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Turbulent mixing of passive scalar near turbulent
and non-turbulent interface in mixing layers
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A direct numerical simulation of a temporally developing mixing layer with a passive
scalar transport is performed for various Schmidt numbers (Sc¢ = 0.25, 1, 4, and 8).
Turbulent mixing is investigated near the turbulent/non-turbulent interface (TNTI),
which is a layer consisting of the turbulent sublayer (TSL) and viscous superlayer
(VSL). The irrotational boundary, which is close to the outer edge of the TNTI layer,
is detected as the isosurface of small vorticity magnitude. The movement of fluid
elements relative to the irrotational boundary movement is analyzed. Once the non-
turbulent fluid is entrained into the VSL across the irrotational boundary by the viscous
diffusion of vorticity, the fluid moves away from the irrotational boundary in the VSL
in the normal direction of the irrotational boundary. After the fluid reaches the TSL, it
is transported in the tangential direction of the irrotational boundary and is mixed with
the fluid coming from the turbulent core (TC) region. The boundary between the TSL
and VSL roughly separates the region (VSL) mostly consisting of the fluid entrained
from the non-turbulent flow from the region (TSL) where the fluids from both the TC
and non-turbulent regions coexist. Therefore, the scalar value in the VSL is close to
the non-turbulent value especially for high Sc cases. Because of a large difference
in the scalar between the TSL and VSL, a peak value of the conditional mean scalar
dissipation rate appears near the boundary between the TSL and VSL independently
of Sc. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928199]

. INTRODUCTION

Turbulent mixing of a passive scalar' is an important phenomenon that is observed in various
flows in engineering equipment and the environment. For instance, in chemical reactors, the charac-
teristics of reactions are largely affected by scalar transport from turbulence and mixing at the molec-
ular level.>? Thus, predicting and controlling the scalar transport process is desired when designing
engineering equipment. The Schmidt number Sc = v/D (v: kinematic viscosity and D: molecular
diffusivity) is an important parameter which characterizes passive scalar mixing in turbulent flows.
The smallest scale of the scalar fluctuation changes depending on the Schmidt number. For the mixing
of diffusive matter in liquid flows, the Schmidt number is of the order of 102-103. In contrast, the mix-
ing in gaseous flows is characterized by a much smaller Schmidt number (Sc ~ 1). The dependence
of the scalar transport process on the Schmidt number should be investigated in order to understand
turbulent mixing.

In free shear flows such as wakes, jets, and mixing layers, turbulent fluids inside these flows are
separated from non-turbulent fluids by a layer called the turbulent/non-turbulent interface (TNTI).*
The TNTI consists of the turbulent sublayer (TSL)* and the viscous superlayer (VSL).>® In the VSL,
vorticity is transported by viscous diffusion from turbulent regions, whereas the inviscid process
is important to the vorticity dynamics in the TSL.” The geometric features of the TNTI have been
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investigated through direct numerical simulation (DNS). da Silva and Taveira® showed that the thick-
ness of the TNTI in a planar jet is almost equal to the radius of large vorticity structures near the inter-
face. The TNTI appears along the vortical structure in the turbulent region;’ therefore, the vorticity
near the interface is tangentially aligned with the interface.'” Free shear flows spread by converting
non-turbulent fluids near the TNTI into turbulent ones; thus, the non-turbulent fluids are entrained into
the turbulent region. Previous studies on the TNTT also investigated the entrainment of non-turbulent
fluids in experiments and numerical simulations. These studies showed that small-scale processes
have an important role in the entrainment.''~!> However, the total entrainment process can be signif-
icantly affected by large-scale characteristics because the non-turbulent fluids are advected by the
large-scale motions.!® Chauhan et al. showed that the entrainment in the boundary layer at high
Reynolds numbers is characterized by two different length scales.!”

In experiments, measuring the vorticity is quite difficult; therefore, other quantities such as the
passive scalar and kinetic energy'’!° are often used to detect the TNTI instead of the vorticity. A
diffusive dye is added into a turbulent fluid, or the fluid is slightly heated; the concentration of the
dye or temperature is then used as a marker of the turbulent region in experiments®*2* and large eddy
simulations.?* For detection of the TNTI based on the passive scalar, the isosurface of the scalar is
often used for investigating the characteristics of the flow and scalar fields near the TNTL

The turbulent mixing of a passive scalar is considered to be caused by the entrainment, stir-
ring, and molecular diffusion.! In free shear flows, the entrainment of the non-turbulent fluids is
accompanied by the growth of enstrophy in the non-turbulent region. Thus, the turbulent mixing
near the TNTT is related to the enstrophy transport process, which has been investigated in previous
studies.” 41525730 Because of the viscous diffusion of vorticity, the non-turbulent fluid near the TNTI
acquires vorticity and becomes turbulent. Thus, the non-turbulent fluid is locally entrained into the
turbulent region (local entrainment). However, the scalar transport itself is dominated by the different
processes from the enstrophy transport. It was shown that the interface propagation and molecular
diffusion contribute to the change in the passive scalar value for Sc = 1 near the TNTI in a planar jet
by analyzing the scalar transport equation in the local frame moving with the TNTL?’

In this study, we investigate the turbulent mixing of a passive scalar and the dependence on
the Schmidt number of the passive scalar characteristics near the TNTI. We perform a DNS of a
temporally developing mixing layer with the transport of multiple passive scalars with different Sc.
The location of the TNTI is detected by using the isosurface of small vorticity magnitude which is
very close to the outer edge of the TNTI layer. In this way, we can find the VSL and TSL inside the
isosurface of vorticity magnitude. The scalar statistics near the TNTI are used for investigating the
Sc dependence of the location of the scalar isosurface for detecting the TNTI, which will be useful
information in experimental studies on the TNTI using the scalar isosurface instead of the enstrophy
isosurface. Our previous study?’ used the scalar transport equation in the frame moving with the en-
strophy isosurface for investigating the temporal variations in the passive scalar near the TNTI rather
than the scalar transport, which is well represented by the scalar flux in the transport equation. In this
study, the DNS results are used for detail analysis on the scalar fluxes in the scalar transport equation,
which are determined by the movement of the fluid element relative to the irrotational boundary and
the molecular diffusion effect. Finally, we will show that the turbulent mixing near the TNTT is caused
by three different processes: the local entrainment of the non-turbulent fluid element in the VSL, the
transport by the turbulent motions in the TSL, and the molecular diffusion which exchanges the scalar
between the VSL and TSL. The scalar statistics for high Sc cases are also used for examining whether
fluids within the TNTI come from the turbulent core (TC) region or the non-turbulent region, which
will be important in considering the turbulence characteristics across the TNTI layer.

