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Enstrophy and passive scalar transport near the
turbulent/non-turbulent interface in a turbulent planar
jet flow

T. Watanabe,’® Y. Sakai," K. Nagata,' Y. Ito,' and T. Hayase?
'Department of Mechanical Science and Engineering, Nagoya University, Nagoya, Japan
2 Institute of Fluid Science, Tohoku University, Sendai, Japan

(Received 13 March 2014; accepted 2 October 2014; published online 22 October 2014)

The enstrophy (w?/2) and passive scalar (¢) transport near the turbulent/non-turbulent
(T/NT) interface is investigated using direct numerical simulation of a planar jet with
passive scalar transport. To take into account the interface movement, we derive the
transport equations for the enstrophy and the scalar in a local coordinate system mov-
ing with the T/NT interface. The characteristics of the T/NT interface are analyzed
for three interface orientations. The cross-streamwise edge and the leading edge face
the cross-streamwise and streamwise directions, respectively, and the trailing edge
is opposite to the leading edge. The propagation velocity of the T/NT interface is
derived from the enstrophy transport equation in the local coordinate system. The
T/NT interface propagates toward the non-turbulent region on average at the cross-
streamwise and leading edges, whereas the trailing edge frequently propagates into
the turbulent region. The conditional average of the enstrophy transport equation
in the local coordinate system shows that viscous diffusion transports, toward the
non-turbulent region, enstrophy, that is advected from the turbulent core region or is
produced slightly inside the T/NT interface. Viscous diffusion contributes greatly to
the enstrophy growth in the region very close to the T/NT interface. The transport
equation for the scalar ¢ in the local coordinate system is used to analyze the scalar
transport near the T/NT interface. The conditional average of the advection term
shows that ¢ in the non-turbulent region is frequently transported into the turbulent
region across the cross-streamwise and leading edges by interface propagation to-
ward the non-turbulent region. In contrast, ¢ in the turbulent region is frequently
transported into the non-turbulent region across the trailing edge. The conditional
averages of the advection and molecular diffusion terms show that both the interface
propagation and the molecular diffusion contribute to the scalar transport across the
T/NT interface. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898208]

. INTRODUCTION

Free shear flows, such as wakes, jets, and mixing layers, can be distinguished into two regions: a
turbulent region characterized by high vorticity, and a non-turbulent region consisting of irrotational
flows. These two regions are divided by a sharp interface, which is referred to as the turbulent/non-
turbulent (T/NT) interface.! The T/NT interface plays an important role in the development of
free shear flows. A non-premixed jet flame is a typical example in which the T/NT interface is
important. In the non-premixed jet flame, the fuel and oxidizer are mixed and chemical reactions
occur near the interface between the jet and the ambient flows.>® Thus, it is desirable to investigate
the characteristics of the T/NT interface in order to develop engineering equipment (e.g., mixers,
chemical reactors, and combustors).
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The T/NT interface has been investigated recently by experimental, numerical, and analytical
approaches. In the numerical approach, direct numerical simulation (DNS) is useful for investigating
the T/NT interface because it provides all the components of the vorticity vector, which is used to
detect the interface. On the other hand, a passive scalar is often used as a marker of the turbulent
region instead of the vorticity vector in experiments*® and large eddy simulations.” Bisset et al.
used the DNS results for wakes behind a flat plate to investigate the characteristics of the flow
and scalar fields near the T/NT interface.® They introduced conditional statistics conditioned on the
distance from the T/NT interface. Conditional statistics have been widely used in studies of the T/NT
interface. da Silva and Pereira’ investigated the invariants of the velocity gradient, rate of strain, and
rate of rotation tensors near the T/NT interface by using DNSs of a temporally developing jet,'” and
showed that some distance is required for the adjustment of statistical properties of the invariants
between the T/NT interface and the turbulent region. DNSs of a temporally developing jet were
also used to investigate the thickness of the T/NT interface,'! the vorticity structure near the T/NT
interface,'? and the kinetic energy budget near the T/NT interface.'!® These studies showed that the
thickness of the T/NT interface is of the order of the Taylor microscale, which is almost equal to the
radius of large vorticity structures near the interface.

Mathew and Basu'# showed that the entrainment process occurs at small scales using temporal
DNS of a circular shear layer. Westerweel et al. used particle image velocimetry and laser-induced
fluorescence to experimentally investigate the T/NT interface in a round jet and also showed that the
entrainment process is dominated by small-scale eddies near the T/NT interface.*° Holzner et al.
conducted experiments on oscillating-grid turbulence by using particle tracking velocimetry and
investigated the acceleration of fluid particles, the enstrophy, and the rate of strain near the T/NT
interface.'> !¢ They showed that the viscous process plays an important role in the propagation of
the T/NT interface.!” The importance of small scales in the entrainment was also shown by Taveira
et al.,'® in which the trajectory of fluid particles is analyzed using DNS of a temporally developing
jet. Recently, the rapid distortion theory has also been used to investigate the T/NT interface.'”

The turbulent region spreads into the non-turbulent region by conversion of non-turbulent flows
near the T/NT interface into turbulent flows. Because the turbulent region is characterized by high
enstrophy, the enstrophy transport mechanism near the T/NT interface is important in turbulent
region development. The T/NT interface is often detected using a passive scalar when the Schmidt
number is large, as shown in previous experiments. Therefore, the dynamics of the T/NT interface
is expected to be related to the scalar transport near the interface.

In the present work, the enstrophy and passive scalar transports near the T/NT interface are
investigated by using the DNS results of a spatially developing planar jet? to elucidate their dominant
mechanism. As indicated by Hunt et al.,' the transport of these physical quantities relative to the
T/NT interface is important. First, we derive a transport equation for the enstrophy and the passive
scalar in a local coordinate system moving with the T/NT interface. The conditional average of
the transport equation for physical quantities (e.g., the turbulent kinetic energy, rate of strain, and
enstrophy) is often used to understand the mechanism that dominates these quantities near the T/NT
interface.'> % The conditional average of the advection term in a coordinate system whose origin
is fixed in a flow field indicates how the physical quantities are changed at a fixed location by
the advection term before or after the T/NT interface passes the location. Therefore, the conditional
average of the advection term in a fixed coordinate system is not useful for investigating the advection
relative to the T/NT interface movement, which is expected to be important near the T/NT interface.
Analysis in a local coordinate system moving with the T/NT interface enables us to investigate the
advection relative to the T/NT interface movement. Finally, we will show that the propagation of the
T/NT interface plays an important role in the scalar transport across the interface.

We also focus on the effect of the orientation of the T/NT interface on its characteristics.
Bisset et al.® calculated the conditional mean vorticity, velocity, and passive scalar (temperature)
for different interface orientations and interface heights, and showed that the interface orientation
has a small effect on these conditional mean values. However, the factors that affect the interface
characteristics, such as the interface orientation or height, remain unknown. In addition to the
conditional mean values, in this work, we investigate the enstrophy and passive scalar transport
mechanism near the T/NT interface for different interface orientations. We will show that they
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depend significantly on the interface orientation. Section II describes the DNS of the planar jet. In
Sec. III, we derive the transport equation for the enstrophy and passive scalar in a local coordinate
system moving with the T/NT interface and consider the role of interface propagation in scalar
transport. The numerical results are shown in Sec. IV. Finally, the conclusion is summarized in
Sec. V.

