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The coupled interaction of vorticity and rate-of-strairs in homogeneous sheared turbulence is
investigated using direct numerical simulation. Conditional sampling and comparison with linear
simulations reveal various aspects of the structure and dynamics. Due to the influence of the
imposedw andS, distinct directional features develop. Initial stretching of fluctuatingy mean
extensional strain and the presence of mean vorticity establgledominantmisalignment ofw

with respect to the principal axes 8f The associated locally induced rotation of Biexes results

in preferred orientations i and S. In high amplitude rotation-dominated regions of the flow,
distinct characteristics are exhibited by the pressure Heds$idne to the presence of small-scale
spatial structure. Nonlocally induc&laxes rotation throughl tends to counteract locally induced
rotation in these regions. These features are absent in the linear flow which suggests a lack of spatial
coherence in the corresponding intensg regions. High amplitude strain-dominated and
comparable rotation-strain regions are also considered. In general, the high amplitude conditional
samples capture the main features of the flow. The underlying behavioanélS is essentially the

same as in isotropic turbulence; the directional preferences observed in shear flow demonstrate the
physical implications of the associated mechanisms. Although there is greater directional variation
in flows with high Rg /Sh, results indicate the significance of the persistence of mean shear.

© 2000 American Institute of Physids$1070-663100)01304-0

I. INTRODUCTION Previous work by Nomura and Pbstescribes the
) . . coupled interaction ofo andS in the principal strain basis.
The interaction of the vorticity vectap and the rate-of-  pare the principal eigenvalues f are identified asr= 3
strain tensolS through vortex stretching is considered a pri- =y with the corresponding eigenvectas, ez, ande, . In

mary mechanism m_the gene_rauon _and a}ssomated d_ynam'?ﬁis reference frame, interaction through vortex stretching
of the small scales in three-dimensional incompressible tur;

h h i f th incipal f istin-
bulence. Knowledge of the behavior @fandS is, therefore, and through rotation of the principal axes Sfare distin

fund tal f ise d inti f the fi As d guished; the latter associated with the condition of mis-
undamenta’ Tor precise descriptions ot he Tow. As e'alignedw with respect to theS axes. As demonstrated by
scribed by the evolution equation for

restricted Eulér equations(see Sec. )| locally induced ro-
Do, P ta_\tion of th_eS axes _acts to oriend towards the_ directio_n of
ﬁZSkwar v (1.1)  either the intermediateeg) or most compressivee() prin-
cipal strain. Results from direct numerical simulations

vortex stretchingS,cwy, represents the responsewfto S.  (DNS) of homogeneous isotropic turbulericshow the sig-
Implicit is the coupled, nonlocal nature of the interaction hificance of this mechanism in the dynamics of the flow,

ﬁxkaxk '

which is indicated by the evolution equation f8r particularly in high amplitude rotation-dominated regions
which are known to concentrate into tube-like or filamentary
DS; 1 structures:®* Nonlocally induced rotation of thé& axes
Dt —SikSj Z(“’i“’J_ Sij wxwy) through the pressure Hessih is found to counteract the

locally induced rotation. This tendency is associated with the
proximate spatial structure of these regions which controls
I1. In general, the study demonstrates that the observed pref-

- ) ) . erential alignment of w and e; in homogeneous
In addition to self-interaction, effects of local, and viscous  ,rhylenc&7 is a consequence of the dynamics of the

diffusion, the evolution ofS; involves local and nonlocal coupledw andS system.
action through the pressure field as described by the Hessian, pistinct structures are also present in homogeneous

5 \
d°ploxiox;. From here on we will usellj; to denote  gheared turbulence. Regions of relatively high magnitwde

2 2
I
p é’Xié’X]- IXIXk ’

(1.2

5 . .

d°pldx;ox; and normalize density such that= 1. form tube-like and sheet-like structufésas well as hairpin-
shaped vortice¥ Such structures are found to be particu-

dElectronic mail: knomura@mae.ucsd.edu larly active sites for momentum and scalar transpbfue
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to the presence of mean shear, these structures tend to pos- Dy

1 ~
sess preferential spatial orientatibh®at least for the flow Dt Yo+ Z(wfﬁ wg) —IL, +vV?y,
times and Reynolds numbers investigated. Longitudinal vor-

tex tubes and the associatedare found to orient upwards \yherell denotes the pressure Hessian in this basis. The first
from the streamwise direction at angles of 20°-45°. This ighree equation$Eq. (2.1)] describe the evolution of in

due, in part, to stretching ab by the extensional strain as- hjch vortex stretching is clearly distinguished and the next
sociated with the mean shear. The generated strain frofhree equationEEq. (2.2] govern the total rate of change of
these structures are presumed to enhance spanwise Vorticiiys principal eigenvalues. In E2.1), the third and fourth
which may then form lateral vortex layetsPreferential terms on the right-hand-side represent changes imthem-

allgnmtlanrt] Ofw andtﬁﬁ Is also 0 bserve(IJI n thﬁ s€ fLO\%'In d ponents due t6) which gives the effective rate of rotation of
general, however, these previous analyses have focused ony, . principal axed.e.g.,

and direct examination 0o has not been carried out. Al-
though basic features of the early development of inclined . De,
and hairpin-like structures have been described by consider- Qet;eﬂE Dt €~ v(Ve,)- €s
ing rapid distortion theoryRDT),%*? the complex nonlinear
interaction in the presence of mean shear is not fully under- 1 (1 ~
stood. — s Zwawﬁ-l—l_[a’ﬁ . (2.3

In this paper, we consider the structure and dynamics _
associated with the coupled interactionswfandS in homo-  Specifically, Qea,eﬁ represents the rate of rotation in the
geneous sheared turbulence. Results from DNS are invesfiane comprised oé; ande, about an axis coinciding with
gated. In particular, we present characteristic$SadndIl, e . The right-hand-side of Eq2.3) indicates that a rotation
which previously have not been considered, in order to proof the principal axes may be induced by both local, & )

vide a more comple_te descri_ption_of this ﬂ_ow_. Result_s demfand nonlocal ﬁa 5) effects(designation of these effects as
onstrate the dynamics described in the principal strain basi§ .o and nonlocal is explained belpw

and further, depict the physical implications of the associated By applying the assumptions of the restricted Euler
mechanisms. The development of the observed direction%romerﬁ,m which considerII to be isotropic, Eq.(2.1)
features is explained in terms of the influence of the imposeglo.omek

w andS on these mechanisms. This illustrates the effects of

mean flow on small-scale motion. Such understanding of Dw, 1 wgw, 1 w,w,

andS is requisite for the analysis of more complex flows, Dt *®e g a—j WpT g a—ry Wy,

e.g., shear flows with stratification and buoyancy. With shear

and stratification, directional features anand S affect the Dwg 1 w,0p 1 w,wg

behavior of the scaladensity gradient,G. When buoyancy Dt Bwpgt 2 mwa— 2 Ew’y! (2.4
effects are presents will feedback on the flow and the

associated dynamics l<:3onstitute a complex triadic interaction Do, 1 w0, 1 wgw,

betweenw, S, andG. Dt Yo, + 2 a—y w,t 28—y wg.

