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ABSTRACT 

Impinging jets are the tool of choice for cleaning mixing vessels. Layers of product can be 

left behind on the sides of these vessels. A range of thicknesses in the FMCG industries can 

be found; thick films are especially difficult to clean. Here data is presented for cleaning thick 

films (2 - 8 mm) with an impinging water jet. An imaging technique using ultra violet light 

has been developed to measure cleaning of these thick films as a function of time. Carbopol® 

940 solution has been used as a model fluid, representing typical consumer goods, and food 

products. Cleaning takes place in four stages. For thick film cleaning, there is a delay 

between impingement and the start of cleaning, in which water is trapped below the deposit 

to form a blister. The time for the blister to burst was found to be a function of both deposit 

thickness and nozzle diameter. A stage of rapid cleaning was defined and analysed, with the 

rate of cleaning here correlating with the flow rate. There was mixed agreement when rapid 

cleaning data was fitted against previously reported cleaning models for thin films.  
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1. INTRODUCTION 

 

1.1 Cleaning in Industry 

Fouling is a ubiquitous challenge in the fast moving consumer goods (FMCG) and food 

industries. Process equipment becomes fouled over time, requiring cleaning of both pipework 

and mixing vessels, each with potentially complex geometries (Friis and Jensen (2016)). 

Whilst focus on hygienic design can minimise the frequency and intensity of the cleaning 

process, it cannot eliminate the need for this step (Fryer et al. (2013)).  Insufficient cleaning 

can cause cross contamination of products, poor product quality, or even microbial growth 

(Lelieveld (2003). Optimising cleaning is essential to reduce the environmental and economic 

costs of manufacturing. 

Cleaning-in-place (CIP) is the use of an automated program to deliver a cleaning regime 

without dismantling equipment (Tamime (2008)); many CIP programmes have been designed 

on semi-empirical evidence (Seiberling (2012)). Process vessels can be cleaned by impinging 

spray devices (Jensen et al. (2011)), commercially available in many designs (for examples 

see Seiberling and Wish (1959); (Ross, 2016); (Gleeson et al., 2003); (Delaney et al., 2017)). 

To study vessel cleaning, spray devices are often approximated as a stationary or moving 

single jet (see Feldung Damkjær et al. (2017), Glover et al. (2016), Morison and Thorpe 

(2002), and Köhler et al. (2015)).  

Fryer and Asteriadou (2009) developed a classification of cleaning processes. Three 

predominant soil types were identified: 

 Type 1 deposit: Viscous products which clean with the mechanical action of 

water flow alone. 

 Type 2 deposit: Biofilms which require both biocides and the mechanical 

action of water flow. 

 Type 3 deposit: Cohesive solids requiring both chemical and mechanical 

action for removal. 

 

Type 1 deposits include foods, toothpastes and cosmetic creams, which can be viscous non-

Newtonian fluids that are difficult to remove, and produce fouling layers that both fill 

pipework, and form millimetre to centimetre thick layers on vessel walls. Palabiyik et al. 

(2018) correlated the cleaning time, t, of a series of Type 1 materials with different yield 

stresses. Commonly a number of different products are made on the same plant. The need 
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during product changeover is first to remove as much product as possible and then clean the 

rest as quickly as possible.  

1.2 Cleaning with Impinging jets 

 

The behaviour of an impinging jet on a clean surface has been extensively studied (for 

example by Watson (1964); Nakoryakov et al. (1978); and Olsson and Turkdogan (1966)). 

When a vertical water jet hits a horizontal surface a hydraulic jump can be observed at some 

radius, in which the fast flowing thin film, greatly reduces in velocity and increases in depth. 

For a water jet hitting a non-horizontal wall, the oblique impingement angle causes this 

pattern to become asymmetric (Kate et al. (2007)). Following the terminology of Wang et al. 

(2013) the thin, fast flowing area is referred to as the radial flow zone, which reaches a film 

jump, comparable to the hydraulic jump. Morison and Thorpe (2002) studied the wetting rate, 

Γ, of a single water jet, equation (1), was shown to correlate the cleaning effect of the jet. 