Il. DIRECT NUMERICAL SIMULATION OF A PLANAR JET
A. Numerical methods and computational parameters

The DNS results for a planar jet* are used to investigate the T/NT interface. The numerical
methods and simulation conditions are described here. In this work, we consider passive scalar
transport in the incompressible planar jet illustrated in Fig. 1. The origin of the coordinate system is
located at the center of the jet exit. The streamwise, lateral, and spanwise directions are represented
by x, y, and z, respectively. The governing equations are the continuity equation, Navier—Stokes
equations, and transport equation for a passive scalar ¢, which are written as follows:

aU;
I, (1)
an
U | UL _ b 9 @
ot an 0x; 8xj3xj’
89 e _ ) 9% )
dt ij 8x_,~ 8)6‘,' ’

where U; is the instantaneous velocity component, p is the instantaneous pressure divided by the
density, v is the kinematic viscosity, and D is the diffusivity coefficient for the passive scalar ¢.
The governing equations are solved using a finite difference method. The fully conservative
fourth-order central difference scheme proposed by Morinishi et al.?? is used for spatial discretiza-
tion in the x and z directions, and the fully conservative second-order central difference scheme??
is used in the y direction. The continuity equation and Navier—Stokes equations are solved using
the fractional step method. The Poisson equation is solved by the conjugate gradient method. The
Crank—Nicolson method is used for the time integration of the y direction viscous and molecular
diffusion terms, whereas the other terms are temporally integrated by the third-order Runge—Kutta
method. The Crank—Nicolson method is used for preventing the numerical instability arising from the
viscous and molecular diffusion terms. This hybrid implicit/explicit scheme was proposed and used
in Spalart ef al.>> The size of the computational domainis L, x L, x L, = 13.57d x 11.0nd x 2.67d,
and N, x N, x N, =700 x 430 x 74 computational grid points are used. The grid is equidistant
in the x and z directions. In the y direction, a fine grid is used near the jet centerline. The minimum

Jet flow (¢= 0 at the jet exit)

L

y,_/_/J L,

S

¢ * E>\’_\N\/‘—
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X

FIG. 1. Planar jet with passive scalar transport.
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TABLE I. Coefficients in Egs. (4) and (5) used to determine boundary condition at jet exit.

n 0 1 2 3 4 5
Ap 1.303 x 10° -9236 x 107! —8.571 x 10° —1.207 x 10? 3.464 x 10? 0
By, 4673 x 1072 5470 x 1072 —1.368 x 10° 1.043 x 101 — 1.657 x 10! 0
By,  3.505x 1072 —1.558 x 1072 5192 x 1071 —1.249 x 10° 0 0
Byn  3505x 1072  —3.551x 1073 1.930 x 107! — 1.186 x 10° 7355 x 10°  —1.267 x 10!

resolution in the y direction is 0.039d on the jet centerline, and maximum resolution is 0.52d at
y = %L,/2, which is far away from the jet. We set the boundary condition of ¢ so that ¢ = 0 at the
jetexit and ¢ = 1 in the ambient flow. Therefore, the mixture fraction &, which is often used as the
passive scalar in the jet, is related to ¢ by £ = 1 — ¢. The Reynolds number based on the width of
the jet exit d and the mean velocity at the jet exit Uy is Re = Ujd/v = 2,200, and the Schmidt number
for the passive scalar ¢ is Sc = v/D = 1. The mean streamwise velocity of the ambient flow at
x = 0 is Uxn = 0.056U;. The convective boundary condition®® is applied to the y—z plane at
x = L,. The cross-streamwise gradient of velocity is set to O at the lateral boundaries, and the
periodic boundary condition is applied in the spanwise direction. We use the measured mean ve-
locity and rms value of the streamwise velocity fluctuation at the jet exit?>?® to determine the
boundary condition. The inflow velocity at the jet exit is generated by superimposing random fluc-
tuations on the mean velocity so that the lateral profiles of the streamwise mean velocity (Uy,) and
the rms values of the velocity fluctuations (#yms, Vrms, Wrms) at the jet exit satisfy the following
equations:

5
Un(y) = U. 2n
= n o (g) @
n=0
urms(y) _ iB X‘n Urms(y) _ iB X‘” wrms(y) _ XS:B X n (5)
Uy prt e VA R 7 prt “tlal prt ]
25-28

The coefficients A,, B, ,, By, and By, ,, are summarized in Table I. The measurement results
for Ui,(y) and uyms(y) are compared with Egs. (4) and (5) in Fig. 2. Equations (4) and (5) are used
to generate the inflow velocity, which is similar to that in the experiments.>>8 The profiles of the
mean velocity and the rms value of the streamwise velocity fluctuation at the jet exit used in the
present DNS are similar to those in turbulent channel flows. Therefore, the coefficients B, , and
B, , are determined from the profiles of v,s and wy in the turbulent channel flow.? Thus, the
inflow velocity used in the present DNS approximates the velocity profile in the jet nozzle rather
than near the jet exit. In the ambient flow at x = 0, the streamwise velocity is set to U, without any
fluctuations.

B. Validations of the DNS results

To validate the DNS results, the conventional statistics obtained by the present DNS are com-
pared with the previous experiments and DNSs on planar jets. The term “conventional statistics”
denotes the statistics obtained by time averaging or ensemble averaging procedures. Here, the mix-
ture fraction § = 1 — ¢ is used instead of ¢. In the present DNS, the inflow velocity profiles are
determined according to the experiment on the planar liquid jet in Watanabe et al.>>~>® The stream-
wise and cross-streamwise velocities statistics obtained in the present DNS are compared with those
measured by the X-type hot-film probe in the planar liquid jet. In the experiment by Watanabe
et al.,>> " the mixture fraction was also measured for Sc = 600. The mean mixture fraction pro-
file is determined by its transport by the velocity and the molecular diffusion. In the jet flow, the
velocity field has much greater influence on the mean mixture fraction profile than the molecular
diffusion, and the mean molecular diffusion term is often neglected in the mean scalar transport
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FIG. 2. (a) Mean streamwise velocity and (b) rms values of velocity fluctuations at jet exit. Lateral profiles of velocity
statistics at jet exit are compared with measurement results.>>=8

equation.’® The difference in the Schmidt number significantly affects the molecular diffusion, and
can be neglected in the mean mixture fraction profile. Therefore, although there is a discrepancy in
the Schmidt number, it is adequate that the mean mixture fraction profile is compared between the
DNS and the experiments in the liquid jet.

Figures 3(a) and 3(b) show the mean streamwise velocity (U) and mean mixture fraction (£)
on the jet centerline. Here, ( ) denotes the conventional mean value. The results show that the
streamwise development of the mean streamwise velocity and mean mixture fraction agrees well
with the experimental results. It is also found that (U) — Uy and (£) on the jet centerline decrease
with proportion to (x/d)~". In the downstream of x/d = 10, the mean streamwise velocity and mean
mixture fraction on the jet centerline change according to

2
((U)(i—JUA)Z = 0.132(x/d) +0.125, ©
@ = 0.199(x/d) 4 0.549. o

Figures 4(a) and 4(b) show the lateral profiles of the mean streamwise velocity and the mean
mixture fraction. The cross-streamwise coordinate y is normalized by the jet half-widths by and b
based on the lateral profiles of ((U) — Uy) and (£), respectively. The mean streamwise velocity and
the mean mixture fraction are normalized by their values on the jet centerline. Here, ( )c denotes
the conventional mean value on the jet centerline. Both the mean streamwise velocity and the mean
mixture fraction exhibit self-similar profiles, and show good agreement with the experimental results
in the liquid jet.>>~28

1.5' T T T T T T T —10 T T T T T T T T 415
o o Experiment 1] [ o ©  Experiment
Sl DNS -8 o [ (Sc = 600)
=1 lg ® » —— —DNs 110
F ‘ L 4 ]
i A b 1w
A 4% Vos ] Y
205 = » 57
~ S) ]
1 1 1 1 1 1 1 1 ]
00 10 20 30 40 0 0O 10 20 30 40 0
x/d x/d
(a) (b)

FIG. 3. Streamwise variation in mean streamwise velocity and mean mixture fraction on jet centerline. (a) Mean streamwise
velocity. (b) Mean mixture fraction. The experiments by Watanabe et al.>>? are compared with the present DNS.
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(U= Up)/(KU>c—U,) <&/<E>c
Experiment Experiment (Sc = 600)
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FIG. 4. Lateral profiles of mean values of (a) streamwise velocity and (b) mixture fraction. The experiments by Watanabe
et al.>>% are compared with the present DNS.

Figure 5 shows the streamwise variation in the jet half-widths by and be. Similar to the
experiments,”?® by and b; increase with proportion to x. In the downstream of x/d = 10, by
and b change according to

by /d = 0.079(x /d) + 0.263, (8)

be/d = 0.118(x/d) + 0.230. ©9)

Thus, the mean mixture fraction more rapidly spreads in the y direction than the mean streamwise
velocity.