Il. DIRECT NUMERICAL SIMULATION OF TEMPORALLY DEVELOPING MIXING LAYER

A. Numerical method and computational parameters

A DNS is performed for a temporally developing incompressible mixing layer*'33 with the trans-

fer of the passive scalar ¢. The numerical methods and simulation conditions are described here. The
origin of the coordinate system is located at the center of the computational domain. The streamwise,
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lateral, and spanwise directions are represented by x, y, and z, respectively. The flow and scalar fields
are periodic in the x and z directions. The initial velocity profiles are generated by superimposing
fluctuating components to the mean velocity profile. The initial mean streamwise velocity profile Uy
is given by

Uo(x,y,2) = %tanh (;_y) . (1)

w0

Here, AUj is the initial velocity difference and J,, is the initial vorticity thickness defined by 6,0 =
AUy/(0Uy/ 0 y)max- The initial lateral and spanwise mean velocities are Vy = Wy = 0. The velocity
fluctuations are generated by a diffusion process which converts the random noise into fluctuations that
possess the required length scales.* Statistically homogeneous and isotropic fluctuations are added
to the mean velocity profile. The integral length scale and rms value of the initial velocity fluctuations
are d,,0/4 and 0.01AU, respectively. For the initial scalar field, the following profile is used without
any scalar fluctuations:

tanh (Z_y) . 2)

6w0

1+¢2+¢1—¢2

_¢
¢()(.X, y’z) - 7 2

Here, ¢, and ¢, are the scalar values on the upper and lower sides of the mixing layer, respectively,
and we set their values to ¢; = 1 and ¢, = 0.

The governing equations are the continuity equation, Navier—Stokes equations, and transport
equation for the passive scalar ¢. These are written as follows:

o 3)
(9xj R
6U,' 6UjUi ap (92U,'
it} -7 , 4
ot * O0x; 0x; * V@xjﬁxj )
d¢ OU;¢ 0%
- =D 5
ar " ox; oxox, ©)

where U; is the instantaneous velocity component in the i direction, p is the instantaneous pressure
divided by the density, v is the kinematic viscosity, and D is the diffusivity coefficient for ¢. The size of
the computational domainis L, X L, X L, = 2210 4,0 X 17.576 0 X Tmd,0. In the DNS, the govern-
ing equations are non-dimensionalized by AUy and J,,¢. Therefore, the time 7 is non-dimensionalized
by the reference time Tyt = d,0/AUp. The initial Reynolds number based on AUy and 6,0 is Re =
AUyd,0/v = 380. The passive scalar is computed for four different Schmidt numbers: Sc = v/D =
0.25, 1, 4, and 8. The different passive scalars are computed for the same velocity field.

In this study, we use a DNS code based on the finite difference method in Suzuki et al.*> The
fully conservative fourth-order central difference scheme proposed by Morinishi et al.?® is used for
spatial discretization in the x and z directions, and the fully conservative second-order central differ-
ence scheme® is used in the y direction. The continuity equation and Navier—Stokes equations are
solved by using the fractional step method. The Poisson equation for pressure is solved by using the
diagonal matrix algorithm along the y direction and the fast Fourier transform along the periodic
(x and z) directions. The governing equations are temporally integrated using the explicit/implicit
hybrid scheme based on the Crank—Nicolson method and the third-order Runge—Kutta method.?” The
former is used for the viscous and molecular diffusion terms and the latter is used for the other terms.
At the lateral boundaries, the y direction derivative of the velocity is set to 0, and ¢ = ¢ (= ¢»)
is imposed at y = L,/2 (= —L,/2). The computational domain is represented by N, X N, X N, =
1024 x 600 x 512 computational grid points. The grid is equidistant in the x and z directions. In the
y direction, a fine grid is used near the center of the mixing layer, and the grid is stretched near the
lateral boundaries. The minimum resolution in the y direction is 0.0616,0at y = 0 and the maximum
resolution is 0.236,0 at y = +L,/2, which is far from the mixing layer.
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FIG. 1. Development of momentum thickness and thickness of mean scalar profile.

B. Conventional statistics of temporally developing mixing layer

We calculate the conventional statistics from an instantaneous field by taking the average on a
x-z plane at each lateral location; this averaged value is denoted by { ). The momentum thickness
oy is defined by

Ly/2 _ _
o= [ GOy, ©

Ly/2 (AU)?

Here, U; and U, are the values of (U) at y = L,/2 and —L,/2, respectively. The thickness of the
mean scalar profile 6, is defined by 84 = 2(y()=0.75 — Y(s)=0.25), Where ygy=0.75 and y(g)=0.25 are the
lateral locations of (¢) = 0.75 and 0.25, respectively. Figure 1 shows the development of 6y and ¢4
for different Sc. Until ¢/T.t = 40, 6y and 04 slowly increase and then begin to rapidly increase. A
similar development in §; was seen in the DNS results of Tanahashi et al.*> Although the development
of 04 slightly depends on the Schmidt number until #/7;.r = 40, this dependence cannot be seen after
the mixing layer is fully developed. Figure 2 shows the lateral profiles of (U) and (¢). For (U) and
(¢), the mixing layer reaches the self-similar state before #/T;.f = 144.0, and the profiles of (U) agree
well with the previous DNS results.>3

In the present study, the instantaneous fields at ¢ /7. = 155.0,157.5,160.0,162.5, and 165.0 are
used for the analysis of the TNTI, and the statistics are obtained by taking the average of these five
time steps. The statistical properties of the turbulence hardly change during this time interval. On the
center of the mixing layer (y = 0) at#/T;s = 165.0, the Taylor microscale 1, based on the streamwise
velocity is 1.585,,0, the Kolmogorov length scale = (v3/€)'/* is 7.69 x 107250, and the turbu-

lent Reynolds number Re, = (uz)l/lex/v is 99. Here, A; = / <u§>/<(au,~/axi)2> (no summation with

(@) (b)
—— ————— %
| 1- # HT o = 144.0
E-3
5t 5 & ——Sc=0.25
' g eeSe=1
%,_.k;a%“ —*—Sc=4
S s 2 Sc=8
S of 1 < "~ 1
At 2 -
[ X 1T, = 144.0 ] | %@w‘ | 1T e = Sl fi‘% s
! - ilT = 1620 ] § - Se—1
-5p Tanahashi et al. %;% ——Sc=4
I T Gampert et 1al. 1 -1F T Sc=8
-0.5 0 0.5 0 0.5 1
<U>/AU <g>

FIG. 2. Self-similar profiles of (a) mean streamwise velocity and (b) mean scalar for different Sc at ¢ /Tyt = 144.0 and 162.0.
The mean streamwise velocity profiles obtained by Tanahashi ef al.>? and Gampert et al.3? are also shown in (a).
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respect to i) is the Taylor microscale, u; = U; — (U;) is the fluctuating component of U;, and € is the
dissipation rate of turbulent kinetic energy. The smallest scale of the scalar fluctuation decreases as
Sc increases. At t/T.s = 165.0, the computational grid sizes in the x, y, and z directions at y = 89,0
are Ax = 1.8657p, Ay = 1.92np, and Az = 1.18753 for Sc = 8, respectively. Here, g = n/Sc'/? is the
Batchelor scale. These grid sizes correspond to Ax = 0.66n7, Ay = 0.68n, and Az = 0.42n, respec-
tively.