𝛤 =  
ṁ

𝑊
 (1) 

Where ṁ is the mass flow rate of the jet, and W is the width of the wetted surface. 

Wilson et al. (2012) continued the work of Morison and Thorpe (2002), studying the surface 

flow and drainage of an impinging jet. In this work a model describing the radius of the radial 

flow zone, R, was defined by:  

𝑅 = 0.276 [
ṁ3

µ𝜌𝛾(1 − cos𝛽)
]

1
4

 (2) 

 

Where β is the contact angle of the jet substrate on the impinged surface, μ is the dynamic 

viscosity of the jet fluid, ρ is the density of the jet fluid, and γ is the surface tension. This 

model balances the jet momentum with the surface tension in the film. Bhagat et al. (2018) 

provided further validation of this model. 

 

1.3 Models for cleaning thin films 

Yeckel and Middleman (1987) studied the removal of deposit by the shearing force of an 

impinging jet, and developed a model for the cleaning of thin films, an order of magnitude 

thinner than the water flow above it. Yeckel and Middleman (1987) approximated the 

shearing forces for a jet running over a clean surface to develop their model. Whilst their 
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model was effective at predicting cleaning over longer periods of time, it was not accurate in 

the initial cleaning stage. 

Wilson et al. (2014) applied the momentum balance of Wilson et al. (2012), to products 

cleaned by adhesive removal. In these experiments, thin layer of polyvinyl acetate (PVA) (δ 

= 70 - 140 ± 30 μm), Xanthan gum (δ = 80 μm), and petroleum jelly (δ = 250 - 300 ±30 μm) 

were investigated. A linear relationship between the radius of the cleaned zone, rc, and time, 

t, was defined by: 

𝑟𝑐  ≈ √
3𝑘′

𝜋𝑐
ṁ3

5

(𝑡 − 𝑡𝑖)
1
5 = 𝐾𝛥𝑡0.2 (3) 

Where k’ is a lumped cleaning rate constant, a function of the deposit properties, K is a 

lumped cleaning rate parameter, and ti is the time at which a circular cleaning pattern was 

first observed. There was good agreement between the cleaning rate of each soil material and 

the model, when the cleaning area was confined to the radial flow zone. The cleaning of 

hydrophobic petroleum jelly was studied at varying temperatures, and shown to fit equation 

3, which further validated the momentum based model. When measuring cleaning against 

time for petroleum jelly, the cleaning profiles, plotted in the form suggested by Equation 3, 

initially follows a linear trend, before the rate of cleaning drops as it appears to reach a 

plateau. This linear region was isolated when fitting the petroleum jelly data to equation 3, 

which gave a good fit.  

Glover et al. (2016) developed the Wilson et al. (2014) model, investigating k’, as a function 

of deposit thickness, δ, and deposit type. In this work two complex deposits were studied: 

(i) Water based PVA (δdry = 20 µm -170 µm), swelled on contact with the water jet 

and was removed by peeling, which in the first stages of cleaning lead to a non-

circular cleaned area. K was found to be independent of thickness.  

(ii) Petroleum jelly (δ = 50 µm – 2000 µm), showed variability in cleaning dependant 

on the application method. This product had a yield stress, τy = 50 Pa. K was 

found to decrease for increasing layer thickness. The area cleaned to a plateau 

value, which was modelled as a balance between the jet momentum and soil 

strength.  