We begin with a brief summary of the analysis frame-
work. This is followed by presentation of the DNS results. The second and third terms on the right-hand-side of Eq.
(2.4) are arranged so that the quantities in the denominator,
e.g.,, (@—pB), are always positivelbased on the defined
a,f3,v), and thus the signs preceding these terms indicate
the resulting effect for each vorticity component. This shows

In the analysis of the coupled dynamics@fndsS, it is that localw, if misaligned with the principal axes, rotates the
advantageous to express E¢k1) and(1.2) in the principal ~ principal axes in such a way to orient away fromthe e,
strain basis direction andowardsthat of eithere; or e, . Solutions to the

restricted Euler equations show that, for initially misaligned

Do, w, the limiting configuration in the presence of strain gen-

Dt eration, locally induced strain axes rotation, and vortex
Dwg _ . stretching—contraction is the alignmentofwith e;. Since
Dt ~Best vV2w 4+ 0ofley e T@) oo, (2.1 IT is assumed isotropic, the equations are autonomous and

IIl. DYNAMICS OF @ AND S

=aw,+vVw,+ wBQea_eB-i- wyﬂea_ey,

D effectively describe the local dynamics of a fluid partitle.
Dw, ) ] ] The anisotropic component df, which contributes to th&
Dt =yo,t vV, + waQey—ea_’_ wBQey—eBa axes rotation, then represents deviation from the restricted

Euler problem and, in this sense, is regarded as nonlocal. In

De  , 1 , , = 5 fully developed turbulence, although a preference for align-

Dt~ ¥ T glept )t rvVia, ment of w and e, is exhibited, overall, misalignment @b
prevails. The propensity fap to orient towardse, in turbu-

DB 1 ~ lent flows suggests that this is the state in which events have

o B2 TPt w?)— + V2 ' gges

Dt Bt glogt @) gt vVos, 2.2 the longest duration.
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z containing 128 grid points. The reference value for velocity
y isAU=(dU/d2)L. The nondimensional she8&is defined
as S=(L/AU)(dU/d2),=1. Periodic boundary conditions
X

are employed in the (streamwisg andy (spanwisg direc-
tions and shear-periodic conditidisn the z (mean velocity
U(z) gradien} direction. The simulations are initialized with a
fully developed isotropic velocity field obtained from simu-
lations of unforced isotropic turbulence. The numerical solu-
— tion employs a pseudospectral method. Details of the com-
putational procedures are given elsewhereSimulations
have been performed for various parameter values. Here, we
present results for two cases, parameterized by their initial
values. In the first case, Re=24, Sh=1.5; thusrw0=16.
We will refer to this simulation as RLOWL1. In the second
case, Rg =29, Sh=16.0; thusr,, =1.8. We will refer to
this simulation as RLOW?2. The two flows have comparable
Re,  but differ significantly inr, .
. . o 0 0
The previous studydemonstrated these dynamics iniso-  The second set of DNS used in the analysis are those of
tropic turbulence. We now consider the case of homogejacobitz et all6” These spectral simulations of homoge-
neous shear flow in which an imposed mearand S are  gous shear flow provide single time data sets at additional

- N

FIG. 1. Sketch of mean velocity profile and coordinate system.

present. Sh and Rg values. In the results presented here, Re
=44.7 and Sk=2.0. Thus,r, =22.4. Since the Re is

lll. DIRECT NUMERICAL SIMULATIONS higher than the RLOW flows, v3e designate this simuloation as

A. Simulation description RHIGH. The database provides full flow field data at two

different nondimensional times, S8 and St9, represent-

The nondimensional parameters describing homogei-nig relatively early and later times in the development of the

neous sheared turbulence are the turbulent Reynolds numbﬁ . . L i
. ow. These simulations are also initialized with fully devel-
based on the Taylor microscale . . ! :
oped isotropic turbulence. Complete details are given
vN  vie elsewheré®
ERETPUY (3.9 The overall behavior of the RLOW and RHIGH flows
(') are similar; after a short period of decay due to the initial
which effectively gives the ratio of the time scale associatedsotropic conditiong, the turbulent kinetic energy increases
with the large-scale turbulent motion to that of the small-in time for the duration of the simulations. In this study, we

Re =

scale, and the Shear number focus our attention on small-scalglerivative quantities.
2 From the computed flow field, various quantities associated
vle . . X
h= —— (3.20  with the velocity gradient tensore( and S) and pressure
s Hessianll are evaluated. Fror8, the three principal eigen-
which is the ratio of the time scale of the large-scale turbuvalues @=pB=v) and corresponding eigenvectors
lence to that of the mean flow. Then (e., €, €,) are evaluated. SimilarlyiI is evaluated and
, the principal eigenvalues ¢(;= ¢,= ¢;) are determined
:Rﬁ: _<w ) (3.3 along with their corresponding eigenvectofsg, f,, f3. En-
¢ Sh S’ semble (spatia) averaged quantities will be denoted by

indicates the relative strength of fluctuating vorticity to meanPrackets(). Time is nondimensionalized b
vorticity. In the above expressions,is the rms velocityg is
the energy dissipation rate,is the kinematic viscosity, an
Sis the mean shear. In the results to be presented, conditional statistics asso-

Two sets of DNS of homogeneous shear flow results argiated with distinct high amplitude events are considered.
considered in the analysis. These provide a range of Sh arRecall that thdocal flow can be characterized in terms of the
Re, values thereby giving a range of,. The governing invariants of the velocity gradient tensor. For an incompress-
equations describing the incompressible flow are the thredble flow, the three invariants may be expressell as
dimensional, time-dependent continuity and Navier—Stokes

g B- Conditional sampling

equations. Figure 1 shows the uniform mean velocity profile =~ (e+8+7)=0, 34

U(z) corresponding to the mean shear and the coordinate Il =1 (22— S?) 3.5

system used. 2 ’ '
The first set are the results of DNS of homogeneous ||, =—aBy— %(awiJrBw/Zﬁywi), (3.6)

sheared turbulence that we have performed in order to obtain
complete information on the flows. In these simulations, the_ocal flow conditions may therefore be represented by a
computational domain is a finite cube with sides of lerigth point in thell =111 plane. Figure 2 shows joint probability
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distributions in thell =11l plane for the RLOW1 and istics and behavior associated with particular structure. Con-

