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Analyses of turbulence structures in shear flows
By M. J. LEE

Outline of the research program and a recent progress in the studies of sheared
turbulence are described. The research program reported here is directed at
two goals: (i) understanding of fundamental physics of organized structures
in turbulent shear flows; and (ii) development of phenomenological models of
turbulence based on physical arguments. Three projects that have been carried
out are: :

A, structure of sheared turbulence near a plane boundary;
B. distortion of turbulence by axisymmetric strain and dilatation;
C. study of energy transfer in turbulent shear flow.

1. Motivation and Objectives

Project A was motivated by the demonstration of remarkable similarity be-
tween homogeneous turbulent shear flow and turbulent channel flow in instan-
taneous velocity {and vorticity) fields and statistical correlations at the same
dimensionless shear rate §* = 5¢? /¢ (Lee, Kim & Moin 1987). Here, S = dU/dy
is the mean ‘shear rate,’ ¢ = T;u; is twice the turbulent kinetic energy and ¢ is
the dissipation rate of the kinetic energy. The similarity in instantaneous vector
flow topology as well as in statistical measures bears a profound implication
towards a possibility of developing a ‘universal’ turbulence model. In particu-
lar, this study showed that shear rate alone (without a wall) can produce the
streaky structures, providing a strong support for the importance of shear rate
in determining turbulence structures.

The presence of a solid boundary affects turbulence in two fundamental ways:

(i) generation of mean velocity gradient (via the no-slip condition) which, upon

interaction with turbulence, supplies energy to it; and

(i) suppression of velocity fluctuations in its vicinity.
It is hypothesized that these two effects are distinct in affecting turbulence struc-
ture so that they can be accounted for separately. Project A centers on the anal-
ysis of these two functions of a solid boundary and consists of three subprojects:
uniform-shear boundary layer (USBL), plane Couette flow (PCF) and shear-free
channel flow (SFCF). See figure 1 for schematic of the flows.

The uniform-shear boundary layer (USBL) project aims at a theoretical ex-
planation of the generation mechanism of the streaks in turbulent shear flows
(Lee & Hunt 1988). In USBL, the mean flow has a velocity profile U = Sy + Uy
with the shear rate S uniform and constant, and the flow field is assumed to be
inviscid with a slip velocity condition at the surface y = 0. The analysis was
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FIGURE 1. Schematic diagram of turbulent shear flows: (a) a uniform-shear
boundary layer (USBL); () plane Couette flow {(PCF); (c) shear-free channel
flow (SFCF).
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carried out for the evolution and distribution of turbulence by using rapid dis-
tortion theory (RDT). Particular emphasis is placed on the differences between
the shear-free boundary layer (see Uzkan & Reynolds 1967; Hunt & Graham
1978; Hunt 1984) in redistributing turbulence near the surface by the blocking
effect.

The plane Couette flow (PCF) and shear-free channel flow (SFCF) projects
were motivated by a need to generate numerical databases of turbulent wall-
bounded flows with a constant total shear stress 7(y) = pdU/dy — p70 = 1,
across the boundary layer (PCF) and zero mean velocity gradient near a wall
{(SFCF), respectively. These two cases are considered as building-block flows
since most turbulence models are based on the wall-layer similarity with a con-
stant shear stress 7 (Townsend 1976, §§5.4, 5.7-5.9). It is of our interest to
characterize organized turbulence structures in the near-wall regions at different
mean shear rates and to examine the capability of the current scaling laws (or
turbulence models) in describing turbulence characteristics of such flows (cf. El
Telbany & Reynolds 1980, 1981).

The purpose of Project B is to investigate the behavior of homogeneous tur-
bulence subjected to axisymmetric distortion (contraction and expansion) and
dilatation (Lee 1988). Closed-form solutions obtained by using RDT are com-
pared with the numerical simulations (Lee & Reynolds 1985). The theoreti-
cal results are then used to develop a model for the pressure-strain-rate term
T;; = {2/p) PSi;. A ‘simple’ model for the pressure-strain-rate term shows that
the ‘history effect’ (total strain) is important.

Project C is to explore detailed processes of the pressure-strain energy transfer
in a turbulent shear flow (Brasseur & Lee 1987, 1988). Relationships between
a local energy transfer event and the nearby vortical structures are studied by
looking into instantaneous flow fields from numerical simulations of homogeneous
shear flow (Rogers et al. 1986). For a kinematical description of the process,
the energy transfer is classified into six classes according to the instantaneous
directionality of the energy transfer between components, This concept of the
energy iransfer class can be applied to the statistical quantities such as the
average value and probability density function (pdf). In this project, we are
also interested in exploring the energy transfer across the different scales (e.g.
spectral energy transfer) and its relationship with the intercomponent energy
transfer.

