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1. Introduction

We begin the discussion with a rough classification of compressible turbu-
lent flows into:

I) Flows with unimportant compressibility effects due to turbulent fluc-
tuations and
IT) Flows in which such effects play a role.

Type I flows are assumed to follow Morkovin’s hypothesis in it’s weak form
(Morkovin (1962)) which states that thermodynamic pressure and total
temperature fluctuations are negligible for small turbulent Mach numbers
implying negative density-temperature correlations. The hypothesis has led
to the so—called strong Reynolds analogy (SRA) and is in line with the Van
Driest transformation (Van Driest (1951)) which collapses velocity pro-
files of compressible turbulent boundary layers onto the incompressible law
of the wall (Fernholz & Finley (1980), Huang & Coleman (1994)). Com-
pressibility effects therefore manifest themselves in terms of mean density
variations and can be modelled by straightforward adaptations of classical
incompressible models. Besides boundary layers with zero or weak pressure
gradient and freestream Mach numbers less than 5, mixing layers with con-
vective Mach numbers less than 1 are commonly considered as examples of
type I flows (Bradshaw (1977)). It is also expected (although not confirmed
at present) that type II flows in which fluctuations of the thermodynamic
pressure become important, are encountered at hypersonic speeds. Unfortu-
nately, direct numerical simulation data are not yet available to clarify this
issue. A closer look at DNS results for different classes of flows, however,
unveils the lack of subtlety of such a classification. Coleman et al.’s (1995)
DNS of supersonic fully developed flow in a channel with cooled walls e.g.
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shows that, although compressibility effects due to turbulent fluctuations
are unimportant, the strong Reynolds analogy in it’s form for nonadiabatic
flows (Gaviglio (1987), Rubesin (1990)) does not apply. A more general
representation of the analogy was therefore derived by Huang et al. (1995)
and shown to match the DNS data. Recent direct simulations of annular
mixing layers with convective Mach numbers ranging from M,.=0.1 to 1.8 by
Freund et al. (1997) indicate that pressure fluctuations are subordinate to
temperature and density fluctuations (related to their mean values, respec-
tively) only for M, < 0.2. For higher values of M., Morkovin’s hypothesis
for adiabatic flows does not apply. A third example where pressure fluctua-
tions are non-negligible, is shock isotropic turbulence interaction. Based on
DNS and linear theory Mahesh et. al. (1995) found considerable deviation
from Morkovin’s hypothesis (in it’s weak form) behind shocks, although the
deviations were seen to decrease with the downstream distance. To be more
specific, total temperature fluctuations are generated immediately behind
the shock as a result of shock oscillation and are convected into the far
field. A second important finding of their work is that upstream entropy
fluctuations lead to higher amplification rates of turbulent kinetic energy
and vorticity across the shock than pure vortical fluctuations. This result
should be of great value in explaining the interaction between shocks and
strongly cooled boundary layers.

These examples show that a conclusive classification scheme for com-
pressible turbulent flows is difficult to find at present, especially as long as
our knowledge of compressibility effects is not complete.

The paper starts from the conservation laws for ideal gases in section 1,
discusses the molecular transport coefficients for high-speed flow and the
coupling between vorticity and dilatation transport. In section 2 the basic
equations are statistically averaged and transport equations for unknown
single-point correlations like the turbulent stress, the pressure variance and
the turbulent heat flux are derived. Homogeneous shear flow is discussed
in detail in terms of these equations, since this flow is fundamental for the
development of turbulence models. Section 3 concentrates on compressibil-
ity effects due to turbulent fluctuations as derived from direct numerical
simulation. The importance of linear mechanisms is emphasized in homo-
geneous isotropic, respectively sheared turbulence, and assumptions in the
derivation of models for explicit compressibility terms are discussed.

1.1. EQUATIONS OF MOTION

Turbulent flows of compressible polyatomic gases for which the continuum
hypothesis is considered valid are governed by the following set of conser-
vation equations:
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— 1
ot " om, L
Momentum:
apui 0 80@' ap 87’@'
—(puju;) = — , 2
ot + aflfj (pu uj) 81‘j 8:17@ 81‘j ( )
Energy:
OpE | 9 v_ 94 0 s
9t + T%(PEUJ) = o + oz, (ui(Tij — pdij))- (3)

Body forces are assumed small in high-speed flows. p, u;, p denote the
density, velocity and pressure. F is the total energy which comprises the
internal energy e and the kinetic energy per unit mass:

1
E=c+ o Uit (4)

According to Fourier’s law, the heat flux by conduction, g;, is related
to the temperature gradient:

oT
g = —k%- (5)
J

For Newtonian fluids the stress tensor, 7;;, is proportional to the rate-
of-strain tensor s;;:

1
Tij = 2/ <3ij - 33kk5ij> + [ SkkOij s (6)
1 8ul 8Uj
== . 7
SU 2 (83@ + 81‘Z> ( )
Introducing the deviatoric part of the s;;-tensor, namely:
D 1
8ij = Sij — gSkk%’ (8)

which describes the pure straining motion without change of volume,
eq. (6) reads:

Tij = 2057 + HoSkrij- (9)
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The set of conservation equations is not yet complete. We have to add
equations of state which relate the thermodynamic variables. The assump-
tion of a thermally perfect gas, viz:

p=pRT (10)

allows to describe even relaxation effects in the molecular translational
and rotational degrees of freedom. Eq. (10) implies a caloric equation of
state of the form:

e=e(T) . (11)
We will use the equations
de = ¢,(T)dT (12)
and
e=c,T (13)

interchangeably. The latter defines the calorically perfect gas and as-
sumes constant specific heat at constant volume. The conservation of mo-
mentum and energy is controlled by the following molecular transport co-
efficients:

— the shear or dynamic viscosity u
— the bulk viscosity i,
— the heat conductivity k.

They all depend on temperature alone. Sutherland’s formula for the
shear viscosity is valid in a range of temperatures, between 200K and
1200K:

3
T\ 2 Tt
“:<)2 0+ 50 (14)
o To) T+ So
The coefficients are given in table 1 for 3 gases.

Bertolotti (1997) has derived a new temperature dependence for the
bulk viscosity of the form:

o (T) (M) (T — 293.3)
=\ eXp | —— )
M(T) K/ 17=293.3K 1940

and has demonstrated its damping effect on the instability of laminar
boundary layers at M=4.5 (especially on Mack’s second mode). It has to
be noted, that the bulk viscosity is not a physical property of gases. It is

(15)
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TABLE 1. Sutherland constants for dynamic viscosity,
valid in the range 200K < T < 1200K.

Gas To(K) So(K) 10° x po (Pa s)

No 273.1 106.6 1.665
O2 273.1 138.8 1.921
CO- 273.1 222.2 1.370

rather an approximation designed to model the effect of rotational energy
relaxation!.

The pressure p at a point in a moving fluid is defined in a mechanical
way as the mean normal stress with sign reversed, i.e. p = —0;;/3 (Batch-
elor (1967)). The thermodynamic pressure, to which it is related, depends
on two state variables, say p and e. The internal energy involves all molec-
ular energies, i.e. translational and rotational e.g. If the rotational modes
have relaxation times of the order of several collision intervalls and make a
significant contribution to the internal energy e, then pu, has to take care
of the lag in the adjustment of the mechanical pressure to the continu-
ally changing values in p and e in a motion involving volume changes. The
bulk viscosity is usually regarded as non-negligible in situations like the
attenuation of high frequency sound waves or the structure of shock waves.
Considering Bertolotti’s findings (1997), it is to be expected that p, also
plays a considerable role in high-speed compressible turbulence.

The heat conductivity is likewise affected by the state of the internal
energy of the molecules and follows a similar Sutherland law (Bertolotti
(1997)) obtained from a best fit to experimental data:

k _ (T>3/2 To + Sko

The coefficients are contained in table 2.

For some situations an energy equation is needed in terms of the en-
thalpy h, where h = e + p/p, or of the stagnation (or total) enthalpy;
H = h+ 1/2 u;u;. The balance equation for the total enthalpy is:

(16)

DH 0p 0g; 0
PL_P_ 90, 9 ), 1
PDi ot ow; T o, ) (7

with the material derivative

Vibrational energy relaxation cannot be treated in such an approximate way. A
relaxation equation must be solved.
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TABLE 2. Sutherland constants for heat conductivity,
valid in the range 200K < T < 1200K.

Gas To(K) Sko(K) 10* x ko (2% )
N 273.1 166.6 2.440
o 273.1 222.2 2.480
CO; 273.1 2222.2 1.455
D 0 0

—_— = — 18
Dt ot "“ag, (18)

Subtracting the kinetic energy equation from (17) leads to the enthalpy
equation:

Dh  Dp dqg; Ou;

"Dt ~ Dt ox; Vo,
The last term on the right-hand-side is the dissipation rate per unit
volume, ¢. Using the symbol d for the dilatation,

(19)

_ 9y
N 81‘]',

we express the dissipation rate in a form which shows that it is always
positive, viz:

d (20)

Ou;
o= Tija—x; = TijSij = 2,us£~si[; + ppd?. (21)

The bulk viscosity provides additional dissipation. From (19) a temper-
ature equation may be derived introducing the caloric state equation in the
form

Dh DT

Dt~ "Dt
appropriate for moving fluids with ¢, = ¢, (7).
For thermally and at the same time calorically perfect gases (from now
on referred to as perfect gases), the enthalpy equation (19) can also be

converted into an equation for the pressure alone. Using the gas law one
gets

(22)

h:cpT:f; . Y=l . (23)
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and from (19) and the continuity equation:

Dp ou; 0q;
— = —yp—= -1 - . 24
Dt~ oy, T (v—1) (cb P, (24)
p is thus a measure of internal energy which is altered reversibly during
compression and expansion processes and irreversibly by dissipation and

heat conduction.
Finally, with the help of the Gibbs fundamental equation:

Tds = dh —dp/p (25)
an entropy balance equation is obtained from (19):

Ds 8q]

pT—; =

Dt~ oz, ¢ (26)

or in the more informative form:

Ds 0 kgTZ; oT
thzaxj( T ) <¢+ (693])) (27)

which shows that the entropy irreversibly increases within the flow field
due to friction and heat conduction. The transfer of heat across a con-
trol surface (first term on the rhs) can otherwise increase or decrease the
entropy. Walls that inhibit the heat conduction across their surfaces are
called adiabatic. Setting all molecular transport coefficients to zero defines
isentropic flow:

Ds
— =0. 28
Dt (28)

1.2. TRANSPORT OF DILATATION AND VORTICITY

In high-speed non-reactive flows dilatation is a measure of compressibility,
in the sense that volume changes are caused by changes in the pressure
(Lele (1994)). Following Thompson (1988) we express density changes in the
continuity equation (1) by changes in the pressure and the entropy. Then,
introducing the speed of sound, ¢, for thermally and calorically perfect
gases, by:

* = (gﬁ)s =p/p, (29)

we obtain:
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_ou _ _1Dp 1Ds

d= = .
Ox;j vp Dt ¢, Dt

(30)
With the help of the gas law (10), the kinetic energy equation, the
enthalpy and entropy equations (19), (26) one finally gets:

__LJtop D1 N w0y 1, _ 94
4= cg{pat Dt (2“’“’>+paxj p(7 1)< Oz, - (31

The first term on the rhs of (31) represents acoustic effects. It generates
compressibility when the time scale of the pressure ‘oscillations’ is compa-
rable to the local acoustic time scale. The second term is of the order of the
Mach number squared and states that high-speed flows are typically com-
pressible flows. The remaining terms generally don’t lead to compressibility
effects. Only in extreme situations might excessive heat transfer rates cause
considerable volume changes. For reactive flows, eq. (31) must be supple-
mented by diffusion effects, heat release and changes in the molecular weight
of the gas mixture. Supersonic combustion is a situation where chemical
and compressibility effects strongly interact. The modelling of correlations
which involve dilatation fluctuations is then extremely complicated.

