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ABSTRACT

Direct numerical simulations (DNS) are carried out to
investigate the kinematics of vortical structures in a ho-
mogeneous shear flow. Generated longitudinal (stream-
wise) vortices are conditionally averaged over all the
computational region. The effects of the non-linear
term on their kinematics are investigated by comparing
the DNS and Rapid Distortion Theory (RDT) in both
high and low Reynolds number flow fields. It is found
that the strain rates in the vortical structure are gener-
ated by the effects of the non-linear term and closely
associated with the kinematics of the vortical struc-
ture. As the Reynolds number increases, the wrapping
of the streamwise velocity fluctuation around the vor-
tex is more enhanced to augment the strain rate inside
the vortex.

INTRODUCTION

In engineering flow problems, a turbulent shear flow
is one of the common subjects. Especially, the in-
ner region of wall turbulence, which has a large shear
rate, has been the subject of many investigations. By
accumulated experimental and numerical studies on
wall-bounded turbulent shear flows, it is confirmed
that there exist the quasi-coherent streamwise vortices
(Kline et al., 1967; Robinson, 1991). They are elon-
gated in the streamwise direction and found to play an
important role in generating the Reynolds stresses and
their redistribution (Robinson, 1991; lida and Nagano,
1998). Thus, the detailed study on the streamwise vor-
tices should give a useful insight into how to construct
a structure-based turbulence model, and provide a ra-
tional control strategy of turbulence.

A homogeneous shear flow has often been used to

study the effects of a mean shear on turbulence because
there is no solid boundary to suppress the velocity fluc-
tuations and the effects of the mean shear are more
marked (Rogers and Moin, 1987; Lee et al., 1990; Kida
and Tanaka, 1994; Matsumoto et al., 1994). Lee et
al. (1990) have performed the DNS of a homogeneous
shear flow with the shear-rate parameter almost equal
to a value at y* = 10 in a wall shear flow, and show
that the low- and high-speed streaks are generated as in
wall turbulence. Hence, the high shear rate alone suf-
ficiently generates the structures characteristic of near-
wall turbulence. The rapid distortion theory (RDT)
neglecting the non-linear term, is found to predict the
streaky structure (Lee et al., 1990). Matsumoto et al.
(1994) have also found that by comparing the DNS and
RDT results of a homogeneous shear flow, no apparent
difference is observed in the Reynolds shear stresses and
their budgets.

On the other hand, it should be equally of great
importance to investigate the effects of the non-linear
term. Kida and Tanaka (1994) showed that when a
mean shear is imposed on homogeneous isotropic tur-
bulence, the blob-like vortical structures are elongated
in the streamwise direction to become the longitudinal
vortices. It was also found that the streamwise vortex
generates a spanwise vorticity layer, which finally rolls
up into the vortex tubes via the Kelvin-Helmholz in-
stability. Hence, they demonstrated some effects of the
non-linear term on the longitudinal vortical structures
in a homogeneous shear flow. Rogers and Moin (1987)
have studied the structure of vortices in homogeneous
shear flows of both high and low Reynolds numbers. In
their study, the presence of hairpin vortices is ascer-
tained in both cases of Reynolds numbers. Moreover,
they also discussed the effect of the Reynolds number
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on the average spacing between the leg of the hairpin
vortices.

In this study, first the kinematics of the longitudinal
vortical structures is investigated to clarify the essen-
tial roles of the non-linear term by comparing DNS and
RDT at a relatively low Reynolds number. Then, the
numerical simulation of the higher Reynolds number is
carried out and the effects of the Reynolds number are
studied on the kinematics of the vortices. As a result,
some similarities are found in the vortical structure be-
tween the homogeneous shear flow at a low Reynolds
number and the turbulent channel flow. It is also found
that the effects of the Reynolds number are more clearly
observed in the vortex-stretching inside the streamwise
vortex.

