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The structure and dynamics of stably stratified homogeneous sheared turbulence is investigated in
terms of the triadic interaction of vorticity, rate-of-strainS, and scalandensity fluctuation
gradientG=Vp'. Results of direct numerical simulations are presented. Due to the presence of the
mean velocity and scalar gradients, distinct directional preferences develop which affect the
dynamics of the flow. The triadic interaction is described in terms of the direct coupling of primary
mechanism pairs and influential secondary effects. Interactian afd S is characterized by the
coupling of vortex stretching and locally-induced rotation of theaxes. Due to the intrinsic
directionality of baroclinic torque, the generatedacts to impedé& axes rotation. Interaction @b

andG involves an inherent negative feedback between baroclinic torque and reorienta@oloyof

. This causes baroclinic torque to act as a sink which promotes deaas; dfiteraction ofS and

G is characterized by a positive feedback between differential acceleration and gradient
amplification by compressive straining which promotes persistence in vegidalhigh-amplitude,
rotation-dominated regions of the flow, differential acceleration effects enhance the attenuation of
vertical  while shear and baroclinic torque tend to maintain horizomtal This leads to a
predominance of horizontal in these regions which manifests itself@dlapsedvortex structures.

As the flow develops, the third invariant of the velocity gradient tensor tends towards zero indicating
locally two-dimensional flow. ©2000 American Institute of Physids$s1070-663(00)00905-3

I. INTRODUCTION cal and nonlocal effects and is associated with misaligned
with respect to the principal axes. Locally-induced rotation
Stratified sheared turbulence occurs in many environof the S axes acts to orient misaligned towards the direc-
mental and engineering flows. An improved understandingion of either the intermediate or most compressive principal
of the associated physics is essential for more accurate detrain; the former associated with longer duration events
scriptions and prediction of these flows. An important aspectmore probable stateNonlocal effects, which include the
of turbulence is vortex stretching, that is, the interaction ofinfluence of the proximate spatial structure, act through the
vorticity w and rate-of-strairS. This is a primary mecha- pressure Hessidd.In homogeneous shear, the above dy-
nism through which energy is transferred to the small scaleshamics are influenced by the imposed meaandS.*® As a
Physical experiments and numerical simulations have reconsequence, the spatial orientationefand the principal
vealed various geometric properties and the presence of diaxes ofS exhibit distinct directional preferences.
tinct small-scale structure iw and S in unstratified The structure ofv in stably stratified turbulent flows has
turbulence’"*2 For example, results from direct numerical also been investigated. Physical experimEntsport a col-
simulations (DNS) of homogeneous turbulence show that|apse of vortex structures and a predominance of horizontal
moderate to intense tends to concentrate into sheetlike, ». DNS of isotropic and homogeneous sheared turbulence
tubelike, or filamentary structuréd:®!%*2 Hairpin-shaped with stratification report similar behaviét:X’~*In the case
vortex structures are also observed in homogeneous sheaf homogeneous shear, both subcritical and supercritical Ri-
flow® and may be particularly active sites for momentum andchardson numbers Ri are considéfed:182%(subcritical Ri
scalar transport! In both isotropic and homogeneous flows exhibit growth of turbulent kinetic energy whiseiper-
sheared turbulence, a preferential alignmentwofvith the  critical Ri flows exhibit decay With increasing stratifica-
intermediate principal strain eigenvector is obserVéar-  tion, w exhibits an increased tendency to orient in the hori-
ticularly in regions of high magnitude andS. This can be  zontal plané’ In subcritical flows, horseshoe, hairpin, and
explained in terms of the coupled dynamics@fandS in  serpentine shaped structures are obset/&tin supercriti-
the principal strain basi. In this reference frame, vortex cal flows, these structures are reportedly transformed into
stretching and rotation of the principal axes®fare effec-  ring vortices or sheets and streaks. Thén these flows is
tively distinguished. The latter mechanism includes both lo-predominantly horizontal. The role of these structures in mo-
mentum and mass transport has also been investigatéa.
Aphone:  858-534-5520; Fax:  858-534-7599: electronic  mail: SIMplified mathematical model for the low Froude number
knomura@ucsd.edu (high Ri) dynamics of a strongly stratified, weakly sheared
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flow has been developéd.However, these exact solutions Dw; Pw; g
are laminar and therefore cannot describe the complete dy- ;7 ~ Sipwr T+ Vé,xké,xk - %EiﬂGj 2.9
namics in a turbulent flow. vone;r;:hing _—
The previous studies of stratified turbulence considered baroclinic torque
the characteristics ob. However, based on our studies of DS, 1 2
unstratified homogeneous turbulerté? it is evident that L= S p— H 0,0, — 80p0p) — = = P
the coupledinteraction ofw and S must be considered in Dt p 0X;0%;
order to fully understand the associated dynamics. With strain gen./rot.
shear(mean velocity gradiehtand stratificationmean den- (925,,]_ g
sity gradient, directional features im andS will influence Txron, Z_pO(Gjéi3+Gi5j3) 2.2
the behavior of the scalddensity fluctuatiop gradient,G ”
=Vp'. Characteristics of the passive scalar gradient in ho- differential acceleration
mogeneous sheared turbulence have previously been 5
; 522 . DG; 9*G.
considered:>?? In the presence of buoyandygravity ef- —=—5.G, +%8ijkijk +D—! 2.3
fect, p is an active scalar, thu§ is an active vector which Dt —— —— 0x 0%
will influence the dynamics ok andS. Previous studies of straining totation

stably stratified homogeneous sheared turbulence which con-

sider G are limited. The generation of temperature micro- . . .
fronts (regions of high temperature gradipatas considered Interaction betweemw andS includes vortex stretching and
strain generation andS axes rotation(2.1)—(2.2). The

for the case of sub'critical siabie strgtification by examiningcoupled dynamics of2.1)—(2.2 in unstratified homoge-
the influence of pairs of hairpin vortices on the local tem-noqus turbulence are discussed in detail elsewRefanflu-
perature field"* Experimental measurements of the scalargnce ofw andS on G is through amplification/reorientation
gradient field have recently been obtained by Keller and Varby S and reorientation by (2.3). In the presence of buoy-
Atta.?* Their study shows characteristics of the scalar gradi-ancy’ there is direct feedback @fthrough baroclinic torque
ent for varying degrees of stratification. generation ofw (2.1) and through differential acceleration
As described below, the dynamics in stratified turbu-driven S (2.2). Thus, at a primary level, the triadic interac-
lence will involve a complex fully coupled interaction be- tion can be considered in terms of tfwbrect coupling of the
tweenw, S, andG. To our knowledge, this interaction has following mechanisms; vortex stretching and strain genera-
not been previously considered. We therefore investigate thon and axes rotations andS), gradient reorientation and
coupled triadic interaction in order to provide a more com-Paroclinic torque ¢ andG), and gradient amplification and
plete description of the physics of stratified turbulefoete differential ac_celeratlon$ andG). The associated termg are
that here we use the term “triadic interaction” in the genericL“"derbr""c,ed in2.1-(2.3. At the secondgry Ievgl, various
sense regarding the three quantities.S, andG, and not in repercussions of these coupled mechanisms will occur. The

