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Abstract of the other 3 thermodynamic parameters)
The purpose of the present paper is to study the op oh
statistics and scalings of the fluctuations of thermody- a’ = <—) ; cp = ( > (2a)
. » . dp oT
namic quantities (pressure, density, temperature and s P
entropy) in compressible wall-turbulence. Data were 8, = 1 (@) (2b)
extracted from severalNs simulations of compress- P p\oT »
ible turbulent channel flowRe,, € [100,500] and p (0T 8,42
Me, € [0.3,2.5]). We study 1-point and 2-point statis- Ae = T <6_p) = ’c) (2¢)
s 14

tics, 1-point transport equations budgets, 2-time corre-
lations and frequency-spectra. The appropriate scal-The well-known continuity and entropy production
ings are discussed. Results with different resolutions equations

and/or computational box sizes are compared and an-

alyzed to draw guidelines on resolution requirements @ n i[ =0 (3a)
for the bNs of compressible wall-turbulence. ot Oxy priel =
Ds 8q¢
T— = TpeSme — — 3b
Pl =7 ¢Sme 02, (3b)
i can be combined using these thermodynamic relations
1 Introduction b bined hese thermod |
(1) to give

Density-fluctuations are a direct measure of compress- D ou P
ibility effects on turbulence (Taulbee and VanOsdol, FJZ =— pQQa—é + Ao (ngSmg — a—qé) (3c)
1991), and diffrentiate weakly compressible turbulent Te Te
flows (Rubinstein and Erlebacher, 1997), where their 2 Qe

DT 4
>\ : : pep—7 = — PBpTa” o—
relative importance is small, from flows with strong ol PR Omy

compressibility effects (Wu and Martin, 2007). An up- _ %
to-date review obns work on compressible turbulent + (L ABpT) | TmeSme Oy (3d)
flows was given by Friedrich (2007). Dh 5 Ouy

To understand the dynamics of density fluctua- Ppr = P4 Oy
tions in compressible wall-turbulence, it is necessary dqe
to study the dynamics of the fluctuations of different + (14 Xe) (Tmésmé - 3—56) (3e)

thermodynamics variables and their interaction. For
general thermodynamic relations = p(p,T") and The above equations (3) are valid for general thermo-
cp = ¢p(p,T), the following relations hold between dynamic relationg = p(p,T) andc, = c,(p,T).
thermodynamic variables (Gerolymos et al., 2008) Notice that the volume forcef,, present in the mo-
mentum equation, do not appear explicitly in the trans-
dp =a’dp + \epTds (1a) port equations for the static thermodynamic variables
_ p (3a),s (3b),p (3c), T (3d), orh (3e).
pepdl’ =pTds + b, Tdp (1b) What appears clearly in (3) is that the transport of
pepdTl =(1+ X3y T)pTds + ByTa’*dp  (1€) T orhis equal to the sum of a velocity-divergence-
term (compressible, always scaling with) and an
whereq is the speed-of-sound, is the heat capacity — entropy-production-term.
at constant pressurg, is the coefficient of thermal ex- These equations can be easily manipulated to ob-
pansion (at constant pressure), ads the Griineisen  tain transport equations for the variances of the static
(Arp et al., 1984) parameter (expressible as a functionsthermodynamic quantities (Gerolymos et al., 2007a,b,
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2008). These were studied in previous work (Geroly- The relative fluctuation level of the thermodynamic
mos et al., 2007a,b, 2008) for a limited rangeff;, quantitiesp. ..o~ L, T/ Tt andpl,,.p*, scale rea-
and M, . In the present work we extend this database sonably well (Fig. 2), at fixedke..,, , with the square of
and include time-series analysis. the centerline Mach-numbér2 . There is of course
a Re,,, influence, at fixedVlc,, the fluctuation level
increasing withRe,, (Fig. 2). The scaling seems
2 DNS Database less satisfactory for theke., € [450,550] simula-
tions, but this is attributed to the fact that these sim-
The pNs data (Fig. 1) were generated by a finite- ylations are not fully converged (a part of the observa-
volume DNs solver (Gerolymos et al., 2009b) us- tion time g5 across which the statistics were taken,
ing anO(Az'") upwind-biased scheme (Gerolymos included transient evolution of the simulation; statis-
et al., 2009c). The method has been extensively val-tics must be restarted) and that they were run on rather
idated by comparison of statistics and spectra with coarse grids (Fig. 2). Close examination of the peaks
available compressible and incompressible pseudo-of the relative fluctuation levels @f andI”, located at
spectralDNs data (Gerolymos et al., 2009b). The .+ ¢ [ 15] (Fig. 2), indicates that their precise loca-
solver is part of an open source project (Geroly- tion moves further away from the wall (in wall units)
mos and Vallet, 2009) and can be downloaded at asMc, increases, but is quite insensitiveRa.,., .
http://sourceforge.net/projects/aerodynamics/ It is well known, since the early work of Cole-
man et al.(Coleman et al., 1995; Huang et al., 1995),
.o . that the combined influence @te,, andMc_ on the
3 Statistics and Scallngs Reynolds-stresses is more intracate (Fig. 1), especially

