
Chapter 3 
Discussion of Observations and Results 

 
As stated earlier in the Introduction, a major focus of this work is to provide 

validation of CFD models created to simulate flow through a pair two hydrogen/air 

mixing nozzles.  The experimental results and observations made during experimentation 

are presented in the following sections.  In each sub-section, only a fraction of the data 

gathered, are presented.  The reader may contact Steve LePera at the Reacting Flows Lab 

(RFL) leperas@vt.edu if interested in any data not presented.  The images gathered and 

post processing performed during the Mie scattering flow visualization and schlieren 

studies are presented first.  These results are followed by a presentation of the velocity 

data gathered from LDV test measurements.        

 
3.1 Nozzle Analysis by Mie Scattering Flow Visualization 
 

The Mie scattering flow visualization study allows qualitative validation of the 

CFD simulations through the comparison of: relative fuel concentration uniformity and 

spatial distribution, overall swirl angle, and general geometric features of the flow.  Both 

experiments and simulations are conducted for three equivalence ratios: 0.3, 0.4, and 0.5.  

An equivalence ratio of 0.4 is the design condition.  A set of images is presented and 

discussed for each nozzle at the design condition.  Similar comparative results were 

found at the off design conditions.  The Nozzle J image set is discussed first followed by 

that of Nozzle D.   

In all of the flow visualization images, the scale on the left indicates the 

coloration of the simulation velocity vectors according to concentration, equivalence 

ratio.  The corresponding numbers indicate actual predicted equivalence ratio.  The 

coloration of the flow visualization image also indicates concentration, but only in a 

relative sense.  Concentration is compared between the flow visualization and simulation 

images on a relative scale.  For example, the location and size of high concentration 
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regions between the two images is compared.  Finally, a small image is included in the 

lower right corner of each flow visualization image which indicates the location of that 

plane with respect to the nozzle outlet.   

 
3.1.1 Nozzle J 
  

Out of the twenty outlet flow slices captured, ten are presented here. The slices 

shown begin at x=-15.88 mm and go to x=15.88 mm in increments of 3.175 mm.  Figures 

3-1 and 3-2 illustrate the ability of the simulation to properly predict the swirl angle of 

the nozzle flow.  This is most clearly visible in the high concentration (orange/red) 

regions of the flow visualization images where the velocity vectors from the simulation 

follow the direction and angle of the high concentration region. 

      

 
Figure 3-1.  Comparative image for an equivalence ratio of 0.4, x = -15.88 mm. 
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Figure 3-2.  Comparative image for an equivalence ratio of 0.4, x = -12.70 mm. 

 

A second similarity is the location of the boundary between the nozzle outlet flow 

and the ambient air which is visible in all Nozzle J images.  In the simulations, these 

boundaries are the lines along which the velocity vectors turn and increase in magnitude.  

In these 2-D views, the boundary expands like a sideways V as the flow continues 

downstream.  The velocity vectors in the ambient air (yellow) are very short, indicating 

low velocity magnitude, and their direction is difficult to determine.  At the boundary 

between the nozzle flow and ambient air, these vectors turn into the direction of the 

nozzle flow and increase in magnitude, length, as they are entrained.  This boundary is 

identified by the black line in Figures 3-1 and 3-2.   

          In Figure 3-3, two separate high concentration regions can be seen in the flow 

visualization image.  These regions are created by the fuel jets in the nozzle not 

completely mixing and staying somewhat together as they swirl downstream.  The 

simulation results also show a pair of high concentration regions.  However, they are not 
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in the same location as the experimental high concentration regions.  The black circles in 

Figure 3-3 identify the two regions of (high) red, orange, and yellow velocity vectors.  

The simulation predicts these regions to be half of a nozzle diameter upstream from the 

corresponding regions in the experimental results.  As in the other images, the simulated 

velocity directions follow those of the experiment, indicating a similar swirl angle.     

            

 
Figure 3-3.  Comparative image for an equivalence ratio of 0.4, x = -9.53 mm. 

 

The experimental results shown in Figure 3-4 indicate a much more uniform 

spatial distribution of fuel then the simulation predicts at the nozzle exit.  The solid colors 

at the nozzle exit are caused by many long velocity vectors from the simulation 

overlapping.  It is not as clear in this image, but the experiment and simulation both 

reveal the pair of high concentration regions shown in Figure 3-3.  Both regions are 

indicated by the black lines and match location much better than in Figure 3-3.  At this x-

location, the sheet has moved within the outside diameter of the nozzle, causing the 
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nozzle flow to connect with the nozzle as shown.  As illustrated in the previous images, 

the nozzle flow boundary is predicted accurately by the simulation.       