lll. RESULTS AND DISCUSSION
A. Detection of turbulent/non-turbulent interface and conditional analysis

The isosurface of normalized vorticity magnitude |w|/(AUy/6y) = wy, is used for investigating
the TNTL The TNTTI is a thin layer with finite thickness,* and the location of the isosurface of vorticity
magnitude changes within the TNTI layer depending on the threshold wy,. In this study, wy, is chosen
so that the isosurface of wy, is located very close to the outer edge of the TNTI layer by using small
wy. We refer to this isosurface close to the outer edge of the TNTI as the irrotational boundary and
define the region of |w|/(AUy/8y) = wy, as the turbulent region. Here, we introduced the term, irro-
tational boundary, for distinguishing the isosurface of the constant vorticity magnitude, which is an
infinitely thin surface, from the layer called the TNTI. As in previous studies,*'” the threshold wy,
is determined from the volume fraction of the detected turbulent region (V). Figure 3(a) shows V¢
and dVr/dwy, as functions of the threshold wg,. The dependence of Vi on wy, is similar to previous
DNS studies.!>? The turbulent volume largely increases for wy, < 0.04 as wy, decreases because
of weak vorticity outside the mixing layer. However, for 0.06 < wy, < 0.1, the dependence of Vr
on wy, is small and there is a plateau-like region of Vr ~ 0.3 as confirmed from Vy and dVp/dwy;
thus, we use wy, = 0.08. The enstrophy dynamics changes between the TSL and VSL. In Subsection
II1 B,we will confirm that the inviscid process is negligible in the enstrophy dynamics at the isosurface
of |w|/(AUy/6y) = 0.08 and the isosurface can be used as the irrotational boundary, which is close
to the outer edge of the VSL. In this definition of the irrotational boundary, the VSL and TSL are
located inside the isosurface of the vorticity magnitude.

The statistics conditioned on the distance from the irrotational boundary are analyzed. We intro-
duce the local coordinate y; as shown in Fig. 3(b). The location of the irrotational boundary is rep-
resented by y; = 0 in the local coordinate system. Here, yj is taken to be normal to the irrotational
boundary, and the turbulent fluid is on the side of the negative y;. The direction normal to the irrota-
tional boundary is the enstrophy gradient direction. We use the unit normal vector n = —Vw?/|Vw?| to
determine the local coordinate y;. The conditional statistics conditioned on yp are calculated for both
the turbulent and non-turbulent sides of the irrotational boundary; the conditional average is denoted
by ( ). When the conditional statistics are calculated for an irrotational boundary, other TNTI can
appear on yy. The characteristics of the flow field drastically vary near the TNTI, and we confirmed
that the width of this variation in the conditional mean vorticity magnitude is of the order of the

(@) (b)
1 T T T T T 102
. | Non-turbulent flow |
0.8 10
i - Normal direction to irrotational
0.6 110°§ boundary: n = —Vw?/|Vw?|
SO l;— Irrotational boundary

0.4 107 “?
0.2 4102

e — 10°

Turbulent flow

FIG. 3. (a) Volume fraction of turbulent region (V) and dVt/dwy, as functions of the threshold w,. (b) Definition of local
coordinate y used for calculating conditional statistics conditioned on the distance from the irrotational boundary.
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FIG. 4. Probabilities that a fluid is located within the irrotational boundary envelope (P) and that an engulfed fluid is found
(Pg) calculated as a function of y.

Taylor microscale in the mixing layer. This width of the vorticity jump is close to that observed in
planar jets.?30-38 Therefore, when other irrotational boundaries appear on the local coordinate y, the
region within A away from the other irrotational boundaries is not used for calculating the conditional
statistics, where A is the Taylor microscale 1 = (1, + 4, + 1;)/3 at y = 0. Note that the existence
of other irrotational boundaries is only examined on y;.

We calculate the probability Pg that an engulfed fluid is found as a function of y according to
Westerweel et al.'> Here, an engulfed fluid is defined as the fluid which is within the irrotational
boundary envelope and has a vorticity magnitude smaller than the threshold wy,. We also calculate
the probability P that a fluid is located within the envelope. The probabilities P and Pg are compared
in Fig. 4. Although the amount of engulfed fluid is very small, the engulfed fluid can be found even
at the centerline as in a round jet.'?

B. Enstrophy transport near turbulent/non-turbulent interface

The enstrophy transport mechanism is important to the TNTI characteristics. First, we confirm
that the conditional statistics related to the enstrophy are similar to those in previous studies. The
enstrophy evolves according to the following transport equation:

Dw?/2
Dt

The first, second, and third terms on the right hand side are for the production (P,,), viscous diffusion
(D), and viscous dissipation (e,,), respectively. Figure 5(a) shows the conditional averages of w?/2,
P,, D, and €,,. The distance y; is normalized by the Kolmogorov length scale n at y = 0. The en-
strophy increases from the irrotational boundary (y; = 0) toward the turbulent region. At y;/n = —14,
the conditional mean enstrophy reaches the value in the TC region ({w?/2);/(AUy/80)* = 0.1). The
similar profile of (w?/2); can be seen in the temporally developing planar jet” and mixing layer.>* The
conditional mean profile of Eq. (7) is also quite similar to the DNS results of the planar jets.”*° Very
close to the irrotational boundary, the enstrophy growth is caused by the viscous diffusion, and the
production term is negligible; this indicates the existence of the VSL. At y; = 0, the viscous diffusion
term is also small, and thus, the isosurface of |w|dy /AUy = 0.08 is located very close to the outer
edge of the TNTI. When larger wy, is used, the isosurface is located in the VSL region closer to the
TSL, and the viscous diffusion and production terms have much larger values. In the conditional
mean profiles, the production term becomes equal to the viscous diffusion term ((P,,); = (D)) at
yi/n = —4.9. Thus, when we assume that the irrotational boundary is located at the outer edge of
the VSL, the thickness of the region in which the viscous diffusion is predominant over the inviscid
production within the TNTI is about 57 in the mean profile. Although this thickness is obtained from
the mean profile, it is close to the mean VSL thickness obtained by Taveira and da Silva.” Thus,
the region —14 < y;/n < =5 corresponds to the TSL, where the inviscid production has a greater
contribution to the increase in the enstrophy than the viscous diffusion. In this region, the enstrophy