Dilatation transport:

A transport equation for d is easily derived, taking the divergence of
the momentum equation (2):

% _ 8u1 8uj
Dt N (9:6]' 8%’2

1 0? 1 107
1 0“p +728p Op 0 7873 . (32)
pOx;0x;  p*Ox; Ox;  Ox; \ p Oxj

It is useful to express the first term on the rhs by the rate-of-strain
tensor and the vorticity vector w;, defined by:

8uk
Wi = €ijk o = €ijkTkjs (33)
al'j

where €;;;, is the alternating unit tensor and

1 6uz 8u]'
Tij =5 <8xj a 8902-) 39

the rate-of-rotation tensor. The following intermediate steps
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8’U,Z' 8Uj
9z, Oz = (si5 +71ij) (850 +7j4)
1 1 1
= SijSij — §wiwi = 8585 + §d2 - iwiwi (35)

lead to the final form of the dilatation transport equation:

Dd pp 1o 1 1 9%
=7 DD C 2y Z s — =
Dt %ij%i; T 3 + gt p 0;0x;

i 8/) 8]9 + 0 187’1']'
p? 0x; Oy Ox; \ pOxj )’

(36)

Obviously, pure straining motions and volume changes act in the same
direction. They decrease the magnitude of d in expansion zones, whereas
any vortical motions directly increase the level of d and vice versa in com-
pression zones. The pressure field acts on d via its Laplacian and via the dot
product between density and pressure gradients and, finally, d is controlled
by viscous effects. For incompressible isothermal flow (36) reduces to the
well-known Poisson equation for the pressure:

Ou; Ouy; 1 9%p
Ox; Ox;  pOx;0z;’
which underlines the fact that p is no longer a state variable, but is com-
pletely determined by the velocity field. This change in role of the pressure
also reflects the difficulties in adequately modelling correlation functions
involving pressure fluctuations.

(37)

Vorticity transport:

Taking the curl of the momentum equation (2) provides the vorticity
transport equation for a compressible fluid in the form:

Dwj _ 15733%’_3(1%) (38)
Dt “isi i ijk p? Ox; Oz, Ox; \p Oxy .

The first term on the rhs changes vorticity by stretching, contracting or
tilting of vortex lines. It is this term which increases vorticity fluctuations
in turbulent flows while kinetic energy is transferred from large to small
scales in a cascade process, until the loss of vorticity by viscosity compen-
sates the gain by stretching at the smallest scales. In compressible flows
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two extra effects appear, namely the increase in vorticity in compression
zones (d < 0) or a corresponding decrease in expansion zones and a change
due to the baroclinic torque term (3rd term on the rhs). If pressure and
density gradients are not parallel, the pressure force does not pass through
the center of gravity of the fluid particle and a moment about this center
exists which changes w; (Smits and Dussauge (1996)). The baroclinic term
is zero for barotropic flows, for which the pressure is a function of den-
sity alone (isentropic flow of thermally and calorically perfect gases; e.g.).
Baroclinic effects are discussed by Mahesh et al. (1995) in the context of
shock/turbulence interaction. Finally, we emphasize the explicit non-linear
coupling between dilatation and vorticity, which contributes to the com-
plexity of compressible turbulent flows and is reflected in the two transport
equations (36) and (38).

2. Averaged equations

2.1. DEFINITION OF AVERAGES

For compressible flows it is common practice to work with two different
averages simultaneously, the Reynolds-average, denoted by a bar and the
Favre- or mass-weighted average, characterized by a tilde. Density and pres-
sure are mostly written in terms of Reynolds-averages and fluctuations, viz:

p = ptp
p = p+r (39)

whereas temperature, internal energy and velocity are split into

T = T+T",
e = é+é,
wp = U +ul. (40)

Mass-weighted averages are defined as
pT = pT,  ete. (41)
implying
pI" =0, (42)

but

T #0 (43)
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in general. The mean of the Reynolds-fluctuation, however, vanishes. It
remains to state, how mean quantities can be obtained in the computation
(DNS/LES) or the experiment. One way is by ensemble averaging over a
large number of realizations:

1 X
7= lim — . 44
pr= lim > (44)
n=1
Another is by time-averaging over a finite time-interval 7 which is large
enough to cover all turbulent time scales but small with respect to the
statistical unsteadiness of the flow:

1 T
ot == [ p(t+6)do (45)
-/

For stationary turbulence, 7 may go to infinity, in principle. If a com-
puted flow is homogeneous in one or two or even all three directions, spatial
averaging in these directions is common. We assume that all mean values
coincide in the special case of stationary and homogeneous turbulence (er-
godic hypothesis), and that there is usually a way to obtain stable statistical
values in general flow situations. We simply denote such statistical quan-
tities by the overbar, , or the tilde, —, and do not care anymore how
they have been obtained. We further assume that the averaging procedure
commutes with differentiation, is linear and preserves constants.

2.2. AVERAGED CONSERVATION EQUATIONS

The conservation equations not only contain products of p and u; e.g., but
also products of p and u; or of u and gradients of u; etc. When averaging
these products, it proves in general more convenient to use Favre variables
and their fluctuations in terms resulting from convection and Reynolds-
averages and -fluctuations in the remaining terms (see Huang et al. (1995)).
The averaged mass, momentum and total energy equations are:

Mass:

4o, (46)

Momentum:

Opti | 0 oy O~y 0P 0T
8t + c%zj (pUZu]) a 8a:jpui J 81)1 + 81‘]’7

Energy:
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OpE 0

“or 5, (PHE) =
ot al’j J
o —— o 0 o
_67]-’)“3,]5// - ajjj o2, (w755 — poy) + Wl — wlp') . (48)

Several terms in these equations need some discussion. The mean total
energy, F, e.g. contains the kinetic energy of the mean motion and the
turbulent kinetic energy K:

- 11—
E=¢+ o Uit + §u;’u;’. (49)
N——

Consequently, a fluctuation E” is defined as

1
E' =" +ul + ~ulu! — K. (50)

1

The energy flux term (See the 1st term on the rhs of (48)) can then be
written as:

~ 1
puiE" = puje” + u;puiu + 5 pug uiug, (51)

i.e. as the sum of the turbulent heat flux, the work done by the Reynolds
stress tensor, pu; u;’ , and the turbulent transport or diffusion.
The mean viscous stress, T;;, is

Ti; = QEQ + WW% + 2”’85, + M;S%k(szj. (52)

It contains correlations betweeen viscosity fluctuations, ' = p(7”) and
fluctuations of the rate-of-strain tensor:

1 [ 0u} ou’;

Similarly, the mean conductive heat flux is:

G= ke — K. (54)

Consistent definitions of T{j and qg, in the sense that % =0 and Z =0,
are:



MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 13

!
o= 2u's] 4 1,0
B
—2@’55 — 811045
!
+27is]) + Tusiydij

+20sD + 1,503, (55)
or' oT' oT oT’
=Ktk — K= —k—.
0z Ox; Ox;j Ox; (56)

Subtracting the transport equation for the kinetic energy of the mean
motion, %ﬁiﬁi, from the total energy balance equation (48), leads to the
balance equation for the mean internal energy peé:

0pé o, __

- T (puze) =

ot al'j J

Sy L T B T S (57)
8{,5]/) i axj p p 1] 1] 17717 "

In the averaged conservation equations above, the following (single-
point) correlations appear that require closure:

U // > /

— the turbulent (or Reynolds) stresses, pu = pu}

— the turbulent heat fluxes, pu pullel = pu

— the turbulent mass flux, u/ = —p'u/p
— the pressure-velocity correlation, p/ u’.

— the velocity triple correlation, pu” u) u;’

/

— the pressure dilatation, p/d’ = p’

— the turbulent dissipation rate, pe = TZJ SZ]
’Lj ;

— viscosity rate-of-strain correlations. e.g. u/ sgj

— the transport by viscous stresses,

— and the heat conductivity temperature gradient correlation, k'07"/0x;

The turbulent heat flux and the pressure velocity correlation can be
combined for perfect gases to:

pu/(e// _|_p/,u//' — pu/{(e// _|_p//p) —
pepui T + RTp'ulf = pepuiT" — . (58)
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Note that p'u’ = p'uf and p = pRT. The turbulent mass flux u/ de-
scribes the difference between Reynolds and Favre-averaged velocities

W = = = —pui/p = —pui/p, (59)
and is one of the explicit compressibility terms.
We follow Huang et al. (1995) and split the turbulent dissipation rate
into a total number of five terms. From the definition of Tz{j in eq. (55) we
first get:

pe =1l = plen + &2 + e3), (60)
where
per = 2jish) sD + 1)) (61)
pey = 2/sL D + ul s T (62)
pes = 2u'sD) - sD + 1l sl - 555 (63)

The quantity pe; is the most important one among these and can be
expressed as the sum of a solenoidal (), a dilatational (€4) and an inho-
mogeneous term (eg):

per = ples + eq +€r) (64)
with
pes = fiwjwy, (65)
_ 4_ N\
pfd - g’u—i_ﬂv Sk‘k’sjj’ (66)
_ _ 0? 0
per = 2ji <8x18$]u;u; — ani uis%) . (67)

pes has the same form as in incompressible turbulence and is usually ob-
tained from a transport equation. The compressible or dilatational dissipa-
tion rate, peg, is an explicit compressibility term for which several algebraic
models have been proposed in the past. The inhomogeneous term vanishes
for homogeneous turbulence. The turbulent dissipation rate pe not only ap-
pears in the internal energy balance equation, but also in the turbulence
kinetic energy equation which will be derived next.
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2.3. TURBULENT STRESS TRANSPORT EQUATIONS

The steps needed in order to derive a transport equation for the turbulent
(or Reynolds) stress follow from the time-derivative of

puit; = puguj + pufuf, (68)
viz:
0 — D D O
0tpu’ = at(puj)ulJr at(pul)uj 0tu2u]
o . a ... 0p_ _
_ (&f(puj)Ul + a (,OUz) Uj — atuzuj> . (69)

Substituting from equations (1), (2), (46) and (47) and rearranging we
obtain the turbulent stress transport equation:

—// i

puzu /I /l) _

U pu; u

0
8t< )+ Ox k(
DL _ 9 0
pP;j + pIL + pUL + Myj — peij — e (Pngk)+3 Dy (70)

in which pFP;; represents the production rate tensor, ﬁﬂg the devia-
toric part of the pressure-strain rate tensor; ,BHZ-?-L the pressure-dilatation
term (which appears as a consequence of subtracting this term out of the
pressure-strain term), M;; the mass flux variation, pe;; the turbulent dis-

sipation rate tensor and pr o> Dmk, the turbulent, respectively viscous
diffusion terms. These terms are defined by:
ou; ou;
P = u” %8 L —uf %81’; (71)
D =y (20 0T _ 2o (72)
plL; = p' 9z, | B gD @0y
DL _ 27
plL;~ = gp d'd;;, (73)
— (9T Op Otk Op
Mo = u” Ik _ 8 < ’ > 74
* i (69% 8SCJ> +u al‘k 8:& ’ ( )
_ ou': ou'
peij = T’/kaix/i + Tg/'k 833;’ (75)
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pD = —(puluful + p' (u}djp + o)), (76)

i %

DYy, = Tl + 7. (77)

With the help of the fluctuating viscous stress tensor according to eq.
(55) the dissipation rate tensor, pe;;, can be expressed in the form:

s = a2 ou 5“3- oul; Ouy, 3“} o,
K 8.73k 8.73k awk 8a:j 8xk 8@
- 2\ 5
+2( fio — gt ) 5ijSkk

o ( ) ou Bu; oul; Ou, n Bug 8%)

2 o’ ou';
2 ! AN 2 / o I__J e
(’u” 3'u ) %ij Skk ('u oxy, Sk T H oxy, Sik

2
+2(k, — 1) 53;5kk- (78)
It can be verified that the trace of this tensor is twice the dissipation
rate, pe, defined in (60), i.e.
1

pe = 5 Pejj. (79)

For later reference, we split the dominant part of the dissipation rate
tensor (namely the first line of eq. (78) which does not involve correlations
with viscosity fluctuations) into solenoidal, dilatational and inhomogeneous
parts, in analogy to eq. (64). We get:

oul ou;  oul ou).  Oul; o 2\ —
~ 1 = i J i k J k —_— = I o
I 2 2 —Za)s.
pq] . ( 313]@ 83% + 8$k aﬂfj + aﬂfk 81‘1 * (MU 3”) Sl]skk
= ple;+ efj + 6%) (80)
where
pe;; = 2ﬁ(2r§kr;k + sgkrg»k + s;-krgk), (81)

_ 4N\
pefj =2 (uv + 3“) 5;;]'5;@1@» (82)
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pel. = 2@ o ubul, 4+ o ul) —iu’-s’
K 8$jaa?k ik axiaxk ik (913 J7kk
0 —— 0 ———

Note that contracting the solenoidal part leads to

pes; = Aprir; = 2[wiw; (84)
which is twice pes.