RHIGH flow fields. The values afl andlll are normalized sideration ofll will also assist in distinguishing various
by (w?) and(w?)¥2 respectively, for the given time. The mechanisms by considering the relative significance of rota-
zero discriminant curve which separates complex and realon versus strain.
eigenvalues is included in these plots. The distributions of
both flows are generally similar showing highest probability = girycture of
occurring near the origin and distinct preferences for the up- _ _ o
per left and lower right quadrants as is observed in various In this section, we present structural characteristics of
turbulent flows'® As discussed by Nomura and Pogiath-  the RHIGH (,,,=22.4) flow in which(w’) is significant.
lines for a Burgers vortex tube appear as straight lines exas discussed in the Introduction, distinct spatial structures
tending from the lower right to upper left quadrant in the are present in homogeneous sheared turbulence. Here, we
=11 plar;e; the r:)bdserve_d features, therefore, suggest the,nsider the spatial structure of regions characterizet! by
presence of stretched vortices. Figure 3 shows three-dimensional visualizations of isoscalar
Based on the observeld — 111 preferences, we select . . . .

. . surfaces of high positive values of. The figure displays

three conditional samples for this study and these are ret; i . i
oth top and side views of the flow at-S3 [Figs. 3a) and

ferred to by the particular quadrant or region of the-111 i i
plane that they represent. By definition lof (3.5), the QI 3(b)] and S&9 [Figs. 3c) and 3d)]. As shown in Nomura

(11>0, 111 <0) sample is comprised of rotation-dominated @nd Post, high amplitudel1 >0 regions in isotropic turbu-
events while the QIV I <0, 111 >0) sample is comprised lence exhibit tube-like spatial structure. In this flow, how-
of strain-dominated events. These samples are restricted &ver, the structures exhibit distinct spatial orientation. From
events relatively far from the origin in thd —Ill plane, the side viewgFigs. 3b) and 3d)], we see that the tubes
JIIZ+1112=ry, (wherell andlll are the normalized val- orient at ~20°-45° from the streamwise direction with
ues. We also consider a sample Q0 comprised of regions o§lightly smaller angles at the later time. The top views show
comparable and high levels ab?/2 and S* (11~0, @*  that early in timgFig. 3@)], the tubes generally orient along
=ru(w?). Thus, QO represents high amplitude events at thene streamwise direction while lat¢Fig. 3(c)], the tubes

origin Of, the I,I —IIl plane. In each SamP'e’ _the threshold incline towards the spanwise direction. We have also visual-
level ry, is adjusted so that the sample size~i§% of the ized high amplitude strain-dominatedi €0) and QO (I

total grid points. . . o
In general, we expect that these high-amplitude event§0) regions(not shown. Thell <0 regions do not coincide

will more clearly display and emphasize the associated chat¥ith rotation-dominated structures although they tend to oc-
acteristic behavior for the sampled region. As will be dis-CUrin their vicinity. In general, these regions are not as geo-
cussed in the next section, isosurfaces identifietl laxhibit ~ Metrically distinct as those df >0; the corresponding isos-
fundamentally distinct spatial structure. Implicationsltf ~ calar surfaces are irregular and tend to be more
on structure have also been demonstrat€dnditional sam-  discontinuous with limited spatial extent. The QO regions
pling based on the invariants will therefore extract character¢comparable rotation and strainend to form sheet-like

wand S
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FIG. 3. Three-dimensional visualizations f&tibdomain of computational bpaf high amplitude rotation dominatedil 0) regions in homogeneous shear
flow (RHIGH); (a) top view, St3, (b) side view, S£3, (c) top view, St9, (d) side view, S&9. Isoscalar surfaces represent same threshold magnitude of
Il (0.8{w?)) in all cases.

structures with significant spatial extent in the streamwisewith respect to this reference direction. Joint probability dis-
and spanwise directions. These structures tend to tilt frontributions (JPD for (68pitch, fyan) Should then indicate the
the horizontal in the spanwise direction. most probable orientation for a given sample. With the ge-
In order to investigate the flow structure in detail, we ometry as defined, however, it can be shown that the prob-
examine the spatial orientation @f and the eigenvectors of ability density function of a random vector to orient at a
S. The orientation of any vector in the coordinate space particularfy.n is 3C0S0picn, i-€., there is inherently a greater
can be defined by the angle palyfcn, fyaw) Wheredyicnis  probability for 6,c,=0° than for fpc,=90°. To eliminate
the angle of the vector from its projection in tke-y (hori-  this bias, the quantity sifh,,, rather thange, is used to
zonta) plane anddy,, is the angle of the projection in the generate the angle pair JPD plots which effectively indicate
x—y plane from the positivey axis (see Fig. 4 Since(0°,  the probable Qpitch: Oyaw) -
0°) is the orientation of the vorticityn associated with the The orientation of instantaneousin the total flow field
mean shear, the angle pair gives the orientation of a vectgnot shown is in agreement with previous studie$° The
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FIG. 4. Definition of the angles of orientatiol i, 6ya,) Of a vector in 3D

(three-dimensionalcartesian coordinates.
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QO conditional samples are shown in Fig. 5. In the QIl
sample[Figs. 5a) and §b)], at the early time, a preference
of w to orient at~(%=30°, =80°) is indicated while at the
later time, 6, exhibits a greater range of values30°
about| fy,,) =90°. This is generally consistent with the ori-
entation of the structures in Fig. 3. In Q@igs. c) and
5(d)], the spanwise component becomes progressively more
significant in time. At S£9, a dominant positive spanwise
component and a range @, is exhibited. The distribu-
tions for QIV (not shown at both early and later times re-
semble those of QO at S8. In general, the combined results
of QIl and QO regions capture the dominant features a
the total flow.

