An integrated fluid dynamic gauge for measuring the thickness of soft solid layers immersed in opaque, viscous and or non-Newtonian liquids in situ  
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Abstract
A new fluid-dynamic gauging (FDG) device for monitoring the thickness of soft solid layers immersed in liquid in real time and in situ is demonstrated. An inductive proximity sensor is incorporated in the FDG nozzle head to allow the distance between the head and the layer, and an underlying metal substrate, to be determined simultaneously. The concept is demonstrated for copper, mild and stainless steel substrates, for coated substrates, and for liquids spanning a range of opacity and viscosity including water; whole UHT milk and commercial washing-up liquid (both opaque); 1 and 3 wt% CMC solutions (exhibiting non-Newtonian behaviour). The resolution of the inductive sensor was ± 10 m or better, and was unaffected by the liquid. Computational fluid dynamics simulations using OpenFOAM gave good agreement with experimental discharge coefficients for viscous and non-Newtonian fluids. A short study of the growth of ice crystals from skimmed UHT milk is presented.  



Introduction
Soft solid layers immersed in liquid arise in many natural and engineering applications, ranging from biofilms growing on solid media in wastewater treatment plants, coatings in the food industry, cleaning of fouling layers in petroleum and dairy heat exchangers, and shrinking and swelling polymer layers. The soft solid characteristics often arise from a porous nature wherein voids are filled with the surrounding liquid, so that removal of the layer from the liquid causes it to collapse. There is then a need for devices that can measure the thickness of such layers in situ without contact, or exerting forces that would cause the layer to deform. One of these techniques is fluid dynamic gauging (FDG), which was first presented by Tuladhar et al.1 and allows real-time, in situ measurement of the thickness of soft solid layers. 

Figure 1 shows a schematic of FDG operation. A cylindrical nozzle with throat diameter dt, submerged in the liquid of interest, is brought near to, but does not touch, the layer. The distance between the nozzle and the layer is termed the clearance, h. Liquid is withdrawn and/or ejected from the nozzle at a steady rate, and the pressure drop across the nozzle, P = P − P0, is measured. The mass flow rate through the nozzle,, and P are usefully related to the dimensionless clearance, h/dt = f(P /) by a relationship which can be established by calibration (and, also, by computational fluid dynamics (CFD) simulation) when the Reynolds number of the flow at the nozzle throat , with  the liquid viscosity) is less than 500. This is often summarised in terms of a discharge coefficient, Cd, defined 
	
	
	(1)


where  is the density of the liquid. For convergent nozzles, as shown in Figure 1, Cd increases linearly with h/dt when h/dt < 0.25-0.30. The layer surface can thus be detected reliably when h  dt/4. At greater clearances the flow through the nozzle is less sensitive to h/dt and Cd will approach a value which only depends on Ret.

The thickness of the layer can be established in three steps. Firstly, the location of the nozzle relative to the substrate, ho, is measured by a separate method. The clearance is then calculated from measurements of  and P. Lastly, the thickness of the layer can be estimated from ho – h. When  = 0, as in a calibration test, h = ho, and the latter term is used here to report data collected on clean surfaces.

	


	[bookmark: _Ref24822957]Figure 1. Schematic of FDG operation. Solid and dashed streamlines indicate ejection and suction modes, respectively.  di is the diameter of the gauging tube.



Early FDG systems employed a fixed pressure drop across the nozzle (achieved using gravity) with the flow rate being the measured variable. Table 1 summarises significant developments in the FDG technique, while Table 2 outlines the range of applications it has been used to study, which include layers on hard and porous (e.g. membrane) surfaces. The most recent developments include scanning devices2; zero-discharge FDG (ZFDG), wherein a fixed volume of gauging liquid is withdrawn and then ejected through the nozzle, so that the net flow of liquid is zero with advantages for hazardous, sterile and aseptic operation3; and devices that allow measurements to be made very shortly after a layer is immersed in a liquid4. These have allowed previously inaccessible measurements to be made for biofilms and cleaning studies (see Table 2). 

In all the FDG devices reported to date, ho has been set using a technique that requires calibration with the test section in place, e.g. feeler gauges, contact with the substrate completing an electrical circuit, or visual monitoring. This can introduce sources of inaccuracy and a need for mechanical rigidity in the apparatus (and compensation for differential thermal expansion if the temperature changes). It would be preferable for the locator to be incorporated in the nozzle such that all functionalities were integrated into one component. Since many of the substrates of interest are metallic, one option is to use an inductive sensor. This paper reports the successful implementation of this integrated FDG sensor (iFDG) concept so that the distances h and ho can be measured, simultaneously if needed, using a single FDG head. The paper is organised as follows: (i) the development of a FDG nozzle with an induction coil is described and calibration tests determining the accuracy of the device are reported for a number of metal substrates and a coated mild steel plate: (ii) since many liquids of potential interest are viscous, opaque and/or non-Newtonian, application of the iFDG device is demonstrated for a range of these liquids. Previous studies of viscous and non-Newtonian liquids (viscous – 5, 6 and aqueous solutions of carboxymethylcellulose (CMC) – Chew et al.7) employed fixed pressure drop configurations so these tests confirm the potential for FDG applications. (iii) The experimental results are supported by CFD simulations using the open source tool OpenFOAM, which allow the shear stress imposed by the gauging flow on the layer to be calculated. Chew et al.7 reported that their CMC solutions gave similar discharge coefficient characteristics to Newtonian liquids: they did not report the shear stress distributions for their CMC solutions: (iv) a short demonstration of iFDG operation in an opaque liquid is presented, namely the freezing of ice from skimmed ultra-high temperature (UHT) milk on a chilled steel substrate.
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	[bookmark: _Ref15390262]Table 1. Development of FDG