The balance equation for the turbulent kinetic energy, pK = p uﬁg’ /2,
is the trace of eq. (70) multiplied by %:

0 0 —— 0U; ——
9w @K = — " S 4y d

(o op\ -
79T T
o B w!uu
- 87 p<l2lj) +p,U;~+TinU; . (85)
J

Comparison of the K-equation with the balance equation (57) for the
mean internal energy, pé, shows that K and é exchange energy via the
following terms:

— pressure dilatation, p’d’
— turbulent dissipation rate, pe = 7/, s,

— mass flux variation, u/ (‘9”’“ — b )

In eq. (57) the mass flux variation is contained implicitely and appears,
if the Favre-averaged velocity is used to express the dissipation rate by the
mean velocity field and the work done by compression or expansion, viz:

—n @ + @ + 7 aﬁl + 8?;, —
P c%j 890]- *J 81’j 8$j a

) e ey S B LT
p8xj +T”8xj +856j( puj+TZ]ui)+ui - (86)

aﬂii B al‘j
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On the other hand, turbulent kinetic energy is extracted from the mean

motion via the production term pu” 10U;/Ox). The whole energy ex-
change in compressible turbulent flows is illustrated in an instructive dia-
gram by Lele (1994).

The viscous diffusion term

“j/2 = T u (87)

can be simplified by neglecting fluctuations of viscosity (see e.g. Gatski
(1997)). The complete and simplified expressions are:

2 -
Tz‘/ju; = QIUSWUZ - (MU a 3M) il it 2’U/8 u +M;8;Zuj

7. <D 7 e
+2p' ) - sz-[; + pou; - Sii

(10— 0 5——
(28 wdl + 8mzu; ui — 3smu]> + Tipshul; uj. (88)

Q

Between correlations involving Favre fluctuations and those involving
Reynolds fluctuations there are the following relations:

ufull +uf - ul = iy uf; + pluju /p, (89)
S;/zu;/ - p S’L’L u”/p - Su j 7,’L ]/p (90)

2.4. TRANSPORT EQUATIONS FOR THE PRESSURE VARIANCE AND
THE TURBULENT HEAT FLUX

There is a third equation in which the pressure-dilatation correlation ap-
pears as an explicit compressibility term, the pressure variance equation.
We will see later (section 3.2.3) that a simplified version of this equation
forms the basis for Zeman’s pressure-dilatation model. Mostly algebraic
models are being used to treat the turbulent heat flux. Since it is advan-
tageous to solve a heat flux transport equation, it will be derived in this
subsection.

2.4.1. Pressure vartance transport equation
This equation is obtained via the following procedure:
0 — op
—p2 =29/ —. 91
5P P o (91)
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We keep in mind that eq. (24) for the pressure involves the assumption
of perfect gases. Then, multiplying eq. (24) by 2p’, using Favre as well as
Reynolds splitting where desirable and averaging, we get:

9 - 8 —8u
2 : 12 — _9ply _ 2277
ai? Tt Yigg? P e, 7 og,
ou! w! 9

-9 / J Qv — /2 J 1,12

L (2v = 1)p Jz,  ow; P

/

—0u; ou!’ ou!’ q;
2y = V) prl—— 4+ T + Tl — =L ] . (92

The equation is discussed by Sarkar (1992) and Lele (1994). Pressure
fluctuations are produced when the mean flow has strong pressure gradients
or thin compression zones like shocks. In the special case of a homogeneous
turbulence field, the third term on the rhs (the pressure-dilatation term)
is the dominant term. DNS data show that the pressure dilatation term is
weakly positive (and oscillatory) for isotropic turbulence and predominantly
negative (and again oscillatory) for homogeneous shear turbulence (Sarkar
(1992)). An explanation for the different signs is given by Sarkar et al.
(1991). These few comments already show the limitations of a model which
is based on a direct relation between the time evolution of p2 and the
pressure dilatation, since algebraic models for dp’2/dt can hardly predict
the sign change.

2.4.2. Turbulent heat fluz transport equation

We present equations for both pe”w and ﬁhr”\tj;’ and note that these equa-
tions can be converted one into the other for perfect gases. The relation

guiding the derivation of a transport equation for pe”u! is:

O — w2 9w — e, 2P
Gl = Uip, (pe) + 5 (pu;) — eu; 5t
0, . 0, . __0p
— (uzat(pe) + ea(puz) - eul&f) , (93)

A similar relation holds for dph”u/ /Ot. After combining the correspond-
ing equations we obtain the transport equation for pe”u! in the form:

oe

1,77
U —
v JafL‘j

0——: _ 0
7[)6//“/‘/ + uj—pe”u’-’ = —pu
ot ¢ 8.%‘]' v
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_ pe”u’.’

J a$]

" 8“)
i 1ik 8

aull aU”
J

Oxy,

0u;
— (pe"uff +pU)8J+u

o —
_ 6 —pe u”u” p“z —1—u”7']k

e//@ 4+ el OTij _ u”%.
8561' 833j ! 81:]-

(94)

In order to avoid the appearance of too many terms, the instantaneous
pressure and the viscous stress tensor have been kept in the correlations. A
turbulent heat flux is generated due to mean temperature gradients (first
term on the rhs), due to mean shear and mean dilatation. In compressible
homogeneous turbulence there is no turbulent heat flux because there is no
mean temperature gradient (Blaisdell et al. (1991)).

The transport equation for ph”w reads:

gtph”u”-i-u]aaph” = —pullu 3/885?

— ! g“l i ,,gu] + U g“ﬂ
g PG T g gl
HW?ZZ - h”gi + h/g:j - ;’((;3;. (95)

Similar production terms appear as in eq. (94). The turbulent heat fluxes
and the pressure velocity correlation are related by:

ph"ull = pe"u + pul! (96)
which becomes for perfect gases:

ph'"u} = %pu;’. (97)

In this case the turbulent heat flux equations (94) and (95) can also

be considered as transport equations for the pressure velocity correlation.

Since pe’u! vanishes in homogeneous turbulence, ph”u; and pu are zero as

well. It is certainly wrong to conclude from this fact that in general inhomo-

geneous flows these terms are of minor importance. In strongly compressible

flows with shocks, e.g., these terms are important and have to be modelled
properly (Gatski (1997)).




MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 21

2.5. TRANSPORT EQUATIONS FOR HOMOGENEOUS SHEAR FLOW

Homogeneous shear flow has been frequently used in the past to test tur-
bulence models and to tune model constants. Direct numerical simulation
has provided insight into the physics of compressible turbulent shear flow
and has helped to develop pressure-dilatation and compressible dissipation
rate models. It is therefore useful to discuss the characteristics of this flow.
We first derive conditions under which homogeneous turbulent flows can
exist.

2.5.1. Necessary conditions for homogeneity

Homogeneous turbulence has statistics of fluctuating quantities which are

independent of space. This definition allows for non-zero mean velocity

gradients. Blaisdell et al. (1991) have inspected transport equations for
o

(AT (a quantity which is unusual in turbulence modelling), for p”2 and

p2 in order to find necessary conditions under which initially homogeneous
turbulence remains homogeneous.

Starting from transport equations for ug’ and p/, one concentrates on
terms involving velocities only. Then, from the identities

oul' 1/ Op\ _L(0 __.  _0p
Op' _9p _0Op
E (89)
one finds:
oul! . __ou} o ou; poui 10 Py
ot __uﬂﬁx J@x B jaxj +537$jpuzu] T (100)
o0 om  owl oul
T _p&c] PT%—PT%
op  _9p op’
" - _ . 101
]6.% Jaxj u; oz, (101)

Averaging the combined transport of u}du; /0t and uj0u’j /Ot as well as

the transport of 2p'9p’ /0t and applying homogeneity, gives rise to:

0 —— ou;
" = u//u// J

ot I Oz

ou;
oo ? "l
— Uy uk@ + u; +

au//
i O

(102)
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0— 0w . 0d  __op Ou]

2 = 92" "J 25 /7]_2 [N ) 103
P axj PP aiL'j puj al'j P ox ( )

825'0 "

Now, Blaisdell et al. (1991) argue that due to homogeneity, correlation
functions can only depend on time. Since the left hand side of equations

(102), (103) is solely a function of time, the same must be valid for the
right hand side, especially for each of the rhs terms. Thus from (102):

oz, = A;;(t) (104)

which corresponds to a linear mean velocity field

ui(Z,t) = Aij(t)z;. (105)

The time-dependent constant of integration is not considered because
it can be treated as a time-dependent body force, which is not of interest
to us. Similarly, eq. (103) provides the condition

p = p(t), (106)

since p'0ufj/dx; is generally non-zero. Restrictions on p can be derived

from eq. (92). From the third term on the rhs one gets (since p'd is non-
Z€ero):

p = p(1). (107)
From the averaged equation of state for perfect gases:
p=pRT. (108)

One finally concludes that for spatially uniform mean density and pres-
sure the temperature must also be uniform is space, i.e. T = T(t).

2.5.2. Mean flow characteristics of homogeneous shear turbulence
Taking equations (104), (106) and (107) into account the mean mass and
momentum transport equations (46), (47) reduce to:

dp

T PA;;(t) =0, (109)
ou; __0u;

el — —=0. 11
It + ug Dy 0 (110)
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Differentiation of (110) with respect to z; provides a nonlinear coupled
set of ordinary differential equations to be satisfied by the mean velocity
gradient tensor A;;:

dAij
dt

These equations which apply to any homogeneous turbulence field fur-
ther simplify in the case of homogeneous shear flow with constant shear rate
in zo-direction. We assume a mean momentum transport in x;-direction:

i (Z,t) = (u1(ze,t),0,0) (112)
and obtain from (109) and (111):

p = const, (113)
dui

Aqa(t) = i S = const. (114)
2

The mean internal energy balance (57) reduces to

de
dt
if fluctuations of viscosity are neglected in the mean flow dissipation

rate (2nd term on the rhs). The turbulence kinetic energy (TKE) balance
takes the simple form:

p— = —p/d + iS? + pe (115)

ﬁ% = —pululyS + p'd — pe. (116)
The sum of é and K increases in time due to TKE-production and
mean flow dissipation. Since p/d’ is predominantly negative, é grows in
time. DNS data indicate an exponential growth of K for long times, i.e.
dK/dt ~ K and, since the production and p/d’ terms do not balance, €
grows in time as well. The mean shear rate introduces directionality into
the turbulence structure. Hence, the Reynolds stress tensor is homogeneous,
but anisotropic:

“n2 o 0

Uy Uy U
o ) "2 "2 "2
uiui = | wfuf uQQ A()/ , uf? # uy® # ug® . (117)
"2
0 0 uz

Blaisdell et. al. (1991) provide a conclusive argument that the mass
flux pu) vanishes in homogeneous turbulence. This means that Reynolds
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and Favre averaged velocities coincide. In the TKE dissipation rate, pe, the
inhomogeneous term vanishes. If we further exclude viscosity fluctuations,
pe takes the simple form:

4 _
pe = fiwiw] + <3,u —l—,uv> d”. (118)

2.5.3. Turbulent stress transport in homogeneous shear flow

Although the homogeneity condition removes several unknown terms from
the full transport equations, compressible homogeneous shear turbulence is
still today a flow case which is hard to predict accurately. One reason is cer-
tainly the difficulty associated with pressure strain modelling. From equa-
tions (70) - (83) we obtain the transport equations for the four Reynolds
stresses:

_d (1— ouy  _
P <2U,1/2> Pulllulzls + 7' oz, " (€f1 + eclll) ; (119)
d (11— ouh,  _
P (2%,2) = pl@Tcz —p <€§2 + 6%2) ) (120)
d (1— oul,
P (ng’2> = pl@mi —p (6:5?3 + 6%3) ; (121)
_d ouy  oul _
o (W) = sy (G4 G2 ) < p(ehve). (22

Only the streamwise component and the shear stress obtain energy di-
rectly via production. The remaining components are fed by redistribution
of energy. As shown by Blaisdell et al. (1991) the ordering of the normal
stresses in compressible homogeneous shear turbulence is the same as in the
incompressible case, i.e. the streamwise component is the most energetic,
followed by the spanwise component, with the component in the shear di-
rection being the least energetic. So far, the only explicit differences to the
incompressible case are the appearance of dilatational dissipation rates ﬁe;-ij
and the fact that the pressure strain terms sum up to a non-zero pressure-
dilatation term.

2.5.4. Compressibility parameters

The TKE equation (116) can be used to derive two independent compress-
ibility parameters which are needed to quantify effects of compressibility on
the turbulence structure. To this end, we nondimensionalize the K-equation
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choosing 1/S as the time scale, two different length scales lp, A\¢ (an inte-
gral scale [y and a Taylor microscale \g), ug as a fluctuating velocity scale,
pu? as a characteristic pressure fluctuation and pg as a reference viscosity.
The index 0’ refers to constant initial values of these quantities. Then the
nondimensional TKE equation reads:

Mgoi—f = —Mgyop*u*ulf* — Myop™*d™* — ]]%\it; (i(;)z €, (123)
with the:
— gradient Mach number:
My, = Sy (124)
— turbulent Mach number:
My, = up /o (125)

— turbulent Reynolds number:

Reto = plouo/ 1o (126)

as free parameters. The star * indicates non-dimensional quantities. (It
has this meaning only in eq. (123)).

