
Particle Image Velocimetry   0619359 

0 
 

 
 

 

 

 

 

The Investigation of Surface Flow using 

Particle Image Velocimetry 
 

 

 

Lewis Howard  

0619359 

Supervisor: Professor J. M. Pearson  

3rd Year Civil Engineering  

University of Warwick 

  

 



Particle Image Velocimetry   0619359 

1 
 

Author’s Assessment of Work 

The contents of this report detail a project that has produced primary data with the use of a 

scale model pond situated within the laboratory. The analysis and interpretation of this data 

shows the relationship between surface flow velocities and varying discharges, a general link to 

a ponds retention time and furthermore demonstrates the use of a PIV system created for a 

specific circumstance, thus fulfilling the project specification. The development of a PIV system 

to collect this data enhances engineering knowledge in relation to the ponds flow, and allows 

modifications to the system for analysis of similar flow situations. Further highlighted are the 

areas that require further investigation with relation to this topic.  

This project is of significance due to the ongoing research in the area of pond retention and the 

design of waste water systems. The use of PIV to further analyse a pond’s flow behaviour will 

be of aid to others researching this area and has investigated another factor effecting the 

retention time of a storm water retention pond. Furthermore the developed PIV system will 

provide others with guidance on the analysis of this scale pond and ponds of a similar nature. 

This data can be compiled with other such investigation into this pond specifically to enhance 

the knowledge and flow modelling of the full scale water treatment pond in Sweden, on which 

this project was based.  

This project can be considered to be an achievement for a number of reasons. The successful 

development of the PIV software via the Matlab program will allow others in the future to 

successfully analyse similar instances and similar flow conditions with relative ease. 

Furthermore the modelling of the surface flow at varying discharges has allowed for direct 

comparison with previous work conducted and allowed for solid conclusions to be established.  
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The main weakness of the investigation can be seen in the lack of continuity in some of the 

velocimetric data. Although assumed and generalised theories can be concluded, substantially 

more experiments would have to be conducted at a greater range of discharges. This highlights 

the second major weakness that not enough experiment repetitions were conducted for 

discharges investigated.  
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Summary  

This project investigates how the surface flow profile of a modelled retention pond varies with 

different discharges via the use of a developed Particle Image Velocimetry (PIV) code. 

Furthermore the project seeks to establish a relationship between the surface flow behaviour, 

surface velocity, previously researched Computational Fluid Dynamic (CFD) modelling 

techniques and calculated Hydraulic Retention Times (HRT’s).  

Tracer particles were scattered over the surface of the modelled retention pond and images 

were taken with a digital SLR camera from a height of 3 m above. Whilst the surface profile 

could be manually observed in most cases, the images obtained were analysed using the PIV 

code that was adapted and developed specifically to model the flow of the retention pond 

under examination.   

The PIV results from this project give a clear representation of the surface flow profile at 

different discharges and furthermore support the previous work conducted on the CFD 

modelling of the pond. It was observed how the profile changes with increased discharge and 

the creation of a number of circulations was apparent. 

The analysis of the surface velocity however failed to yield definitive results due to a number of 

factors and as a result only a very general relationship was able to be determined between the 

surface flow velocity and the pond’s HRT. It was established that the surface flow velocity did , 

in the most cases, increase with discharge and was seen to correspond to a decreased HRT as 

would be expected.   
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1.0 Introduction 

The main aim of the project is to investigate how the surface flow of a modelled retention pond 

will vary with different discharges. Furthermore the surface flow characteristics can then be 

compared with previous work carried out on the pond to determine a relationship between the 

surface flow and the sub-surface flow. It must be noted at this point however, that while there 

has been previous hydrodynamic research on this pond, the use of PIV has not yet been 

investigated. As a result of the lack of previous work on this specific area, a primary aim of this 

project will be to develop the Matlab and MatPIV code that will allow for PIV analysis in the 

specific context required. It will be of interest to see if the retention times of the pond at 

different values of discharge calculated previously, are reflected in the surface flow profile 

although not directly comparable due to the investigation of different discharges.  

This report documents previous literature surrounding the subject, methodology for the 

investigation, results obtained and conclusions drawn. 

1.1 Final Project specification 

The final objectives of the investigation are as follows: 

 To accurately photograph the ponds surface flow for three different discharges, 

 To develop the computational Matlab/MatPIV code used to analyse the results, 

 To use Matlab to analyse the captured photographs and create an accurate model of 

the surface flow profile,  

 To compare the surface profile to the ponds HRT established by previous experiments,  
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 And finally to ensure my experiment is repeatable and produces precise, correct data 

that can be used to further the understanding of the retention ponds behaviour under 

varying discharges.  

2.0 Literature review 

The interest of tracking movement has been a subject of great interest to scientists long before 

the time when Ludwig Prandtl constructed his first water tunnel for flow visualisation purposes 

in 1904 [1]. As a skilled artist and knowledgeable observer of nature, Leonardo Da Vinci was 

able to produce extremely detailed drawings of structures within a flow from visual inspection 

alone.  However with such limited methods of describing movement, the properties of a flow 

were restricted to qualitative statements [1]. Particle Image Velocimetry, although in effect can 

be considered to be an old technique, has only become a ‘digital’ tracking process within the 

last 15 years and moreover has been plentifully discussed in peer-reviewed literature. This 

process has long been a tool for the investigation of pond retention times when viewed in 

conjunction with other modelling methods, and is considered to be a simple yet effective 

method of illustrating the flow effects. This is considered by academics to be an important 

concept as it enables us to calculate the length of time for which water has been held in a pond. 

With this information gathered, one can start to gain an idea of the water quality in a pond and 

furthermore set about making changes to the pond to achieve an optimum holding time. This 

review is intended to discuss the technical concepts on which PIV is based, the retention times 

for ponds and previous literature on and surrounding the subject.   
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2.1 PIV  

Particle Image Velocimetry is a non-intrusive velocity field mapping technique that makes use 

of captured optical images to produce instantaneous vector measurements [4]. The velocity 

profiles are calculated by measuring the movement of particles through a target 

(‘interrogation’) area in a set time frame [4]. In certain applications of PIV, e.g. a flow within a 

wind tunnel, a plane within a flow can be illuminated by the means of a laser. The laser will 

pulse on and off twice illuminating tracer particles within the flow. It is assumed that the tracer 

particles move with the local flow velocity between [1] the two illuminations, and give an 

accurate representation of actual flow. The light scattered by the tracers on the first pulse will 

be captured to produce the first image. A subsequent image will then be produced with the 

second laser pulse. It is the movement of particles between these two images that is used to 

calculate the velocity vectors for the flow. Images can be captured on a single photographical 

negative, on separate frames on a specialised cross correlation sensor [1] or by the means of a 

high shutter speed camera depending on the rate of flow.   

It is widely believed that all PIV employs the same technique with similar equipment, a high 

power laser, a light sheet and a high speed imaging camera, and this is generally the case with 

very fast flows [5] visible in figure  1 below.  

 

 

 

 
Figure 1: Typical PIV apparatus setup [9] 
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However, in the case of a slow flowing pond, a standard digital camera can be programmed to 

take sequential images at set time intervals using background lighting. The shutter in the 

camera acts like the pulsing laser and will allow for two sequential exposures. This process is a 

simplistic version of PIV flow tracking yet can yield just as conclusive results. To attain high 

image quality, one must ensure that there is a distinct contrast between the seeded particles 

and the flowing fluid and furthermore ensure that an interrogation area is not saturated with 

particles or conversely particle deficient. 