RESULTS AND DISCUSSION

We performed both DNS and RDT analyses of a ho-
mogeneous shear flow at low Reynolds number with
grid points of 64 x 64 x 64 in the streamwise(z),
normal(z2) and spanwise(z3) directions, respectively.
The case of relatively higher Reynolds number is nu-
merically simulated with 128% grid points. The mean
shear rate is defined as S = dU;/dz>. In the follow-
ing, all velocity fluctuations and length scale in this
study are non-dimensionalized by /Sv/2 (= 57/19)
and 1/2v/S (= 2w/190), where v is the kinematic vis-
cosity. The sizes of the computational region L1, Lo
and L3 are 4m+/S/2v (= 380), 2m+/S/2v and 27/ S/2v
in the z1, z2 and x3 directions, respectively. In both
DNS and RDT, the same isotropic turbulence is used
as the initial condition. The initial Reynolds number
Re; = q*/ev is set to be 66 in the case of the low
Reynolds number while the numerical simulation of the
high Reynolds number begins from Re; = 422, where
q = (Ww;)"? and e = v(0u;/dz;) (Bu;/dz;). The di-
rect numerical simulation is carried out with a pseudo-
spectral code developed by Rogallo (1981) for a homo-
geneous turbulence. The remeshing of the grid system
is used to avoid its distortion. The resultant alias error
is removed by a combination of phase shift and trunca-
tion of high wavenumbers.

Characteristics of Flow Field
Time evolution of the shear-rate parameter S™ is
shown in Fig. 1. The definition of S* is given as
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In the turbulent channel flow, S* becomes 5 ~ 30 in the
buffer region 10 < y* < 40, while in the logarithmic
region y* > 40, S* is below 5 (see Lee et al., 1990). We
continued the simulation to the time St = 6.0 in the
low Reynolds number case, while St = 12.0 in the high
Reynolds number case. At the end of each simulation
when the turbulence structure will be discussed later in
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Figure 1. Time evolution of S*.

(a) Isotropic turbulence
(Low Re)

(b) Homogeneous shear flow
(Low Re at St=6.0)

(c) Homogeneous shear flow
(HighRe at St=12.0)

o

Figure 2. The isosurfaces of the second invariant of the
deformation tensor and the streamlines around them. All
figures show the half region in the streamwise direction.
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Figure 3. The expected value of s;; versus II.

detail, S* takes almost the same value in the buffer re-
gion where the quasi-streamwise vortices are frequently
observed. It should be also mentioned that no signifi-
cant difference is observed between DNS and RDT re-
sults in the low Reynolds number case. In the high
Reynolds number case, on the other hand, marked dif-
ferences do exist between DNS and RDT.

Figures 2 (a) and (b) show the isosurfaces of the sec-
ond invariant of the deformation tensor I in isotropic
turbulence and homogeneous shear flow at the low
Reynolds number, respectively. The isosurfaces in the
homogeneous shear flow at the high Reynolds num-
ber are shown in Fig. 2 (c). In all figures, the typi-
cal streamlines around the isosurfaces of II are plot-
ted to show that they represent the vortical structures.
It is assured that the blob-like vortical structures in
isotropic turbulence are elongated in the streamwise di-
rection to become the longitudinal vortices in a homoge-
neous shear flow. In the case of high Reynolds number,
the same longitudinal vortices as observed in the case of

low Reynolds number still exist, although much smaller
scale structures are newly generated. The elongation of
the vortical structures is still observed without the non-
linear term, and hence is not due to the effects of the
non-linear term(Kida and Tanaka, 1994).

Figure 3 shows the expected value of the strain rate
tensor versus the second invariant of the deformation
tensor. In the figure, Wx (Y') is defined as follows:

Wx(Y) = / b XP(X,Y)dX (2)

where the parameter P is the p.d.f. of the variables X
and Y, which represent s;; and II in Fig. 3, respectively.
One can note the marked differences between DNS and
RDT in the distribution of all diagonal components sqa
(no summation convention on Greek indices), and one
off-diagonal component s12. In the region II > 0 of
DNS at the low Reynolds number, each component of
the strain rate tensor is expected to satisfy the following
relations:

s11, 833 > 0, 822, 812 < 0. 3)

In RDT, all its components become almost zero. When
the Reynolds number becomes larger, s11, s22 and s12
increase markedly, although the Reynolds number effect
is not observed in s33, the value of which is much smaller
than the other two diagonal components.

Kinematics of Vortical Structure

Next, we will discuss how the strain rate tensor af-
fects the kinematics of the vortical structures detected
by the positive II. Then, numerous vortical structures
are educed by using the positive II in the low Reynolds
number homogeneous shear flow at St = 6 (at St = 12.0
in the high Reynolds number flow), and conditionally
averaged over the entire flow field to know the most ex-
pected effects of the strain rate tensor on the longitudi-
nal vortices. The method of the conditional averaging
is based on the procedures used in Jeong et al. (1997)
and summarized as follows:
(1) Detect the local maximum of the second invariant
IT in the cross streamwise planes (positive IT is used
to identify the vortical structure, while w. is used to
distinguish between structures with a different sense of
the rotation), (2) Link the local maximum of II as the
core of the longitudinal vortex, (3) Identify the individ-
ual longitudinal vortex if it satisfies the criterion that
its streamwise length is larger than (1/13)L, in the
low Reynolds number case and (1/16)L. in the high

