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A study of sheared turbulence/shock interaction:
velocity fluctuations and enstrophy behaviour

S. Jamme, M. Crespo and P. Chassaing

Abstract Direct Numerical Simulations of the idealized interactioha normal
shock wave with several turbulent shear flows are conduttedanalyse the be-
haviours of velocity and vorticity fluctuations and comp#rem to what happens
in the isotropic situation. Investigation of the budgetstase quantities allows to
isolate the mechanisms underlying the physics of the iotienra and reveals the
importance of enthalpic production and baroclinic torquseuch flows.

1 Introduction

The interaction of free isotropic turbulence with a normtadek wave has been the
focus of several numerical studies in the past (see e.gel.ae[3], Maheshet al.
[5]); and this subject is still a matter of concern in the stifec community (see
e.g. Larsson and Lele [2]). In the above-mentioned worksear Interaction Anal-
ysis (LIA) and Direct Numerical Simulations (DNS) have besed to understand
the main features of shock-turbulence interaction whemugistream turbulent flow
is isotropic. Experimental investigations have also bemmdocted. However, the
influence of anisotropy on the interaction has seldom beesstigated. The pur-
pose of the present work is to investigate how the presenem dadealized mean
shear upstream of the shock may modify the interaction phenon compared to
cases where no shear is present. In a previous paper (Jatrahd1]), we pre-
sented some DNS results explaining how thermodynamic ficios behave when
a sheared turbulent flow interacts with a normal shock wave pvdpose here to
complete the picture of the flow by focusing on the behaviduretocity and vor-
ticity variances in such an interaction, and on the physitathanisms responsible
for this behaviour.
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2 Flow configuration and numerical method

We consider the interaction of a normal shock wave with argteturbulent flow
involving a uniform (constant) mean velocity gradient ama-uniform mean den-
sity (and temperature) gradient. The turbulent flow is noertemogeneous in the
tranverse directionxt) of the shock wave (which was the case in the isotropic con-
figuration). We solve the full three-dimensional Navieol&s equations in non-
dimensional conservative form using a finite differencerapph. The inviscid part
is resolved using a fifth-order Weighted Essentially Normilxory scheme [7].
Viscous terms are computed using a sixth-order accurat@acinscheme, and a
third-order Runge Kutta algorithm is used to advance in time

Equations are solved on a cubic domain of sizeir2 the three directions (cf.
figure 1) and a grid of 256x128x128 points is used. The meanifialigned with
x1. Periodic conditions are specified in tkedirection, and non-reflecting boundary
conditions of Poinsot & Lele [6] along with a sponge layer ased for the top and
bottom boundaries as well as for the outflow where the flow senic. At the
beginning of the calculation, a plane shock wave at Mach rasi is specified
in the middle of the computational domain; the flow is steadyeach side of the
shock, satisfying the Rankine-Hugoniot relations.
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Fig. 1 Flow configuration.

At each time step, velocity, pressure, temperature, ansitydields are specified
at the inflow. These fields are superpositions of a supersoaan flow and turbu-
lent fluctuations (denoted further by a prime) in velocitggsure, temperature, and
density. The mean velocity at the inflow varies linearly asrstreamlines while the
mean pressure is uniform. The mean temperature and deasjtguch as the mean
Mach number is uniform :

U1(%) = Uo+S(x2 —Xomin), U2=Uz=0, P(xp)=1/(yM?), T(x)=M2U%/MZ, (1)

where the overbar denotes the conventional Reynolds awefidge shear stress
magnitude is controlled by the parame&whereS= 9dU;/d%,. Turbulent fluctu-
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ations are then superposed onto the mean upstream flow aadtedthrough the
inflow boundary using Taylor’s hypothesis. These turbutkxia come from prelim-
inary calculations of temporally evolving sheared turbgke so that the anisotropy
of the velocity field used in the inflow plane is typical of aldulent shear flow

(U2 > U2 > U2 andu{uj + 0). This inflow state slightly evolves in the first half of
the computational domain, and the turbulence charadterisist before the shock
are provided in table 1.

