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Abstract  This paper presents a statistical analysis for tracer dispersion in turbulent flow within and over a permeable bed. 
The analysis is made for the concentration change spatially and temporally. The spatial and temporal statistical tests provided 
establishment for tracer migration with turbulent flow within and over permeable bed. The study includes statistical 
investigation for the effect of bed geometry, tracer location and injection duration on tracer dispersion through fully 
developed turbulent flow in detail. The temporal statistical analysis for the tracer distribution was computing for the variance. 
The second is for the spatial variance, where the skweness and the variance were estimated using previously published 
correlations. Compute the time variance, spatial variance and skweness. The input data for each case was the averaged 
concentration with time for different locations within each flow zone. The results were compared graphically. It is found that 
the spatial variance increases at the zone where it penetrates to, which indicate that there is a continuous tracer support from 
the source zone to the other one. Further, the free stream pulse injection results show that there is a higher rate exchange 
between the free stream and porous zone than that on the opposite situation. Furthermore, the time variance is higher at the 
sparse case compared with the dense case. 
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1. Introduction  
As well known, the turbulent flow through and over 

permeable bed causes flow heterogeneity in time and space. 
The spatial heterogeneity and temporal variability causes 
fluctuations in tracer concentration due to fluctuation in 
spreading rate. This causes difficulties to track a tracer or 
pollutant spread in this type of flow. However, the statistical 
analysis gives indication for the tracer dispersion and 
movement, and helps to quantify statistically its 
concentration. It is also identify the quality of the main 
flowing fluid in different locations.  

The statistical analysis has been widely used in tracer 
tracking. A number of statistical techniques have been 
developed such as [1] presented a statistical field data for a 
river. Thomson, 1990 proposed three dimensional stochastic 
model for the particle motion in high Reynolds number. In 
open channels, experimental studies have been analyzed 
statistically, such [4], [5], and [6]. Further, [7] presented 
statistical analysis for chemicals in rivers. However, none of 
these methods are based on exact detail flow data. Further, 
still there is no consensus in literature on the value of the   
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intensity of concentration fluctuations (i.e. standard 
deviation of concentration divided by mean concentration). 
On the other hand, because the complexity and nonlinearity 
of turbulent flows prohibiting the exact calculation of 
concentration statistics directly from the governing 
equations ([2]).  

The Computational Fluid Dynamics (CFD) techniques 
helped to get a detailed data for tracer dispersion in open 
channels. This data can be averaged through the tested zones 
to estimate very close investigation to the real results. This 
technique is widely used in this area of study such as [3].  

This paper includes statistical test for tracer movement 
within and over a permeable bed based on detailed tracer 
data. It is continuation to the detailed analysis presented in 
the previous paper “CFD Tracer tracking within and over a 
permeable bed for surface injection I: detail analysis” by the 
same author. The test is for the effect of bed porosity, 
injection location, and the type of injection. Two different 
bed porosities have been tested.  

2. The Studied Cases 
The studied cases are flumes with two flow zones; Porous 

Zone and flow zone over it called Free Stream Zone. The 
Porous Zone consists of rows of rods mounted horizontally 
at specified distances. The studied cases are two, with 
different bed porosities. The first case is called sparse case 
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(spar30) with a sufficient space between the obstacle for 
turbulent vortices to form a complete eddies and flow returns 
laterally. The second case is the dense case (dens30) which 
characterized by having small gaps between the obstacles. 
This causes distinct recirculation vortices at the downstream 
side of each obstacle and with very shallow penetration of 
turbulence, which does not go beyond these vortices ([8]). 
The simulation was for fully developed turbulent flow within 
and over permeable bed. Large flumes were built to reach 
turbulent fully developed regions. Figure 2 shows schematic 
diagram for the columns and rows of the arranged rods 
bundle symbols for geometry and hydrodynamic 
characteristics of the simulated cases. The numerical 
simulation used Fluent within Ansys 12 software. The tracer 
tracked numerically with the flow using Discrete Phase 
Model (DPM). The tracer injection was over the whole 
vertical depth to the flow for initially tracer free zone (at t=0, 