Figure 6 shows fich, Oyan) for the fluctuating vorticity
o' =w— o for the QIll and Q0 samples at=S9. Note that in
both samples, the peaks i occur at] GyaW|>90° as com-
pared with|6y,,<90° for w (Fig. 5. In QIl, there is a

distribution at early timeSt=3) displays peaks correspond- tendency towards smallgé,,| which develops in time. In

ing to (Bpitch, Oyan) =(=35°,=60°). At a later time(St=9),

the strain-dominated QIV regionisot shown, there is gen-

the distribution remains nearly the same although, tends  erally greater variation in the direction af'. At early time,
to increase by~5°-10°. Distributions forw in the QIl and  the peaks are similar to those in QO and exhildif,
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FIG. 5. Joint probability distributions indicating the angles of orientati@f, , ya) Of @ for RHIGH: (a) Qll, St=3, (b) QlI, St=9, (c) Q0, St=3, (d) QO,

St=9 (sample thresholds are QH;,=0.40 and QOr,=1.3).
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FIG. 6. Joint probability distributions indicating the angles of orientati@fd, , fya) of ©’ for RHIGH (St=9): (a) Qll, (b) QO.

>90° while later in time, a preference fa,,~=0° devel- 8(d)], e, tends to orient in the spanwise direction whég
ops. In all samples, the probability curves for battandw’  orients neare,. The orientation of, in Q0 and QIV (not
tend to follow a reverse “S” shape. As noted by Rogers andshown is similar to that in the total floFig. 7(c)]. Note
Moin,° this shape resembles the curve representing a planfat the peaks in the total flow JPPBigs. 7a) and 1b)] do
aligned with they axis and inclined upwards from the hori- not necessarily correspond with those of the strain-
zontal at 45° from the positive axis [see Figs. &) and  dominated QIV sampl¢Figs. §c) and &d)]. In particular,
9(c)]. We will refer to this plane as the S™-plane” of  the peak in thee, distribution for QIV [Fig. 8c)] corre-
which the significance will later be explained. sponds to the secondary peak in the corresponding distribu-
We now consider the orientation of the principal axes oftion of the total flow[Fig. 7(@]. Thus, in regards to direc-
S. Recall that the lines of action &,, e;, ande, associ- tional features irS, QO and QIV regions together generally
ated with the mean shear are- 45°,=90°), (0°,0°), and capture the dominant features observed in the total flow.
(£45°,%790°), respectively. Here, we consider tkgosi-
tive) direction of the eigenvectors as designated by the locaD. Dynamics of w and S
vorticity." Figures Ta)-7(c) gives the angle pair JPDs for the We now consider the dynamics associated with the ob-

total flow at S&9. The distributions at the earlier timaot served directional features. As discussed, the coupled dy-

shown are generally similar; the peaks occur at nearly thenamics ofw andS are effectively described in the principal

same locations although the distributions show less variatior]strain basis(2.1) and (2.2). In addition to direct interaction
This suggests that some condition of equilibrium is estab: i e

. C through vortex stretchingy andS interact through locally-
“Shﬁd'f Ilrll the t‘]hpgjoﬁ"“ the Shaplt\el c;f tthhe td;trlbutlokn 9€N" and nonlocally induced rotation of the principal axes and
eraty 1o OWE € -piane curve. Note that the pea SfOccurgeneration of strain. We first consider the interactionwof
at|6ya/>90°. In the JPD foe, [Fig. 7(c)], the distributions

foll ; d4S"-sh ting thas. i i and S under conditions in which locally, the imposed mean
oflow a forwar ~Shape 5“9965 ng t &, lies nearly in - fiow dominates, i.e., the principal strain axes essentially co-
the plane orthogonal to th&"-plane, i.e., theS™-plane

which is inclined from the horizontal at 45° from the posi- incide with those of the mean flojfFig. @] and the mean

tive x axis. The corresponding peaks &) occur at| Hyawl }[/ortlctltytwh.:S IS ?:e(?t'\flﬁ “p - {Ampllfllfeigon'ltldtge to votr- ¢
<90°. The orientation of; must of course be mutually ex stretching in the nitially 1Sotropic Tieid will be greates

orthogonal toe, ande,. The distribution in Fig. #) sug- (and persigtfor the fluctuating componenbd’ in the direc-

gests thaky tends to lie nearly in th&" -plane although the tion of the largest extensional straig,. The resultant o

curves also extend outward somewhat towards the directiowill then lie in the plane containing; (w) ande,, i.e., the

Ofgy_ S*-plane. Apredominant misalignmemtf » with respect to
The orientation of the eigenvectors in the conditionalth® Principal axes is thereby established which induces a ro-

samples are also examined. In the QIl sample at early timgitlon+of the axes. This |s_|IIustrated |_n_F|gkﬂwh|ch shows _

(St=3, not showi, e, exhibits| 6,/ >90° while e, exhibits the S —plang ar_1d a_lssomated quantities. The corresponding

a range 0% 0,,,|<90°. At later time[St=9, Figs. 7d)—  rate of rotation is given by Eq2.3),

7(f)], the distributions ofe, and e; become less distinct

while the S™-plane curve shape is maintainedép. In the

case of QJFigs. §a) and §b)], the S"-plane curve ire, is 11

more apparent although the p_eaks indicate thatends to QO =— —(_wawﬁ+ﬁa,ﬁ>- (3.7)

orient nearly in the direction of,. In QIV [Figs. §c) and . a=p 4_,_,
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Thus, if the eigenvectors initially coincide with, andeg, such thate, is directedawayfrom w. For the assumed con-
locally induced rotation by misaligned, i.e., o, 0z, Will ditions, this would result if6y,,/>90° fore,. Further am-

reoriente, andeg in the S*-plane. As indicated by the re- plification of w, will occur along the altered principal strain
stricted Euler equationkEq. (2.4)], the sense of rotation is axes[dashed lines in Fig. ®)]. If these local effects are
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significant, », ', e,, andeg will occur primarily in the ~ vortex contraction. In general, the simultaneous reorientation