 

The models of Wilson and co-workers demonstrate good agreement with the cleaning of thin 

surfaces, and are of wide applicability. The cleaning of a thick film (of thickness > 2 mm) has 
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however previously been largely unreported. Some data shown in Tuck et al. (2019) 

suggested mechanistic differences between thin and thick film removal for Carbopol 

dispersed in water and cosmetic cream. Here these differences are discussed in much greater 

detail, by studying the removal of films up to 8 mm thick.  
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2.  EXPERIMENTAL TECHNIQUES AND METHODS 

 

2.1 Apparatus 

Experiments used the set-up shown schematically in Figure 1. A centrifugal pump (Cole-

Palmer Micropump®), was used to supply water at 470 ml min
-1

 - 1140 ml min
-1

, from a 

supply tank. Birmingham City tap water at 20 °C was used for the impinging water jet. Three 

fabricated circular pipe nozzles (20 mm in length), with inner diameters, di, 1 mm, 1.5 mm, 

and 2 mm were inserted into tubing (di = 5 mm) connected to the pump. The nozzle was 

secured to provide a stationary vertical jet, 40 mm (± 1 mm) from the test surface. This jet 

length, L, ensured the water jet was coherent at the point of impingement, with L < Lc, where 

Lc is the jet length at which instabilities first occur, as described in Middleman (1995). The 

jet conditions used in this work are laid out in Table 1. 

The test surface was raised and angled at 30° from the horizontal, to allow for detached 

deposit and water to be displaced from the point of impingement. This ensured the 

downstream conditions did not affect the testing area. Kate et al. (2007)  give equations for 

film thickness away from the impingement point; for nozzles between 1 – 2 mm these 

equations give a film thickness of 35 – 120 µm, at a radius 2 mm from the impingement 

point, significantly smaller than the deposit thicknesses. 

Deposit was applied to a standardized test surface, a stainless steel plate uniformly coated in 

matte black spray paint. This coating was required to minimise reflections, allowing for 

adequate visualisation necessary for the visualisation technique. Between experiments the test 

surface was cleaned using cold water as not to disrupt the coating, and dried before a new 

layer of deposit was applied. 

2.2 Materials 

Carbopol® 940 (as supplied by Lubrizol) dispersed in water was selected as the model 

deposit. Carbopol is a common component (as carbomer) in many industrial fluids (Baki 

(2015)). The rheological properties of Carbopol 940 are subject both to its concentration in 

water, and the pH of the solution, are widely published, for example Barry and Meyer (1979), 

R. Varges et al. (2019), Alberini et al. (2014). For these results a mixture of Carbopol 940 

(0.2 wt. %) in deionized water was used. Due to its low wettability, the Carbopol 940 powder 

was slowly added to the water, and this solution was left to stir for ~ 12 h. A commercial 
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available UV reactive cosmetic paint (UV glow purchased from amazon.com) was used as a 

luminescing agent. This luminescing agent was determined to be effective at a concentration 

of 0.9 g L
-1

, this was then added to the Carbopol solution and left to stir for ~ 2 h. Once a 

homogeneous solution had formed, NaOH was slowly added to increase the pH of the gel to 

pH 4.5, which increased the viscosity, and yield stress of the material into the desirable range. 

Rheological properties were measured using a flow sweep performed at room temperature, 

measured using cone and plate geometry (60 mm, 2°), on a TA Instruments AR 1000 

Rheometer (Figure 2). Following previous findings, the yield stress, τy, of the deposit was 

measured by fitting a Herschel-Bulkley model to these results (Alberini et al. (2014)). The 

yield stress, τy, for the Carbopol solution with the addition of the UV paint, τy was averaged 

at 3 Pa. 

For these experiments a 2, 4, or 8 mm thick layer of deposit was used. Carbopol was applied 

to the test surface by pouring the gel into a fabricated template, dimensions (70 mm x 100 

mm x 2 - 8 mm thickness), with excess gel being removed. The method ensured a consistent 

and even layer of deposit. 

 

2.3 Experimental Technique 

Using the experimental set up shown in Figure 1, a method was developed to capture the rate 

of cleaning. To measure cleaning, images were captured with the camera, which was set to 

image the hard surface whilst the deposit was cleaned. Commercially available UV lamps 

were used to illuminate the test surface, with the luminescence from the doped Carbopol 

deposit captured by the camera. Images were recorded at 50 - 60 frames per second, and 

analysed by a MATLAB® algorithm that converts each of the frames into a grey scale image. 