        

 
Figure 3-4.  Comparative image for an equivalence ratio of 0.4, x = -6.35 mm.  Notice in 

this image that the nozzle flow has connected with the nozzle.   
 

In Figure 3-5, the sheet lies within the nozzle center body.  This is illustrated by 

the separation of the nozzle flow into upper and lower jets as well as the presence of a 

wake region behind the center body.  At this location, the simulation predicts relatively 

high fuel concentrations in the region just behind the center body.  It also predicts that the 

swirl angle increases in the center body wake.  This is illustrated by the velocity vectors 

losing their axial components and pointing completely in the tangential direction just 

behind the center body.  This turning from axial to radial velocities in the wake is likely 

caused by the low pressure in the wake.  The experimental results also show the wake 

region with a necking of the flow.  The inner side of the jet forms an ellipsoidal wake, 

necking down to a point 0.33 nozzle diameters down stream and then it expands to form a 
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secondary wake region.  These observations match between experimental results and 

simulation predictions.  In the experimental wake region, the simulation predicts mostly 

tangential velocities with a slightly negative axial component, then at the experimental 

‘neck’ the simulation predicts purely tangential velocities, which gain positive axial 

velocity as they enter the secondary wake region.  A notable difference between the 

experiment and simulation is the fuel concentration in the center body wake.  The 

experiment shows that this region has a low fuel concentration, near that of the ambient 

air; while the simulation predicts a high concentration.  Again in both experimental and 

simulation results, the swirling high concentration regions can be seen. 

       

 
Figure 3-5.  Comparative image for an equivalence ratio of 0.4, x = -3.175 inches.  At this  

location the sheet lies just inside the nozzle center body.  
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The center line, x=0 mm, results are provided in Figure 3-6.  In this image, a clear 

wake region can be seen in both the experimental and simulation results.  Both results 

show the wake followed by necking and then opening into a secondary wake region, 

indicated by the pair of black lines.  The wake region is full of unorganized velocity 

vectors of small magnitude, and both upper and lower jets retain velocity components 

pointing into the axial centerline.  At one nozzle diameter downstream, the secondary 

wake is reopened up to 80% of the center body diameter.  The experimental results again 

show a fuel rich region in the upper jet, but this is likely not matched in the simulation 

because of the rotational misalignment of the nozzle.       

   

 
Figure 3-6.  Comparative image for an equivalence ratio of 0.4, center-line. 
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The image shown in Figure 3-7 looks very similar to the image in Figure 3-5 only 

rotated 180° about the z-axis because of the nozzle symmetry.  The plane of interest is 

now on the positive side of the nozzle center line, with the tangential velocities mostly 

pointed down but most of the geometric features of the flow remain the same.     

 

 
Figure 3-7.  Comparative image for an equivalence ratio of 0.4, x = 3.175 mm. 
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The location illustrated in Figure 3-8, is in the center of the annular nozzle outlet.  

Similar to Figure 3-4, swirling high concentration regions can be seen in both the 

simulation predictions and experimental results.  These are seen in the experimental 

results as the darker green regions while they are indicated with black ellipses in the 

simulation.  Again, they are not collocated due to the rotational misalignment of the 

nozzle between the experiment and simulation caused by an installation oversight.  

Correction of this requires the manufacture of a new mixer.  As with all images, the 

boundary between the nozzle flow and the ambient is captured well by the simulation.   

 

 
Figure 3-8.  Comparative image for an equivalence ratio of 0.4, x = 6.35 mm. 
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The following image, Figure 3-9, shows the next slice which is located just 

outside the annular nozzle outlet, and is the reason for the simulation and experimental 

nozzle flows to become detached from the nozzle.  As in Figure 3-3, the main flow 

features in this image are the swirling regions of high fuel concentrations.  These regions 

are outlined in black for the simulation and in blue for the experiment.  It is important to 

note that these regions are shaped the same and at the same angle between the simulation 

and experiment.  Again, the reason for the regions not being collocated is the rotational 

misalignment of the nozzle.      

 

 
Figure 3-9.  Comparative image for an equivalence ratio of 0.4, x = 9.53 mm. 

