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Mixing and chemical reaction at high Schmidt number near
turbulent/nonturbulent interface in planar liquid jet

T. Watanabe,a) T. Naito, Y. Sakai, K. Nagata, and Y. Ito
Department of Mechanical Science and Engineering, Nagoya University, Nagoya, Japan

(Received 24 July 2014; accepted 6 March 2015; published online 26 March 2015)

This study investigates the mixing of reactive species at a high Schmidt number
(Sc ≈ 600) near the turbulent/nonturbulent (T/NT) interface in a planar liquid jet
with a chemical reaction A + B → R. Reactants A and B are supplied from the jet
and ambient flows, respectively. An I-type hot-film probe and optical fiber probe are
used for the simultaneous measurements of the streamwise velocity, mixture fraction,
and concentrations of all reactive species and for detecting the T/NT interface.
Statistics conditioned on the time elapsed after interface detection are analyzed.
The conditional mean mixture fraction and concentrations change sharply near the
interface. The widths of these changes are independent of the chemical species. The
conditional statistics reveal the dependence of the chemical reaction on the interface
orientation. The segregation intensity near the interface shows that the mixing state
of the two reactants also depends on the interface orientation. However, the large
reaction rate near the interface is related to the large concentration of reactant A
rather than the mixing state, because reactant A supplied from the jet tends to be
deficient near the interface. Near the interface where the reaction rate is large, the
concentration of the chemical product is also large. The difference in the product
concentration between the different interface orientations is larger for the infinitely
fast reaction (as investigated by using the equilibrium limit) than the finite Damköhler
number case, and the dependence of the chemical reaction on the interface orientation
is expected to be significant for a fast chemical reaction. C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4915510]

I. INTRODUCTION

Recent studies have recognized the importance of the turbulent/nonturbulent (T/NT) interface,1

which divides flow fields into turbulent and nonturbulent regions, in momentum and scalar transfers
in free shear flows such as wakes, jets, and mixing layers. The turbulent and nonturbulent regions
are distinguished by the existence of vorticity, and the vorticity magnitude changes sharply across
the T/NT interface. The T/NT interface consists of two layers: turbulent sublayer1 and viscous
superlayer.2 In the former, whose width is characterized by vortical structures near the interface,
the vorticity magnitude changes sharply.3 In the latter, whose thickness is of the order of the
Kolmogorov scale ηK,4 the vorticity is transferred from the turbulent region by viscous diffusion.
Previous studies have investigated the entrainment process in free shear flows. Experiments on a
T/NT interface in a round jet5–7 showed that the entrainment process is dominated by small-scale
eddies near the T/NT interface. Holzner et al. conducted experiments on oscillating-grid turbu-
lence8–10 and showed that the viscous process causes the local entrainment of nonturbulent fluids.10

Recent increases in computational power have enabled researchers to elucidate the characteristics of
the T/NT interface using direct numerical simulations (DNSs). For example, DNSs of a temporally
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developing jet11 were used to investigate the thickness of the T/NT interface,3 vortical structure,12

kinetic energy budget near the T/NT interface,13 and passive scalar mixing.14 DNSs of a spatially
developing jet15 were also used to investigate the enstrophy and passive scalar transports,16 en-
strophy production mechanism,17 and vortical structure18 near the T/NT interface. These studies
on the spatially developing jet revealed the importance of the interface orientation in the interface
characteristics.

Turbulent mixing of chemical species can be seen in the environment and industrial equip-
ment. It is important to control mixing and chemical reactions in engineering applications. The
rate of fast chemical reactions is determined by the mixing process when the reaction timescale is
small compared to the mixing timescale.19 Thus, the relationship between mixing and reactions is
important in modeling turbulent reactive flows. When two reactants are separately supplied by two
flows, chemical reactions occur with their mixing in the interfacial region of the two flows.20–22 The
interfacial region of two reactants appears near the T/NT interface in free shear flows in which one
reactant is contained in the turbulent fluid and the other, in the nonturbulent fluid. The reactant is
entrained into the turbulent region with the local entrainment10 of nonturbulent fluids near the T/NT
interface.16 The local entrainment also causes the spread of turbulent regions, which is responsible
for the diffusion of chemical products. Thus, the characteristics of flow and scalar fields near the
T/NT interface are important for chemical reactions in free shear flows. Because fast chemical
reactions occur soon after reactants are mixed, the mixing process of chemical species near the
interface is expected to be important for the modeling of turbulent reactive flows.19

One of the important parameters that characterize scalar mixing in turbulent flows is the
Schmidt number Sc ≡ ν/D, where ν and D are the kinematic viscosity and molecular diffusivity,
respectively. The smallest scale of scalar fluctuations, called the Batchelor scale, is given by
ηB = ηK/Sc1/2. Thus, the Batchelor scale becomes small for scalar mixing at a high Schmidt num-
ber. In liquid flows, the Schmidt number is of the order of 102 − 103 for the mixing of diffusive
matter. Mixing in gaseous flows is characterized by a much smaller Schmidt number (Sc ∼ 1).
Thus, a wide range of Schmidt numbers can be observed in turbulent reactive flows, and therefore,
turbulent reactive flows should be investigated for both large and small Schmidt numbers. Most
previous studies on the T/NT interface focused on the characteristics of the flow and nonreactive
scalar fields. On the other hand, reactive scalar fields near the T/NT interface have hardly been
studied. The authors have investigated mixing and a chemical reaction near the T/NT interface at
Sc = 1 using DNS of a planar jet with a second-order chemical reaction.23 The Batchelor scale
decreases in proportion to Sc−1/2. Therefore, DNS of reactive flows at a high Schmidt number is
almost infeasible because of the high computational cost. Turbulent reactive flows at a high Schmidt
number have been investigated through experimental measurements of concentrations of chemical
substances. Because most such flows contain multiple chemical substances, their concentrations
must be measured simultaneously to investigate the chemical reactions in the flows. However,
few measurement techniques can simultaneously measure concentrations of different substances in
liquid flows. For a second-order chemical reaction A + B → P, measurements of concentrations in
reactive liquid flows have been conducted in a scalar mixing layer24,25 and in a confined jet.26–28 In
these experiments, the laser-induced fluorescence technique is used for measuring concentrations in
the fast acid-base neutralization reaction. Komori et al.24 used the electrode conductivity technique
for measuring concentrations for both moderately fast and fast reactions. We have also developed
a concentration measurement system based on light absorption spectrometry29,30 that can measure
concentrations of multiple dyestuffs in liquid flows. This system was used for investigating a planar
liquid jet with a reaction.31–37 Although reactive liquid flows have been experimentally studied,
mixing and chemical reactions near the T/NT interface have not been investigated.