no tracer exist) and tracked over testing time. Further, two 
injection periods were tested. One is for 0.1 sec, and the 
second was continuous. The resulted data were exported for 
different time intervals as an ascii files. A computer 
programs were built using Matlab Software to read the ascii 
files. These programs grid the data and scatter it over the 
whole tested flow zones. The data then averaged to 
overcome the flow heterogeneity due to turbulence and 
upscale the microscopic quantities. Ten different locations 
far from the source have been averaged. Averaging 
technique is well known technique and widely used to 
overcome the instantaneous values for turbulent flow 
variables. In this study, the data before used was averaged 
twice (double averaging). The first averaging was from 
center to center between two columns (vertically), then 
averaging over the flow height.  

 
 

 

Case dens30 spar30 

D (mm) 11.5 10 

∆x(mm) 13.5 25 

hf (mm) 30 30 

L(mm) 2.5 10 

l (mm) 1.5 5 

Nrod/column 4 3 

Rno 6.1x103 4.918x103 

Porosity 0.440 0.8126 
 

 
Figure 1.  Columns and rows of the arranged rods bundle symbols for geometry and hydrodynamic characteristics of the simulated cases 

 

Figure 2.  Surface injection locations in the free stream (FS), and in the porous zone (T, and G)  
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3. Theoretical Background 
3.1. Tracer Distribution with Time 

The time variance and skweness coefficient are important 
parameters in characterizing the shape of the concentration 
distribution. This type of analysis has been published 
previously in some literatures and expressed as the skweness 
coefficient such as [9], and [10]. The time variance:
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The definition of the skweness coefficient in time, for a 
given x-location is: 
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3.2. Tracer Distribution with Distance 

Several studies for tracer tracking used distance variance 
analysis such as, [4], [5], and [6]. The spatial moment is 
defined as:  
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Where z1, and z2 are the height of the tested zone. 
The second spatial moment (m2(x)) is the spatial variance 
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4. Results and Discussion 
4.1. Tracer Distribution with Time 

4.1.1. Pulse Injection 

The results presented in this section are for surface pulse 
injection scenarios. Figure 3, and Figure 4 show the time 
variance and skewness coefficient respectively. These 
statistical values were computed at various x-locations 
(Figure 1) for both free stream, and the porous zone. It can be 
noticed that the time variance at the free stream injection is 
increasing with distance with the same pattern as that 
presented by [10]. Further, it has lower values compared to 
the other two porous zone injection scenarios. This is 
because the tracer at the free stream moves at higher speed 
compared to that at the porous zone. Furthermore, the tracer 
penetrates form the porous zone is continuous, and with 
faster rate at G-injection as the tracer source is closer to the 
free stream. However, far from the source the decrease in the 
time variance indicate a decrease in tracer migration to the 
other zone. On the other hand, at the dense case, a sharp 
decrease in the time variance values is noticed within the 
porous zone which is due to tracer low velocity. The curve 
for the dense case is not smooth because the tracer moving 
velocity is the same as that for the flow, which increases with 
bed height (profile shown in [8]) which is higher in the dense 
case. 

The skweness (Sk) coefficient for pulse injection (Figure 4) 
show a pulse pattern at the free stream as the tracer is injected 
for certain time. Further, the Sk coefficient is decreasing 
with the distance to the right side. However, a change in this 
pattern is shown far from the source zone at dens30 case, 
which is possibly due to the return of some penetrated tracer 
from the free stream. Furthermore, the pulse injection shows 
that there is higher rate of exchange between free stream and 
porous zone if the tracer is at the free stream, which is 
difficult to recognize at continuous injection. 

4.1.2. Continuous Injection 

The time variances for the three continuous injection 
scenarios are shown in Figure 6. From the figure it can be 
noticed the decrease in the time variance with x- coordinate 
for all injection source zones, with reasonably higher rate for 
the dense case. Further, the time variance is higher at the 
sparse compared with the dense case is due to the higher 
difference in velocities. Furthermore, the time variance 
values for the spars case are close at both free stream and 
porous zones for all injection scenarios. This is maybe due to 
the large bed porosity.  