= w;Sijw; + vV (w*/2) = vVw; - Vw;. (7)
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FIG. 5. Enstrophy transport characteristics near TNTI. (a) Conditional average of enstrophy and enstrophy transport
equation. The vertical broken line shows yi/n7 =—4.9, which is the location of (P);=(Dy);. The vertical dashed-
dotted line shows yj/17 =—14, at which the conditional mean enstrophy reaches the value in the turbulent core region
((w2/2)1/(AU0/6w0)2:0.1). The enstrophy transport equation is normalized by 6.0 and AUj. (b) Probability density
function of propagation velocity of irrotational boundary. The propagation velocity is normalized by the Kolmogorov velocity
vy = (ev)!/*at y =0.

is adjusted between the TC and non-turbulent regions. It was shown that the thickness of the buffer
region between the VSL and the TC regions is about 107 in the temporally developing jet.?® Thus, the
thickness of the TSL estimated from the mean enstrophy characteristics also agrees with the previous
study on the TNTL

Vorticity transport to the non-turbulent region causes the turbulent region to spread; this is related
to the propagation of the irrotational boundary. Because of the propagation, fluids pass across the
irrotational boundary. The non-turbulent fluid motion across the irrotational boundary is referred to
as the local entrainment, which is caused by the propagation of the boundary toward the non-turbulent
region. The propagation velocity of the irrotational boundary (V* = v,n), which is the velocity of the
local entrainment, is obtained from the enstrophy transport equation,'*

= Up + Uvjs. (8)

2w Sijw;  2vw;Vw;
U = +
[Ve?| [Vw?|

Note that V¥ is the velocity of the movement of the irrotational boundary relative to the fluid element
at which the boundary is located. Equation (8) is derived by considering Eq. (7) on the enstrophy
isosurface. A positive value of v, represents the propagation of the irrotational boundary toward the
non-turbulent region. The propagation velocities arising from the production term and the viscous
terms are denoted by vp and vy;s, respectively. The propagation velocity of the enstrophy isosurface
strongly depends on the location of the isosurface within the TNTI, which is determined by the
detection threshold.?® Figure 5(b) shows the probability density functions (pdfs) of vy, vp, and vy;s
normalized by the Kolmogorov velocity v, = (ev)!/. The irrotational boundary frequently propa-
gates toward the non-turbulent region owing to the viscous effects because the irrotational boundary
is located near the outer edge of the VSL. However, the boundary propagation towards the turbulent
region (v, < 0) is also observed. The contribution of the inviscid term vp is very small. Thus, the pdfs
of vp and vv;s also show that the isosurface of |w|dy /AUy = 0.08 is located near the outer edge of the
TNTIL

C. Scalar field near turbulent/non-turbulent interface

Figure 6 shows the instantaneous scalar profile and the detected irrotational boundary. The irro-
tational boundary seems to envelope the region of 0 < ¢ < 1; therefore, the location of the scalar
interface, in which ¢ is adjusted between the outside and inside of the mixing layer, appears close to
the TNTI. As Sc increases, smaller-scale scalar fluctuations are observed in the instantaneous profile.

The non-turbulent values of ¢ near the upper and lower TNTI are ¢ = 1 and O, respectively.
Therefore, from the upper region, the passive scalar is entrained into the mixing layer while the scalar
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¢=0 EE— m g=1

FIG. 6. Instantaneous scalar profile (color counter) and irrotational boundary (white line) on x—y plane: (a) Sc=0.25,
(b) Sc=1, (c) Sc =4, and (d) Sc = 8. Part of the computational domain (region near the mixing layer) is visualized.

is diffused outwardly near the lower interface. It should be noted that both of the spreading and entrain-
ment of the passive scalar are caused by the same physical processes, which should be explained by
the transport by velocity and molecular diffusion in Eq. (5). In this study, the upper TNTI is analyzed
to investigate the turbulent mixing near the interface, and we use ¢ for high Sc cases as a marker
of the non-turbulent fluids. Because the gradient of the vorticity magnitude is opposite to that of
¢ for the upper TNTI, the irrotational boundary at which V]w| - V¢ < 0 is used for calculating the
conditional statistics for the upper interface. From the instantaneous scalar and enstrophy profiles
and the location of the irrotational boundary, we confirmed that this method to distinguish the upper
interface works well. Figure 7(a) shows the Schmidt number dependence of the conditional mean
scalar profile. The change in (¢); near the TNTI becomes steeper as Sc increases. However, the effect
of Sc on (¢); is not significant when Sc is high. Figure 7(b) shows the conditional average of the
normalized scalar dissipation rate N = (1/ReSc)(d¢/d% /)%, where £ = x/6,,0. Similar to the previous
DNS results,***%0 the conditional mean scalar dissipation rate has a peak value in the turbulent region

—0—8¢=025 —2—Sc=1->%-Sc=4 —v—58c=8
(@) (b)
T T RARS g [><10_3]2 T T T T 7 T

<¢>
<N>|

0.5

| s A s 1 L 1 :
40 20 0 20 % 30 20 <10 0 10 30
wn wn
FIG. 7. Scalar characteristics near the upper TNTI for Sc=0.25, 1, 4, and 8: (a) conditional mean scalar profile and

(b) conditional mean scalar dissipation rate. The vertical broken line shows the location of a peak for the conditional mean
scalar dissipation rate (yi/n = —5.6).
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FIG. 8. Conditional mean scalar profile shown against the distance from the peak location of () (yc/n =-5.6). The
distance y;— yc is normalized by (a) the Kolmogorov length scale 77 and (b) the Batchelor scale 775. Symbols are the same as
in Fig. 7.

near the TNTI. The location of the peak, which appears at y; = —=5.6n(= yc) independently of Sc, is
close to the boundary between the VSL and TSL (y; = —57). The location of the peak is discussed in
detail later in this paper. At this location, the profile of (¢); converges on (¢); = 0.84 for all Sc. Thus,
this location can be considered to be the center of the scalar interface, in which ¢ changes from the
non-turbulent value to the turbulent value. The peak value becomes small as Sc increases for Sc > 1.
Note that (0¢/8%,)* increases with Sc and that the decrease in the peak value is caused by the large
value of Sc. For Sc = 0.25, the peak is smaller than that for Sc = 1 because the molecular diffusion
makes the scalar gradient small.

In Fig. 8, (¢); is replotted against the distance from the peak location of (N); (y; — yc, where
yc = —5.6n) for examining the length scale which characterizes the width of the jump in (¢);. Unless
Sc is too small (much smaller than 0.25), the mean scalar profile across the mixing layer in Fig. 2(b) is
independent of 775 because it does not depend on molecular diffusion and is determined by turbulent
diffusion, which takes place at larger scales than the length scales of molecular diffusion.*' Similarly,
when Sc is so large that the length scale of molecular diffusion is much smaller than the thickness
of the TNTI determined by the velocity field, the molecular diffusion is negligible in the conditional
mean scalar profile near the TNTI. In contrast, for small Sc, the molecular diffusion acts over the
TNTT layer and is enable to change the conditional mean scalar profile. We can find this tendency
in Figs. 8(a) and 8(b). When the distance is normalized by the Kolmogorov length scale 1, (¢); is
similar for Sc = 4 and 8. However, the Batchelor scale i determines the width of the jump in (¢);
for Sc = 0.25 and 1. Although the mean scalar profiles are less sensitive to higher Sc, Sc is expected
to have a large influence on the instantaneous scalar profile within the TNTI layer, which will be
confirmed in the probability density function of ¢ below.