2. Accomplishments
2.1. Project A: Wall Turbulence

2.1.1. USBL Project

The USBL project {Lee & Hunt 1988) convincingly demonstrates that the
streak generation is entirely due the high shear rate, and that the surface block-
ing, in fact, prohibits formation of the streaks. As shown by Lee, Colonius &
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FIGURE 2. Schematic diagram to show difference between the mechanisms
for (a) shear-free boundary layer, where image vortex below y = 0 induces
irrotational velocity u‘® above y = 0; and (b) uniform-shear boundary layer,
where reduced vortex bending near the surface reduces w2 while splat effect
increases u2.

Moin (1988), the streaks consist of eddies of large streamwise velocity fluctu-
ations and turbulent shear stress —uwv, and hence they are energy-producing
eddies. The vorticity field associated with the streaks is found to be corrugated
sheet vortex which has large spanwise and normal vorticity fluctuations, w, and
wy, but relatively weak streamwise vorticity, w,. Near a solid surface, the cor-
rugated vortex sheet becomes flat (less corrugated) due to the blocking effect
of the surface, thus reducing the dominance of the streamwise fluctuations (see
figure 2). '

Figure 3 shows the energy spectra of the streamwise velocity Ey;(xs;y) as a
function of the spanwise wavenumber k3 and total shear § = St at y/L = 0
and 1 (L is the energy integral scale at 3 = 0). While there is no evident sign
of the streaks at the surface y = 0 (fig. 3a), the spectra away from the surface
(y/L = 1) show peaks that develop significantly with shear (fig. 3b). The
fact that the streaks exist in sheared turbulence, independent of the presence
of a solid boundary, but not in a shear-free boundary layer {Uzkan & Reynolds
1967), strongly supports the assertion that the main mechanism of generating
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FIGURE 3. Variation with shear of the spanwise one-dimensional energy
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FIGURE 4. Variation with the distance from the boundary of the mean
streak spacing, A,. The mean streak spacing is determined from the spanwise
wavenumber at which ©;1(ks;y) peaks. O, 8=2;A,8=4; X, =8,

the streaks is the mean shear but not the wall blocking (Lee et al. 1987),
Notice that the peaks within a narrow band of k3 are indicative of the existence

of the streaks in the flow. The mean spanwise spacing X, of the streaks can be

estimated from the wavenumber at which the spectrum peaks: A, = 1 /x4 In
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figure 4, the variation of the mean streak spacing shows an increase with y. This
study reinforces our earlier work (Lee, Kim & Moin 1987), namely, that the
generation mechanism of the streaks is essentially ¢nwscid and linear.

2.1.2. PCF Project

The PCF and SFCF projects make use of numerical databases from direct
simulations. We have completed numerical simulation of plane Couette flow
(PCF) with a wall moving at a speed U, parallel to the stationary wall. The
computation was performed on a 128 x 129 x 128 grid and a passive scalar field
(Pr = 0.71) with constant boundary conditions was included in the computation.
The flow Reynolds number Re based on the wall velocity U, and half the channel
width k is 6,000, and that based on the shear velocity U, = (vdU /dy[w)l/ 2 is
about 200. Other major aspects of the computation are similar to those in the
Poiseuille flow of Kim et al. (1987). The computation has been conducted for
a period of about 100 k/U, that corresponds to about ten (10) computational
box lengths.

In figure 5(a), the computed mean velocity profile across the channel is com-
pared with the experimental results conducted at different low Reynolds num-
bers (Re = 2,900, Reichardt 1959; Re =~ 2x 10* ~ 4x 10%, El Telbany & Reynolds
1980). It should be noticed that at high Reynolds numbers the velocity profile
changes rapidly within a narrow region near the walls (Jy| > 0.8), and that there
exists a constant slope over half the channel width around the center (jy| < 0.5).
The mean velocity gradient at the boundary dU/dy|,, grows significantly with
the Reynolds number. The near-wall profile made dimensionless by the viscous
units (Ur and &, = v/U,) is in good agreement with the classical law of the wall
(fig. 5b).

The turbulence intensities (u'*,v'%,w't) scaled by the shear velocity U,

in figure 6 also show good agreement with the experimental results at higher
Reynolds numbers (El Telbany & Reynolds 1981). Compared with those in a
plane Poiseuille flow at comparable Reynolds numbers (Kim et al. 1987; Kreplin
& Eckelmann 1979), the intensities in PCF are significantly higher over most of
the channel, except in the vicinity of the wall (y < 30) where the PCF values are
only slightly higher. This marked contrast is a direct consequence of the con-
stancy of total shear stress 7/p = vdU/dy — 0 across the channel in PCF. (In
a plane Poiseuille flow, the total shear stress has a linear profile r/|r,| = —y/h,
and dU/dy = 0 and uv = O at the channel center, y = 0, by symmetry.)
__The turbulence structure exhibits strong anisotropy; even in the core region,
u? 192 : w? ~ 6 :1: 2. The linear mean velocity profile (i.e. constant mean shear
rate) in the core region is indicative of the existence of homogeneous turbulence,
where the turbulence statistics are approximately constant (see figure 6).