This study aims to investigate the statistical properties of mixing and a chemical reaction at a
high Schmidt number near the T/NT interface. Experiments are conducted for a planar liquid jet
with a second-order chemical reaction A + B → R. In this study, the streamwise velocity, mixture
fraction, and concentrations of all reactive species are simultaneously measured by using an opti-
cal fiber probe based on light absorption spectrometry and an I-type hot-film probe. By detecting
the T/NT interface using the time-series data of the instantaneous concentrations and velocity, the
statistics of the concentrations and velocity are analyzed near the T/NT interface. Sec. II briefly
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describes the concentration and velocity measurement in the reactive planar liquid jet. The T/NT
interface is detected by using the detection method described in Sec. III. In Sec. IV, the statistics of
the concentrations and velocity are analyzed. Finally, the conclusions are summarized in Sec. V.

II. SIMULTANEOUS MEASUREMENTS OF CONCENTRATION AND VELOCITY
IN A PLANAR LIQUID JET WITH A SECOND-ORDER CHEMICAL REACTION

The planar liquid jet with a chemical reaction A + B → R investigated in this study is the
same as in the previous study,37 in which the details of the experiments, such as the experimental
apparatus and parameters, were described. The aqueous solution for the jet contains the nonreactive
species C and the reactant A, and the reactant B is contained in the ambient flow. The streamwise
velocity U and concentrations of all species Γα (α = A, B, R, or C) are simultaneously measured
by the I-type hot-film probe (TSI 1210-20W) and the optical fiber probe of the concentration
measurement system,32 whose detail is described in the previous papers.36,37

III. DETECTION OF THE T/NT INTERFACE

A. Detection of turbulent fluids

The T/NT interface is defined as the interface between the turbulent and the nonturbulent
regions. The intermittency function38,39 I(t) is defined by

I(t) ≡



1 for a turbulent fluid
0 for a nonturbulent fluid

, (1)

which is determined by thresholding a criterion function.40 The vorticity magnitude is often used
as a criterion function for I(t) in DNSs.3,4,12,13,16–18,41–44 Because the measurement of the vorticity
vector is not easy, a passive scalar, such as temperature38 and concentration,5–7,45,46 is often used as
a marker of turbulent fluids in experimental studies. The velocity data obtained by particle image
velocimetry (PIV)47,48 and hot-wire anemometry40,49 were also used to detect turbulent fluids.

In the present experiment, the time-series data of concentrations Γα(t) and streamwise velocity
U(t) are obtained at measurement locations, and I(t) is calculated from a criterion function defined
using Γα(t) and U(t). Two different intermittency functions are calculated for the time-series data
obtained by the optical fiber probe and hot-film probe. As in the previous studies,5–7,45,46 ΓC(t) is
used as a marker of turbulent fluids. Then, the intermittency function IC(t) is given by

IC(t) =



1 (ΓC(t) ≥ Γth(x))
0 (ΓC(t) < Γth(x)) . (2)

Here, Γth(x) is the interface detection threshold and is a function of the location x = (x, y, z), where
x, y , and z are the streamwise, cross-streamwise, and spanwise coordinates, respectively. In this
study, Γth(x) = 0.05⟨ΓC⟩C is used as the threshold, where ⟨ ⟩C is the mean (time-averaged) value
on the jet centerline. Thus, Γth(x) changes in the streamwise direction but is independent of the
cross-streamwise and spanwise locations. According to Hedley and Keffer40 and Terashima et al.,49

U(t) is also used to detect turbulent fluids, and the following function calculated from the time
derivative of U(t) is used as the criterion function CU(t) for detecting turbulent fluids:

CU(t) = 1
2
*
,
|U̇(t)| +

⟨U̇2⟩⟨Ü2⟩
|Ü(t)|+

-
. (3)

Here, U̇ and Ü are the first and second derivatives of U(t) with time t, respectively. In the previ-
ous experiments,40,49 CU(t) smoothed by a low-pass filter is used for calculating the intermittency
function IU(t),

IU(t) =



1 (CU(t) ≥ CU th(x))
0 (CU(t) < CU th(x)) . (4)
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Here, CU th(x) is the interface detection threshold. After CU(t) for frequencies higher than 100 Hz
is filtered out in the Fourier space, IU(t) is calculated from Eq. (4). In this study, CU th(x) =
0.096⟨U⟩2

C/bU is used as the threshold, where bU is the jet half-width based on the mean streamwise
velocity. Similar to Γth(x), CU th(x) depends solely on the streamwise location.

The choice of the thresholds is important for detecting the T/NT interface. When the thresholds
are too small, nonturbulent fluids are incorrectly detected as turbulent ones because of nonzero
values of ΓC(t) and CU(t) arising from experimental noise. Therefore, the thresholds should be
larger than the values arising from experimental noise. Fortunately, ΓC(t) shows a large discrepancy
between turbulent and nonturbulent fluids, as can be seen in Westerweel et al.7 Similarly, it was also
confirmed that the threshold level has small influence on the turbulent zone detected by the criterion
functions defined by the time derivative of velocity when the threshold is not too small.40 Therefore,
values of ΓC(t) and CU(t) that are slightly larger than the nonturbulent values are reasonable choices
for the thresholds. We set the thresholds so that nonzero values of ΓC(t) and CU(t) arising from
experimental noise are not incorrectly detected as turbulent fluids. We confirmed that the thresholds
have small influence on the results (Appendix).

