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Abstract

In this paper, we address high‐Schmidt‐number (Sc) scalar turbulent mixing that results 
from grid‐generated turbulence using the initial fractal geometry of the velocity pro‐
file. More specifically, as was proposed in our recent study, we adopt an initial flow 
field generated by a fractal grid and apply it to a water channel experiment based on a 
high‐Sc‐number scalar‐mixing layer in order to create grid‐generated turbulence, and 
thus solve our current research problem. The high‐Sc‐number scalar and velocity fields 
of the grid‐generated turbulence are then measured using planar laser‐induced fluo‐
rescence (PLIF) and particle image velocimetry (PIV), respectively. By means of fractal 
analysis, this study specifically addresses the turbulent mixing phenomena in which the 
fractal dimension of the mixing interface of an observed high‐Sc‐number scalar field is 
calculated. Additionally, we discuss the efficiency of using fractal grids as devices for 
enhancing high‐Sc‐number scalar turbulent mixing by observing turbulent intensities 
and dissipation by PIV.

Keywords: fractal analysis, fractal dimension, turbulent mixing, grid‐generated 

turbulence, initial value problem

1. Introduction

Fractals are widely found in nature. In fluid mechanics, the fractals found in turbulence have 
been investigated as a means of understanding and modeling fundamental phenomena, one 

of which is the non‐Gaussian nature found in small‐scale fluctuations [1]. For instance, since 
the skewness factor of a longitudinal velocity derivative that relates to turbulence vortex 

stretching is approximately −1 to −0.2 rather than zero, small‐scale turbulence fields, in which 
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the probability density distribution of fluctuations is described by a non‐Gaussian function, 
have been discussed from the perspective of fractals. In such turbulent flows, kinetic energy 
is first injected into a large‐scale region, after which it is transferred to a smaller‐scale region, 
before dissipating into the smallest‐scale region. In such cases, it is possible to formulate the 
transfer of kinetic energy in the inertial subrange. For structure function modeling, which also 
characterizes the nature of turbulent flows in physical space, the fractal perspective, in which 
the fractal dimension is a characteristic quantity, is applied [2]. In engineering applications, 
turbulent flows are often considered to be mixers, and the flows produced are thus referred 
to as turbulent mixing [3]. The characteristics of the mixing interface between two mixtures, 
which increases in area with time due to turbulent mixing, can also be quantified by using the 
fractal method.

Turbulence decays temporally when the mean flow does not provide kinetic energy to the 
turbulence. In decaying turbulence, kinetic energy follows the decay law (the parameters 
of which are the decay coefficient and decay exponent) and has been examined in previ‐
ous studies (e.g., [4–6]). The decay coefficient magnitude relates to the drag coefficient of 
a turbulence‐generating grid, while the decay exponent magnitude is of the order of unity 

and could be used to characterize the decay characteristics of decaying homogeneous tur‐

bulence. Recent studies (e.g., [7, 8]) have examined the effects of the initial conditions on 
the turbulence decay characteristics. Specifically, it has been determined that, within the 
range of moderate Reynolds numbers, decay exponent values depend on the initial turbu‐

lence decay conditions. Additionally, since the initial fractal geometry of the velocity profile 
may affect grid‐generated turbulence decay characteristics, thereby resulting in turbulence 
decay, the effects of the initial velocity profile fractal geometry on decaying turbulence have 
also been investigated in several previous studies (e.g., [9–23]). These studies investigated 
turbulence produced by a fractal geometry turbulence‐generating grid (referred to hereafter 

as a fractal grid (FG)) and most such studies used turbulence created by a square‐type fractal 

grid (referred to hereafter as fractal grid turbulence) when conducting wind tunnel experi‐

ments (e.g., [10–14]), water channel experiments (e.g., [15–17]), and numerical simulations 

(e.g., [18–23]).