X . results presented will demonstr he predominant interac-
reference to triadic interactions in wave number spaRe- esults presented demonstrate the predominant interac

o tions.
sults from DNS of stably stratified homogeneous shear flow

are used in the analysis. To investigate the complex dynam-
ics in detall, conditional sampling based on the invariants of!l- DIRECT NUMERICAL SIMULATIONS

the velocity gradient tensor is employed. This assists in dis- pDNS of homogeneous sheared turbulence with uniform
tinguishing various mechanisms by considering the relativetable stratification was performed for this study. Figure 1
significance of rotation vs strain. We begin with a brief de-shows profiles of the mean velocity(x3) and density
SCfiption of the dynamiCS under analySiS. This is followed by;()(g) The gradients of the Veiocity and density are denoted
presentation of the DNS results. by S=dU/dx; and Gz=dp/dxg, respectively. Relevant
nondimensional parameters include the turbulent Reynolds
number based on the Taylor microscale,,Re\/v, the
Shear number, Sh(v?/¢)/(1/S), and the Schmidt number,
Sc=v/D. Here,v is the rms velocityg is the energy dissi-
Il. DYNAMIC INTERACTION pation rate,v is the kinematic viscosity, anB is the mass
) ] ) . diffusivity. The relative significance of stratification to mean
We consider an incompressible flow as described by thgnear effects is characterized by the Richardson number, Ri
Navier—Stokes equations with the Boussinesq approximation. \j2/g2 — (—g@/po)/sz, where N is the Brunt—Vaisala
for the fluid densityp. In the presence of stratification and frequency,g is the acceleration of gravityacting in the
buoyancy, p is an active scalar and additional physical negativex, direction, and p, is a reference density. The
mechanisms are present. The behaviorswadnd S are in- governing equations describing the flow are the time-
fluenced by the gradient of the density fluctuatio®, dependent continuity and Navier—Stokes equations with the
=Vp'. Thus,w, S, andG represent a coupled triadic sys- Boussinesq approximation for the density. The computa-
tem. The associated evolution equations are, tional domain is a finite cube containing £28rid points.
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FIG. 1. Sketch of mean velocity and density profiles and coordinate system.

Periodic boundary conditions are employed in tke With regards to stratified turbulence, according to Gib-
(streamwisgandx, (spanwisgdirections and shear-periodic son’s fossil turbulence theofy;, 3! the evolution of a stably
conditions in thex; (mean gradientdirection?® The simula-  stratified homogeneous shear flow can be divided into three
tions are initialized with a fully developed isotropic turbulent distinct phases. In the first phase, sirear dominated flow
velocity field and zero scalar fluctuations. The numerical sothe development of the small scales is controlled by the
lution employs a pseudospectral mettfodihe criterion?®  shear. During this time, the behavior of NB and HB are
nKkmaxc>1, was used to check for adequate grid resolution. Irsimilar. The second phase is marked by theset of buoy-
addition, the two-point velocity correlatiofRy4(r;) was ancy controlwhere the small scales begin to feel the effects
evaluated as a suitable check for validity of periodic bound-of buoyancy. At this time, characteristics @fandS in NB
ary conditions in the, direction® and HB begin to differ. A quantitative criterion for the onset
Initial parameter values for the results presented here aref this phase is the departure of the behavior of density from
Re,,=20 and Sh=3.2. In addition, Se0.7. Two cases are that of a passive scalaf.Examination of the time evolution

considered. In the case NB, buoyancy is absgnt@), thus ~ Of the rms components o& [Fig. 18a)] shows that this
Ri=0. In the case HB, buoyancy effects are significant (Rideparture occurs at approximately=8t (which corresponds
=1) and the flow is supercritically stratified. Note that in theto Nt=1, or one Vaisala perigd The third phase is that of
results presented here, time is nondimensionalize& by  buoyancy dominated flowor completefossilization where

the case of RE1, sinceN=S, nondimensional time St is buoyancy effects dominate the small scales. This occurs late
equivalent to Nt. From the computed flow field, variousin the evolution of the flow. Results which follow will be
quantities associated with the velocity and scalar gradienteresented at times $0.5, 2, and 6. The latest time, =8,

are evaluated. The rate-of-strain tenSorthe vorticity vec- ~ corresponds to approximately the end of the second phase.
tor w, and the scalar gradienG, are computed from the We thus consider the behavior of the small scales during a
spatial derivatives of the instantaneous velocity and scalar &eriod in which turbulence remains active and shear and
each grid point and at each time. Fr@nthe three principal buoyancy effects may strongly interact.

eigenvalues ¢=pB=vy) and corresponding eigenvectors

(€., €3, €,) are evaluated. B. Conditional sampling

In the results to be presented, conditional statistics asso-
ciated with distinct high-amplitude events are considered.
These provide detailed information concerning the structure
A. General flow evolution and dynamics ofv andS. Recall that thdocal flow can be
characterized in terms of the invariants of the velocity gra-
dient tensor. For an incompressible flow, the three invariants
can be expressed &5,