B. Detection of the T/NT interface

The intermittency function changes from 0 to 1 or 1 to 0 when the T/NT interface passes
through the measurement location. Therefore, IC(t) and IU(t) are used for detecting the T/NT
interface. Because the T/NT interface is strongly convoluted, the interface faces various directions.
The characteristics of the T/NT interface depend on the interface orientation.16–18 In this study,
the concentrations and streamwise velocity near the T/NT interface are investigated separately for
different interface orientations.

Figure 1 shows the schematic of the T/NT interface in a planar jet. The sampling volumes of
the optical fiber probe and the hot-film probe are separated from each other in the cross-streamwise
direction with a distance of δ = 0.65 mm. We investigate the leading edge, which faces the stream-
wise (x) direction, and the trailing edge, which faces the direction opposite to the x direction. The
turbulent fluids are located upstream (downstream) of the leading (trailing) edge. Therefore, the
intermittency function changes from 0 to 1 (from 1 to 0) when the leading (trailing) edge passes

FIG. 1. Schematic of the T/NT interface in a planar jet. The leading and trailing edges are detected by using the time-series
data of concentrations and streamwise velocity measured by the optical fiber probe and hot-film probe. The relationship
between the positions of the two probes and the interface is also shown.
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through the probe location. When the T/NT interface passing through the probe locations is parallel
to the cross-streamwise direction, the changes in IC(t) and IU(t) are simultaneously detected by the
optical fiber probe and hot-film probe. However, because most interfaces are inclined, there is a time
lag in the interface detection time between the two probes. The angle of the interface inclination (θ)
is defined in Fig. 1. We use the detected interface for investigating the leading and trailing edges
when the angle |θ | is smaller than 15◦, where |θ | is estimated from

|θ | = tan−1
(
U(tU0)|tC0 − tU0|

δ

)
. (5)

Here, IC(t) and IU(t) change at t = tC0 and tU0, respectively. U(tU0) is the streamwise velocity at
the interface detection time tU0. The criterion for defining the leading and trailing edges is 25◦ in
the previous DNS,16–18,44 and the criterion of 15◦ used in this study is relatively more rigorous.
We compared the conditional statistics, which are defined in Subsection III C, calculated using two
different criteria: 15◦ and 25◦. It was confirmed that the difference between the two criteria has small
influence on the conditional statistics.

Because the convolutions of the T/NT interface can be related to the large vorticity structures,3

the distance between the two probes should be smaller than the length scale associated with these
structures for discriminating the interface orientations. The radius of the large vorticity structures
near the T/NT interface in a jet is almost equal to the Taylor microscale.3 The distance between
the two probes is smaller than the Taylor microscale,37 and is sufficiently small for discriminating
the interface orientations. When the T/NT interface is detected by one probe, but not by another
probe, the detected T/NT interface is discarded from the analysis. Thus, the velocity criteria by
Eq. (4) prevent concentration fluctuations far from the actual T/NT interface defined by vorticity
from being misdetected as the T/NT interface.

C. Definitions of averages

The statistics are calculated by taking three types of averages: “mean,” “turbulent mean,”
and “conditional mean.” The “mean” value of the measured time-series signal f (t), denoted by
⟨ f ⟩, is calculated by taking the conventional time-average of f (t). The “turbulent mean” value
of f (t), denoted by ⟨ f ⟩T, is the average of f in the turbulent region,39 and is calculated by
⟨ f ⟩T = ⟨IC(t) f (t)⟩/γC, where the intermittency factor γC = ⟨IC⟩ is the probability that fluids are
turbulent.

Because the single-point measurements are conducted in this study, the statistics conditioned
on the distance from the T/NT interface are not available unlike in the experiments using PIV48 or
planar laser-induced fluorescence.5–7,45,46 Therefore, the time elapsed from the interface detection
time is used for defining the conditional statistics. Hereafter, the time elapsed from tC0 is denoted by
∆t. The “conditional mean” value of f (t), denoted by ⟨ f ⟩I, is the mean value of f conditioned on ∆t
for the detected interface. We also use the conditional probability density function (pdf) pf ( f ;∆t),
which is the pdf of f calculated from the data that are sampled after ∆t from tC0. These conditional
statistics are calculated for the leading and trailing edges.

The measurements for the statistics based on the mean and turbulent mean values are conducted
over 21 s, which is sufficiently long for obtaining the converged statistics.35 The cross-streamwise
profiles of statistics are investigated at three streamwise locations: x/d = 10, 20, and 40, where d
is the width of the jet inlet and the origin of the coordinate system is located at the center of the
jet nozzle. For investigating the T/NT interface, the measurements are conducted at the same three
streamwise locations at a fixed cross-streamwise location where the interface can be frequently
detected. The cross-streamwise location of the measurement is determined from γ, as shown in
Sec. IV. For investigating the interface, the simultaneous measurements of concentrations and
velocity are conducted over 84 s. These measurements are repeated four times. The conditional
statistics are obtained from these four measurements.
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IV. RESULTS AND DISCUSSIONS

A. Statistical properties of concentrations of reactive species in turbulent region

The statistics based on time-averaged values were investigated in the previous studies.32,34,35,37

The measurement results of the velocity and concentration of C were compared with the DNS of
a planar jet,16–18 and it was confirmed that the self-similar profiles of the velocity and concentra-
tion statistics show good agreement between the experiment and DNS. Here, we investigate the
concentration statistics in the turbulent region by using statistics based on turbulent mean values.
Figure 2 shows the cross-streamwise profiles of the intermittency factors γC = ⟨IC⟩ and γU = ⟨IU⟩.
For reference, Fig. 2 also shows the intermittency factor obtained by the DNS of a planar jet,16

in which the turbulent fluids are detected by using the vorticity magnitude. The cross-streamwise
profiles of γC and γU are similar to the DNS results. We investigate the statistics based on turbulent
mean values in the region where γC exceeds 0.05. In Fig. 2, the vertical broken line shows the
cross-streamwise location of y/bU = 1.7 (y/bξ ≈ 1.2), at which the measurements for investigating
the T/NT interface are conducted.

