sl obs ol Gl (Sole
B b Syged (2 s Sl by Gl gseme Sx
Lol o s 1) oy 2 o)) slagps 7] as o s JUS
sl JUSl g e o] g 4 aS e 55k (rt <50) o lgs Sy
ly slaSedn) olidia Joo ez 3w (Sxasl by 15 slodedy
S o0 ey s (6338 (5 5lwdd gl ol pen 4

o palats Jbol S g (Sealis SamjoSlont slo Jow sla iy »
ol les S Jas ey 4l s gs_i..a.ﬂ S i pelie o i 50
L) e (g0 (gilwand Gi..a..ﬂ op oS Jdep Hid, b e
O s S le Jlake 380 Comdae puad )0 9 00,5 oy oY Ly o
Jedgn omb 5o (idl Jaw lgz o g ooy G350 (Suad] Loy
50 St yoS Lol Jue (B conl oals &lly i (g0 (giluand
A B )0 i (308 Golwads 3l k5_i._:a...f| Sop S @Lu Ls’l")l"
el 009y dzel o oo )& g Bl ALY i &Y 5 Al

alo 5 olilicé! -5-5
(0 ZUXU) s oy cloailse I o ailinl Sloul Ly mawys
Sl SeS (et el Joe So a3l S Uy G o
9 Sanlo 9,50 )0 Gree (i 4 Wlg o o T slafidyy Jolod a5 o
Slodedyn 09d e Eon 390 Ghyz yo pole oS slajlsle LS,
G "0 b 8 gladss" o als,S o dilye du i el Gl
iloas

o Gilwand gleosls iz Cliogar gilead 4w o
oy Al dus o bl Gl (gla by iles,S adgisl |y pakinms
S L Byg0,m3 5 (Sewiyslol (laSelnj sladue sl als)S

Re=395 s
0.8 p————— Smagorinsky

- - - - dynamicSmagorinsky?y
—— - — DeardorffDiffStress
MGM -

o6fF © DNS J/

Q

T
T

—<u'v'>u?

02

Fig. 7 Profiles of the normalized turbulent shear stress, —(u'v')/u?

dne Siasl by i ladyn T S

292


http://journals.modares.ac.ir/article-15-10186-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:12 IRDT on Sunday May 13th 2018

90 vl g Sl SHY bl

P80l I3l )5 ) eod Jress 2 T3 b slasib )) S yulise (s Hgasls Ao )3 0dub eulais LIS Jawe bl

il sboosls b ol gl duglin 3 4xis] JUIS ol (6 5lotends
Siloaed slaodls ganail 28,5 JIE IS j5es )0 s s30e
dgase (Suadl b calizes j0lgn ) slael jo JUIS (b > (6l pudies (g30e
gloosls sl 00,8 Jau Jlowsl s3] o 1y Gz ol o)l
Oy Rep =395 SKlasl jalgn ) sae )0 s (g30e (g5lwdnd
el 03,5 IS8T ol o 4y 1, S2aT ciliee sla o gl <o
b )bl locusS 5l o0y cunpd Ko lp loddsn momy
Folo ) @l boee Ceond Copu slaadlys Sl p)ler A slaples
Sloedi b onaSed gy 2 bgleand  dea pbe
iilye ot 6yeS lagio Ly L 5 oad pll 100 X 136 X 80
W D A boad elas SLalS Jue sl dme i97e Sy
sladdgn 85 bl 9) » s Judo Sl ond o 5 5 Lawgie
Sobel GlaceeS bz Gla Ty Sl)) o Gl slaseldn) sladas

sdae oad pws lajlogel St 5 el ead S et
2 Sl gl ead glan SLol S g (Selus S jsSlenl
o gilwands laosly Cuddie L g Wloo,S olml sg> Dlawlxe
30 6kl GlacusS caieS g aiiin Cuxdae Wiles S Cand | ki
S b Byo0,m0 5 (S ysS lowsl (s1aSil 5 s o b olgss & jglne
SSasl gloJae dea Uy mhaw 0b o ojles 5l 40 5 ol
o3 oy sledalge 5l o laskiwl Gl mul olie dwlxe jo 0uds oolasul
L awlio )0 S8 slowlio 4 il )3 clolazel wal Jwly Jodo

ol aidly palS e o b i e (g )lo glaceeS

&l 7

[1] F. Aldudak, Geometrical Structure of Small Scales and Wall-bounded
Turbulence, PhD Thesis, Technische Universitat, Darmstadt, 2012.

[2] J. Smagorinsky, General circulation experiments with the primitive
equations: I. the basic experiment*, Monthly Weather Review, Vol. 91, No. 3,
pp. 99-164, 1963.

[3] J. Deardorff, The use of subgrid transport equations in a three-dimensional
model of atmospheric turbulence, Journal of Fluids Engineering, Vol. 95,
No. 3, pp. 429-438, 1973.

[4] P. Sagaut, Large Eddy Simulation for Incompressible Flows: An
Introduction, Second Edition, pp. 1-553, Verlag Berlin Heidelberg New
York: Springer Science & Business Media, 2006.