The development of the mean velocity and scalar fields strongly depends on the inflow
velocity.?!:3> The inflow velocity generated by random fluctuations is different from real turbu-
lence. However, the agreement in the mean fields between the DNS and the experiments justifies the
application of the random fluctuations as the inflow velocity for the planar jet investigated in this
study.

Figures 6(a) and 6(b) show the lateral profiles of the rms values of the streamwise and cross-
streamwise velocity fluctuations (u,ys, Vrms) normalized by (U)c — Ua. The results obtained in the
previous experiments®>2%33:3* and DNSs*33 are also shown in Fig. 6. Although there is variability
among the experiments and the DNSs, the profiles obtained by the present DNS are similar to those
in the previous studies. It should be noted that the rms values agree well with the experimental
results by Watanabe ef al.>>?8

Figure 7 shows the lateral profiles of the rms values of mixture fraction fluctuation, &,
normalized by the mean mixture fraction (§)c on the jet centerline. The measurement results of
temperature by Davies et al.’” and concentration of diffusive dye by Watanabe et al.>>?3 are also
shown in this figure. Because the dissipation of scalar fluctuations occurs in small scales, where
the molecular diffusion is important, the Schmidt number can affect &,,s. However, comparison

6 Experiment i
° by
- 4 be(Se=600) o]
= 4 DNS e ]
S
IS}
S

FIG.5. Jethalf-width based on mean streamwise velocity and mean mixture fraction. The experiments by Watanabe er al.>>>8
are compared with the present DNS.
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Experiment
© Gutmark 1976 2 Ramaprian 1985 © Watanabe 2014

DNS Present DNS
Stanley 2002 ——Klein 2003 ----x/d=30 —-—x/d=40

0.5+ 0.5r

0.4+
0.3

0.2

VmwK<U>Cgiuk)

0.1

FIG. 6. Lateral profiles of rms values of (a) streamwise velocity fluctuation and (b) cross-streamwise velocity fluctuation.
The experiments by Gutmark and Wygnansk,>* Ramaprian and Chandrasekhara,>* and Watanabe et al.>>?® and the DNSs
by Stanley ez al.?® and Klein ez al.3® are compared with the present DNS.

between the DNS and the experiments is still useful for investigating the overall profile of & .
&ms/(€)c measured by Davies et al. is small compared with the present DNS and the experiments
on the planar liquid jet by Watanabe et al. Although a large difference in &,,,s/(£)c can be observed
at x/d = 10 between the present DNS and the experiments by Watanabe et al., & /(£ )c shows good
agreement in the downstream region.

Figure 8 shows the spectrum of the streamwise velocity fluctuation and the mixture fraction
fluctuation at (x, y) = (30d, 0.7by). In this figure, the spectrum is normalized by the variances of
the streamwise velocity fluctuation and the mixture fraction fluctuation. In Fig. 8(a), the wavenum-
ber 27 f/{U) obtained from the frequency f is normalized by the Kolmogorov wavenumber 1/ng
= (e/v*)"*, where € = 2v (s;;8;j) 1s the mean dissipation rate of the turbulent kinetic energy (s;; is the
fluctuating rate of strain tensor). In Fig. 8(b), the wavenumber corresponding to the Batchelor scale
1/n = Sc'"?/nx is used to normalize the wavenumber. It is found that there is a band of frequencies
where E,, and Eg; exhibit power laws with an exponent close to —5/3. The spectrum at the high
frequency shows that the velocity and mixture fraction fluctuations at small scales are well resolved
by the present DNS.

Compared with the previous DNSs of the spatially developing planar jets,*> the present DNS
has a small spatial resolution relative to the Kolmogorov microscale especially in the downstream
region, where the detail analysis is conducted on the T/NT interface in this study. We have also
confirmed that the spatial resolution is small enough to investigate the enstrophy and passive scalar
transport near the interface. An additional DNS with a higher spatial resolution was conducted

051 Watanabe 2014

° x/d=10
o x/d=30
v x/d=40

Present DNS

x/d =10
-==-x/d=30
—-—x/d =40

émJ<§>C

4 Davies 1975

3

Ve

FIG. 7. Lateral profiles of rms values of mixture fraction fluctuation. The experiments by Davies et al.>” and Watanabe

et al.>>?8 are compared with the present DNS.
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FIG. 8. Spectrum of the streamwise velocity fluctuation and the mixture fraction fluctuation at (x, y) = (30d, 0.7by).
(a) Streamwise velocity fluctuation. (b) Mixture fraction fluctuation.

(fine-grid DNS). The numerical methods in the fine-grid DNS are almost similar to those in the
present DNS in this paper, and are shown in Watanabe et al.?-*® Comparing the results of analysis
on the enstrophy transport near the T/NT interface between the two DNSs, we confirmed that the
spatial resolution in the present DNS is small enough. The computational domain in the fine-grid
DNS is small compared with the present DNS owing to the limitation of computer resources. For
analyzing the fully developed region of the planar jet, we used the present DNS instead of the
fine-grid DNS.

lll. LOCAL COORDINATE SYSTEM MOVING WITH THE T/NT INTERFACE

A. Enstrophy transport equation in the local coordinate system moving
with the T/NT interface

The interface movement should be taken into account when analyzing the characteristics of
the T/NT interface. In this section, the transport equations for the enstrophy and passive scalar in
the local coordinate system moving with the T/NT interface are derived. The enstrophy transport
equation is used to derive the propagation velocity of the T/NT interface. Then, we analyze the scalar
transport near the T/NT interface.

We introduce a coordinate system whose origin is located at the T/NT interface. This coordinate
system is referred to as the “local coordinate system” hereafter, whereas the coordinate system
whose origin is located at a fixed location in a flow field, such as a jet exit, is referred to as the “fixed
coordinate system.” The positions in the fixed and local coordinate systems are represented by x
and x!, respectively. The relationship between the fixed and local coordinate systems is illustrated
in Fig. 9. The point x = x|, is located on the T/NT interface and is used as the origin of the local
coordinate system. We use U(x) to represent the velocity of the fluid at x in the fixed coordinate
system. Note that the velocity in the local coordinate system is not consistent with U because of
the T/NT interface movement. According to Holzner and Liithi,'? the velocity of the T/NT interface
movement U! can be divided into two components. One is the velocity of the fluid at x = X(I), and
the other is the velocity of the T/NT interface relative to the velocity of the fluid at x = x}, which
is referred to as propagation velocity. Hence, the velocity of the T/NT interface movement U’ is
represented by

U' = U®x) + VF, (10)

where V¥ denotes the propagation velocity of the T/NT interface.
We consider the coordinate transformation from the fixed coordinate system (X, ?) to the local
coordinate system (x', ). Here, the local coordinate system (x!, #') is related to the fixed coordinate
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Origin of the local
coordinate system

X=Xy x=x+x],
—_—
e
x=0
U(x):

Origin of the fixed coordinate system

VP

: Velocity vector
: Positionvector

Velocity of the fluid at the position x.