	Year
	Development
	Applications
	Gauging liquid
	Substrate or layer material
	Operating temperature
	Ref.

	2000
	Proof of FDG concept
	Thickness measurement in fouling studies
	Water and alkali (NaOH) solution
	Whey protein deposit, supermarket butter and sticky foam
	18~45 °C
	1

	2003
	FDG operation in a duct through which liquid flows
	Monitoring swelling of soft films in duct flow
	Water and sucrose solution
	SS plates and ice deposits
	−15~10°C
	8

	2004
	Measuring stress distribution under gauging nozzle 
	Measuring the strength of deposits
	Water and sucrose solution
	Tomato paste
	18 °C
	9

	2004
	Computational fluid dynamics simulation of FDG flow field
	Calculating shear stress imposed by gauging flow
	Water and CMC solution
	316 SS plates
	
	7

	2007
	Gauging on porous substrate
	Monitor deposition in microfiltration 
	Suspensions of ballotini (104 m)  in water
	Ballotini fouling  on filter papers
	22 °C
	10

	2009
	Gauging on a curved surface
	Thickness and strength measurement on annular probes
	Water
	316 SS and acrylic curved surfaces
	20 °C
	11

	2010
	Scanning FDG – nozzle moves across surface
	Studies of swelling kinetics and deformation behaviour
	Water
	Layers of gelatine, polyvinyl alcohol (PVA) and baked tomato deposits
	10~50 °C
	2

	2011
	FDG on heat transfer surfaces
	Thickness measurement for fouling and cleaning in annular devices
	Water and water with whey protein
	316 SS annular probe, whey protein fouling
	
	12

	2011
	Analytical and CFD-based design of FDG nozzles
	Optimisation of nozzle shape for different modes
	Water
	
	
	13

	2014
	Zero-discharge FDG concept demonstrated
	Thickness measurement of soft solid layers
	Water
	Petroleum jelly layers
	20 °C

	3

	2013
	FDG for operating at high temperature and pressure
	Thickness measurement of fouling deposits in opaque liquids in pressurized heat transfer system
	Mineral oil
	Oil deposits
	140 °C
(Limit: 270 °C)
	5

	2017
	Adhesion of strongly bound species
	Assessment of adhesion of
Bacillus spores
	Water
	Bacillus biofilms
	
	14

	2018
	Removal of biofilms
	Biofilm and spore removal
	Water
	Rhodopseudomonas palustris biofilms,  Bacillus cereus and B. megaterium spores
	
	15

	2019
	Gauging shortly after test surface is immersed in liquid
	Initial swelling of soft sold layers
	Water and NaOH solution
	Petroleum jelly, poly(vinyl acetate), gelatin and complex model soil layers
	20 °C
	4



	[bookmark: _Ref15390293]Table 2. Applications of FDG

	Topic
	Applications
	Gauging liquid
	Substrate or layer material
	Operating temperature
	Ref.

	Fouling deposits on hard surfaces
	Swelling and removal of whey protein fouling deposits related to cleaning-in-place of dairy heat exchangers
	NaOH solution
	Whey protein films
	15~55 °C
	16

	
	Studies of swelling kinetics and deformation behaviour
	Water
	Layers of gelatine, polyvinyl alcohol (PVA) and baked tomato deposits
	10~55 °C
	2

	
	Measurement of thickness and strength of biofilms
	Nutrient medium
	Escherichia coli and Burkholderia cepacia biofilms
	37 °C
	17


	Fouling deposits on porous and membrane
surfaces
	Particulate deposition in microfiltration
	Ballotini (11 m) suspensions in dodecane and water
	Ballotini fouling on membranes
	21.5~60 °C
	18

	
	Cake build-up in cross-flow microfiltration
	Ballotini (7.3 m) suspensions in water
	Ballotini cakes
	17 °C
	19

	
	Cake thickness in ultrafiltration
	TiO2 suspension in water
	TiO2 cake
	
	20

	
	Yeast deposition in cross-flow filtration
	Water
	Yeast deposits
	
	21

	
	Lignin deposition in microfiltration
	Kraft lignin suspension in water
	Kraft lignin cakes on membranes
	