IV. RESULTS

In the nonbuoyant NB flow, beyond a short period of
decay due to the initial isotropic conditioASthe turbulent
kinetic energy increases in time for the duration of the simu

lations. In contrast, the kinetic energy rapidly decays in the  |=—(a+8+1y)=0, 4.2
HB flow as expected for supercritical stratification. The en- L )
ergetics and evolution of large-scale quantities in stably I1=3(02=S5%), 4.2

stratified homogeneous shear flows have been investigated in
previous DNS studie®»?°?%27|n this study, we focus our
attention on small-scale quantities, i.e., gradients of the vewhere, 8, v, are the eigenvalues &. Thus, Il indicates
locity and scalar. Note that,,=Re, /Sh~(w')/S=6.25,  the relative significance ob and S while Il indicates the
which indicates the significance of fluctuating vorticity to structure ofS and the nature of interaction ab and S.
mean vorticity in the initial flow. Details of the unstratified Figure 2 shows the joint probability of Il and Il for the NB
homogeneous shear flow, including implicationsrgf, are  and HB flow fields. The values of Il and IIl are normalized
discussed elsewhet®. by (w?) and(w?)®? respectively, for the given time. The

=—-aBy— %(awi-i—ﬁwzﬁ-l— ya)i), 4.3
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zero discriminant D=0) curve which separates complex ancy, the nature of these structures changes as Ri increases.
and real eigenvalues is included in these plots. In both casekigure 3 shows isoscalar surfaces of high-amplitudeOll

the highest probability occurs at the origirecall for homo-  (rotation-dominater for both the NB and HB flows. The
geneous flows? (11)=0 and(lll)=0). In addition, high- typelike structure characteristic of these regions is clearly
amplitude 1l exhibits a preference for the upper left (Il oyigenced in the flow without buoyaniB, Figs. 3a) and

;gis”:s Os Stl)ls)earng dlq\lgvirtr:iegrhtt (rIbK Ict)a’r:!cl de?é?\lA\//g ?#;2' 3(b)]. Due to the effects of mean shear, these structures ex-
' vedl urbu ' hibit distinct spatial orientation. In the side vidig. 3(b)],

fore consider conditional samples associated with these to-

pologies. Each conditional sample will be referred to by thethe tubes are seen to orient at approximately 20°-35° up-

particular quadrant of the I1—Ill plane, i.e., sample QIl con-Wards from the horizontal while the top viejFig. 3@)]
sists of high-amplitude rotation-dominated regions (llindicates a developing inclinatioh towards the spanwise
>0, I11<0) while sample QIV consists of high-amplitude (X2) direction. In general, tubelike structures persist in high-
strain-dominated regions (10, llI>0). In addition, we amplitude I>0 regions in flows with buoyancy for low Ri.
consider a sample QO which consists of high-amplitudeAs Ri increases and the flow becomes supercritjtéB,
events with comparable rotation and strain{@). The QIl  Figs. 3c) and 3d)], the structures tend to flatten and col-
and QIV samples are limited to high-amplitude regions bylapse towards the horizontal plane of the flow. Figure 4
VIE+I1"=ry,, wherery, is a selected threshold. A thresh- shows structures associated with regions of high-amplitude
old on QO is imposed by copS|dgr|ng2>rth(w2>. Ineach  ang comparable rotation and strai@0). In the NB flow
sample, the threshold levey, is adjusted so that the sample [rjos 44) and 4b)], wavy, sheetlike structures are observed
size is approximately 5% of the total grid points. In general, the wavy attribute refers to the large undulations of the

we expect that these high-amplitude events will more clearl . . .
: i . L structures rather than the small ripples which are an artifact
display and emphasize the associated characteristic behavio

for the sampled region. Results from our previous analysis o?{ the graphics These structures have significant spanwise

homogeneous shdardemonstrate that these high amp"tudeextent[Fig. 4(a)] and are also inclined from the horizontal
conditional samples capture the basic features observed [fig- 4b)]. In the HB flow[Figs. 4c) and 4d)], the span-

the total flow. wise extent of the structures is considerably reduced. The
wavy feature is eliminated and the structures become dis-
C. Spatial structure tinctly planar as seen in the side vi¢fig. 4(d)]. In general,

As discussed in the Introduction, high-amplitu@? re- high-amplitude strain-dominated I0) regions in shear

gions in homogeneous turbulence are associated with boffPW (not shown are not as geometrically distinct as
tubelike and sheetlike spatial structures. These are effectivekptation-dominated or QO regions and tend to be more dis-
distinguished by considering the second invariantRefs. ~ continuous. The associated structures also tend to incline
10 and 15 (the significance of Ill with regards to structures from the horizontal, the inclination being significantly less in
has also been considef®d With stratification and buoy- the HB flow.
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FIG. 3. Three-dimensional visualiza-
tions (64 subdomain of computa-
tional grid) of high-amplitude rotation-
dominated (I1>0) regions in
homogeneous shear flow at time
St=6: (a) Ri=0, top view, (b) Ri=0,
side view, (c) Ri=1, top view, (d)
Ri=1, side view. Isoscalar surfaces
correspond to threshold magnitude of
1=0.35w?) for Ri=0 and I
=0.4w?) for Ri=1.

(b) Ri =0, side view (d) Ri=1, side view

D. Interaction of w and S fied flows*1"~2°Figure 7 shows the orientation af’ for
We now consider the spatial orientation f and the each of the conditional samples. The directional features ob-

principal eigenvectors o§. In general, the orientation of a S€rved in the overall flowgFig. 6) are now associated with