Since the observed diffusion resulting from turbulence has been determined to be much larger 
than that which can be produced by viscous diffusion, one of the engineering applications of 
turbulence is turbulent mixing. In addition, since rapid turbulence mixing of heat and mass 
due to turbulence has obvious engineering applications, there have been previous studies 

that have attempted to enhance such mixing (e.g., [24, 25]). However, few works have applied 
water channel experiments to the study of high‐Schmidt‐number (Sc) scalar mixing caused 

by fractal grid turbulence [26]. Since the diffusion coefficient of a high‐Sc‐number scalar is 
significantly smaller than that of heat in air and water, the contribution of turbulent diffusion 
is dominant in high‐Sc‐number scalar turbulent mixing. Therefore, this study will address 
turbulent mixing by focusing on the fractal geometry of the initial velocity profile, which is 
set using a fractal grid. More specifically, high‐Sc‐number scalar turbulent mixing resulting 
from turbulent diffusion in fractal grid turbulence will be examined, and mixing interfaces 
will be discussed in terms of fractals to clarify the effects of turbulent mixing resulting from 
fractal grid turbulence.
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In this section, the effects of the initial fractal geometry of the velocity profile on the turbulent 
mixing characteristics, and the high‐Sc‐number scalar‐mixing layer in grid‐generated turbulence, 

are presented. As in our previous study, a flow with an initial fractal geometry is generated using 
a fractal grid, but the present experiment is based on a water channel experiment and utilizes 
both planar laser‐induced fluorescence (PLIF) (e.g., [27, 28]) and particle image velocimetry (PIV) 

(e.g., [29]) to investigate the high‐Sc and fluctuating velocity fields. Note that the PLIF and PIV 
apparatuses used herein were constructed in‐house and are validated in the present work.

The fractal dimensions of the mixing interface (e.g., [30, 31]) as well as the turbulent statistics 

in the high‐Sc‐number scalar‐mixing layer, where the fractal dimension is calculated using the 

box counting method, are shown. Additionally, we discuss the efficiency of fractal grids as 
devices for enhancing turbulent mixing by using the turbulent intensities and viscous dissipa‐

tions measured via PIV, and then show a periodic box approach to further address the effects 
of the initial fractal geometry of the velocity profile on the decay characteristics and turbulent 
mixing. The Fourier spectral method used for the periodic box approach simulations is also 
described and verified.

2. Experimental analysis

2.1. Flow and mass transfer fields

In this section, we discuss flow and mass transfer fields in regular grid and fractal grid tur‐

bulences. Figure 1 shows schematic diagrams of the experimental apparatus used. The size 
of the test section in the present water channel experiment is 1500 × 100 × 100 [mm3] for the 

streamwise (x), transverse (y), and span‐wise (z) directions, respectively. The coordinate sys‐

tem origin is set at the center of the turbulence‐generating grid. A head tank is used to provide 
the free stream, and a splitter plate is placed in the contraction upstream of the test section to 
produce the scalar‐mixing layer.

Figure 1. Water‐channel experiment schematics. The origin of the coordinate system is placed at the center of the 
turbulence‐generating grid. In this experiment, a biplane square grid or a square fractal grid is set at the entrance of the 
test section.
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An aqueous solution of Rhodamine B, which is considered to be a high‐Sc‐number scalar, is 
set in the lower layer of the flow leading into the test section. Here, the flow of the upper layer 
does not include fluorescent dye because the concentration field of a high‐Sc‐number scalar is 
measured via the PLIF technique. Since PIV is used to measure the grid‐generated turbulence 
flow field in this experiment, the laser system and high‐speed camera used for PLIF and PIV 
observations were also employed in the present experimental apparatus.

The present study used both square grids and a fractal grid [10] for turbulence generation. In 
the first experiment, two square grids were used to produce grid‐generated turbulence. The 
first square grid (SG1), which generates conventional grid turbulence (CGT) and was used to 
validate the PIV and PLIF experiments, consisted of round bars and was the same one used 

in our previous water‐channel experiment [2, 4]. The second square grid (SG2) also generates 
conventional grid turbulence of which the characteristics were compared with those of fractal 

grid turbulence. The present fractal grid was based on that proposed by that used in the wind 
tunnel experiment conducted in the previous studies.