For the second-order reaction A + B → R, the chemical reaction rate is given by

SR = −SA = −SB = kΓAΓB. (6)

Here, Sα (α = A,B, or R) is the chemical source term for reactive species α, which appears in the
transport equation of Γα, and k is the reaction rate constant. The reaction rate cannot be defined
for the equilibrium limit because this limit represents the state in which one of the two reactants is
completely consumed by the reaction.37 The reaction rate normalized by d, the velocity difference at
x = 0 (UJ −UA), and the maximum product concentration under the stoichiometric condition (ΓR0)
is ŜR = DaΓ̂AΓ̂B, where UJ is the mean bulk velocity at the jet nozzle, UA is the mean bulk velocity
of the ambient flow, Γ̂α is the concentration normalized by Γα0 (Γα0: initial concentration for α = A,
B, or C), and Da = k(ΓA0 + ΓB0)d/(UJ −UA) is the Damköhler number. In the present experiment,
Da = 11.7.37

Figure 3 shows the turbulent mean concentration of product R, ⟨ΓR⟩T, and the turbulent mean
reaction rate, ⟨ŜR⟩T. The concentrations in the frozen (nonreactive case) and equilibrium limits
(infinitely fast reaction)37,50 are compared with the finite Damköhler number case. The profiles show
that product R is distributed and the chemical reaction occurs in the entire turbulent region. The
reaction proceeds rapidly at x/d = 10 near the jet centerline, which is far from the T/NT interface.
Therefore, in the downstream (x) direction, ⟨ΓR⟩T near the jet centerline rapidly increases. Thus, in
the downstream region, a large concentration of the chemical product can be observed near the jet
centerline rather than the edge.

FIG. 2. Intermittency factors obtained from the concentrations and streamwise velocity measurements. The intermittency
factors are compared with the DNS results by Watanabe et al.16
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FIG. 3. Cross-streamwise profiles of (a) turbulent mean concentration of product R and (b) turbulent mean reaction rate.

B. Conditional mean mixture fraction and velocity near the T/NT interface

Figures 4(a) and 4(b) show the conditional mean mixture fraction ⟨ξ⟩I for the leading and
trailing edges, respectively, where the mixture fraction ξ is calculated by ξ = ΓC/ΓC0. The interface
detection time by the concentration signal is represented by ∆t = 0. Near the leading (trailing)
edge, the turbulent fluids are located upstream (downstream) of the interface, as shown in Fig. 1.
Therefore, positive (negative) ∆t corresponds to the turbulent region near the leading (trailing)
edge. The mean streamwise velocity ⟨U⟩ and Taylor microscale based on the turbulent mean
values, λT =

⟨u′′2⟩T/⟨(∂u′′/∂x)2⟩T, are used to normalize ∆t. Here, u′′ = U − ⟨U⟩T is the fluctuat-
ing component of the streamwise velocity from the turbulent mean value and the spatial derivative
is calculated by using the Taylor hypothesis of a frozen turbulence. Figure 4 shows that the nontur-
bulent region consists of ambient fluids, for which the mixture fraction is defined as 0. Near the
trailing edge, ⟨ξ⟩I gradually increases toward the deep inside of the turbulent region while it sharply
increases near the leading edge. A similar difference between the two interfaces can be seen in the
DNS of a planar jet.16 A sharp jump in ⟨ξ⟩I can be observed from |∆t |⟨U⟩/λT = 0 to |∆t |⟨U⟩/λT ≈ 1,
whose width is considered to be close to the Taylor microscale. The DNSs of planar jets also show
that the conditional mean scalar changes sharply near the T/NT interface, and the width of the
change is nearly equal to the Taylor microscale.14,16 ⟨ξ⟩I in the turbulent region is different between
the leading and the trailing edges, and ⟨ξ⟩I near the trailing edge is smaller than that near the leading
edge. The difference in ξ between these two interfaces can be important in the chemical reaction
because ΓA and ΓB strongly depend on ξ. A mixture fraction smaller than its stoichiometric value
ξS = 0.33337 means that reactant A supplied from the jet is deficient. Figure 4 shows that reactant

FIG. 4. Conditional mean mixture fraction: (a) leading edge and (b) trailing edge. The stoichiometric value of the mixture
fraction37 ξS= 0.333 is shown by a lateral broken line.
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FIG. 5. Conditional probability density function of the mixture fraction in the turbulent region (|∆t |⟨U⟩/λT= 0.5, 1.0,
and 1.5) near the leading (∆t > 0) and trailing (∆t < 0) edges: (a) x/d = 20; (b) x/d = 40. The broken line indicates the
stoichiometric value of the mixture fraction37 (ξS= 0.333).

A is deficient near the interfaces on average (⟨ξ⟩I < ξS). The mixture fraction near the interfaces
decreases as x increases. This is because the ambient (nonturbulent) fluids with ξ = 0 are entrained
into the turbulent region across the interfaces with jet development.

Figure 5 shows the conditional pdf of ξ, pξ(ξ;∆t), in the turbulent region. As |∆t | increases,
pξ has a large value for a larger mixture fraction. Near the trailing edge, a large peak of pξ can
be observed for small ξ, and a large probability of pξ appears for a mixture fraction smaller than
ξS. However, both larger and smaller ξ than ξS can be observed near the leading edge at x/d = 20.
Thus, except for the turbulent region near the leading edge in the upstream region, reactant A is
deficient in the turbulent region near the T/NT interface.