vectorV in Cartesian coordinate space can be defined by ththeir contributi_ng regions. The characteristics of each of the
angle pair @pitch, Oyan) Where by, is the angle ok/ from its samples are discussed below. _ _ _
projection on thex,—x, (horizonta) plane andd,,,, is the We_flrst cqn5|der the high amplitude rotation-dominated
angle of the projection from the positive-axis (see Fig. 5. Qll regions[Figs. 7a) and 7d), NB: ry,=0.35, HB:ry,
Since (0°,0°) is the orientation of the vorticity associated = 0-10]. At very early times (St1, not shown, both flows
with the mean sheaw, the angle pair defines the orientation €Xhibit similar features. The peaks in the jpds occur near
of a vector with respect to this reference direction. A joint (@pitch: fyaw) = (+45°,£90°) indicating initial amplification
probability distribution(jpd) of the angle pair may then be in the direction of the mean extensional stragg, As the
used to determine the most probable orientation for a giveNB flow develops,| 6| decreases whilgd,,,| increases.
sample. Due to an inherent bias which exists in the definedt St=2 (not shown, the most probable orientation corre-
geometry’® sin g, rather thandy, is used in the angle sponds to ¢35°,+105°). As the flow further develops,
pair jpd to correctly indicate the probablé ., Oyan) - Opitch Stabilizes at about-20° while 6y,,, increases and then
Figure 6 shows theficn. 6yay) jpds for fluctuating vor-  maintains at approximately 120° [Fig. 7(@)]. In the buoy-
ticity ' = w— w in the NB and HB flows at S$t6 (onset of ~ant HB flow [St=6, Fig. 1d)], a significant reduction in
buoyancy control in HB Note that in both flows|@ye|  pitcn Values along with the development of spanwise
<45° and| 6,,,) >90° prevail. The distributions also tend to (0°,0°) is observed. The distribution essentially develops to-
follow an underlying reverse “S” shape. The significance of wards thef,;.,=0° axis. The corresponding orientation of
these attributes will later be explained. In the HB flpig.  instantaneous in both flows is generally consistent with the
6(b)], the jpd shifts towards thé;,=0 axis which corre- behavior of the corresponding structurfisigs. 3c) and
sponds to the horizontal plane. This is in agreement with th&(d)].
previously reported predominance of horizonialin strati- Figures Tb), 7(e) show results for the QQcomparable
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FIG. 4. Three-dimensional visualiza-
tions (64 subdomain of computa-
tional grid) of high-amplitude, compa-
rable rotation and strain(ll~0)
regions in homogeneous shear flow at
time St=6: () Ri=0, top view, (b)
Ri=0, side view,(c) Ri=1, top view,
(d) Ri=1, side view. Isoscalar surfaces
are conditioned bys>2(w?).

(b) Ri =0, side view (d) Ri=1, side view

rotation and strainregions. In the NB flow at very early ¢, and 6,4, although positive spanwise’ dominates. As
times, the jpds again indicate initial amplification alosg the flow developsg,c, values are reduced ard is limited

In time [Fig. 7(b)], significant positive spanwise’ (6y,, primarily to the positive spanwise directi¢fig. 7(e)]. Re-
=0°) develops. This is accompanied by a range of values ofall that in the corresponding isosurfadésgs. 4c), 4(d)],
Bich Which may be associated with the wavy feature exhib-the wavy feature is eliminated and the structures tend to be
ited by the isosurfaces of these regidfigs. 4a), 4(b)]. In rather planar.

the HB flow at an earlier time, there is greater variation in  The orientation ofw’ in the strain-dominated QIV

sample is shown in Figs.(@), 7(f). In the NB flow at an
earlier time (S&2, not shown, the jpd follows a reverse
3 “S”-shaped curve with peaks corresponding to approxi-
' mately (=30°,=120°). As in QO, in timgFig. 7(c)], sig-
nificant positive spanwis@’ develops which is accompa-
nied by a range oy, In the HB flow [Fig. 7(f)], the
prevalence of positive spanwis€ is established earlier in
time. The reverse “S”-shape is also evident in these distri-
butions.

Before examining the spatial orientation of t8esigen-
vectors, we consider the interaction @fand S in homoge-
neous shear flow without buoyancy effects. This is discussed

1 in detail elsewheré® Here, we summarize what is needed to
understand the presented results. The associated dynamics

FIG. 5. Definition of the angles of orientatiol i, 6,a,) Of a vector in 3D al’_e k_)eSt des_cribed_bylSconside_ri_ng E(@l)—(ZZ) in th_e
Cartesian coordinates. principal strain basi$?!® In addition to direct interaction
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FIG. 6. Joint probability distributions indicating the angles of orientatigg,, 6ya,) of @’ for total flow (St=6): (a) Ri=0, (b) Ri=1.

through vortex stretchingy andS interact through locally- [total flow, Figs. %a)-9(c)], the distributions fore, and e,
and nonlocally-induced rotation of the principal axes andgenerally follow theS™-plane curve while that o¢, follows
through generation of strain. The induced rotations are ass¢he S™-plane curve. Similar behavior is observed in the QI
ciated with misaligned» with respect taS. As indicated by and QO sampledFigs. 1@a)-10(c), Figs. 11a-11(c)],
restricted Euler equatioris;*?locally-induced rotation of the Wwhile in the QIV sampldFigs. 12d)-12(f)], e, ande; have
principal axes acts to orieni towards the direction of either essentially switched locations by the time shown. As indi-
the intermediate or most compressive principal strain. cated by the strain basis equatidfs’ the rates of locally-

In the early development of homogeneous shear How, induced rotation are proportional to the vorticity compo-
amplification ofw’ in the direction of the extensional strain nents, e.g.,

of the mean sheae, , prevails. A schematic of the geometry

is given in Figs. &), 8(b). The presence of mean vorticity De, ep=———( to,0p +10,,) (4.4
. . e . Dt BT =gl @a%s ap):

establishes @aredominant misalignmemtf » with respect to —_—

the principal axes ofS which results in a locally-induced locally-induced

rotation of theS axes® [Fig. 8b)]. If the ei tors o8
eS axes” [Fig. 8b)] © elgenveciors ot We may then expect these effects to be particularly signifi-

|n_|t|ally Comtlde W'th those of the_ mean shear, "efl“ ®  cantin QIl regions of the flow. However, the tendency for
(8=0), ande,, the induced rotationl{e,/Dt-eg) will re- 15 approachn in high S? regions effectively enhancésthe
oriente, andeg in the plane comprised af, andeg. This  rate of rotation ofe,—e; (De,/Dt-eg) by increasing the
plane corresponds to a reverse “S”-shaped curve in therefactor in Eq(4.4). This explains the observed behavior of
(Bpitch» Byaw) Plot [Fig. 8(c)]. We will refer to this plane as QIV in NB [Figs. 12d), 12(e)]. In regions with significant
the S™-plane. The sense of rotation is such thats directed  strain, the induced rotation and associated reorientatiey of
towardsw (restricted Euler dynamigsFurther amplification  towards the spanwise direction is accompanied by amplifica-
of " will occur along the reoriented principal axes. If this tion of spanwisew as evidenced in Figs.(@), 7(c). In gen-
mechanism is significant and persistent, we expgc{and eral, the directional features of ti® axes in the total flow
instantaneous) to orient in theS" -plane. The distributions  [Figs. 9a)—9(c)] are captured by the Q0 and QIV samples
in Figs. 6 and 7 show some tendency to follow Sieplane  [Figs. 11a)—11(c), 12(a)—12c)].*®> With regards to nonlocal
curve consistent with the described dynamics. In general, theffects!?®recall that high-amplitude rotation-dominated re-
presence ofw’ in other directions(isotropic initial condi-  gions are associated with tubelike spatial structifas.
tions) will cause the rotation of the principal axes to vary. In 3(a), 3(b)]. This generates a counteracting nonlocally-
particular, misalignea in the e;—e, plane induces rotation induced rotation of the principal axes in QIl which acts

of e, andez about the axis ok,. The sense of rotation in throughﬁa,ﬁ in Eq. (4.4). In QIV, the counteracting nature

this case is such tha, is directed toward®. Theez—e, or  of I is not present and locally-induced rotation readily oc-