The fractal dimensions D
f
 of all grids were set at two. The thickness ratio t

r
, which is defined 

as the ratio of thickness between the largest and smallest bars of the grid [10], was set at 

1, 1, and 9.76 for SG1, SG2, and FG1, respectively. The grid mesh size Meff was defined as  
Meff = (4D2/PM) (1 –σ)1/2, where D2 is the cross‐sectional area of the channel, PM is the fractal 

perimeter length of the grid [10], and ReM = U
o
Meff/ν is the mesh Reynolds number, where 

U
o
 and ν are the cross‐sectionally averaged mean velocity and kinematic viscosity, respec‐

tively. The mesh sizes of SG1, SG2, and FG1 are 20, 10, and 5.68 [mm], respectively. The mesh 
Reynolds number Re is defined as Re = U

o
Meff/ν is 2500 for the three turbulence‐generating 

grids. This Reynolds number value is comparable to those used in our previous experiment 
[15, 24]. Values of U

o
 for SG1, SG2, and FG1, which are set by using electromagnetic flow 

meters, are 0.126, 0.251, and 0.442 [m/s], respectively.

2.2. PLIF technique

In the present experiment, the PLIF technique is used to measure the high‐Sc‐number scalar 

field. Here, it should be noted that PLIF does not affect the flow field of grid‐generated turbu‐

lence, and that the spatial resolution of PLIF is sufficiently accurate for scalar field measure‐

ments. Therefore, we are confident that the high‐Sc‐number scalar field in the grid‐generated 
turbulence could be determined accurately.

Rhodamine B was used in the PLIF experiment because it is considered to be a high‐Sc‐num‐

ber scalar. The fluorescent dye contained in this solution is excited by a 532‐nm continuous 
wave (CW) laser with a maximum power of approximately 4 W. The measurement region  
L

x
 × L

y
 is 50 × 100 [mm2], where L

x
 and L

y
 are the width of the measurement region for x and 

y directions, respectively. The number of grid points N
x
 × N

y
 is 1800 × 3600, where N

x
 and N

y
 

are the number of pixel points for the x and y directions, respectively.

In this study, the magnitude of fluorescence in the observed high‐Sc‐number scalar was mea‐

sured using a Nikon D700 single‐lens reflex (SLR) camera, which was deemed suitable for 
PLIF due to its large pixel number and high sensitivity. Furthermore, the 36.0 × 23.9 [mm2] 
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solid‐state image‐sensing area of the camera corresponds roughly to the image area of a  

35‐mm film camera. The camera was equipped with a Nikkor 50 mm F/1.2S lens with an opti‐
cal filter mounted to cutoff dye fluorescence at wavelengths above 540 nm. The F‐stop set was 
set to 2.0, the ISO sensitivity was set to 400, and the depth of bit in the captured RAW images 
was set to 14 because those settings were deemed appropriate for our PLIF measurements.

In PLIF experiments, a reference image that is captured with a constant concentration under 

pre‐experiment conditions is often used. However, PLIF experiments contained sources 
of error that could not be eliminated using a reference image alone [27]. Specifically, the 
observed fluorescence intensity depends on the experimental conditions, which varies con‐

tinuously even if the dye concentration is constant because the quantum yield of the dye is a 

function of time. Additionally, since camera gain also depends on time, the excitation laser 
intensity may experience temporary fluctuations that affect the observed fluorescence inten‐

sity. Furthermore, the intensity of the excitation laser is reduced by the presence of fluorescent 
dye along the laser path, which may produce spatial variations in the fluorescence intensity 
even if the dye concentration is spatially constant. Accordingly, in this experiment, a post‐
processing scheme was used to correct for these sources of error. Specifically, the following 
processing equations were applied: β Ij+1