	22

	
	Thickness and cohesive strength of lignin cakes in microfiltration
	Kraft lignin suspension in water
	Kraft lignin cakes on membranes
	16~19 °C
	23

	
	Study of elastic fouling layers on membrane surfaces
	Microcrystalline cellulose (MCC) suspension in water
	MCC fouling layers
	22~23 °C
	24

	
	Measurement of thickness and strength of biofilms in cross flow filtration system
	Nutrient medium
	Pseudomonas aeruginosa PAO1 biofilm
	25 °C
	25

	Deposit cleaning
	Cleaning kinetics
	NaOH and sodium metasilicate solutions
	Polystyrene co-polymers
	30~90 °C
	26

	
	Enzyme-based cleaning
	Protease and buffer solutions
	Gelatin and egg yolk films
	20~40 °C
	27

	
	Removal of cohesive fouling layers
	NaOH solution
	Waxy maize starch layers
	20 °C
	28

	
	Layer swelling and hydration
	Alkaline solutions
	Egg yolk layers
	30~55 °C
	29

	
	Cleaning of complex food soils
	Water and NaOH solution
	Layers of complex fat, protein and carbohydrate soil mixture
	20 °C
	30

	Surface attachment
	Effect of surface treatment on food soil removal
	Water
	Baked tomato paste on various solid surfaces
	20~22 °C
	31

	
	Measure biofilm thickness on cylindrical surfaces
	Nutrient medium
	Pseudomonas fluorescens biofilms
	20 °C
	32

	
	Assessment of adhesion of
Bacillus spores
	Water
	Bacillus spores
	25~37 °C
	14

	
	Study of biofilm and spore removal
	Water
	Rhodopseudomonas palustris biofilms,  Bacillus cereus and B. megaterium spores
	16.5 °C
	15




iFDG Concept
An inductive proximity sensor (IPS) measures the amplitude of oscillation of a resonant circuit primarily consisting of an air-cored coil and a capacitor. This circuit is supplied with an oscillating voltage, at its resonant frequency, which results in a large amplitude signal. As the coil approaches a material with non-zero magnetic permeability, its inductance changes. The frequencies of resonance and supply then differ, and the amplitude of the oscillating signal decreases. This technique has been applied widely for non-contact measurement devices with benefits such as long life time and low maintenance33. Furthermore, it is not affected by fouling and the liquid environment if both these components have low magnetic permeability.

Podhraški and Trontelj34 presented an inductive linear displacement measurement system utilising integrated microtransformers as the sensing part, and analogue front-end electronics for signal processing. A resolution of 20 m was achieved using a frequency of 4 MHz, and its sensitivity for steel was 0.71 V/mm. Guo et al.35 proposed an IPS with calibration for temperature drift. Their experimental data showed that the measurement ranges of 0-4, 0-5 and 0-6 mm had maximum errors of 40, 65 and 140 μm, respectively, at temperatures between 20 and 110 °C. 

Figure 2(a) shows a schematic diagram of the inductive sensor system which is composed of three main parts, namely the sensor head (coil, resonance capacitor and cable), the processing circuit, and the driving logic. In the sensor head, the coil was installed around the FDG nozzle (around the conical convergent section, see Figure 2(b)) and covered with epoxy for isolation from the liquid. The coil had 61 turns and was wound from enamelled wire (solderable self-bonding enamelled copper wire, diameter 0.25 mm, Scientific Wire Company). The measured inductance was 34.1 H. A resonance capacitor Cr (100 nF) in parallel with the inductive coil boosted the impedance of the sensor. A 30 cm screened cable connected the driving part to the processing circuit. 

A function generator (Feedback, FG601) provided a sinusoidal voltage source with an amplitude of 10 V and a frequency of 83.33 kHz to the circuit. A DC power supply (B&K Precision, Triple output DC power supply, model 1672) provided electric power (an output of 15 V) to the amplifier to increase the amplitude of a signal. The peak-to-peak voltage developed across the circuit was measured and sampled by an analogue to digital convertor (National Instruments, USB-6210, 16 AI (16-Bit, 250 kS/s)). Data collection and control was performed by a Python 3.0 script. 

Three metallic substrates, varying in magnetic permeability, from relative permeability near 1 (copper and stainless steel) to around 2000 (mild steel)36-38, were tested. The test sections were a mild steel square plate (50 × 50 mm2, thickness 1.990 mm), a 316 stainless steel (50 × 50 mm2, thickness 1.852 mm), and a 99.9% copper sheet (50 × 50 mm2, thickness 3.148 mm, Goodfellow, 214-378-94). Whilst it is theoretically possible to compute the response for a coil and substrate given the geometry and materials involved (as demonstrated for cylindrical coils by Wang et al.39), the conical shape of the coil employed here would require extensive effort. Hence the concept is demonstrated by calibration with different substrate materials. The mild steel substrate was also tested with different layers of PVC tape (PVC Electrical Insulation Tape, RoHS), thin glass slips (ACADEMY, glass cover slips) or thick microscope slides (Menzel Gläser,) attached. 
 