The turbulent Reynolds number Rey, drops out of the list of nondimen-
sional parameters, if a simple estimate of ly/)\g, as provided by Tennekes
and Lumley (1972), is assumed to hold, namely

lo/Xo = O (Reif) . (127)

This is also found if ul/ly is used to scale e. Sarkar (1995) has found
the gradient Mach number, Mg,, to be the key parameter in explaining the
stabilizing effect of compressibility on the TKE growth rate. We will come
back to this point later. Earlier Blaisdell et al. (1991) had already used
a gradient Mach number which they called shear rate Mach number and
which differs from Sarkar’s definition only in the specification of the integral
length scale. Durbin and Zeman (1992) had introduced a distortion Mach
number in their RDT analysis that can be interpreted as the mean Mach
number change across an ’eddy’. The expression ’distortion Mach number’
was then adopted by Jacquin et al. (1993), Cambon et al. (1993) and Simone
et al. (1997) to parameterize rapidly sheared and strained compressible
homogeneous turbulence. It is important to note that Mg, and M, are two
independent parameters since their ratio Sly/ug can be changed via ly, ug.

There is some ambiguity in the definition of ly. While Sarkar (1995)
chooses
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oo

to= [ (Weauflos +r2)|_ dra / wPla)| o (129)

— 00
Blaisdell et al. (1991) define

o0

lo= [ (ul(a)uas +ra)| _ dra / wluli(a)] . (129)

—0o0

In view of the fact that the 2-2 components of the Reynolds stress tensor,
of the pressure strain tensor and of the compressibe dissipation rate tensor
are the most affected by compressibility (Blaisdell et al. (1991)), a suitable
alternative to the definitions (128), (129) would be:

[e.o]

lo = / (u’z’($2)u'27(332+7°2))‘t:0 dr / 172’5(372)‘t:0 (130)

—00

A supporting argument for this definition follows from the linearized
inviscid equations of motion. For homogeneous shear turbulence there exists
a direct link between u/, and d’ in Fourier space (Friedrich and Bertolotti
(1997)). On the other hand, the linear inviscid momentum balance in xo-
direction,

0 0N, _ 1o
(8t+u18x1)u2_ 7 0zy (131)

reflects the coupling between us- and p-fluctuations. Pressure fluctua-
tions are found to be strongly affected by compressibility effects in plane
and annular mixing layers (Vreman et al. (1996), Freund et al. (1997)).
The suppression of the pressure strain rate correlation in the stress equa-
tion for the shear direction (z2) is explained primarily by the reduction of
pressure fluctuations due to compressibility. In fact, Freund et al. (1997)
demonstrate a significant decrease of the correlation length of velocity fluc-
tuations in the shear direction, which supports a definition of ly according
to (130).

3. Compressibility effects due to turbulent fluctuations and
modelling of explicit compressibility terms

Most of our present knowledge about compressibility effects due to tur-
bulent fluctuations (intrinsic effects of compressibility) stems from direct
numerical simulations and rapid distortion analysis. In this chapter we will
therefore first inspect the linear equations of motion in order to gain some
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insight into the physics of compressible turbulence, then summarize the
most important recent findings of DNS before we discuss turbulence mod-
els derived from DNS data.

3.1. HOMOGENEOUS ISOTROPIC TURBULENCE

The statistical equations for decaying isotropic turbulence are obtained
from those for homogeneous shear turbulence setting the mean shear rate
equal to zero. Without loss of generality the mean velocity can be assumed
zero. The mean density is constant, thus:

p =const., u; =0. (132)

The turbulent stress tensor is isotropic, with

uf? = uf? = u? = 2K /3 (133)

The time evolutions of the mean internal energy, pe, and of the turbulent
kinetic energy, pK, are determined by p’d’ and pe alone, consequently:

€ + K = const. (134)

While K decays, € increases in time, along with 5 and 7. The decay
of K entrains that of pe and p/d’ after initial transients. Normalized den-
sity, pressure and temperature variances decay as well. Integral and Taylor
microscales grow after some initial decay.

3.1.1. Linear analysis of turbulent fluctuations

We assume fluctuations of density, pressure and temperature to be small
with respect to their mean values, and velocity fluctuations to be small com-
pared to the mean speed of sound, ¢y. The latter is equivalent to assuming
low turbulent Mach number, M;,. There are two characteristic velocities
in compressible isotropic turbulence, namely ug = (2Ky/ 3)1/ 2 and @. To-
gether with an integral length scale [y they define two timescales:

— the eddy-turnover time, 7 = ly/ug
— and the acoustic time, 7, = ly/¢p.

The ratio of these two time scales is the turbulent Mach number:

Mto :Ta/Tt. (135)

Low M;, means that the two time scales are disparate. In this situation
we may linearize the equations of motion with respect to fluctuations. From
(1), (2), (24) we then obtain for decaying isotropic turbulence:
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o’
9 _ 1
9 +pd =0, (136)
ou!; 10p 0%/ od’'
e 2P T (/34 /) o 1
ot~ pow  omon, T VBT MG, (137)
op’ _ 9T
P ypd + (v 1k (138)

8t 8xjaxj '

An alternative energy equation follows from the entropy balance, viz:

os' k0T
- = - - - 1
ot pT 8:@6:@ (139)

From this coupled set of equations we now derive wave equations for

P, p,d and diffusion equations for w; and s’. Thereby we use the linearized
perfect gas relation

P = R(o'T +T'p) (140)

and the linearized state relation p’ = p/(p/, s) to express time-derivatives

op’ _0p  pos
— =~RT— + —— 141
ot = e T e i (141)
or the Laplacian:
62p/ _ 82p’ 13 828/
=vyRT — .
O0x;0x; Oxj0r; ¢y Oxj0x;

(142)

Equation (141) is valid on an acoustic time scale, 7,, in which the time
variations of T and p due to viscous effects can be neglected. (142) is
straightforward due to spatial homogeneity of T, p.

Now, applying the Laplacian to eq. (136), differentiating (138), (139)
with respect to time, taking the divergence of eq. (137), introducing (140)
and combining these results, leads to the following wave equation for the
pressure fluctuations:

82p,_62 aQPI - <4V+ /) 82 (8])/)
o2~ owjom;  \3"THP) 9xi0x; ot

4__ ¢ ﬁv> p 0%s
1——pPr—22) = . 143
+< 37T ) e o (143)
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The first term on the rhs accounts for sound absorption at high frequen-
cies. Pr = [icy/k is the mean Prandtl number. Equations, similar to (143)
are obtained for p’ and d’:

2/ 2/ 2 / = 2/
00 2 0 —<4V—|—,uv/p> 9 (E)’))er o7s (144)

o> dx;j0xr;  \3 dx;0x; \ Ot ) ' ¢, 0x;0x;
P, %d <4D+_/_) 0? (601’)
o2~ oz;0m;  \3" " HMP) bus00; o
_9? 0s’'
SV N ey (< 14
=1 axjaxj(at) (145)

Taking the curl of eq. (137) and replacing the Laplacian of T’ with the
help of (140) and (142) gives rise to diffusion equations for the velocity and
entropy fluctuations:

owl 0%

81& - V@x]@mj’ (146)
0s’' 17 02’ R 0%
E N P:T <8$]’8$]’ + paxjal‘j> ' (147)

The conclusions we draw from these equations as long as viscosity plays
a role, are:

— pressure (density and dilatation) fluctuations are coupled with entropy
fluctuations. The coupling between p’ and s’ is via viscosity and there-
fore weak,

— only vorticity fluctuations develop independently,

— the wave character of p/, p/,d’ and the diffusive character of w, s’ are
obvious.

If we neglect viscosities, we note that:

— the vorticity and entropy fluctuations are frozen (this corresponds to
Taylor’s hypothesis used in experiments),

— the pressure and dilatation fluctuations follow a pure wave equation,

— density fluctuations are still coupled with entropy fluctuations.

Vorticity, pressure and entropy fluctuations have been called 'modes’ by
Kovasznay (1953) and Morkovin (1962), and are since then referred to as
the vorticity mode, the acoustic mode and the entropy mode of compressible
turbulence. In isotropic turbulence these three modes are decoupled.
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The decoupling is a result of the missing of mean shear or of gradients
of mean thermodynamic variables. It has the important consequence that
compressibility effects studied in DNS depend more on the initial conditions
than on the turbulent Mach number (Blaisdell et al. (1993)). Therefore
DNS data of isotropic turbulence can in general not be used to validate
turbulence models for the compressible dissipation rate and the pressure-
dilatation correlation. We come back to the effect of initial conditions in
chapter 3.1.2.

In order to demonstrate the coupling between the acoustic pressure
mode and the velocity field, we apply Helmholtz’s decomposition of u} into

incompressible, uf’, and compressible parts, uf,:
wh = uf +ud’ (148)
where
ous’ oug’
— =0, ¢€ipp—-=0. 149
6.’1)1‘ ) ijk 6.%']' ( )

Furthermore, we follow Simone (1995) and use the Craya-Herring for-

malism (Craya (1958), Cambon(1990)) to express the Fourier transform
o @ B

of u in an orthonormal frame of reference with bases (e;’,e;”,e;”’) nor-

mal and parallel to the wavevector k. Defining a pair of three-dimensional
Fourier transforms by

I 1 .
AR = 5o / A(F, t)exp(—ik - 7)dz, (150)
T
V(Z
A(F, 1) = / Ak, texp(il - B)dF, (151)
V (k)
(where the caret denotes the Fourier coefficient and 2 = —1), the

Fourier transform of the velocity fluctuation? reads:

-

eV () + ¢ (B, 1)eP (B) + @ (F, )elP (F) . (152)

s ~
u; ud

a;(k,t) = oW (k

The first two terms on the rhs of (152) represent the Fourier transform
of the solenoidal velocity fluctuation u$’; the third is the compressible (or

dilatational) contribution, aligned with k. 45 lies in the plane (e, &2)

2For simplification we omit the dash in Fourier space
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perpendicular to E. Tt is possible to fix the coordinates in that plane by
introducing a polar axis 7 (Herring (1974)) either according to symmetries
of the mean flow (if any) or the statistical properties of the fluctuating field,
viz:

ol

St

:|X LA A @ FRL (153)
X

The Fourier transforms of vorticity and dilatation fluctuations have the
form:

e

ol

BN

i

@i = enikyig = ik (Ve — g2V, (154)

d = ik;t; = ik@®, k= k| (155)

Only the incompressible modes (@(1), 4,5(2)) contribute to Kovasznay’s
vorticity mode, while the compressible mode ¢®) alone determines the di-
latation fluctuation. Fourier transforming the inviscid equations of motion
(136) - (138), leads to:

0P | sike® —
01 1.
= — ZthP, 1
T ﬁzkp (157)
o _ .3
5 = WPk, (158)

Introducing (152) into (157) and multiplying (157) scalarly with ez(»j)(j =
1,2,3), one obtains a set of equations determining the behaviour of the
incompressible and compressible modes ¢, () = ip/(pc):

op*

S-=0, a=12 (159)
5(3)

8§t +ekg@W =0, (160)
5(4)

a‘gt — ekg® = 0. (161)

Cambon et al. (1993) and Simone (1995) call this the purely acoustic
regime of isotropic turbulence, where energy is exchanged between the di-
latational velocity and the pressure at a frequency ¢k, while the solenoidal
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component uf’ is frozen. Differentiating equations (160) and (161) with re-
spect to time and combining them gives rise to the two wave equations in
Fourier space:

92p3)

ozt k2B =0, (162)
H2 ~(4)
5; + kW =0, (163)

which, together with eq. (159), demonstrate the independence of all
modes and e.g. the fact that the pressure fluctuations have no influence
on the solenoidal velocity component. The analytical solution of egs. (162),
(163) is given by Simone (1995) in the form:

—

3 (k,t)

—

@3 (Ko, 0) cos wt — W (kg, 0) sinwt, (164)

eW (k1) = @ (ko, 0) sinwt 4+ 3 (Ko, 0) cos wt, (165)

with w = ¢k = ¢gko. ko is the magnitude of the wavevector at time %. EO
plays the same role in wavenumber space as the Lagrangian coordinate in
physical space. In isotropic turbulence k is independent of time, i.e. kK = kg.
Figure 1 shows the time evolution of the compressible modes gb(?’), oM@ for
initial values between 0 and 1, corresponding to acoustical equilibriums?, i.e.
to a situation in which the kinetic energy of the dilatational velocity mode
equals the potential energy of the pressure mode:

1= 11—,
L = Lo e (166)
A measure for acoustical equilibrium or non-equilibrium had earlier been
introduced by Sarkar et al. (1991) in the form of the energy partition pa-
rameter
'

F = pptiie, (167)

/pl

One easily verifies that eq. (166) corresponds to F' = 1. Sarkar et al.
(1991) had shown, based on DNS data of isotropic turbulence that F' = 1
even holds for high turbulent Mach numbers (My, = 0.5) and had used the
value F' = 1 in deriving a model for the compressible dissipation rate (see
section 3.1.3).