Reynolds number case, which approximate 42 \/v/S

and 34 /v/S, respectively (the condition to capture
the large scale longitudinal vortices), (4) Ensemble av-
erage the educed vortical structures with the sense of
the rotation by aligning the mid-point of their stream-
wise extent. It should be noted that our method for
detecting the vortex is not affected by a threshold value
of II, although the vortical structures are excluded by

483



T

(a) Low Re (DNS), clockwise

T3 50\/V/S
Tilting
1184/1/8
L1
(b) Low Re (DNS), counter-clockwise
3

(¢) Low Re (DNS), clockwise

Inclination

HA
Z1

(d) Low Re (RDT), clockwise

x3

(e) Low Re (RDT), clockwise

T2
i

Z1
z1
(f) High Re (DNS) , clockwise

x3

Iy

Figure 4. The isosurfaces of second invariant of the de-
formation tensor and the three-dimensional streamlines.
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the streamwise length of the longitudinal vortex.

In all cases, the number of the educed vortical struc-
tures is approximately 400 (200 clockwise and 200
counter-clockwise vortices). Figures 4(a)-(g) show the
conditionally averaged longitudinal vortices (Figs. 4(a)-
(c) represent the vortical structure of DNS at the low
Reynolds number seen from the different angles, while
the RDT results are shown in Figs. 4(d) and (e). The
results in the case of high Reynolds number are shown
in Figs. 4(f) and (g)). The second invariant of the de-
formation tensor and streamlines are those calculated
from the conditionally averaged velocity fields. In both
results of high and low Reynolds numbers of DNS and
RDT, the isosurfaces are elongated in the x;-direction
(streamwise direction), and the wrapping of streamlines
around them is clearly observed. Hence, the non-linear
term is not required to generate the elongated vorti-
cal structures, although a difference in the streamline
does exist between DNS and RDT. The streamlines of
DNS become spiral and stretched in the streamwise di-
rection, indicating that the longitudinal vortex should
be under the effects of the strain rate du/0z1 > 0,
i.e., vortex stretching. The stretching of the streamline
is more enhanced in the high Reynolds number case,
which is consistent with the results of Fig. 3(a).

It is also found that in the z; — x3 plane the aver-
aged longitudinal vortices with the positive (negative)
wz tend to tilt at a positive (negative) angle in the low
Reynolds number case, while all of them slant at the
positive angle in the x; — z2 plane. The similar inclina-
tion and tilting of the longitudinal vortices are observed
in a turbulent channel flow (Jeong et al., 1997). In the
high Reynolds number case, the averaged longitudinal
vortex has no tilting angle. This should be because
the association between the rotational direction and the
tilting angle will be lost although longitudinal vortices
are tilted in the instantaneous flow field (see Fig. 2(c)).

Figure 5 shows the distribution of the streamwise ve-
locity fluctuation in the cross streamwise plane, which
clearly shows the mechanism how si12 ~ (Ou1/0x2)/2
becomes negative in the vortical structures. It should
be noted that the low speed fluid is lifted up to a vortex
side by its rotational motion, while the high speed fluid
is moved downward. Velocity fluctuations thus created
are further transported and the vortex is wrapped by
the fluid carrying velocity fluctuations u;. This process
makes Oui/0z, largely negative in the vortex and is
named wrapping (Jimenze and Moin, 1991; Guezennec
et al., 1990). As seen from Fig. 5(c), the wrapping of the
streamwise velocity fluctuation is more clearly observed
in the case of high Reynolds number. Thus, dui/0z2
should take a larger negative value (see Fig. 3(b)). The
wrapping enhances the vortex stretching in the stream-
wise direction as illustrated in Fig. 6. Because the vor-
tex has the positive inclination angle in the z; — 2
plane, the positive strain rate (u;/0z1 > 0) is gener-
ated in the process of the above-mentioned wrapping.
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Figure 5. Velocity vectors and contours of w1 in x2-z3
plane: The contour lines are plotted (a) from -4.0 to 4.0
with an increment of 1.0, (b) from -5.0 to 5.0 with an in-
crement of 1.0 and (c) from -6.0 to 8.0 with an increment
of 2.0. The shaded regions represent the negative value
of u.