	(a)
	


	(b)
	


	[bookmark: _Ref512180575]Figure 2. (a) Schematic diagram of the inductive sensor system. (b) Geometry of the iFDG nozzle head. Symbols: Blue circles – inductive coils; Red – epoxy. All dimensions are mm.



Materials, Methods and Modelling
FDG system 
Figure 3 shows a schematic diagram and a photograph of the iFDG apparatus. A syringe pump (Harvard Apparatus PHD Ultra Series; Hamilton glass syringe, internal diameter 23 mm) infused and withdrew liquid at a constant flow rate, with accuracy better than 1%. A Perspex tank (dimensions 187 × 166 × 100 mm3) held the gauging liquid. For the tests reported here the liquid depth was set at around 50 mm. The tank was mounted on a motorized XY scanning stage (STANDA, 8MTF-75LS05) controlled by a two-axis stepper & DC motor controller (STANDA, 8SMC4-USB-B9-2), which allowed the nozzle to be moved to different locations in the tank. The FDG nozzle was constructed from polyethyletherketone (PEEK) with the dimensions shown in Figure 2(b) and an entry length of 300 mm to ensure a well-developed laminar flow profile in the tube. The clearance from the nozzle to the layer surface was controlled by a positioner (Zaber Technologies, T-LSR075B). The pressure drop across the nozzle was measured by a pressure transducer (PT) (OMEGA, PXM409-350HGUSBH) connected to a tapping located approximately 50 mm above the nozzle exit, with a limit of 35 kPa. Data collection and operation were controlled by a Python script.

Freezing experiments were performed in the tank using a CPU cooling block (EK-Velocity RGB - AMD Full Nickel) device as a heat transfer stage with a chilled area of 58 × 58 mm2 and insulated sides. This is labelled M in Figure 3(b). The FDG nozzle was mounted vertically above the block. In freezing experiments mixtures of water and ethylene glycol were circulated from a chilling unit through the block. The high thermal conductivity of the block mean that it was nearly isothermal. The temperature of the coolant supplied to the block and the bulk liquid in the tank was measured using K-type and T-type thermocouples, respectively. The temperature at the top surface of the freezing block was measured using a T-type thermocouple held in contact with the surface.

	(a)
	


	(b)
	


	[bookmark: _Ref252122]Figure 3. (a) Schematic and (b) photograph of iFDG. Components: F – freezer; I – inductive coil; M – sample mount; N – nozzle; P – pressure transducer; SP – syringe pump; XY – X and Y axis positioner; Z – Z-axis positioner. 



Test Liquids 
Calibration of the induction sensor and the iFDG device was performed with the following liquids:
(i) low viscosity Newtonian liquid – deionised water;
(ii) opaque low viscosity Newtonian liquids – whole UHT milk (Sainsbury's Whole Long Life Milk) and skimmed UHT milk (Sainsbury's Skimmed Long Life Milk);
(iii) viscous, opaque Newtonian liquid – washing up liquid (a concentrated aqueous solution of surfactants and other agents: Fairy Original, Procter and Gamble); 
(iv) non-Newtonian liquids – 1 wt% and 3 wt% carboxymethylcellulose (CMC) solutions in water. These were prepared by mixing CMC powder (CMC sodium salt, BDH Laboratory Supplies) and deionised water followed by stirring at 60 °C for 72 hrs. 
The rheology of liquids (ii)-(iv) was measured at 20 °C using a Malvern Kinexus lab+ rotational rheometer with cone-and-plate or parallel plate tools. The results are summarised in Table 3 along with the throat Reynolds numbers employed in the gauging tests: Ret ranged from 4.5×10-3 to 400. 

The CMC solutions exhibited non-Newtonian behaviour and examples of the rheometrical data are provided as Supplementary Information. In steady shear both solutions showed a low shear rate viscosity plateau and shear thinning behaviour at higher shear rates (which arise under the gauging nozzle in FDG operation). The magnitude of the apparent shear rates were comparable with values reported previously in the literature. The data could be fitted using the Carreau model or the truncated Ostwald-de-Waele power law model which is available in OpenFOAM. Table 3 reports the parameters for the latter, which was used in the simulations. Tests were made for both models and the results were comparable, with the truncated form requiring shorter run times (results not presented). The fit of the truncated model to the experimental data is shown in the Supplementary Information.

Benchabane and Bekkour40 reported viscoelastic behaviour with aqueous CMC solutions at concentrations above 2.5 wt%. The 3 wt% solution was therefore tested using oscillatory stress sweeps on an ARES rheometer (TA Instruments, cone-and-plate tool) and the results in Supplementary Information Figure S3 confirmed that viscoelasticity was present, with viscous behaviour dominant at low shear rates (and a crossover frequency of 40 Hz). The data fitted an eight mode Maxwell model well (R2 = 0.94341, parameters reported in Supplementary Table T1). It will be shown that the contribution from viscoelasticity to FDG operation was not strong as the simulations based on viscous behaviour alone gave good agreement with the experimental discharge coefficients.  