3A ’strong form’ of acoustical equilibrium was used to specify initial conditions for
fig. 1, by assuming that the energy balance occurs at each wavenumber.
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3.1.2. Importance of initial conditions

Blaisdell et al. (1991, 1993) emphasize that initial conditions strongly influ-
ence the time evolution of correlation functions which makes it difficult to
use simulations of decaying isotropic turbulence to evaluate compressible
turbulence models. This difficulty is removed when a mean shear rate is
introduced (See section 3.2).

The authors have performed several DNS to demonstrate the effect of
initial conditions. They varied the initial rms-values of density and tem-
perature, of turbulent Mach number and of the fraction x of compressible
kinetic energy, defined as:

x = uf'ud /(2K). (168)

Table 3 contains the simulation parameters of six of the simulations.
The number 96 appearing in the case identifications refers to the 96 grid

TABLE 3. Initial parameters for DNS of isotropic turbulence. Taken from
Blaisdell et al. (1991).

Case igad6 igh96 idc96 ie96 ifd96 ife96

Prms,0 0.1 0.016 0 0.15 0.15 0
Trms,0 0.1 0.016 0 0.15 0.15 0
Xo 0.1 0.816 0 0.25 0.25 0
Mo 0.05 0.11 0.3 0.3 0.7 0.7
Reto 90.6 360 160 160 90 91

used in these simulations. The initial spectra are the same in all cases. Cases
iga96 and igh96 have been chosen to test how well ideas from linear acous-
tics could predict the evolution of turbulence. While the turbulent Mach
numbers are low in both cases, the equilibrium parameters Fy are very
different. Case iga96 has an Fy of 1/40, corresponding to comparatively
large pressure fluctuations and case igh96 is characterized by Fy = 40 and
large dilatational velocity fluctuations. Cases idc96 and ie96 have moder-
ate turbulent Mach numbers and differ in the initial fluctuations of density,
temperature and dilatational velocity. Cases ifd96 and ife96 have been se-
lected to show the effect of higher Mach number. The turbulent Reynolds
numbers Rey, = 2pK/(eft) do not vary much from case to case and need
therefore not be discussed.

Figure 2 shows the nondimensional variances of pressure and density
fluctuations for the cases iga96 (top) and igh96 (bottom). Simulation iga96
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starts with remarkable density and pressure fluctuations. Energy is trans-
ferred from pressure to dilatational velocity fluctuations in a highly oscilla-
tory way. The transfer process reaches an acoustical equilibrium state after
one eddy-turnover time. Simulation igh96 on the other hand produces pres-
sure and density fluctuations from low levels, in close agreement with an
isentropic process. These results demonstrate the existence of linear acous-
tic mechanisms in compressible turbulence as described in the previous
subsection.

Figure 3 aims at illustrating the dependence of compressibility effects
on initial conditions. It shows the time evolution of the dilatational fraction
Xe of the turbulent dissipation rate:

€d €4/€
Xe = — = /S

= — 1
e l+eq/es (169)

for the 4 remaining flow cases of table 3. The top figure contains the
M, = 0.3 cases, the bottom figure the My, = 0.7 cases. The values of x.
differ from case to case. It is obvious that y. not only depends on My, but
also on the initial conditions. The behaviour of . is also consistent with
linear analysis, since the coupling between acoustical and vortical modes is
weak. Strong coupling could only be due to nonlinearities and would lead to
curves which approach each other. Of course, nonlinear vortex interactions
are weak for low Reynolds number turbulence. Blaisdell et al. (1991) could
however show that the dependence on initial conditions persists at higher
Reynolds numbers.

The authors conclude that simulations of isotropic turbulence cannot
be used to validate turbulence models. Recently Ristorcelli and Blaisdell
(1996) have designed consistent initial conditions for DNS. Tests for decay-
ing isotropic turbulence show the natural development of the flow during
the initial phase.

3.1.3. Turbulence models for the compressible dissipation rate

Model proposed by Sarkar et al. (1991):

Sarkar et al.’s model is based on ideas from linear acoustics and uses
assumptions such as

F=1, pd~0. (170)

Based on an asymptotic analysis for low turbulent Mach numbers M,
and on DNS data, the authors show that isotropic turbulence, in the state
of acoustic equilibrium, is characterized by (170). F=1 is a good approx-
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imation even at M; = 0.5. Using the definitions (65), (66) for s, eq and
iy, = 0, the dilatational fraction . of the dissipation rate reads

4d'? /3
wiw) +4d"? /3

Then defining compressible and incompressible Taylor microscales Ay,
Ast

Ng = uf'uf' /a2, (172)

A2 wiud Jwiw! (173)

s =
and using x, the fraction of compressible kinetic energy, given by eq.
(168), x. takes the form:

X
XE = 3 N 2 ) (174)
X+ 7 (,Tf) (1-x)
from which €4/€; is obtained:
€d 4)\2)(
A 175
€s 3)‘?[(1 - X) ( )
For weakly compressible turbulence
Xa/As = O(1) (176)

is a permissible assumption. In compressed turbulence, as e.g. in shock-
turbulence interactions, relation (176) certainly makes no sense in general.
Introducing (176) into (175) leads to:

L= Bix+ 00, (177)

s

where 31 = O(1). Now, from the definition of F’

12
__ulu YD
the order of magnitude relation
PP = O(p*uyy,) = O(P*K?) (179)

and F' = 1, the authors conclude

x = O(My). (180)
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From (177) they obtain the model

€q = esap M. (181)

The model constant «g is specified in the following way: Decaying
isotropic turbulence is governed by the transport equations:

7/ —
ﬁch = —p'd + €5 + €4, (182)
dK
ﬁﬂ =p'd — €5 — €g, (183)
de €2
d—: = —CGQ?S. (184)

The equations for € and K are still exact. Only the last equation is mod-
elled. ces is set to 1.83, which is the proper value for decaying incompressible
isotropic turbulence at high Reynolds number. With the help of eq. (183)
and the definition M? = 2K/(yRT), the equation for T is converted into
an equation for M?. Setting p’d’ to zero the set of equations for M?, K, e,
is solved for different initial conditions and different values of «;. The best
agreement between modelled and directly simulated turbulence decay was
achieved for a; = 1. For homogeneous shear turbulence, however, Sarkar
(1992) suggested the value a; = 0.5.

Zeman’s model:

Zeman (1990) has formulated a model assuming the existence of shock-
like structures in the flow. On the basis of a stochastic shocklet model he
inferred the parametric expression

S f(M, F). (185)

€s
c; = 0.75. The so-called shocklet dissipation function f(M, F') is an
integral functional of a pdf (m, F') of the fluctuating Mach number m. F

is the kurtosis of m, i.e. F = W/ (W and characterizes the departure

from Gaussianity. From DNS of homogeneous turbulence, F' was estimated
as F' =~ 4 and f(M;, F) approximated as

£ = [1 = exp (=5 + DO = Mio?/7)| WM = M), (156)
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TABLE 4. Parameters of Zeman’s dissipation model

A Mto

free shear flows 0.6 0.1(2/(y +1))*/2
boundary layers 0.66 0.25(2/(y + 1))"/?

where 7 is the ratio of specific heats, H(z) the Heaviside step function
and My, a threshold value, below which shocklets cannot occur. The pa-
rameters A, My, have different values for free and wall bounded turbulence,
see table 4. The function f(M;) is taken from Wilcox (1993).

Fauchet’s model:

Based on a new two-point closure for weakly compressible isotropic tur-
bulence, Fauchet (1998), Fauchet et al. (1997) derived a model for the
compressible dissipation rate valid for low turbulent Mach numbers:

€

4 — ¢.M}In (Rep) Re;' ,  for My < 0.1 (187)

€s

M; and Rej, are defined as follows:

M, = (2K)Y?/e; | Rep = (2K)'*L/v,. (188)

The integral scale L is computed from the energy spectrum FE(k):

T OOE(k
Sf(O/k . (189)

In contrast to Sarkar’s model where ¢;/€s grows with M2 and contrary
to results obtained with EDQNM models by Bertoglio et al. (1998) where
€q/¢es is found to scale as M? (in perfect agreement with Sarkar), Fauchet’s
model predicts a behaviour which coincides with Ristorcelli’s (1995) pseudo-
sound theory. Moreover, Fauchet is able to confirm his model by LES results
of forced isotropic turbulence with a subgrid-scale model of the Chollet-
Lesieur type.

3.2. HOMOGENEOUS SHEAR TURBULENCE

We quickly recall the mean flow characteristics of homogeneous shear tur-
bulence, discussed in section 2.5.2, before we turn to the linear inviscid
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equations for the turbulent fluctuations. The mean density and mean shear
rate are space-time constants, viz:
du-
p = const., —1 =5 = const. (190)
dl‘z
The mean pressure and mean temperature are homogeneous in space,
but grow in time due to dissipative effects.

3.2.1. Linear inviscid analysis of turbulent fluctuations
From equations (1), (2) and (24) we derive the linear inviscid equations of
motion for homogeneous shear turbulence:

%’; +pd =0, (191)
ll);f + ub St + ;gﬁ; =0, (192)
%1: +pd = 0. (193)
The material derivative along mean flow trajectories has the form:
D0 sl o

Blaisdell et al. (1991, 1993) have discussed these equations in a trans-
formed coordinate system which moves with the mean velocity. They have
Fourier transformed the vorticity equations in order to show the coupling
between vorticity and acoustic modes due to the presence of mean shear.
It is this coupling which ensures that measures of compressibility become
independent of their initial conditions. We follow Simone (1995), Simone et
al. (1997) and Fourier transform equations (191) - (194) using the Craya-
n @ 6

Herring reference frame in Fourier space with bases (e;”’, e;”, €;”’) normal
and parallel to the wavevector k. The polar vector 7 is chosen parallel to
the direction of mean shear, i. e. the zs-direction. The base vectors then

have the form:

eﬁl) = (€i12k1 - €i23k3)/k/ )
e (koki — k*na) /(kK)
¥ = kifk . e

2

€ijk is the alternating unit tensor and &’ the magnitude of k x fi:
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\E x ﬁ‘ =k = (k2 + k)2 (196)

Figure 4 shows the Craya-Herring reference frame. The compressible ve-
locity mode is parallel to the wavevector k. The incompressible modes lie in
the plane perpendicular to k. This plane also contains the vorticity mode.
Before transforming the linear equations we discuss the mean flow trajec-
tories in physical and Fourier space. The material derivative in eq. (194)
corresponds to a partial derivative with respect to time at fixed Lagrangian
coordinate X;:

D 0
— == . 197
Dt (875) b (197)
In homogeneous shear flow Eulerian and Lagrangian coordinates are
related by:

T; = X5 (Xj,to,t) s xT; (Xj,to,t) ZFZ‘j (to,t) Xj . (198)

x; is the position of a fluid particle moving with the mean flow at time
t, and X; denotes its position at time ¢y, i.e. X; = x(tp). The gradient
displacement tensor is defined by the mean shearing motion:

al'i(X',to,t
Fij(to,t) = 6;()
j

The fluid particle coordinates are therefore:

= 5ij -+ St5i15j2 . (199)

1 =X+ StXy o =Xo r3 = X3 . (200)

A moving coordinate system in physical space corresponds to a time-
dependent wave vector k(t). k(t) represents the position of a fluid particle
in Fourier space at time ¢ which at time o had the position K. (see Lesieur
(1997)). The wavenumbers are obtained from:

ki = Fy'(to, ) K - (201)

The tensor Fﬂl is the inverse of the transpose of Fj; given in eq. (199).
The components of k; are:

k1=K, , k=K, —FKiSt , ky=K;3 . (202)

One easily verifies the wave conservation law (Cambon (1982)):
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The Fourier transform of the material derivative, eq. (194), is denoted

by the symbol %:
D_0 459
Dt 9t Oky

The linear inviscid equations of motion finally take the spectral form:

(204)

Dp

oy T kPP 0, (205)
Du; . ki .
Dli +u255,~1+%p:0 , (206)
Dp
- ik —A(3) _ ) 9
Dt + ikypp 0 (207)

The transformed velocity fluctuation, 4;, consists of a solenoidal and a
compressible part, as defined in eq. (152). By scalar multiplication of eq.
(206) with el(j)(j = 1,2,3), Simone (1995) gets the mode equations. The
derivation needs some care since the base vectors depend on k and only
implicitly on time. Eq. (206) is equivalent to the component relations:

D) ks koks .

pi S S =0 (208)

Do?  kiky ki

gt — S5 o® + 5@ =0, (209)
De® ik o) Rk ) L

The mode 4,5(4) replaces the pressure:

oW = L (211)

One immediately recognizes the differences to the case of isotropic tur-
bulence. The incompressible modes 31, $2) are no longer frozen, but get
energy from the dilatational mode ¢®). There is even a coupling among
the incompressible modes as a result of the mean shearing motion. For
S = 0 the equations (159), (160) are recovered. The compressible velocity
mode on the other hand is fed by the acoustic pressure mode ¢*). An-
alytical solutions of this set of equations are not available. Simone et al.
(1997), however, discuss two special solutions. The first is the solenoidal
limit, given by ¢3) = 0. From (208) and (209) one then gets:
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A(1)
Dgt S%;ﬂ) —0 (212)
D@ kiky (g

Taking the wavenumber relations (202) into account, the second equa-
tion can be directly integrated. The exact solution of (212) is then found.
Simone et al. (1997) show that the modes k@@ and () are directly linked
to the variables V?uy and wy which are typically used in the stability anal-
ysis of parallel incompressible shear flow (Orr—Sommerfeld equations).
The second special case is the so—called pressure—released limit. In this case
pressure fluctuations are unable to draw energy from the dilatational ve-
locity field. The mathematical model for this limit is obtained by removing
the ¢ mode from the equations. The most simple way to study this case
is in the form of eq. (192). One has:

Du
Dtl +ubS =0 |,

Du, Duj
Dt ) Dt Y ( )

which means that the vertical and spanwise velocity fluctuations are
only advected with the mean velocity u;. The integration along particle
trajectories yields the solution:

u’l(:c,-,t) = ull(Xi,to) — St UIQ(XZ‘,t()) s
U,Q(xlvt) = u/2(X’La tO) y
ug(wi,t) = ’U,g(XZ to) . (215)

It immediately leads to the following expression for the turbulent kinetic
energy, provided the turbulence field is initially isotropic:

K(t) (St)?
ko) ' T3

(216)

A term linear in St does not appear because the Reynolds shear stress
vanishes in isotropic turbulence. In the case where the initial turbulence
field is not completely isotropic, Simone (1995) obtains:

uy(0)uh(0) (51— 2 10w (0) (217)

K0 't K(0)

K(0) K(0)
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This is an important result of rapid-distortion theory (RDT)?*, because

the pressure-released regime constitutes an upper bound to the TKE am-
plification. This will be shown later in comparison to DNS data.
Another aspect that can be deduced from the linear equations, concerns
the special role of the velocity fluctuations in the direction of mean shear.
The 2-component of the momentum equation (192) and the energy equa-
tion (193) reflect the direct coupling between us- and pressure fluctuations
on one side and pressure and dilatation fluctuations on the other side:

%f ;gﬁ; =0 (218)
%Z/ +4pd =0 . (219)
The Fourier transforms of these relations are:
% + ;ikﬂa =0 , (220)
2P opi=0 . (221)

Operating D/Dt on eq. (220) while considering the wave number rela-
tions (202) and introducing (221) gives:
D24y ki . Diy .
—S——= =iket’d . 222
Dz oD e (222)
This second-order hyperbolic equation for the transformed velocity fluc-
tuation in the direction of mean shear contains the dilatation as ’forcing
term’. It provides a direct link between compressibility effects (through d)
and the up-fluctuations. A second equation is available in the form of the
wave equation for d:

D2 5, b . Diiy
ﬁ + k“¢°d = —4]€1k255 = —4Zk15ﬁ N (223)
where
D2 o d?
= =2 S———— + (k1S)? 224
b~ o~ g0 T M) g0 (224)

Equations (222) and (223) have to be solved for suitable initial con-
ditions. From these equations it can be concluded that intrinsic effects of

4The combination of linear solutions with statistical averaging is frequently referred
to as rapid-distortion theory (RDT).
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compressibility in the form of dilatation fluctuations at low turbulent Mach
number (the acoustic time scale is small with respect to the turbulent time
scale) should scale with the ug-fluctuations. In some sense this result sup-
ports the definition of an integral length scale based on the transverse
two-point correlation of ug-fluctuations to be used in the definition of M,
see eq. (130).

3.2.2. Some findings based on DNS of homogeneous shear turbulence
The extensive work of Blaisdell et al. (1991) is full of useful information.
We concentrate on a few findings and conclusions only.

Independence of initial conditions:

The authors have performed five direct simulations with initial turbulent
Mach numbers of 0.5, but different rms-values of density- and temperature
fluctuations and varying fractions of compressible kinetic energy, x. Fig. 5
shows the time evolution of y., the dilatational fraction of the dissipation
rate. Depending on initial conditions this quantity goes through different
transient phases, but finally settles down and becomes independent of its
initial value. Other measures of compressibility such as x and p’2 show a
similar behaviour. This independence from the initial conditions is due to
the coupling between vorticity and dilatation fluctuations and means that
algebraic turbulence models for explicit compressibility terms may be able
to capture compressibility effects.

Test of models for explicit compressibility terms:

Models for €4 proposed by Sarkar et al. (1991) and Zeman (1990) and
discussed in section 3.1.3 have been examined by Blaisdell et al. (1991,
1993). The results of eleven DNS with different initial turbulent Mach
numbers and rms-fluctuations are displayed in figure 6 and compared with
Sarkar’s and Zeman’s models. Depending on yo the simulations have dif-
ferent initial values of €;5/¢s and progress according to the arrows. Only the
final values should be compared with the model results. The solid/dashed
curves represent the results of Sarkar resp. Zeman. Obviously, Sarkar’s
model provides proper prediction, at least up to M; around 0.3, whereas
Zeman’s model predicts a much faster increase of €;/es with M, 5 and
does not match so well the results of the simulations.

A model for the pressure-dilatation correlation proposed by Zeman
(1991), relates p'd’ to p’? via the relation

5Blaisdell et al. use an rms Mach number instead of M; which takes fluctuations in
the sound speed into account. Both quantities do not differ noticeably.
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/% B 1 dp/Q

Vo = 2yp dt

(225)

which can be derived from the linear equation (193) (cf. also the dis-
cussion in section 2.4.1). The validity of this relation has been checked by
Blaisdell et al. (1991, 1993) using a highly resolved DNS (sha 192) with
1923 grid points for an initial M; of 0.4 and vanishing initial values of pyys,
Tyms, X- Figure 7 presents the time evolutions of p’d’ and of the rhs of eq.
(225). The model (discussed below) assumes the time variation of p? to
scale with M} at low M; and with M7 at higher M;. The DNS data follow
an M7 scaling much earlier than Zeman’s model, cf. figure 8. This means
that the model constants or the fitting function should be modified.

"Mean’ polytropic coefficient:
In turbulence modelling one has usually to assume some correlation

among fluctuations of thermodynamic variables. In his one-equation model
Rubesin (1976) has used the following relation

~

/ U
o T (226)
p

i

n—1T7"

i

The polytropic coefficient n is v in isentropic flow, n = 1 in isothermal
and n = 0 in isobaric flow. In turbulent flow, a local quantity n is not
well defined. Blaisdell et al. (1991) therefore define an average polytropic

coefficient
—5 1o\ 1/2
n= (p/ p ) (227)
P2/ p?

and demonstrate for homogeneous shear turbulence its independence on
initial conditions after some transient behaviour and that it tends to a value
slightly less than ~. This means that density, temperature and pressure
fluctuations follow nearly isentropic processes. Figure 9 shows results for n
according to (227) for seven different DNS of sheared turbulence.

This behaviour is in complete contrast to what is found in supersonic
channel flow (see Huang et al. (1995)) where n obviously follows an isobaric
process. An explanation for this behaviour is not easily found. It is however
interesting to note that density-temperature correlations in the core region
of the channel indicate that the flow there shows a tendency towards isen-
tropic behaviour.
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Structure of solenoidal and dilatational velocity fields:

Based on a Helmholtz decomposition of the fluctuating velocity vec-
tor Blaisdell et al. (1991) have investigated the different structure of the
solenoidal and dilatational velocity fields. The Reynolds stresses R;; =

pu;u; are written as the sum of solenoidal, dilatational and cross terms
Rij =R+ R, +ER; | (228)
where
Rfj = W (229)
Rf; = pul'uf (230)
RS = pufuf + pusud (231)

The anisotropy tensors of the ’s” and ’d’ components are:

b = Ri;/Riy, — 0ij/3 ;= RE/RE, —65/3 (232)

Each of them possesses three scalar invariants. The first, being the trace,
is zero. The other two are (omitting the superscripts):

1 1
Il — _ibijbj- , 11 = gbijbjkbki

They must lie within the regions bordered by

3 2/3
1
II = —3IIT—=
9 )
3
I = —%(111)2/3 (233)

in the (I11,1I) plane and form an invariant map first introduced by
Lumley (1978). This map is presented in figure 10 for Blaisdell et al’s DNS
shal92. One notices that b‘ijj lies very close to the curve which corresponds
to axisymmetric expansion and thus indicates that u;-i’ tends to be planar
in contrast to uf’. A velocity field associated with sound waves can indeed
be planar.
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TKE growth rate and Reynolds stress anisotropy:

DNS data of Blaisdell et al. (1991, 1993) and Sarkar et al. (1991) for
compressible homogeneous shear flow had indicated an exponential growth
of TKE at a rate considerably below that for incompressible turbulence,
cf. figure 11. This stabilizing effect of compressibility was, until recently,
attributed to the presence of explicit compressibility terms like the com-
pressible dissipation rate e¢; and the pressure-dilatation correlation p’d’ in
the K-equation (116). Indeed ¢, acts as a sink and p/d’ is predominantly
negative. It was Sarkar (1995) who provided new insight into the stabiliz-
ing effect of compressibility. His findings were later confirmed by Simone
et al. (1997) and for mixing layers by Vreman et al. (1996). Sarkar (1995)
performed two DNS series A, B of homogeneous shear flow in which he
varied the initial values My, and M;, individually from run to run in order
to demonstrate for large nondimensional times St that

- the reduction in the growth rate of TKE as My,, respectively M,
increaseses, is primarily due to the reduced level of turbulence pro-
duction, while the response of explicit dilatational terms is much less
pronounced

- the stabilizing effect of compressibility is substantially larger in the
DNS series A than in series B. In series A, My, is increased via the
shear rate S while ¢, and M, are kept constant. In series B, on the
other hand, My, was increased and M, was kept constant.

The different behaviour is a consequence of the fact that My, and M,
are two independent parameters since their ratio Sl,/u, can be varied via
lo,uo. We recall that the nondimensionalized TKE equation (123) had al-
ready indicated the relevance of Mg, with respect to the production term.
The DNS parameters of Sarkar’s series A are given in Table 5.

TABLE 5. Parameters of Sarkar’s (1995) series
A simulations.

Case My, M, Rexo Pr, (SK/e),

Al 0.22  0.40 14 0.7 1.8
A2 0.44 0.40 14 0.7 3.6
A3 0.66 0.40 14 0.7 5.4

A4 1.32 0.40 14 0.7 10.8

Re), is the Reynolds number based on the velocity scale u, and on

Taylor’s microscale A\, = u,/(wiw}) 01/2. Sarkar (1995) writes the K-equation

(116) as an evolution equation for the growth rate A = (1/SK) dK/dt, viz:
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es)_ed—p/d’/ﬂ_

A = —2b (1 - P — b (1-X) , (230)

where b1o = uﬁg / (2K) is the Reynolds shear stress anisotropy (cf. eq.
(232)) and P the production term. The quantity

Xe=(es+ea—pd/p) /P (235)

combines all terms other than the production term. Figure 12 contains
the time evolutions of A and —2b15. We note that these quantities attain
asymptotic values at large St which decrease as Mg, increases. The non-
dimensional production term, P/ (SK) = —2b;9, is strongly inhibited when
the gradient Mach number is increased. Figure 13 shows the evolution of €4
in two different non-dimensionalizations, the evolutions of the explicit com-
pressibility terms and of X.. One recognizes that the long-time behaviour
(St = 20) of all these terms is much less affected by the gradient Mach
number than the turbulent production (—2b12). The effect of My, on the
dilatational terms is small, but non-negligible. It is against intuition that

the sum (—sz’/ﬁ + ed) is decreasing instead of increasing with Mg,. From

X at (St = 20) Sarkar (1995) concludes that the large reduction in the
value of A is almost wholly due to the large reduction in the magnitude of
the Reynolds shear stress anisotropy bis. He further comments, based on a
Helmholtz decomposition of the velocity field, that the solenoidal part of b1
is responsible for the reduced production rate. The effect of compressibility
on the b1 and bes components of the anisotropy tensor is presented in figure
14. There is a systematic increase in the magnitude of these anisotropies
from case Al to case A4 and it may be concluded that the pressure-strain
correlation tensor in the homogeneous shear flow is significantly changed
due to compressibility.