[5] A. Andren, A. Brown, J. Graf, P. Mason, C. Moeng, F. Nieuwstadt, U.
Schumann, Large-eddy simulation of a neutrally stratified boundary layer: A
comparison of four computer codes, Quarterly Journal of the Royal
Meteorological Society, Vol. 120, No. 520, pp. 1457-1484, 1994.

[6] A. N. Kolmogorov, The local structure of turbulence in incompressible
viscous fluid for very large Reynolds numbers, Proceeding of JSTOR, pp.
301-305, 1941.

[7] S. B. Pope, Turbulent Flows, pp. 558-634, New York: Cambridge University
Press, Cambrigde, 2000.

[8] H. Versteeg, W. Malalasekera, An Introduction to Computional Fluid
Dynamics: The Finite Volume Method, Second Edition, pp. 40-211, England:
Pearson Education Limited, 2007.

[9] S. Yahya, S. Anwer, S. Sanghi, Performance of different SGS models of LES
for low Mach number channel flow, Procedia Engineering, Vol. 38, No. 1,
pp. 1192-1208, 2012.

[10] D. K. Lilly, A proposed modification of the Germano subgrid-scale closure
method, Physics of Fluids A: Fluid Dynamics, Vol. 4, No. 3, pp. 633-635,
1992.

[11] J. McMillan, J. H. Ferziger, Direct testing of subgrid-scale models, AIAA
Journal, Vol. 17, No. 12, pp. 1340-1346, 1979.

[12] P. J. Mason, D. Thomson, Stochastic backscatter in large-eddy simulations of
boundary layers, Journal of Fluid Mechanics, Vol. 242, No. 1, pp. 51-78,
1992.

[13] U. Piomelli, High Reynolds number calculations using the dynamic
subgrid-scale stress model, Physics of Fluids A: Fluid Dynamics, Vol. 5, No.
6, pp. 1484-1490, 1993.

[14] U. Piomelli, T. A. Zang, C. G. Speziale, M. Y. Hussaini, On the large-eddy
simulation of transitional wall-bounded flows, Physics of Fluids A: Fluid
Dynamics, Vol. 2, No. 2, pp. 257-265, 1990.

[15] M. Germano, U. Piomelli, P. Moin, W. H. Cabot, A dynamic subgrid-scale
eddy viscosity model, Physics of Fluids A: Fluid Dynamics, Vol. 3, No. 7,
pp. 1760-1765, 1991.

293

o4 ERE=3% _
. - o o &= @-O-OAOB
0.35 Ak
: ~.
03}
E \\ OO
. 025F \%%
o 5
s i \
¢ 02 - Smagorinsky
F - - - — dynamicSmagorinsky\
015F—— - — DeardorffDiffStress
[ — MGM
= ° DNS
0.05 |-
Ll el NIRRT | —
10" 10° .10 10°

y
Fig. 10 Profiles of the normalized standard deviation of the spanwise
component of vorticity, w}™v/u?

wls F (hoc ddlge 5 ylaslin] Gl ool vy o s gy 10 JSC&

Sl sladdgn cmdimarise 9 peSle blE Coxdge wilatuily
WA eess oYL Es L il 3 ls 5 dddge a jo o lasbinl

ol €3 2als axgily |, oloy cpaiz [82] o5 5 (g
ol dlosys o ey olilicel cdo b anglas jo ab 3 olalexg!
als S SLalizgl o SzsS Slaalidie (oo e 45 W38 plis bl
Slrol 5 oK ol 4l Ce e Slalazél VG s LB ke
ssba @Sty slaslde S)n el S ileand Ay, o S
sllazdl Sloalre 10 55 slallas 550 wigh oo Jo peiinne 3 o
s Sl 5190 wls S

» @lfes cle gomian o awlie SYls ;5 6l JBus
eles o oJUIS slaoylns 5 ye0 ey Jlake oSy 4y 0TS Aige
Shslaals Sl gl sl ol 0 pom woionl & SaS slaglie
dolo @l )3 (i sl o9 SosS s caiS (plw azgi b S5k
b ol jo Glatn; slagslis jools silujae (JUS 555 o
D¢ Jls>

S oszy 5l 05 DVlEs o [3332] 05 5 (uge olien 4 i
oS le G L aS wilaaS 3ew o led jglome 0 W™ 8 e pesiose
Sy 357y sl 00 Ot HB, oyl gl 45 medg il go Shzel e
Ol 350 45 WS o ey ) 0)lind (Sed5 50 ysme S SLs
W™ 5l e e 55 ol slaad 5 lome ey Sl o (Jawgie jsba)
JOMPEER NI

S 5 4o -6
sy sae o 1) aasl JUS obyr gileans mls Giegh ol
Uisy 6554 LRe, =395 _SlShol july, s 5 Re, = 6867
03,5 Jelo 5 63105 pgdonl Jley 0 S sloals S luand
PP OYCUR S VTRV DUV P GWE TR PNV B P WO VR P V- Y KPS oo
osd eas bolS Joe gl ogee aalllas ol 51 ol e b 485
iz slaJas QU5 (hagh p9s 5B )0 09 pod e K> moonal L
b (Sl pgo g ol &y slocesS D3k o GlaSdin) sl plide

7 ol 17 0,53 1396 Mo Auu)'A.s Llse Fodis


http://journals.modares.ac.ir/article-15-10186-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:12 IRDT on Sunday May 13th 2018

290 vl g il pSHY gl

P80l I3l )5 ) eed Jress 2 T3 b slasib )) S yulise (s Hgamsls awlxo S 03ub eulais LIS Jawe bl

Vol. 19, No. 12, pp. 1949-1964, 2008.

