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Chapter 3 � Laboratory Set-up and Data Collection

3.0 Introduction

This chapter describes the facility, instrumentation and measurement techniques used

in the experimental work required to fulfil the aims described in Chapter 1. In this

chapter the facility and programme of experiments will be first presented. Sections

describing the measurement methods and techniques in order to quantify the

following parameters: flow depth, flow rate, velocity and turbulence statistics, and

the transverse dispersion coefficient will then follow. The final section described the

method used for the transverse mixing analysis.

3.1. Flume Facility

Experimental work was carried out in the Hydraulics Laboratory of Cardiff

University using a flume of 10 m length, 1.2 m width and 0.30 m depth (see Figure

3.1). The flume is attached to a re-circulating reservoir and pipe system and to a

centrifugal pump operates to continuously supply water from a reservoir tank to the

flume. The reservoir tank is located underneath the flume and has a capacity of 8 m3.
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Figure 3.1 View of the flume system from the upstream end of the flume

The flow delivered to the flume is controlled by two valves. One valve is connected

to a 50 mm diameter pipe and the second valve is connected to a 200 mm diameter

pipe. These valves are controlled electronically through a control panel (see Figure

3.2) and their opening can be adjusted.

The flow conveyed to the flume was measured using a propeller type flow meter

which was installed in the delivery pipe and the number of revolutions per minute

are measured using a logging system manufactured by inflow, INC and known as a

Flow Automation 4000 Series (see Figure 3.3). As the flow enters the flume at the

upstream end it is delivered to a stilling area before it enters a honeycomb

straightening section which is 50 mm long. At the downstream end the water surface

profile is controlled by a vertical tailgate weir. The flow then enters the reservoir and

is re-circulated to the upstream end of the flume.
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Figure 3.2 Valve control panel

Figure 3.3 Flow Automation 4000 Series

The longitudinal bed slope and measurement rails of the flume were adjusted to a

gradient of 0.001. This was set by adjusting two supports located at the two pivoting
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section of the flume. The bed and side wall are constructed from glass with steel

frames. A sheet of PVC material with series of holes was attached to the glass bed

allowing the simulated vegetation to be slotted in to place. Flume holes were located

laterally every 60 mm (hole centreline to hole centreline) and a total of 20 holes were

constructed in each row across the 1.2 m flume width. The longitudinal distance

between each row of holes was 105 mm (centre to centre) and in total there were 88

rows of holes along the full length of the flume. Six vegetation densities were

examined in the experimental programme and details of each experiment are

presented in Table 3.1.

Canopies of emergent vegetation elements were simulated using arrays of rigid rods

of uniform diameter configured in a number of arrangements. Rods were constructed

from wooden dowels of diameters (d) 25 mm and 18 mm. The rods were 300 mm

and 180 mm in length respectively for 25 mm diameter rods and 18 mm diameter

rods. The parameters �x and �y present the distance between rods centre to centre in

the longitudinal and lateral flow directions respectively. The dowels were arranged

in both aligned and staggered arrangement and in some experiments two different of

rods were used in the same arrangement (see Figure 3.4 (a) to (d) and Table 3.1).
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Table 3.1 Experimental details where the rod configuration covers the complete length of flume. In the test name, S denotes staggered, A

represent aligned and M indicates mixed rods diameter used in the vegetation arrangement; �x and �y are the longitudinal and transverse distance

of the control volume; S is the spacing surface to surface between two nearest cylinders; d is the stems diameter; m is the numbers of cylinders

per metre square; Q is flow discharge; h is the flow depth; Up is the pore velocity; U is the mean area velocity; Red is the stem Reynolds number;

Res is the pore Reynolds number.

Test

Name

SVF

� (%)

Rod

alignment

d

(mm)

�x

(m)

�y

(m)

S

(m) S

d m

(m-2)
Nr

Q

(m3/s)

h

(m)
h/d

Up

(m/s)

U

(m/s)
Red Res

0.51S 0.505 Staggered 18 0.210 0.12 0.224 0.080 19.8 5 0.017 0.090 5 0.158 0.157 2,826 35,392

0.97S 0.974 Staggered 25 0.210 0.12 0.217 0.115 19.8 5 0.016 0.135 5.4 0.100 0.099 2,475 21,700

2.96AM 2.958
Aligned

(mixed d)
18,25 0.105 0.12 0.084 0.256 81.5 10 0.006 0.064 2.98 0.081 0.078 1,677 6,804