S*-plane which corresponds to a reverse “S”-shaped curveof the three principal axes given tﬂ may result in rather
in the sin@piicn) — Oyaw PlOt [Fig. AC)]. complex trajectories and lead to large variations in orienta-
In the above scenario, it is assumed thalies in the tions.
S"-plane ande, remains stationary. However, the presence  The spatial orientations of the eigenvectors in the total
of o’ in other directions(isotropic initial conditiong will flow [Figs. 7a)—7(c)] are consistent with the described dy-
vary the rotation of the principal axes. Recall that the diStri-namics_ The Shape of the distributions indicate the occur-
bution for e, in the total flow [Fig. 7(c)] follows the (ence of Eq(3.7) in theS*-plane and3.8) in the S~ -plane;
S -plane curve with those af, extending outward in this  the former prevailing. The locations of the peakejrande,
direction as shown in Fig.(B). This indicates the occurrence 4q giso consistent with the directions of the corresponding
of rotation ofe, ande, about the axis og,, i.e., axes rotation. In the case ef;, since both Egs(3.7) and
(3.8) are occurring, more complex distributions of its orien-
1 /1 tation are expected. Since the rates of locally induced rota-
ege, m(zwﬁwﬁ ﬁﬁ,y> (3.8 tion are proportional to the vorticity components, these ef-
—— ' fects may be particularly significant in QII regions. Recall
which is induced locally by misaligned vorticityygw, . In  that in QII, the prevailing orientation of total vorticity is
this case, Eq(2.4) indicates that the sense of rotation is such| fyaw <90° [Figs. 5a) and §b)] while that of the fluctuating
thate, is directedtowards w. For the assumed conditions, component’ is |6y, >90° [Fig. 6@] which are consistent
this would result in| 6,,,/<<90° for e,. We expect the sig- with the described dynami¢&ig. 9(b)]. The eigenvector ori-
nificance of Eq.(3.8) to be less sincev, weakens under entationgFigs. 1d)—-7(f)] are also consistent. However, re-

O
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sults for Q0 and QIMFig. 8) also show evidence &-plane  and e, at a later time in RLOWL(St=6, r,,(t)=7). The
dynamics. In high strain regions, strain generation is signifi.ypps generally remain similar to those at earlier time al-
cant and acts to promote positigewhich will then tend to  though some differences are noted. In QIl and QO, the dis-
approachu. This will effectively enhance the induced rota- iptions show less variation and there is greater distinction
tion through_ _the_pre_fac_t(_)r in Eq(3.7), 1€, 1/(6“7!8)' between the two samples. In particular, the extent of rotation
thereby retaining its significance in Q0 and QIV regions. InOf e, ande, in Qll is observed to be greater. From the QO
QO, theS"-plane curve shape in the distribution ef ap- resualts weﬁsee that; exhibits a preference foé ~0°. In
pears particularly evidejFig. &a]. In QIV [Figs. 8¢) and the caée of QIV fltg earlier timé)(snot shown trywzwdistrlibu—

8(d)], the predominant orientations ef ande; are switched o .
from that of the mean flow. tions of e, and e; are similar to that in the RHIGH flow

The directional preferences observed in RHIGH are alséFigs- 8¢) and &d)], and we note, tends to orient nearly in
exhibited by the RLOW1 flow. The results are quite similarthe spanwisg(0°,0°) direction. At St6 [Figs. 1c) and
at early times when the values pf(t) are comparable and 10(f)], the JPDs indicate a reorientation of the axes. These
relatively high. We note in RHIGH; (t) =10 at S&=9 while  results suggest that QIV regions may be particularly sensi-
in RLOW1,r ,(t)=9 at S&2. Figure 10 shows JPDs fey, tive to flow conditions as characterized by.



Phys. Fluids, Vol. 12, No. 4, April 2000

K. K. Nomura and P. J. Diamessis

1
3 0.0015 0.0012
- 0.0013 0.0011
3 0.0012 0.0010
: 0.0010 0.0009
0.0009 0.0007
0.0007 0.0006
0.0006 0.0005
0.0005 0.0004
0.0003 0.0003
0.0002 0.0002
-90
-120 120
150 ‘é -150
¥ A S ! e Qe o
180 -0.75 -0.5 -0.2_5 0 025 05 075 180
SiN(6 5ier)
(d) es - QII
+180 180 prr .'9',7.5”'.0,'5.’. .'?',2.5. e |9'.7.5. T .:1 180
150 150F - 150
0.0025 F 2 S A 0.0017
120 B 0.0022 120 .ol o \’E 120 I 0.0015
490 0.0020 , § L Joo 0.0013
- 0.0018 1 0.0012
160 0.0015 8 1 60 0.0010
430 0.0013 $%0F SEE 0.0008
EN 0.0010 g b, 0.0007
< E 0.0008 o - 0.0005
- q-30 0.0005 . 30 (30 0.0003
360 0.0003 -60 3-60 0.0002
-0 -90 g /L/\\%\ 1390
120 -120 — 3120
3150 -15 = 3-150
n . 1 boeri ﬂh..l....l....z_ B o USRS RERTE Rahaul Ruuid Nauhd Gaurs SOReEE
075 -05 -025 0 025 05 075 180 18 -1 -075 -05 -025 0 025 05 075 160
Sin(6,;.,) sin(6,;.;,)
(b) eq - QO (e) es - QO
1180 180 iR e 180
"5 il 0.0020° g 3"° Bl o.0023
0.0018 3120 0.0021
0.0016 300 0.0019
0.0014 ; 0.0016
0.0012 560 0.0014
z 0.0010 430 0.0012
g 0.0008 ER 0.0009
o 0.0006 E 0.0007
0.0004 q-30 0.0005
50§ 0.0002 460 0.0002
-90 -90 -9
-120 4 120 4120
-150 150 4-150
. e D b q qgo b b b b
180 -0.5 -0.2_5 0 025 05 0.75 180 180-1 -0.75 -0.5 -0.2_5 0 025 05 0.75 180
sin(6,;;) SiN(6 5ier)
(c) eq - QIV (f) e - QIV
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Since the describe®-plane dynamics result from the ever,r, =1.8. Thus,w’ is comparable t& Since the(non-
influence of the imposed andS, we expect that these fea- dimensional time scale associated with the fluctuating vor-
tures will be more prominent in low,, flows. Recall in the ticity should be of ordeiS/w’=1/r,, the development of
RLOW2 flow, Rg_is comparable to that of RLOW1, how- the S-plane dynamics will be more readily observed in this
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FIG. 11. Joint probability distributions indicating the angles of orientatiBf, 6yaw) Of €,, €5, ande, for Qll sample:(a)—(c) nonlinear ¢4=0.25),
(d)—(f) linear (r,=0.20) result§RLOW?2 simulation—S¢1.0).