Table 1 Turbulence characteristics just before the shock wave (casll5TS

Re, =27 ufl’f/q2 =0.352 pims/P=0121  Cpy =—0319
M =0.159  uf?/q?=0299 Pims/P=0028  Cyy =0647
X =0.031 U2/ = 0.349 Tims/T =0.119  Cpyy, =0.298

?/2=1249 ujus/q?=-0127 Cyp =-0873 Cpy =—0649

3 Results and discussion

A first DNS (STSI1) is conducted with the following values betnumerical pa-
rametersRe = % =94 M, = E—: = 0.1, Pr =0.7, where(-); refers to a di-
mensional reference variable. The mean Mach number is fixet & 1.5, and the
turbulence parameters in the inflow plane are the followiRg,: = Re ’“’% =47,

q—zz =15M; = % = @ =0.173. The mean velocity gradient equ8ls- 1.5, with
Up = 15. The presence of a density and temperature gradient mehe flow leads

to non-isentropic thermodynamic fluctuations on both saféke shock. Tempera-
ture and density fluctuations (entropy mode) dominate, ha@htropy fluctuations
are correlated with the velocity field such that the corfetabetweeru; andT’ is
positive (see table 1). Three complementary DNS are alssidered: they have the
same parameters as STSI1, except that eithemd T’ correlate negatively as in

a compressible turbulent boundary Iay@l@(,1 = —0.462) for case STSI2, or the
mean Mach number is highek(= 3) for case STSI3, or the mean shear is more
important §= 6) for case STSI4.

3.1 Velocity fluctuations

The turbulent kinetic energy is non-uniformly distributed the normal Reynolds
stresses. As in the isotropic situation, these quantitiesiest amplified across the
shock wave, and then behave differently in the near fieldrizktie shock : we ob-

serve a non-monotonic evolution of?, whereas the transverse normal Reynolds
stresses decrease continuously (see figure 2a). This pon@s to the classical
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Fig. 2 STSI1: Streamwise evolution of the Reynolds stresses=L,/2. Normal components
(a); (—)u”2 (- )u”2, (- )u”2 Off-diagonal components (b); (—ulu” (———) uug;
( ) u//u//

transfer of energy between acoustical and vortical modestehe shock and re-

distribution of energy fromu”2 and u“2 towardsu”2 It can also be noticed that the
turbulent kinetic energy is more ampllfled across the shoakenfor case STSI2
than for case STSI1 (amplification factors of 1.58 and 1.8peetively). The same
influence of upstream entropy fluctuations with a negativeetation betweeni;
andT’ has been reported in the isotropic situation with a uniforeamupstream
flow both by DNS and LIA: see Maheghal. [5].

A negative cross-correlatiar{uj is also created in this flow as a consequence of
the mean velocity shear. The budget of this quantity is giyerquation (2).

3P g, 9 (gw)—_3P (g9 8P (ad9s)_ 8 [0 (iimuy 0 (simm
GG al(”ﬂ‘?)* 2\ ) 275\ % o ) "2 Lon (piug) + % (pu?)
N— ——
) (1a) (Ilb) (UD)
sgop s [2(F%) o(FW)] snp ose
2[e (o 2| ox % 21 27
N——— N — N ——
(Iva) (Ivd) (Vb)
(IVb)
. our  ouf N , (U . d
where:[Tjj = p/ (ax, + ) My =p (a—)(:) (spherical part of7;j) and I1{; =
- 11 9 Tik 11 9Tjk
Mij — 30§ &; (deviatoric part offTi;). Similarly, we have:i; = uj 5 + Ul 5~

&= u{";—;"k‘ (spherical part oE;j) andfij =5j— §£ £°§j (deviatoric part OF;j).

Upstream of the shock wave, production by the mean shi#lay is balanced by
the pressure-strain correlati¢iv d), leading to a quasi-constant behavioud’.