	[bookmark: _Ref14630492]Table 3. Fluid properties of gauging liquids at 20 °C.  is the shear rate.

	Gauging solution
	 
(kg/m3)
	 
(Pa s)
	Ret 
(-)

	Deionised water41
	997.3
	1.12×10-3
	398

	Whole UHT milk
	1006.3
	2.8×10-3
	166

	Washing up liquid
	1005.8
	1.01
	0.022

	1 wt% CMC solution
	984.2
	Min(0.22, 0.476  -0.27)
	1.4-3.4

	3 wt% CMC solution
	996.6
	Min(37.62, 30.1  -0.57)
	0.0045

	



Calibration
When calibrating the induction sensor, the separation of the nozzle from the substrate was set using feeler gauges and the liquid of interest was charged to the system. Measurements were made at several clearances, adjusting the vertical location of the nozzle using the positioner. The clearance at the end of the tests was also checked. The accuracy of the positioner, once calibrated, was set by its backlash, at  13 μm, with repeatability of  2 μm.  These data were used to generate voltage-clearance calibration plots.

With iFDG measurements, after immersing the sample into the solution, the nozzle was moved towards the substrate, using the voltage from the induction sensor to estimate the clearance ho. The syringe pump ejected and withdrew liquid for 5 s periods, which gave sufficient time for the steady pressure drop to be established. It should be noted that the pressure drop increases strongly as the nozzle approaches the surface (and vice versa). The upper limit of the pressure transducer thus provides a useful lower limit for the clearance: at smaller clearances, the shear stress imposed by the gauging flow could cause the layer to deform. 

Freezing Tests
Table 2 shows that FDG has been used to measure the swelling and shrinkage of soft solid layers. In this case it was used to monitor the appearance (growth from an initially clean) of an ice layer growing on a sub-cooled metal surface from skimmed milk. The ice formed by such tests contains entrained solution and is not as hard as ice formed from pure water. A short series of tests were performed to demonstrate the iFDG concept. 

The iFDG tank was charged with skimmed UHT milk and water/ethylene glycol coolant mixture (1:1 by volume) was circulated through the back of the freezing stage by a cooling circulator (Thermo Scientific Haake DC30-K20 Digital Control bath, 115VAC 60Hz) operating at −10 °C or −15 °C. A peristaltic pump (Masterflex® L/S® Series Peristaltic Pumps) was used to mix the tank contents by pumping liquid from one side to the other. This resulted in a steady decrease in the bulk milk temperature and the temperature on the stage surface. After some time nucleation occurred and an ice layer grew rapidly. The nozzle was moved away from the growing layer by the Python script in order to maintain the nozzle at a suitable distance for gauging.

CFD Simulation
Measured Cd values are compared with results estimated from CFD simulations performed using the open source software OpenFOAM version 4.0. A detailed account of the computational methods and algorithms has been reported previously4. The iFDG nozzle geometry differs from that in 4 so a new mesh was generated, presented in the Supplementary Information, S4, with a mesh sensitivity test in S5. The physical properties of gauging liquids in Table 3 were used for the calculations. In the simulations, the flow rate through the nozzle is set and the pressure drop is extracted from the converged simulations. This allows Cd to be calculated. The solutions also allow the shear stress exerted on the substrate (or layer surface) by the gauging flow, w, to be determined.

Results and Discussion
iFDG Concept Demonstration
Figure 4(a) shows data obtained in a calibration test using water as gauging liquid where the nozzle was moved close to the substrate from an initial position 6 mm away. Measurements were repeated 10 times. Results are presented for three substrates: all show an almost linear increase in peak to peak value with h up to (and beyond) 1 mm, the useful limit for FDG measurements with a dt = 4 mm nozzle. The size of the linear region increases with the conductivity of the substrate (and hence eddy current inductance42), in the order mild steel (1.82 × 104 S/m) < 316 stainless steel (3.60 × 104 S/m) < pure copper (6.27 × 104 S/m), summarised in the inset. At larger h the peak to peak values approach a common asymptotic limit of about 12 V. This behaviour arises from the region of the magnetic field generated by the coil passing through the substrate decreasing in size as the nozzle moves away from the plate, reducing the eddy current generated in the plate. The sensitivity of the inductive circuit to the distance from the substrate (given by the gradient of the profiles in Figure 4(a)), increased with its conductivity, as shown by the inset on the Figure.

These results indicates that at h < 1 mm, the response of the induction coil is sufficiently linear for the measured peak to peak voltage to be used as a location reference, confirming the iFDG concept to be feasible. 