 

Several of the observations made of previous images can also be made of the final 

two Nozzle J images, Figures 3-10 and 3-11.  These two images show similar matching 

between regions of high fuel concentration, their location and direction, and the location 

of the boundary between the nozzle flow and the ambient air.        
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Figure 3-10.  Comparative image for an equivalence ratio of 0.4, x = 12.70 mm. 

 

 
Figure 3-11.  Comparative image for an equivalence ratio of 0.4, x = 15.88 mm. 
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To summarize the previous discussion of Nozzle J Mie scattering flow 

visualization results, many similarities are discussed between the experimental and 

computational results.  Through the series of images, the simulation consistently captures 

four general geometric features of the nozzle flow: the location of the boundary between 

the nozzle flow and the ambient air, the size and location of the primary wake behind the 

center body, the location of the necking, and the size and location of the secondary wake 

region.  The simulation also captures the swirl angle in all images where this can be seen; 

Figures 3-1 through 3-4 and 3-8 through 3-11.  Both the experiment and simulation agree 

that after three nozzle diameters downstream, the nozzle flow contains a nearly uniform 

concentration of fuel across its cross section.  Also, the computational spatial fuel 

concentration distribution outside one nozzle diameter agrees well with the experiment 

and is shown by the size and angle similarities between the swirling fuel rich areas of the 

simulation and experiment.   

The main disagreement between the computational and experimental results lies 

in the fuel concentration in the primary wake and neck behind the nozzle center body.  In 

this region, the simulation consistently predicts relatively rich fuel concentrations while 

the experiment shows consistently lean concentrations. 

 
3.1.2 Nozzle D   
 

 As with Nozzle J, ten of the twenty images captured are presented in this section.  

The images presented illustrate the flow at one eighth inch increments from -15.88 mm to 

15.88 mm moving in the x direction.  These images all show an equivalence ratio of 0.4.  

Clean images are more challenging to capture for Nozzle D then for Nozzle J because of 

condensed oil.  As smoke passes through the nozzle, oil droplets form on the inside 

surface and collect at the lower part of the nozzle exit.  At the exit, the droplets blow off 

of the nozzle and break up into smaller droplets.  These droplets scatter large amounts of 

laser light and show up as unusually intense spots in several of the images.  The most 

disruptive are highlighted and discussed.     

 Figures 3-12 and 3-13 show slices from outside the nozzle annulus at locations     

-15.88 mm and -12.70 mm respectively.  In Figure 3-12, the computational boundary 
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between the nozzle flow and the ambient air is indicated with a black curve.  As 

previously discussed, this boundary is the line along which the velocity vectors turn into 

the direction of the nozzle flow and increase in magnitude.  This boundary is shown in 

the experimental results as the light blue region surrounding the green region.  The model 

accurately predicts the location of the upper half of this boundary, but poorly captures the 

lower part.  Another characteristic in agreement between the model and experiment is the 

swirl angle.  The angle of the fuel rich, red, region in the experimental results matches the 

angle of the computational velocity vectors.  The model however, does not accurately 

capture the spatial fuel concentration distribution.  This is shown in the image where the 

model predicts the fuel rich region to be roughly the same size and shape as in the 

experiment but farther downstream.                 

     

 
Figure 3-12.  Comparative image for an equivalence ratio of 0.4, x = -15.88 mm. 
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Similar conclusions can be drawn from Figure 3-13, as were drawn from Figure   

3-12.  The model again accurately predicts the location of the upper half of the boundary 

separating nozzle flow from ambient air, but fails to predict the location of most of the 

lower half.  The model also agrees with the experiment on swirl angle.  In Figure 3-13, it 

is shown that the model more accurately predicts the location of the fuel rich region at 

this x location than the previous one.  It does, however, fail to predict the size of this 

region.  The experimental rich region lies within the yellow contour and the 

computational rich region exists within the black ellipse.  

 

 
Figure 3-13.  Comparative image for an equivalence ratio of 0.4, x = -12.7 mm. 

 

 In most of the nozzle D images, the contouring in the downstream portion of the 

image indicates a region of lean fuel concentration, which is, however, a false indication 

of the true situation.  In actuality, the green concentration continues to flow downstream, 

but does not show in the images because of an adjustment made to the laser sheet.  The 
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sheet was turned upstream so that its most intense center portion would illuminate the 

flow within one nozzle diameter downstream of the outlet.  This change led to a lower 

intensity portion of the sheet illuminating the downstream region, which in turn lead to 

less scattered light and an indication of overly lean concentrations. 

