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Abstract: A quasi-isotropic, quasi-homogeneous turbulence generated by an oscillating-grid, spatially decays according to power 

law of unu Z �K , where u  is the root mean square (rms) horizontal velocity, Z  is the vertical distance from the grid and = 1un . 

However, the findings of Nokes and Yi indicate that as the stroke of oscillation increases, the power law 1un L  and does not follow 

the established decay law equation of Hopfinger. This paper investigates the characteristics of the turbulence that are generated using 
larger strokes / =S M 1.6 and 2 and compares with that obtained using a / = 0.8S M , which is the stroke used when the equation 
was developed. Measurements of the grid-generated turbulence in a water tank were taken using particle image velocimetry (PIV). 
The results showed that the homogeneity occurred at distance beyond 2.5 mesh spacings away from the grid midplane, independent 
of the stroke and the frequency of oscillation. Within this region, the turbulent kinetic energy distribution was quasi-homogeneous, 
and the secondary mean flow is negligible. The statistical characteristics of the measured turbulence confirmed that although un  

decreases as stroke increases, the grid-turbulence generated at / =S M 1.6 and 2 obeys the universal decay law. 
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Introduction�� 
The effect of turbulence as an environmental 

variable in geophysical phenomena is important and 
has drawn ever increasing attention recently. Turbule- 
nce plays a significant role in the critical motion of 
sediment, particles suspension and contaminant dis- 
persion, to name a few. As the characteristics of the 
turbulence are random in time and space, measuring 
the velocity representing the turbulence is difficult and 
complex. Nevertheless, the turbulent flow can be 
represented rather simply by employing an oscillating- 
grid in a contained water tank[1-3]. In a laboratory 
frame, the flow at distances further away from the grid 
is statistically stationary and the turbulence statistics 
of the transversal velocity components u , v  only vary 
in the direction perpendicular to the grid plane Z. 
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Utilising this frame of reference, the grid turbulence 
can be modelled as statistically homogeneous and 
isotropic flow, which allow relatively complete stati- 
stical information to be provided by fewer measure- 
ments than is required for the classical shear flows. 
Various geophysical phenomena have been studied 
using this kind of turbulent flow, including the parti- 
cle-turbulence interaction[4], the incipient sediment 
motion[5-7], the turbulence evolution near a wall or a 
free surface[8], the desorption of contaminants from 
sediment[9], the aggregation of particle dynamics[10], 
the air-water interface[11] and aquatic vegetation[12]. 

The dynamical equation governing these turbule- 
nce components can be derived by applying the 
Reynolds decomposition[2]. Incorporating the grid 
geometry’s external parameters, including the oscilla- 
tion frequency gf  and the oscillation stroke S , the 

root mean square (rms) horizontal velocity component 
u  (and by proposing a similar derivation for the rms 
vertical velocity component w  (due to isotropy)), 
Hopfinger[1] represented the turbulence characteristics 
as 
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3/ 2 1/ 2= un
u gu C f S M Z �                       (1a) 

 
3/ 2 1/ 2= wn

w gw C f S M Z �                      (1b) 

 
where uC , wC , un  and wn  are empirical constants 

that are dependent on the grid parameters i.e., gf  and 

S  and mesh size M [1]. Their experiments found uC , 

wC , un  and wn to be 0.25, 0.27, 1 and 1, respectively. 
These equations have been accepted, particularly for 
the rms horizontal velocity components and is often 
employed in oscillating-grid turbulence studies, where 
the range of S  are comparable to the values used by 
Hopfinger[1] (i.e., / = 0.8S M )[7,9]. The utilisation of 
the linearity of Eq.(1), is in particular dependent on 
the grid shape, with square bars shows a linear rela- 
tionship and other shapes like circular bars have a 
nonlinear relation[2]. 

Equation (1) is developed based on the fact that 
the integral length scale is linearly increased with the 
distance from the grid mid-position as 
 

=l Z&                                    (2) 
 
where &  is a coefficient with a value of 0.1[2]. Thus, 
based on the inherent flow characteristic, the turbulent 
Reynolds number can be calculated as 
 

=l
ulRe
�

                                 (3) 

 
where �  is the water kinematic viscosity. 