The luminescing deposit shows as bright pixels on the images, corresponding to a high grey 

level. Once the deposit is cleaned, the non-reflective hard surface shows as a dark spot, 

giving a low grey level. The program is written allowing a threshold to be set, designating 

pixels with a high grey level as ‘unclean’, and pixels with a low grey scale value as clean. 

The images were recorded in 8-bit giving 256 grey levels.  

Figure 3(a) shows a sample histogram depicting the frequency of pixels for each grey level, 

for the image of a partially cleaned surface shown in Figure 3(b). Analysis of the raw images, 

as demonstrated by the labelled pixels in Figure 3(b), suggests that the cluster of peaks below 
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grey scale 15 depict the partially cleaned, and cleaned areas. In this work clean is defined as 

visually clean, therefore the partially cleaned pixels were not defined as clean, only pixels 

with the value 10 and below. The value of the threshold depended on the lighting used and in 

practice varied between 8 – 20, depending on the individual case. Each experiment contained 

a ruler in frame, allowing for the scale to be set for each run (≈ 0.1 mm pixel
-1

), so that the 

clean pixel count can be converted into an area. The algorithm thus gives a value of cleaned 

area, Ac, for each frame of a known time after impingement, t. An example of the results 

produced for a single experiment (δ = 2 mm, di = 1 mm, Q = 600 ml min
-1

) using this method, 

is shown in Figure 4(a). For clarity, every third data point is plotted here with each data point 

corresponding to the analysis of a single frame. The repeatability of the technique is shown in 

Figure 4(b) which depicts results for 4 individual experiments with the same conditions (δ = 

2 mm, di = 1 mm, Q = 600 ml min
-1

). Minor differences between runs can be observed with 

the overall cleaning values, whilst the shape of the cleaning profile remains significantly 

similar for all the trials. The average absolute deviation for Figure 4(b), is 25 mm
2
, 2% of the 

average cleaned area at 4 s. Experiments were concluded either after 5 seconds or when the 

cleaned area reached the edge of the plate.  
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3. RESULTS AND DISCUSSION 

3.1 Cleaning mechanisms of thin and thick films 

The cleaning mechanism of a thin film, defined here as δ ≤ 2 mm, has been described in 

Wilson et al. (2014), in terms of a clean area expanding from the point of impingement. This 

behaviour is depicted by the results shown in Figure 4(a) for 2 mm thick films. An immediate 

cleaned area is produced on jet impingement, together with an initially rapid rate of cleaning 

which decreases over time. The insert to Figure 4(a) shows the cleaned area (black) at points 

a-d on the curve. It can be seen that cleaned area is seen and can be measured from 0.1s after 

impingement (point a). Glover et al. (2016) described that in results for rheologically 

complex materials, cleaning approached an asymptote related to the material yield stress.  

In contrast, Figure 5 shows the cleaning profile for a thick film (δ = 8 mm). More complex 

behaviour is seen than for thinner films. On the left hand side of Figure 5 are four sample 

images from which the data points were derived from, labelled a - d. The first notable 

difference from the thin film, is the delay of approximately 0.6 s before the start of cleaning. 

After this delay, rapid cleaning occurs followed by a plateau starting at approximately 1.4 s.  

Figure 6 includes a schematic illustration of the stages highlighted in Figure 5. These are 

visualised from both a view parallel to the plate, and also as a cut through, showing the 

profile of the deposit at the point of impingement. Cleaning takes place in four stages: 

I. Jet impingement: the impinging jet impacts the deposit, disrupting the cohesive 

bonds within the material, to pierce through to the hard surface (data not shown). 

II. Blister formation: water spreads under the deposit, breaking adhesive bonds 

between the deposit and the hard surface. During this period the cohesive bonds 

surrounding this suspended layer of deposit remain intact, holding the deposit in 

place. This gives minimal disruption to the deposit surface, so no visually cleaned 

area is produced during this step. 

III.  Blister burst: the cohesive bonds give way to the pressure of the increasing 

volume of water trapped between the hard surface and deposit material. During 

this step rapid cleaning is observed, between images (b) and (d). 