S -plane corresponds to frward S-shaped curve in the s in these regions.

two angle plot® The simultaneous reorientation of the three We now examine the orientation of tieeigenvectors in

principal axes may result in rather complex orientationSin  yg \where buoyancy effects are present. Figuréd-99(f)

andw. o _ _ shows the jpds for the total flow at time =& (onset of
~Evidence ofS-planedynamics is apparent in the orien- poyancy control These results suggest a reduction in

tation of the eigenvectors @& (Figs. 9-12. In the NB flow  |ocally-induced rotation of th& axes as compared with NB
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[Figs. 98—9(c)]. The distributions in the Qll samplé-igs.  toward that of the imposed mean shear as the turbulent fluc-
10(d)-10(f)] generally resemble those of the total flow. We tuations are damped out by buoyancy.

note thate, [Fig. 1Q(f)] exhibits higher values ofy, than In general, the mechanisms associated with the interac-
that corresponding to NBFig. 10c)]. In the QO sample tion of w andS in NB remain active in HB for the consid-
[Figs. 11d)-11(f)], although there is some indication of gred time interval. Differences in behavior of HB are due to
Splane dynamics occurring, the orientation of the eigenvecihe additional mechanisms associated with the active scalar

tors does not s!’]ow significar}t variation, i.e., the di§tri_bUti0nsgradient. In order to understand these dynamics, we will first
are rather confined. In QIVFigs. 12d)-12{)], the distribu- look at the case of a passive scalar gradient and the associ-

tions of e, ande; tend to follow the_S*-pIa_me curve, how- ated(one-way interaction with the flow field.
ever, e, and e; do not attain the orientations exhibited by
QIV in NB [Figs. 12b), 12(c)]. As will be discussed,
locally-induced rotation of the strain axes is impeded in this
flow. At later times (St 6, not shown, the orientation of the We now consider the behavior of the scalar gradi@nt
strain axes in the total flodand conditional samplgsends in shear flow without buoyancyNB). In this caseyp is a

E. Passive scalar gradient dynamics
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passive scalar and the dynamics®#fre one-way coupled to GRY5 generating, respectively-G; and =G, (—30°

» andS [Eqg. (2.3)]. A decomposition of the field variables <, ,,<—150°). Through this mechanism, the correlations
into their mean and fluctuating components is applied to Ew,G,)<0 and{w,G,)>0 are established which lead to
(2.3) resulting in the evolution equation for fluctuatir@; {01G,— w,G1)>0 (GR6, GR7. As indicated in(4.7), this
The component equations are written here without the diffuresults in the promotion of- G;. By St=6 [Fig. 13b)],

sion terms and, hereafter, the primes indicating fluctuatinggpitch~7o° indicating significant positive vertical fluctua-

components are dropped, tions, + G;. Gradient amplication bys;3<0 (GS3 acts to
maintain this component. At the same time, sinte is
DG, B significant, reorientation of- G gives rise to+ G, (GR4).
D7 - SuGi+S1uGr+ 81565+ 851565) Accordingly, the distribution extends out towards,,
— =0°,+180°[see arrows in Fig. 1B)].
GS1 GS2 In the strain-dominated QIV regions, the dynamic<Gof
+ Y 0,65 + 0,63 — 03G) (4.5) are contro!led by interacti_on witls although _reorientation_
—_— — by fluctuatingw becomes important at later times. The ori-
GR1 GR2 entation ofG at St=0.5 [Fig. 13c)] favors 6,,,~90° and
DG, ) —40°< ?pitch<0°_- At E’:\rly.tlme, ll‘luctua.tlngﬁ is generatfad
D = — (851G +85G5+ 853G +8,3G5) through interaction of5; with S, in particular,G is gmpll—
fied alonge, and attenuated alorg, (GS2, GS4. This pro-
+H 0,6, — ©,G3 — 0,G3) (4.69 ~Motes+G; and — G consistent with the orientations indi-
—— — —— cated in the jpd. During this timé tends to orient neae,
GR3 GR4 GRS andG? increases significantly due to the high magnitudes of
DG, B B compressive strain associated with this sample. However, at
=—(85451G;+S3,G,+ S33G5 + 513G, + S33G5) St=6 [Fig. 13d)], the orientation ofG shows the growing
Dt — —_— significance of reorientation by. The prevailing+ w, and
GS$3 GS4 accompanying*- w5 act to reorient+ G, to produce— Gy
0,6y — 0,6, — 9,G) @7 (GR7) and =G, (GR3), respectively. The corresponding

trends in the jpd are indicated by arrows in Fig(d3Thus,
although|G| is amplified by compressive strain, reorienta-
tion by o remains significant in producing variations in the
orientation ofG.

The evolution and significance of the individual terms have ~ AS expected, the effects of both rotation and strain are
been evaluated for each of the conditional samples and tot4hPortant in QO regions. The corresponding orientatioGof
flow (not shown. The terms corresponding to the observediS given in Figs. 148), 14(b). At an early time[Fig. 14a)],
dominant mechanisms are underbraced. The associated phyd€ peak in the jod is associated with80°< fy4,< —150°

ics are described below. which indicates the presence of significanG,; and = G,.