: Velocity of the T/NT interface movement.
: Velocity of the T/NT interface relative

to the velocity of the fluid at x = x!,,.
(Propagation velocity )

FIG. 9. Relationship between fixed and local coordinate systems.

system (X, 7) by

(1)

12)

Because the origin of the local coordinate system moves with the velocity U!, we can obtain the

following relationship from Eq. (11):

X} ox!
Then, the derivative of the variable f = f{x!, #) with respect to ¢ is written as follows:
of _afor af ax! (14)
ot or ot ax! or’
of _ adf
=5 ’a_x} (15)

Here, x} and Ul.I are the 7 direction components of x!
of f= fix!, ¥') with respect to x; is written as follows:

of _ of or'
dx; Ot dx;
_ o
T oaxl

1

and U, respectively. Similarly, the derivative

a7 0%

ax} ax;’ (16)

A7)

Here, x; is the i direction component of x. By using Eqs. (15) and (17), the Lagrangian derivative of
fatx = x|, + x' can be represented in the local coordinate system (x', ) as follows:

i _u

af

= 4+ U +x) -1, 18
Dr = o DU TXT (18)
af 1 9f 1, o, 0f
= g—Ula—xlI—FUl(X +X0)a—x3, (19)
B )
_u (U:x" +xp) — U}) Y (20)

atr’

ax!
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Additionally, the following expression for the Lagrangian derivative in the local coordinate system
can be obtained using Eq. (17):

Df of 0y g Of

Dt - ot + (UI(X +XO) Ul) axi’ (21)
_of I Iy _ il
=3 + (Ux' +xp) —U") -V £. (22)

Equation (21) or (22) is useful for investigating the T/NT interface because the advection term can
be evaluated using the derivative in the fixed coordinate system. In Eq. (22), the velocity in the
advection term represents the velocity at x = x! + x|, relative to the velocity of the T/NT interface
movement, as shown in Fig. 9. Substituting Eq. (10) into Eq. (22) yields the following expression
for the Lagrangian derivative in the local coordinate system:

by _or

o =30+ (U +xp) — Uxp) — VF) - V . (23)

The propagation velocity V¥ has to be specified to evaluate the advection term in Eq. (23). Holzner
and Liithi derived the expression for V¥ by analyzing the enstrophy transport equation in the fixed
coordinate system.!” We can derive the same expression for V¥ from the transport equation for the
enstrophy (w?/2) in the local coordinate system, which can be derived by using Eq. (23),

30?2
‘;t,/ = — (UK + X)) — UK = VP) - V(2/2) + 00 Si; + vay V. (24)

Here, w; = €,30U;/0x; is the i direction component of the vorticity vector (where € is the Levi-
Civita symbol), and S;; = (dU;/0x; + dU;/0x;)/2 is the component of the rate of strain tensor. The
first term on the right-hand side of Eq. (24) is the advection term, the second term is the production
term, and the third term is the viscous term. When the vorticity magnitude || is used to detect the
T/NT interface, the detected interface is the isosurface of |@|. Therefore, the enstrophy (w?/2) at the
T/NT interface (x' = 0) does not change with time,

dw? /2
C;tr/_ =V’ V(0/2) + wj0;S;j + va; Viw; = 0. 25

Because the propagation velocity VP points in the direction normal to the T/NT interface, V¥ is
represented by

—Vao?
VP=vn=v—-, 26
n=to (26)
where n = —Vw?/|Vw?| is the unit vector normal to the T/NT interface, and v, is the propagation

velocity component normal to the T/NT interface. Here, v, is defined as positive when the T/NT
interface propagates toward the non-turbulent region and as negative when the T/NT interface
propagates toward the turbulent region. By substituting Eq. (26) into Eq. (25), we can derive the
propagation velocity v, as

_ 260,‘ w; S,‘j 2\1in20),‘

= = . 27
Un Vo Vol Up + Vvis 27

Equation (27) is the same as the propagation velocity derived by Holzner and Liithi.'” The first term
in Eq. (27) is the propagation velocity arising from enstrophy production or destruction, and the
second term is the propagation velocity arising from the viscous effects. The viscous term in the
enstrophy transport equation can be decomposed into the viscous diffusion term and the viscous
dissipation term, and the enstrophy transport equation is represented by

2
8‘;/ 2__ (U +xp) — U(x)) — VF) - V(0?/2)

+w;w;Sij + vV (@?/2) — vV - V. (28)
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The third and fourth terms in Eq. (28) are the viscous diffusion term and viscous dissipation term,
respectively. When this decomposition of the viscous term is applied to Eq. (27), the propagation
velocity v, is represented by

Zwiijij 2vV2(w2/2) ZVV(U,' . Va),-
Vy, = —

" | Ve? V2| |Va?|

Here, vp is the propagation velocity arising from viscous diffusion, and v, is that arising from
viscous dissipation.

= Up + Up + V.. (29)

B. Scalar transport equation in the local coordinate system moving
with the T/NT interface

We analyze the scalar transport near the T/NT interface. Here, we consider the passive scalar
¢, whose spatial and temporal evolution is given by Eq. (3). In the local coordinate system, the
transport equation for ¢ is written as follows:

20 = (UK + )~ Ush) ~ V7) - Vg + DV, G

Using Eq. (30) instead of Eq. (3) enables us to analyze the scalar transport across the T/NT interface.
At the T/NT interface (x' = 0), the scalar ¢ changes according to

0

a_f — VP . Vo + DV, (31)

= V. (V") + DV?p. (32)

Here VP - V¢ = V - (¢ VP) is used to derive Eq. (32). Here, because v, is independent of x,, this
relationship can be obtained by
d 0
VPV = vn- Vg = vl = 2% _ g n,g) = V- 6V, (33)

0Xp 0x,

where x, is the normal direction to the interface.

For further understanding of the role of the term V - (¢ V) in the scalar entrainment process,
we consider a one-dimensional coordinate system, where the position in the fixed coordinate system
is represented by y. The local coordinate x; consists of one component, i.e., the distance from the
T/NT interface y;. Here, the non-turbulent region corresponds to positive yy, and the turbulent region
corresponds to negative yy. Figure 10 shows the y; direction profile of ¢ near the T/NT interface. The
interface positions at t = #y and ¢ = fy + At are represented by y; and y,, respectively. The profile
of ¢ is similar to that in the present DNS, in which ¢ = 1 in the ambient (irrotational) flow. For
simplicity, the profile of ¢ is assumed not to change during the time interval Af, whereas the T/NT
interface propagates toward the non-turbulent region. Under this assumption, V - (¢ VF) is the only
term that causes ¢ to change. As shown in Fig. 10, during At, the T/NT interface moves toward the
non-turbulent region, where ¢ is larger than the value at the position where the T/NT interface is
located at t = f, and the region between y; and y, becomes turbulent. The value of ¢ at the T/NT

T/NT Interface T/NT Interface
0 Y 0 : 0
1 pm e — 1 = ———
/ At Cls
Turbulent /" Non-turbulent = Turbulent ! /| Non-turbulent
region j region region , / region
. ! .
/ v
0 X y 0 A ¥
i Y1)
N =0 yl »n=0 yl

FIG. 10. Role of interface propagation in scalar transport across T/NT interface.
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FIG. 11. Volume fraction of turbulent region as a function of threshold wy,.

interface is increased by interface propagation toward the turbulent region. The temporal variation
in ¢ at the T/NT interface caused by interface propagation is represented by V - (¢VF). As a result
of interface propagation, the scalar ¢ between y; and y, is transported into the turbulent region
from the non-turbulent region across the T/NT interface. In this case, oVP represents the scalar flux
corresponding to this scalar transport across the T/NT interface. Thus, interface propagation toward
the non-turbulent region causes scalar entrainment and transports the scalar ¢ in the non-turbulent
region into the turbulent region across the T/NT interface. In contrast, when the T/NT interface
propagates toward the turbulent region in Fig. 10, the scalar ¢ between y; and y, is left in the
non-turbulent region, and the scalar ¢ in the turbulent region is transported to the non-turbulent
region across the T/NT interface.

IV. RESULTS AND DISCUSSION
A. Detection of the T/NT interface

The vorticity magnitude |w| is used to detect the T/NT interface, and the region in which
|w|by /Uc > wy, is defined as the turbulent region. Here, Uc is the mean streamwise velocity on the
jet centerline. Note that although the vorticity magnitude decays in the streamwise direction, by/Uc
increases with proportion to (x/d)*?. In Taveira et al.,'® the threshold wy, is determined from the
dependence of the volume fraction of the detected turbulent region Volr on the threshold. In this
study, Volr is calculated in the region x/d > 10, where self-similar profiles can be observed in the
mean streamwise velocity and mean mixture fraction. Figure 11 shows the relationship between Vol
and wy,. As the threshold wy, increases, the turbulent volume decreases, but Volt changes slowly for
0.015 < wy < 1. We choose a threshold value from this range and set wg, = 0.7. The T/NT interface
can thus be represented by the isosurface of |w|by /Uc = 0.7. Note that the same interface detection
threshold was also used by Bisset et al.®

We focus on the effect of the orientation on the T/NT interface characteristics. Figure 12 shows
a schematic of the T/NT interface in the planar jet, where the interface height is denoted by Y;. We
consider three orientations: the cross-streamwise, leading, and trailing edges, which are distinguished

Irrotational fluid .
Cross-streamwise edge

T/NT Interface Y1 Trailing edge

Leading edge

Turbulent fluid

FIG. 12. Schematic of T/NT interface in jet flow and definition of interface orientation.



