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Figure 1 A simple constant-temperature hot wire/hot film anemometer, using an adjustable resistance to
force a constant temperature onto the hot wire as described by Lomas (1986) and reproduced from
Sheldrake (1995). Setting the variable resistance R; to a particular value forces the control loop to
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Figure 15 Lewis (on the left) of the University of Adelaide installing an early raft-based stratification system
in the Myponga Reservoir in South Australia. The multi-channel ADC electronics is installed in the
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of the raft (white cables). 38
Figure 16 The AD652 Monolithic Synchronous Voltage-to-Frequency Converter used as the basis for the
development of a new type of charge-balance ADC for environmental sensors. 40

Figure 17 An early SVFC thermistor ADC design. It is essentially a buffered voltage divider network
followed by an active-low SVFC ADC formed by the integrator and comparator. V,is 1.23V and is
derived ratiometrically from the LM2951 +5V regulator powering the thermistor divider, the
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Figure 15 or on a wooden pole driven into the sediment. 42

Figure 18 The remote thermistor of Figure 17 — submersed in the water column - was almost always
operating at a different temperature to the electronics on the surface raft. This necessitated a separate
measurement of the temperature of the ADC electronics. This was accomplished by this paralle]l ADC
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Figure 19 Twenty-four sensor circuit boards are shown before being broken-out from the PCB panel form in
which they are manufactured. They are shown linked by ribbon cable (top) to power, program and test
them prior to encapsulation. They are then potted inside a threaded PVC tube with a cable-gland and
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O-ring at each end. A heavy-walled adhesive heatshrink is then shrunk over the whole assembly to
form a third level of waterproofing (bottom). 44
Figure 20. The ‘count versus temperature’ transfer functions of 26 randomly selected production sensors all
follow the same basic curvature. Applying small offset and gain terms to each curve matches all
sensors over the operating temperature range to within £0.006°C, while effectively linearizing the
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supply pin at harmonics of the SVFC clock, as explained in Appendix D 49
Figure 24 The Murray-Darling Basin in south-eastern Australia covers 14% of the county’s total land area
and is home to 11% of the Australian population. The Darling (2740km), Murray (2530km) and
Murrumbidgee (1690km) are Australia's three longest rivers. 52
Figure 25 A 16-bit charge-balance ADC for platinum resistance temperature measurement. The bias current
generator injects a ImA current into the PRTD to offset the 1kQ (0°C) baseline resistance of the
PRTD; the ADC only responds to differential resistances above this value in the temperature range
0°C to 50°C 53
Figure 26 Drive circuitry for a four-electrode platinum electrical conductivity sensor. The EC sensor is
driven by a 250 Hz push-pull square-wave via op-amp drivers UlA and U1B whose ground current is
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is rectified by the op-amp’s output stage and is reflected through a 200:1 current-mirror into the input
current side of the 16-bit charge-balance ADC. The LTC6078 micro-power dual op-amp was chosen
for its very small quiescent current (an error term in the load current of the conductivity cell). 53
Figure 27 Two wetting-front detectors were installed at Oxford Landing in early 2009, with salinity sensors
inserted in early July 2009 in the throats of the WFDs in place of the usual float rods. Continuing
drought over the region has meant that insufficient rainfall has fallen to create a wetting front to
provide field results in time for thesis publication. The 200-mm depth WFD is installed on the left, and
the deeper 400-mm device on the right. Standard vacuum-based soil solute sampling tubes in the
bottom left of the photo were installed at these same depths for comparison. The logging system is not
shown. 54
Figure 28 Various commercial sap-flow systems (clockwise from top-left): Dynamax ‘heat-balance’ sap
flow sensor, Greenspan ‘heat pulse’ sap flow sensors, sap flow measurements in large trees present
extra challenges! Granier (thermal diffusion) sap flow sensors, physical model of the ‘heat-balance’
sap flow sensor, sap flow diagram for a tree, Granier sensors (centre). The white band around the tree
in the photo on the bottom right-hand side is a ‘dendrometer’; an instrument for the continuous

monitoring of tree girth, and an indirect method of monitoring plant water status. 60
Figure 29 A thermilinear thermistor, consisting of a high-resistance thermistor thermally and electrically
bonded to a low-resistance thermistor. 63
Figure 30 Constant power flow meter using a thermilinear element as a combined sense and heater 65
Figure 31 Block diagram of chopper-based single thermistor constant power heat source (power drive not
shown) 67
Figure 32 Dual-current source constant-power thermistor heater. Details of the unity-gain buffer and
synchronous demodulator are not shown. 69
Figure 33 Block diagram of the constant power thermistor bridge with inherent temperature measurement.
The detail of the inverse square-root circuit is shown in Figure 34 71
Figure 34 Inverse square-root circuit using analog four-quadrant multipliers 77