Figure 6(a) shows the conditional mean streamwise velocity ⟨U⟩I. For comparing the two inter-
faces, ⟨U⟩I obtained for the leading edge is shown with −∆t instead of ∆t. Therefore, the left side
in this figure corresponds to the turbulent region. The change in ⟨U⟩I is not as steep as that in ⟨ξ⟩I
in Fig. 4. In a jet flow, the turbulent fluid is characterized by a faster streamwise velocity than the
nonturbulent fluid.7,18 One can observe this tendency of the streamwise velocity in Fig. 6(a), and

FIG. 6. (a) Conditional mean streamwise velocity and (b) conditional rms velocity near the leading and trailing edges
detected at x/d = 10, 20, and 40. Conditional statistics obtained for the leading edge are shown with −∆t . Lines with closed
symbols: leading edge. Lines with open symbols: trailing edge.
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⟨U⟩I in the turbulent region is faster than that in the nonturbulent region. The difference in ⟨U⟩I be-
tween the turbulent and the nonturbulent regions is significant near the leading edge in the upstream
region (x/d = 10 and 20), in agreement with the DNS of a spatially developing planar jet.18 This
difference becomes small at x/d = 40 because the streamwise velocity in the turbulent core region
decays in the downstream direction. In the DNS of a planar jet,18 the leading and trailing edges
were distinguished by considering the three-dimensional geometry of the interface. In contrast, in
the present experiment, the interface orientation is examined only on the x-y plane. Although there
are differences in the method to calculate the conditional statistics between the experiment and the
DNS, the conditional mean velocity in the experiment shows a similar trend to the DNS results.18

Figure 6(b) shows the conditional rms streamwise velocity ⟨u′2⟩1/2
I , where u′ = U − ⟨U⟩I is

the fluctuating component of U from ⟨U⟩I. In the present conditional analysis, the interface is
assumed to pass the probe location in the streamwise direction, as shown in Fig. 1, although there
are three-dimensional movements of the interface. The velocity of the interface movement can be
represented by the sum of the fluid velocity and interface propagation velocity (local entrainment
velocity).10,16 Because the interface propagation velocity is of the order of the Kolmogorov veloc-
ity,51 the fluid velocity has a larger contribution to the interface movement. From Fig. 6, it is found
that ⟨u′2⟩1/2

I is smaller than ⟨U⟩I, and the mean velocity has a larger contribution to the interface
movement in the streamwise direction than the fluctuating component. Taveira et al. showed that
the conditional rms spanwise velocity is small compared with the streamwise and cross-streamwise
components in a temporally developing planar jet.13 Therefore, because of the absence of the mean
spanwise velocity, it can be considered that the spanwise velocity of the interface movement is
smaller than the streamwise velocity. Thus, as considered in Fig. 1, the interface tends to move in
the streamwise direction rather than the spanwise direction.

C. Conditional mean concentrations near the T/NT interface

Figures 7–9 show the conditional mean concentrations ⟨Γα⟩I of A, B, and R near the leading
and trailing edges, respectively. The conditional mean concentrations satisfy the following:37

⟨ΓA⟩I

ΓA0
+
⟨ΓB⟩I

ΓB0
+
⟨ΓR⟩I

ΓR0
= 1. (7)

The conditional profiles show that the nonturbulent fluid solely consists of unreacted reactant B,
and reactant A and product R are contained in the turbulent region. This means that the spread
of the chemical product arises from the development of turbulent regions, which is caused by the
diffusion of vorticity near the interface. The conditional mean concentrations sharply change from

FIG. 7. Conditional mean concentrations of reactant A for Da= 11.7, the frozen limit, and the equilibrium limit near
the leading and trailing edges. Conditional statistics obtained for the leading edge are shown with −∆t : (a) x/d = 10,
(b) x/d = 20, and (c) x/d = 40.
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FIG. 8. Same as Fig. 7, but for reactant B.

the interface (∆t = 0) toward the turbulent region. Similar to ⟨ξ⟩I in Fig. 4, the change in ⟨Γα⟩I near
the leading edge is steeper than that near the trailing edge. Note that the width of the large change
in ⟨Γα⟩I near the interface is almost independent of the reactive species and whether the reaction
occurs. In the turbulent region near the interface, reactive species A, B, and R coexist; however,
the concentrations of reactant A and product R in the turbulent region decrease toward the T/NT
interface.

The dependence of the reaction near the interface on the Damköhler number is investigated
by comparing ⟨Γα⟩I among the finite Damköhler number Da = 11.7, frozen limit, and equilibrium
limit. In Figs. 7 and 8, the difference between the reactive and the nonreactive cases increases as
x increases, and the chemical reaction proceeds in the streamwise direction. Near the leading edge
at x/d = 40 and near the trailing edge, ⟨ΓA⟩I in the equilibrium limit is very small even in the
turbulent region. In the equilibrium limit,37 concentration of A is equal to 0 when ξ is smaller than
ξS. As shown in the pdf of ξ (Fig. 5), ξ is frequently smaller than ξS near the leading edge in the
downstream region and near the trailing edge. Therefore, in these regions, reactant A hardly exists
when the infinitely fast reaction occurs. For reactant B, ⟨ΓB⟩I in the turbulent region is larger near
the trailing edge than the leading edge. In the turbulent region near the interface, ⟨ΓB⟩I in the frozen
limit increases with x because the ambient fluid, which contains reactant B, is entrained into the
turbulent region. However, ⟨ΓB⟩I for Da = 11.7 decreases in the turbulent region from x/d = 10 to
20 because there the reactant B reacts with reactant A [Figs. 8(a) and 8(b)]. In the further down-
stream region [Figs. 8(b) and 8(c)], ⟨ΓB⟩I for the reactive case increases in the downstream direction.

FIG. 9. Same as Fig. 7, but for product R.
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In the downstream region, ΓA for the reactive case is small because of the chemical consumption of
A. Therefore, reactant B is entrained from the nonturbulent region without reacting with reactant A.