105103-13 Watanabe et al. Phys. Fluids 26, 105103 (2014)

by n. The cross-streamwise edge is defined by n being parallel to the y direction. The leading and
trailing edges face the downstream and upstream regions, respectively, and are defined by n being
parallel to the x direction.

The conditional statistics conditioned on the distance from the T/NT interface®® are analyzed
using a procedure similar to that in previous work.*® To calculate the conditional statistics, y is
introduced as shown in Fig. 12 and is normal to the T/NT interface. The turbulent flow is located
at y; < 0, whereas the non-turbulent flow is at y; > 0. The conditional statistics conditioned on yy
are calculated for the detected T/NT interface defined by the isosurface of the vorticity norm. The
conditional averages, denoted by ( )y, are calculated for each interface orientation, and deviations of
the interface orientation within +25° are accepted. This criterion is the same as that used by Bisset
et al.® and Watanabe et al.’® The angle between n and the x or y direction is calculated by taking
the inner product of n and the relevant unit vector. Although the angle between n and the x or y
direction may not be zero, yj is set to be parallel to the x or y direction for calculating the conditional
statistics for the three interface orientations. To calculate the conditional statistics, variables in the
local coordinates are obtained by using the linear interpolation. Because of the simplified definition
of yi, the interpolation is performed in one direction, i.e., normal to the interface.

The conditional statistics are calculated on both sides of the T/NT interface, but when the
conditional statistics are calculated for a T/NT interface, it is possible that another interface will
appear in close proximity. The characteristics of the flow field vary drastically near the T/NT
interface, and the width of this variation is close to the Taylor microscale A. Therefore, if another
interface appears, the region within a distance of A from the interface is not used for calculating the
conditional statistics. Here, A is defined as (A, + A, + A.)/3, where A; = \/<u;.2>/<(au;/ax,-)2> (in
the i direction), and u; = U; — (U;) is the velocity fluctuation. The existence of another interface
is examined only in the direction of y;. Bisset et al.® have shown that the conditional statistics for
the interface can be affected by another interface. Restricting the calculation region is particularly
important for the leading and trailing edges because these edges often face each other.

The conditional statistics are evaluated at various streamwise locations, and at x = xg, the
interface detected in the region of xp — d < x < x¢p + d is used for the calculations. To obtain
converged statistics, 850 instantaneous flow and scalar fields at different time steps are used. The
time interval between two instantaneous fields is d/Uj, and so the conditional statistics are calculated
for a time interval of 850d/Uy, which is 10.6 times longer than the flow time unit defined by
2L /(Uy 4+ Uyp).

The conditional statistics in the turbulent region are calculated upstream of the leading edge and
downstream of the trailing edge. Leading and trailing edges detected at almost the same streamwise
location are used for the analysis. Thus, the turbulent region near the trailing edge is at a larger x
position than that near the leading edge. It should also be noted that as |y;| decreases the separation
in the x direction between the turbulent regions near the two interfaces decreases, and therefore, any
differences in the conditional statistics near the interface between the leading and trailing edges can
be considered to be caused by the interface characteristics.

Figure 13(a) shows a snapshot of the vorticity field in the x—y plane and the detected T/NT
interface (emphasized by the thick white line). The detected T/NT interface is convoluted and
envelops a region with a large |®|. The use of |w| = 0.7Uc /by as a threshold creates “holes” of
non-turbulent flow in the turbulent region and “islands” of turbulent flow in the non-turbulent region,
but these have been removed from the figure, and the associated T/NT interfaces are not used for
calculating the conditional statistics. Figure 13(b) shows the probability density function (PDF) of
the normalized interface height Y1/by obtained at different streamwise locations, and we see that
the shape of the PDF is almost independent of the streamwise location. The mean T/NT interface
height is 1.76by at x/d = 38, the rms value of the fluctuation of Y is 0.435by, and the skewness and
flatness of Y are —0.0569 and 3.00, respectively. Thus, p(Y1/by) is similar to a Gaussian profile.
This has also been observed in previous studies.®® However, although the skewness is small, the
PDF of Yi/by is negatively skewed, unlike that found in experiments of a round jet.®

The T/NT interface in the region of 3L,/4 < x < L, and y < 0 is visualized in Figs. 14 (cross-
streamwise edge) and 15 (leading and trailing edges); X is also shown for reference. We see that
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FIG. 13. Detected T/NT interface. (a) Visualization of T/NT interface and vorticity field. White lines represent the T/NT inter-
face. Color contour represents the value of the normalized vorticity magnitude |w|by / Uc. Blue: |w| = 0.Red: |@| > 5Uc/by .

The vertical broken lines show the streamwise locations x/d = 15, 20, and 38. (b) Probability density function of T/NT interface
height Y7.

while the interface is orientated in various directions because of its convoluted structure the interface
orientation is correctly distinguished. There are a larger number of detected cross-streamwise edges

than leading and trailing edges; the cross-streamwise, leading, and trailing edges account for 10%,
5%, and 4% of the detected T/NT interface around x/d = 38, respectively.

B. Conditional averages of the velocity and the vorticity

Figure 16 shows (|@|by/Uc); near the interface detected at x/d = 20 and 38. Here, yj is
normalized by A on the jet centerline because A is almost independent of the cross-streamwise

(a)

1 Aatx/d=38

(b)

FIG. 14. Three-dimensional visualization of T/NT interface in the region 3L,/4 < x < L, and y < 0. Yellow: cross-streamwise
edge. Red: other interface orientations. (a) View from downstream region. (b) View from upstream region.
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(a)

1 Aatx/d=38

(b)

FIG. 15. Three-dimensional visualization of T/NT interface in the region 3L,/4 <x < L, andy <0. (a) View from downstream
region. Yellow: leading edge. Red: other interface orientations. (b) View from upstream region. Yellow: trailing edge. Red:
other interface orientations.

position of the jet flow in the turbulent region.!* A sharp jump in (|@|by / Uc); is observed near the
T/NT interface, and (|w|by / Uc) reaches a peak near the cross-streamwise edge at yj/A = —0.7 (x/d
= 20) and y/A = —0.64 (x/d = 38). The width of this vorticity jump is similar to that given by a
DNS of a temporally developing planar jet.!* (|@|by/Uc); in the turbulent region hardly changes
from x/d = 20 to 38. We see that there is a difference in the (|w|by / Uc); values of the three interface

Cross-streamwise edge —-— Leading edge ----Trailing edge
6 T T T 6 T T A |
5 | | Turbulent | Non-turbulent | | 5 | | Turbulent | | Non-turbulent | |
L region region L region region
S 3. i 3 3
S S\ [
v 2 2

FIG. 16. Conditional mean normalized vorticity magnitude near T/NT interface detected at (a) x/d = 20 and (b) x/d = 38.
The interface detection threshold |w|by / Uc = 0.7 is shown by a horizontal dashed-dotted line. A vertical broken line shows
the location of a peak of (|w|by / Uc)y near the cross-streamwise edge (yi/A = —0.64).
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FIG. 17. Conditional average of magnitude of vorticity vector component w; near (a) cross-streamwise edge, (b) leading
edge, and (c) trailing edge detected at x/d = 38. A vertical broken line shows yi/A = —0.64.

orientations in the turbulent region, but the widths of the vorticity jump are similar. Note also that
(l@|by /Uc)y near the trailing edge slowly increases toward the turbulent region. The interfaces
detected around x/d = 38 are used to analyze the characteristics of the T/NT interface.