3.90A 3.896 Aligned 25 0.105 0.12 0.080 0.313 81.5 10 0.015 0.145 5.8 0.090 0.086 2,150 7,200

5.92AM 5.915
Aligned

(mixed d)
18,25 0.105 0.06 0.039 0.551 163.0 20 0.006 0.121 5.63 0.044 0.041 881.5 1,716

7.79A 7.792 Aligned 25 0.105 0.06 0.035 0.714 163.0 20 0.015 0.257 10.28 0.053 0.049 1,225 1,855
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Figure 3.4 (a) Aligned arrangement control volume for test 3.90A (SVF = 3.896 %)

Figure 3.4 (b) Aligned arrangement control volume for test 7.79A (SVF = 7.792 %)



61

Figure 3.4 (c) Staggered arrangement control volume for test 3.90S (SVF = 3.896 %)

Figure 3.4 (d) Staggered arrangement control volume for test 0.97S (SVF = 0.974 %)

The density of the rods can be defined by the parameter Solid Volume Fraction (SVF

or φ ), number of rods per square metre (N) and number of plants in a row (Nr)

whereby SVF (φ ) as previously mention in section 2.2.1 is the ratio of solid volume
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Figure 3.5 (b) Rods in staggered arrangement for test 0.97S

3.2. Experimental Programme

As described earlier in Chapter 1 in order to fulfil the main objective of the thesis

dye tracer experiments were conducted in order to investigate the impact of the

vegetation density at high stem Reynolds numbers (1000+) on the transverse mixing

characteristics in open channel flow. Furthermore in order to understand the flow

mechanics in greater detail concurrent velocity and turbulence statistics within the

control volume were measured for selected set-ups. As discussed in Chapter 2 the

transverse dispersion is usually quantified by the transverse mixing coefficient (Ky).

A tracer was injected continuously at a point located at mid-flow depth between two

cylinders along the flume centreline at injection point (see Figures 3.6 and 3.7).

Figures 3.6 (a) to (f) present the position of the injection point and the location of

cross-section 1 (C1), cross-section 2 (C2) and cross-section 3 (C3) where the dye

were sampled transversely across the flume. Prior to the tracer experiment, a tank of

75 litres of 1000 ppb dye tracer concentration was prepared and this tank was located

next to the injection cross-section (see Figure 3.7).
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The delivery tube conveying the injection concentration was 5 mm in diameter and

the injection rate was controlled by a centrifugal pump (see Figure 3.7). The

pumping rate was manually controlled using a valve and this was set at a flow rate

which corresponded to a similar area mean velocity to the test flow condition. This

was important to minimise the additional mixing due to injection momentum

(Shucksmith, 2008).

Figure 3.6 (a) Flume dimensions and concentration measurement cross-sections and

injection point location for test 0.51S (SVF 0.505 % in a staggered configuration).

Figure 3.6 (b) Flume dimensions and concentration measurement cross-sections and

injection point location for test 0.97S (SVF 0.974 % in a staggered configuration).
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Figure 3.6 (c) Flume dimensions and concentration measurement cross-sections and

injection point location for test 2.96AM (SVF 2.958 % in an aligned configuration).

Figure 3.6 (d) Flume dimensions and concentration measurement cross-sections and

injection point location for test 3.90A (SVF 3.896 % in an aligned configuration).

Figure 3.6 (e) Flume dimensions and concentration measurement cross-sections and

injection point location for test 5.92AM (SVF 5.915 % in an aligned configuration).



66

Figure 3.6 (f) Flume dimensions and concentration measurement cross-sections and

injection point location for test 7.79A (SVF 7.792 % in an aligned configuration).

Figure 3.7: Dye tracer injection method used in the tests. The reservoir containing

the injection concentration is located on the left and is pumped through a delivery

tube to the cross-section in the flume.

To ensure that a dye tracer was injected at a steady and continuous rate, a dye tracer

was injected continuously for 10 minutes before conducting the test. At this stage the

injected dye increased with constant concentration gradient as shown in Figure 3.8.