Equation (1) suggests that increasing the stroke 
and the frequency of the oscillation increases u  and 
subsequently increases lRe . Previous findings have 
shown that the upper limit of the frequency is between 
6 Hz to 7 Hz, where values above this upper limit will 
generate a significant secondary flow[13-15]. Note that 
by using stroke / 1S M + , the maximum achievable 

lRe  (with frequency of 6 Hz) before the secondary 
circulation becomes significant is only approximately 
300. Thus, a larger stroke must be used to increase the 
flow strength. Although this idea has been suggested, 
there are quite a few studies that have used an 

/ 0.8S M ( , while very limited research has focused 
on the validity of Eq.(1) using larger strokes. Most of 
the previous studies used strokes comparable to those 
used by Hopfinger[1] (i.e., / 1S M + ), whose proposed 
model has been generally accepted as correct[7,9]. The 
findings of Nokes[16] and Yi[17] who used range /S M  
between 0.15-0.98 and / = 0.34 - 0.86S M , respecti- 
vely, however found out that the power law un  is 

dependent on the stroke, where un  decreases (i.e., 

1un + ) with increases in stroke of oscillation S . This 
implies that the turbulence generated decays much 
slower and the presence of the secondary circulation is 
significant. Although their work used similar range 
strokes of / = 0.8S M , their findings were not in 
agreement with Hopfinger[1]. They suggest that a non 
zero-mean turbulence is generated using larger stroke 
and, the representation of the quasi-isotropic, homoge- 
neous turbulence using Eq.(1) is rendered invalid. 

These contradictory findings motivate this paper 
to experimentally investigate the characteristics of the 
generated grid turbulence by systematically increase 
the strokes / = 0.8 - 2S M . The main body of this 
paper will focus on the response of the grid-generated 
turbulence using larger strokes, in particular the onset 
of the homogeneous region, the linearity of the inte- 
gral length scale and the determination of the decay 
power laws are discussed in detail. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Schematic drawings of (a) the front view of experiment 

apparatus and (b) the plan view of the grid. Symbols �  
and Z  denote the angle of the tilted tank and the dis- 
tance from the virtual origin, respectively. Note that 

= 0�  throughout the experiments. In (b) A-A, which is 
aligned with the central bar at the centre of the grid 
denotes where the light sheet is illuminated 

 
 
1. Experimental apparatus and procedure 

The experiments were performed in an acrylic 
tank, with cross-sectional dimensions of 0.00354× 
0.00354 m2 and a height of 0.5 m. The tank is fixed 
within a rigid inner steel frame and filled with water 
to a depth of 0.4 m. The oscillating-grid mechanism, 
consists of a linear bearing was positioned vertically 
through the central axis of the tank and connected to a 
rotating spindle. A motor is used to rotate the spindle 
and thus continuously oscillate the grid. The plan view 
of the square ( = 0.01 m)d , uniform grid shown in 
Fig.1(a) made from 7×7 array of aluminum bars and 
length of 0.35 m. The uniform mesh size M  is   
0.05 m and gives the grid a solidity of 0.36. The end 
condition of the grid is designed to ensure that the 
wall acted as a plane of reflection-symmetry, which 
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has been shown to lessen the Reynolds-stress gradie- 
nts within the fluid, thereby inhibiting the presence of 
undesirable secondary circulations (see De Silva[13] 
for a detailed discussion). The opening between the 
wall and the grid is approximately 0.002 m, which is 
very small to cause any significant secondary circula- 
tion[18]. 

The stroke S  and oscillation frequency gf  of the 

grid were varied by altering the radius of spindle 
motion on the motor and the rotation rate of the motor, 
respectively. The grid was oscillated vertically with 
strokes of 0.04 m, 0.08 m and 0.1 m, while the 
frequency of the oscillation varied from 1 Hz-6 Hz. 
All of the frequencies that were used in this study 
were less than or equal to 6 Hz to avoid secondary 
circulation. In each experiment, the grid was allowed 
to oscillate at the chosen stroke and frequency for at 
least 5 min from the start of the oscillation. The time  
5 min taken is much larger than the integral time scale 
0  of turbulence generated for the range of lRe  avai- 

lable (i.e., 128 -13630 0 ), where = /l u0 . Thus, the 
turbulence generated was allowed to reach a steady 
state and has no influence from the initial conditions 
before any measurements were taken[14]. The characte- 
ristic of the flow generated is defined with the turbu- 
lent Reynolds number lRe , which is calculated using 

Eq.(3), where lRe  generated are within the range of 

67 607lRe: + . The experimental setup is summarised 
in Table 1. 
 