Not all substrates of interest are conductive, so a series of trials was performed with low conductivity layers of measured thickness on the top of the mild steel plate, and deionised water as the gauging liquid. Two and three borosilicate glass microscope slips (205 μm and 385 μm thick) and two strips of PVA adhesive tape (119 μm thick) were tested. In the profiles in Figure 4(b) h is the distance from the mild steel substrate. The profiles for the coated substrate are identical to that for the uncoated case. Further tests with different thicknesses of glass slides on the mild steel substrate showed the same trend. Figure 4(c) shows the result for a 5 mm plate. These results indicate that iFDG may be used for applications with non-metallic substrates if these can be attached to a conductive base, and that deposition of a non-conducting deposit layer will not affect the function of the inductive sensor. 

Figure 4(d) shows calibration plots of the induction sensor for the different liquids considered. Five sets of measurements were made for each liquid and a common linear dependency of peak to peak voltage on clearance is evident. Similar behaviour is expected for the stainless steel and copper substrates. The resolution of the induction location measurement is about ± 10 m (better than backlash on the positioner) and there is no significant difference between the liquids. The resolution will be higher on stainless steel and copper substrates due to the increased sensitivity evident in Figure 4(a), and the accuracy would then be determined by the pressure transducer. Further tests, not reported here, determined that factors which affect the calibration include the temperature of the system as these affect the properties of the coil. The coil resistance is sensitive to local temperature and differences from the calibration temperature need to be corrected for: in the worst case reported here, Figure 8, the deviation would be 50 μm. Inductive heating of the nozzle and substrate was minimised by activating the sensor periodically rather than continuously, while the gauging flow served to remove any heat thus generated. 

	(a)
	

	(b)
	


	(c)
	

	(d)
	


	[bookmark: _Ref9868605]Figure 4. Calibration plots of induction sensor head. (a) Gauging fluid, water; error bars show standard deviation over 10 repeats. Vertical dashed line shows limit of useful range for FDG measurements, h/dt = 0.25 (long dashed line). Data in this region fitted to trend pk-pk = 7.17 + 1.6h (mild steel); 4.96 + 2.39h (316 SS); 2.66 + 2.59h (copper). Inset shows effect of conductivity on slope. (b) Mild steel substrate without and with tapes or glasses submerged in water. (c) Mild steel substrate with different layers of glass slides. (d) Different liquids with mild steel substrate, in the region of h/dt used for locating the substrate for FDG tests. 




Viscous and non-Newtonian liquids
Figure 5 shows the relationship between discharge coefficient, Cd, and dimensionless clearance, ho/dt, for the three Newtonian liquids studied. The liquids differed in terms of opacity and viscosity. Each profile exhibits a linear region at low ho/dt followed by a decreasing sensitivity to ho/dt and the approach to an asymptotic value of Cd at large clearances. These results are consistent with previous investigations of FDG. The insensitivity of Cd at high clearance is expected as the contribution to the pressure drop from the flow between the nozzle and the surface is then small. Figure 5(b) confirms that the device can be used with opaque liquids and Figure 5(c) confirms that it can be used with viscous liquids. There is a noticeable deviation from the linear trend at ho/dt < 0.145, where Cd is constant, at about 0.0043. This is an artefact arising from the upper limit of the pressure transducer: at small clearances, the pressure drop generated at the nozzle with a viscous liquid can be very large.

The asymptotic value of Cd decreases as the viscosity of the liquid increases (Ret = 400, Cd = 0.74; Ret = 166, Cd = 0.65; Ret = 0.022, Cd = 0.0135). This trend was investigated by Tuladhar et al.1 and is associated with the discharge coefficient being defined on the basis of the pressure drop arising from inertia rather than viscous friction. At lower Ret, the pressure drop across the nozzle is dominated by viscous dissipation, which will be proportional to the mean velocity rather that the (mean velocity)2.

Good agreement is evident between the experimental data with the results obtained from CFD simulations for all three liquids. There is a noticeable difference in the experimental Cd values for ejection and suction modes for the water and milk which is captured faithfully by the simulations. Cd in suction mode is lower than that in ejection, which is attributed to differences in eddy formation beneath the nozzle and inside the nozzle. This has been discussed by Chew et al.7 and Ali et al.5. 

The profiles obtained for the washing up liquid in Figure 5(c) show a weak difference between ejection and suction mode at higher ho/dt (and small Cd values), but this is in the region beyond that used for FDG measurements. 
 
	(a)
	


	(b)
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	[bookmark: _Ref9366224]Figure 5. Cd-dimensionless clearance profiles for Newtonian liquids at 20 °C. Lines – simulation; symbols – experimental data: (a) deionized water,  = 20 ml/min, Ret = 398; blue – ejection, red – suction. (b) UHT milk,  = 20 ml/min, Ret = 165.8; cyan – ejection; magenta – suction. (c) washing up liquid at 20 °C,  = 1 ml/min, Ret = 0.022; navy – ejection; pink – suction; solid circles to left of vertical dashed line - pressure drop surpassed the pressure transducer limit.