For each cross-section (C1, C2 and C3), there were 37 sampling points spaced at

increments of 25 mm. The sampling period for each point was two minutes at mid

Pump
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depth of the flow depth. Two minutes was chosen to be reasonable between accuracy

and time consuming and the limitation of the dye source from the tank.
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Figure 3.8 20 minutes time series of dye concentration (ppb) measured at the

centreline of the flume

3.3 Fluorometer Measurements

3.3.1 Fluorometer Calibration

A Fluorometer 10-AU manufactured by Turner Design was used to measure tracer

concentration in the experiments presented in this thesis (see Figure 3.9). A

Fluorometer measures a fluid�s concentration via fluorescence. Fluorescence has the

ability to absorb light at one wavelength and almost instantly emit light at a new and

longer wavelength (Turner Design, 1993). A source of light from the lamp transmits

light to pass through a filter to measure the concentration. This will radiate

wavelengths proportional to the amount of fluorescent substance present (Wilson,

1986).
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Figure 3.9 Fluorometer 10-AU from Turner Design

The concentration value displayed by the Fluorometer is based on two known

concentration solutions through a calibration procedure. It is very important to

calibrate the instrument before any experiment and it is a good practice to re-

calibrate it at least once a week (Boxall, 2000).

Calibration consists of introducing a blank solution of zero concentration, and a

standard solution that is about 80% of the highest concentration to be investigated.

The concentration varies linearly with fluorescence between the blank and standard

concentration however beyond the maximum concentration to be examined it is not

accurate to assume a linear relationship.  Furthermore fluorescence is sensitive to

temperature, and it is important to maintain the same temperature throughout the

experiment and the calibration procedure.

For all experiments Rhodamine WT supplied by Cole-Parmer with 2.5 % active

ingredient was used as the tracer. Rhodamine WT was selected as is highly

detectable and has a slow rate of decay (Shucksmith, 2008).
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3.3.2 Dye Injection System

Figure 3.10 shows the dye injection system used to study the transverse dispersion in

vegetated flume. A tank of 1000 ppb of dye was prepared prior to experiment

(Figure 3.10 a) and was injected continuously using a pump (Figure 3.10 b). As

mentioned above the pump was manually adjusted to control the volume of the point

injection to be similar the water flow (Figure 3.10 c).  The second pump then drew

the dye plume from the desired sampling point to the Fluorometer to be measured

(Figure 3.10 d and 3.10 e).

Figure 3.10 Layout of dye injection system used in the study

3.3.3 Concentration Sampling Procedure

Figure 3.6 (a) to (f) show the injection point and the position of cross-section 1 (C1),

cross-section 2 (C2) and cross-section 3 (C3). The measurement of the dye tracer

along each cross-section started at 150 mm from the left hand side of the flume,

looking in the downstream direction, and was measured every 25 mm across the

flume. The last sample was taken at a distance of 1050 mm from the left hand side of

(a)

(b)

(c)

(d)

(e)



70

the flume (150 mm from the right hand side wall). In total 37 sampling points were

measured in each cross-section and as discussed earlier, dye tracer was sampled at

three cross-sections downstream of the injection point.

3.4 Velocity and Turbulence Measurements

Velocity was measured using a downward looking 3-D Acoustic Doppler

Velocimeter (ADV) device known as a Vectrino which was manufactured by Nortek

AS. The measurement technique is based from the Doppler Effect whereby a short

pulse of sound is transmitted by the probe head, and the change in its frequency of

the reflected sound pulse is measured by the probe receivers (Nortek, 2004). The

frequency of the Vectrino used in the experiment was 200 Hz and the Nortek

Vectrino is shown in Figure 3.11.

The acoustic signal is emitted by a central transducer towards a sampling volume,

the centre of which is approximately 50 mm away (see Figure 3.12). The acoustic

signal is reflected by ambient particles in the flow field and measured by four

receiver arms (Nortek, 2004) see Figure 3.12.

The ADV was mounted vertically on a carriage and was adjusted to move either in

the longitudinal or in the lateral direction across flume width. The velocity was

measured in 10 mm and 20 mm vertical increments from the bed to 100 mm and 300

mm above bed depending on the test and flow condition. Further details of the

velocity measurement will be explained in Chapter 4.

Figure 3.11: Acoustic Doppler Velocimeter (ADV) Vectrino (200 Hz) from Nortek
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Figure 3.12: The position of the sampling volume below the transducer and four

receivers.