According to Westerweel et al.,'? the conditional mean streamwise velocity and scalar profiles,
(U); and {¢)y, are related to the turbulent Schmidt number Sct = v, /D, (v.: eddy viscosity and D,:
eddy diffusivity) by

AU/Ug
~ Ser, 9
Ap/ps “r ©

where AU and A¢ are the magnitudes of the jumps in (U); and (¢); across the TNTI layer and Ug and
¢s are the magnitudes of the changes in U and ¢ in the turbulent core region across the mixing layer.
The jumps are estimated as the difference in (U); and (¢); between y;/n = 0 and 40 because we can
find a plateau region in {¢); around y;/n = 40. Us and ¢ are estimated as the difference between (U ),
((¢)p at y/n = 40 and (U) ({(¢)) on the centerline. With these estimations for Sc = 4, Eq. (9) yields
Scr ~ 0.32, which is close to the value in the round jet.'® This agreement indicates that different flow
configurations have only a small influence on the turbulent Schmidt number near the TNTL

Figure 9 shows the structure of the large scalar dissipation rate and the irrotational boundary for
Sc = 1 and 8. For both Schmidt numbers, sheetlike structures for a large scalar dissipation rate*>=3
are observed in the mixing layer. As confirmed in Figs. 9(c) and 9(d), as Sc increases, the thickness of
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FIG. 9. Three-dimensional visualization of structure of large scalar dissipation rate (white) and irrotational boundary
(translucent orange) for (a) Sc =1 and (b) Sc =8 at # /Trer = 165.0. In (a) and (b), the scalar dissipation structure is visualized
by the isosurface of N =1.25x1073. A small part of the computational domain is shown in (a) and (b). Scalar dissipation
rate 10g101\7 (color counter) and irrotational boundary (black line) on x—y plane for (c) Sc=1 and (d) Sc=8. White:
log;oN < —4.0. Red: log;(N > -2.9.

the dissipation sheet decreases** while the number of sheetlike structures increases. Figures 9(a) and
9(b) visualize the scalar dissipation structure by the isosurface of N = 1.25 x 1073, which is close to
the peak of (N); for S¢ = 1. Figures 9(c) and 9(d) show the regions of N > 1.25 x 1073 inred. In these
visualizations, the sheetlike structures are in both the TC region and the vicinity of the irrotational
boundary. Therefore, the level of the scalar dissipation rate in the sheetlike structure in the TC region
is comparable to that near the TNTL However, (N); has a large peak within the TNTI. As confirmed
in Fig. 9, the sheetlike structures exist intermittently in the TC region but frequently appear along the
irrotational boundary. The peak of (N, is related to this tendency rather than the value of N in the
sheetlike structure.

Figure 10 shows the change in the conditional pdf of ¢ across the irrotational boundary from
the non-turbulent region (y;/n = 6.7) to the turbulent region (y;/7 = —11.1) near the upper TNTL
At yi/n = 6.7, ¢ is equal to the non-turbulent value ¢ = 1 except when Sc = 0.25. For the low Sc
case, the molecular diffusion, which acts over a large distance, changes ¢ in the non-turbulent re-
gion near the irrotational boundary. At the irrotational boundary, the pdf has a large peak at ¢ = 1
for Sc = 4 and 8. For Sc = 1, ¢ = 1 is hardly observed at the irrotational boundary and ¢ is slightly
smaller than the non-turbulent value. For Sc = 4 and 8, ¢ = 1 is observed even in the turbulent re-
gion (yi/n = —=2.7,-5.6, and —11.1). For these high Sc cases, a large peak for ¢ = 1 does not exist at
yi/n = —11.1, although the pdf for ¢ = 1 still has a nonzero value. When a passive scalar is used to
detect the TNTI, a scalar value slightly different from the non-turbulent value is used as the interface
detection threshold. Figure 10(a) shows that the non-turbulent region with ¢ < 11isincorrectly detected
as turbulent for low Sc when the passive scalar is used for the interface detection. On the other hand, ¢
can be a non-turbulent value even in the TSL for Sc = 4 and 8; the irrotational boundary, which is close
to the edge of the VSL, cannot be detected using the scalar criteria for high Sc. A peak value of the pdf
at ¢ = 1 significantly decreases from y;/n = —5.6 to —11.1, and the boundary between the VSL and
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FIG. 10. Conditional pdf of scalar value near upper TNTI calculated at y1/77 =6.7 (non-turbulent region), O (irrotational
boundary), —2.7, =5.6, and —11.1 (turbulent region): (a) Sc =0.25, (b) Sc =1, (¢) Sc =4, and (d) Sc=8.

TSL is expected to appear around y;/n = —5. Therefore, the scalar isosurface for detecting the TNTI
appears in the TSL when Sc is high. The change in the pdf across the TNTI shows that detection of the
irrotational boundary using a passive scalar seems to work well only for Sc = 1 because the pdf has a
large peak for ¢ slightly smaller than 1 at the irrotational boundary. Gampert et al.>® also showed that
the scalar isosurface is quite similar to the vorticity isosurface for Sc = 1.

Similar to the propagation velocity of the irrotational boundary, the propagation velocity for the
isosurface of ¢, which is relative to the flow velocity, is given by vd = DV?¢/|V|. We consider the
isosurface of ¢ close to the non-turbulent values, which represents the outer edge of the scalar inter-
face. The irrotational boundary propagation is dominated by the viscous effects, as shown in Fig. 5.
Because the enstrophy and scalar isosurfaces are different from each other, we do not directly compare
the two propagation velocities of these isosurfaces here. The propagation velocity of the irrotational
boundary in Eq. (8) seems to be explicitly affected by the Reynolds number by the factor of (1/Re),
while the propagation velocity of the scalar isosurface is affected by (1/ReSc). Thus, for low Sc cases,
the propagation of the scalar isosurface can be faster than that of the irrotational boundary, and the
scalar isosurface reaches outside of the irrotational boundary. In contrast, when Sc is high, the scalar
isosurface propagates slowly and is located close to the TSL rather than the irrotational boundary.
The pdf of ¢ also shows these tendencies of the scalar isosurface location relative to the irrotational
boundary.