IV. Perimeter cleaning: after the blister bursts, cleaning proceeds slowly. The deposit 

around the perimeter of the original burst area is slowly eroded, giving a slight 

increase in the radius of the cleaned area. Cleaning has a minimal impact due to 

water flowing away from the cleaned area over unremoved deposit. 
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Figure 7 compares typical variations of cleaned areas for a thin (2 mm) and thick (8 mm) 

film, highlighting also the differences between cleaning mechanisms. While cleaning of thick 

films is characterised by the four stages previously defined (see Figure 5), the cleaning of thin 

films only exhibits two stages, a rapid cleaning phase and a falling rate stage, which can be 

considered analogous to stages III and IV, respectively, in thick films. 

 To quantify rapid cleaning in both cases, the start and end points for this stage were 

identified as follows, and shown in Figure 7:  

(i) The time at which blister formation ends and rapid cleaning begins in thick films was 

defined as the blister burst time, tb. Given the initial fluctuations in cleaned areas for thick 

films (see Figure 7 inset), tb was defined as the time taken to reach a cleaned area of 50 mm
2
 

(dashed line in Figure 7). This value was chosen to give a true representation of when the 

blister bursting begins, observed on the raw images, and is much larger than the area recorded 

during blister formation. For comparison, tb - i.e. time taken to clean an initial area of 50 mm
2
 

– was also considered as the start point of rapid cleaning in thin films, also shown in Figure 7. 

 (ii) In thick films, the end of the rapid cleaning period was identified through the change in 

the slope of the cleaning curve that marks the transition from the blister burst to the perimeter 

cleaning stage (e.g. stages II, ca. 0.6s and IV, ca. 1.4s, respectively in Figure 5). Analogously, 

the rapid cleaning end point in thin films was defined by the slope change that marks the 

beginning of the falling rate stage. A built-in MATLAB® function (findchangepts) was used 

to analyse cleaned area experimental data and identify those slope changes, locating the 

transition points robustly, and marking the end of the rapid cleaning phase. The transition 

points for the conditions shown in Figure 7, are denoted by grey circles for each cleaning 

curve, and labelled At. 

3.2 Effect of thickness and flow rate 

Figure 8 shows the cleaning profiles for δ = 2 mm films, cleaned by water jets with varying 

nozzle sizes (1-2 mm) and flow rates (500- 1140 ml min
-1

). The results show the area 

cleaned, which is an oval due to the slope of the plate. Each line is the average of 4 

experiments repeated with the same conditions. The instant start in cleaning, at t = 0, 

suggesting thin film behaviour, is observed for each of the conditions measured. This is 

followed by rapid cleaning over the first second after impingement, followed by a reducing 
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cleaning rate. This cleaning profile is seen for all conditions, with the flow parameters 

affecting both the rate of cleaning and the magnitude of the cleaned area. 

In the first half second the cleaning rate for all flow conditions is the same independent of 

flow rate and nozzle size. Divergence between cases occurs after approximately 0.5 s, at this 

point cleaning curves diverge into three, one for each nozzle size. It is not until almost 1 s 

that the results for different flow rate within each nozzle size diverge from each other. This 

suggests that nozzle size rather than flow rate affects the first second of cleaning, perhaps as 

the nozzle size determines the size of the entry hole created in the jet impingement stage. 

Within two seconds the cleaning rate slows, with the sharpest transition shown for the 2 mm 

nozzle size.  

Table 2 presents data for the cleaned area at selected time points from Figure 8, highlighting 

the effects of nozzle size and flow rate during the thin film cleaning process. Table 2 

compares the results for the conditions (Q = 715 ml min
-1

 with di = 1.0 mm and di = 1.5 mm, 

and Q = 1060 ml min
-1

 for di = 1.5 mm with Q = 1140 ml min
-1

 for di = 2.0 mm). After 1 and 

2 s, the cleaned areas vary between nozzle sizes, with the larger nozzle sizes producing the 

larger cleaned area. After three seconds however, the cleaned areas are within 10 % of each 

other for comparable flow rates, and at four seconds the results have almost converged. These 

results again highlight the greater effect of nozzle size over the first stages of cleaning, after 

which the effect of flow rate dominates the magnitude of the cleaned area. 