It is important to obtain a good estimation of sampling time for each velocity

measurement in order to capture accurate time-averaged statistics of the velocity and

turbulence fields. To determine the necessary sampling period needed, tests were

performed for sampling times of one, two, three and four minutes. Results show that

the optimum sampling time was one minute for measurement using Vectrino with

sampling rate 200 Hz sampling rate. Figure 3.13 (a) to (d) present the cumulative

time-averaged velocity for one, two, three and four minutes test.
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Figure 3.13 (a) One minute time series of the cumulative time-averaged velocity for

Vectrino with a 200 Hz sampling rate.
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Figure 3.13 (b) Two minutes time series of the cumulative time-averaged velocity

for Vectrino with a 200 Hz sampling rate.
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Figure 3.13 (c) Three minutes time series of the cumulative time-averaged velocity

for Vectrino with a 200 Hz sampling rate.
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Figure 3.13 (d) Four minutes time series of the cumulative time-averaged velocity

for Vectrino with a 200 Hz sampling rate.
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3.4.1 Probe Data Processing

The quality of the velocity output is quantified by two parameters: the signal to noise

ratio (SNR) and the correlation (COR) (Wahl, 2000).

The SNR parameter strength of the signal received compared to the noise level of the

instrument. The manufacturers recommend a SNR value of at least 5 when

measuring time-averaged flow velocities, and 15 or higher when measuring

instantaneous velocities and turbulence (Wahl, 2000).

The correlation parameter, COR, is an indicator of the relative consistency of the

behaviour of the particles in the sampling volume during the sampling period. The

value varies from 0 to 100, and the manufacturers have typically recommend

filtering to remove any samples with correlation scores below 70 (Wahl, 2000).

Another important filter known as the spike detection filter was developed by Nikora

and Goring (Nikora and Goring, 2002). It is based on the concept that there should

be a physical upper limit to the change in flow velocity that can occur in a flow, and

any measurements that indicate higher accelerations should be excluded from the

analysis (Wahl, 2000).

To filter the velocity and turbulence data, in terms of the values of SNR, COR and

spike detection, a program called WinADV written by Wahl (2000) for Bureau of

Reclamations Water Resources Research Laboratory, and made available to the

public via the Internet in 1996 (Wahl, 2000). Originally WinADV was developed to

filter the velocity data from the ADV with 25 Hz frequency however this program is

also compatible with Vectrino of 200 Hz. The only different is that, using Vectrino

data with WinADV usually takes longer processing time relative to ADV data of 25

Hz. In this thesis, WinADV was used to filter all the velocity data from the Vectrino

before further analysis is continued.
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3.4.2 Vectrino Rotational Error

Velocity measurement is subject to error including the inaccurate of the instrument

alignment. Shucksmith (2008) shows that for miss-alignment of the probe less than

10 degree the error in primary velocity, u is small (less than 2 %) and miss-alignment

for transverse velocity, v is larger up to 50 % error at six degrees rotation. If the

rotational error is constant over the entire vertical profile, than the data can be

analysed and corrected.

3.4.3 Velocity Measurement Procedure using the Vectrino

Figure 3.14 (a) to (d) present the plan view measurement of sampling point locations

for four different vegetation densities. Velocity measurements for tests 3.90A and

7.79A (aligned arrangement) was completed by the author and the velocity

measurements for tests 0.97S and 3.90S (staggered arrangement) was conducted by

Xavier (2009) however author assisted Xavier through each experiment.  For tests

3.90A and 7.79A the vertical distance between measurements was 10 mm for 8 to 19

points depending upon the water depth and with the first measurement was taken at

10 mm from the bed. While Xavier (2009) used a vertical distance of 20 mm

between measurements and the first measurement was taken 7.5 mm from the bed.

Velocity measurement for aligned arrangements of vegetation was measured half

section of the control volume (see Figure 3.14 (c) and (d)). This was considered

reasonable because the flow was uniform and therefore symmetrical along the

centreline of each control volume.
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Figure 3.14 (a) Staggered arrangement control volume for test 0.97S (SVF = 0.97 %)

Figure 3.14 (b) Staggered arrangement control volume for test 3.90S (SVF = 3.90 %)
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Figure 3.14 (c) Aligned arrangement control volume for test 3.90A (SVF = 3.90 %)

Figure 3.14 (d) Aligned arrangement control volume for test 7.79A (SVF = 7.79 %)
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3.5 Establishing Uniform Flow Conditions

Uniform flow is a condition defined when the velocity of the flow does not change,

either in magnitude or direction from one cross-section to another in the channel

under consideration. This condition can be achieved when the water surface profile

is parallel to the channel bed and the energy line is parallel to both (Massey, 1989).