D. Passive scalar transport near turbulent/non-turbulent interface

When the scalar transport near the TNTI is considered, the TNTI movement should be taken
into account. We introduce a local coordinate system which moves with the irrotational boundary
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and is represented by x'.?° The origin of x' is located on the irrotational boundary. The coordinate
system x, whose origin is located at the center of the computational domain, is referred to as a fixed
coordinate system hereafter. We also use ¢ and ¢’ to represent time in the fixed and local coordinate
systems, respectively. The location of x = x%) in the fixed coordinate system is assumed to be located
on the irrotational boundary and is used as the origin of the local coordinate system. The veloc-
ity of the movement of the irrotational boundary at x = XB, which is denoted as U, is given by the
sum of the fluid velocity and the propagation velocity: U! = U(x{)) + VP14 By considering the coordi-
nate transformation from the fixed coordinate system (x,?) to the local coordinate system (x',#’), the
passive scalar transport equation in the local coordinate system can be derived,?

¢ _ 1, I 1 2

W_—(U(x +xy) —U')- V¢ + DV?¢. (10)
The first term on the right-hand side in Eq. (10) represents the transport of ¢ due to the relative velocity
AU = (U - U') in the local coordinate system and the second term is the molecular diffusion term.
The relative velocity can be written by U(x' + x{) — U' = U(x' + x{) — U(x;) — V and is determined
by the fluid velocity difference U(x" + x{) — U(x{) and the propagation velocity V*. Although the fluid
velocity difference has a large contribution to the relative velocity away from the irrotational bound-
ary, it can be neglected in the region very close to the irrotational boundary.*® The transport term due
to the relative velocity includes the advection of fluid element containing a scalar by the velocity field
and the effect of the irrotational boundary propagation. The latter arises from the viscous effects as
confirmed in Fig. 5 and is not an actual “advection” term. The relative velocity can be decomposed into
the boundary normal component AU}, = (AU' - n)n and tangential component AU} = AU' — AUL..
Then, the scalar transport by the relative velocity can also be decomposed into the two components,

-(U-U") V¢ = AUy - V¢ — AU} - Vg (11

At the irrotational boundary, the transport by the relative velocity is determined solely by the propa-
gation velocity of the irrotational boundary and is represented by

~(U-U")- V¢ =VP.Vg (at the irrotational boundary). (12)

The role of the propagation can be found from the conditional mean scalar profile in Fig. 7(a). Near
the upper interface, ¢ increases toward the non-turbulent region. Therefore, when the irrotational
boundary propagates toward the non-turbulent region, ¢ at the irrotational boundary increases because
the irrotational boundary moves to the location of larger ¢.%° In contrast, the propagation towards the
turbulent region, which does not frequently occur as shown in Fig. 5(b), causes ¢ to decrease at the
irrotational boundary.

Figure 11 compares the conditional average of Eq. (10) for Sc = 0.25, 1, and 8. The transport
term by the relative velocity is computed separately for the normal and tangential components of
the irrotational boundary. First, we compare the molecular diffusion term. For Sc¢ = 0.25 and 1, the
molecular diffusion term significantly contributes to the decrease in ¢ in the non-turbulent region.
However, the conditional mean molecular diffusion term is very small in the non-turbulent region
for Sc¢ = 8 and has nonzero values only in the turbulent region. Thus, for high Sc, the molecular
diffusion changes the scalar value of fluid elements inside the irrotational boundary, while the scalars
in the turbulent and non-turbulent regions can be mixed with each other for low Sc. The molecular
diffusion contributes to the increase and decrease in ¢ in the regions y;/n < —5.6 and —5.6 < yi/n,
respectively, and its effect becomes small as Sc increases. This profile of the molecular diffusion term
corresponds to the conditional mean scalar profile in Fig. 7(a), which is smoothed by the molecular
diffusion around y; ~ —5.6n. The conditional profile of the molecular diffusion term shows that the
molecular diffusion exchanges the scalar between the VSL and TSL. Regarding the transport by the
relative velocity, the tangential component is very small compared with the normal component near
the irrotational boundary; therefore, the molecular diffusion and normal transport term by the relative
velocity contribute to the temporal variation of ¢ on average. These two terms have large nonzero
values near the irrotational boundary for Sc = 0.25 and 1. The molecular diffusion has a larger contri-
bution at Sc¢ = 0.25 than the transport by the relative velocity, and this results in a slow decrease in ¢
(negative (d¢/0t’);) near the irrotational boundary. Thus, {(¢); for Sc = 0.25 is slightly smaller than
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FIG. 11. Conditional average of scalar transport equation in local coordinate system near upper TNTI: (a) Sc=0.25, (b)
Sc=1, and (c) Sc=8. The scalar transport equation is normalized by d,,0 and AUj. The vertical broken line shows the
location of a peak of the conditional mean scalar dissipation rate (yy/n7 = —5.6).

1 even in the non-turbulent region near the irrotational boundary. As shown in Fig. 7(a), for both
Sc =1 and 8, (¢); at the irrotational boundary is close to the non-turbulent value. However, this is
caused by a different reason, as explained below. For Sc = 1 in Fig. 11(b), small temporal variation
in ¢ is caused by balance between the molecular diffusion term and the effect of the propagation of
irrotational boundary.?® For Sc = 8, both the molecular diffusion and transport by the relative velocity
hardly change ¢ near the irrotational boundary because of the high Sc and the small gradient of ¢ at
the irrotational boundary. Thus, ¢ near the irrotational boundary stays at ¢ ~ 1.

Although the scalar interface appears near the irrotational boundary, the difference between the
two different interfaces can be seen in the visualization in Fig. 6. For higher Sc, the thin layers of ¢ ~ 0
and 1 are more clearly seen slightly inside the lower and upper irrotational boundaries, respectively.
This observation agrees with the conditional pdf of ¢. The conditional profiles of Fig. 11 show that
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the fluid elements near the irrotational boundary are less affected by the molecular diffusion at higher
Sc. The passive scalar in a fluid element, which is advected by the velocity field, is changed only by
the molecular diffusion.*” Therefore, ¢ of the entrained fluid elements stays at the non-turbulent value
for high Sc even in the turbulent region near the irrotational boundary.

The scalar transport equation in Eq. (10) can be rewritten by the divergence of the scalar fluxes
as follows:

% = -V - (AUp¢ + AUL¢ — DV§). (13)

The flux by the relative velocity normal to the irrotational boundary is represented by AULqS = fyn
and fN = (AU;I - n)¢. Because the direction of the tangential component is arbitrarily oriented on the
plane parallel to the irrotational boundary, we use the magnitude of the tangential flux | fg | = |AUIT¢|
to investigate the scalar transport process near the TNTI. The molecular diffusion flux —DV¢ is also
decomposed into the normal and tangential components. Similar to the flux by the relative velocity,
the normal flux by the molecular diffusion is represented by fﬂn and fN = -DV¢ - n.