Figure 9 shows results for a fixed nozzle size di = 1.5 mm, but for a range of flow rates, and 

two film thicknesses, δ = 2, and 4 mm. Two distinct mechanisms can be observed: for 2 mm 

films, cleaning begins at once, whilst, each of the 4 mm experiments show a delay of 

approximately 0.4 s before cleaning begins. This suggests a transition between δ = 2 and 4 

mm, between thin to thick film (blister formation) behaviour, for this rheology. After three 

seconds, the cleaned areas for δ = 4 mm are between 73 – 77% of those recorded for the same 

flow conditions and 2 mm thickness.  

As seen in Figure 8, for each thickness flow rate appears to have minimal effect on the rate 

and extent of cleaning in the first stages of the process. The impact of flow rate is observed at 

approximately 0.8 s and 1.1 s for the δ = 2 mm, and δ = 4 mm respectively. As there is about 

0.4 s delay before cleaning is seen for the δ = 4 mm films, the effect of flow rate is seen after 

a comparable time of rapid cleaning for both film thicknesses. This suggests that for the first 

second in cleaning, whilst deposit thickness has a large impact, flow rate has less effect under 
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the conditions used here. In optimising cleaning, therefore, these results suggest that it will be 

useful to know what the thickness of a residual layer of deposit will be. 

Further demonstration of thickness effects is shown in Figure 10, which demonstrates the 

effect of thickness for a single flow condition (di = 2 mm, Q = 1140 ml min
-1

), but for film 

thickness of 2, 4 and 8 mm thick. As shown in previous figures, a delay in cleaning is 

observed for both δ = 4 mm, and δ = 8 mm, indicating thick film (blister formation) 

behaviour, with the delay in the 8 mm film being longer than that for the 4 mm film. As 

observed in Figure 9, at any time the amount of surface cleaned decreases with film 

thickness.  

 

3.3 Fit to Established Kinetic Models 

Equation (3) from (Wilson et al., 2014) has previously been used to model data. To compare 

this model with the current data set the data was cropped to only include the rapid cleaning 

phase, i.e. to remove the blister formation and perimeter cleaning stages of the cleaning 

process from the analysis. We thus define ∆t in equation (3) as the time from the start of the 

rapid cleaning phase ie, area cleaned > 50 mm
2
. To average the data, the blister burst time, tb, 

was set to t = 0 for each individual experiment, and four individual experiments were then 

averaged between t = 0 and the end of the rapid cleaning phase determined by the 

MATLAB® function described earlier (and shown in Figure 7). If necessary, the data was 

further cropped to the length of the shortest data set; i.e. using the experiment with the 

shortest rapid cleaning phase observed. In the subsequent figures, the radius rc in equation 3 

was taken as a nominal radius √(Ac/π), where Ac is the removed area measured by the 

protocol of section 2.3. This is an approximation given that the cleaned area was an oval. 

Figure 11 shows the ‘the rapid cleaning phase’ of each of the jet parameters shown in Figure 

8, represented as described in equation 3. Portions of the results follow a linear trend as 

predicted by equation (3), whilst there is separation between data obtained for nozzle sizes. 

The average of the R
2
 terms of results shown in Figure 11 when fitted as a linear model were, 

di = 1 mm R
2
 = 0.966 ± 0.005, di = 1.5 mm R

2
 = 0.937 ± 0.018, di = 2 mm R

2
 = 0.944.  

In Figure 12 data for the intermediate (4 mm thick) and thick (8 mm thick) films are shown. 