The quality of the images is crucial in PIV as poor images will give rise to poor data. It is 

therefore essential to apply post-processing techniques to the images to remove noise in the 

data and only analyse valid velocity vectors.   

There are in effect three typical applications of PIV: single exposure of multiple images (cross 

correlation based), double exposure of a single image (auto correlation based) or multi-

exposure of single images (auto correlation based) [3]. They are categorised as “multi-

frame/single exposure” and “single frame/multi exposure” visualised in figure 2 and 3[1]. 

    

 

 

 

 

Single Frame/Single Exposure             Single Frame/Double Exposure             Single Frame/Multi-Exposure 

         
Figure 2: Single Frame techniques [1] 
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 The major distinction between the two categories of image capture is that the latter method 

does not retain information on the order or the exposures, thus producing unfavourable 

directional ambiguity in the captured displacement vector. This gave rise to a number of 

methods to account for the problem but just added another stage of analysis to the vector 

calculations [1].  

The former of the two, Single frame/Multi-exposure, inherently retains the order of the particle 

images and thus eliminates the previously stated directional ambiguity. Subsequently this is 

often the method of choice and is widely regarded as the easier approach of the two [1]. One 

could further agree with this conclusion due to reduced image processing and the consequent 

ease of analysis. Dantec Dynamics [4] are of a similar opinion, claiming that the capture of two 

light pulses within the same image gives a clear visual sense of the flow structure. 

2.2 Correlation 

The foundation of PIV is the statistical evaluation of PIV images in order to determine the 

displacement between particles [1]. Before the digitalisation of this flow tracking technique, 

flows were interrogated manually. Interrogations were performed on images with relatively 

sparse seeding which allowed the tracking of individual particles, and from the data collected 

         Multi-Frame/Single Exposure  

              Figure 3:  Multi-Frame techniques [1] 
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the displacement of these particles was manually identified and vectors drawn by hand. The 

investigation of more densely seeded flows however made tracking by visual inspection 

impossible. This gave rise to the development of statistical image processing [1].  

Today, Fast Fourier Transform (FFT) cross correlation can be used to digitally examine and track 

the flow from two digital images. MATLAB is an example of one such piece of code writing 

software that is used in this statistical process. The figure below shows the equations of 

correlation with Fourier Transforms that are utilized [2].  

( , ) ( , ) ( , ) ( , )

( , ) { 1}

( , ) { 2}

( , ) { }

( , ) { }

F u v S u v D u v G u v

F u v image

G u v image

S u v spatialshift

D u v noise

  

 

 

 

 

 

                                 Figure 4: Equations of correlation with Fourier Transforms [2] 

 

2.3 Hydraulic Retention Time (HRT) 

The calculation of a pond’s HRT is a product of the consideration of the flow pattern. There are 

three main types of flow pattern: Plug flow, completely mixed flow and non-ideal flow. The first 

instance assumes there is no mix or diffusion of molecules within the flow throughout the 

pond. The second assumes the flow is instantaneously and completely mixed upon entering the 

pond and the third is a combination of the two [7]. The two extremes, plug or completely mixed 

flow are however very rare and the subsequently, the most commonly established flow is the 

non-ideal [6]. 
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The widely established theoretical retention time for a pond experiencing plug flow is given by 

equation 1 [6]: 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐻𝑅𝑇  𝑠 =
𝑃𝑜𝑛𝑑 𝑉𝑜𝑙𝑢𝑚𝑒  𝑚3 

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒  𝑚3𝑠−1 
,              𝑡𝑛 =

𝑉

𝑄
       

 

In an idealised experiment this may be the case, however the equation does not account for 

many other factors that can have a drastic affect on the HRT. In a real life instance, a pond’s 

HRT is affected by varying flow rates due to such occurrences as transpiration and furthermore 

an accurate measurement of volume can be hugely difficult to attain with the accumulation of 

sludge reducing the affective volume of the pond [7]. These factors are considered by Shilton to 

be the principal reasons for the deviation of the ponds HRT away from the theoretical value and 

thus giving a lower HRT.  

The plot below shows how the discharge is related to the theoretical HRT and the predicted 

HRT [8].  

 

 

 

 

 

Equation 1: Theoretical HRT calculation 

                        HRT (s) 

Discharge (m
3
s

-1
) 

Predicted  

Theoretical  

Figure 5: Relationship between discharge, Theoretical HRT 
and Predicted HRT 



Particle Image Velocimetry   0619359 

14 
 

 

The experiments conducted by Ian Chandler in relation to the effects of discharge on pond 

retention times [8], and similar work produced using CFD by Virginia Stovin and Nick Brooker-

Jones [9], demonstrate how dye tracing and CFD can be used to accurately model the 

subsurface flow of a body of water and the corresponding retention time in particular the pond 

shown in figure 6 below [8].  

 

 

 

 

 

 

Chandler’s results concluded that an increase in discharge produced a reduction in the 

retention time and moreover the values attained were significantly lower than the theoretical 

HRT as was predicted. 

 Furthermore he highlighted the fact that at a low discharge the values for actual HRT and 

theoretical HRT were hugely different, however the higher discharges provided actual HRT’s 

that proved to be almost identical to the theoretical values. It was concluded from this 

observation that the pond (on which I am to experiment) has a low hydraulic performance at 

Figure 6: Model of the real life pond discussed in Stovin and Brooker-Jones’ work, the model 
used in Chandler’s work and the pond of which I am to investigate [8] 

2 

1 
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low discharges, but is of a much higher efficiency at higher discharges [8]. Stovin and Brooker-

Jones also observed erratic behaviour of particles during simulation at low velocities thus 

furthering the conclusion for the low performance of the pond at low discharge [9]. They also 

went onto observe two main vortices within the flow profile, a faster anticlockwise flow in the 

half of the pond closer to the inlet (highlighted as 1 on fig. 6) and also a slower clockwise 

circulation in the half of the pond closer to the outlet (highlighted as 2 on fig. 6) [9]. My 

experiments will seek to further this conclusion with a model of the surface flow.  

2.4 Continuity of Discharge  

The equation:     

𝑄 = 𝑉𝐴 

 

 

, governs the continuity of flow between two points of interest. It is stated that Q in = Q out and 

therefore it may be assumed that the surface flow velocity over a particular area may increase 

with discharge with a constant area. This however may be incorrect, as the higher velocity of a 

flow may be held underneath the surface, behaviour that cannot be tracked using basic two 

dimensional PIV.  

While this fact allows for the comparison of surface flow velocity to discharge, it may provide 

misleading results, which may not follow a particular relationship.   

Equation 2: Relationship between 

discharge, velocity and area 
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2.5 Matlab and MatPIV 

Matlab is a very powerful piece of code writing software that allows for easy matrix 

manipulation, plotting of functions and data, implementation of algorithms, creation of user 

interfaces, and even interfacing with programs in other languages [10]. It has also been claimed 

by Mathworks to be being utilized by over one million people across industry and the academic 

world.  

Matlab has long since been used in professional PIV analysis due to its reasonable price and 

number of versatile uses. In order to analyse the collected data, Matab will be used with some 

basic pre-written code produced by J. Kristian Sveen in the form of a PIV toolbox that is 

designed to run on any Matlab platform, known as MatPIV. A primary aim of this investigation 

is to develop this basic code and tailor it to the specific requirements demanded by this project. 