2.1.3. SFCF Project

In order to achieve zero mean shear rate in the wall region of shear-free channel
flow (SFCF), one needs to determine the speed of the moving wall U,, and the
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Mean velocity profile in plane Couette flow: {a) global profile,

——  present result ®,

Ut =(1/k) Inyt + B (k= 0.4 and B = 5.5); In (b), the solid and chain-dashed
lines are results for the lower and upper walls, respectively.
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FIGURE 6. Near-wall profiles of the turbulence intensities in plane Couette
flow: (u't,v't,w') vs. y*. Lines are present computation: , 'ty e
v't; —-—, w't. Symbolds are from El Telbany & Reynolds (1981): O, Re
= 19,000; &, Re = 29, 000. -

constant pressure gradient dP/dz (see figure 1), which can be obtained only by
solving the equations. Preliminary calculation on a 64 x 129 x 64 grid has been
carried with a developed plane Couette flow field as its initial condition; the
value of the pressure gradient was varied at each timestep to obtain zero mean
shear on the moving wall, and the response of the flow to the varying pressure
gradient was found to be slow. Full-scale computation on a 128 x 129 x 128 grid
is planned. ‘

2.2. Project B: Azisymmetric-strain/Dilatation RDT

Exact expressions for turbulence structural quantities, such as the Reynolds
stresses and vorticity correlations, were obtained in closed form by using rapid
distortion theory {Lee 1988). Comparison with the numerical simulations (Lee
& Reynolds 1985) at a high strain rate shows remarkable agreement for all the
quantities considered. Differences in effects of the two opposite, axisymmetric
strain modes (contraction and expansion) on turbulence structure were investi-
gated in detail. For example, axisymmetric contraction produces much higher
fluctuation in velocity and vorticity (R;; = @i, and Vi; = W;w;, respectively)
as well as their anisotropy (b;; = Ris/Riw — 6i;/3 and viy = Vij/Vix — 6;5/3, te-
spectively) than does axisymmetric expansion. Figures 7(a, b) show comparison
of anisotropy development during axisymmetric distortion.
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FIGURE 7. Evolution of anisotropy in axisymmetric strain flows (AC,
axisymmetric contraction; AE, axisymmetric expansion): (a) Reynolds-stress
anisotropy b;;; (b) vorticity anisotropy, v;;. Lines are RDT results: AC, —,
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FIGURE 8. Test of the present model against different strain-rate cases,
Ti1/(Sq?): (a) axisymmetric contraction (S1y > 0); (b) axisymmetric expansion
(S11 < 0). Lines are prediction of the present model and symbols are from
numerical simulations (Lee & Reynolds 1985): —— and @, S5* o~ 100; —-—
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The effect of mean-field dilatation on turbulence is also of interest. It is shown
that, for flows of uniform, time-dependent density p(t) at low turbulence Mach
number, the statistical correlations, such as the ‘Reynolds stress’ R;; = u;u;, are
related to those in the equivalent incompressible flow by a decomposﬂ;mn of mean
strain-rate tensor, e.g. Rij(e) = (p/po)?/*R};(e*) where €;; = JoUs 5(t) dt is
the total-distortion tensor and e}'j is the corresponding incompressible dxstortnon
(po is the initial density). Similarly, the vorticity correlation Vi; = wiw; is given
by Vij(e) = (p/po)*/ *V5(e*). It was also found that the rate of dilatation does
not contribute to pressure fluctuation.

Terms in the transport equation for B;; were evaluated for axisymmetric strain
flow, and existing models for the pressure-strain-rate term were examined. It
was shown that improvements can be made for the model by incorporating struc-
tural parameters based on the linear analysis (RDT) of axisymmetric strain
flows. Prediction of the improved model agrees quite well with the numerical
simulations, even in cases at lower strain rates (figure 8). This study indicates
that a turbulence model should reflect ‘history effect,’ since a state in nonsta-
tionary turbulence depends not only on the instantaneous quantities (e.g. the
Reynolds stresses) but also on the memory effect (e.g. total strain) accumulated
during a distortion.