Each graph depicts a single flow rate and thickness, with varied nozzle sizes, and show some 

straight-line behaviour. The analysis that leads to equation (3) gives k’ as a parameter 
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describing product type and product thickness, with the overall constant K being a function of 

both k’ and mass flow, with no effect of nozzle size. Here the product type was kept constant, 

so that K should be a function of only product thickness and mass flow. The K values 

identified from in Figure 12 are laid out in Table 3. The data is averaged for all nozzle sizes; 

the standard deviations of K increases for thicker films, suggesting nozzle diameter may 

influence K. Larger K values were observed for the thinner film as expected, with a more 

significant decrease with thickness for the lower flow rate.  

The data suggests that the analysis of Wilson et al. (2014) can be applied to thick films here, 

albeit only for the region of rapid cleaning. There is a greater effect of nozzle size than 

expected from the model, but less dependence than in the initial stages of cleaning up to the 

blister burst time. 

An extended data set is shown in the Appendix, in Appendix 1 the cleaning profiles for 18 

conditions are shown, highlighting the cleaning behaviour of 4 mm and 8 mm thick films as 

functions of flow rate, and nozzle size. Appendix 2 contains the same experimental data as 

Appendix 1, however it is presented as in Figure 11, modelling the results from Wilson 2014. 

These extended data sets highlight the complexities of thick film cleaning. It does appear, 

however, that equation (3) does not apply to the thick films examined here, and that further 

work is needed.  

 

3.4 Analysis of whole data set 

The blister burst time, tb, is a previously unreported parameter, seen only in thick film 

cleaning. In Figure 13 the blister burst time, tb, is plotted against the nozzle diameter. The 

data is highly scattered, but a relationship can be observed for δ = 8 mm, with a marginal 

decrease in time, with the increase in nozzle size. The standard deviation of the data also 

decreased with nozzle size, from 0.355 s to 0.098 s, giving more repeatable results. This 

suggests a recommendation of a larger nozzle size to decrease the delay before cleaning 

begins. Evaluation of tb, as a function of flow rate, Reynolds number, and velocity, found no 

useful fit to data (not shown here).  

 

Isolating the region where the blister bursts, causing rapid cleaning, marked as region III in 

Figure 5, allowed a constant cleaning during this crucial stage to be evaluated. Figure 14 

shows the relationship between this rate of cleaning and the flow rate of the impinging jet. 
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There does appear, particularly at lower flow rates, to be an overall positive correlation 

between the rate of cleaning observed and the flow rate. All three film thicknesses are shown 

here which contributes to some of the increased scatter. The correlation measured between 

the rapid cleaning rate and the flow rate varied with each thickness (δ = 2 mm, R
2
 = 0.782; δ 

= 4 mm, R
2
 = 0.718; δ = 8 mm, R

2
 = 0.660); the data is scattered, with the correlation getting 

worse with increasing thickness. When a straight line is plotted for data for the same 

thickness of deposit, the slope of the line (defined here as K’) obtained from this graph varies 

with thickness (δ = 2 mm, K’ = 121 mm
2
 ml

-1
; δ = 4 mm, K’ = 133 mm

2
 ml

-1
; δ = 8 mm, K’ = 

102 mm
2
 ml

-1
), with an overall K’ = 127 mm

2
 ml

-1
. No cleaning data was obtained for flow 

rates below 470 ml min
-1

: but the data suggests very low cleaning rates would occur at those 

values.   
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4 CONCLUSIONS 

Cleaning of deposits from tanks and pipework is a major contributor to the waste created in a 

process plant. Cleaning of 2 – 8 mm thick layers of Carbopol 940 deposit was performed with 

a coherent impinging water jet. A bench scale rig was developed and used to study and 

quantify the cleaning mechanisms of thick films. The cleaning was measured using a UV 

imaging technique, using a MATLAB® script to measure individual pixels in each image 

taken during the cleaning process. These pixels were then classified as clean or dirty 

dependant on their grey scale value, giving a value for the cleaned area in each image, at a 

known time after impingement.  