Pressure strain correlation tensor:

The trace of the pressure strain correlation tensor is the pressure-dila-
tation correlation p/d’. Sarkar (1992) showed that this correlation, obtained
from spatial averaging of instantaneous turbulence fields, oscillates in time
in the case of homogeneous shear flow. For low to moderate initial turbulent
Mach numbers the oscillations take place at fast (acoustic) time scales, but
do not contribute in a time-integrated sense to the evolution of K. By
decomposing the fluctuating pressure into incompressible and compressible
parts,
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p=p"+p" (236)

Sarkar (1992) was able to attribute the oscillations in p/d’ to the com-
pressible component p¢ d’ which does not need modelling due to its negligi-
ble integrated effect. The model he derived for p!’d’ will be discussed below.
Figure 15 illustrates the time evolution of p’d’ and of its compressible and
incompressible contributions for a flow with the parameters: My, = 0.4,
(2SK/e), = 13.6, Reo = 441, prms,o = 0, Xo = 0. Drms,o Was obtained from
a Poisson equation.

The motivation for the decomposition (236) was derived from the Pois-
son equation for p’. In incompressible turbulence such a Poisson equation
forms the basis for the derivation of pressure-strain models. Sarkar’s anal-
ysis starts from the following equation for the instantaneous pressure:

0?p 0? 0?p %7
0x;0x; _8@-8% (puiu;) + o2 + Ox;0x;

(237)

which is the divergence of the momentum equation (2) combined with
the continuity equation (1). Splitting each quantity into a mean and a
fluctuation,

w=t+u; , p=p+p . p=p+p , T=Ti+7; , (238)

substituting these into (237), and subtracting the mean of this relation
gives after some algebra:

pfjj = — QUZ'J‘ (ﬁu;)ﬂ — 2@,‘71‘ (ﬁuz)’] — Qﬂm'j (ﬁué) — (ﬁuiu})w
— (i)’ = P — 2 (P’U;)Z — 20 (P/U})vj (239)
D/ /

For convenience, commas are used to denote spatial derivatives. The
first four terms on the right-hand side of this equation depend explicitly on
p, terms five to ten depend on p’ and its gradients. Term eleven contains
unsteadiness and mean convection of p’ and the last term describes explicit
viscous effects. Now, the first four terms are similar to the source terms for
incompressible constant density flow. All remaining terms vanish in that
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case. Therefore, the fluctuating ’incompressible’ pressure is associated with
the first four source terms and satisfies the Poisson equation:

Pl = —2u; (ﬁu;) .= 2T (ﬁué)] — 2T 35 (ﬁug) - (ﬁuiuQ)l] . (240)

)

Evaluating this equation, Sarkar obtains p’ . Since the DNS provides p/,
the compressible part is the difference of p’ and p!’. That way the incom-
pressible and compressible contributions to p’d’ were obtained.

The split pressure fields p!’, p© were later used by Blaisdell and Sarkar
(1993) to decompose the pressure strain terms. They discuss the deviatoric
part of the pressure strain tensor

_ 1
75 = v (sl gkl °) (241)

/ 1 / 1
= 7 <5;j - 35§ck5ij> +p¢ <S;j - 35§ck5ij> )

based on DNS data for the flow parameters listed above, which corre-
spond to a high My, / low M, case. Figure 16 contains the time evolutions
of the four relevant pressure strain components, each of them split as in-
dicated in equation (241). The discontinuities in the curves are due to the
remeshing process in the numerical simulations. The following observations
were made:

- The normal components of the three pressure strain tensors p/s}}, p 's;“]’-

and p<’ 8;‘]’ behave in a way similar to p/d’, p!’d’ and p¢’d’. The com-
pressible parts are oscillatory and have much smaller magnitudes than
the incompressible parts, consequently their contributions to the time
evolutions of the Reynolds stresses are smaller.

- While all the 1-1 components are negative, all the 2-2 and 3-3 com-
ponents are positive. The compressible 2-2 component is the weakest
among these normal components.

- The compressible part of the off-diagonal (1-2) component is, however,
not small and thus contributes significantly to the time evolution of
pufuby. Tts magnitude reaches 75 % of that of the incompressible part.

Therefore, p©s), needs modelling. Its positive sign indicates a reduc-
tion of the magnitude of puju), (cf. eq. (122)).

5The star (x) replaces the (D) used in equation (8) to denote the deviatoric deforma-
tion tensor.
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From correlation coefficients of the decomposed pressure fluctuations
Blaisdell and Sarkar (1993) conclude that the two pressure fields p! and
p¢’ are not statistically independent, which makes a proper independent
modelling of p!'s#} and p® s/ difficult. Splitting the incompressible field p!
into rapid and slow parts

pl' =p +p* | (242)

moreover shows that the compressible pressure pC, is more closely asso-
ciated with the rapid incompressible pressure p®*’ than with its slow part p*.

The role of linear processes in explaining structural changes due to in-
trinsic compressibility:

One of several important issues of the work by Simone et al. (1997)
is that linear rapid-distortion theory (RDT) is capable of predicting the
TKE growth rate and the Reynolds shear stress anisotropy in surprisingly
close agreement with DNS data. The authors solve the rapid distortion
equations (207) to (210) numerically and perform direct simulations for a
turbulent Mach number of 0.25 and various gradient Mach numbers. In
order to allow for comparison, they select two flow cases which are close to
Sarkar’s cases A3 and A4 (See table 5). Their distortion Mach number (M)

definition uses the large-eddy lengthscale (2K )3/ % /¢ instead of an integral
lengthscale based on a two-point velocity correlation. Otherwise it coincides
with the definition of M. Therefore, their values for My, are by a factor
of more than 6 larger than Sarkar’s values for Mg,. All the computations
(RDT and DNS) start from initial conditions which correspond to a good
approximation to isotropic turbulence in acoustic equilibrium.

The following findings may be listed:

- For small non-dimensional times (St < 4) compressibility acts desta-
bilizing. Only at later times (St > 4) Sarkar’s stabilizing effect of
Mgo(Mg,) is observed. This ’crossover’ behaviour which appears only
in sheared (not in compressed) homogeneous turbulence is explained
based on a semi-analytical analysis. The growth rate A, defined in
equation (234) is used to show these effects.

- The destabilizing/stabilizing effect of My, on the growth rate is nearly
completely due to the behaviour of b5, the non-dimensional production
term.

- A Helmholtz decomposition of the velocity field shows that the dilata-
tional part of the shear stress anisotropy, b‘le is practically independent
of My,, while the solenoidal part b$, is dramatically decreased (with
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growing My,) over the entire range of St. The source for these struc-
tural changes of the solenoidal velocity fluctuations is the feedback of
the dilatational disturbances upon the solenoidal field (cf. egs. (208),
(209)).

Figure 17 shows the time evolution of the TKE growth rate as ob-
tained from DNS data (top) and RDT (bottom). The solid lines indicate
the pressure-released limit which was discussed at the end of section 3.2.1
(egs. (214)-(217)) and is given by

25t

AN =
3+ (St)?

(243)

This result follows from eq. (216) for initially isotropic turbulence with
the normalized TKE, K(0) = 1. It represents an upper bound, found for
initial Mg, > 1. All curves exhibit the ’crossover’ feature which is due to
the coupling of solenoidal and dilatational velocity fields.

The DNS and RDT histories of b12 on top and bottom of figure 18 not only
confirm Sarkar’s (1995) observation that the non-dimensional production
term in eq. (234) is primarily responsible for the exponential growth rate
behaviour, but demonstrate that it can be extended to the regime of desta-
bilization (St < 4). The bottom figure presenting RDT results contains two
solid curves. The upper represents the pressure-released limit and the lower
the RDT result for incompressible flow. Both form upper and lower bounds
for the regime in which an increase in My, (M) acts destabilizing and the
agreement between DNS and RDT is striking.

Histories of the solenoidal and dilatational contributions to the Reynolds
shear stress anisotropy, b;; and bfj are shown in figures 19 and 20. While
the solenoidal component is dramatically decreased with increasing My,
over the entire range of St, the dilatational part is essentially unaffected
by compressibility. The structural changes are therefore almost exclusively
felt in the solenoidal field. RDT predicts almost independence of bflj on My.
The large-St limits of both terms are certainly not properly captured by
the RDT, because it does not treat nonlinear effects.

Summarizing, the overall good agreement between DNS and RDT has to
be emphasized; which means that much of the structural effect of com-
pressibility can be fairly well reproduced by solving linear equations. This
remarkable result should be used for the development of improved turbu-
lence models.
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Dissipation rate tensor:

The work of Blaisdell et al. (1991) also provides information concerning
the dissipation rate anisotropy. Unfortunately, only one flow case is con-
sidered, so that the Mach number dependence of ¢;; and of its solenoidal
and dilatational components €7, efj (cf. egs. (81), (82)) can only be grasped
from comparison with the incompressible case. A few observations pertinent
to Blaisdell et al.’s run sha92 are:

- In the transport equations for the four Reynolds stresses (119 - 122)
only €, is relevant and comparable in size to €5,. All other compo-
nents of efj are negligibly small. €f, becomes small as the simulation
progresses (in agreement with the incompressible case).

- The solenoidal dissipation rate anisotropy tensor, d;; = €;; J€n — 0ij/3
is highly aligned with the Reynolds stress anisotropy tensor, b;;. The
same is true for incompressible turbulence. The dilatational tensor, dfj,
is not aligned with b;;.

- However, d;ij tends to be aligned with bflj. A physically interesting
result, but difficult to use for modelling of e‘iij.

These results show that the dilatational dissipation rate tensor is strong-
ly anisotropic. So, besides altering the structure of the Reynolds stress an-
isotropy directly (via inviscid mode coupling) and of the pressure strain
correlation tensor, intrinsic compressibility could lead to further modifica-
tion of the Reynolds stress tensor via structural changes of the dissipation
rate tensor.

3.2.3. Pressure-dilatation models
Zeman’s model and extensions:

Zeman’s (1991) model is based on the argument that for low turbulent
Mach number homogeneous isotropic and sheared turbulence the pressure-
dilatation correlation and the time derivative of the pressure variance are
closely connected. The corresponding relation had already been given in eq.
(225) and figure 7 had shown the excellent agreement between this relation
and DNS data. Introducing relation (225) into the K-equation for homoge-
neous isotropic turbulence and neglecting viscosity fluctuations gives:

d [l [(—— 1 — _
pr {2 <pUQ’Ué’ + pm)} = —ples+ea) - (244)

The term in the square brackets is the total energy of turbulence. In
a state of acoustic non-equilibrium kinetic and potential energies are ex-
changed. Assuming the rhs of eq. (244) to be closed, a model is needed for
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the pressure variance. Zeman postulates that p'2 relaxes to an equilibrium
value on an acoustic time scale 7,:

R et
= _ c 245
dt Ta ’ (245)
where 7, = 0.13 (2K /€5) M.
The equilibrium value p? is related to K and M; via the empirical model:

2 2 2 4
s 1 ps aM{ + BM; 9
7T VT R ey V1 Vo R (57) (246)

This model combines two assumptions: (1) the equilibrium ratio of com-

pressible to solenoidal kinetic energy is udué /ufuf’ = aM? + BM}, and
(2) in a state of acoustic equilibrium, the compressible potential and kinetic
energies are equal, i.e.

P~ PP (247)

(cf eq. (167)). The model (246) allows for a M;! behaviour for small M,
in agreement with the acoustic analysis of Sarkar et al. (1991b) and a M}?
variation at higher Mach numbers. The complete model reads:

- 1 p?2— 2P ME - f (MP)
'd = — 248
p 2p%c? Ta ’ (248)

where 7, = 0.13 (2K /es) My and f (M?) is defined in eq. (246). The
constants «, 3 were originally given as o = 1, = 2. Later Durbin and Ze-
man (1992) extended the model to account for one-dimensional compression
using RDT:

1 (1dp? ~—1—01

The first term on the rhs is a slow relaxation term (see (245)) and the
second a rapid compression term. The coefficient in front of the rapid term
was slightly modified by Zeman and Coleman (1993). In an attempt to pro-
vide a pressure-dilatation model for boundary layers in quasi-equilibrium,
Zeman (1993) analyzed the pressure variance equation in more detail and
obtained:
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_ K1 0p dp
Il — 2 // u =
pd = 2f, (M) Sulu! < 500,00, (250)
where
fo (M) = 0.02 (1= exp (~M2/0.2)) . (251)

Aupoix et al’s model:

Instead of using linear acoustics and scaling relations, Aupoix, Blaisdell,
Reynolds and Zeman (1990) derive a transport equation for p’d’ assuming
that the fluid behaves as a perfect gas, and model it. For homogeneous
turbulence the model reads:

dpd MZ2dK 1——
= —ep—t— — & 252
o ap——r—c-pd (252)
with
T=K3/(cc) , 1=025 , =02 . (253)

Comparison of model predictions with DNS data for homogeneous iso-
tropic and sheared turbulence shows that the model works well for sheared
flows. Isotropic flows with various initial acoustics allowed for fair predic-
tions only due to the sensitivity of these flows to initial conditions.