- . _ ) for pu”v”, because of the variation pfwith T'.
Statistics (1-point and 2-point) were obtained for var-

. =) Res, Mo NexNyxN. L. L, L. Ar* Ayl Nycw Ayl Azt At the
Ious ReT E [100’ 600] and MCL E [0-37 2-5] (al_ —_— 2'27 1.50 3~‘5>><<|-59>><<32‘J 878 25/ 4md ](),0 0. é:ﬂ V|'jm 51/[)‘ 5.4 16.6 x 1073 1001
w . . 100 1.64 137x113x201 878 26 4mé 185 0.17 22 3.1 6.2 11.7x107% 3235

> 550 1.49 177 x 137 x 265 8w 25 4w 78.0 0.24 17 14.4 26.0 227x10°% 2734

though the SImU|atIonS fOReTU} = 500 are nOt We” 1;5 242 ];%i I.E;iZG; 8md 25 4md ;0-5 0.24 17 14.0 254 H)Z\i 103 |';3\
H 1 = 1 - 39 5 57 29 385 8 oy i 7 5.5 5 3 373

resolved). All of the basic 1-point statistics are well- TR SN A TR T I o 1

converged (Fig. 1). The sampling frequency for the
1-point statistics wag\t~! (sampling at every time-
step) and for the 2-point statistics, from which spec-
tra were computed, wai%—o At~ (sampling every 100
time-steps).

. . Ly Lo Art o Ayh Ny Ayh Azt At s o
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100 164 137x 113x201 870 26 473 185 017 22 31 62 117x107 3235
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8r5 26 4rs 763 024 17 140 254 108x107* 1251
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Figure 2: Scaling of temperature fluctuations for various
Re~,, € [100,600] and M., € [0.3,2.5] (isother-
mal walls).

4 Resolution and Box-size

10 . e Cor = 1‘0’/7 oo 1000 Consideration of 1-D spectra in the homogenepus
Figure 1: Comparison of computed turbulence statistics (va (F'g_- 3) andz— (Fig. 4) cﬁrectlons. highlights the_ res-
Driest-transformed velocityis, w7, pu”u”) from olution of the computations, while the analysis cor-
s u”, puiug . : . .
presentbNs computations using thew17—-c02 re;pondmg 2-p0|.nt Corrglatlpns, n homc_)genemus
schemes, for variouske,, € [100,600] and (Fig. 5) andz— (Fig. 6) directions, determines conver-
M, € ]0.3,2.5] (isothermal walls). gence of the statistics and box-size effects.

ETMMS8 Marseille 2010 2 GEROLYMOS AND SENECHAL



Re,, Mo NexNyxN. Lo L, L. At
1.50 345 x 137 x 529 876 20 4md 166
164 137x113x201 8x5 25
149 177 37x 265 8x6 20 4ms T8.0

Ayd Azt At 1
56 54 166x107 1001
31 62 117x107°

144 260 227x107

242 177 5 87§ 20 4w 763 0.24 17 10.8 102
151 257 x129x 385 876 25 4wd 166 021 21 15.0 x 107
034 257x 129385 876 20 4md 176 0.23 20 6.5% 1073

Rer,  Me
— 27 150
100 164 137x113x201 8m0 25 4md 185 0.7 2
550 149 177 x 137x 265 876 26 dwd 780 024 1
AT5 242 177 137x265 &6 25 476 763 024 1

2
2

Le Ly L. Axt Ayl Ny Ay st A s
876 25 4ms 166 023 19 56 54 166x 107 1001
2 31 62 117x107% 3235
7 14 260 227x107% 2734
7
1

140 254 108x 1073 1251
15.0x 107% 1373
6.5x107% 502

coeee 169 151 257x129x 385 S7d 20 And 166 0.21
180 034 257x120x385 870 25 4md 176 023