 The image in Figure 3-14 illustrates an x-location just inside the nozzle annulus as 

indicated by the ‘connection’ of the nozzle flow to the nozzle outlet.  At this location 

similar conclusions can be drawn as those of the two previous figures.  The main 

difference here is the presence of two fuel rich regions in the computational results, 

circled in blue.  The experimental results only indicate a single rich region.       

 

 
Figure 3-14.  Comparative image for an equivalence ratio of 0.4, x = -9.53 mm. 

 

Figure 3-15 illustrates the nozzle flow one quarter of an inch from the nozzle 

center.  At this position, the model’s prediction of the location of the boundary between 

nozzle flow and ambient air closely matches the experimental results.  This location is 
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within the nozzle center body, as illustrated in the image.  The flow has separated into an 

upper and lower jet from the annulus leaving a wake region in the center.  The 

experimental 2-D jets have a relatively rich concentration, which is diluted through 

mixing with the ambient air.  The region outlined with black lines is a relatively rich 

region that stays together as it moves downstream in both the experimental and 

computational results.  In the center body wake, the model predicts a loss of axial 

velocity as the flow is pulled into the low pressure wake.  The downstream location 

where these vectors again acquire an axial component marks the end of the primary 

wake.  In this image, the model accurately predicts the location of the upper and lower 

nozzle flow boundaries as well as the relative fuel concentration in most areas.  The main 

regions of disagreement are in the center body wake and in the downstream rich region of 

the experimental results.  As with Nozzle J, in the center body wake the model predicts 

rich fuel concentrations while the experiment shows much leaner conditions.  The 

experimental rich region is relatively richer than predicted by the model, but is in closer 

agreement with the model than the wake region.   

 

 
Figure 3-15.  Comparative image for an equivalence ratio of 0.4, x = -6.35 mm. 
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 A  Figure s the sheet translates another 3.175 mm toward the flow center, shown in

3-16, the model continues to accurately predict the location of the nozzle flow boundary.  

In this figure, both computational and experimental results show an upper and lower jet 

of moderate relative concentration exiting the annulus.  The computational wake region 

grows in the downstream direction as does the experimental wake.  As in the previous 

figure, the model predicts rich concentrations in the center body wake while the 

experiment shows a fuel-lean wake.  The fuel rich region of the lower jet of the 

experimental results has probable error due to the oil droplets in the nozzle. 

           

 
Figure 3-16.  Comparative image for an equivalence ratio of 0.4, x = -3.175 mm. 
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 Figure 3-17 illustrates the nozzle flow at the center of the nozzle.  In this image, 

the nozzle flow boundary location is predicted well by the model.  Also, two other 

geometric features of the flow are captured.  First, the size and shape of the center body 

wake are captured well as indicated by the black curve.  Secondly, the necking just 

downstream of the outlet seen in the experimental results also appears in the 

computational results.  This necking is indicated by the upper and lower black curves.  

The black vertical line downstream indicates a location where both the experiment and 

model show a nearly uniform fuel concentration across the flow, and is located after the 

nozzle flow has fully mixed with the ambient air.  The fuel-rich region in the 

experimental results is richer than predicted, but it is likely due to the small oil droplets 

departing the outlet.      

                 

 
Figure 3-17.  Comparative image for an equivalence ratio of 0.4, center-line. 
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 Moving on the far side of the nozzle center, Figure 3-18 indicates that the 

tangential velocities have flipped 180 degrees, as expected.  The experimental results in 

this image show upper and lower (green) jets exiting the outlet with a light blue and green 

wake region in the center and necking just downstream of the outlet.  The computational 

results also show these jets, but maintain the rich wake region characterized by lean 

concentrations in the experimental wake region.  The difference is greater in the primary 

wake and less in the secondary.  The primary wake is contained within the black 

semicircle and the secondary wake region is downstream, bounded by the black curves. 

 

 
Figure 3-18.  Comparative image for an equivalence ratio of 0.4, x = 3.175 mm. 