2.3. Project C: Energy Transfer Process

A detailed study of the intercomponent energy transfer processes by the
pressure—sfrain-rate in homogeneous shear flow has been carried out by using a
numerical database by Rogers et al. (1986). In the previous study (Brasseur
& Lee 1987), it was found that the rapid and slow parts of fluctuating pres-
sure are uncorrelated, i.e. B;p./(p%p2)*/? < 1, and their scales are widely
separated, providing a strong justification for current modeling procedure in
which the pressure-strain-rate term is split into the corresponding parts. It was
shown that local intercomponent energy transfer processes are associated with
high vorticity regions. We limit our discussion to the ‘slow’ pressure-strain-rate
$is = (2/0) PsBi;.

Our recent study (Brasseur & Lee 1988) of probability density functions
(pdf’s) and contour plots of the pressure-strain-rate shows that the energy
transfer processes are extremely peaky (figure 9), with high-magnitude events
dominating low-magnitude fluctuations, as reflected by very high flatness factors
(30-40). The concept of the energy transfer class is defined as

C:l::l::f: {¢lJ (x t)|0511 2 0 ¢22 2 0 ¢33 2 0}

For example, C~t* denotes the class of ¢;; in which energy leaves u (@13 < 0)
and enters v and w (¢22 > 0, ¢ss > 0). Note that this classification of the
energy transfer is unique and there are six possible classes which are disjoint {(or
mutually exclusive). The classification has been applied to investigate details of
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FIGURE 10. Schematic of the intercomponent energy transfer processes,
representing contributions from all magnitudes of ¢;; events. The schematic
shows that the four classes C¥+—, C~t*, C~t~ and C~~t are dominant.

the direction as well as magnitude of the energy transfer processes. Examination
of contours in an instantaneous field, pdf’s and weighted pdf’s of the pressure-
strain-rate indicates that in the low-magnitude regions (defined as where [¢4q| <
1.5 r.m.8. ¢qq) all six classes are important, but in the high-magnitude regions
four classes CT+—, C~**, C~1~ and C~~1 dominate. The contribution to
the average slow pressure-strain-rate from the high-magnitude fluctuations is
only 50% or less, indicating complexity of the problem. However, when summed
over all magnitudes, the same four classes of energy transfer dominate as shown
by the schematic in figure 10.

3. Future Plan
3.1. Project A: Wall Turbulence

3.1.1, USBL Project

We plan to look into other aspects of the blocking effect of the boundary by
examining the two-point correlations between the vertical velocity component
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and the streamwise and vertical components. Here, we are interested in assessing
the degree of self-similarity of these correlations and seeking possible scaling laws
that can be used to develop near-wall turbulence models.

3.1.2. PCF Project

It is anticipated to learn a great deal about how the turbulence structure
changes across the interface between the homogeneous core region and inhomo-
geneous wall region. We are especially interested in examining the structure of
stationary, homogeneous, sheared turbulence in the core region. The stationar-
ity and homogenesty in this flow are generated in a natural way, unlike in flows
where artificial forcing techniques are used.

3.1.3. SFCF Project

The SFCF project complements the USBL and PCF studies in many respects.
While the USBL and PCF projects focus on the role of the mean shear rate in
affecting structure of turbulence in wall layer, the SFCF study is designed to
study the kinematical nature of the presence of a boundary, i.e. the inquiry
into how turbulence is suppressed by the boundary. We expect to learn details
of physical mechanisms involving energy redistribution near the boundary, and
comparison will be made between the RDT study of shear-free boundary layer,
a special case of USBL at § = 0 (Lee & Hunt 1988). Another impetus to carry
out the SFCF project is that this flow allows a unique opportunity to develop
a turbulence model for the transport terms, since, in the shear-free wall layer,
the transport terms balance the dissipation term in the equation for turbulent
kinetic energy. ‘

3.2. Project C: Energy Transfer Process

Inspection of the energy transfer processes depicted in figure 10 poses an inter-
esting question about the kinematic structure of the energy transfer. It appears
that the dominant energy transfer to or from one component is provided by the
other two components. If the off-diagonal components in ¢;; are negligible, then
most of the energy transfer takes place within axisymmetric flow regimes. The
answer awaits invariant analysis of the tensorial structure of the pressure-strain-
rate (and strain rate). '

In parallel with the intercomponent energy transfer, energy transfer between
scales in a flow with coherent vortical structures is also important. In an at-
tempt to generate coherent structures in grid turbulence, Michard et al. (1987)
used a grid with propellers which give rise to spectral disturbances. Their study
showed that the initially strong anisotropy near the grid due to spectral distur-
bances relaxes to an axisymmetric state. Numerical simulation is planned to
investigate such a flow. We are interested in looking into how the disturbances
are transferred between components as well as between scales.
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