Table 1 Summary of the experimental setup 

Label Stroke, /S m Frequency, /gf Hz lRe  

A1 0.004 1.5 67.1 

A2 0.004 3.5 156.5 

A3 0.004 6.0 268.3 

B4 0.008 1.3 164.4 

B5 0.008 3.2 404.8 

B6 0.008 4.8 607.2 

C7 0.010 1.7 300.5 

C8 0.010 3.4 601.0 

 
The velocity measurements were obtained using 

two-dimensional planar particle image velocimetry 
(PIV), applied in the vertical ( , ) -x z plane through the 

centre of the tank ( = 0)y . The reflective, neutrally 
buoyant tracer particles were illuminated using a 
narrow, vertical light sheet (with a thickness of  
0.002 m) that was directed through the mid-plane of 
the tank (Section A-A as shown in Fig.1(b)). The 
motion of the tracer particles was recorded using a 
high-speed DantecNanoSenseMkIII digital camera 

(with 1 280�1 024 pixel resolution) and the frame rate 
is set at 200 Hz. The camera was positioned to have a 
vertical light-sheet through the mid plane of the tank. 
In each case, the velocity profiles were calculated 
from pairs of images with a cross-correlation algori- 
thm using a standard PIV software. The interrogation 
area was set at 20�20 pixels (equivalent to 0.00019× 
0.00019 m), with a 50% overlap between the analysis 
spots. For each experimental setup, the velocity fields 
were acquired for a period of 120 s, which provided 
the spatial and the temporal data of the horizontal and 
vertical velocity components in the bulk fluid. The 
measurement of velocity using PIV allows a planar 
flow distribution to be obtained, from the bottom of 
the grid (i.e., = / 2 + / 2Z S d ) to the tank base, giving 
a physical region of approximately 0.0025×0.003 m2. 
Note that however, for each stroke, to include both 
bottom of the grid and the tank base in the visualisa- 
tion, the camera was readjusted and thus, gives a 
variation of the planar flow area. 
 
 
2. Results and discussion 
 
2.1 Mean flow 

It is relatively difficult to completely eliminate 
the secondary flow in the OGT system and such flow 
should be recognized as an intrinsic feature in the 
oscillating-grid turbulence[19]. Even so, in this study, 
care was taken to minimize the secondary flow in the 
oscillating-grid tank. As mentioned previously, the 
grid employed had a solidity of 0.36, comprised of 
square-bars and had grid end conditions such that the 
wall behaved as a plane of symmetry. The maximum 
frequency gf  that was used in this study was 6 Hz, 

which is below the recommended limits of 7 Hz and  
8 Hz[15]. 

In an attempt to qualitatively ascertain that the 
mean flow was weak in the grid tank, the time-ave- 
raged mean velocity fields measurements were obse- 
rved. The PIV results provided whole-field visualisa- 
tions of the bulk flow structure with an area of 

20.0005 0.0006 mM M� . Representatives of two- 
dimensional illustration of the mean velocity fields 
and the distribution of turbulent kinetic energy that 
were produced in the -xz plane are shown in Fig.2 
for turbulent flow with / =S M 0.8 and 1.6. Note that 
due to the camera readjustment, the /Z M  for Figs.2(a) 
and 2(b) were 5 and 6, respectively. This however is 
insignificant as M  is fixed and the depth includes the 
bottom of the grid and the tank base. The turbulent 
kinetic energy (per unit mass) q  was defined as 
 

2 21
( , ) = [2 ( , ) + ( , ) ]

2
q x z u x z w x z                (4) 
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where the assumption of transversal isotropy ( = )u v  
has been used. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 The mean velocity fields ( , )u x z  and the turbulent kine- 

tic energy distribution ( , )q x z  in the xz  plane, The down 

arrow (�) on the top right indicates the maximum mean 
velocity value and the colour bar represents the strength 
of the turbulent kinetic energy 

 
Because of the no-slip condition at the surface of 

the grid elements, each bar generated vorticity due to 
the viscous forces at the edge of the grid, producing 
alternating negative and positive vorticities. The high 
vorticity distribution near the grid is due to the prese- 
nce of shear stresses, which are the result of the wake 
and the jet that were produced from the movement of 
oscillating-grid. The interaction of the jet and the 
wakes creates a layer of intense turbulent motion and 
a high intensity turbulent kinetic energy. The turbulent 
layer is thickened via the entrainment of the irrotatio- 
nal surrounding fluid, giving rise to large-scale ene- 
rgetic motions, particularly around / =Z M 1 to 2. 
Consistent coupled negative and positive rotations (for 

example at / = 0 -1.5x M  in Fig.2(a)) near grid are 
scaled at approximately M . The mean flow mapping 
at near grid shows the symmetrical characteristics 
about the tank plane. 