flow. To further investigate the dynamics and help distin- At early times, characteristics of the nonlinear and linear
guish nonlinear effects, a simulation of the linearizedRLOW?2 flows are similar. Figure 11 shows results for=3$t
Navier—Stokes equations using the same inital flow field asor QIl. We see from the distributions @&; ande, the oc-
RLOW?2 was also performed. currence of EQ.(3.8), i.e., S -plane dynamics. In these
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flows, w is significant ¢ ,~1) and since QIl consists of high
w?, this sampling initially favorse’ oriented towards the
positivey axis (sincew is in this direction. This implies that
w,<og~o and thus, thextent of rotatiorin the S*-plane,
i.e., rotation ofe,; towardsw ande, away fromw, will be
small. This results in ahortertrajectory along th&"-plane
curve as indicated by the JPDs@®f [Figs. 11a) and 11d)]
in which the peaks correspond &,,, only slightly beyond
+90°. Since the sense of rotation in tBe-plane is such
thate, rotates towards [Eq. (2.4)], the extent of rotation in
this plane will be larger, i.eg, must rotate further to align
with w. This corresponds to bonger trajectory along the
S~ -plane curve which is clearly evidenced in Figs(e)land

K. K. Nomura and P. J. Diamessis

longer duration. Overall, the most active regions exhibiting
the highest magnitudes ﬁea,eﬂ are those of Qll. From the

correspondin@ﬂea,%)ea, we find that ag, orients towards

the horizontal, reduced rotation rates are observed. Condi-
tional expectation of the nonlocally induced rotatigmot
shown shows significant positive values associated with
these events which may be acting to redirgct Additional
statistics indicate that nonlocally induced rotation is most
significant in these regions and, as will be shown, tends to
counteract locally induced rotation.

In QO regions,{Qea,eB>ea exhibits negative and rather
uniform, moderately low magnitudes along the “C"”-shaped

11(f). These results indicate the significance of local geomyistripution in e,. We now discuss the dynamics of these

etry and the association with, .

regions in more detail. Recall that the positive directioni-

At later times, the nonlinear and linear flows generallyematior) of e, is defined by the projection a on the line of

differ although some similarities are maintained. Figure 12

shows the orientation o, for each of the conditional

samples at St6. In comparing the nonlinear RLOW?2 results

[Figs. 12Za)—-12c)] with those of RLOWL1[Figs. 1Ga)—

action ofe,. In the S*-plane scenario, initial amplification

of w’ is alonge,. If w'>w, the extent of rotation o,
(away fromw) will be significant. However, as, reorients

10(0)], we see that in the case of QIl and QO, the correspond@long theS™-plane curve from £45°,90°) and towards

ing results show the same basic features. In @}I[Fig.
12(a)] exhibits |6y, >90° while tending towards lower
Bpitch Values. In the case of the linear flgwig. 12d)], there
is significantly less variation in the orientation ef and
higher 6y, is maintained. In QQFig. 12Ab)], e, exhibits
“C"”-shaped distributions about the location a&,. The
similarity of the linear flow[Fig. 12e)] indicates that QO

regions are dominated by linear effects. The correspondin

orientations o®; ande, in the linear flow are shown in Fig.
13. As indicated in Fig. 1), the orientation o&; exhibits a
preference for,,~0° with a range off i, i.€., e tends

to orient in they —z plane. From Fig. 1®), we see thae,
tends to exhibit “C”-shaped distributions abogj. These

basic features are also exhibited in the nonlinear RLOW

flow (not shown. The simultaneous rotation af, ande,
may explain the observed behavioregf. In QIV regions of
the nonlinear flowWFig. 12¢)], the distributions tend to differ
from those in RLOW1 and RHIGH witle, orienting more

(0°,+180°), a will contribute to amplification of spanwise
w. If this is significant,w will become oriented further to-

wards the spanwise direction. However, negafbée_eﬁ will
[23

continue to act to redired, away fromw. The associated
trajectory ofe, is along a segment of th8*-plane curve
corresponding to|6,,,/<90° with direction towards
(*45°,5790°). The probable orientations fey, would thus

gomprise “C"-shaped curves centered near &)epositions
in the angle pair plot. We expect the described process to be
significant in QO regions where both andS are significant.
The processes are linear and thus observed in the linear flow
[Fig. 12e)]. We note that at later timg$t>6), the orienta-

4ion of the S axes associated with this sample do not change

significantly suggesting that the described dynamics estab-
lish an effective quasi-equilibrium condition.

In the case of QIV regions, although the orientatior pf
differs between RLOW1 and RLOW?2, the distributions of

closely toe,. In the linear caséFig. 12f)], a similar ten- <Qea—eﬁ>ea are found to be similar. We may expect that
dency fore, to reorient is exhibited although the spanwise strain-dominated regions will depend on the relative signifi-
direction appears to be conspicuously avoided. cance of background’ andw, i.e.,r,,. In QIV regions of
Thus far, we have considered only local effects. We now — . — C .
y RLOW?2, » remains significant and will tend to orient

consider thenet rate Bf rotat|onQea,eﬁ [Eq. (3.7] _Wh'Ch towards the spanwise direction. The extent of rotation in the
includes the effects dfl. Probability distributions Onea—eﬁ S*-plane will not be great angé, remains neae, [Fig.
and the separate components indicate that negative values pf(c)]. In the RLOW1 (and RHIGH flow, the fluctuating
Qe{eﬂ correspond to the dominance of locally induced ro-fields dominate. Results from RLOW1 at very early times
tation (— w,wz/4(a— B)) while positive values correspond (St<1) show nearly isotropic orientation i@ ande,. As

to the dominance and positivity of nonlocally induced rota-the flow developsy’ is established in the direction ef and
tion (—ﬁaﬁ/(a—ﬁ)). In general, locally induced rotation this is followed by a preferential orientation &f, in the
tends to dominate. The expected Val(lﬂeafeﬂka- condi-  spanwise direction. The former observation suggests the sig-
tioned on the orientation oé,, was also evaluategnot  hificance of persistent straining. Later in tini8t=6),
shown). Distributions of((), 7eﬁ>e for a given conditional tends to orient towards the spanwise direction due to ampli-
sample are similar in all three flows and indicate that thdfication of w. We also observe a tendency for redirection of
most probable orientations af, are generally associated €. away from the spanwise directidfrig. 10(c)] consistent
with moderately low rotation rates which will tend to have with the associated negati%(ézea_eﬁ)ea. In the RHIGH flow,
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FIG. 12. Joint probability distributions indicating the angles of orientati@gf, 6ya.) Of €, for QIl, Q0, and QIV conditional samplega)—(c) nonlinear,
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the relative significance ab is much weaker and may ex- We now consider characteristics dfin more detail. As
plain the higher probability foe, to remain in this direction discussed earlier, the effects b, ; are significant in Qll
[Fig. 8(c)]. Strain-dominated regions may thereby sustain anfegions of the flow. Figure 14 shows a scatter plot of the
isotropy in the flow as , increases. locally- and nonlocally induced rotation terms in E.7)