Figure 35 Two reservoirs open to atmosphere have surface water heights of hy and h; above a nominal
reference plane. The reservoirs are connected between heights h; and h, (in meters) by a pipe inside of
which friction (viscous) forces result in an effective ‘head loss’ hy. 84

Figure 36 ‘Plunging-probe’ sensor calibration rig for generating very slow linear velocities for a warm-
thermistor probe in an isothermal still water tank. A shaft-encoder [1] having a pulley wheel [2] of
500mm circumference, precision bearings and 1 mm resolution is driven by a DC-Micromotor [3]
coupled to a precision all-metal spur gear head [4]. A beaded line [5] is balanced across this pulley
wheel by lead counterweight [6] and the lead weight [7] on the stainless-steel shaft [8] carrying the
thermistor. The motor raises and lowers the probe through the very still temperature-stable water body
in the 20-litre Dewar vessel [9]. The output of the constant-power bridge circuit [10] is recorded by the
6Y2-digit Keithley K2000 recording multimeter [11]. Power supply and control circuits are not shown.
The actual apparatus is shown in Figure 39. 86

Figure 37 Logic-based control circuit for the plunging probe calibration rig 87
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Figure 38 The Keithley K2000 6Y2-digit recording multimeter (top-centre) is programmed from a
customized computer program to carry out 1024 measurements at a rate of (typically) every second,
measuring the output voltage of the double-bridge constant-power circuit. The close-up of the control
and measurement circuit on the right-hand side shows the bread-boarded circuit of the schematic
shown in Figure 37. It’s not lovely, but it worked. 88
Figure 39 The Unidata shaft-encoder (left-top) monitors the vertical height of the probe balanced across its
pulley wheel, which is driven directly by the motor-gearbox unit (right-centre). The Dewer flask sits
below the shaft-encoder, and the beaded cable supporting the sensor probe passes through a small hole
in the cork lid. 88
Figure 40 A ‘single-sweep’ seepage meter calibration system. This step-change variable head seepage meter
calibrator uses a Hagen-Poiseuille flow controller. A 240-litre container [1] holds a 900-mm depth of
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is applied to opposite ends of the (coiled) Hagen-Poiseuille flow control pipe [3], which has a 5-mm
bore and a length of 33m. H is the ‘final height’ of the step-change in water pressure. The electronics
has been incorporated into the standpipe base in order to stabilize its temperature. 89
Figure 41 The seepage meter standpipe can just be seen above the water level in the tank at left. 90
Figure 42 The standpipe is shown in the water column, with the electronics below and the Hagen-Poiseuille
flow control pipe to the left (the latter was later replaced by 33 m of wound plastic pipe to lower the
Reynolds Number below turbulent flow speeds). Rather than step-change height, the method shown
here purged the vertical standpipe using compressed air. Uncapping the top of the standpipe allowed
water to flow back in with a first-order time-constant. 90
Figure 43 The seepage meter standpipe is shown with the ‘level sensing’ thermistors arranged in a
logarithmic spacing up though its height. The level sensor spacings were chosen to allow roughly equal
time intervals for the arrival of the water-air front at each heated sensor as the water level rose up
through the column with decaying velocity, flowing in from the main tank through the flow control
pipe on the left. 91
Figure 44 At high flow rates in the ‘control pipe’ (between 0 and 180 s into the run), flow becomes turbulent
(high Reynolds Number) and limits flows in the vertical seepage meter standpipe, as shown by the
deviation and oscillations of the flow sensor traces with respect to the expected (red) curve. 93
Figure 45 A bi-directional flow cell and electronics, configured as a differential flow detector, with the
upward flow sensor being the master in the control loop, as set by the switch. The voltage across the
upward flow sensor would be imposed across the slave thermistor in the downward flow section of the
inverted tube. The difference in the thermistor currents — as detected by the instrumentation amplifier —
would be the signal. 97
Figure 46 Maximum thermistor temperature occurs at a 1.35 mm/s downward flow that exactly balances the
natural convective upward flow for a 40 mW heat output. This leads to a stagnation zone around the
thermistor tip that results in maximum heating of the sensor under any flow conditions. The red trace
(squares) is the sensor response for upward flows. The blue trace (diamonds) is the sensor response for
downward flows. The yellow trace (triangles) is the temperature difference between upward and

downward flow values. 98
Figure 47 Calculation of drainage flux from ADC ‘counts’ and ‘temperature counts’ of Figure 50. (Bond
and Hutchinson 2006). A, B, C and D are calibration-derived coefficients. 100

