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As shown in Figure 77 through Figure 79 above, the normalized kinetic energy profile in 

the x -direction ( 13 13/ max(| |)K K    of the dye saturated substrate bottom and overall indicates a 

somewhat symmetric profile with the maximum kinetic energy generally at the flow chamber 

center with some exceptions.  There are unique profile differences for the different laser position 

levels and subsequent substrate types.  The profile differences in the above figures for the 

different laser positions are related to the different surface roughness resulting from each 

substrate. For the AHAM substrate case, the Bottom and Level2 laser position have a flat and 

more variable profile at the center of the flow chamber.  This indicates that the square of the 

velocity fluctuations in both the x and y directions are occurring in a more broad and uniform 

distributed way across the substrate surface.  The Level3 and Level4 laser positions indicates a 

more typical smooth and less variable profile with the apex occurring at the approximate center 

of the flow chamber with the profile decrease almost monotonically toward the ends of the flow 

chamber and indicates a less uniformly distributed fluctuations.  For the EMPA221 substrate 

case, the kinetic energy profiles for the different laser positions show a typical non-uniform 

distributed profile for the different laser positions.  However, each specific profile vary from one 

another and have different shapes toward the center of the flow chamber.  This indicates that the 

square of the velocity fluctuations in both the x and y directions are generally the same 

regardless of the different laser positions.  For the Terry substrate case, the kinetic energy 

profiles are more broad across the middle than the EMPA221 substrate case with the Bottom 

position showing an almost flat but narrowing curve toward the center of the flow chamber.  The 

maximum kinetic energy is offset from the flow chamber center.  The Level2 position shows the 

maximum kinetic energy that is even more offset from the center than the Bottom level.  The 

Level3 position has a more round profile at the flow chamber center and the maximum is 
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Figure 97: Normalized x-direction concentration mass flux profile  for a dyed AHAM substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 

 

 

Figure 98: Normalized x-direction concentration mass flux profile for a dyed EMPA221 substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 
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Figure 99: Normalized x-direction concentration mass flux profile for a dyed Terry substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 

 

 

Figure 100: Average normalized concentration mass flux profiles of average dyed AHAM, EMPA221, and Terry 

substrate using Bottom, Level2, Level3 and Level4 horizontal laser positions, ensemble average of 2000 picture pair runs. 
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Figure 101: Normalized x-direction concentration mass flux profile for a dyed AHAM, EMPA221 and Terry substrate 

using Middle vertical laser position, ensemble average of 2000 picture pair runs. 

 

As shown in Figure 97 through Figure 99 above, the ensemble average normalized 

horizontal concentration mass flux profile in the x -direction ( 1 1/ max(| |)c c     of the dye 

saturated substrate bottom and indicates an unique behavior in one horizontal laser positions.  

The AHAM substrate for the Bottom, Level3 and Level4 laser position shows the mass flux 

increasing from the side of the flow chamber to a local minimum that peaks close to the flow 

chamber center.  The Level2 laser position is unique in that the signal quickly decreases to a 

local minimum then increases to a local maximum and then decreases again to a local minimum 

toward the side of the flow chamber.  Thus the local minimums occur near the sides of the flow 

chamber (approximately / yz H = -1.25 and 1.25) instead of the center and the local maximum 

occurs  at the close to the center of the flow chamber indicating that unique flow velocity 

fluctuations and dye concentration fluctuations are occurring at different flow chamber levels.  

For the EMPA221 substrate case a similar condition occurs with the Level4 laser position 
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showing local minimums at the sides of the flow chamber with a local maximum at the center of 

the flow chamber.  The Bottom laser position in this case also has a somewhat unique profile 

with the Reynolds stress being slightly at the negative / yz H region and then decreases to a local 

minimum at the positive / yz H region with some signal variation occurring.  Again the substrate 

with the lowest asperities and minimal thickness seems to have the most unique differences in 

flow fluctuations.  For the Terry substrate case, the Bottom, Level2, and Level3 laser position 

have similar parabolic profiles as shown in the other substrate profiles.  The Level4  position 

shows a similar unique signal trend described by the AHAM Level2 position.  This indicates that 

the mass flux can be unique and almost invert across certain horizontal layers residing within the 

flow chamber.         

  In Figure 101 the vertical ensemble average of the normalized concentration mass flux 

along the x -direction ( 1 1/ max(| |)c c      of the dye saturated substrate bottom and indicates a 

non-symmetric and different curvature between the different substrates.  For the AHAM 

substrate case the normalized concentration mass flux has global minimum occurring at 

approximately / yy H = 0.28.  The signal gradually increases to a global maximum toward the 

top of the flow chamber.  The Terry substrate gradually increases to a global maxima passing 

several local maxima and minima and reduces again. The EMPA221 substrate increases to a 

global maxima at / yy H = 0.2 and then gradually decreases to a global minima towards the flow 

chamber top at / yy H = 0.75.  This indicates that three different substrates have unique vertical 

mass flux conditions with the AHAM substrate being negative, the EMPA221 being positive and 

Terry being slightly positive between / yy H =0.18 through 0.3.             
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6.2.8 Horizontal and Vertical Normalized Concentration Mass Flux in z and y-direction 