 

 68



 The image in Figure 3-19 shows a slice of the flow at x = 6.35 mm.  At this 

location, the swirl direction predicted by the model matches that of the experiment.  The 

location of the nozzle flow boundary is also predicted well by the model.  The reason the 

experiment shows a reduced concentration downstream is because of reduced 

illumination by the laser sheet.  At one nozzle diameter downstream, the model and the 

experiment both show a nearly uniform fuel concentration across the flow.  As illustrated 

in previous images, the model disagrees with the experiment mainly in primary and 

secondary wake fuel concentrations.  Here, the computational results are high compared 

to the experiment.          

 

 
Figure 3-19.  Comparative image for an equivalence ratio of 0.4, x = 6.35 mm. 
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 Swirl direction matching between the computational and experimental results 

continues into Figure 3-20.  There is also agreement on the location of the upper and 

lower nozzle flow boundaries.  The model and experiment appear to disagree about the 

spatial fuel concentration distribution, but this incorrect.  The code used to process these 

images scales the concentrations based on the richest concentration in the image.  In this 

image, the richest portion lies in an erroneous region.  If this region were to be removed, 

the remainder of the image would scale up to more closely match the computational 

results.  The erroneous region is identified in the image by the black ellipse and is caused 

by oil droplet light scattering.       

 

 
Figure 3-20.  Comparative image for an equivalence ratio of 0.4, x = 9.53 mm. 
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 The final two nozzle D images, Figures 3-21 and 3-22 respectively, show 

agreement between the model and experiment with respect to the location of the lower 

nozzle flow boundary.  The images have poor agreement however, in matching the upper 

nozzle flow boundary.  In both images, the predicted swirl direction matches that of the 

model.  The regions indicated by the black ellipses are erroneous and should be ignored.  

In Figure 3-21, the enclosed region represents the light scattered from an oil droplet 

breaking up as it separates from the nozzle.  In the enclosed region of Figure 3-22, the 

green concentration level also represents oil droplet light scattering.  In Figure 3-20, the 

computational results show a fuel rich region in the same location as the experimental but 

the computational rich region is one eighth the size.          

 

 
Figure 3-21.  Comparative image for an equivalence ratio of 0.4, x = 12.70 mm. 
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Figure 3-22.  Comparative image for an equivalence ratio of 0.4, x = 15.88 mm. 

 

In summary of the Nozzle D results discussed previously, images from slices of 

the nozzle flow are analyzed to draw comparisons between the computational and 

experimental results.  This series of images consistently illustrates that the computational 

model is able to predict the swirl angle seen in the experimental results.  The 

computational model also consistently predicts the location of the nozzle flow boundary 

on the side, the swirl direction is pointing to.  The boundary location on the side behind 

the swirl direction is accurately predicted in only one third of the images.  As an example, 

in Figure 3-14, the swirl moves from bottom to top and the top boundary shows strong 

matching while the bottom does not.       

In the center three images, Figures 3-16, 3-17, and 3-18, both the model and 

experiment agree upon the size and location of a primary and secondary center body 

wake, as well as the necking discussed just down stream of the nozzle outlet.  This neck 

divides the primary and secondary wake regions.  In the three center images, the model 
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and experiment both show upper and lower jets flowing from the nozzle annulus, which 

bound a lower velocity, and a less organized wake region.   

 While the model accurately predicts the discussed geometric flow characteristics 

and structures, it does not predict fuel/air mixing as well as Nozzle J.  In most of the 

images, the computational results match the experimental after two nozzle diameters 

downstream, but disagree within two nozzle diameters.  After two diameters, the model 

and experiment agree on relative concentration and concentration uniformity.  Within two 

diameters however, the model consistently predicts rich concentration.  This contrasts the 

experimental results which consistently show lean concentrations.   

 
3.2 Nozzle Analysis by Schlieren Imaging 

 
Schlieren flow visualization is an analysis tool, used in this study to qualitatively 

investigate two characteristics of the nozzle outlet flow: first, the quality of fuel/air 

mixing in and downstream of the nozzle, and second, general geometric features of the 

flow.  The results are also compared to those of the Mie scattering flow visualization and 

of the CFD simulations.   