10000 T d T 10000 T d T 10000 T T d 1 .
1000 | 4 1000 | 1000 |
Hos e
100 | 4 0f 4 1w00p
Hos e
10 4 1 4 w0
1 El 1 4 1 04 b
01t 4 o1 4 oap
oz e
001 b 4 oot 1 omp
. .
0001 | 4 o001 4 o001}
Joz | oz | 4
0.0001 - i 4 0.0001 4 00001 | 1 o o
¥t 210 . Tz ¥t =10
1e-05 L L - 1e-05 1e-05 I 04 L L
00001 0001 001 01 17 oo 1 1 0 5 10 155 10 5 o0 15
10 " T T 100 r r - 10000 1 T T T T
ir ] 1000 E
Hos Hos e
o1t e 1t 100 1
001 4 Hos Host e
10 1
0.001 4 oot
1 ] Hoat Hoat B
0.0001 | g
01 1 02 02
1005 | 4 0.0001 |
1e-06 B B 0 0 - ~ s
107 | ' 4 1e06 | ooor ¢ 1
02 oz ozt B
1e08 | i 0.0001 | l
yt =10 ot y yt=10 Kf — yt =10 L vt =10 e, yt =10 JE—
1009 L : L 1e-08 - - - 1e-05 - - - 04 . . I 04 . . TR 04 . . b
00001 0001 001 01 17 00001 0001 001 01 1 00001 0001 001 01 1 s 10 5 o0 5 10 15 45 10 s o0 5 10 15 -5 10 S 0o 5 10 15

Figure 3: Computed 1-D spectra| uf}]*, [E,E?]*,
[BST, (BT (BSY, and (BT at
yT = 10.6, for various Re,, € [100,600] and
M. € ]0.3,2.5] (isothermal walls).
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Figure 5: Computed 1-D 2-point correlation coefficients
(O, O, O, O3, O, andCy) aty ™ =
10.6, for variousRe,,, € [100, 600] and Mc, €
[0.3, 2.5] (isothermal walls).
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Figure 4: Computed 1-D spectra[E3]", [ES]T,
[ESAT, [EG)T, (BT, and [B5))7) at
yT = 10.6, for various Re., € [100,600] and
M, € [0.3,2.5] (isothermal walls).
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: Computed 1-D 2-point correlation coefficients
(C%, i), ci, cfy), o, andCyy) atyt =
10.6, for variousRe,,, € [100,600] and Mc. €
[0.3, 2.5] (isothermal walls).

Figu é 6
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Obviously, the preliminary coarse grifte,, = 0 = i |~ Op 8u;’
500 computations are not well resolved (Figs. 3, 4), 9z, (o ug
although theMl, = 2.42 simulation is better resolved = =

a ! | I i v

than theM, = 1.50 one, since thé/., increase shifts - 5 5

the spectra towards lower wavenumbers (Figs. 3, 4). (2 _ 1) 22 (P 1)« . 5
. way -3, 2+ G S =0 O

A more important observation is that the logarithmic P L P

slope (exponent) of/,, (and Err) is strongly depen- v Vi V"

dent onMc,, in contrast to the velocityKy., Euy,
E.w) and pressureK,,) spectra whose slope in the
inertial range seems relatively independentfy, . As

Surprisingly little work has been reported on extract-
ing information frombNs computations on these basic
a result, the energy level separation #, between transport equation_s of compressible turbulence. We
the large and the smallest resolved scales, on a giver12V€ recently studied the budgets (Gerolymos et al.,
grid, decreases with decreasifi¢t, much faster that 2007a) and sketched some initial attempts for éhe
the energy level separation fér,,.,,. Notice that, for ~ P"'0'! modeling (Gerolymos et al., 2008) of the*

Me, = 0.35, the energy level separation between the Tansportequation (4).

large scales and the smallest grid resolved scales, is ) o . o
SlmllarforEPpiETT andEPP As aresult, although as 1% i o 2 4 0 3;5 Yogo % T wenn

term (I)

demonstrated by extensive comparisons with incom- e term (1)

term (I1T)

pressibleDNs data (Gerolymos et al., 2009b), the grid — term (1)
used for the Re., , Mc )~(180,0.35) computations is 4 T e )
quite satisfactory for the prediction of velocity spec- eeos - 0.0025 ‘ :
tra, it is insufficient for examining in detail the den- s | ooy 1
sity fluctuations (in particular the destruction o ol [ ]
which occurs at the small scales). On the contrary thee 1 oooos |- 1
(Re-,, M )=(227,1.5) simulations are well resolved e 7 5 N s o s e
both for velocities and for thermodynamic quantities. . o | |
-2e-05 B q o

Consideration of 2-point correlation coefficients . 00015 1
(Figs. 5, 6) highlights the well known effect of increase “* [ L 1 220 ]
of correlation lengths (outer scaling) with decreasing.ce.os A s 0,003 : : :

0.1 1 10 N :LCI40> 1000 0.1 1 10 100 1000

Re,,, suggesting the need of larger box size for the
Re,, = 100 simulations. The unsatisfactory (high-

Igvel) Cprrelatl_on coeﬁ|q|er€p?, for the e, & 500 w” (5), in wall units, from presenbNs computa-
S|mul_at|on§ (Figs. 5,. 6) is gttnbuted. tq the presence of tions using thasw17—c02 scheme Re.., = 227,

transients in these simulations (statistics were restarte Me, = 1.5, isothermal walls), 0847 x 137 x 529
to exclude this transient). grid.