[25] R. A. Clark, J. H. Ferziger, W. Reynolds, Evaluation of subgrid-scale models
using an accurately simulated turbulent flow, Journal of Fluid Mechanics,
Vol. 91, No. 01, pp. 1-16, 1979.

[26] H. Lu, F. Porté-Agel, A modulated gradient model for large-eddy simulation:
application to a neutral atmospheric boundary layer, Physics of Fluids (1994-
present), Vol. 22, No. 1, pp. 015109, 2010.

[27] S. Liu, C. Meneveau, J. Katz, On the properties of similarity subgrid-scale
models as deduced from measurements in a turbulent jet, Journal of Fluid
Mechanics, Vol. 275, No. 1, pp. 83-119, 1994.

[28] S. G. Chumakov, Subgrid Models for Large Eddy Simulation: Scalar Flux,
Scalar Dissipation and Energy Dissipation, Thesis, University Of
Wisconsin-Madison, 2005.

[29] A. Leonard, Large-eddy simulation of chaotic convection and beyond,
Proceedings of The 35th Aerospace Sciences Meeting and Exhibit, AIAA
paper, United States of America, Reno, Jan 6-9, 1997.

[30] H. Kobayashi, Y. Shimomura, Inapplicability of the dynamic Clark model to
the large eddy simulation of incompressible turbulent channel flows, Physics
of Fluids (1994-present), Vol. 15, No. 3, pp. L29-L32, 2003.

[31] J. H. Ferziger, M. Peric, A. Leonard, Computational methods for fluid
dynamics, Third Edition, pp. 39-306, Verlag Berlin Heidelberg New York:
Springer Science & Business Media, 2002.

[32] P. Moin, J. Kim, Numerical investigation of turbulent channel flow, Journal
of Fluid Mechanics, Vol. 118, No. 1, pp. 341-377, 1982.

[33] J. Kim, P. Moin, R. Moser, Turbulence statistics in fully developed channel
flow at low Reynolds number, Journal of Fluid Mechanics, Vol. 177, No. 1,
pp. 133-166, 1987.

7 o)l 17 095 1396 e (o0 Suilfo wise

[16] U. Piomelli, W. H. Cabot, P. Moin, S. Lee, Subgrid-scale backscatter in
turbulent and transitional flows, Physics of Fluids A: Fluid Dynamics, Vol. 3,
No. 7, pp. 1766-1771, 1991.

[17] R. D. Moser, J. Kim, N. N. Mansour, Direct numerical simulation of
turbulent channel flow up to Re= 590, Physics Fluids, Vol. 11, No. 4, pp.
943-945, 1999.

[18] S. Khanna, J. G. Brasseur, Analysis of Monin—Obukhov similarity from
large-eddy simulation, Journal of Fluid Mechanics, Vol. 345, No. 1, pp. 251-
286, 1997.

[19] A. Juneja, J. G. Brasseur, Characteristics of subgrid-resolved-scale dynamics
in anisotropic turbulence, with application to rough-wall boundary layers,
Physics of Fluids (1994-present), Vol. 11, No. 10, pp. 3054-3068, 1999.

[20] F. Porté-Agel, C. Meneveau, M. B. Parlange, A scale-dependent dynamic
model for large-eddy simulation: application to a neutral atmospheric
boundary layer, Journal of Fluid Mechanics, Vol. 415, No. 1, pp. 261-284,
2000.

[21] H. Lu, C. J. Rutland, L. M. Smith, A priori tests of one-equation LES
modeling of rotating turbulence, Journal of Turbulence, Vol. 8, No. 37, pp.
1-27, 2007.

[22] H. Kobayashi, Y. Shimomura, The performance of dynamic subgrid-scale
models in the large eddy simulation of rotating homogeneous turbulence,
Physics of Fluids (1994-present), Vol. 13, No. 8, pp. 2350-2360, 2001.

[23] K. Horiuti, Transformation properties of dynamic subgrid-scale models in a
frame of reference undergoing rotation, Journal of Turbulence, Vol. 7, No.
16, pp. 1-27, 2006 .

[24] H. Lu, C. J. Rutland, L. M. Smith, A posteriori tests of one-equation LES
modeling of rotating turbulence, International Journal of Modern Physics C,

294


http://journals.modares.ac.ir/article-15-10186-fa.html
www.SID.ir