Figure 17 shows (|w;|); near the interface. The results show that (|w,|); is the strongest com-
ponent and that the weakest component depends on the interface orientation: {|wy|); near the cross-
streamwise edge and (|w,|)1 near the leading and trailing edges. The weakest component corresponds
to the vorticity normal to the T/NT interface. A similar dependence on the interface orientation was
observed in wakes investigated by Bisset et al.® Figure 17 reveals that the component (|w;|); normal
to the T/NT interface gradually increases from the non-turbulent region toward the turbulent region,
the component parallel to the T/NT interface shows a sharp jump near the interface, and (|w,|)r
peaks just inside the turbulent region. Near the cross-streamwise edge, (|w;,|)1 decreases rapidly after
peaking. Furthermore, we also see that the lowest jump in (|w;|); is near the trailing edge.

Figure 18 shows (U); and (V); note that V is defined as negative in the direction toward the
jet centerline. In the non-turbulent region, the negative (V) for all interface orientations is related
to engulfment and induced flow toward the jet flow due to the large-scale motion.>® We also see
that (V'); takes large negative values near the trailing edge. In the turbulent region, (V') is positive
near the cross-streamwise and leading edges, but it is negative in both regions near the trailing
edge. The positive (V) in the turbulent region is caused by jet expansion into the ambient flow. As
shown in Fig. 18(a), (U); is almost constant in the non-turbulent region near the cross-streamwise

——<U> ----<V>
0377777 037777 0.3

= V.

U

<V>/

<U>/Uy

) | SR TR L 0.1

yI//1 yI///iv yl//l
(a) (b) ©

FIG. 18. Conditional average of streamwise velocity and lateral velocity near (a) cross-streamwise edge, (b) leading edge,
and (c) trailing edge detected at x/d = 38.
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edge, increases sharply from y;/A = 0 to —1, and then gradually increases toward the turbulent core
region. The mean streamwise velocity of the ambient flow at x = 0 is Uy = 0.056Uj, which is
nearly equal to (U); in the non-turbulent region near the cross-streamwise edge. However, near the
leading and trailing edges, (U); is larger than U,. The engulfing motion results in non-turbulent
flows being caught between the leading and trailing edges, and another interface frequently appears
on the non-turbulent side of these interfaces. As the turbulent flow has a faster streamwise velocity,
in the non-turbulent region, (U)y is larger than the free-stream value because the conditional statistics
are calculated in the non-turbulent region close to the turbulent flow. Figure 18 also shows that the
conditional average of the velocity normal to the interface (V for the cross-streamwise edge and
U for the leading and trailing edges) in the turbulent region is larger than the velocity at the T/NT
interface near the cross-streamwise and leading edges. In contrast, near the trailing edge, there is
little difference in (U); in the two regions.

The conditional mean velocity in the non-turbulent region is significantly affected by large-scale
motions such as engulfment and induced flow,*® and large-scale motions in free shear flows will
change depending on the flow configuration. For example, Philip and Marusic® pointed out that
non-turbulent flow motions are dominated by different large-scale processes between jets and wakes
and that induced flow due to large-scale motions is negligible in wakes.

C. Propagation velocity of the T/NT interface

Figure 19(a) shows (v,) along with the contributions from enstrophy production (vp), viscous
effects (vvis), viscous diffusion (vp), and viscous dissipation (v, ). The velocities are normalized by
the Kolmogorov velocity v, = (ev)!/* on the jet centerline. We found that (v,) is small in comparison
with v, and that the smallest (vy) is that at the trailing edge. Mean propagation of the T/NT interface
into the non-turbulent region is observed at the cross-streamwise and leading edges (as indicated
by the positive values), while there is on average no propagation into the non-turbulent region at
the trailing edge. At the cross-streamwise and leading edges, we also see that (vyjs) is small in
comparison to (vp). At the trailing edge, (vvis) contributes to the negative (vy).

Recalling that vyis = vp + ve, we see that the T/NT interface propagates toward the turbulent
region near the trailing edge because of viscous dissipation, i.e., the magnitude of (vp) is smaller
than that of (v.). At both the cross-streamwise and leading edges, however, (v.) and (vp) are well
balanced and so there is on average no propagation by viscous effects. The PDFs of v,/v, in
Fig. 19(b) indicate that the leading edge tends to propagate toward the non-turbulent region faster
than the other two interfaces. Although the PDF at the trailing edge does have positive v, /v,
components, the propagation toward the turbulent region is faster.

Cross-streamwise edge
—-— Leading edge
-- -~ Trailing edge

(@) (b)

O vy Bowvp A vy A vp YoV

,,,,,,

| i (1) Cross-streamwise edge
05*‘ ”””” 17| (i) Leading Edge

SoeE ---4---1(ili) Trailing Edge
N [ S W [
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FIG. 19. Statistical properties of propagation velocity of T/NT interface at cross-streamwise edge, leading edge, and trailing
edge detected at x/d = 38. (a) Mean propagation velocity normalized by Kolmogorov velocity v,. Columns (i), (ii), and
(iii) show mean propagation velocity at cross-streamwise edge, leading edge, and trailing edge, respectively. (b) Probability
density function of propagation velocity.
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FIG. 20. Joint probability density functions of vp and vv;s at (a) cross-streamwise edge, (b) leading edge, and (c) trailing
edge detected at x/d = 38. White solid lines: v, = vp + vyis = 0.

Figure 20 shows joint PDFs of vp and vy;, normalized by v,. The white solid lines show
v, = vp + vyis = 0, and the area above the line corresponds to positive v,. For all interface orien-
tations, the PDF peaks at a positive v, value, but the peak for the trailing edge is closer to v, = 0.
These results are consistent with those in Fig. 19(b). For the positive vy;s, the PDF is large for
the positive v, and the viscous effects cause the interface propagation to the non-turbulent region.
Similarly, the positive vp also contributes the positive v,. We see that when vy;s is negative, vp
tends to be positive, and thus enstrophy reduction by the viscous effects is often compensated for by
enstrophy production by inviscid processes. However, at the trailing edge, vp frequently becomes
negative although the mean value is slightly positive as shown in Fig. 19(a). When vp is negative,
v, tends to be negative especially at the trailing edge. Thus, enstrophy reduction by both inviscid
and viscous processes contributes to a negative v, and causes the interface to propagate toward the
turbulent region.

The velocity relative to the movement of the T/NT interface appears in the transport equations
in the form of U — U! and is important in the advection near the T/NT interface. Figure 21 shows
the PDF of the relative velocity normal to the T/NT interface (V — U)I, for the cross-streamwise
edge and U — U! for the leading and trailing edges) at yi/A = —0.3, —0.6, and —2.0. Note that a
positive (negative) relative velocity in the turbulent region represents a velocity toward the T/NT
interface near the cross-streamwise and leading (trailing) edges. The results show that while the
relative velocity normal to the cross-streamwise and leading edges tends to be positive (toward the
T/NT interface) it decreases in magnitude close to the interface. In contrast, the PDF of U — Ui
near the trailing edge is nearly symmetric about zero. The relative velocity of turbulent flow toward
the cross-streamwise edge is related to jet expansion, and outward motion of turbulent flow was
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FIG. 21. Probability density function of relative velocity normal to T/NT interface detected at x/d = 38. (a) yi/A = —0.3.
(b) yi/A = —0.6. (c) yi/x = —2.0.

also observed in the conditional mean velocity in Fig. 18(a). Turbulent flow with a fast streamwise
velocity is located up- and downstream of the leading and trailing edges, respectively, and tends to
move toward the leading edge. Thus, the relative velocity will also depend on the location relative
to these two interfaces.