First, we investigate the scalar flux normal to the irrotational boundary near the upper TNTI
( f\I)I + fﬂ) -n. At y; = 0, it represents the scalar transfer across the irrotational boundary. Note that
f\I)I at the irrotational boundary is given by —v,¢ and is the scalar transfer by the propagation of the
irrotational boundary. In the present definition of the scalar flux, a negative value for f\I}I + fﬂ de-
notes the scalar transfer toward the TC region. Figure 12(a) shows the mean values of the total flux
1y + fyy the relative velocity flux f3), and the molecular diffusion flux £y at the irrotational boundary
for different Sc. The mean scalar fluxes are negative, and the scalar in the non-turbulent region is
transferred across the upper irrotational boundary by the propagation of the irrotational boundary
and molecular diffusion. As Sc decreases, the contributions of the boundary propagation and molec-
ular diffusion decrease and increase, respectively; therefore, the total mean scalar flux stays almost
constant. Even for Sc = 0.25, the molecular diffusion flux accounts for only 12.8% of the mean total
flux. Thus, the scalar is transferred across the upper irrotational boundary by the propagation of the
irrotational boundary rather than the molecular diffusion, especially for Sc > 1. It should be noted
that the scalar flux itself does not represent the change in ¢, and the molecular diffusion term in
Eq. (10) largely contributes to the change in ¢ near the irrotational boundary as shown in Fig. 11.
Figure 12(b) shows the pdf of f\lj = —uy¢ at the irrotational boundary. Because of the propagation
to the non-turbulent region (v, > 0), the scalar in the non-turbulent region is frequently transferred
across the upper irrotational boundary ( f{}] < 0). However, the opposite movement of the irrotational
boundary (v, < 0) is also observed. When the irrotational boundary propagates toward the turbulent
region, the fluid with a turbulent scalar value (0 < ¢ < 1) is left in the non-turbulent region ( f\’}l > 0).
This scalar transport from the turbulent region was also observed in a planar jet.”’

After the non-turbulent fluid crosses the irrotational boundary, it is transferred toward the TC
region across the TNTI. For further investigation of the entrainment of fluid elements containing a
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FIG. 12. Dependence of scalar flux across upper irrotational boundary on Sc: (a) mean scalar fluxes due to propagation of
irrotational boundary and molecular diffusion and (b) pdf of scalar flux due to propagation of irrotational boundary. The
scalar fluxes are normalized by AU.
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FIG. 13. Conditional joint pdf of scalar fluxes by relative velocity normal and tangential to irrotational boundary (f\I;I and
|f$|) in turbulent region near upper TNTI (Sc = 1): (a) y1/n7 =-2.7, (b) y1/1 =-5.6, and (c) y1/n = —11.1. The white broken
line denotes |f';,r| = |f\1;1|.

scalar near the TNTI, we analyze the relationship between the scalar fluxes due to the boundary normal
and tangential components of the relative velocity. Figure 13 shows the conditional joint pdf of f\I}I
and | f\T, | calculated at several locations away from the irrotational boundary in the turbulent region. At
yi/n = —2.7 (Fig. 13(a)), the joint pdf shows a preference for f3 < 0 and |f| > | f4|. Thus, the fluid
with the scalar is further transferred toward the TC region in the direction normal to the irrotational
boundary. The scalar transfer toward the irrotational boundary, which is represented by positive f\I)’,
hardly occurs at y;/n = —2.7. As the fluid moves away from the irrotational boundary, | f\T, | becomes
large, and the peak of the joint pdf becomes close to f\I)’ = 0. Thus, at y;/n = —5.6 and —11.1, the
scalar is transferred in the tangential direction of the irrotational boundary rather than the normal
direction (| f\I)I | < | f\T,|). In Fig. 13, a large tangential scalar flux is observed from y; ~ —57, which is
within the TSL, although the scalar flux in the normal direction is large in the VSL (-5 < y; < 0).

These scalar fluxes are the result of the transport of fluid elements containing the scalar. The
conditional statistics of the scalar flux on y; do not show the actual path of entrained fluid elements,
which can be investigated by Lagrangian tracking of fluid particles.'> However, taking into account the
tendency that the fluid on y; moves in the direction normal to the irrotational boundary at y;/n = 2.7,
we can consider that after the fluid passing across the irrotational boundary moves in the direction
normal to the irrotational boundary, it moves in the direction tangential to the boundary. From the
change in the conditional joint pdf with y;, we can describe the turbulent mixing near the TNTI, as
shown in Fig. 14. The first stage of the turbulent mixing takes place in the VSL (Fig. 14(a)). The
non-turbulent fluid near the irrotational boundary (shown in red) becomes turbulent by the viscous
diffusion of vorticity and is locally entrained across the irrotational boundary. Because of the propaga-
tion of the irrotational boundary, the fluid element coming from the non-turbulent region moves away
from the irrotational boundary in the VSL in the normal direction of the irrotational boundary. From a
small probability for positive f\If at y;/n = —2.7 in Fig. 13(a), it is found that the fluid element hardly
moves toward the irrotational boundary in the VSL. This fluid movement in the normal direction is
caused by the pseudo advection by the propagation velocity, which is related to the viscous diffusion
of vorticity. After this fluid reaches the TSL (y; ~ —57), it is transferred in the tangential direction
of the irrotational boundary and is mixed with the fluid in the TC region (Fig. 14(b)). Taveira et al.
also observed the tangential movements of fluid particles in the turbulent region near the TNTL'® da
Silva et al. investigated the intense vorticity structure (IVS) near the TNTI in the jet and showed that
the IVS does not exist in the turbulent region of =57 < y; < 0 and appears in the region y; < —57.°
These results indicate that, as described in Fig. 14(b), the tangential transport of the entrained fluid
is considered to be caused by turbulent motions such as IVSs within the TSL and that this fluid then
moves into the TC region.

Because the fluid element hardly moves toward the irrotational boundary in the VSL, the VSL
mostly consists of the fluid coming from the non-turbulent region, while the TSL contains fluids from
both the non-turbulent and TC regions, which are drawn into the TSL from the VSL by the local
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FIG. 14. Schematic of turbulent mixing caused by propagation of irrotational boundary in viscous superlayer (VSL),
turbulent motions in turbulent sublayer (TSL), and molecular diffusion. (a) Local entrainment of non-turbulent fluids in VSL
caused by propagation of irrotational boundary. The irrotational boundary propagates from the solid line to the dashed-dotted
line, and the region shown in red is entrained into the turbulent region. (b) Transport by turbulent motions such as intense
vorticity structure (IVS) (red) in TSL. Molecular diffusion contributes to the scalar transfer between the VSL and TSL, in
which the turbulent motions transport a fluid element (shown by a blue circle and moving on a blue line) in the tangential
direction of the irrotational boundary.