As will be discussed, preferential orientationGnis es- ~ As in Qll, + w, and * », predominate at early time and act
tablished primarily by the prevailing fluctuating We recall  to reorient Gz generating—G; (GR1) and =G, (GRY).
the results of the previous section which charactetizen SinceS? is significant in QO, interaction o andG is also
each of the conditional samples. Early in the development ofmportant in establishing the initial fluctuations. The gener-
the flow, amplification of fluctuatings by the mean exten- ated —G; is amplified alonge,. The peak in Fig. 1)
sional strain promotes streamwise and vertical componentgssentially coincides with that ef, (not shown. In addition,
le., *w; and * w3, respectively. As a consequence of the amplification ofG; alonge, (GS2, GS4, significant in QIV,
Splane dynamics, streamwisew; and negative spanwise results in the appearance of events in the upper left quadrant
vorticity — w5 (| 6yq,) >90°) are promoted while- ws is re-  of the jpd. In time, the peak in the jpd develops towards
duced. These components are maintained for some time initch: —90° with 0°< 6,,,<180° [indicated by arrows in
QIl. In QO and QIV, Splane dynamics also occur and, in Fig. 14b)] which corresponds to-Gz; and +G,. In QO
time, lead to the development efw, which is accompanied  regions,+ w, becomes dominant and acts to reoriéngiv-
by = w3. Note, due to the presence of mean shear and thgg rise to+ G, and later— G; (GR2, GR7. The accompa-
imposed sampling conditions an?, a tendency exists for nying + w, results in* G, (GR3. Thus, as in QIV, although
QIl'and QO to favor+ w, and for QIV to favor—w, atthe  gradient amplification alone, is significant, the orientation
earliest times. of G tends to deviate from that @, due to the influence of

In the rotation-dominated QII regions, the dynamics of,.
fluctuatingG are dominated by reorientation by fluctuating The spatial orientation ofs associated with the total
w. The associated spatial orientation®fis shown in Figs.  flow is shown in Figs. 14), 14(d). At an early time of St
13(a), 13(b). At a very early timg St=0.5, Fig. 13a)], high  =0.5 [Fig. 14(c)], the jpd generally follows th& -plane
probabilty occurs  for |6pien| <45° with —30°<6yay  curve which corresponds to probable orientationsépin
<—150°. The significant+ w, and * w; associated with the flow. Later in time[Fig. 14d)], the orientation ofG in
these regions at this time act to reorigdg (terms GR1, the total flow is similar to that in QI[Fig. 13b)]. As shown

S’ S’
GR6 GR7
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FIG. 13. Joint probability distributions indicating the angles of orientati@f,, 6y, of G; for Ri=0: (a) QIl, St=0.5, (b) Qll, St=6, (c) QIV, St=0.5, (d)
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in Figs. 18a) and 18b), the evolution of theG components pressed here without the viscous teyms
in the total flow generally follows that of QIl. A secondary
peak in the jpd appears to be associated with Q0 and QIV

. . . . . D(l) _ _
events|Figs. _14b), 13(d)]. The_ orientation of pgssw@ in . 1 = § 140+ S 12y + S 1303 — RiG 4.9
the total flow is thus characterized by both rotation and strain Dt . )
events.
bo, o AR 4.9
F. Active scalar gradient dynamics D7 SuwitSnw; +RIG, (4.9
———

In the presence of buoyangy,is an active scalar and the

dynam_lcs ofw, S, gndQ represent a fully cou_pled system. The underbraced terms represent the fact that, in the presence
In pgrtlcular, density d|f.feren.ces between adjacent part|cle8f horizontal gradient fluctuations, i.et, G, or +G,, grav-

are influenced by gravity with consequences on the flowjty will cause heavy particles to sink while adjacent lighter
Two additional mechanisms are introduced in the dynamicgnes slide into their place thus generating a local rotational
of w andS. The first isbaroclinic torquewhich appears in  motion, i.e., baroclinic torque. The second mechanism is that
the horizontal component equations for fluctuatsag(ex-  of differential acceleratiorwhich appears in the evolution
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equation for aS;; component ofS (2.2), e.g.,Ss3,

2 2
DS33_ 5 (l)1+(l)2

+
Dt 33 4

_H33 _RZG3
—_——

(4.10

Figures 1%a) and 18b) show the orientation of fluctu-
ating G in the QIl sample of HB at $t2 and S&6. As
previously stated, at very early times €33.5, not showj
the behavior is similar to that in the passive cHSig. 13a)]
and a prevalence of G; and =G, is exhibited due to in-

teraction ofG; with + w, and = w4, respectively. However,

Physically, differential acceleration represents the enhanceas indicated in Eqs4.8—(4.9), baroclinic torque will gen-
ment of compressive straining when high density fluid oc-eratew of opposite sign to that which gave rise to the cor-

curs above that of low density, i.et;Gs.

Early in the development of the flow (8tl, shear-
dominated phagethe behavior ofG is similar to that of the

respondingG; component. This promotes the correlations
(0,G1)>0 (GR7) and{w,G,)<0 (GRY in Eq. (4.7) which
consequently give rise te- G (6pi1cn<<0) as evidenced by

passive gradient since buoyancy effects have not had suffthe appearance of events in the upper left quadrant in Fig.
cient time to influence the small scales of the flow. The cor-15(b) [not present in NB, Fig. 1®)]. Thus, at early time,
responding structure @ in each of the conditional samples baroclinic torque tends to act as a sink fof. As the flow

as well as the total flow at St0.5 is similar to those of NB  develops and sufficien® is present, baroclinic torque may

[Figs. 13a), 13(c), 14(a), 14(c)]. Beyond St1, the flow

become a source af. In general, however, the direct inter-

enters the onset of buoyancy control phase and the behaviaction of baroclinic torque and reorientation Gf by o is

of HB begins to deviate from that of NBee Fig. 18

characterized by an inherent negative feedback. This is fur-
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ther corroborated by additional simulations we have perthe development of the HB flow. The combined action of
formed (not shown in which initial scalar fluctuationgéand  baroclinic torque and differential acceleratiéand conse-
associate@) are present. In these flows, although baroclinicquent vortex contractiorthus lead to the observed predomi-
torque acts as a source @f at early times, the inherent nance of horizontab in these region§Fig. 7(d)] which cor-
negative feedback emerges at later times and the behavigispond to horizontal spatial structufgsg. 3(d)].