Figure 48 The ‘tube tensiometer’ drainage meter is shown on the left of the figure; the electronics of Figure
50 is incorporated into the base of this device. The detail of the sensing tip can be seen on the right,
with the single (white) SDI-12 cable for data and command interchange leaving the instrument for the
soil surface. The black vent tubes are needed to allow gauge pressure measurements for depth
recording and to allow air trapped in internal pore spaces to vent to atmosphere as air enters the
drainage meter. (Bond and Hutchinson 2006) 101

Figure 49 The tube tensiometer drainage meter is inserted down an augured hole several meters deep. The
two sensor ‘tips’ of highly conductive diatomaceous earth are formed in-situ to connect the drainage
meter to the soil profile. (Bond and Hutchinson 2006) 102

Figure 50 Multi-channel SVFC ADC with temperature correction, used for 15-bit pressure/depth
measurements in the CSIRO ‘drainage meter’, which consists of twin tube tensiometers incorporating
electronic gauge-pressure transducers P1 and P2 to monitor a 0-1m water head in each tube. 102

Figure 51 The CSIRO disc permeameter (Perroux and White 1989) for the measurement of tension-
infiltration rate into soil. A small negative pressure of a few centimetres of water head is applied to the
supply membrane; this prevents water running down wormholes or cracks in the surface (preferential
flow), allowing the determination of the soil’s unsaturated hydraulic conductivity (matrix flow). 104

Figure 52. An unsaturated flow permeameter for irrigated agricultural soils. Arranging for the device to
always overflow creates a constant head pressure ¥} above the porous plug. The pressure drop across
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the porous plug ¥ (by Darcy’s Law) is designed to exceed the positive head pressure yj of free water
above the plug. This ensures that water is drawn out of the instrument at a soil moisture tension ¥
(=Wy - ¥p) such that flows only occur in soil micropores rather than in cracks and macropores. 105

Figure 53 Temperature difference signals Ts-Tr versus velocity for four different power levels. Note that
data recording actually begins at =0 on the right-hand side of the plot (off-scale) when flow is at a
maximum. The null-points are clearly shown for the higher velocities and higher power levels, but
become increasingly indistinct at lower flows. The extra peaks at higher velocities around 1.8 mm/s
result from initial thermal stratification of the water column above the sensor and correspond to a shift
in the background temperature as the thermocline passes over the sensor. Legend colours are: Red: 97
mW, Blue: 77 mW, Yellow: 62 mW and Green: 48 mW 107

Figure 54. Flow response at constant power (97 mW) with normalised T; this small offset change is
justified as Ty is arbitrarily chosen anyway with this method. If the theory was correct and the
calibration rig working as expected all of these ‘minima’ should occur at the same velocity at this fixed
power level. This is clearly not the case here, although many more weeks were to pass before the cause
of this flow instability was discovered. 109

Figure 55. Flow response at constant power (97 mW) with ‘normalised’ TS and velocity. This allows the
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null-point). The reasons for the double minima in run 11 (brown trace) and blurred minima in run 3
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Figure 56 Future work: In concept, multiple doughnut-shaped salinity and temperature sensors for
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directional flow of measurement commands and data. Bio-film build up is ameliorated by exposure of
the electrodes to UV LED radiation inside the measurement cell. Water is pumped through the cell

using a thermal pump between measurement cycles. 116
Figure 57. Evidence of 'seiching' in the Torrens Lake during a lake-flushing exercise. The inflow hit the dam
wall, creating reflections 133

Figure 58. Evidence of ‘sensor calibration consistency' in a 16m-water column. Data prior to sunrise on the
28™ May 2003 indicated that the top 14m of the water column mixed to within 0.02°C, vindicating the
level of matching (£0.01°C) attained during design and calibration. Systems deployed in the Murray
River in June 2009 demonstrated matching over similar depths to within +0.004°C 133

Figure 59. A ‘turn-over’ event in early autumn at the White Swan Reservoir in Ballarat Victoria. The bottom
2m of the water column is over 1°C cooler than the 14m water column above it. As the surface layers
cool, their density increases and the water column becomes unstable, leading to complete mixing
around dawn on the 30™ May 2003. 134

Figure 60. Evidence of a cold-water in-rush event from the catchment ‘short-circuiting’ the Happy Valley
Reservoir by under-flowing the main water body. The ‘curtain effect’ of cooler waters at depth can be
seen in the data on the sensors between 25m and 32m from midday on the g™ May 2005, reaching a

peak around midnight on the 1 May 2005. 134
Figure 61 A radio-linked ship-to-shore buoy supporting a SDI-12 thermistor string. No data logging occurs
on the buoy; instead, all data is transmitted immediately after each 15-minute measurement. 135
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Abstract

Measurement of very slow flows in environmental
engineering

Many of the flow metering techniques used in industrial applications have finite
limits at slow fluid velocities in the order of 10 mm/s. By comparison, many
environmental flow rates occur two or more orders of magnitude below this, examples
being the rate of sap flow in plants, the percolation rate of rainfall into soil and through
the landscape, flows in the benthic boundary layer of lakes, the movement of water
through sandy river banks or in the swash zone of beaches, or the seepage rate of
groundwater into river beds.