Figure 22 shows the PDF of the relative velocity tangential to the T/NT interface, defined
as U — U! for the cross-streamwise edge and V — U }I for the leading and trailing edges. As was
seen in Fig. 18(a), the streamwise velocity increases toward the turbulent core region near the
cross-streamwise edge, and this is reflected in the PDF of U — U! in that U — U! is mainly pos-
itive. We also see that the streamwise velocity in the turbulent region is faster than the stream-
wise velocity of the T/NT interface. Note that the tangential movement of the T/NT interface is
caused by the fluid velocity and not the propagation velocity. At the leading and trailing edges,
Figs. 18(b) and 18(c) show that the conditional mean cross-streamwise velocity is negative at
yi/A = 0 and that the interface moves toward the inner region of the jet because of engulfing
motion. The jet flow, however, expands into the ambient flow with jet development, and thus
turbulent flow moves in a direction opposite to that of the interface movement. The PDFs show
that the relative velocity V — U ; tends to be positive near the leading and trailing edges, and at
yi/A = —0.6, the relative velocity near the leading edge is larger than that near the trailing edge.
However, at y//A = —2.0, there is little difference in the PDFs of V — U$ at the leading and trailing
edges. A comparison of Figs. 21 and 22 reveals that turbulent flow near the interface tends on average
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FIG. 22. Probability density function of relative velocity tangential to T/NT interface detected at x/d = 38. (a) yi/A = —0.3.
(b) yi/A = —0.6. (c) yi/x = —2.0.
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FIG. 23. Probability density function of difference in fluid velocity normal to T/NT interface between interface and tur-
bulent region. The PDF is calculated from the T/NT interface detected at x/d = 38. (a) yi/A = —0.3. (b) y/A = —0.6.
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to move in the tangential direction. A similar tendency was also observed by Taveira et al.'® in the
motion of fluid particles in a DNS of a temporally developing jet.

The instantaneous relative velocity normal to the interface can take large non-zero values even
near the interface as shown in Fig. 21. The relative velocity is U(x) — U(x%)) — VP, and to determine
whether the largest contribution is V¥ or the fluid velocity difference AU = U(x) — U(X(I)), we
calculate the PDF of AU normal to the interface (Fig. 23). The PDF of the tangential component of
AU s the equal to that in Fig. 22 because V* is normal to the T/NT interface. For the cross-streamwise
edge, the fluid velocity difference in the interface normal direction is AV = V(x) — V(Xé), while
itis AU =UX)—U (x})) for the leading and trailing edges. The PDFs of AU and AV are similar
to the PDFs of the relative velocity shown in Fig. 21. Thus, the relative velocity near the interface
is mainly caused by the fluid velocity difference. However, there are small differences between
Figs. 21 and 23 at y//A = —0.3. Interface propagation is important in the relative velocity in the
region very close to the T/NT interface because the difference in the fluid velocity between the
interface location and the turbulent region is small.

D. Enstrophy transport near the T/NT interface

The enstrophy transport mechanism near the T/NT interface is investigated by calculating the
conditional average of the enstrophy transport equation, Eq. (28). Figure 24 shows the conditionally
averaged terms of the enstrophy transport equation normalized by Uy and d. The conditional profile
of the viscous diffusion term shows that viscous diffusion contributes to the conditional mean
temporal variation in the enstrophy near the T/NT interface but is negligible away from the interface.
On average, enstrophy production almost balances viscous dissipation in the turbulent region of
yi/A < —1; this has also been observed by Taveira et al.'® The temporal variation in the enstrophy
is almost the same as the advection term in the turbulent region, and away from the interface, the
same enstrophy transport characteristics are observed for the three interface orientations. In contrast,
enstrophy transport near the T/NT interface depends strongly on the orientation of the interface: Near
the cross-streamwise and leading edges, enstrophy production, which peaks at y;/A ~ —0.5, exceeds
viscous dissipation, whereas near the trailing edge, enstrophy production is lower and decreases
from the turbulent region toward the T/NT interface. Furthermore, the conditional profile of the
advection term also depends strongly on the interface orientations; the advection term contributes
to enstrophy growth near the cross-streamwise and leading edges, but near the trailing edge, it is
negative in the region of yi/A =~ —0.6. This behavior of the advection term is related to the velocity
relative to the T/NT interface (Figs. 21 and 22). In the turbulent region near the cross-streamwise
and leading edges, the relative velocity transports enstrophy toward the T/NT interface, but near the
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FIG. 24. Conditionally averaged terms of enstrophy transport equation near (a) cross-streamwise edge, (b) leading edge,
and (c) trailing edge detected at x/d = 38. An enlargement of (c) is also shown for investigating the enstrophy transport. A
vertical broken line shows yi/A = —0.64.

trailing edge, as the mean relative velocity toward the T/NT interface is nearly zero, the advection
term does not on average contribute to enstrophy growth near the trailing edge.

The conditional average of the viscous diffusion term for all three interface orientations is
positive in the region very close to the T/NT interface and negative just inside the turbulent region,
and the viscous diffusion makes the largest contribution to enstrophy growth in the region very
close to the T/NT interface, in agreement with previous results.” ' !® The dominance of the viscous
effects in the enstrophy transport implies the existence of a laminar superlayer.*’ Near the cross-
streamwise and leading edges, the conditional average of the viscous diffusion term is negative in the
region in which enstrophy production and the advection term are positive. Thus, viscous diffusion
transports, toward the non-turbulent region, enstrophy that is advected from the turbulent core region
or produced just inside the T/NT interface. Note that a change in the Reynolds number may alter the
enstrophy transport by viscous diffusion near the interface. However, because the DNS is performed
for a planar jet with a relatively low Reynolds number, the role of viscous diffusion in enstrophy
transport at high Reynolds numbers remains unclear and should be addressed in future works.

As aresult of this enstrophy transport, the conditional average of the temporal variation is positive
near the cross-streamwise and leading edges and negative near the trailing edge. The tendency for
the enstrophy to decrease in the turbulent region near the trailing edge is consistent with the small
conditional mean vorticity magnitude, as shown in Fig. 16. Because the T/NT interface can be
represented by an enstrophy isosurface, interface propagation occurs owing to enstrophy growth in
the non-turbulent region or enstrophy reduction in the turbulent region. The conditional average of
the enstrophy transport equation shows that enstrophy growth by viscous diffusion near the cross-
streamwise and leading edges causes the interface to propagate toward the non-turbulent region. The
negative temporal variation in the turbulent region near the trailing edge is related to the interface
propagation toward the turbulent region.
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FIG. 25. Visualization of T/NT interface and scalar field. White lines represent T/NT interface. Color contour represents
values of the scalar ¢. Blue: ¢ =0.Red: ¢ = 1.

E. Scalar transport near the T/NT interface

Figure 25 shows the instantaneous scalar field and T/NT interface. We see that the inter-
face envelops the jet flow (¢ < 1) and defines the boundary between jet flow and ambient flow
(¢ =~ 1). The value of ¢ in the jet flow increases in the downstream direction because the ambient
flow is entrained into the jet flow with jet development. Figures 26(a) and 26(b) show (¢) near the
T/NT interface detected at x/d = 20 and 38, respectively. A sharp jump in (¢); near the interface is
observed for all three interface orientations, and the width of the jump is almost the same as that of
the vorticity jump (Fig. 16). In the turbulent region, the largest value and smallest gradient of (¢);
is near the trailing edge, which is consistent with the instantaneous scalar field shown in Fig. 25.

The scalar transport mechanism near the T/NT interface is investigated using Eq. (30), and
Fig. 27 shows the conditionally averaged terms of the scalar transport equation normalized by Uy
and d. The conditional average of the molecular diffusion term is positive just inside the turbulent
region, and is negative near the T/NT interface, indicating that the scalar near the T/NT interface is
transported into the turbulent region by molecular diffusion. We also see that the conditional profile
of the molecular diffusion term is almost independent of the interface orientation. Note that changes
in the Schmidt and Reynolds numbers will have a significant effect on the molecular diffusion near
the interface.

Even though the propagation velocity is not large, interface propagation plays an important role
in scalar transport across the interface because of the large gradient of the scalar near the interface. At
the cross-streamwise and leading edges, because the mean propagation velocity is positive (Fig. 19)
and hence the T/NT interface propagates toward the non-turbulent region (¢ = 1), the conditional
average of the advection term (V - (¢VF)) at the interface is positive. Thus, ¢ in the non-turbulent
region is transported across the T/NT interface into the turbulent region. Near the trailing edge,
however, the turbulent flow often becomes non-turbulent because of enstrophy reduction (Fig. 24(c)).