Both figures show persistent jet structures in the 
middle of the tank and travel up to = 2 - 3Z M M . At 
a distance of 1.5Z M8  from the grid, the intense 
interaction between the jets and the wakes breaks down 
into turbulence. After 2.5Z M( , there is a reduced 
spatial variability and the q  is quasi-homogeneously 
distributed across the x direction for a given depth 
further away from the grid. Obviously, a higher lRe  
(as shown in Fig.2(b)) produced higher turbulent kine- 
tic energy at near grid and took longer distance to 
reach homogeneity. Nevertheless, at 3Z M8 , there is 
an insignificant shear stress and negligible large scale 
motions in the bulk flow, indicating no significant 
secondary circulations within the tank. 

Results show that the mean flow is an inherent 
feature in an oscillating-grid tank particularly at near 
grid, in agreement with McKenna[19]. However, the 
ratio of the rms velocity to the mean velocity /u u  is 
examined to gauge the level ofthe turbulence intensity 
produced. For the range of lRe  discussed in this article, 

the horizontal turbulent intensity /u u  ranged from 
2-10, whereas the vertical turbulent intensity /w w  
ranges from 1-6. This indicates that the turbulence is 
the dominant component than the mean flow within 
the tank. Smaller turbulence intensity values were 
observed for the vertical components, in which w  is 
relatively higher due to the vertical direction of the 
grid oscillation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Evolution of the degree of isotropy I  for / = 0.8S M . 

Errorbars show the variability observed in the data 
 
2.2 Onset of the quasi-isotropic homogeneous turbule- 

nce 
Although Fig.2 showed that negligible secondary 

mean circulations can be found from 2.5Z M( , the 
onset of the quasi-isotropic homogeneous turbulence 
region was determined by plotting the isotropy =I  

/w u , from grid bottom i.e., = / 2 + / 2Z S d  to 
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= 4.5Z M  to eliminate the inhomogeneity effects due 
to the presence of the (solid) tank base. Secondary 
circulations were observed when the turbulence inte- 
racted with the tank base, resulting in local inhomoge- 
neity and anisotropy[20]. Figure 3 shows the evolution 
of the degree of isotropy I , as a function of the dista- 
nce for / =S M 0.8, 1.6 and 2 with the lRe  ranging 
from 67 to 607. Data consistently shows that through- 
out the depth, the component w  has a larger value 

than u , particularly at a close proximity to the grid. 

Although I  was not ideally 1, the isotropy value 
remained constant (at least within the experimental 
error), at distances = 2.5Z M . The errors associated 
were determined as the standard deviation from the 
measurement of spatially averaged value of u and 

w , at each Z . Isotropy increases with larger strokes, 

with I  values of 1.1, 1.3 and 1.5 for / =S M 0.8, 1.6 
and 2, respectively, where these values falls within the 
acceptable range with previous studies[14]. As such, it 
can be considered that the “quasi-isotropic homoge- 
neous turbulence” region starts at = 2.5Z M , regard- 
less of the stroke and the frequency of the oscillation. 
Even so, it should be stressed here, that due to 1I L , 
the grid turbulence generated is not an isotropic flow. 
 

2.3 Integral length scale 
To derive Eq.(1), the integral length scale of the 

turbulence needs to be linearly dependent on Z  within 
the “quasi-isotropic homogeneous turbulence” region. 
The longitudinal integral length scale l  was obtained 
using the same approach adopted by Thompson[2], as 
the area under the auto-correlation function of the 
horizontal velocity component. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 The integral length scales l  plotted linearly against the 

distance Sediment incipience in turbulence generated ina 
square tank by a vertically oscillating-grid Z , where data 
are represented with the turbulence that was generated. 
The errors associated with the measurement of l  are also 
shown, where the smaller error bar represents minimum 
error and larger error bar shows the maximum error range 

 