As stated previously, an equivalence ratio of 0.4 is the design condition.  The 

schlieren flow visualization is only conducted at this condition.  A set of five images is 

presented for each nozzle, illustrating a decreasing equivalence ratio in each image until 

the final image at the design condition.  This is accomplished by holding the fuel mass 

flow constant at the design condition of 0.0002328 kg/s and ramping the air mass flow in 

steps, up to the full flow rate.  The air mass flow is presented in terms of a percentage of 

the design air mass flow, 0.0199 kg/s.  In all of the schlieren images, the flow direction is 

from left to right, and the location of the nozzle is indicated.  The blue lines indicate the 

outer diameter of the nozzle as well as the center body location.    
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3.2.1 Nozzle J 
 

The image in Figure 3-23 shows the nozzle outlet flow in a fuel rich condition 

with 24.3% of the full air mass flow.  The contrasting light and dark regions in the center 

of the image indicate density gradients between the premixed fuel and air effluent from 

the nozzle and the ambient air.  The black lines highlight the boundary between the 

nozzle flow and the ambient air.  As is expected for a lower flow rate, the flow spreads 

out faster than is seen in the Mie scattering results such as in Figure 3-6.  The swirl is also 

evident in Figure 3-23, as indicated by the black circles.  Because the schlieren image 

provides an average view across the entire flow, the swirl in both directions is seen from 

opposite sides of the nozzle.  It is also observed that the flow does not reach a fully mixed 

state within the image.  This is evident because the image continues to have contrasting 

light and dark regions.  In a fully mixed state, the density of the mixture will be uniform, 

therefore density gradients will not exist and the image will show a constant intensity.  

The upper left corner of the image is a good example of the uniform density ambient air, 

a constant intensity.           

 

 
Figure 3-23.  Schlieren photograph of the nozzle outlet flow at 24.3% of full air mass flow. 
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At 41.6% of the air mass flow, Figure 3-24, the downstream mixing is improved 

as illustrated by fewer contrasting light and dark regions downstream.  The concentric 

light and dark circles in the downstream region, such as the one circled in red, should be 

ignored because they are caused by imperfections that could not be cleaned off the 

secondary elliptical mirror.  As shown by the black lines, the spreading angle of the flow 

has not significantly changed with the increase in air flow.  The contrast of the swirling 

fuel-rich regions has increased indicating a strengthening of the swirl.     

 

 
Figure 3-24.  Schlieren photograph of the nozzle outlet flow at 41.6% of full air mass flow. 
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Figure 3-25 shows the nozzle flow at 61.6% air mass flow, and, in this figure, 

many features of the flow are not changed.  The spreading angle of the flow is still 

roughly the same, and the swirl is as evident as in the previous image.  The location that 

the nozzle flow becomes fully mixed with the ambient air has begun to move upstream 

toward to the nozzle outlet.  This location is indicated by a black line, showing that the 

premixed air and fuel coming from the nozzle has fully mixed with the ambient air.  A 

new feature that becomes evident at this condition is the uniformity of the intensity across 

the nozzle annulus.  A uniform intensity across the nozzle annulus indicates a lack of 

density gradients and that the nozzle outlet flow is uniformly mixed.      

 

 
 Figure 3-25.  Schlieren photograph of the nozzle outlet flow at 61.6% of full air mass flow. 
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The flow illustrated in Figure 3-26 is at 86.4% air mass flow.  At this condition, 

the general shape of the flow has adopted a necking feature as indicated by the black 

curves, drawn by visual inspection.  This characteristic is also seen in the Mie scattering 

and computational results.  The uniformity of the intensity across the nozzle annulus 

remains unchanged in Figure 3-26 with respect to the previous image.  Also, the high fuel 

concentration regions identified earlier have become more established.  This 

strengthening of the swirl along with the increased flow velocity develops a wake region 

behind the nozzle center body.  At nearly the full mass flow rate, mixing has improved, 

and the location where the flow is fully mixed has moved upstream, as indicated by the 

black line.    

 

 
Figure 3-26.  Schlieren photograph of the nozzle outlet flow at 86.4% of full air mass flow. 

 

 77



Finally, Figure 3-27 illustrates the full design fuel and air flow rates for an 

equivalence ratio of 0.4.  The flow necking is more pronounced and the spreading angle 

is at its lowest due to the high flow velocities.  The center body wake is fully established 

and of uniform intensity, implying uniform concentration also seen in the Mie scattering 

results of Figure 3-6.  The location of complete mixing has moved to its most upstream 

location, as indicated by the vertical black line. 

 

 
Figure 3-27.  Schlieren photograph of the nozzle outlet flow at 100% of full air mass flow, 

0.0199 kg/s. 
 