becomes similar to that of the HB flow presented here. In |, general, high magnitud® is associated with high?
regards to differential acceleration effects, we note &St e 15 gradient amplification by compressive straining. As a
.[F'g‘ 19a)], significant+ G, develops as in the NB flow. As result, baroclinic torque generation is significant in QIV and
indicated by Eq(4.10, + G promotes negativess. In QIl -, oo 5 source fap2. The orientation ofG in QIV is
regions of NB,w; is significant at early times and then de- shown in Figs. 1&), 15(d). At St=2 [Fig. 150)], two

creases at later times due to the dynamicsadnd S [see maxima are observed and indicate the presence of sianificant
Fig. 17b)]. The strain componer8s; tends to become nega- X! e indli pres signi
+G;, —G3 (upper left quadrantand also —G;, +Gjy

tive. With buoyancy,+G; leads to an enhance@reater -
probability) negativeS;3 which, consequently, results in an (lower right quadrant As in NB, interaction ofG; and S
increased attenuation @f;. This is indicated in Fig. 1@ Promotes+G; and —G; at early time. The presence of
which shows a higheb, for e,. Although the tendency + Gy generatest w, through baroclinic torqué4.9). The
for negativeS,; is also exhibited by the NB flow, differential enhanced spanwise vorticity at early tirffég. 7(c)] effec-
acceleration establishes significa®;<<0 much earlier in  tively impedes locally-induced rotation &, ande; by re-



Phys. Fluids, Vol. 12, No. 5, May 2000 Interaction of vorticity, rate-of-strain, and scalar gradient . . . 1183
4 075 -05 -025 0 025 05 075 1 4 075 -05 -025 0 025 05 075 1
180 P P AT T T 180 180 prrmr T e T T 180
150 : E 0.0032 9150 0.0025
120 =120 0.0029 =120 0.0023
90 Je0 0.0026 g9 0.0020
] 0.0022 ] 0.0018
oo E 0.0019 g E L 0.0015
;30 —30 0.0016 = =30 0.0013
8o ! 1o 0.0013 8 10 0.0011
B § 0.0010 N 0.0008
-30 -30 0.0006 g b -30 0.0006
60 ] 60 0.0003 H 80 0.0003
-90 ‘ -90 0
-120 -120 H 120
150 | \om 3 -150 -150 - -150
oS (R SN P imme SN NN WY = SR e Ml eI IAVENA IS D SYSVE BN
180 7075 05 025 0 025 05 075 1180 180 7575 05 025 0 025 05 075 1180
SiN(0 ;er) Sin(6;cp
(a) QO, St=2 (c) total flow, St =2
180 o0 025 0 02 08 O 4s0 05 02 0 0B 0 OB o
1eo 77'%° B 0.0047 150 . 00022
120 f =120 0.0042 120 0.0020
ool - - 0.0037 % 0.0018
| E 0.0033 0.0015
60§ 360 0.0028 60 0.0013
;30 7)) =30 0.0023 430 0.0011
8 oL Bl 0.0019 5 0.0009
P ] 0.0014 0.0007
-30 [ 130 0.0009 -30 0.0005
60 F 460 0.0005 H -60 0.0002
-90 00 H -90
-120 J-120 - H-120
150 4150 -150 | 2 150
S Libon e LEE Y LR ey NS CELEE DR »1HH.\.H.\HH.A.H.‘r
1807575 05 025 0 025 05 075 17180 180075 05 025 0 025 05 075 180
SIn(epitch) SIn(epitch)
(b) QO0, St=6 (d) total flow, St=6

FIG. 16. Joint probability distributions indicating the angles of orientati@, 6y, of G; for Ri=1: (a) Q0, St=2, (b) QO, St=6, (c) total flow, St=2, (d)
total flow, St=6.

ducing the degree of misalignment of with the eigenvec-  <0°). Recall that in NB at early time, amplification &5
tors(4.4). This is evidenced in Figs. 1@ and 12e) where a  along e, promotes+ G, and —G3 and thus results in the
reduction in the extent of rotation of the ax@s compared gppearance of events in the upper left quadrant of the jpd in
with NB) is observed. Note, in comparing the orientation OfFig. 14@a). Prevailing + w, acts to reorientG which pro-

G in NB [Fig. 13d)] and HB[Fig. 13d)], there is greater 05 G, (GR7) and leads to the orientation in Fig. (b4
probability for events withd,,,<0 andfy,>0 (lower right In HB, the presence of G, generatest w, through baro-
quadrank This is due to a positive feedback mechanism in-CIirliC t,orque Since? is also high in Q0G? is high and thus
volving differential acceleration. At very early times, the jpd baroclinic toquue is significant in this samgileomparable to

is similar to that in NB[Fig. 13c)] and indicates some oc- QIV). This results in a dominant spanwiseshown in Fig

currence of +G;. With buoyancy, +G; promotes — S;; 2 hich i th fOIV. i d&s .
through differential acceleratio@.10. This leads to amplif- (?) which, as in the .casg of QIV, 'mpe, a?<es rotation
(Fig. 11). The reduction inS axes rotation will affect the

cation of + G5 [GS3, GS4 in Eq(4.7)] which thereby estab- - ] , ,
lishes a positive feedback mechanism effective in maintainSUbsequent evolution @b. This may explain the difference
ing + G,. In NB, such a mechanism does not exist and therd? structure of these regiori§igs. 4c), 14(d)] which do not
is less occurrence of G, [Fig. 13d)]. exhibit the wavy feature observed in the NB flphigs. 4a),
Figures 16a) and 16b) show the jpds for QO regions 4(b)]. The G field also exhibits a more rapid appearance of
where rotation and strain are comparable. A key difference- G [Fig. 16a)]. This —G3 promotesS;;>0 through dif-
with QO in NB [Figs. 14a) and 14b)] is the earlier appear- ferential acceleratiofd.10 and, as a consequence, there is a
ance of events in the upper left quadrant of the jody{, rapid decay inG;| beyond St2.



1184

Components of v’

Phys. Fluids, Vol. 12, No. 5, May 2000

(a) total flow

w,-Ri=1
- - w-Ri=1
- w,Ri=1

Components of v’

P. J. Diamessis

(c) QO sample

and K. K. Nomura

w,-Ri=0 w,-Ri=0
- = = = w,-Ri=0 - = = = w,-Ri=0
. - w,-RI=0 - w,-Ri=0

o,-Ri=1
- - w-Ri=1
- wRi=1

35
w,-RI=0 3r w,-Ri=0
S- - e - ~o o
. $:-Ri=1 . 25p xf-nm
3 - - w,-Ri=1 S I - - wRi=1
) v wy-Ri=1 s [ <o opRiz1
2 £ 2F
c c
[ Q [
c c
8. ]
[~
E E
[+] -]
o o
0 L [ L M L L 0 L [ [ [ L L
0 1 2 3 P! 5 6 0 1 2 3 P 5 6
St St

(b) QII sample (d) QIV sample

FIG. 17. Time evolution of the rms fluctuating vortici&y components for R0 (plain lineg and Ri=1 (with O): (a) total flow and(b) Qll, (c) QO, (d) QIV
conditional samples.