Figure 7: Budgeyts of the transport equationé/forthe density
variancep’? (4), and for the streamwise massflux

We consider also in the present work, budgets
(Fig. 7) of the streamwise massfl@ transport equa-
tion (5). It appears from these budgets that the fluc-
tuating velocity-dilataion correlation termy in (5) is
a destruction term in the plane channel flow consid-
The transport equations for the density variap@e4) ered in the present work, even more important than
and for the massfluﬁu_’i’ = —p'u! (5) were given by the termvi in (5) which contains together viscous dif-
Taulbee and VanOsdol (1991). fusion and destruction through viscosity effects. The

fluctuating specific-volume/pressure-gradient correla-
tion termv in (5) does not seem important for the flow

5 Density variance and massflux

092 +~ o 0 (—p’Qu;’) considered.
ot " “or, ~  oa
convectionC’,,  diffusion d,) 6 Time-Series and 2-time Corre-
o 9P =50l lations
2P o~ 2 O

We have extracted time-series of the 5 primitive vari-

roductionP, := P y.v5 + P, . . : .
P (") (P"5VP) T (p30) ables at 6y™ = cost locations (including the walls

73% yT = 0 and the symmetry-plang™ = Re + 7,), for

= |(»* =) oz | 0 (4) every other point in ther and z directions (Fig. 8).
N Sampling frequency wag, = At~!. Results are be-
destructiore ) ing processed to obtain frequency spectra and 2-time
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correlations. As an example we present very prelim-
inary results with theuw17 scheme on thd29 x

129 x 129 grid using the gDTSBDFR2, DTSBDR

and @DTSBDH, and therk4 time-integration meth-
ods (Gerolymos et al., 2009a). The observation times
that were processed are rather short, but sufficient to
show the similarity of the results between the meth-
ods, but also the basic trends in the results. We con-
sider (Fig. 9) 2-time correlation® R, ., (Z,t,r) :
ui (7, t)u(Z,t + ), and corresponding frequency-

spectra. The 2-time-correlations were obtained by av- -
eraging of 48 spatial points (the database on each plane

for this grid contains 2048 spatial points, but only 48
were used for these preliminary results. The obser-
vation time seems adequate f6tR,, and O R,,,,,

but not for (Y R,,,, (Fig. 9). This explains why there
is more noise in the frequency-specttas,,,,, while

® R, and® R,,,, are much smoother. What is impor-
tant is that the results with all of the 4 methods are very

similar, including these temporal data. The frequency- -

spectra obtained are in very good agreement with the
experimental spectra of Fernholz et al. (Fernholz et al.,
1995) (obtained at much highgt andRey). It seems
that time-integration is not as crucial to the quality of
the results as the spatial discretization of the convec-
tive terms.

yt = 10.6; RK4; UWIT-C2

Re,, Mo N.xN,xN, L. L, L. Art Ayb Nycyo Ayy Azt Att
180 0.34 129x129x129 4md 26 %wﬁ 17.7 023 20 5.0 59  65x107°
.
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Figure 8: Typical time-series af*, v, w™, p™, T'*, and
pT, at a point located aj™ = 10.6, from present
DNS computations using thew17-c02 scheme
and therk4 time-integration methodKe-,,
180, M. = 0.35, isothermal walls), ori29 x
129 x 129 grid.

7 Conclusions and Perspectives

Grid resolution requirements iDNS simulations of
compressible wall-turbulence are more strigent than
those necessary for studying velocity fluctuations,
especially asM., decreases approaching the very
weakly compressible turbulence limit. Fdd, =

1.5 and Re,, € [180,230] we have constructed a
well resolved database for the transport equations of
guantities related to the fluctuations of thermodynamic
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Figure 9: Comparison of computed 2-time correlations
and time-spectra[E£5)]T, [ES]T, [ESL]T) at

v
yT = 10.6, from presentoNs computations us-
ing the uw17-c02 scheme and the,®TSBDR2,
e DTSBDR3 and @DTSBDH, and therk4 time-
integration methodsKe,,, = 180, Mc, = 0.35,

isothermal walls), or129 x 129 x 129 grid.

other values of M, and Re.,, which are part
of an ongoing effort towards constructing a com-
pressible channel flowoNs database, with empha-
sis on the behaviour of thermodynamic quantities
(http://www.aerodynamicsrusing an open source
DNS solver (Gerolymos and Vallet, 2009).
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