Presentation of the previous series of five images illustrates several characteristics 

of the nozzle outlet flow.  First, the images progressively illustrate the increasing quality 

of mixing both within and downstream of the nozzle.  Second, the images presented 

allow comparisons of the geometric features of the flow such as swirl angle, spreading 

angle, and center body wake.  The main reason for showing a progression of images with 

increasing air flow is to provide support for the conclusions drawn from the final image 

at the design condition.  Through the progression, development of the center body wake 

and boundary between nozzle flow and ambient air is seen.  The progression also lends 
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insight into understanding what the schlieren image shows with regard to mixing and 

spatial fuel concentration distribution.  The development of nearly fully premixed flow 

out of the nozzle annulus is shown and the development of fully mixed flow between the 

nozzle flow and ambient air is also shown.    
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3.2.2 Nozzle D 
 

 The first schlieren image of Nozzle D is shown in Figure 3-28.  This image is 

captured at 23.4% of the on-design air mass flow.  As with Nozzle J, the boundary 

between the nozzle flow and the ambient air is shown.  This boundary is highlighted with 

black curves for clarity, but appears in the image as the line between the ambient air, a 

region with uniform intensity and therefore uniform density, and the nozzle flow, a 

region with many areas of contrasting intensity indicating a mixture of different densities.  

The nozzle flow is fuel-rich so it does not ever reach a fully mixed state with the ambient 

air, as is evident by the persistence of density gradients across the image.  The image also 

shows that the premixed flow out of the nozzle annulus is not yet of uniform density 

across the annulus indicating incomplete mixing within the nozzle.  Unlike Nozzle J, the 

swirl, or tangential, velocity component is not clearly evident.     

 

 
Figure 3-28.  Schlieren photograph of the nozzle outlet flow at 23.4% of full air mass flow. 
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The 44.7% air mass flow condition is illustrated in Figure 3-29.  In this image, the 

nozzle flow spreading is still evident, but is not significantly changed from the previous 

image.  The downstream region remains not fully mixed, and the nozzle flow from the 

annulus is still not uniform in density.   

    

 
Figure 3-29.  Schlieren photograph of the nozzle outlet flow at 44.7% of full air mass flow. 
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The image in Figure 3-30, illustrates the nozzle flow at 61.1% of the total air mass 

flow rate.  This image shows improvement in the downstream mixing through a more 

uniform intensity, fewer density gradients.  The upper boundary between the nozzle flow 

and the ambient air is visible, but the lower boundary is lost in optical noise.  The most 

interesting characteristic revealed in Figure 3-30, is that the intensity across the nozzle 

annulus is more uniform than in previous images, and is highlighted by green circles.  As 

with the Nozzle J images, the concentric light and dark circles, such as the one indicated 

in red, should be ignored because they are caused by mirror surface imperfections.    

        

 
Figure 3-30.  Schlieren photograph of the nozzle outlet flow at 61.1% of full air mass flow.  At 

this condition the intensity across the nozzle annulus has started to become uniform.  
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 The trend of improving downstream mixing discussed in the previous image 

continues into the image in Figure 3-31.  This image, for 86.4% of the total air mass flow, 

shows a nearly uniform intensity downstream of the black vertical line, indicating more 

rapid mixing of the nozzle flow and ambient air.  Here, the upper nozzle flow boundary 

shown with a black curve is expanding more slowly than in previous images, as expected 

with increasing flow.  The uniform intensity observed across the nozzle annulus in the 

previous figure is also observed in Figure 3-31.  Additionally, the boundary between the 

annulus flow and the center body wake has become more apparent with a more defined 

intensity change, (green). 

 

 
Figure 3-31.  Schlieren photograph of the nozzle outlet flow at 86.4% of full air mass flow. 

 

 83



 The final image, shown in Figure 3-32 illustrates a condition of 100% on-design 

fuel and air mass flow rates for an equivalence ratio of 0.4.  At this condition, the 

boundary between the nozzle flow and the ambient air is not evident, therefore flow 

spreading can not be discussed, however, mixing quality can be discussed.  First, the 

black line indicates the location after the intensity across the flow is uniform, indicating 

complete mixing between the premixed nozzle flow and the ambient air.  Second, but 

most important, is the insight this image provides about the quality of premixing within 

the nozzle.  The progression of air flows in the previous images helps to support the 

following image in which a uniform intensity is shown across the nozzle annulus, 

indicated in green.  The lower side of the nozzle is cluttered with noise, but the upper side 

is clear.  A uniform intensity across the annulus indicates a uniform density; therefore the 

air and fuel within the nozzle have mixed completely.                  