This code will then be suitable for future use and further research into this investigation area.  

The code will allow two sequential images to be cross correlated using FFTs and for vector plots 

to be plotted as a result. It is then possible to visualize the vector magnitudes and establish the 

area within a flow with the greatest velocity. Furthermore the visual inspection of these vector 

plots, example given in figure 6 below, [11] allows for instantaneous understanding of the 

surface flow.  It is then possible to loop the software and batch-process huge amounts of data 

automatically [11].   

 

 

 

Figure 7: Example of a vector plot highlighting the 
ease of visual inspection 
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 MatPIV analyses images in a black and white format. For this reason it is imperative to have a 

high contrast between the background of the image, for this project, the water and the seeding 

under investigation. Correlation of these moving particles as a result becomes more accurate 

and reliable.  

The basic code produced by Sveen can be seen below and is the basis for the intended PIV 

analysis [11]: 

1. >>[x,y,u,v]=matpiv('mpim1b.bmp','mpim1c.bmp',64,0.0012,0.5,'single') 

This line of code labels the two images to be interrogated, mpim1b.bmp and mpim1c.bmp, the 

size of the interrogation area, 64 pixels, the time between the two exposures, 0.0012 seconds, 

the overlap of each interrogation area, 0.5 or 50% and states a single pass.  

2. >>quiver(x,y,u,v) 
 
This command plots the vector graph as a result of the interrogation of the two images 
displaying the general particle movement between the two exposures.   
 

3. >> definewoco('mpwoco.bmp','.') 

The ‘definewoco’ function defines the world co-ordinates of the images or the reference points 

to which all the measurements are taken. These need to be established in meters to allow for 

the velocity values to be established. In order to perform this operation the points must be 

marked on a picture within Matlab with distances known. (for a detailed description, please 

refer to [11].) 

4. >> mask('mpim1b.bmp','worldco.mat') 
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It is often necessary to mask out undesirable areas of an image in order to focus interrogation 

to the section of the image under investigation. The mask function allows the user to do this.  

5. >> [x,y,u,v,snr,pkh]=matpiv('mpim1b.bmp','mpim1c.bmp',[64 64;64 64;32 32;32 32;16 
16;16 16],0.0012,0.5,'multin','worldco.mat','polymask.mat') 

 

This final function will allow the masked images to be interrogated from the set reference 

points with the interrogation window changing from 64 X 64 pixels to a final 16 X 16 

interrogation area. It would now be possible to inspect an array of matrices produced to 

determine the velocity of the flow at a particular point at a particular time during the flow.  

It is not uncommon to encounter spurious vectors due to changing light or random movement 

within the image. In order to correct such occurrences filters can be run to remove irregular 

results. The most common, signal to noise ratio reduction, is expressed in the following form: 

6. >> [su,sv]=snrfilt(x,y,u,v,snr,1.3), 

Where 1.3 is the filter threshold value.  

7. quiver(x(1:4:end),y(1:4:end),fu(1:4:end),fv(1:4:end),2); axis tight 

This function will then plot the filtered and multi-passed image.  

The looping of all these functions allows for multiple sets of images and subsequently large 

amounts of data to be investigated sequentially.  
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3.0 Research Methodology 

This part of the report describes the methods undertaken to fulfil the project specification as 

stated in section 1.1. It is widely acknowledged that a high picture quality is necessary to ensure 

the production of accurate results from the Matlab software. Therefore close attention must be 

given to the most appropriate method of acquiring such images to subsequently ensure an 

accurate vector flow model.  

3.1 Basic test outline 

A previous project student Mr I Chandler constructed a scale model, 1:30 in the x, y directions 

and 1:15 in the z direction, of a full size retention pond situated in Sweden, shown in appendix 

1. It will be on this scale model pond that I intend to conduct my experiment.  

The scale model will be fed with water from a small, mains supplied tank that will be 

continuously pumped at various discharges. Blue or black food colouring will then be added to 

enhance contrast between the seeding and fluid. Particles will then be scattered into the feeder 

tank and the flow into the pond photographed. Once the flow has settled and the particles have 

dispersed evenly over the pond, the images can be captured to model the surface flow of the 

pond in its entirety via the use of a camera suspended 3m above the pond. It can be estimated 

that each experiment will take approximately 1 hour to run excluding the preparation necessary 

for each test run, i.e. changing the discharge and allowing time for the pond flow to stabilise, 

ranging from 2-6 hours depending on the discharge. The Images captured will then be fed into 

Matlab and analysed with the code below, figure 8.  
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3.2 Preliminary experimentation and Development of Matlab code 

In order to check that the pre-written code produced by J. Kristian Sveen [3] was suitable for 

the intended application of the analysis of the pond, a number of preliminary tests were 

undertaken on a much smaller body of water with various types of seeding and differing 

investigation boundaries. It can be noted from the images below, that an interrogation area of 

64 X 64 pixels produces a great number of vectors that makes the plots very hard to decipher 

and analyse, conversely to this however the interrogation area of 256 X 256 pixels produces too 

few vectors to give an accurate representation of what may be occurring in precise locations, 

and whilst giving a generalised idea, does not produce the accuracy necessary. It was 

established that the interrogation area of 128 X 128 produced a good compromise between the 

two, not too saturate and not to sparse, as demonstrated in fig.10 and fig.11.  

 

 

 

 

 

 

 

 

Figure 8: Preliminary Images using glitter 
seeding 

Figure 9: Preliminary Images using 
Talisman 30 polymer particles 

Figure 11: Vector plot of fig. 8 with 64x64 
Interrogation area 

 

Figure 10: Vector plot of fig. 9 with 128x128 
Interrogation area 
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The images above show the use glitter as a seeding particle with a red/black dye and also the 

use of talisman 30. It was established that the code effectively tracked the movement of the 

particles and produced the required vector plot, however, the process of entering in different 

code for each pair of pictures was discovered to be very laborious and very time consuming in 

the analysis of a large number of pictures.  

The code was significantly developed to create a loop effect that was able to investigate all 

pictures within two set boundaries i.e. image 100 to image 150. It was modified such that all 

inclusive images could be analysed with the same bounds in order to produce fair results and 

furthermore the code only had to be produced and saved once. Minor amendment could then 

be made whenever necessary, for example the time between image capture could be altered to 

ensure accurate analysis of the data. The development of this “Loop” system proved to save 

time during analysis greatly and hugely improved the efficiency of the investigation.   
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close all % Closes all open figures 

clear all % Clears all variables in workspace 

clc %Clears screeen 

  

%-Define images for computation-% 

myfilename='Img'; 

i1=18180; %first frame 

%i2=18496; %last frame 

i2=18184; %last frame 

  

 %-Main Loop-% 

  

%-Load images into workspace-% 

for i=i1:i2-1 

    i 

    filename1=[myfilename,num2str(i),'.jpg'] 

    filename2=[myfilename,num2str(i+1),'.jpg'] 

  

%------------------------Matpiv bit--------------------------------% 

  

[x,y,u,v]=matpiv(filename1,filename2,128,6.0,0.5,'multi','worldco1.mat','

polymask.mat'); 

%Save computed velocities    

    filename=['vel_',num2str(i),'.mat']; 

    save(filename, 'u', 'v') 

     