860 Phys. Fluids, Vol. 12, No. 4, April 2000 K. K. Nomura and P. J. Diamessis

3
80 e e - 180 L
150F 410 0.0133 -
120F 120 0.0120 -
20 490 0.0107 i
F 3 0.0093 2F
6oF 360 0.0080 -
2 OF 430 0.0067 —_ |
S oE E 0.0053 lan
> 0F <0 =
fan) 3 3 0.0040 1
0F ERS 0.0027 S T
60 ER } < '
60 5 3 60 0.0013 \% I
90 F +-90
-120F 4120 :l -
-150 F 4-150 - )
SWEEE FRENE FERNE INNEE FNETE FRREE FREEE FRENE
180 7575 05 025 0 025 05 075 17180 0 I
SiN(6 er) [
(a) eg -
_1 L L L 1
-4
180 rrr e e e 160
150F , 3750 I 0.0300
120 ) 4120 0.0267
) ( 490 0.0234
E W E 0.0202
L] I E A 0.0169
$0F 30 5 0.0136 s
8 oF 3 4 0.0103 i
>0VF 40
D 3 E 0.0071 -
o . R 0.0038 B
60 @ -0 0.0005 5
-90F 3\ 4-90 2
120 L/ // J-120 i
L a 3 p— =
-150 F 4-150 o
qgo B b b b b b b 0d 1 i
180 7-"5.75 05 025 0 025 05 075 1 180 3 -
S’ |-
Sin(6 ier) < 'T
= |
(b) e, PR
FIG. 13. Joint probability distributions indicating the angles of orientation 0
(Bpitch» Byan) Of (&) €5 and (b) e, for QO conditional sample in linear flow -
(RLOW?2 simulation—St6.0). B
_1 L i} 1 L
-4

for the QII sample in the nonlinear and linear RLOW?2 flows.
In the nonlinear flow[Fig. 14@)], the behavior is similar to
that in isotropic turbulencdeand indicates a strong negative

correlation, i.e., the nonlocally induced rotatioﬂﬁaﬁl(a
—pB) tends to counteract the locally induced rotation FiG. 14. Scatter plots showing correlation betweetil,;/(a—B) and
—w,054(a—B). The same behavior is exhibited in the —w,w/4(a—p) for Qll conditional sampl¢RLOW2—St=6.0); (a) non-

RHIGH and RLOW1 flows. As indicated by tI"(ﬁQ ) linear and(b) linearized shear flow. Values are normalized(ly?)/2.
' e(xieﬁ €

results, the implication is to effectively impede the rotation

of the strain axes by redirectirgg, . In Qll of the linear flow

[Fig. 14b)], values of— ﬁaﬁl(a—ﬂ) are reduced consider-

ably. In the case of Q@not shown, the behavior of the indicating the relative orientation od with each of the

nonlinear and linear flows are quite similar. In Q(&so not eigenvectors o8 andIl (here,d is the angle betweem and
shown, —I1,4/(a—B) tends to become uncorrelated with eigenvector. The nonlinear flow[Fig. 15a)] again exhibits

(b) linear flow

dominated regions. Figure 15 shows the conditional expec-
tation of co® conditioned on the value dfl (for |11 <0)

—w,wgl4(a— B), particularly in the higher,, flows. behavior similar to isotropic turbulencethat is, an increas-
As discussed in Nomura and Pdsthe correlation be-  ing tendency for to align withf, with increasing(positive
tween — w,w4/4(a—B) and —Haﬁ/(a— B) exhibited by II. This tendency is much stronger than that associated with

QIll events in isotropic turbulence is associated with thethe alignment ofw with e;. In the case of the linear flow
strong tendency fow to align with the eigenvectdy corre-  [Fig. 15b)], the tendency for alignment @b with f5 is not
sponding to the smallest eigenvalueldf ¢5, in rotation-  exhibited at high positivdl. In fact, there are no strong
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FIG. 15. Conditional expectation of c@ésindicating relative orientation
betweenw and each of the eigenvectors 8fandI1 (conditioned on the  FiG. 16. Joint probability distributions indicating the angles of orientation

value of Il with 111 <0) for (a) nonlinear and(b) linearized shear flow (Bpitcn Byaw) OF 1T eigenvectorfs, for QIl sample(RHIGH): (a) St=3, (b)
(RLOW2—St=6.0). St=9.

tendencies for any alignment in these regions. The prefererer of f; which is associated with the pressure field. As sug-

tial alignment that occurs is that af ande; which develops  gested by Fig. 1@) and the(Qe _¢ )e results, the induced
in regions associated witH ~0 which include QO events. g A e

This is, of course, an attribute of the uniform shear flow.
Probability distributions of the eigenvalues df in QlI
for the fully nonlinear shear flowinot shown indicate ¢4
values nearly zero while the other two eigenvalues are pos
tive. The physical implication of the alignment of with f5,
where¢;~0, in highll >0 regions is the presence of cylin- . . : .
drical spatial structure as indicated by the Burgers vorte)©s are es_tabillsh.ed in the strain be{ﬁqs.(?.l)—(z.Z)]: Prob- .
tube! As observed in Fig. 3] >0 regions do exhibit similar ability dlstﬂbutlons of the normalized strain basis
geometric structure. The spatial orientationfgfin QI re-  componentdl;; for the QIl sample in the nonlinear and lin-
gions of RHIGH is shown in Fig. 16. The location of the €ar flows are shown in Fig. 17. The behavior of the nonlinear
peaks are near those af [Figs. 5a) and 5b)]. However, flow is again similar as that of isotropic turbuleheehile the
there is a subtle difference in the shape of the distributiondinear flow exhibits distributions which are nearly symmetric
As the flow develops, the peaks faf maintain 6,,,= +90°  about zero. In QII regions of the nonlinear fi¢fig. 17a)],
indicating a strong streamwise component. It is expected thdhe diagonal components dominate and all three exhibit pre-
mean advection will incline these structures towards the&lominantly positive valuegrecall tf IT]=2lI =w2/2—~52)-
streamwise directiof This may explain the observed behav- The magnitudes of the off-diagonal componentsIbfare

rotation of theS axes througrﬁ tends to redirect, e.ge,
away from theS* -plane course. The absence of these effects
in the linear flow is indicated in Fig. 18) which showse,
maintaining higher values dficp-