 

 
Figure 3-32.  Schlieren photograph of the nozzle outlet flow at 100% of full air mass flow, 

0.0199kg/s. 
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The series of nozzle D images presented does not provide insight into the 

geometric features of the flow as the Nozzle J series, but it does provide significant 

insight into the quality of  fuel and air mixing both within and downstream of the nozzle.  

Presentation of a series of images with increasing air flow rates allows the progressive 

observation of mixing quality, which strengthens the observations made of the on-design 

image.  The development of nearly fully premixed flow out of the nozzle annulus is 

shown in Figure 3-32, as is the development of fully mixed flow between the nozzle flow 

and ambient air within approximately one nozzle diameter.     

 
3.3 LDV Velocity Measurements 
 
 As discussed in Section 2.2.3, initial testing is performed on the LDV system.  For 

testing, the LDV probe is mounted on the LDV optics table where it measures seeded 

flow effluent from a ½ inch o.d. tube.  This flow is turbulent and therefore the mean flow 

velocity does not vary across the tube diameter, so a simple (mass flow)=ρVA calculation 

is performed to determine the flow velocity using the air mass flow, density, and tube 

outlet area.  By knowing the angle of the tube, the individual velocity components are 

calculated.  During each run both velocity components are sampled 100 times and a mean 

velocity is developed for each. 

 At an air flow rate of 0.0003864 kg/s, the calculated green velocity is 2.15 m/s 

and the calculated blue velocity is 4.60 m/s.  Using the LDV, green and blue mean 

velocities, 2.22 m/s and 5.65 m/s respectively, are measured.  Measurement of the green 

velocity shows reasonable accuracy with an error of only 4.5%.  The blue velocity 

measurement contains 19% error, which is unreasonable for experimentation, but the 

cause of this error is unknown.  Preliminary investigation indicates that the blue velocity 

error could be caused by problems with separation and filtering of the 488nm scattered 

light in the receiving optics, but this is unconfirmed.  In support of the values measured, 

the results are very repeatable.  Over a group of ten data sets the green mean velocity 

shows repeatability with a maximum deviation of ±1.4% and the blue mean velocity 

shows repeatability with a maximum deviation of ±6.4%.  Again, the green component is 
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more accurate then the blue, but the low deviation of ±6.4% provides confidence in 

measured mean.   

 Another statistical method to evaluate confidence in the measured mean is to plot 

the velocities measured over each 100 sample set in a histogram.  After each set is 

captured and processed, a histogram is produced of the sample mean velocities, which in 

the case of both velocity components, typically follows a Gaussian distribution.  This 

distribution illustrates a 95% confidence that the sample mean velocity falls within one 

standard deviation of the true mean.  Typical histograms for each component are shown 

in Figures 3-33 and 3-34.  The passing of a particle through the probe volume is a random 

event, therefore as the as sample size increases, the distribution of velocities should more 

closely match the ideal Gaussian distribution.  This turns out to be true with the LDV 

measurement.  Two additional groups of green velocity sets were recorded for this 

purpose, one with 500 samples and the other with 1000 samples.  As the sample size 

increases, the histogram more closely matches the ideal distribution.  
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Figure 3-33.  Typical histogram of 100 mean green velocities sampled by the LDV as a set.  The 

nearly Gaussian distribution shows confidence in the mean.   
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Figure 3-34. Typical histogram of 100 mean blue velocities sampled by the LDV as a set.  The 

nearly Gaussian distribution shows confidence in the mean. 
  

In preparation for making nozzle flow measurements with the LDV, a LabVIEW 

VI is written for control of the translation stages.  It is designed to give the LDV system 

the capability to scan the velocity profile of the entire 3-D nozzle outlet flow 

automatically.  The code written accepts a distance to travel and an increment distance 

for each axis.  Using these inputs, the code translates the LDV probe first across the x-

axis in x increments and then increments the y-axis one y-increment.  When the y-axis 

distance to travel is reached, an entire x-y plane is scanned.  The code then increments the 

z-axis one z-increment and scans another x-y plane.  This process continues until the z-

axis distance to travel is reached.  This code has been tested and functions as expected 

with the translation stages, so the LDV probe can next be mounted on the y-axis 

translation stage and the LabVIEW code can be incorporated with other codes necessary 

for measurement.    
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