The results at Figure 7 show that all data is skewed to the 
right (positive skewness) which means that tracer is moving 
with the flow. However, the decay of Sk is higher at the 
porous zone compared to the free stream, which is due to the 
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lower bed porosity which delays tracer movement. Further, it 
is noticed increase of Sk coefficient values at the porous zone 
for the two porous zone injection scenarios at location far 
from the source zone, which is may due to the return of some 
penetrated tracer back from the free stream.  

Overall, the difference between pulse and continuous 
results is that at pulse the injection time is 0.1 seconds with a 
certain tracer amount is tracked. The variance in continuous 
injection is maximum close to the source, as tracer is always 
supported there. 

 
Free stream injection T- Porous zone injection G - Porous zone injection 

   

  
 

Figure 3.  The time variance coefficient for both spar30, and dens30 cases results from pulse three surface injection scenarios. The upper are for the tracer 
distribution at the free stream, and the lower are for the tracer distribution at the porous zone 

 

Free stream injection T- Porous zone injection G- Porous zone injection 

  
 

   

Figure 4.  The skweness coefficient for both spar30, and dens30 cases results from pulse three surface injection scenarios. The upper are for the tracer 
distribution at the free stream, and the lower are for the tracer distribution at the porous zone 
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   Free stream injection   T- Porous zone injection     G- Porous zone injection 

   

   

Figure 5.  The time variance for both spar30, and dens30 cases results from continuous surface injection scenario. The upper three are for the tracer 
distribution at the free stream, and the lower are for the tracer distribution at the porous zone 

 
Free stream injection T- Porous zone injection G- Porous zone injection 

   

   

Figure 6.  The skeweness coefficient for both spar30, and dens30 cases results from continuous surface injection scenario. The upper three are for the tracer 
distribution at the free stream, and the lower are for the tracer distribution at the porous zone 
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4.2. Tracer Distribution with Distance 

The spatial variance was computed for the both pulse and 
continuous injections to the three injection scenarios. The 
results were plotted at Figures 7, and Figure 8. Form the 
Figures, it can be noticed that the spatial variance is 
increasing at the zone where tracer penetrate to (not the 
source zone) which is due to vertical tracer distribution with 

the flow, and indicate that there is a continuous tracer 
support from the source zone to the other one. The increase 
of the variance at the porous zone in dens30 case is due to the 
return of tracer from the free stream again to the porous zone, 
this conclusion based on the contours plots of tracer 
concentration [11]. Overall, the spatial variance profile at all 
injection scenarios follows the same profile published with 
[6]. 

 
Free stream pulse injection T- Porous zone pulse injection G- Porous zone pulsinjection 

 
  

   

Figure 7.  The spatial variance at all ten different tested locations for both dens30, and spar30 cases. The plots are at the free stream (up), and at the porous 
zone (down). The injection is at three different locations with pulse injection 

Free stream injection T- porous zone injection G- porous zone injection 

   

   

Figure 8.  The spatial variance at ten different tested locations for both dens30, and spar30 cases. The plots are at the free stream (up) and at the porous zone 
(down). The injection is at three different locations with continuous injection 
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5. Conclusions 
This paper presents statistical analysis for the tracer 

dispersion within and over permeable bed. The analysis was 
for spatial variance, time variance, and skweness. The test is 
for two different injection scenarios (pulse and continuous). 
Further, different injection locations were tested for two 
different porosity mediums.  

The main concluded points from the analysis are: 
•  The spatial variance profiles tends to decline with the 

distance from the source zone. However, it increases 
with the distance for the adjacent zone where the tracer 
penetrates. That is to say, when the source is in the free 
stream the variance increases in the porous zone and 
vice versa. This indicates that the penetration into the 
adjacent zone enhances mixing within the layer where 
the tracer was originally injected to, resulting in more 
homogeneous concentration profile, but not in the 
adjacent zone. 

•  The pulse injection in the free zone results shows that 
there is a higher rate exchange between the free stream 
and porous zone than that when injection is on the 
opposite situation. 

•  The time variance is higher at the sparse case compared 
with the dense case. 

•  Overall, the flow heterogeneity causes variety in tracer 
amount spatially and with time. This makes tracer 
difficult to be tracked. However, the statistical analysis 
provided us some sight on tracer migration.  
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