The computed integral length scale l  for / =S M  
0.8, 1.6 to 2 are plotted as a function of depth Z , here 

shown in Fig.4. Note that the data is plotted according 
to each stroke for better illustration. Using a line fit 
from the method of least squares, a linear relationship 

=l Z&  was obtained, and values of &  for each stroke 

were computed, shown here in Table 2. Although &  
is found to increase with /S M , all of the values are 
well within the range of 0.1-0.3 that was reported in 
previous studies[1]. As an / 0.8S M H  was used here, 
the scale should only proportional to M [1]. However, 
for a given mesh size M  described in the experime- 
nts (i.e., fixed at 0.05 m), the coefficient &  was 

found to increase as S  increases. In all cases, Eq.(1) 
is validated and the least squares fit for all data gives 

= 0.12 0.05& 9 . 
 
Table 2 Summary of the coefficients â for each stroke used 

/S M  &  

0.8 0.106 

1.6 0.109 

2.0 0.123 

 
The estimation of the maximum and the minimum 

error associated with the measured values of l  are 
also shown in Fig.4. The error is calculated as the 
standard deviation from time averaging l  over =T  
120 s. The variation of the error is somewhat pessimi- 
stic and is likely due to the arbitrary calculation of the 
integral length scale itself. The minimum error that is 
associated with the l  measurements occurs within the 
specified homogeneous region that is closer to the grid, 
whereas the maximum error occurs at a larger Z . As 
the turbulence spatially decays, the smallest eddies 
decay the fastest due to their small turn over time 
compared to the larger scale eddies. Thus, large, 
slowly rotating eddies dominate the turbulence region 
that is further away from the grid 4Z M8 . That is 
when calculating l  at this distance, the correlation of 
horizontal velocity of large eddies across the x  axis 
is less autocorrelated, resulting in a higher error. 
 
2.4 The spatial decay of the quasi-isotropic homoge- 

neous turbulence 
The isotropy plot shows that the quasi-isotropic 

homogeneous region starts at approximately 2.5M  
away from the grid. As mentioned previously, Eq.(1) 
is only applicable within the homogeneous turbulence 
region. The inhomogeneity of the turbulence near the 
grid, if included in the region that is used to calculate 
the empirical coefficients (i.e., uC , wC , un  and wn ), 
will have a significant impact on the determination of 
these coefficients and their values may vary by up to 
20%[18]. From Eq.(1), the spatially averaged rms hori- 
zontal and vertical velocity components with distance 
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Z  below the grid mid position are presented as 
 

1/ 2= ( ) un
u

g

u
C SM Z

f s
�                       (5a) 

 

1/ 2= ( ) wn
w

g

w
C SM Z

f s
�                       (5b) 

 
The powers un  and wn  and the constants uC  

and wC  were empirically obtainedfrom the data shown 
in Fig.5. Each set of experiment as shown in Table 1 
were plotted. A least-squares fit was applied to the 
data from / = 4.5Z M . Recall that the end region was 
taken at = 4.5Z M  to eliminate the inhomogeneity 
effects that occur due to the presence of the (solid) 
tank base. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Measurements of the (spatially averaged) rms. against 

depth relative to the grid’s mid-position. Here, u , w  

and Z  have been dimensionless using gf s  and 

( )1 = 2SM , respectively. The straight line shows the 

least-squares fit for all of the data. To avoid saturation, a 
single error bar has been included in each plot that is 
representative of the variability observed in all data 

 
The assumption of quasi-isotropic turbulence 

u v w8 8  at a fixed distance, suggests that the =wn  

un [17]. Thus, there are few studies that examine the 
vertical velocity empirical constants. To the best of the 

author’s knowledge, only two studies by De Silva[13] 
and Yi[17] have examined wn  and wC , where De 

Silva[13] only investigated the wn  for one stroke. 

Using stroke / 0.8S M + , they found that = 1wn . 
However, Yi[17] who used multiple strokes in his expe- 
riments (i.e., / 0.9S M + ) discovered that the power 
law wn  values are dependent on the stroke, with wn  

decreasing as S  increases. The limited number of 
investigations that focus on wn , as well as the mixed 
results that were obtained from these studies, encoura- 
ged further analysis to assess the vertical power decay 
law wn  by plotting the data according to Eq.(5b), here 
shown in Fig.5(b). 