Uniform flow condition was established for two set of vegetation density which

includes tests 3.90A and 7.79A. After all the dowels were fully attached through out

the flume, the weir is engaged to certain height. After five to 10 minutes when the

flow was stable, eight water depths were measured from upstream to downstream

within 1 metre gap from one measurement to the other. The flow depth was

measured from the bottom of the flume to water surface using measurement ruler

within ± 0.01 m accuracy. These processes were repeated for five to six times using

different weir height. Figure 3.15 is an example of the water depth measurement for

test 7.79A with the weir height of 170 mm and the water surface gradient is

approximately 0.0041.
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Figure 3.15 Water surface profiles for test 7.79A with 170 mm weir height
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The water surface gradients from six weir heights were then used to produce a plot

of the energy line slope against weir height (see Figure 3.16).  A best fit line was

used to determine using the Excel function of Trendline. The best fit line equation

was used to calculate the weir height for the water surface gradient of 0.001 that can

emulate uniform flow condition. The same procedure was used for each vegetation

density.

y = 4E-05x - 0.0101

R2 = 0.9747
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Figure 3.16 Energy line slope and weir height for test 7.79A

3.6 Transverse Mixing Data Analysis

3.6.1 Background Concentration Removal

As mentioned previously (in section 3.1) the flume is connected to a re-circulating

flow system, and thus it is expected that there will be an increase in background

concentration over time. Therefore a correction technique was developed to

eliminate the temporal changes in the background concentration from each data set.
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An example of the approach used to eliminate the cumulative build up in background

concentration is shown in Figure 3.17 (a) to (e). Figure 3.17 (a) shows the time-

averaged raw concentration data measured by the Fluorometer across the sampling

cross-section. The sample point 1 is located on the left hand side (LHS) of the cross-

section looking in the downstream direction and point 37 is located on the RHS of

the cross-section.

As mentioned above the sampling time for each point was two minutes. For each

sampling point the cumulative build up of the background concentration is calculated

from the gradient (i.e. m = 5.909 for test 0.505S) of the time-averaged concentration

profile shown in Figure 3.17 (a). This value is then subtracted from the raw time-

averaged value multiplied by the concentration gradient (m) and the resulting

concentration profile as shown in Figure 3.17 (b). Finally the concentration profile is

obtained once all the data in concentration profile in Figure 3.17 (c) and (d) is

reduced by the cut off concentration value.

The cut off concentration value was evaluated systematically. The cut off

concentration was based on assumption that the dye concentration profile follows a

Gaussian distribution (please refer to Figure 3.17 (c) and (d)). Another important

assumption is the conservation of mass, for that the ratio area below each dye

concentration profile (i.e. C1 and C2) in each set of experiments should be within 95

% to 105 % (please refer to Figure 3.17 (e)).
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Figure 3.17 (a) The profile of raw dye concentration measured by Fluorometer

across section C1
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Figure 3.17 (b) The dye concentration profile minus the concentration gradient
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Figure 3.17 (c) The dye concentration profile before the cut off concentration

process
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Figure 3.17 (d) The dye concentration profile after the cut off concentration process
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Figure 3.17 (e) The dye concentration profile for sections C1 and C2 which the ratio

area below C1 and C2 profiles are within of 95 % to 105 % of the total mass balance.

Theoretically mass balance between C1 and C2 should be 100 %, but practically it is

very hard if not impossible to achieve, therefore plus minus 5 % is considered an

acceptable range.

3.6.2 Trace Start and End Identification

According to Shucksmith (2008) it is important to identify the start and end of each

tracer profile. The method of moments is sensitive and inaccurate cut off will cause

error. Therefore Shucksmith (2008) developed a computer programming to identify

the start and the end of the tracer. The start of the tracer is when the signal rises

above 1% of the peak value for 10 consecutive data points. The end of the trace is

defined as when the signal falls below 1% of the peak value for 10 consecutive data

points. However for the current research work, the start and end of the tracer profiles

is evaluated manually based on the mass balance between tracer profiles for each

tracer test. For example as shown in Figure 3.17, according to conservation of mass

the ratio area between tracer profile of C1 and C2 should be about 95 % to 105 % of

the acceptable range. If in the case of ratio C1 and C2 is beyond the acceptable
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before further processing. Then each concentration profile for each run was mass

balanced as previously been explained in section 3.6.3. Then a parameter

identification process based on the method of moments was used to establish the

initial value of transverse mixing coefficient before the optimisation process based

on routing procedures to improve the accuracy of the results was used as described

above in section 3.6.4.

3.7 Summary

In this chapter the experimental facility and programme, flow conditions,

measurement methods and techniques have been described. The following two

chapters will present the velocity and turbulence fields for selected rod

configurations (chapter 4) and the results from the tracer experiments will be

presented and discussed in chapter 5.


















































































































































































































































