 ϕ = β Ij ϕ exp[ε C’
ref

 (1 – Cj) dyj] and Vj +1
/Cj+1

 = (Vj/Cj) exp 

[ε C’
ref

 (1 – Cj) dyj], where a value in the initial state, j = 0, is given as follows: C0 = V0/(β I0 ϕ). 
Here, the factors, C, V, β, ϕ, and I, are dye concentration, brightness value, camera gain, quan‐

tum yield, and laser intensity for a measured image of fluorescence intensity, respectively, 
which are normalized by those of the reference image. Also, ε and C’

ref
 are the absorption 

coefficient and the actual concentration for a reference image. Figure 2 presents schematic 

diagrams showing our correction method.

Figure 2. Schematics of observed and reference scalar fields, shown by (a) and (b), used for the present data‐processing 
method in the PLIF. Laser attenuation could also be corrected via the present processing method.
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We validated our PLIF technique and examined the effectiveness of the above correction 
method under the three experimental conditions. In Case 1, the influences of the factors that 
vary and fluctuate with time and absorption of the excitation laser were reduced; in Case 
2, only the influence of the varying factors was reduced; in Case 3, neither the influence of 
the varying factors nor the laser excitation was reduced. In the validation and examination 
stage, a scalar‐mixing layer in the grid‐generated turbulence produced by SG1 was measured. 
Figure 3(a) shows transverse profiles of the mean concentration used for validation and exam‐

ination. As can be seen in the figure, correcting for factor variations produced a significant 
influence. By contrast, laser absorption had little effect on the mean concentration profile. The 
mean concentration profiles of Cases 1 and 2 agree with our previous experiment [24], which 

used the same experimental conditions as the current experiment. Figure 3(b) shows trans‐

verse profiles of the variance of concentration fluctuations. As can be seen in the figure, the 
observed variance of concentration fluctuations is affected by the absorption of the excitation 
laser as well as the temporally varying/fluctuating factors.

2.3. PIV

In this experiment, PIV was applied to flow field measurements. However, in order to visu‐

alize a flow field for measurement, fine polyester particles, the diameter and specific grav‐

ity of which were 50 μm and 1.03, respectively, were added to the solution. These particles 
provided sufficiently high response to flow field fluctuations. In these experiments, particle 
response to flow field fluctuations was examined using the classical theoretical formula, in 
which the frequency response and phase lag were calculated. For frequencies up to 1 kHz, the 
magnitude of both frequency response and phase lag was found to be smaller than 1%. For 
PIV visualization, we employed the same CW laser that was used in the PLIF experiment, and 
the high‐speed camera was used to capture brightness values for the particles illuminated by 

the laser. Here, the measurement area L
x
 × L

y
 was 7.5 × 40 [mm2].

Figure 3. Validation of the present PLIF measurement for mean scalar (a) and scalar fluctuation variance (b). Red‐solid, 
blue‐dashed, and black‐dotted lines show results of 〈C〉 and 〈kc〉 for Cases 1, 2, and 3, respectively. In the mean scalar, the 
results of Case 3, in which neither the influence of the factors nor laser attenuation is corrected, are shown. In the scalar 
fluctuation variance results, laser attenuation affects may be significant.
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In this experiment, custom‐designed software that calculates instantaneous velocity vectors 

from the set of brightness values for the illuminated fine particles [15] was used. The specific 
process was as follows. First, the temporal field of brightness value was calculated from the 
captured images by using Open Source Computer Vision (Open CV), which eliminated the 
need to conduct preprocedures. The main framework of our PIV is based on the recursive 
local‐correlation method with a 50% overlap. Here, the interrogation windows with the off‐

set determined were applied to the PIV software using the iterative procedure. For subpixel 
analysis, the gradient method was used instead of Gaussian fitting because the latter requires 
large interrogation windows to reduce the PIV experimental uncertainty, and because the 

spatial resolution of the PIV could be improved sufficiently via the gradient method.