The results are now discussed. The measured 
data shows that the decay exponent rms. horizontal 
velocity components un  is 1.22, where this value is 

comparable to = 1un , found by Hopfinger[1]. The 

difference of measured un  with Hopfinger[1]’s is about 
18%, in line with the findings of George[18]. This is 
believed to be contributed by the varying onset homo- 
geneous region taken when the coefficients were ob- 
tained. Hopfinger[1] considered the onset as / =Z M  
0.7, much closer to the grid, where as here, the homo- 
geneous region was taken from / = 2.5Z M , the 
region where 1I 8  and the effect of large scale 
motion from the turbulence production region near 
grid is minimal. At distance / = 0.7Z M , as shown in 
Fig.2, the large scale motion is significant and will 
essentially have affected the coefficient values. 

The vertical turbulence component however, 
decay much faster with = 1.43wn  because the vertical 
energy is used to transport the kinetic energy. The 
data also gives the empirical coefficients of = 0.14uC  

and = 0.21wC , respectively and are found to be within 

the range values of Hopfinger[1] who found 0.25uC 8  

and 0.27wC 8 . The variations of uC  and wC  are 
expected due to the different oscillating-grid setup for 
each study. With the values uC  and wC  obtained in 

this study, the u  and w  components are underesti- 
mated by about 40% and 20%, respectively than when 
the empirical coefficients of Hopfinger[1] were emplo- 
yed. 
 
Table 3 Summary of the coefficients uC  and wC  and the 

decay law exponents un  and wn  

/S M  un  wn  uC  wC  

0.8 1.22 1.43 0.14 0.19 

1.6 0.94 0.99 0.12 0.17 

2.0 0.92 0.93 0.12 0.16 
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Table 4 Comparison of the decay law exponents un  and wn  obtained by Nokes[16], Yi[17] and this study 

Nokes[16] Yi[17] This study 

/S M  un  /S M  un  wn  /S M  un  wn  

0.15 1.52 0.34 1.90 1.55 0.8 1.22 1.43 

0.32 1.51 0.55 1.93 1.60 1.6 0.94 0.99 

0.48 1.46 0.86 0.88 0.53 2.0 0.92 0.93 

0.64 0.86 - - - - - - 

0.98 0.80 - - - - - - 

 
What is more important is that both un  and wn  

are of similar orders of magnitude. 
Although the values of wn  obtained are close to 

1, the plot in Fig.5(b) suggests that an individual fit 
for each stroke is more appropriate. The empirical 
constants un , wn , uC  and wC  for each stroke were 
thus obtained using Eq.(5) and are summarised in 
Table 3. The power constants un  and wn  were be- 
tween 0.92 and 1.43and are within the range of those 
reported in other studies[1,2]. The data shows that un  

is dependent on /S M , where un  was found to decrea- 

se as S  increases. There was a similar decreasing 
trend of wn  for / 0.8S M ( . The decreasing un  and 

wn  as stroke increases corresponds with the findings 
that were reported by Nokes[16] and Yi[17]. 

The analysis also shows that the turbulence deca- 
ys much faster with Z  for / 1.6S M + , in particular 
the w  component with a distinguished deviation 
between un  and wn  is approximately 15%� . This is 
due to the smaller vertical length scale, in which the 
large scale eddies break up into smaller scales more 
quickly than in larger horizontal length scales. How- 
ever, with increasing strokes (i.e., increasing the tur- 
bulent Reynolds numbers lRe ), the differences be- 

tween the constants un  and wn  diminish, and they 
both approach unity. The decay of the turbulence that 
is produced by strokes of / =S M 0.8, 1.6 and 2 show 
power laws of =un 1.22, 0.94, 0.92, and =wn 1.43, 
0.99, 0.93, respectively. These results indicate that the 
use of a larger stroke (within 6 Hzgf + ), produced a 

quasi-isotropic homogeneous turbulence that follows 
the established decay law of Hopfinger[1]. 