From Fig. 9, it is found that ⟨ΓR⟩I near the leading edge is larger than that near the trailing
edge. The turbulent fluids near the trailing edge contain only a small amount of A. Because the
concentration of A is large near the leading edge, much more product R is produced near the leading
edge than the trailing edge. Note that this difference is larger in the equilibrium limit than the finite
Damköhler number case (Da = 11.7). Therefore, the dependence of the chemical reaction on the
interface orientation is expected to be significant for a fast chemical reaction.

D. Conditional mean reaction rate near the T/NT interface

The conditional mean reaction rate ⟨ŜR⟩I = Da⟨Γ̂AΓ̂B⟩I is shown in Fig. 10 for the leading and
trailing edges. It is found that the chemical reaction occurs mainly in the turbulent region. From the
interface (∆t = 0), the conditional mean reaction rate sharply increases toward the turbulent region.
Upon comparing ⟨ŜR⟩I between the leading and the trailing edges, one can see that the reaction rate
is large near the leading edge. It is also found that as with the conditional mean concentrations, the
jump in ⟨ŜR⟩I is steeper near the leading edge. Thus, the large reaction rate near the leading edge
is expected to result in a large concentration of product R in the turbulent region near the leading
edge in Fig. 9. Because of the chemical consumption of the reactants, a large reaction rate near the
interface is observed in the upstream region.

The reactive planar jet at Sc = 1 investigated in the DNS15,23 is very similar to the planar liquid
jet in the present experiment except for the Schmidt number. It was shown that the product concen-
tration and reaction rate near the trailing edge tend to be smaller than those near other interfaces.23

A similar tendency is observed in the conditional statistics in the present experiment (Sc ≈ 600).
Thus, the dependence of the concentrations and reaction rate on the interface orientation is similar
for high and low Schmidt numbers of the reactive species.

The conditional mean reaction rate ⟨SR⟩I is represented by

⟨SR⟩I = k⟨ΓA⟩I⟨ΓB⟩I + k⟨γ′Aγ′B⟩I (8)

= k⟨ΓA⟩I⟨ΓB⟩I(1 + ISI). (9)

Here, γ′α = Γα − ⟨Γα⟩I is the fluctuating component of Γα from the conditional mean value. The
conditional segregation intensity ISI is defined by

ISI ≡
⟨γ′Aγ′B⟩I

⟨ΓA⟩I⟨ΓB⟩I
. (10)

FIG. 10. Conditional mean reaction rate near the leading and trailing edges at x/d = 10, 20, and 40. Conditional statistics
obtained for the leading edge are shown with −∆t .



035114-12 Watanabe et al. Phys. Fluids 27, 035114 (2015)

FIG. 11. Conditional segregation intensity in the turbulent region near the leading and trailing edges. Conditional statistics
obtained for the leading edge are shown with −∆t : (a) x/d = 10, (b) x/d = 20, and (c) x/d = 40.

Similar to the conventional segregation intensity,19,25 ISI has a negative value between −1 and 0:
when the two reactants do not coexist, they are fully segregated (ISI = −1) while IS = 0 when they
are completely and ideally mixed. Thus, ISI can be considered a measure of the unmixedness of the
two reactants near the T/NT interface, and suppresses ⟨SR⟩I. Figure 11 shows ISI in the turbulent
region. Because ⟨ΓA⟩I is close to 0 in the nonturbulent region, the turbulent region, where both
reactants are contained, is shown in Fig. 11. In the equilibrium limit, the concentration of one of
the two reactants is 0, and therefore, ISI = −1. Thus, ISI is compared between Da = 11.7 and the
frozen limit. In the frozen limit, ISI near the interface increases in the x direction, indicating that
the mixing of A and B proceeds. From ISI for Da = 11.7 and the frozen limit, it is clear that the
chemical reaction reduces ISI because the presence of the chemical product causes the two reactants
to be segregated.25 ISI is different between the leading and the trailing edges. ISI near the leading
edge is small, and the difference between the reactive and the nonreactive cases is large near the
leading edge. Therefore, for Da = 11.7, ISI near the leading edge is much smaller than its value near
the trailing edge. The segregation intensity decreases owing to the chemical reaction because of the
chemical product. Therefore, the large difference in ISI between the reactive and the nonreactive
cases near the leading edge is related to the large concentration of product R.

The conditional segregation intensity ISI shows that the mixing of the two reactants is close to
the ideal mixing state (ISI = 0) near the trailing edge compared with the leading edge. Therefore, the
unmixedness of the two reactants significantly suppresses the conditional mean reaction rate near
the leading edge. However, ⟨ŜR⟩I is larger near the leading edge. ⟨ŜR⟩I can be represented by

⟨ŜR⟩I = Da⟨Γ̂A⟩I⟨Γ̂B⟩I(1 + ISI). (11)

Therefore, the large reaction rate near the leading edge is related to a large value of the product
of conditional mean concentrations ⟨Γ̂A⟩I⟨Γ̂B⟩I. From the relationship among ΓA, ΓB, and ΓR,37

⟨Γ̂A⟩I⟨Γ̂B⟩I can be written by

⟨Γ̂A⟩I⟨Γ̂B⟩I = ⟨Γ̂A⟩I(1 − ⟨Γ̂R⟩I − ⟨Γ̂A⟩I) = −
(
⟨Γ̂A⟩I −

1 − ⟨Γ̂R⟩I

2

)2

+
(1 − ⟨Γ̂R⟩I)2

4
(12)

= ⟨Γ̂B⟩I(1 − ⟨Γ̂R⟩I − ⟨Γ̂B⟩I) = −
(
⟨Γ̂B⟩I −

1 − ⟨Γ̂R⟩I

2

)2

+
(1 − ⟨Γ̂R⟩I)2

4
. (13)