We validated our PIV using grid‐generated turbulence measurements that were conducted 

before the PIV measurement results were obtained. The grid‐generated turbulence used for 
the validation of the present PIV was the same as that used for PLIF measurements. Figure 4(a) 

shows the intensity of streamwise velocity fluctuations along the centerline. As shown in the 
figure, the streamwise profile of the velocity intensity could be approximated by a power law. 
The agreement of the intensity of the velocity fluctuations with the power law validates the 
PIV measurement. In the present study, the decay exponent of the power law, where the decay 
exponent magnitude is on the order of unity, was also measured. As shown in our previous 
works, decay exponent values can be larger than unity. The decay exponent value measured in 
this study was 1.2, which agrees with the result of previous experiments (e.g., [4–6]). The power 
spectrum of the streamwise velocity fluctuations was also used for PIV validation. As shown 
in Figure 4, the power spectrum observed by our PIV technique agrees well with the laser‐

Doppler velocimetry measurements of our previous experiment [24], thereby indicating that 

the present PIV could accurately measure velocity fluctuations in grid‐generated turbulence.

Figure 4. Validation of the present PIV measurement in grid‐generated turbulence, where (a) and (b) show the 

normalized intensity of streamwise velocity fluctuation and power spectra of the streamwise velocity fluctuation at 
x/M = 18, where the laser‐Doppler anemometer data are measured by Ito et al. (2002) [24]. The agreement shown here 
validates our current PIV measurements.
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3. Results and discussion

3.1. Turbulent mixing and fractal dimensions

Here, we address the turbulent mixing of the high‐Sc‐number scalar in the grid‐generated 
turbulence of SG2 and FG. Figure 5(a) and (c) shows the instantaneous scalar of the fractal 

grid turbulence and classical grid turbulence in which the instantaneous scalar is normal‐

ized by the initial scalar difference. As can be seen in the figure, the high‐Sc‐number scalar is 
mixed by the grid‐generated turbulence. Furthermore, as also shown in the figure, the yellow 
region in the fractal grid turbulence is wider than that in the grid‐generated turbulence. Note 
that the yellow color indicates a scalar value at the mixing interface, the normalized value of 
which is 0.5.

Figure 5(b) shows a transverse profile of the mean scalar at this streamwise distance. As can be 
seen in the figure, the magnitude of the transverse gradient at the centerline of the fractal grid 
turbulence is smaller than that in the grid‐generated turbulence. Figure 6(a) and (c) shows 

instantaneous scalar fluctuations of the scalar‐mixing layer around x/Meff = 80. As can be seen 
in the figure, similar to the instantaneous scalar results, the wider region in which the scalar 
fluctuation exists is also found in the case of the fractal grid turbulence. Figure 6(b) shows 

transverse profiles of the scalar fluctuation intensity. Here, it can be seen that the intensity 
profile width in the fractal grid turbulence is larger than that in the grid‐generated turbulence.

Since enhancing scalar turbulent mixing increases the scalar‐mixing layer width in grid‐gen‐

erated turbulence, the intensity of turbulent mixing is quantified by using a length scale that 
characterizes scalar‐mixing layer width. Figure 7 shows streamwise profiles of the mean scalar 

Figure 5. Instantaneous scalar field in the fractal‐grid turbulence (FGT) (a) and conventional‐grid turbulence (CGT) (c) 
around x/Meff = 80. The mean scalar profile at x/Meff = 80 is also shown in (b). Here red, yellow, and blue indicate C = 1, 
C = 0.5, and C = 0, respectively.