The comparison of coefficients un  and wn  with 
the values obtained by Nokes[16] and Yi[17] is now 
discussed. Both studies which used / 1S M + , as 
shown in Table 4, evidently show a decreasing trend 
as /S M  increases. However, when /S M  is compa- 
rable to the one used by Hopfinger[1] (i.e., / = 0.8S M ), 

the decay law 0.8un 8 , much lower than 1. Data of 
Nokes[16] shows a consistent profile for smaller strokes 

/ 0.6S M + , where the velocity decay was closer to 
1.5Z � , in agreement with Thompson[2]. Although Yi[17] 

showed that the u  velocity component decays acco- 

rding to 0.88Z � , the measured un  for / 0.55S M : , 
however were essentially out of the range. Both 
studies are somehow interesting as they indicate that 
the characteristics of the grid turbulence generated at 

/ = 0.8S M  is not a quasi-isotropic homogenous tur- 
bulence. Looking at their decreasing trend, it is 
suggested that for / 0.8S M ( , the grid turbulence do 
not obey the law. This paper however, able to show 
that even at larger strokes / 0.8S M ( , the behaviour 
of the generated grid turbulence is accordance with 
the established universal decay law[1]. 

The comparison of wn  was only made to the 
study of Yi[17]. His data however, showed an inconsi- 
stent trend and showed a contrary behaviour of un (  

wn  than what was obtained in this study for /S M :  

1.6. The result showed that the u  decay much faster 
(almost twice than what perceived by Hopfinger[1]) 
than the vertical velocity component. For / = 0.86S M , 
the wn  of 0.53 indicate that the vertical velocity 
component decayed slower and is speculated been 
attributed to the weak secondary flows present in the 
tank. The mean flow rapidly advect the turbulence 
away from the grid, changing the structure within the 
bulk flow[13]. 
 
 

3. Conclusions 
The experiments reported here examined the cha- 

racteristics of an oscillating-grid generated turbulence, 
with attention focused on larger strokes ( / =S M 1.6 
and 2) and compared with the turbulence characteristi- 
cs generated with the stroke / = 0.8S M  (that is the 
stroke used to develop the universal decay law by 
Hopfinger[1]). Previous oscillating-grid studies used 

/ = 0.8S M  stroke and generally accepted the validity 
of Eq.(1). This reliability of the equation however, was 
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questioned by Nokes[16] and Yi[17] where they found 
that as S  increases the decay law 1un L  and Eq.(1) is 
invalid. Here, the analysis was extended to consider 
larger strokes / 0.8S M (  and examine the characteri- 
stics of generated turbulence in terms of mean flow, 
evolution of isotropy, the linearity of integral length 
scale and the determination of power decay laws. 

The grid-generated turbulence was found with 
negligible mean shear flow and insignificant seconda- 
ry circulations at distances further away from the grid, 
approximately at = 2.5Z M . Using the analysis of 
isotropy, it is shown that the generated turbulence is 
not isotropic, where the value of isotropy 1L . How- 
ever, it can be said that the “quasi-isotropic homoge- 
neous turbulence” region, starts at 2.5Z M8 , indepe- 
ndent of stroke and frequency of the oscillation. These 
observations are consistent with the turbulence profile 
generated with / = 0.8S M  stroke, identified in this 
study and previous research[1,19]. 

The data reported here show a decrease in the 
empirical decay laws un  and wn  when / 1.6S M ( , 
in agreement with findings of Nokes[16] and Yi[17]. 
Although, the measured value of un  at / 1.6S M (  
was approximately 1, and corresponded well with the 
results of Hopfinger[1]. The determination of wn  was 
notably unaccounted for in the past studies, and is 
usually accepted as = 1wn  due to the isotropic beha- 
viour. Here, the analysis was expanded to investigate 
the vertical power decay law wn . The measured values 

of wn  were higher than un  for / 1.6S M :  and un  

and wn  reached unity at approximately 0.92 for /S  

= 2M . The higher w un n(  was expected as the grid 
is vertically oscillated, where the energy of the verti- 
cal component is used to transport the turbulent kine- 
tic energy down to the tank bottom, leading to a faster 
decay of the vertical velocity components. 

The measured power laws un  and wn  and the 

coefficients uC , wC  are comparable (within magnitu- 

de of (1)O ) with the findings in the previous studies[1]. 
These results confirmed that the turbulence generated 
using larger strokes of / =S M 1.6 and 2 is depth- 

dependent where u  decreases according to 1Z �  and 
the integral length scale is linearly increases with 
distance Z . Hence, it can be concluded that the osci- 
llating-grid turbulence generated at larger strokes ( /S  

0.8)M (  obeys the established decay law (Eq.(1)) and 
is feasible as alternative method to study the effect of 
turbulence on geophysical phenomena. 
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