%Compute coordinates for data overlay on image 

    if i==i1 

        [x0,y0]=matpiv(filename1,filename2,128,6.0,0.5,'multi'); 

        save coordinates.mat x y 

        save coordinates_0.mat x0 y0 

         

    end 

  

h1=figure; 

    quiver(x,y,u,v) 

    xlim([0 2.0]);%show x-axis between 0 and 2.0 meters 

    ylim([0 2.0]);%show y-axis between 0 and 2.0 meters 

    filename=['A_',num2str(i),'.jpg']; 

    print('-f1', '-djpeg', filename);     

     

    rgb=imread('background.jpg'); %take this image as the background pic 

    h2=figure; 

    image(rgb); 

    hold on;    

    quiver(x0,y0,u,-v,'r') 

    xlim([500 2000]);%show x-axis between 500 and 2000 pixels 

    %ylim([0 2.0]);     

    set(gca,'DataAspectRatio',[1 1 1]); %set uniform aspect ratio for x 

and y axis 

    hold off; 

    filename=['B_',num2str(i),'.jpg']; 

    print('-f2', '-djpeg', filename);     

  

    mag=magnitude(x,y,u,v); %get magnitudes 
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      maginterp=interp2(mag,2); %interpolate to finer grid 
    h3=figure; 

    imagesc(maginterp) 

    filename=['E_',num2str(i),'.jpg']; 

    print('-f3', '-djpeg', filename);     

     

 %convert from matrix to array for quiver 2 plot 

    [a,b]=size(x); 

    xnew=[]; 

    ynew=[]; 

    unew=[]; 

    vnew=[]; 

    for k=1:a 

        for j=1:b 

            xnew=[xnew x(k,j)]; 

            ynew=[ynew y(k,j)]; 

            unew=[unew u(k,j)]; 

            vnew=[vnew v(k,j)]; 

        end 

    end 

         

%plotting coloured vectors with quiver2 

    h4=figure; 

    [delmin,delmax]=quiver2(xnew,ynew,unew,vnew,0.3,jet); %0.3 is a scale 

factor!!!! 

    xlim([0 2.0]); 

    ylim([0 2.0]);     

    colorbar 

    caxis([delmin delmax]) 

    filename=['C_',num2str(i),'.jpg']; 

    print('-f4', '-djpeg', filename);     

     

    h5=figure; 

    image(rgb); 

    hold on;    

    quiver2(x0,y0,u,-v,100,jet); %100 is a scale factor!!!! 

    xlim([500 2000]); 

    %ylim([0 2.0]);     

    set(gca,'DataAspectRatio',[1 1 1]) 

    hold off; 

    filename=['D_',num2str(i),'.jpg']; 

    print('-f5', '-djpeg', filename);     

   

    close(h1); 

    close(h2); 

    close(h3); 

    close(h4); 

    close(h5); 

         

end; 

 

 

Figure 12: The code named Lewis_2 used to loop the analysis 

of a set number of images 
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This code will allow for velocity vectors plots to be laid over an original image of the pond. It 

will be these vectors with which a relationship between the surface flow profile and discharges 

with be established. Furthermore it allows for the visualisation of magnitudes and gives values 

the x-y components of velocity for the flow different points, at different times within the 

surface flow in matrix form.  

The following piece of code executes a process that calculates the cross product of the x and y 

components of the velocity of the flow at a certain point. This code, similarly to the last, must 

be slightly modified to include the correct range of velocity matrices to be investigated and 

outputs the results in a Microsoft Excel format, ready for further analysis.  

 

  

myfilename='vel_'; 
i1=19575; %first frame 
i2=19630; %last frame 
for i=i1:i2 
    i 
    filename=['vel_',num2str(i)] 
    load(filename); 
    vel=sqrt(u.^2+v.^2); 
    filename=['velocities_',num2str(i),'.mat'] 
    save(filename, 'vel'); 
    filename=['velocities_',num2str(i),'.xls'] 
    xlswrite(filename, vel); 

     
end; 

  

 

 

Figure 13: The code named cp.mat that performs the cross product 
of vector components for the flow 
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3.2 Resources and Equipment 

The typical set up of the experiment can be visualised below in figure 8 [8].  

 

                                    

 

 

 

 

 

 

3.2.1 Apparatus:  

 water tank for main supply, 

 Peristaltic pump (Watson Marlow 505Di) with ability to vary discharge, 

 plastic particle seeding (Talisman 30), 

 Three litres of black or blue food colouring, 

 SLR digital camera with zoom lens and high shutter speed, with ability to take sequential 

images, 

 A computer with Nikon Camera Control Pro software installed, 

 A computer with Matlab 2006+ and MatPIV installed. 

 

Seeding input 

Camera 

Figure 14: Diagram of experimental setup [8] 
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3.2.2 Camera and time between images 

Preliminary test were carried out with a Nikon D100 digital SLR camera to ensure that the 

captured image quality was of an acceptable level and furthermore that the seeding could be 

clearly distinguished from the 3m height above the pond at which the camera was to be 

situated. A movable frame that was constructed over the pond that would have allowed for 

close up images to be taken at various co-ordinated around the pond, this process however, 

whilst accurately modelled the flow of once such local area, was hugely time consuming and 

failed to give a complete surface flow profile for one experimental run. 

 The camera is connected to the desktop computer via a USB cable and controlled using the 

Nikon Camera Control Pro software. It was established that the computer was only able to 

capture and save an image every six second thus determining the minimum time between 

images for the investigation. This relatively long time between the image capture was deemed 

to be acceptable due to the relatively slow flow of the pond and subsequent slow movement of 

the particles on the surface.  

However had the flow been of a higher discharge, a shorter time delay between images would 

have had to have been achieved via the use of a newer, faster running computer to ensure an 

accurate tracking of the surface flow.  

The shutter speed was set to a value of  
1

13
 second, with an exposure of  

+11

3𝐸𝑉
 and an aperture 

value of 
𝑓

3.8
 to account for the less than ideal lighting surrounding the laboratory area.  

It was decided that approximately 200 images per discharge would be taken to provide 

accurate and traceable results.   



Particle Image Velocimetry   0619359 

27 
 

3.2.3 Particles 

A number of particles were used during preliminary experiments to gain an idea of which 

particles produced the results with the highest accuracy and potential for repeatability. In a 

number of particle tracking experiments, often polystyrene seeding is utilized [1], it was 

however observed that such seeding clung to the edges of the pond as a result of the high 

surface tensions induce. Glitter was also tested for its high reflectivity this however formed 

large coagulations that remained throughout the flow and thus did not give an accurate 

representation of the surface flow. A droplet of hand wash liquid was mixed into the feeder 

tank for the pond in an attempt to break the surface flow and subsequently prevent the 

coagulation of particles on the surface. It was observed however that this completely changed 

the surface flow of the pond causing all particles to take a single track flow from inflow to 

outflow without the dispersion of particles at all, hence again not truly representing the 

surface.  

It was decided that the polymer plastic granules, Talisman 30, as a relatively cheap seeding, 

performed to the highest accuracy for the experiment as they could be added into the feeder 

tank and dispersed within the liquid before deposition into the pond. Although clumping of the 

particles was observed to some extent, this seemed an unavoidable occurrence within the 

investigation. The clumping however was seen to reduce as the particles had time to disperse 

more evenly and moreover the MatPIV software was capable of tracking the larger bodies of 

material.  Had more money been available for the experiment, hallow glass particles could have 

been used and would have produced less clumping and possibly produced a somewhat more 

accurate model of the surface flow, however such particles are significantly more expensive at 



Particle Image Velocimetry   0619359 

28 
 

approximately £62 for 250g [4] as opposed to the Talisman 30 that is priced at approximately 

£2 per 250g.  