Fractal Analysis - Applications in Physics, Engineering and Technology274



profile half width. As can be seen in the figure, the mean scalar profile half widths in grid‐gener‐

ated turbulence follow a function of the square root of x/U, where x/U [s] is the time dimension 
and is referred to as convection time. In fractal grid turbulence, the half‐width streamwise profile 
includes the mean scalar half‐width profile, which is also characterized by the square root of 
x/U. Note that fractal grid turbulence half‐width values are larger than those in grid‐generated 
turbulence, thereby indicating that turbulent mixing is enhanced by using the fractal grid. The 
scalar fluctuation intensity width is also characterized by its half width. As with the mean scalar 

Figure 6. Instantaneous scalar fluctuation in the fractal‐grid turbulence (FGT) (a) and conventional‐grid turbulence 
(CGT) (c) around x/Meff = 80. Scalar fluctuation intensity profiles at x/Meff = 80 are also shown in (b).

Figure 7. Profiles of the mean scalar half width and scalar variance as functions of the convection time x/U [s]. Here 
profiles of mean scalar half width and scalar variance half width are shown in (a) and (b), respectively. In the mean 
scalar and scalar variance results, the half width for the fractal‐grid turbulence is larger than that for the conventional‐

grid turbulence.
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half‐width results, the larger half width of the scalar fluctuation intensity is found in the scalar‐
mixing layer due to fractal grid turbulence. These larger half‐width values confirm the high‐Sc‐
number scalar‐mixing enhancement achieved by fractal grid application.

Next, we discuss the enhanced turbulent mixing of the high‐Sc‐number scalar in the fractal grid 
turbulence by calculating the fractal dimension using a box‐counting method (e.g., [30, 31]). In 
the box‐counting method, boxes that follow the relationship are counted: |C – C

th
| ≈ 0. Here, C 

and C
th

 are a value of the normalized scalar in the mixing layer and a threshold, respectively. 
The counted boxes satisfy the following relation: N(δ) = α δ–D, where δ is the characteristic 

length of the counted boxes and the area of the counted box is equal to δ 2.

Figure 8(a) shows a counted box value, which is a function of the scale δ, for the scalar‐mix‐

ing layer in the fractal grid turbulence, where x/Meff = 40 and C
th

 = 0.5. As shown in the figure, 
the counted box values decrease as the scale δ increases. Furthermore, the observed counted 
box value follows the basic relationship of the box‐counting method, N(δ) = α δ–D. It should 
be noted that the value of D also depends on the scale δ, and that the scales δ in the large and 

small values of d show large‐ and small‐scale scalar fractal dimension values. A value of D 

for the large δ, which is found to be constant, is different from that for the small δ. Here, the 
large‐ and small‐scale fractal dimension values are within the range of 1–2.

A fractal dimension value, which is considered to differ between larger and smaller scales, is 
calculated for the fractal grid and classical grid turbulence. Figure 8(b) shows the observed 

values of the fractal dimension, where the convection time for the fractal grid turbulence is 

nearly equal to that for the classical grid turbulence. As the figure shows, scalar field fractal 
dimension values in fractal grid turbulence are larger than those found in the classical grid 

turbulence. These larger fractal dimension values are found in both large‐ and small‐scale 
scalar fields. A large‐scale fractal dimension value does not depend on the threshold value, 

Figure 8. Counted boxes of the scalar field in the fractal‐grid turbulence around x/Meff = 40 and C
th

 = 0.5 (a), which are 
given by the box‐counting method. Profiles of the counted boxes satisfy N(δ) ~ δ−D. In (b), fractal dimension of the large‐ 
and small‐scale scalar fields in fractal‐grid and conventional‐grid turbulence around x/U = 1.25 [s] are shown. The fractal 
dimension for the fractal‐grid turbulence is larger than that for the conventional‐grid turbulence.
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although a small‐scale fractal dimension value in the scalar field may depend slightly on 
the threshold value. The fractal dimension of a scalar field for which turbulent mixing does 
not occur is unity. Fractal dimension values approach two as turbulent mixing is enhanced 
because our PLIF measurement technique uses a two‐dimensional measurement for the scalar 

field. The larger fractal dimension value found in turbulent mixing due to fractal grid turbu‐

lence indicates the enhancement of turbulent mixing achieved by using a fractal grid.