We then notice a decrease of the magnitudejof; during the interaction with the
shock (see figure 2b). We present in figure 3 the differentgarhthe budget equa-
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Fig. 3 STSI1 : budget ofifuj - xo = L2/2.
(ooooo) (|); (+++++) (Ila+llb); ) ) ) )
(——==) (I1); (c0000) (IVa); (—) (IVb); i 10 1 12 13 14 15
(OOOOO) (IVd); (—-—-—) (Vb). koxa
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Fig. 4 Streamwise evolution of the off-diagonal components of thenBlels stressesw = Ly/2.
STSI2 (a); STSI3 (b). (—H{uz; (— — ) Ufus; (- —) ujuy.

tion (2) inside the shock zone (region whete 1/dx; < 0). All the terms of this
budget are normalized by the absolute value of the dissipatihich allows to eas-
ily evaluate the importance of each term in comparison wisicaus effects. Even
if the statistics are clearly overestimated inside the klzone because of the shock
corrugations, it can however be concluded that the mairegiral” contribution to
the evolution olujuj inside the shock thickness can be attributed to the actien-of

thalpic productionli(Va). This is supported by the evolutionsudfu for cases STSI2
and STSI3 (cf. figure 4) where enthalpic production is eitbeter (case STSI2) or
greater (case STSI3) than in the reference case STSI1, wsglectively leads to
a smaller or higher effect on the cross-correlatign;, during the interaction with
the shock wave. This result is in contradiction with the Rfidusions of Mahesh
et al. [4] who assigned the tendency @fu to decrease upon normal compression
to an amplification of the pressure-strain correlatibhd) and the consequent up-
setting of the initial balance between production and tlesgure strain correlation
in the shear flow. It should also be noticed that, since thengity of the enthalpic
production depends on the mean pressure gradient acrosisdble and also on the
turbulent mass fluxes that are generated in this flow (duegithultaneous pres-
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ence of a mean shear for the velocity and the density), théugtmn mechanisms
of the thermodynamic fluctuations described in Janetrad. [1] are closely linked

to the behaviour ot@]’z’ during the interaction. Finally, downstream of the shock,

the flow reorganises itself since the new |eVG]J7£1\E’2’ is not consistent with the value
of the mean shear after the interacti®ounstream < Supstream)-

3.2 Vorticity fluctuations
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Fig. 5 Streamwise evolution of the vorticity variances,-= L,/2. STSI1 (a); STSI4 (b). (—
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Figure 5 shows that the global behaviour of vorticity vacies is similar to the
one observed in isotropic turbulence/shock interacticsesa outside the shock
zone, viscous dissipatioV (11) is in competition with turbulent vortex stretching
(1) [see bugdet equation (3) for the analytical expressiomefdifferent terms].
These terms are nearly balanced upstream of the shocknigtda quasi-constant
evolution of the vorticity variances, whereas downstredrthe shock, dissipation
overwhelms stretching for the transverse vorticity vacesonly, leading to a clear
decrease of these quantities. Then, across the shock waveansverse compo-
nents are clearly amplified while the streamwise componemiaims nearly unaf-
fected. Inside the shock zone, mean vortex stretchHigo@lances mean compres-
sion (V) for w/? only, as in the isotropic situation. However, as reportetibie 2,

wéz appears more amplified tha@ in the sheared configurations. Figure 6 shows
that this behaviour can be attributed to the action of thedaric term inside the
shock zone that is more intense fof than forw/?. For w?, the baroclinic torque

e / 9p 9P 1y 9P 9P ich i P
can be written: %‘*’3071072 — 2?‘%372071* which involves the product 0%1

andg—;; that are clearly non-negligible inside the shock zone. Meee, for a given
shock intensity, this term is all the more important that tfean density gradient
alongx; is pronounced. This explains why the difference in the aficplions of

wéz andm%2 is greater for case STSI4 than for case STSI1 (see figure 5b).



A study of sheared turbulence/shock interaction 7

Table 2 Amplification factors of the vorticity variances for differecasesx, = L,/2).

Amplification of  LIA(M;=15) isotropic DNS#,=15) STSI1  STSI4

W2 1 11 105 1.02
W 3.21 2.83 295 263
w? 3.21 2.83 344 561
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with: sj = 3 (ﬂ + &), ande;jk stands for the permutation tensor (no summation

0Xj 0%
ona).
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