3.2.4 Dye  

In order to ensure high picture quality, it is essential to have a strong contrast between the 

seeding particles and the fluid. To create this contrast, blue or black food dye will be added to 

the water. It must be ensured that the additional fluid is added in the feeder tank as to not 

overtly disturb the flow, however after the addition of the dye, the flow must be given a few 

hours to re-stabilise and permit the dispersion of the colour throughout. As the dye will be so 

heavily diluted, at a ratio of approximately 1:380, it will have negligible effects of the hydraulic 

behaviour of the water in the experiment.  

3.3 Discharges 

In order to fulfil my project specification, I will execute the experiment and monitor the surface 

flow at the three following discharges: 

 Q1 = 5.74 mls-1, approximately 32 Revolutions Per Minute (RPM) of pump, 

 Q2 = 17.21 mls-1, approximately 91 RPM, 

 Q3 = 22.95 mls-1, approximately 114 RPM. 

These three discharges have been selected as they are scaled down values of some previously 

collected data from the full scale pond in Sweden. The testing of these flow values will allow for 

a direct comparison between the scale pond and the full size and furthermore allow an 

accuracy for the scale pond to be established in future work.  



Particle Image Velocimetry   0619359 

29 
 

The scaling method performed by a previous project student can be seen in appendix 2 and 

demonstrated how the scaled values for flow were established.  

3.4 Experimental procedure 

As sated earlier, the seeding to be used will be Talisman 30 polymer particles and the following 

is the procedure for running one experiment to measure model the surface flow. 

 The food colouring being used to dye the water must be added to the feeder tank 

before the experiment and given at least 2 hours to evenly disperse throughout the 

pond. 

 It must be ensured that the pond is running at a steady state, i.e. the inflow is equal to 

the outflow upon the change of the discharge and addition of the water dye.  

 Ensuring that the camera is in place and connected to the computer with the settings 

appropriately selected (as earlier, section 3.2.2), the seeding can be added into the 

feeder tank at a rate that will allow for adequate pond cover, but prevent the creation 

of large clumping.  

 The seeding must then be given approximately 10 minutes to split up and settle to 

produce an accurate surface flow representation.  

 The camera can then be activated and set to take approximately 200 pictures.  

 Particles can from then on be added should the surface become deficient, but care must 

be then taken in analysis to ensure the selection of images that give an accurate flow 

representation.  

 Once the images have been captured, Matlab can be utilized to analyse the collected 

data.  
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 The flow rate should then be changed for the next investigation to allow for the 

remaining seeding particles to flow out of the pond and to further allow for the flow 

stabilisation of the new discharge to occur simultaneously, thus utilising the lab time 

effectively.  

 It would be then best to repeat the experiment for the initial discharge once all other 

flow conditions have been investigated to prove the flows and subsequent models can 

be recreated from the start.  
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4.0 Observations and Results 

Once the images had been captured from, they were to be downloaded and uploaded to my 

personal computer. The initial task was to select a range of pictures that were representative of 

each flow and furthermore were suitable to be used within the Matlab software. 

4.1 Discharge 5.74 mls-1  

The first experiment was conducted on the 29th January at the discharge of 5.74 mls-1. 500 ml of 

dye and approximately 12 g of particles were added into the feeder tank and allowed to 

disperse to attain full pond coverage.  

Initially some clustering was evident, visible in figures 10 and 11 below, however as the 

particles dispersed the flow profile became more apparent. Only a small number of pictures 

were able to be captured due to the camera battery not being fully charged. However the 25 

images that were deemed suitable to be used in Matlab provided a clear visualisation of the 

surface flow and moreover produced accurate vector plots of the profile.  

 

 

 

 

 

For the repeat of the discharge 5.74mls-1 carried out on the 30th January, 44 images were 

observed to have sufficient particle coverage to be analysed within Matlab. Again 

Figure 15: Image of pond with 5.74mls-1 
discharge – initial run 

Figure 16: Image of pond with 5.74mls-1 
discharge – repeat run 
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approximately 500 ml of dye was injected into the feeder tank, however a greater volume of 

particles were used, approximately 20 g, in order to try and increase surface coverage and 

provide a more accurate and more saturated surface flow. This was done to ensure that all 

areas of the pond could be modelled, even the areas of a very low velocity, a problem 

encountered in the initial investigation of the discharge.  

From the investigation of the “image movie files” (Film strip appendix 3 and 4) for the 

corresponding discharge found on the CD provided showing the initial and repeated experiment 

for the discharge 5.74 mls-1, it is evident by visual inspection alone that at the relatively slow 

flow, two large vortices within the flow were produced. Furthermore examination of the two 

vector plots below further supports this finding.  

 

 

 

 

 

The initial anti- clockwise vortex is evident to the right of the figures and is formed around the 

in-let to the pond. This is mainly due to the flow deflecting off the curved edge of the pond 

opposite the inflow and then being drawn back into the faster area of flow due to displacement 

of water particles causing a suction effect.  It can also be noted from the “movie of images” (CD 

provided, or filmstrip appendices 3 and 4) and also the figure 12 above that the particles were 

Figure 17: Vector map from 5.74mls-1 
discharge – repeated run 

Figure 18: Vector map 5.74mls-1 
discharge – initial run 
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drawn back very close to the inlet. This is undoubtedly due to the relatively slow flow as it 

would be expected at a higher flow that the particles would be “jetted” away from the inflow 

source. 

 The second clockwise vortex is formed in a similar way to the first; however in this case the 

particles moving off from the initial vortex provide the inflow effect. These particles then 

deflect from the left edge of the pond and are drawn back by the same suction effect evident in 

the first instance and thus re-circulated.  

From the investigation of the two vector plots in conjunction with one another, results of the 

PIV, it is initially evident that the two figures, are very similar, both presenting the visualisation 

of the two main vortices. However as a result of the increased surface saturation for the 

repeated experiment, the plot has a greater number of vectors in higher concentrations, thus 

providing a better visualization of the surface flow profile. The comparison of these two plots 

shows how the experiment for the discharge in question is definitely repeatable and 

furthermore how a small variable can be changed to give a clearer representation of the flow.  

The magnitude plots below show the velocity concentrations within the surface flow for the 

initial and repeated experiment, highlighting the high velocity at the inflow and at the opposite 

pond wall. It was evident during the experiment and further from the vector and magnitude 

plots that the initial vortex was of a higher velocity and produced a somewhat more turbulent 

flow than the second clockwise circulating vortex that demonstrated a slower flow velocity.  
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The video files for this flow show how generally, the particles moves towards the outlet via the 

lower edge of the pond (marked on figure 11 with a red arrow), with little to no particles 

moving around the inside of the bend in the pond. This is undoubtedly a result of the 

combination of the slow flow and subsequent large clockwise vortex within the centre of the 

pond causing particles caught in the centre to have minimal velocity. This is further supported 

by the magnitude plots above that show the velocity towards the outlet to be moving around 

the lower edge of the pond, via the apex of the curve.   

Moreover the magnitude plots further prove the repeatability of the experiment at this 

discharge as they provide a very similar idea of velocity concentrations and magnitudes 

throughout the two flows.  