Cross-streamwise edge
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FIG. 26. Conditional average of ¢ near cross-streamwise edge, leading edge, and trailing edge detected at (a) x/d = 20 and
(b) x/d = 38. The location of y;/A = —0.64 is shown by a vertical broken line.
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FIG. 27. Conditionally averaged terms of scalar transport equation near (a) cross-streamwise edge, (b) leading edge, and
(c) trailing edge detected at x/d = 38.

As a result, the entrained scalar remains in the non-turbulent region, and the scalar in the turbulent
region is transported across the interface. This results in a negative advection term at the interface.
Fluids with a smaller scalar remain in the non-turbulent region when the interface propagates toward
the turbulent region, and this promotes scalar mixing in the non-turbulent region as the scalar in the
turbulent region is lower. These results show that the motion of the T/NT interface differs from that
of the scalar interface (or scalar isosurface). The scalar flux across the T/NT interface is represented
by ¢ VP, and the mean scalar fluxes at the cross-streamwise, leading, and trailing edges detected at
x/d =38 are 2.4 x 107305, 3.2 x 103Uy, and —0.81 x 103Uy, respectively. These results confirm
that ¢ is entrained into the turbulent region by interface propagation across the cross-streamwise
and leading edges but not the trailing edge. Figure 27 indicates that both interface propagation and
molecular diffusion contribute to the scalar transport across the T/NT interface.

As was shown in Fig. 21, the relative velocity toward the T/NT interface can be frequently
observed in the turbulent region near the cross-streamwise and leading edges, and fluid with a small
¢ in the turbulent region is transported toward the interface. Therefore, the conditional average of the
advection term is negative inside the turbulent region (y;/A & —0.5 to —0.1) near the cross-streamwise
and leading edges.

Figure 28 shows the joint PDFs of the advection and molecular diffusion terms of the scalar
transport equation at the interface. At the cross-streamwise and leading edges, the advection and
molecular diffusion terms are negatively correlated, and a large probability is associated with a
positive advection term and a negative molecular diffusion term. These joint PDFs confirm that as
the scalar is transported across the T/NT interface by interface propagation, molecular diffusion
simultaneously transports the scalar into the turbulent region. Figure 28(c) shows that negative
values of the advection term are frequently observed at the trailing edge, which is consistent with
the entrained scalar remaining in the non-turbulent region when the interface propagates toward the
turbulent region.

The spatial correlation of ¢ is analyzed to investigate the characteristics of ¢ near the T/NT
interface. The cross-correlation function Cg4(8, yr) is calculated using the two points y; and y; + &
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FIG. 28. Joint PDFs of advection and molecular diffusion terms in scalar transport equation at (a) cross-streamwise,
(b) leading, and (c) trailing edges. These terms are normalized by Uy and d.

shown in Fig. 29,

(@ 0P O + )i 34
(@200 (2 + )

Cyp(8, y1) =

where ¢'(y1) = ¢(y1) — (@(y1))1 is the fluctuation from the conditional average, and the cross-
correlation is calculated using the same procedure as that for the conditional average. Figures 30(a)
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FIG. 29. Definition of two points used to define the cross-correlation function.
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FIG. 30. Cross-correlation function Cye(8, y1) at (a) yi/A = —0.6 and (b) yi/A = —2.0. Distance § for which y; + & is in
non-turbulent region is highlighted in gray. The location where vorticity magnitude near cross-streamwise edge reaches a
peak value (yi/A = —0.64) is shown by a vertical broken line.

and 30(b) show Cy4(8, y1) at y/A = —0.6 and —2.0, respectively. Note that the conditional mean
vorticity magnitude near the cross-streamwise edge peaks near y;/A = —0.6 [Fig. 16(b)] and that
yi/A = —2.01s well inside the turbulent region. In the turbulent region, Cy4(8, y1) decreases gradually
from Cyy (0, yr) = 1 as |§] increases but decreases rapidly in the region in which there is a sharp jump
in the vorticity magnitude. There is little correlation between the scalar fluctuations of the turbulent
region and the non-turbulent region away from the interface. The rapid decrease in Cy4 (8, y1) near
the interface is related to interface propagation, which means that fluid near the T/NT interface
consists mainly of fluid arriving from the non-turbulent region. Molecular diffusion can result in
scalar correlations between the turbulent region and the region near the T/NT interface. Although
Cy¢ decreases rapidly close to the interface, Cyq is still positive near the interface, indicating that
molecular diffusion affects the scalar transport near the interface. For a distance § in the region in
which a sharp jump in || is observed, the largest Cy4 (8, yr) is that near the trailing edge. The trailing
edge often propagates toward the turbulent region. When the T/NT interface propagates toward the
turbulent region, the entrained scalar is left in the non-turbulent region. Thus, fluid from the turbulent
region exists near the trailing edge, resulting in the large spatial correlation between the turbulent
region and the region near the T/NT interface. The conditional average of the scalar transport equation
and the sharp drop in Cy4(8, y1) near the T/NT interface indicate that ¢ is transported across the
interface by interface propagation and that molecular diffusion also contributes to the transport near
the interface.

V. CONCLUDING REMARKS

DNS of a planar jet was performed to investigate the enstrophy and passive scalar transports
near the T/NT interface. We considered the transport of the passive scalar ¢ whose values in the
jet exit and ambient flow are 0 and 1, respectively. The effect of the interface orientation on the
characteristics of the T/NT interface was also investigated in detail. The main results of this paper
are summarized as follows.

1. The cross-streamwise and leading edges frequently propagate toward the non-turbulent region
because of the enstrophy production and the enstrophy growth caused by viscous diffusion.
In contrast, the trailing edge frequently propagates toward the turbulent region because the
enstrophy is significantly decreased by the viscous dissipation, which exceeds the enstrophy
growth by the production and viscous diffusion near the trailing edge. Negative values of the
enstrophy production also largely contribute to the interface propagation toward the turbulent
region especially at the trailing edge.
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2. The velocity relative to the interface movement in the turbulent region is frequently toward
the T/NT interface near the cross-streamwise and leading edges. However, the mean relative
velocity normal to the trailing edge in the turbulent region is nearly zero. The relative velocity of
turbulent flows toward the cross-streamwise edge is related to the jet expansion. The difference
between the leading and trailing edges is caused by the turbulent flows with fast streamwise
velocity, which are located up- and downstream of the leading and trailing edges, respectively.
The instantaneous relative velocity normal to the interface can be large, and this large relative
velocity is caused by the difference in the fluid velocity between the interface location and the
turbulent region rather than the interface propagation.

3. The conditional profiles of the enstrophy transport equation show the similar tendency to
the previous studies by Holzner et al.'> and Taveira et al.,'® but in the present DNS, large
differences were observed between the trailing edge and the cross-streamwise and leading
edges. The conditional average of the enstrophy production peaks slightly inside the turbulent
region near the cross-streamwise and leading edges. Near these interfaces, the advection term
contributes to the enstrophy growth because the velocity field transports the enstrophy existing
in the turbulent core region toward the T/NT interface. Viscous diffusion transports, toward
the non-turbulent region, the enstrophy, that is advected from the turbulent core region or is
produced slightly inside the T/NT interface. Near the trailing edge, the enstrophy production
is small, and the conditional average of the temporal variation is negative. The enstrophy
reduction near the trailing edge results in interface propagation of the trailing edge toward the
turbulent region.

4. Both the interface propagation and the molecular diffusion contribute to the scalar transport
across the T/NT interface. The passive scalar ¢ in the non-turbulent region is frequently
transported into the turbulent region across the cross-streamwise and leading edges by interface
propagation toward the non-turbulent region. Contrary to these two interface orientations, ¢ in
the turbulent region is transported into the non-turbulent region across the trailing edge. When
the T/NT interface propagates toward the turbulent region, the entrained scalar remains in the
non-turbulent region. The spatial correlation of ¢ near the T/NT interface indicates that fluid
near the interface consists mainly of fluid arriving from the non-turbulent region.
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