Thus, ⟨Γ̂A⟩I⟨Γ̂B⟩I is a quadratic function of ⟨Γ̂A⟩I and ⟨Γ̂B⟩I. Equations (12) and (13) imply that for a
fixed value of ⟨Γ̂R⟩I, ⟨Γ̂A⟩I⟨Γ̂B⟩I becomes maximum on the condition ⟨Γ̂A⟩I = ⟨Γ̂B⟩I = (1 − ⟨Γ̂R⟩I)/2. It
is also found that as ⟨Γ̂R⟩I increases, ⟨Γ̂A⟩I⟨Γ̂B⟩I decreases because the increase in ⟨Γ̂R⟩I is caused by
the chemical reaction, which reduces the concentrations of the reactants.
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FIG. 12. Trajectory of ⟨Γ̂A⟩I and ⟨Γ̂B⟩I in their associated phase map obtained for the interface at x/d = 10. The trajectory
from the nonturbulent region where |∆t |⟨U⟩/λT= 2 toward the turbulent region where |∆t |⟨U⟩/λT= 4 is shown for the leading
and trailing edges. The region where ⟨Γ̂A⟩I+ ⟨Γ̂B⟩I > 1 is not shown because (⟨Γ̂A⟩I, ⟨Γ̂B⟩I) in this region does not satisfy
Eq. (7). In the phase map, a value of ⟨Γ̂A⟩I⟨Γ̂B⟩I corresponding to a given (⟨Γ̂A⟩I, ⟨Γ̂B⟩I) is visualized by the color map. The
interface detection time |∆t |⟨U⟩/λT= 0 and the turbulent region corresponding to |∆t |⟨U⟩/λT= 1 are shown by red open
symbols. The white broken line shows ⟨Γ̂A⟩I= ⟨Γ̂B⟩I.

Figure 12 shows the trajectory of ⟨Γ̂A⟩I and ⟨Γ̂B⟩I in their associated phase map near the leading
and trailing edges at x/d = 10. ⟨Γ̂A⟩I and ⟨Γ̂B⟩I shown in Figs. 7(a) and 8(a) are replotted in this
figure. In the nonturbulent region, the conditional mean concentrations are in the region close to
(⟨Γ̂A⟩I,⟨Γ̂B⟩I) ≈ (0,1), where ⟨Γ̂A⟩I⟨Γ̂B⟩I is small. Toward the turbulent region across the interface,
(⟨Γ̂A⟩I,⟨Γ̂B⟩I) in the phase map moves to the region where ⟨Γ̂A⟩I⟨Γ̂B⟩I is large. In the turbulent re-
gion where |∆t |⟨U⟩/λT = 1, (⟨Γ̂A⟩I,⟨Γ̂B⟩I) near the leading edge is located in the region with larger
⟨Γ̂A⟩I⟨Γ̂B⟩I than that near the trailing edge. In Fig. 12, ⟨Γ̂A⟩I is smaller than ⟨Γ̂B⟩I near the interface,
and this tendency is clearly observed near the trailing edge. Because of the large ⟨Γ̂A⟩I, the trajectory
of (⟨Γ̂A⟩I, ⟨Γ̂B⟩I) near the leading edge appears close to the line of ⟨Γ̂A⟩I = ⟨Γ̂B⟩I. Thus, the large
concentration of reactant A near the leading edge causes the large ⟨Γ̂A⟩I⟨Γ̂B⟩I, which makes the
conditional mean reaction rate large.

A larger amount of reactant A is contained near the leading edge than the trailing edge. This
difference in ΓA might be explained by considering the velocity field near the interface. Reactant
A is supplied from the jet, and its concentration is large in the turbulent region away from the
interface. The streamwise velocity is the velocity component normal to the leading and trailing
edges. The turbulent region is characterized by the faster streamwise velocity than the location of
the interface (Fig. 6). The geometry of the interfaces (see Fig. 1) shows that the turbulent fluid is
located in the upstream and downstream of the leading and trailing edges, respectively. Therefore,
the turbulent fluid near the interface is transferred toward the leading edge, but it relatively moves
away from the trailing edge. The turbulent fluid, which contains a large amount of A, is transferred
toward the leading edge, resulting in the large ⟨Γ̂A⟩I near the leading edge. The concentration of
product P is also large in the turbulent core region. Similar to reactant A, the streamwise velocity
can transfer product P toward the leading edge, and ⟨Γ̂P⟩I becomes larger near the leading edge.
Because only the streamwise velocity is available in the present measurement, the transport in the
direction parallel to the interface is unknown. However, the difference in the transport by the stream-
wise velocity between the leading and the trailing edges can be one of the factors that cause the
concentration statistics, such as the mean concentration, mean mixture fraction, and mean reaction
rate, to differ between the two interfaces.

The present experiment is conducted for a slow chemical reaction. Therefore, although the
results in Fig. 10 show that the chemical reaction proceeds more rapidly near the leading edge,
it cannot be concluded whether a fast reaction depends on the interface orientation in mixing
in the jet at high Schmidt number. However, we can presume the dependence of fast reactions
on the interface orientation from the characteristics of the scalar dissipation rate of the mixture
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fraction N = D(∇ξ · ∇ξ) in turbulent flows. Previous studies have shown that sheet-like structures
are formed in regions with large scalar dissipation rate.52–56 Because there is a large scalar gradient
in the interface normal direction near the interface, as in Fig. 4, a sheet-like structure appears in the
turbulent region near the interface.57 This structure is well modeled by a simple one-dimensional
unsteady strained laminar diffusion-layer model.58 The scalar dissipation rate is affected by turbu-
lent fields, especially via a strain field.52,53 The diffusion-layer model shows that the compressive
and extensive strains in the scalar gradient direction make the layer thin and thick, respectively. In
turbulent flows, the diffusion layer tends to align orthogonally to the compressive strain. Note that
the scalar dissipation rate increases as the diffusion layer becomes thinner. The strain field near the
T/NT interface strongly depends on the interface orientation in the planar jet, and the compressive
strain near the leading edge acts in the interface normal direction more frequently than near the
trailing edge.17 Therefore, the diffusion-layer model indicates that a thinner diffusion layer with
larger scalar dissipation rate appears near the leading edge. Indeed, this tendency was observed in
the conditional mean scalar dissipation profile in the DNS of a planar jet.23 It is well known that
the large reaction rate of fast chemical reactions is linked to the region with large scalar dissipation
rate.59 Therefore, similar to the slow reaction, fast reactions proceeds more rapidly near the leading
edge than the trailing edge. This dependence of a fast chemical reaction on the interface orientation
was observed in the DNS results of a reactive jet for the low Schmidt number case (Sc = 1).23