Figure 9 shows streamwise fractal dimension evolution as a function of convection time. Here, 
it can be seen that the fractal dimension of large‐scale turbulent mixing resulting from fractal 

grid turbulence increases with convection time. The fractal dimension of the small‐scale field 
for fractal grid turbulence is also larger than that for the classical grid turbulence, thereby 

indicating that fractal grid application could enhance both small‐ and large‐scale turbulent 

mixing. Since the small‐scale fractal dimension difference found between the two turbulence‐
generating grids would not be large, further experiments may be needed to determine the 

incremental fractal dimension increase achieved by applying the fractal grid.

3.2. Turbulent mixing device efficiency

Next, we discuss the enhancement of turbulent mixing achieved via fractal grid using PIV 
measurement results, starting by examining velocity fluctuation intensity. Figure 10(a) shows 

streamwise profiles of (3/2) 〈u2〉/(1/2) U
o

2, referred to hereafter as turbulence intensity. In 
the classical and fractal grid turbulence, the large‐scale anisotropy is constant for time and 

approximates unity. Therefore, the quantity of the turbulence intensity (3/2) 〈u2〉/(1/2) U
o

2 

would correspond to turbulent kinetic energy. The longitudinal direction is the convection 
time, which is normalized by the unit time [s].

Figure 9. Streamwise profile of the fractal dimensions. The square and circle denote fractal dimension for large‐ and small‐
scale scalar fields, respectively. The fractal dimension for fractal‐grid turbulence is larger than that for conventional‐grid 
turbulence in large‐ and small‐scale scalar fields.
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As shown in the figure, the classical and fractal grid turbulence intensities decrease as the 
convection time increases. Also, the fractal grid could be considered to generate decaying tur‐

bulence with a turbulence intensity that is larger in the same bulk energy magnitude because 

it is normalized by the bulk flow kinetic energy. The figure also shows that the classical grid 
turbulence intensity satisfies the following power law: (3/2) 〈u2〉/(1/2) U

o
2 = A

k
 (t/t

o
)–nk, where 

A
k
 and n

k
 are the decay coefficient and decay exponent, respectively. Fractal grid turbulence 

intensity also follows a power law with the different parameter values.

Viscous dissipation is also examined in this study because the measurement allows poten‐

tially serious result uncertainties. Accordingly, observed viscous dissipation ε, which is 

referred to as dissipation, is calculated and defined as follows: ε = [〈u2〉/U
o

2]3/2/(L/D). Here, L is 

the integral scale of the streamwise velocity fluctuation. As shown in Figure 10(b), streamwise 

dissipation profiles in the classical and fractal grid turbulence also follow each power law: 
[〈u2〉/U

o
2]3/2/(L/D) = Aε (t/to)

–nε. Here, Aε and nε are the decay coefficient and decay exponent of 
the dissipation, respectively.

Next, the decay exponents and decay coefficients of the fractal and classical grid turbulence 
are measured. Figure 11(a) shows the classical and fractal grid turbulence intensity decay 

exponents. As can be seen in the figure, the turbulence intensity decay exponents are mea‐

sured as 2.1 for fractal grid turbulence and 1.1 for the classical grid, and the fractal grid turbu‐

lence decay exponent is larger than that for conventional grid turbulence. This larger fractal 
grid turbulence value implies that it includes dynamics other than the viscous dissipation, 

such as turbulent diffusion (e.g., [12]). Figure 11(b) shows the decay coefficients of fractal grid 
turbulence normalized by that of conventional grid turbulence, where the turbulence inten‐

sity decay coefficients and dissipation are shown.