Figure 6 shows the Cd-ho/dt profiles obtained with the two CMC solutions. Low gauging flow rates were used in order to avoid reaching the limit of the pressure transducer. The trends identified in Figure 5 are again evident, namely the initially linear region followed by a gradual approach to an asymptotic value of Cd. There are differences between ejection and suction modes in the asymptotic region, which were not observed with the washing-up liquid (at higher Ret). This is attributed to shortcomings in the power-law model in capturing the viscoelastic relaxation of the CMC solutions. This aspect was not considered further as the simulations give very good agreement to the experimental results in the region of interest, at ho/dt < 0.3. These results confirm that the iFDG device can be used with these types of non-Newtonian fluids.
	(a)
	


	(b)
	


	[bookmark: _Ref10054516]Figure 6. Cd-dimensionless clearance profiles for CMC solutions at 20 °C. Lines – simulation; symbols – experimental data: (a) 1 wt% CMC solution at  = 5 and 10 ml/min, Ret = 1.4 and 3.4, respectively; blue – ejection; orange – suction. (b) 3 wt% CMC solution,  = 0.5 ml/min, Ret = 0.0045. Lines – simulation; Black– ejection; yellow – suction. 



The good agreement between the Cd values obtained from the OpenFOAM simulations and experimental results means that the former can be used to calculate the shear stress distribution on the surface being gauged. Figure 7 shows the predicted distributions for the viscous Newtonian liquid (Figure 7(a)) and the less concentrated CMC solution (Figure 7(b)) for the range of clearances (0.1  ho/dt < 0.4) usually employed for dynamic gauging. The results are also presented in scaled form, divided by the inertial head, ½U2. There is little difference in the distributions for ejection and suction modes, which is due to the flow being in the creeping regime. This is confirmed by the scaled values being significantly greater than 1. 

The absolute values of the wall shear stress do not scale directly with the low shear rate viscosity (0.22 and 1.01 Pa s, respectively), partly due to the non-linear dependence on Ret and the extent of shear thinning in the CMC solution. Shear thinning was found to be significant: the apparent viscosity of the CMC solution at the shear rate at the nozzle throat (calculated from , where n is the flow behaviour index43) was 0.073 Pa s (cf. 0.22 Pa s). 

Previous investigations at higher Ret have reported noticeable differences between ejection and suction at low ho/dt3, 7. The distributions are otherwise similar to earlier studies, with a noticeable peak in the shear stress peak beneath the inner edge of the nozzle rim, decaying beyond this. The magnitude of the stress peak and the distribution decrease as ho/dt increases, as the mean velocity under the nozzle rim decreases. The shape of the distributions are similar for the two liquids, indicating that the degree of shear thinning shown by the CMC solutions  does not have a significant effect on this aspect of FDG operation.  

	(a)
	


	(b)
	


	[bookmark: _Ref10031359]Figure 7. Distribution of shear stress on gauged surface obtained from OpenFOAM simulations for (a) washing up liquid at 20 °C,  = 1 ml/min, Ret = 0.022, and (b) 1 % CMC at 20 °C,  = 10 ml/min, Ret = 3.4, for ho/dt = 0.1 (red); 0.2 (brown); 0.3 (blue); 0.4 (black). Vertical dashed lines and grey shaded pattern indicate the region of the nozzle footprint. Note that r < 0 shows results for ejection mode; r > 0 suction mode. Second y-axis presents scaled wall shear stress, , where U is the mean velocity at the nozzle throat. 



Monitoring the rapid growth of a soft solid layer.
Tuladhar et al.8 reported the use of FDG to monitor the growth of an ice layer on a chilled surface in a duct through which water flowed. The formation of ice layers was thus investigated in the iFDG apparatus as a simple demonstration of its capacity to monitor fouling layer growth: Table 2 records where FDG has been used to monitor deposit strength and removal. The ability to locate the substrate reliably without extensive pre-calibration in the gauging fluid is a particular advantage of iFDG in this respect. 

In the batch mode tests conducted here, the surface temperature is lowered below that of the bulk liquid by the passage of coolant through the heat sink. Nucleation and growth of ice require sub-cooling, so that the bulk liquid is below the equilibrium freezing temperature when nucleation occurs and results in rapid initial layer growth.  When pure water was tested, the ice layer grew so fast that nozzle was trapped in the ice. Skimmed UHT milk was therefore used as the ice growth rate is slower and the liquid is opaque, so monitoring the growth of the layer continuously is challenging. Whole UHT milk was also tested. In this case the ice growth rate was noticeably slower, as a result of back diffusion of species excluded from the ice, and the results are not reported. 