The interface orientation dependence of the strain field is related to the motion of the turbulent
fluid relative to the interface movement.17 When the turbulent fluid approaches the interface, the
compressive strain acts in the interface normal direction. This is frequently observed near the lead-
ing edge because the turbulent fluid with fast streamwise velocity is located in the upstream of the
interface. In contrast, for the opposite motion of the turbulent fluid, which can be often seen near the
trailing edge, the compressive strain does not act in the interface normal direction.

It should be noted that the difference in the streamwise velocity between the turbulent and
the nonturbulent regions is caused by the mean flow in the jet. The mean flow in the jet makes
the relative motion of the turbulent fluid different between the leading and the trailing edges and
causes the interface orientation dependence of the scalar transport and dissipation characteristics,
which are important in mixing and chemical reactions in turbulent flows. Therefore, the interface
orientation effect on the reaction rate is expected to be significant in the upstream region because the
streamwise velocity in the turbulent region decays in the streamwise direction.

V. CONCLUDING REMARKS

The mixing of reactive species at a high Schmidt number (Sc ≈ 600) near the T/NT interface
is investigated in a planar liquid jet with a chemical reaction A + B → R. Reactants A and B are
supplied from the jet and ambient flows, respectively. The statistics in the turbulent region show that
the chemical reaction occurs and the chemical product is distributed in the entire turbulent region,
and the reaction rate is large near the jet centerline away from the T/NT interface.

The T/NT interface is detected by using the intermittency functions obtained from the time-
series data of the concentrations and velocity. The statistics conditioned on the time elapsed from
the interface detection time are analyzed for the leading and trailing edges. The conditional mean
mixture fraction and concentrations sharply change near the interface. The width of these changes is
independent of the chemical species. The mixture fraction in the turbulent region near the interface
is significantly different between the leading and the trailing edges, and the mixture fraction is
much smaller near the trailing edge. The difference in the mixture fraction between the two inter-
faces causes the dependence of the chemical reaction on the interface orientation. In the present
experiment, a mixture fraction smaller than its stoichiometric value is frequently observed near the
trailing edge. Therefore, the concentration of reactant A is close to 0 near the trailing edge when the
infinitely fast reaction occurs. The concentration of reactant B near the interface can increase by the
entrainment of the ambient fluid when reactant B is entrained without reacting with A after most of
A near the interface has reacted.



035114-15 Watanabe et al. Phys. Fluids 27, 035114 (2015)

The mixing of the two reactants is close to ideal near the trailing edge compared with the
leading edge. However, the conditional mean reaction rate is larger near the leading edge than the
trailing edge. It is found that the large reaction rate near the leading edge can be related to the large
concentration of the deficient reactant A rather than the mixing state. Because of the large reaction
rate near the leading edge, the conditional mean concentration of the chemical product is also large
near the leading edge. The difference in the conditional mean product concentration between the
leading and the trailing edges is larger in the equilibrium limit than in the finite Damköhler number
case. This result indicates that the dependence of the chemical reaction on the interface orientation
is expected to be significant for a fast chemical reaction.

The turbulent fluid is characterized by faster streamwise velocity than the nonturbulent fluid.
Because the leading and trailing edges face opposite directions, the fast streamwise velocity in the
turbulent region makes the scalar transport different between these two interfaces. Near the leading
edge, the turbulent fluid with large concentrations of A and P is transferred toward the leading edge.
This transfer of the turbulent fluid can be related to the large concentrations of A and P near the
leading edge, and the large concentration of A causes a large reaction rate. Thus, the scalar transfer
by the velocity field near the T/NT interface can be important in the chemical reaction near the
interface.
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APPENDIX: INFLUENCE OF THE CHOICE OF INTERFACE DETECTION THRESHOLDS

Here, we examine the influence of the choice of interface detection thresholds on the condi-
tional statistics. The thresholds Γth and CU th are used for the intermittency functions defined in

TABLE I. Thresholds used in the examination of influence of the choice of thresholds on the conditional statistics.

Case 1 2 3 4 5 6 7

Γth/⟨ΓC⟩C 0.050 0.045 0.045 0.050 0.050 0.055 0.055
CU th/(⟨U⟩2

C/bU) 0.096 0.096 0.086 0.086 0.106 0.096 0.106

FIG. 13. Dependence of the conditional mean values on the choice of thresholds: (a) conditional mean concentration of
nonreactive species C and (b) conditional mean streamwise velocity. The conditional statistics are calculated near the leading
and trailing edges at x/d = 20 for the 7 choices of thresholds listed in Table I. (a) Mixture fraction. (b) Streamwise velocity.
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Eqs. (2) and (4), respectively. We calculated the conditional statistics for the 7 thresholds (Γth,CU th)
listed in Table I. The thresholds for case 1 are used in this study. In the other cases, the thresholds
are increased or decreased by 10% of those for case 1. Figure 13 shows the conditional average
of the concentration of nonreactive species C and streamwise velocity at x/d = 20 calculated for
various thresholds. It is found that the different thresholds do not change the overall profiles of the
conditional mean values. Thus, the same conclusions can be obtained for the different thresholds
listed in Table I.
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