As shown in the figure, the normalized decay coefficient value for fractal grid turbulence 
intensity is about two. Since a decay coefficient is directly related to the drag coefficient of a 

Figure 10. Streamwise profiles of the turbulent intensity (a) and the dissipation (b) for fractal‐grid turbulence and 
conventional‐grid turbulence, where the longitudinal direction is the normalized convection velocity. These profiles 
satisfy each power law with different decay exponent and decay coefficient values.
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turbulence‐generating grid, a larger decay coefficient value for turbulence intensity would 
have a larger drag coefficient in the grid. Furthermore, since fractal grid turbulence size char‐

acteristics depend primarily on the largest and smallest grids, larger grids can be expected 

to produce larger grid drag coefficients. The dissipation decay coefficient of fractal grid tur‐

bulence normalized by the conventional grid turbulence is also shown in the figure, and is 
about 3.5. In turbulent diffusion, which is modeled by two‐particle diffusion, the turbulent 
diffusion coefficient is proportional to viscous dissipation. Therefore, the decay coefficient 
increment of the dissipation indicates that of the turbulent diffusion coefficient. However, it 
should be noted that the dissipation decay coefficient increment is considerably larger than 
that of the turbulence intensity. Qualitatively, turbulent‐mixing enhancement increases as the 
drag coefficient is increased. As can be seen in the figure, applying the fractal grid produces a 
drag coefficient‐related dissipation increment that is related to turbulent diffusion coefficient 
and is larger than the turbulence intensity increment. Therefore, Figure 11(b) confirms the 
efficiency of a fractal grid as a device for enhancing turbulence mixing.

4. Conclusion

This study has addressed high‐Sc‐number scalar turbulent mixing in decaying turbulence 
through experiments in which decaying turbulence was generated using a grid placed inside 

a uniform flow. In recent years, fractal grids, which are new turbulence‐generating grids with 
shape‐based fractal perspectives, have been proposed, and high‐magnitude turbulent intensi‐

ties have been found in the decaying turbulence produced by such grids. The present study 
applies the decaying turbulence produced by a fractal grid to high‐Sc‐number scalar turbu‐

lent mixing in a water channel experiment measured by PLIF and PIV in order to clarify 

fractal grid turbulence mixing. Conventional grid turbulence, which is produced via a biplane 

Figure 11. Decay exponents of the turbulent intensity (a) and the ratio of the decay coefficients between fractal‐grid and 
conventional‐grid turbulence (b). The dissipation decay coefficient increase, which relates to the turbulent diffusion 
coefficient, is larger than that of the turbulent intensity, which relates to the grid‐drag coefficient.
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conventional grid, was also measured. Fractal dimensions, which were calculated using the 
box‐counting method as well as relevant statistics, were used to clarify high‐Sc‐number scalar 

turbulent mixing in the grid turbulences examined.

We started by validating the PLIF and PIV measurement techniques used and showed that 

our correction for laser attenuation effects caused by the dye used definitely improved scalar 
fluctuation measurement accuracy. Next, the PIV was validated by using the decay character‐

istics and spectra of conventional grid turbulence. As shown in the PLIF visualization results 
provided herein, the use of a fractal grid increased the scalar‐mixing layer width, and the 

scalar‐mixing layer width increment could be quantitatively observed by using the character‐

istics length of the mean scalar profile and scalar fluctuation intensity.

Our fractal dimension investigation, which was calculated in order to discuss high‐Sc‐number sca‐

lar turbulent mixing in fractal grid turbulence, showed that the use of a fractal grid could enhance 

both large‐ and small‐scale turbulent mixing. The decay exponent, turbulence intensity decay 
coefficient, and dissipation were then calculated from PIV measurements, the results of which 
showed a larger decay exponent magnitude in fractal grid turbulence. Next, we discussed using 
the decay coefficient to quantify the efficiency of a fractal grid as a device for enhancing turbulent 
mixing. The results showed that when utilizing a fractal grid, the turbulent diffusion coefficient 
increase in the generated grid turbulence was found to be larger than the grid drag coefficient.

In our future works, the dynamics that are expected to be found in enhanced turbulent mixing 

due to fractal grid turbulence will be studied. By further investigating the phenomena from 
the perspective of dynamics, a new turbulent‐mixing device may further be developed. 
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