Characteristics ofl are thus influenced by the proxi-
mate spatial structure. The implicationsldfon the dynam-
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shown), the distributions oft for the nonlinear and linear
n flow are similar consistent with the dominance of linear ef-
- T fects in these regions. In QI¥also not show) although the
- gw linear flow exhibits a more symmetric distribution, the diag-
——— Tl onal components remain somewhat negatively skewed.
010 1, Figure 18 shows the joint probability of tHé—111 in-
variants for the nonlinear and linear RLOW?2 flows. The non-
i linear flow [Fig. 18a)] is similar to those of RLOW1 and
RHIGH (Fig. 2) although the distribution is more confined
- ’ for 11>0. This may be associated with the greater signifi-
0.05 |- S A cance of the imposed mean strain as suggested by the Bur-
gers vortex model.In the linear flow[Fig. 18b)], the pref-
erence for the upper lefQIl) quadrant is not as strong and
the distribution of points in the upper half pland ¥0) is
more symmetric. As indicated by E.2), local  generates
positive strain in the orthogonal plane. In the nonlinear flow,
initial amplification of w, will promote positiveB. In the
linear flow, early time amplification of, will not directly
promoteg since this is a nonlinear effect. Probability distri-
butions of the principal eigenvalues for Qll in the linear flow
(not shown indicate a development towards symmetric dis-
tributions with the peak irB approaching zero. This is con-
sistent with the more vertical distribution of points observed
in the upper halfl — 111 plane(Fig. 18 and suggests devel-
opment towards a locally two-dimensional state in rotation-
dominated regions. In the nonlinear flow, a positive skew-
0.10 ness in the distribution o8 is maintained indicating active
- vortex stretching and associated energy transfer. In regard to
strain-dominated regions, the preference for the lower right
(QIV) quadrant observed in the nonlinear flows is main-

tained by the linear flow. This may be due to the effectélof
which tend to be retained in these regions.

Probability
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IV. CONCLUSIONS

This paper describes the structure and dynamics associ-
ated with the interaction of vorticity and rate-of-straits in
homogeneous sheared turbulence. In particular, characteris-
tics of S and the pressure Hessilln which previously have

(b) linear flow not been considered, are presented. The coupled dynamics of
. o and S are effectively described in the principal strain
FIG. 17. Probability distributions of the strain basis componéhsinor-  hasid \which distinguishes vortex stretching and rotation of
_mallzed by(w?)) for QI conditional sample(a) nonlinear andb) linear- the principal axes 08. The latter mechanism includes both
ized shear flo(RLOW2—St=6.0). : . ) . -2
local and nonlocal effects and is associated with misaligned
o with respect to the principal axes. Nonlocal effects act
through the anisotropic part &f. To investigate the dynam-
generally smaller andl,; is the dominant component with ics in detail, conditional sampling based on the invariants of
its peak occurring at a negative value. In QII regions of thethe velocity gradient tensor is employed. This differentiates
linear flow [Fig. 17b)], I appears to be nearly isotropic structure and assists in distinguishing various mechanisms by
(note in the linearized equations] Iit] # w?/2— S?). Visual-  considering the relative significance of rotation versus strain.
ization of high amplitude rotation-dominated isosurfaces inin general, the high amplitude conditional samples capture
the linear flow(not shown show elongated structures that the basic features observed in the total flow. Comparison of
incline from the streamwise direction with 6,;.,<45° and  the results with those of isotropic turbulence establish gen-
Oyaw~90°. However, based on the characteristicsIbf erality of the described dynamics; the underlying behavior of
these structures are not consistent with vortex tubes. It i® andS is found to be similar in these flows. In the case of
likely that these isosurfaces represent regions of concentratesthear, the physical implications of the associated mecha-
w? reorganized by mean advection rather than what are comisms and, in particular, the relevance of local geometry are
sidered to becoherentstructures. In the case of Q@ot revealed.
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Due to the imposed mean shear, the spatial orientation afal effects as represented by the restricted Euler equations in
o and the principal axes of exhibit distinct directional which isotropicIl acts to preserve the volume of a fluid
preferences. Initial stretching of fluctuating by mean ex- element with no directional distinction. In high amplitude
tensional strain and the presence of mean vorticity establish mtation-dominated regions in fully nonlinear flohl, exhib-
predominanimisalignment ofw with respect to the principal its distinct directionality with respect t@ due to the pres-
axes ofS. This results in locally induced rotation of the ence of spatial structure. In the corresponding regions of the
principal axes which establishes preferential orientatio8 in linear flow, such directionality does not exist. This indicates
thereby directing further development @f. As in isotropic  that the(nonlineaj influence of the surrounding flow is ab-
turbulence, high amplitude rotation-dominated regions areent, i.e., there is no spatiebherence
characterized by tube-like spatial structure as indicated by In general, the characteristics bf are similar in both
the strong alignment o with the eigenvector ofl corre-  isotropic and homogeneous sheared turbulence and is consis-
sponding to its smallegnearly zerg eigenvalue. This pro- tent with similar small-scale structure. Although the struc-
duces a counteracting nonlocally induced rotation of theures tend to exhibit preferential spatial orientation in the
principal axes which thereby affects the orientationSoin shear flow, this does not appear to affect measures in the
these regions. In the presence of mean shear, the eigenvestrain basis, e.g., thelative orientation of small-scale quan-
tors ofI1 in these regions also exhibit directional preferencetities. We expect that the effects associated with the mean
which may include the influence of mean advection. In re-flow will be weaker in flows with highr ,~Re,/Sh. The
gions with significansS, the behavior of the principal strains shorter timescales result in considerable variation in spatial
effectively enhances the rate of rotation of the strain axes sorientation of the principal axes. In particular, rotation-
that it remains important. In regions where battandS are  dominated regions are controlled by fluctuatiagand thus
significant, reorientation of th8 axes will contribute to am- tend to exhibit increasing variation as the flow develops.
plification of spanwisaes which, in turn, will affect the rela- However, as the present results show, preferential orientation
tive orientation ofw. The S axes tend to equilibrate in these of the S axes, particularly in strain-dominated regions, is
regions as a result of this feedback. These primarily lineamaintained in the high,, flow. It is, therefore, not clear that
effects result in a predominance of spanwise and vertical directional features will be eliminated with high,. The
In high amplitude strain-dominated regions, the orientatiorcontinualpresence of the mean vorticity and strain may be a
of the S axes is particularly sensitive 1q,= »'/S since the significant factor in the dynamics despite their relatively
extent of rotation of the axes is dependent on local geometrweak magnitudes.
which is associated with the relative significancewof
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