The repeatability of the results for this discharge in conjunction with the expected behaviour is 

can be further proved when compared to the work of Virginia Stovin and Nick Brooker-Jones 

[9], referenced earlier. In their literature it was stated that a faster flowing anti-clockwise 

Figure 20: Magnitude plot for 5.74mls-1 
discharge – repeated run 

Figure 19: Magnitude plot for 5.74mls-1 
discharge – initial run 
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circulation could be observed within the half of the pond closer to the inlet. Furthermore they 

go on to discuss the creation of a large clockwise vortex that is also observed to be produced 

towards the second half of the volume of water. Their findings can be visualised in the CFD 

image below highlighting the first anti clockwise vortex in blue and the second larger clockwise 

circulation in yellow and green. The observation of such results in the experiment greatly 

supports the accuracy and findings of the experimental discharge of 5.74 mls-1.  

 

 

 

 

 

It could be argued that the clustering of the seeding during both investigations of the 5.74 mls-1 

discharge, could give an untrue representation of the surface flow profile due to the tensions 

holding the particles together resisting the true flow. However the small amounts of clustering 

could in effect be treated as a large particle and will still, as a single body, follow a general flow 

path. For this reason it can be conclude that the two experiments mentioned above do give a 

repeatable and a clear representation of the surface flow, however appropriate images must be 

selected for investigation that present little cluttering in order to prevent the possible 

distortion of results. Video files of the two flows discussed above can be seen of the CD 

provided.  ((a)Discharge 5.74 mls-1  

Figure 21: CFD model displaying location of primary vortices 

and particle path [9] 
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  4.2 Discharge 17.21 mls-1 

The first investigation of the discharge, 17.21mls-1 was conducted on the 6th February. Again 

500 ml of dye was added to the feeder tank, however black food colouring was used this time. 

It was checked prior to the experiment that the black dye exhibited the same properties as the 

blue and also took approximately one hour to fully disperse throughout the pond. The black dye 

however proved to give a much clearer contrast between the fluid and the particles, as 

opposed to the blue dye, and subsequently enhanced the manual flow visualisation.  

 

 

 

 

 

 

On the 9th February the repeat experiment for the discharge 17.21 mls-1 was carried out using 

500 ml of black dye and approximately 40g of particle seeding. During this experiment however, 

the wind tunnel also based in the lab was turned on by another project student. The 

experiment was irreparably disrupted by the generated air flow and as a result the surface flow 

profile was disturbed causing all particles to gather against the uppermost edge of the pond, 

visible in figure 19 below. However 24 suitable images were captured before disruption 

occurred, and were subsequently used in Matlab to model the surface flow.  

Figure 22: Image of pond with 17.71 mls-1 
discharge – initial run Figure 23: Image of pond with 17.71 mls-1 

discharge – repeat run 
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It can initially be noted from the images above, that clustering was again evident within the 

flow but of greater importance is the observation that a “jetting” of particles is evident in the 

area surrounding the inlet. This is further evident in the movie files for the corresponding flow 

on the CD provided and the film strip, appendices 5 and 6. The videos show a faster flow and as 

a result a more turbulent flow in the area surrounding the inlet. They both also show how at a 

high discharge the particles tend to move towards the outlet via an additional route to that 

observed with the 5.74 mls-1 discharge. It can be observed that the fast flow allows for a 

number of particles to move towards the outlet via the inside bend (marked with the red arrow 

on figure 18) of the curve as well as the longer arcing apex of the curve. This could be due to 

the increased “jetting” of particles towards the inside of the bend, but also the reduction in 

velocity of the primary clockwise vortex in the pond’s centre in combination with a reduced 

velocity in the primary anti-clockwise vortex surrounding the inlet. The reduction in velocity of 

this circulation could mean that fewer particles are drawn in to the vortex and as a result flow 

past the circulating area, via the inside of the bend. In addition to this, the creation of a third 

vortex, exhibiting a clockwise circulation, can be observed above the primary circulation about 

Figure 24: Image of pond with 17.71 mls-1 discharge – repeat run 
showing disruption to experiment due to the wind tunnel 
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the inlet. The creation of this additional vortex could also account for the lack of velocity seen 

throughout the rest of the flow towards the outlet. The increased number of circulations 

around in the inlet would subsequently cause fewer particles to be released into the larger 

clockwise circulation that leads to the outlet. In effect the increased discharge could cause a 

number of surface particles to remain in flow longer than that of the lower discharge.  

The vector plots below provide supporting evidence for what can be observed in the images 

and corresponding video files for the 17.21 mls-1 discharge. They show how the centre of the 

anti-clockwise vortex has a lower velocity but has maintained a high circulating velocity. 

Furthermore they show how the primary clockwise circulation has significantly decreased in 

velocity. The plot for the initial experiment, more so than the repeated plot, demonstrates how 

the flow can be seen to move around the upper, inside bend of the curve.   

 

 

 

 

 

 

Although the vector maps do show the correct flow pattern of the higher discharge, they 

illustrate a somewhat lower velocity throughout.  

Figure 26: Vector map for 17.71 mls-1 
discharge – repeated run 

Figure 25: Vector map for 17.71 mls-1 

discharge – initial run 
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The lack of high velocity vectors towards the inlet of the pond could be a result of the “jetting” 

of particles away from the inflow. The particle deficit in this area as a result, would mean that 

the flow profile could not be mapped due to a loss of velocimetric data. In essence, the flow 

velocity around the inlet was higher, yet it has not been observed as there were no particles to 

trace.  

The slower circulation evident within the primary anti-clockwise vortex could be accounted for 

by colliding water particles. It could be argued that the inflowing particles with a high velocity 

collide and destructively superimpose with the rebounding flow that was initially attributed to 

causing the circulation. The interaction between the two directions of flow could in effect cause 

a generally slower surface profile to be visualised at the area in question.  

It may also be the case that the 4-6 seconds delay between image capture that was deemed 

adequate for the smaller discharge is not suitable for a higher flow velocity. This extensive delay 

could as a result be preventing the Matpiv software from adequately tracking the particles and 

reducing the accuracy of the collected velocimetric data.  

When the two vector plots above are studied in conjunction, it is evident that while the initial 

experiment and the repeat for the discharge, 17.21 mls-1 do produce similar results, certain 

differences are evident. This is further evident from the plots below that show the velocities 

around the apex of the curve in the initial investigation (fig. 22) are much less than that in figure 

23. 
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It is fair to conclude that while this experiment has produced results that give an idea of the 

surface flow profile, the velocity values calculated may be inaccurate. This experiment can 

therefore be deemed as less repeatable than the first experiment although some valuable and 

useful data has been collected. The differences between the initial investigation of this 

discharge and the repeat substantiates this point further.  

4.3 Discharge 22.95 mls-1  

The first investigation of the discharge 22.95 mls-1 was executed on the 12th of February. On this 

occasion 500 ml of blue dye was used as the black had run out, however it was still ensured that 

a strong contrast was produced. Approximately 40 g of seeding was fed into the feeder tank 

and 30 minutes was allowed for the dispersion of the seeding particles. 42 images were 

investigated for the initial investigation of the discharge in question. The images with 

acceptable particle coagulation as well as appropriate particle saturation of the surface were 

selected.  