The ensemble average of 2000 dye picture pairs where taken and the normalized 

concentration mass flux in the z and y – direction are shown in the following figures for four 

horizontal and one vertical laser planes respectively shown in the following figures.  The 

maximum normalized concentration mass flux for creating the normalized horizontal AHAM 

substrate profile for the Bottom, Level2, Level3 and Level4 laser levels are -1.38, -1.7139e-04. -

0.131 and -0.385 respectively.  The maximum normalized kinetic energy for creating the 

horizontal EMPA221 substrate profile for the Bottom, Level2, Level3 and Level4 laser levels are  

-9.68e-05, -0.529, -0.104 and -1.06e-04 respectively.  The maximum normalized kinetic energy 

for creating the horizontal Terry substrate profile for the Bottom, Level2, Level3 and Level4 

laser levels are -1.35, -0.476, -7.98e-03 and -8.63e-05  respectively.  The maximum normalized 

concentration mass flux for the vertical AHAM, EMPA and Terry substrate profile are -1.24e-04, 

-2.51e-04, -9.59e-05 respectively. 

 

Figure 102: Normalized z-direction mass flux concentration profile for a dyed AHAM substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 
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Figure 103: Normalized z-direction mass flux concentration profile for a dyed EMPA221 substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 

 

 

Figure 104: Normalized z-direction mass flux concentration profile for a dyed Terry substrate bottom, using Bottom, 

Level2, Level3 and Level4 horizontal laser position, ensemble average of 2000 picture pair runs. 
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Figure 105: Average of normalized z-direction mass flux concentration profiles of average dyed AHAM, EMPA221, and 

Terry substrate using Bottom, Level2, Level3 and Level4 horizontal laser positions, ensemble average of 2000 picture pair 

runs. 

 

 

Figure 106: Normalized y-direction mass flux concentration profile for a dyed AHAM, EMPA221 and Terry substrate 

using Middle vertical laser position, ensemble average of 2000 picture pair runs. 
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As shown in Figure 102 through Figure 104 above, the ensemble average normalized 

horizontal concentration mass flux profile in the z -direction ( 3 3/ max(| |)c c     of the dye 

saturated substrate bottom and indicates an unique behavior in some horizontal laser positions.  

The AHAM substrate Level3 and Level4 laser position have similar shapes with the shows the 

concentration mass flux maximized near the side of the flow chamber at the positive / yz H

region and then decreases to zero near the center of the flow chamber.  The concentration mass 

flux continues to decrease further in the negative / yz H region with the minimum occurring near 

the opposite flow chamber wall.  The Bottom laser position shows an almost sinusoidal profile 

with the global maximum and minimum occurring near the flow chamber walls.  The local 

minimum occurs at approximately / yz H = -1.5 then decreases to a local minimum at / yz H = -

1.0 where it then slightly increases toward the flow chamber to a local maximum at 

approximately / yz H = 0.9 where it decreases again to a global minima close the flow chamber 

wall at / yz H =1.5.  The Level2 laser position demonstrates an almost condition from the 

Bottom laser position.  The global minimum are located near the negative / yz H flow chamber 

wall at approximately / yz H = -1.5.  The signal then increases to a local maximum and decreases 

again to a local minimum where the signal then slightly increases to a local maximum and a local 

minimum.  The signal then increases to a global maximum at approximately / yz H = 1.4 and 

decreases again.  This indicates that concentration mass flux in the z-direction can have unique 

conditions moving from the bottom of the flow chamber near the substrate to the top of the flow 

chamber.  For the EMPA221 substrate the different laser position are somewhat similar.  The 

Bottom and Level4 laser position show similar profiles with two global maximums and two local 
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minimums at the positive and negative / yz H  regions near the flow chamber walls.  These 

signals tend to zero toward the center of the flow chamber with general local minima and 

maxima signals occurring at the negative and positive / yz H region respectively.  The Level2 

and Level3 laser position are somewhat unique from each other with the Level2 having a global 

maximum and the Level3 having a global minima near the side of the flow chamber in the 

negative / yz H region.  The Level2 profile increases and becomes generally flat and uniform 

across the flow chamber middle.  The signal then becomes negative as it approaches the flow 

chamber side at the positive / yz H region.  The Level3 profile increase from its global minima 

to a maximum and then decrease through the center of the flow chamber to a local minimum  at 

the positive / yz H  region.  The signal then increases and abruptly and surprisingly decreases 

again.  It was expected that since the signal had a strong negative value at the negative / yz H  

side of the flow chamber, it would comply to the other laser positions and have a positive value 

at the positive side of flow chamber.  Instead the signal became negative.  This provides more 

evidence that the concentration mass flux is different within different horizontal laser positions 

moving from the bottom to the top of the flow chamber.  For the Terry substrate the 

concentration mass flux indicates that three out of the four laser positions show a similar trend.  

The Bottom, Level2 and Level3 laser positions show a general signal decrease from a global 

maximum and then eventually tends decreases move through the flow chamber center to the 

positive / yz H region.  The signals come together to a global minimum at the side of the flow 

chamber.  The highest laser position, Level4, shows an opposite condition where the signal 

begins at a global minima next to side of the flow chamber and then increases to a global 

maximum next to the opposite side of the flow chamber with various local maxima and minima 