Sarkar’s model:

Sarkar (1992) derived a model for homogeneous flows based on a Poisson
equation for the pressure fluctuations, a decomposition into incompressible
and compressible pressure fields and the fact that the time-integrated con-
tribution of the latter is negligible. Homogeneous flows have no density
gradients. Equation (240), therefore, simplifies to:

p,ljj 2:0“1,]“31 QPUHUH p(uzu]) G (254)

As is done in incompressible modelling, the first two rhs terms define a

rapid and the last term, a slow part, cf. the defining equation (242). The
rapid pressure fluctuation satisfies the Poisson equation:

p’]% = —-2pu. umu — 2, Zu (255)
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and the slow fluctuation obeys

P = —p(up)) L (256)

Homogeneous flow is periodic in all spatial directions and thus allows
to solve egs. (255) and (256) exactly by Fourier transforms

K21 = 2i p ks iy + 20 pkju ity (257)

Multiplying these relations by the complex conjugate (denoted by x) of
the Fourier transformed dilatation fluctuation, d* = —ik,,u;,, and integrat-
ing over all wavenumbers, gives:

—— kikm - kikm, -
pd = 2pu; —2 Eimdk + 29, / Jk—zEjmdk , (259)
— kikikm 1. . e 7
ps'd = p/ # (zuiujufn - zulu;‘um> dk (260)
where
By = (i1, + i) /2 (261)

denotes the spectrum of the Reynolds stress tensor u;T;n

Sarkar (1992) has evaluated the integrals in the above equations us-
ing scaling arguments, truncated Taylor-series expansions and an order of
magnitude analysis to obtain:

—— _ 16 __
pld =~ pl'd =200 MpT; jbi; K + agpethQ + §a4Mtzp ui K, (262)

where b;; is the Reynolds stress anisotropy tensor. The model coef-
ficients are as = 0.15, ag = 0.2. The last coefficient has not yet been
calibrated for flows with homogeneous compression. The second term on
the rhs of (262) accounts for the slow pressure part. Sarkar shows that the
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model provides good agreement with DNS data of homogeneous shear tur-
bulence when used in SOC predictions with the SSG pressure-strain model
and his eg-model. However, Sarkar also mentions that eq. (262) forms a
reasonable approximation for weakly inhomogeneous flows without walls.
In wall-bounded flows he expects p’d’ to be smaller because the rms rapid
pressure is a smaller fraction of 2pK and the wall normal velocity fluctua-
tion is damped.

El Baz and Launder’s model:

Although this model is not derived from observations related to DNS of
homogeneous shear flow, it is included in this subsection for later reference.
The model is empirical and was designed in order to account for compress-
ibility effects in mixing layers. An attempt was made to treat the influence
of dilatational terms on the pressure-strain correlation within a Reynolds
stress modelling framework. Only the rapid part of this correlation was
modified with respect to the model for incompressible flow. The trace of
this term (denoted by ¢pk2) vanishes in incompressible flows. In compress-
ible flows it is generally nonzero and provides a finite pressure-dilatation
correlation which is of the form (see El Baz and Launder (1993)):

(263)

3 a:L’Z' Zu]ail’j

Pd = 3pM,> <4Kaﬁi + " a&) :

Applications of the model to predict simple-stream and two-stream mix-
ing layers with sub- and supersonic convective Mach numbers provided

broadly satisfactory agreement with available experiments.

Ristorcelli’s model:

Ristorcelli (1997) has conducted a small M; singular perturbation ex-
pansion of the compressible Navier-Stokes equations about a mean state
corresponding to homogeneous turbulence without mean dilatation. The
first order expansion of the continuity equation provides a diagnostic rela-
tion for the dilatation fluctuation of the form:

opl op)
—~d = L 4 L 264
where v;" and p;’ denote the incompressible velocity and pressure fluc-
tuations. Ristorcelli calls p;’ the 'pseudo-pressure’ in order to distinguish it
from the pressure associated with the acoustic problem. Multiplying (264)
by p1’, averaging and applying the homogeneity condition leads to:
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dp)*
dt
This relation is similar to that used by Zeman (1991) with the difference
that the ’pressure-dilatation’ formed with the incompressible part of p’ (cf.
also Sarkar (1992)) now equals the time rate of change of the variance of
the incompressible pressure. The advantage is that a model results which is
consistent with the low M,? asymptotics. While Zeman’s model indicates

~2yphd’ = (265)

p'2 — 0 as M;> — 0, Ristorcelli’s model guarantees that p? is a function of
K in the incompressible limit.

Without going into details of the model derivation it may be said that
Ristorcelli (1997) uses the theory of incompressible homogeneous isotropic
turbulence to obtain an exact expression for the time rate of change of p;’2.
In the case of homogeneous sheared turbulence, scaling assumptions lead
to:

. —U/I»I\’II/», ou;
P = —xpaMie, ( L S 1) . (266)

The model coefficient x,q depends on Kolmogorov’s scaling parameter

o and the relative strain rate (%%)%K /€s. The result (266) is similar to
that of Aupoix et al. (1990) and of Sarkar (1992). All three models allow
for a change in sign from isotropic to sheared turbulence. This change in
sign depends on M, for Sarkar’s model. In the case of Aupoix et al.’s and
Ristorcelli’s models it simply depends on whether the K-production exceeds
dissipation. For more details of a model comparison we refer to Ristorcelli

(1998).
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Figure 1. Time evolution of compressible modes in acoustic equilibrium (isotropic tur-

bulence, increasing wavenumber from top to bottom). Taken from Simone (1995) by
permission.
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Fo = 40, large initial dilatational velocity fluctuations. By permission of the authors.



64 R. FRIEDRICH
(@)
0.4 M 1 T v L] v T I L) o~ T I T ¥ v L §
03F 1
Xe 02} .
0.1}F -
—t—7—t I | T [ S 1
0 1 2 3 4 5
teyko
(b)
0.4 M T 1 T M 1 M L) v L v T T v | v
4
0.3 1
' 4
Xs 02 - a
3 4
ol -
q L U U TR T SR | Lo
0 1 2 3 4 5
tey/kg
Figure 3. Influence of initial conditions on time evolution of dilatational fraction of

turbulent dissipation rate. Modes are uncoupled, therefore, curves do not approach each
other. Taken from Blaisdell et al. (1993) by permission.



MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 65

Figure 4. Craya-Herring local reference frame in wavenumber space. The polar vector
71 is parallel to the mean shear direction. The compressible mode is parallel to k. The
vorticity vector lies in the plane perpendicular to k.

0~4 | M T L] Al v T T

03fpi 1

St

Figure 5. The dilatational fraction of the dissipation rate gets independent of initial
conditions in homogeneous shear turbulence. Taken from Blaisdell et al. (1993) by per-
mission.
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Figure 8. Test of Zeman’s pressure-dilatation model. Pressure variance versus turbulent
Mach number. Taken from Blaisdell et al. (1993) by permission.

1.40

1.35

n 1.30

1.25

1.20

T

St

20

25

Figure 9. Development of mean polytropic coefficient. Independence of initial conditions.
n close to 7. Taken from Blaisdell et al. (1993) by permission.



68 R. FRIEDRICH

0.200 T T T T T T T
0.175 | 1
0.150 | .o J

0125 | 8 1

-1I

0.100 | 1
0075 | o’ 4 .
0.050 | ¢ py ]

'

!

.

h

!

0.025 |

I I A

0.000 . . A
-0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030

it

Figure 10. Solenoidal ( O ) and dilatational ( /A ) Reynolds stress anisotropy tensors
for Blaisdell et al.’s DNS shal92. Taken from Blaisdell et al. (1991) by permission.

101 v ) M v M ) M L] v L v T M 4 v

MRS MM IR
.

0y
a1 o 421,01 111

1

A

adadat gl

10-! —_—
0 4 8 12 16 20 24 28 32
St

Fzgure 11. Comparison between compressible and incompressible time evolutions of K.
—— , — — — — incompressible homogeneous shear flow. —-—- shal92 shows reduced
growth rate Taken from Blaisdell et al. (1993) by permission.



MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 69

0 20 L] L} v L ' v v L Ll l L L Ld ¥ l L L] v LA
- mee—— Case A4 ]
R T - Case A3 )
R R Case A2 -
A \ Case Al )
[ \ ]
\ .
o3 \ -
A 010}
0.05 |-
0
0.4
03}
“2bI2 02} ~ .\""'----.—’~-- 7
: RN 7
3 ~~‘\~s :
L == Case A4 e
0.1H .. - Case A3 T
eeees==== (Case A2 1
Case Al i
4 A A A l A A l Vs A A 4 l A A 1 A
0 5 10 15 20
St

Figure 12.

Growth rate reduction (top) by increased Mo is primarily due to reduced

non-dimensional production (bottom). Taken from Sarkar (1995) by permission.



70 R. FRIEDRICH

1.0
08 F
0.6
€ b
P [
04
Case A4
A
o2k Case A3

Case A2
Case Al
— 1

0.20 —y T T LI

()
0.15 -

(—W/P‘ +€) 0.10
SK

0.2 7]

Figure 18. Evolution of €5, of explicit compressibility terms and of the sum of all terms

(except b12). The effect of Mo is for all terms lower than for bi2. Taken from Sarkar
(1995) by permission.



MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 71

0.6 [ N ZMMme Suan g ; | A | T ’:_-L-—J—J--
L (a) ,—..-’ e memememe—
" /” .---""—. 9
L. ” .4“— POPTYIIILL Al A
0.4 - ,” ”.’.'-............-.-.... B
L 7/ ¢ o® <
- 4
/ 4
9 /’
b“ 02F s, -
’ =-==== Case A4 :
0 s=-=-~ Case A3 7
[ eussenes Case A2 .
i Case Al )
___0 2 A A A A L 2 A A 1 s A '\ A i A A A A
0 v v v v ' v v v A\J l L v L v l v v L v
-
! E
3 P
—0.] - -
o -
bzz -0.2 | ‘\ PR Py B
3 - \\ 's.::’---..._. 4
~ ‘-, v-o......_._.....-.... N
- -~ Sepoevesec®
-
-

_0.4 A A A A 1 A A A A 1 A A A A 1 A A A A

=
W
—
=
&
N
S

Figure 14. Effect of Mg on streamwise and transverse Reynolds stress anisotropies.
Taken from Sarkar (1995) by permission.



R. FRIEDRICH

72

10

St

- ) and incom-
by permission.

'd’ (————) and its compressible ( - - - - -

Figure 15. Time evolution of p

)

) contributions. Taken from Blaisdell and Sarkar (1993

pressible (



MODELLING OF TURBULENCE IN COMPRESSIBLE FLOWS 73

T T T T e T T - e
L 4o 5 4o
L p 4o L 4o
§
| -..! 4~ S 4~
| K de L e
-‘\
I " 1° & - 1° &
;
- . 4 e 3 4.
L de S de
| da L 4o
L 4~ L [l
J =
N
s L ° H °
%5 d
L] T T 2 T L] T T T g
- - e i ¢ 1°
; ; i
< Y T
* 4 S < )
. K ; © . 1
4 A b
3 ) \
L /! J 4~ L < 4~
i $ 3
LS ~
L 7 g 4o - <-< 1°®
{ {
4 < 1
) J
| i H 4o = o qe »
kN ) 0 < ©n
s 4
H i <
I / 1« s J 1«
\ 9
- i H 4de - } 40
/ s
K - | i 4 e
- b K. \\.
.‘-\ ~
i g > >~ L & L 4=~
P O
el Zooe’
e ) N N ° 1 i 1 2 °
™ ° O 1 T © *« ® & = o°o 7 @ 9
[44
St K0

Figure 16. 'Time evolutions of the four deviatoric pressure-strain correlations, split as
in fig. 1b. Taken from Blaisdell and Sarkar (1993) by permission.



74 R. FRIEDRICH

Figure 17. Comparison between DNS (top) and RDT (bottom) for TKE growth rate.
Solid line: pressure-released limit. Destabilization for St < 4 and stabilization at later
times. Taken from Simone et al. (1997) by permission.
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