entrainment and from the TC region by the turbulent motions. This indicates that the fluid in the TC
region can reach within the TSL but hardly moves into the VSL close to the irrotational boundary.
The conditional pdf of ¢ for high Sc cases (Figs. 10(c) and 10(d)) also implies these different origins
of fluids between the VSL and TSL. The scalar value near the TNTI can be used as a marker of the
fluid element coming from the non-turbulent region for high Sc because the scalar value of the fluid
element stays at the non-turbulent value (¢ = 1 near the upper interface) during the local entrainment
of non-turbulent fluids. Therefore, the probability of ¢ =~ 1in Figs. 10(c) and 10(d) is interpreted as the
probability that there is a fluid coming from the non-turbulent region by the local entrainment. The pdf
of ¢ for Sc = 4 and 8 shows that the VSL (=51 < y; < 0) consists of the fluid from the non-turbulent
region (¢ = 1), while both non-turbulent and turbulent values (¢ = 1 and ¢ < 1, respectively) are
observed in the TSL (=145 < y; < —57). The shape of the pdf significantly changes from the VSL to
the TSL. Because the molecular diffusion cannot be neglected even for Sc = 8§ and the instantaneous
thickness of the VSL can fluctuate, the conditional statistics of ¢ only provide a rough estimation on
whether the fluids near the TNTI come from the non-turbulent region or the TC region. However,
from the conditional pdf of ¢, the origin of the fluid near the TNTI clearly changes around y; = —5n,
which is close to the boundary between the TSL and VSL. Thus, the boundary between the TSL
and VSL roughly separates the region (VSL) mostly consisting of the fluid from the non-turbulent
flow from the region (TSL) in which the fluids from both the TC and non-turbulent regions coexist.
Because of a large difference in ¢ between the fluids from the TC and non-turbulent regions, a large
scalar gradient is expected to exist between the TSL and VSL. Because the locations of the TSL and
VSL are independent of Sc, a peak value of the conditional mean scalar dissipation rate appears near
the boundary between the TSL and VSL independently of Sc. As Sc increases, there is a sharp jump
in (¢); in the thinner region around y; = —5.6n. However, the jump in (¢); is very similar for Sc = 4
and 8 although the molecular diffusion can smooth (¢);. Therefore, the thickness of the jump in (¢),
for high Sc might be determined by the fluctuation of instantaneous thickness of the VSL because
the VSL thickness is related to the distance between the irrotational boundary and the fluid with a
turbulent value of ¢ in the TSL.

When the passive scalar is supplied from the turbulent flow, the turbulent mixing processes
described in Fig. 14 cause the outward spreading of the passive scalar, as observed for the lower side
of the mixing layer. This situation is similar to the scalar transfer in the jet, in which the passive scalar
is supplied from the jet inlet. The local entrainment of the non-turbulent fluids causes the outward
movement of the VSL and TSL. Therefore, this local entrainment extends the region where the turbu-
lent fluid can reach, and the turbulent motions then transport the fluids in the TC region into the TSL.
Thus, the spreading of the passive scalar occurs because of the outward motion of the TNTI and the
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FIG. 15. Conditional mean scalar flux by molecular diffusion in the normal direction of irrotational boundary near the upper
TNTI. The vertical broken line shows the location of a peak of the conditional mean scalar dissipation rate (y;/n = —5.6).

turbulent motions in the TSL and TC regions. Note that the scalar transport near the upper and lower
TNTTI is dominated by the same processes consisting of the transport of fluid elements and molecular
diffusion.

Figure 15 shows the conditional mean scalar flux by molecular diffusion in the normal direction of
the irrotational boundary ( fl{jl). The scalar flux by the molecular diffusion is represented by the scalar
gradient, and similar to (N); in Fig. 7(b), it becomes large around the boundary between the VSL
and TSL (y;/n = —5) rather than at the irrotational boundary (y; = 0). As can be seen in Fig. 15, the
conditional mean scalar flux has a peak at y;/n = —5.6, and the molecular diffusion largely contributes
to the scalar transport from the VSL toward the TSL near the upper interface. Thus, the molecular
diffusion exchanges the scalar between the VSL and TSL, as described in Fig. 14(b). The scalar flux by
molecular diffusion is small compared with that due to the relative velocity in Fig. 13. For Sc = 4 and
8, the molecular diffusion term does not contribute to the scalar transport in the non-turbulent region.
Although the molecular diffusion does not contribute to the scalar transport between the VSL and
TSL as much as the relative velocity, it is not negligible for the low Sc cases. Because of the turbulent
motions in the TSL and the absence in these motions in the VSL, the scalar transport between the VSL
and TSL can be important to turbulent mixing. Near the upper interface, the fluid in the TSL acquires
the scalar from the VSL owing to the molecular diffusion and is transported into the TC region. On
the other hand, near the lower boundary, the molecular diffusion transfers the scalar from the TSL
toward the VSL. Because the turbulent fluid in the TC region cannot reach deep inside of the VSL,
the scalar transfer into the VSL near the lower boundary is caused by the molecular diffusion. Thus,
the molecular diffusion acting between the VSL and TSL promotes the entrainment and spreading of
the passive scalar due to turbulent mixing.

IV. CONCLUSION

We investigated the characteristics of the passive scalar and turbulent mixing near the TNTI by
performing a DNS of the temporally developing mixing layer. Passive scalars with Sc = 0.25, 1, 4,
and 8 were computed for one velocity field, and the Schmidt number dependence of passive scalar
characteristics was investigated. For investigating the TNTI, we used the irrotational boundary, which
is the isosurface of small vorticity magnitude located near the outer edge of the TNTI. We found
that the engulfed fluid occupies only a very small part of the inner region of irrotational boundary
envelope.

A sheetlike structure of a large scalar dissipation rate frequently appears near the TNTI, although
the value of the scalar dissipation rate in this structure near the TNTI is comparable to that in the
TC region. For low Sc cases, the molecular diffusion has a large influence on the scalar in both the
turbulent and non-turbulent regions. In contrast, for high Sc cases, the non-turbulent fluid is entrained
into the turbulent region without being significantly affected by the molecular diffusion. Therefore, the
scalar isosurface used for detecting the TNTI are located outside and inside the irrotational boundary
for low and high Sc, respectively. For high Sc cases, the scalar isosurface appears in the TSL rather
than the VSL.
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Unless the Schmidt number is quite low, turbulent mixing near the TNTI begins with the viscous
diffusion of vorticity, which causes the non-turbulent fluids to cross the irrotational boundary (local
entrainment). Once the non-turbulent fluid becomes turbulent at the irrotational boundary, the locally
entrained fluid moves in the VSL towards the TC region in the normal direction of the irrotational
boundary. As the fluid approaches the TSL, which is located about 51 away from the irrotational
boundary, the fluid tends to be transferred in the tangential direction of the irrotational boundary rather
than the normal direction.

This entrainment process and the scalar characteristics near the TNTI show that the boundary
between the TSL and VSL separates the region (VSL) mostly consisting of the fluid coming from
the non-turbulent flow from the region (TSL) in which the fluids from both the TC and non-turbulent
regions coexist. Because of a large difference in a scalar between the VSL and TSL, the conditional
mean scalar dissipation rate has a peak value at the location close to the boundary between the TSL
and VSL independently of Sc, and the molecular diffusion exchanges the passive scalar between the
VSL and TSL.
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