 

Figure 27: Magnitude plot for 17.71 mls-1 
discharge – repeated run 

Figure 28: Vector map for 17.71 mls-1 
discharge – initial run  
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The repeat of the experiment was conducted on the 13th February again using 500 ml of dye 

and approximately 40 g of particle seeding. This time 56 images were deemed to be of an 

adequate standard to be used within Matlab.  

In this case, rather than the experiments and repeat proving to be repeatable and illustration of 

similar behaviour, the results collected seem to differ rather substantially from one another. 

From the video files corresponding to the initial run of the 22.95 mls-1 discharge, created from 

the sequential images captured, it can initially be observed that the primary clockwise 

circulation seen in the previous two discharges is no longer present. This could be attributed to 

the increased velocity, at which the inflow is directed to the upper edge of the pond opposite 

the inlet. However the fact that the second investigation of the discharge does show the 

creation of a clockwise circulation indicates a possible error in the experiment. It could 

therefore be argued that the grouping of the particles evident in figure 24 above drastically 

effected the movement of the flow. The coagulation of particles, due to surface tensions, can 

be observed to travel as a single body and thus preventing the creation of the clockwise vortex. 

Arguably the too densely saturated area of the pond prevented the necessary dispersion of the 

Figure 29: Image of pond with 22.95 mls-1 
discharge – initial run 

Figure 30: Image of pond with 22.95 mls-1 
discharge – repeat run 
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particles and as a result, the surface flow profile was substantially altered. Given more time the 

particles would have sufficiently separated and the true surface profile may have been 

captured.  

In addition to this, a considerable increase in the size and position of the primary anti-clockwise 

circulation can be observed.  The coagulation discussed above could also account for this factor.  

As a result of the combination of both the clumped particles and the subsequent anti-clockwise 

circulation,  the sequence of images highlight an increase in the tendency for the surface water 

particles to flow towards the outlet via the inside curve of the pond, seen to a lesser extent 

with the previous discharge. Due to this flow being observed previously it was to be expected 

but not to such a great extent.  

The repeated run of this investigation yielded considerably different results, further highlighted 

by the vector maps below. From the video file of sequential images in conjunction with the 

examination of the sequential vector plots, the clockwise circulation observed in the previous 

discharges is evident. The movement of the particles, towards the outlet, via the inside bend of 

the curve is visible but to a lesser extent that seen in the initial run. Arguably these results 

provide a more accurate visualisation of the surface flow as a result of an improved particle 

separation. The slower introduction of particles into the feeder tank could account for this.  
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While the experiments for this particular discharge do differ, distinct similarities can still be 

noted. The increased “jetting” of particles away from the inflow due to the higher discharge is 

evident and consistent throughout both investigations. Furthermore, the increased velocity of 

circulation for the upper clockwise circulation can be observed in both video files for the 

discharge and is further substantiated with the vector plots above and the magnitude plots 

below (figures 28 and 29).  

   

 

 

 

 

Figure 31: Vector plot for 22.95 mls-1 
discharge – initial run 

Figure 32: Vector plot for 22.95 mls
-1

 

discharge – repeat run 

 

Figure 33: Magnitude plot for 22.95 mls-1 
discharge – repeated run 

Figure 34: Magnitude plot for 22.95 mls-1 
discharge – initial run 
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From the magnitude plot for the more accurately repeated experiment figure 29, it is evident 

that the flow velocity is not much greater than the previous discharges. This could be 

accounted for by the particle deficit discussed in relation to the previous discharge in section 

4.1. It can be noted however that the initial run of this experiment exhibited relatively high flow 

velocities in comparison to all other flows and discharges. These results however may be 

misleading due to the speculations about experimental error discussed previously.  

The execution of the experiment for this discharge has proved to provide non repeatable 

results, however the identification of the error within the initial investigation of the 22.95mls-1 

discharge gives reason for this and provides the possible basis for experimental improvement.  

4.4 Summary of experiments and observation 

It is fair to summarise that the initial discharge investigated yielded accurate results that 

reflected the work carried out by Virginia Stovin and Nick Brooker-Jones [9]. However it was 

observed that the higher discharges became harder to model with the resources available, i.e. 

the SLR camera, slow computer processor and lack of high accuracy equipment. A loss of 

velocimetric data due to slow image capture further exacerbated by excessive particle 

coagulation, meant velocities and surface flow behaviour were not accurately modelled. With 

this in mind it can be argued that the data collected did provide a generalised idea about the 

surface flow profile, the data of which will be interpreted in the following section in an attempt 

to determine average velocity measurements throughout the pond. 
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5.0 Analysis and interpretation of the collected data 

In order to effectively analyse the data, average flow velocities in the second half of the pond 

where the flow appears to be somewhat more laminar and of a stable flow will be calculated. It 

can be observed from the previous sections that the flow velocities vary significantly about the 

anti clockwise circulation. For this reason, the average flow velocities within this area have not 

been calculated as the erratic data that would result would not be indicative or comparable to 

the HRT for the pond and subsurface flow for this area. This is further explained by the fact that 

often seeded particles will circulate the vortex a number of times at a relatively high velocity 

before being released [9]. For this reason the velocity vectors calculated, whilst giving an 

average velocity for the local area,, will not give a true representation of the laminar area of 

flow and would subsequently be less comparable to the HRT. This is representative of the 

investigations made by Virginia Stovin and Nick Brooker-Jones [9] into the recirculation of 

particles within the flow.    

The calculation of the average velocities for the laminar flow area, (towards the outlet of the 

pond), would be expected to increase with a higher discharge rate. It will be with this analysis 

that the flow velocities can be plotted against the discharge to determine if a relationship exists 

for this pond or if the higher discharge increases circulation at the inlet preventing the expected 

higher surface flow.  

5.1 Comparison of the average flow velocities with discharge 

From the excel spreadsheets that contain the velocity data collected for each discharge, the 

average velocities across the pond, marked on the figure below, were calculated and the results 

were thus: 
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Table 1 

 

 

 

 

 

 

 

Discharge (mls-1) Average Flow Velocity (ms-1) 
– Initial run 

Average Flow Velocity (ms-1) 
– Repeated run 

5.74 0.000433 0.000801 

17.21 0.000654 0.000615 

22.95 0.001127 0.000719 
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Figure 35: Image of pond highlighting area of 
analysis 

Figure 36: Graph of results of analysis 
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The average velocities for the initial run follow the expected relationship that the surface flow 

velocity would increase with discharge. The graph for the initial flow demonstrates a somewhat 

exponential curve, however in order to make this an accurate assessment, significantly more 

discharges would have to be investigated and more runs conducted.  

The second graph however does not follow this trend initially. It could be argued that the initial 

value “0.000801 ms-1” for the repeated run in an anomalous result, as the second and third 

points tend towards the relationship of the first. This result could be the consequence of a flow 

profile that has been incorrectly portrayed due to a number of possible factors. The flow may 

have not had enough time to settle after the dye had been added to the feeder tank ,or the 

discharge may have been slightly varied from the previous experiment. Either reason for the 

formation of a faster flow at this area could be the factor that so greatly affected the laminar 

flow profile. The table and corresponding graph below, (table 2, figure 32) show the combined 

average of the initial and repeated run. As a result of such a high initial value for the repeated 

experiment, the average graph only appears to follow the relationship of the initial run to a 

much lesser extent. It would be expected that the gradient of the curve from the first value to 

the second to be much greater, to subsequently produce a curve similar to that of the initial 

run.  