Unlike well-defined industrial flow measurement systems, nature is extravagant
with her variability. To counter this, sensor systems in environmental engineering have to
be widely flung, inexpensive and highly matched. ‘Smart’ sensors must therefore be
simple designs having calibration techniques that can be highly automated. Additionally,
such sensors must be able to compute real data locally, apply temperature corrections,
compensate for inherent non-linearity and integrate without fuss into environmental
logging systems. This thesis describes the development of sensors and experimental
techniques in five very slow flow rate applications in environmental engineering via three
published papers and two papers in submission: -

'Gravitational flows in a large stratified water body were identified using smart
temperature strings; these sensors demonstrated new techniques for low-cost but high-
precision thermistor temperature measurements, sensor temperature matching, the
generation of complex algorithms within a simple sensor and a method for obtaining two-
point calibrations for non-linear sensors. Field work with these sensor strings identified
‘short-circuiting’ of an urban reservoir during a storm event over the catchment which led
to denser cold-water inflows moving along the bottom boundary layer of the lake.

The movement of ‘wetting fronts’ in the soil below plants mobilizes toxic salts
left behind in the soil profile by crop evapotranspiration processes that take up only fresh

water. These problems are exacerbated in semi-arid areas under crops irrigated with

" Skinner, A.J. and Lambert, M.F. (2006). ‘Using smart sensor strings for continuous monitoring
of temperature stratification in large water bodies.” IEEE Sensors, Vol. 6, No. 6, December 2006

2 Skinner, A.J. and Lambert, M.F. (2009). ‘An automatic soil salinity sensor based on a wetting
front detector.” IEEE Sensors, in submission, July 2009
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brackish water. Automatic recording of soil salinity levels is possible using an instrument

based on the combination of an EC (electrical conductivity) sensor with a platinum
resistance temperature sensor within a funnel-shaped ‘wetting front detector’ buried in the
soil. These two combined sensors extend the usage of the low-cost 16-bit charge-balance
analog-to-digital converter developed for use in stratification measurements.

*Measurement of sap flow in irrigated agriculture for determining when to irrigate
crops was found to be of limited use for determining ‘when to water’ because the flow
signal is masked by the plant’s genetically-coded regulatory systems. A new ‘double
bridge’ analog control circuit for a self-heating thermistor was designed and described as
a thermal diffusion sensor to study plant water status and the onset of irrigation stress in
grapevines once sap flow had ceased. A laboratory experiment on a cut vine cane
demonstrated that this thermal diffusion sensor was sensitive enough to track the response
of the living cane to external forcing events that changed its plant water status.

“The same double-bridge thermistor control circuit was used to investigate the
lower limits of very slow upward flow measurement for use in the funnels of automatic
seepage meters designed to monitor groundwater flows into the bottom of rivers and
lakes. Theoretical, CFD (computational fluid dynamics) and two different experimental
studies showed that flows between 0.03 mm/s and 3 mm/s could be measured in the
presence of buoyant thermal plumes from the self-heated spherical sensor in free water.

A new type of null-buoyancy thermal flow sensor is described; it is designed
specifically for the measurement of downward flows below 3 mm/s using a single
thermistor. A typical application of such flow meter technology would be in the
measurement of the hydraulic conductivity of soil to determine the rate at which rainfall
can enter the landscape without run-off and erosion. The thermistor power dissipation is
adjusted so that the upward thrust of the buoyant thermal plume from the warm thermistor
sensor exactly counter-balances the downward bulk fluid velocity, resulting in flow

stagnation at the sensor tip characterized by a corresponding local peak in the sensor’s

3 Skinner, A.J. and Lambert, M.F. (2009). ‘A log-antilog analog control circuit for constant-power
warm-thermistor sensors — Application to plant water status measurement.” IEEE Sensors, Vol. 9,
Issue 9, September 2009

4 Skinner, A.J. and Lambert, M.F. (2009). ‘Evaluation of a warm-thermistor flow sensor for use
in automatic seepage meters.” IEEE Sensors, Vol. 9, Issue 9, September 2009

> Skinner, A.J. and Lambert, M.F. (2009). ‘A null-buoyancy thermal flow meter: Application to
the measurement of the hydraulic conductivity of soils.” IEEE Sensors, in submission, August
2009.
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temperature response. Power dissipation must increase with the square of an increasing

flow velocity to maintain this null-point.
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