Figure 8(a) shows temperatures and ice thickness measurement of ice as the coolant temperature decreased from 0 to −10 °C. The bulk and surface temperature decreased steadily until the latter reached −3.3 °C, labelled N, at which point nucleation occurred at the surface. The growth of the ice layer is accompanied by a short increase in surface temperature resulting from recalescence (evolution of heat of crystallisation as ice is formed). The ice growth is almost linear, increasing by 2.5 mm in 250 s. The linear increase stopped abruptly at the point labelled C, which is attributed to part of the ice front contacting the nozzle. The flow into the nozzle was no longer axisymmetric and interpreting the pressure drop in terms of clearance and ice layer thickness was no longer reliable. When the nozzle was removed, the ice had built up around it. The effect of roughness on FDG measurements has been discussed by Wang et al.6. The uncertainty of measurement becomes more significant with increasing surface roughness. Furthermore, the influence of cracks was investigated by Tsai et al.4 using simulations, and the results showed that cracks would cause deviations of pressure drop, and result in underestimation of thickness.

Figure 8(b) presents a case where FDG measurements were started after the period of initial ice growth, to avoid the nozzle being trapped in the fast growing layer. The ice layer thickness increases from 4.5 mm to 6.2 mm over approximately 1800 s: the rate of growth decreases with time as the surface temperature of the ice increases. After about 1500 s, labelled S, there is a noticeable jump in layer thickness which is attributed to non-uniform ice growth. The opacity of the liquid prevented visualisation of the ice growth, but inspection of the ice after the test showed that the surface was uneven, associated with steps which grew sideways. Rapid local growth which threatened to block the nozzle also gave rise to jumps in thickness measurement. After 2000 s a steady state is reached, indicating either that ice growth has stopped or that any new deposit is soft enough to be removed by gauging flow. 

	(a)
	


	(b)
	


	[bookmark: _Ref13409773]Figure 8. Deposit thickness and temperature profiles for ice growth from UHT skimmed milk on a mild steel plate. (a) Onset of ice growth, coolant temperature −10 °C. Label N indicates nucleation event, C indicates contact with nozzle; (b) following initial ice formation, coolant temperature −15 °C. S indicates a sudden restart in ice growth. Symbols – FDG thickness measurement; lines – temperatures. Colors: blue – ejection; red – suction; orange – bulk; pink – cooling bath; dark cyan – substrate.





Conclusions
Fluid dynamic gauging requires two measurements to calculate the thickness of a layer on a substrate. The incorporation of an induction coil into the convergent FDG nozzle to determine to allow the distance from a metallic substrate has been demonstrated to be a feasible concept. The inductance system gave a linear peak voltage-distance response over the region of interest for FDG measurements for mild steel substrates, and larger distances for metallic substrates with higher electrical conductivity. Moreover, the linear response was retained when the substrate was coated with glass and polymer layers, demonstrating that the technique could be used for a range of surface natures as long as they can be prepared on a conductive base.

The integrated FDG device was tested with a range of opaque, viscous and non-Newtonian liquids as gauging fluid and the system performed quite satisfactorily. 

The characteristics of the iFDG performance, expressed in the form of a discharge coefficient, were similar to those reported previously. The experimental data were in good agreement with the results from OpenFOAM simulations, allowing the shear stress exerted by the gauging fluid on the surface being studied to be calculated readily. The shear stress distributions for the non-Newtonian CMS solutions were similar in form to those predicted for the Newtonian cases.
	
Supporting Information
Plots of apparent viscosities of 1 wt% CMC solutions and 3 wt% CMC solutions; oscillatory shear sweep for 3 wt% CMC solution with Table of parameters of eight mode Maxwell model; geometry and mesh of 2D axi-symmetric iFDG simulations; effect of simulation mesh size on Cd.
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Nomenclature
	Latin 
	
	

	Cc
	Cable capacitance 
	F

	Cd
	Discharge coefficient
	-

	Cr
	Resonance capacitor 
	F

	di
	Inner diameter of nozzle tube
	m

	dt
	Diameter of nozzle throat
	m

	h
	Nozzle-layer clearance
	m

	ho
	Nozzle-substrate clearance
	m

	Lc
	Cable inductance
	H

	Li
	Inductance of inductive coil
	H

	
	Mass flow rate of gauging liquid
	kg/s

	
	Actual mass flow rate of gauging liquid
	kg/s

	
	Ideal mass flow rate of gauging liquid
	kg/s

	n
	Flow behaviour index, power law fluid
	-

	P
	Differential pressure (P − P0)
	Pa

	P
	Measured pressure
	Pa

	P0
	Ambient pressure
	Pa

	pk-pk
	Peak to peak voltage
	V

	Rc
	Resistance of cable
	

	Ret
	Reynolds number at FDG nozzle throat
	-

	Ri
	Resistance of inductive coil
	

	r
	Radial co-ordinate
	m

	t
	Time
	s

	Ti
	Temperature 
	°C

	U
	Mean velocity in the nozzle throat
	m/s

	
	
	

	Greek
	
	

	
	Layer thickness
	m

	
	Shear rate 
	1/s

	
	Dynamic viscosity 
	Pa s

	
	Ratio of circumference to diameter
	-

	
	Density of gauging liquid
	kg/m3

	w
	Wall shear stress
	Pa

	
	Dimensionless wall shear stress
	-
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