                              Table 2 

 

 

 

Discharge (mls-1) Average Flow Velocity (ms-1) 
- Combined 

5.74 0.000617 

17.21 0.000635 
22.95 0.000923 
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If the initial value for the repeated run was to follow the expected relationship of the first and 

produce a similar surface flow, assume “0.0004 ms-1” then the graphs produce a much more 

similar relationship, as illustrated below.   

Table 3 

 

 

 

 

Discharge (mls-1) Average Flow Velocity (ms-1) 
– Initial run 

Average Flow Velocity (ms-1) 
– Repeated run 

5.74 0.000433 0.000400 

17.21 0.000654 0.000615 

22.95 0.001127 0.000719 
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Figure 37: Graph of results of analysis 
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The altered value would subsequently allow for a combined average velocity to be plotted as 

shown below. This graph is in fitting with the expected relationship and shows an increase in 

surface flow velocity with an increase in discharge almost linearly.  

 

                      Table 4 

 

 

 

 

 

Discharge (mls-1) Average Flow Velocity (ms-1) - 
Combined 

5.74 0.000417 

17.21 0.000635 
22.95 0.000923 
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Figure 38: Graph of results of analysis 
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It can also be observed however that a relatively large variance exists between the higher 

discharge values for the initial and repeated experiments. This again could be accountable to 

slightly varied flows/discharges, however could also be the result of any of the following: 

 Such a small effect of a possible slight increase in air flow throughout the laboratory, an 

effect that proved to be disastrous to results previously.   

 An inaccuracy in the cameras timings between image capture could have proved to be 

hugely significant to the measured velocities, especially when the velocities in question 

are of a magnitude of 10-4, e.g. If a particle moved 0.005m with time between images 

expected to be 6 seconds, and with the camera control software only accurate to one 

second, the time between images could vary from 5.5 seconds, to 6.4 seconds. The two 

time differences give velocities of 9.091x10-4 ms-1 and 7.813x10-4 ms-1, respectively. This 

demonstrates how half a second variance between image capture could have had 

drastic effects on the results.  
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Figure 39: Graph of results of analysis 
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 The coagulation of particles can further be highlighted as a primary source of error, as 

large groups of particles may have prevented accurate calculation of velocimetric data 

or furthermore given particles a greater momentum for when exiting the clockwise 

vortex circulation, allowing for a higher velocity to be recorded. 

 The main surface flow velocity for a certain conditions of flow may be situated within 

the volume of water as opposed to being present on the surface. This would allow the 

law of continuity of discharge to be maintained but would provide a lower surface 

velocity flow and could account for seemingly anomalous results.  

5.2 Comparison to HRT  

Although the data collected fails to provide indisputable evidence of the relationship between 

surface flow and discharge for the pond under investigation, it does provide a general trend 

that suggests the surface flow velocity does indeed increase with discharge.   

When compared with previous work conducted on this pond by Mr Ian Chandler [8], it can be 

seen that the HRT of the pond decreased with an increase in discharge. It is therefore fair to 

surmise that an increase in surface flow with discharge would correspond to a reduced 

retention time. If the tested discharges were the same or at least similar a more definite 

relationship could have been drawn between this data, however as a result only a very 

generalised correlation can be determined. The graph below displays Chandler’s findings of 

mean HRT Vs discharge. 
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7.0 Conclusion  

From this investigation it can be concluded that the comprehensive particle tracking itself 

provided a very clear representation of the surface flow behaviour and furthermore presented 

data for comparison to the previously conducted CFD modelling, as was required by my 

specification. The investigation of the surface flow profiles at various discharges supports the 

findings of Virginia Stovin and Nick Brooker-Jones [9] in relation to the creation of two major 

vortices and arguably furthers their work with the demonstration of a third, significant vortex 

that occurs close to the inlet at higher discharges.  

The collection of this evidence would not have been possible without the development of the 

MatPIV software that was stated as a principle aim of the investigation. It can therefore be 

concluded that the code produced was suitable and appropriately applied to the model pond 

and is a powerful tool that can be used in further research into flow behaviour and HRT’s of the 

Figure 40: Graph of HRT Vs Discharge [8] 
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pond under examination, or of a similar nature, thus fulfilling this aspect of my project 

specification. 

It can also be summarised that the surface flow velocity does increase with the discharge and 

furthermore this corresponds to a decreased hydraulic retention time. These conclusions 

however are generalised and a precise quantitative relationship cannot be determined from the 

collected data. This can be attributed to a number of possible causes discussed earlier, but 

arguably none are more influential than the lack of experimental accuracy. It could be 

suggested that such a delicate and intricate process as particle image velocimetry should be 

conducted with very high precision equipment, in a fully controllable environment both of 

which were not available at the time of investigation and would have greatly exceeded the 

project budget. 

7.1 Further work  

There is a lot of scope for further work in relation to this project. From this investigation alone 

it is clear that significantly more experimental discharges could have been investigated to 

increase the accuracy and reliability of the results. Also a video camera could be used to 

increase the frame rate captured to increase the velocimetric data collected directly around the 

inlet.   

The project also could be followed with more sophisticated flow tracking technologies. 

Stereoscopic PIV could be investigated to determine the surface and sub surface flow of the 

pond in conjunction with one another. This advanced process allows for three dimensional 

imaging of the flow behaviour and furthermore is far more comparable to the previously 
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conducted CFD modelling. This method would furthermore allow for the investigation of the 

primary velocity flow within a 3D body, something that this project fails to represent. It could 

investigate how the surface flow velocity and the subsurface flow velocity are comparable.   

Due to this process being of a far more advanced nature, it unsurprisingly incurs much greater 

costs due to the use of very specialised equipment that is often customised to suit a particular 

need.  
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8.0 Project Costing 

The estimated cost of the project in its entirety is given as follows: 

 Time  
(hours) 

Charge per hour 
(£/hour) 

Charge 
(£) 

Student time    

Lewis Howard 300 15 4500 

Academic’s time    

Prof. J. Pearson  7 50 350 

Mr V. Tiev 12 50 600 

Prof. K. Richter 1 50 50 

Dr P. Dunkley  2 50 100 

Technicians time    

Mr G. Canhan 2 20 40 

Total    5640 

 

Consumables  Quantity Cost / unit Charge  
(£) 

Polymer seeding 
(talisman 30) 

1kg  £8/Kg 8 

Food Dye  4 Litres  £7/Litre 28 

Total    36 

 

Final Total Cost    £ 5676 

 

Primarily the data collected will aid Mr V. Tiev in his investigation in the flow behaviour of the 

pond that models a full size water treatment system in Sweden. The research will allow him to 

draw more complex relationships, beyond the scope of this report, between surface flow and 

other factors affecting flow and the hydraulic retention time of the system. Subsequently, the 
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collected data and report has the potential to benefit a number of communities by adding to 

the investigation into the optimum HRT for the water treatment system in Sweden and the 

methods into modifying the flow behaviour.  
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Appendix 1 – sketch and image of full scale pond in Sweden [8] 
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Appendix 2 – Method of pond scaling [13] 
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Appendix 3 – Images for initial discharge 5.74 mls-1 
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Appendix 4 - Images for repeat discharge 5.74 mls-1 
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Appendix 5 - Images for initial discharge 17.21 mls-1 
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Appendix 6 - Images for repeat discharge 17.21 mls-1 
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Appendix 7 - Images for initial discharge 22.95 mls-1 
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Appendix 8 - Images for repeat discharge 22.95 mls-1 

 