Figure 6. Schematics for the mechanisms of vortex
stretching.
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Figure 7. The contours of —ujus in z1-z2 plane. The
contour lines are plotted (a) from -0.3 to 0.1 with an
increment of 0.1, (b) from -8.0 to -2.0 with an increment
of 2.0. The shaded regions represent the negative value
of —ujuz. Both figures are the results of DNS.
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Figure 8. Velocity vectors and contours of —uau3 in z2-3
plane in the low Reynolds number case: The contour lines
are plotted (a) from -0.75 to 1.25 with an increment of
0.25, (b),(d) from -0.6 to 0.6 with an increment of 0.1,
(c) from -1.25 to 0.75 with an increment of 0.25. The
shaded regions represent the negative value of —uzu3.
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When the Reynolds number becomes larger, trans-
ferring of w; is so remarkable, and hence the vortex
stretching is promoted. Figure 7 shows the instanta-
neous distribution of the Reynolds shear stress —uju2
in the z; — z2 plane. It is found that the wrapping
of u; around the vortex contributes to the counter-
gradient momentum transfer, and thus produces the
intensive negative region of the Reynolds shear stress,
i.e., —ujus < 0, in the upper right and the lower left
of the streamwise vortex. When the Reynolds number
becomes larger and the wrapping is more enhanced,
—ujuy takes a larger negative value. Thus generated
Reynolds shear stress should contribute to duz/dz2 < 0
as well as Ou1 /dz1 > 0, which is clearly observed sta-
tistically in Fig. 3(a).

Figures 8(a)-(d) show the instantaneous —uaus dis-
tribution in the low Reynolds number case. The re-
sult of RDT shows that the contours of —uzus show
a cloverleaf pattern with alternative sign, so that the
spatial averaged Reynolds stress —usus should vanish.
In contrast, the DNS result shows that —usu3 is pre-
dominantly positive and negative for the clockwise and
counter-clockwise vortices, respectively, which should
be associated with the strain rates duz/0z2 < 0 and
Ous/Oz3 > 0. Figure 9 shows the instantaneous —uzus
distribution in the case of high Reynolds number. It is
found that —wusu3 becomes nearly the same cloverleaf
pattern as observed in RDT (Fig. 8). This should be be-
cause when the Reynolds number becomes larger, the
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Figure 9. Velocity vectors and contours of —uaus in £2-T3
plane in the high Reynolds number case: The contour lines
are plotted (a) from -20.0 to 30.0 with an increment of
5.0, (b) from -30.0 to 20.0 with an increment of 5.0. The
shaded regions represent the negative value of —uzus.

positive value of dus/8zs becomes negligible in com-
parison to the negative value of duz/Oz2, which is en-
hanced by the wrapping of u; around the streamwise
vortex as discussed before (see Fig. 7).

CONCLUSIONS

Direct numerical simulations of homogeneous shear
flows at relatively high and low Reynolds numbers are
performed to investigate the kinematics of the longitu-
dinal vortices which are objectively detected and condi-
tionally averaged so as to obtain the most probable vor-
tical structure. The results of DNS are compared with
the RDT predictions to elucidate the effects of non-
linear term. Moreover, the effects of Reynolds number
are discussed. As a result, the following conclusions are
established:

(1) In a homogeneous shear flow, the longitudinal vor-
tices are generated. They are inclined in the z; — z2
plane and tilted at a positive and negative angle in the
z1 — x3 plane by the rotational direction of the vortex.
The similar inclination and tilting of the longitudinal
vortices are observed in a turbulent channel flow (Jeong
et al., 1997). However, when the Reynolds number be-
comes larger, the association between the tilting angle
and the rotational direction of the streamwise vortex is
lost.

(2) With the non-linear term, the kinematics of the lon-
gitudinal vortex is affected by the strain rate tensor;
the compression in the vertical direction (s22 < 0), the
stretching in both the streamwise and spanwise direc-
tions and the shear stress s;2 < 0. These strain rates
are associated with the vortex stretching, the wrapping
and generation of the Reynolds shear stresses as follows:
The streamwise fluctuations generated at the sides of
the streamwise vortex are wrapped around the vortex,
in the course of which the strain rate, si2, becomes
negative and the vortex is stretched in the stream-
wise direction. The wrapping also contributes to the
counter-gradient momentum transfer, i.e., —ujuz < 0,
which is associated with the strain rates s;; > 0 and
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s22 < 0. When the Reynolds number increases, the pos-
itive value of Quz/Oz3 becomes negligible in comparison
with other normal strain rates du;/0z, and Ousz/dz2
which are enhanced by the wrapping of u; around the
streamwise vortex.
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