The orientation ofG for the total flow is shown in Figs. three components decay until time=8&. At time S&3, w,
16(c) and 1&d). In general, as in NB, the behavior & begins to increase due to amplification of the mean vorticity
depends on both rotation and strain events. In NB, the presnd is accompanied by increasiag. The development of
ence of the mean gradient and shear leads to a preference thie total flow generally follows that of QIlI with increasing
+G3. In HB, although+ G5 persists,— G; is also signifi-  contribution from QO as the flow develops in time.
cant. The behavior of QO events appears to be more signifi- In the HB case, behavior @; andwz show competition
cant in HB as indicated by Fig. 16. Note that in HB, the jpd between shear and buoyancy effects. In [Bif. 17b)], w4
of G for the total flow exhibits a peak at,i,~80°, indi- initially increases due to mean shear effects and then (St
cating an even stronger preference fo6G; with increasing >1) drops rapidly due to the effects of differential accelera-
stratification. This is consistent with the experimental meadtion. The initial amplification inw; by mean strain is coun-
surements of Keller and Van Affawhich show gradients of teracted by baroclinic torque and, eventuatly, exhibits a
temperature becoming increasingly vertical in the negativelecay. In regards ta,, the initial decay is more rapid than
Xz direction with increased stratification. in NB due to baroclinic torque which acts as a sink during

The above analysis is consistent with the time evolutiorthis time. Later in time,w, remains relatively constant as
of the rms components @ andG. As discussed, the behav- baroclinic torque may act as a source &y and the interac-
ior of w is generally described by QIl and QO events. Figuretion of w andS promotes this component. In Q@®; andws
17 shows the evolution ab for the total flow along with QIl  exhibit a continual decay in time. The componestinitially
and QO samples. In the QIl sample in NBig. 17b)], both  decays until approximately StL at which time baroclinic
w1 andws initially increase due to amplification by the mean torque generation and shear effects act to maintain this com-
extensional strain whilew, decreases. Beyond S1, w, ponent for a short period of timf@lso observed in QIV, Fig.
continues to increase while; decreases. Later in time (St 17(d)]. As the flow develops, shear effects are reduged
>4), w, begins to increase due to further interactioneof call S axes rotation is impededBeyond St3, w, proceeds
andS. In the Q0 sample in NBFig. 17c)], the rms of all  to decay at a rate similar to that of the other two components.
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The total flow behavior of HBFig. 17@] shows a predomi-  regions of high amplitud&?. Results for NB are in agree-
nance ofw; andw, at later times which can be attributed to ment. The total flow[Fig. 19a)] shows(B)>0 while the
Qll'and QO events, respectively. QIV sample[Fig. 19a)] indicates3>0 for essentially all

The evolution of the rms components Gfis given in  gbservations in the sample. In HFigs. 19¢) and 19d)],

Fig. 18. In NB,G3 dominates and exhibits the greatest ratethe magnitudes of the eigenvalues are diminished and the
of increase in high strain regionQ0 and QIV.. However,  structure ofS is modified. The total flow distribution shows
the overall behavior of the total flow appears more similar tothe peak ing to be nearly zero. In the QIV sampl&ig.

that of QII. In HB, G5 remains the dominant component. As 19(d)], although the distribution in3 remains skewed to
discussed, beyond St, the behavior deviates from that in positive values, negative values occur. In general, the distri-
NB. Although G5 continues to increase for a short period, butions become more symmetric in time. The nearly zero
beyond St=2, a decay in all three components is observed(g) is also indicated by the third invariant Ill which tends
Computed values ofG3)/(GJ) (not shown show a more toward zero for all values of I[Fig. 2b)]. The implication
rapid growth rate in HB than in NB. Similar results have on the dynamics is a reduction in vortex stretching and as-
been observed in the experiments of Keller and Van #tta. sociated energy transfer, and$3 production.

They conclude that the combination of shear and stable

strgtlflcatlon, particularly for supercrltlcal Ri, enhances Fhev_ CONCLUSIONS
anisotropy ofG compared to the action of shear or stratifi-

cation alone.

The behavior of magnitudes Biis presented in terms of
probability distributions of the eigenvaluésig. 19. As pre-
viously reported;® (8)>0 in homogeneous turbulence.
Furthermore, there is an increased probability3f0 in

The structure and dynamics associated with the triadic
interaction of vorticityw, rate-of-strairS and scalafdensity
fluctuatior) gradientG have been investigated in homoge-
neous sheared turbulence with uniform stable stratification.
Although this flow is highly idealized, it contains two essen-
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tial components, i.e., shear and stratification, which allow the ~ We first summarize the basic mechanisms present in the
study of some of the basic physics of stratified turbulentflow without buoyancy(NB), in which one-way coupling
flows encountered in environmental and engineering applicaexists between the flow and scalar fields. The interaction of
tions. In the presence of mean shear and stratification, dire¢; and S, effectively described in the principal strain basis,
tional features inv andS will influence G. With buoyancy,  gre influenced by the presence of meanand S. Initial

any preferential orientation i@ will feedback onw andS. syretching of fluctuatings by mean extensional strain and
The associated dynamics are complex with interactingpe nresence of mean vorticity establish a predominant mis-

mechanisms. To assist in the analysis, conditional :samplingIignment ofw with respect to the principal axes 8t The
based on the invariants of the velocity gradient tensor 'Sssociated locally-induced rotation of tl$e axes leads to

considering the relative significance of rotation vs strain. In)f)referred orientations im andS. The behavior of passive

general, the high amplitude conditional samples effectivel))S controlle_d bye gnds. In _ro_tgtlon—domlr?ated Qll regions,
capture the main features of the flow. Results illustrate thé€ Pehavior ofG involves initial generation through reori-
close relation between structure and dynamics in stratifie@ntation of Gz by the prevailingw. Further development
sheared turbulence. The triadic interaction is described ifeads to significant+G; in these regions. In strain-
terms of the direct coupling of primary mechanism pairs anddominated QIV regions, fluctuatinG is established bys.
influential secondary effects. Gradient amplification by compressive straining is signifi-
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