Previous published work by Wilson and co-authors has defined the cleaning behaviour of thin 

films. Data on the cleaning of 2 mm thin film showed agreement with previous work; there is 

an immediate start in cleaning, and after a rapid cleaning phase, the rate of cleaning reduces 

to a plateau value. Thick film cleaning shows more complex behaviour; cleaning occurs in 

four stages; (i) Jet impingement as fluid first contacts the deposit and penetrates it; (ii) Blister 

formation: liquid then spreads out underneath the deposit creating a raised blister that disturbs 

the deposit surface but does not give any cleaned surface for periods of up to seconds; (iii) 

Blister burst, the blister bursts, creating a rapidly increase in the cleaned area, leaving (iv) 

Perimeter cleaning  of a near-circular area that cleans slowly.  

Previous models of cleaning have suggested that only jet mass flow rate has an effect; in this 

work however some effect of jet thickness (different nozzle diameter) was seen. The time at 

which the blister burst was defined and measured for the thick films, and found to be a slight 

function of nozzle diameter. The cleaning rate, starting at the time the blister bursts, and 

ending before the perimeter cleaning, was also measured, and showed a linear relationship 

with flow rate, with variability between the differing thicknesses. Some of the cleaning 

behaviour fitted the type of equation defined by Wilson and co-workers. The dynamics of the 

interaction between the flow and the deposit is more complex than for thin films; work is 

ongoing to identify the critical factors that affect the cleaning rate.  
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Nomenclature  

Roman  

Ac: area cleaned, mm
2 

At: area cleaned at transition, mm
2 

c: lumped parameter, kg
2
 m

-4
 s

-1
 

di: nozzle inner diameter, mm 

k: consistency index, Pa s
n-1

 

k': lumped cleaning rate constant, m s kg
-1 

K: gradient of cleaning profile plots, m s
-0.2 

K’ slope of the straight line fitted to the data of Figure 14, mm
2
 ml

-1
 

L: distance from nozzle to impact on surface, m 

Lc: coherent length, m 

ṁ: mass flow rate in jet, kg s
-1 

n: flow behaviour index, dimensionless 

Q: flow rate, L h
-1

 

R: radius of film jump, m 

rc: radial co-ordinate, m 

t: time, s 

Δt: total time after cleaning front is first seen, = t – ti, s 

ti: time at which cleaning front is first seen, s 

tb: blister burst time, s 

W: wetted width, m 

Greek 

β: contact angle, ° 

γ: surface tension (liquid/vapour), N m
-1

 

δ: deposit thickness, m  
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µ: dynamic viscosity, Pa s 

ρ: density, kg m
-3 

τy: deposit yield stress, Pa 

Γ: wetting rate, kg m
-1 

s
-1

 

 

Acronyms 

CIP: cleaning in place 

FMCG: fast moving consumer goods 

PVA: polyvinyl acetate  

UV: ultraviolet  
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Flow rate 

(ml.min
-1

) 

Nozzle 

size (m) 

Mean Velocity 

(m.s
-1

) 

Nozzle Reynolds 

Number 

470 0.001 9.97 9940 

600 0.001 12.7 12700 

715 0.001 15.2 15100 

860 0.001 18.2 18200 

600 0.0015 5.66 8460 

715 0.0015 6.74 10100 

865 0.0015 8.16 12200 

1060 0.0015 10.0 15000 

600 0.002 3.18 6350 

865 0.002 4.59 9150 

1140 0.002 6.05 12100 

 

Table 1: Data for the water jet conditions used in this work. 

 

di 

(mm) 

Flow Rate 

(ml.min
-1

) 

Area at 1 s Area at 2 s Area at 3 s Area at 4 s 

1.0 715 677 1080 1360 1580 

1.5 715 954 1300 1480 1620 

1.5 1060 1160 1950 2400 2690 

2.0 1140 1670 2230 2540 2730 
 

Table 2: Data from Figure 8 describing the cleaned area of 2 mm thick films for varying flow 

parameters. The cleaned area at selected time points, for conditions with different nozzle 

sizes yet similar flow rates, have been highlighted here. 

 

Figure 

Flow Rate 

(ml.min
-1

) 

Thickness 

(mm) 

K 

(mm.s
0.2

) 

Standard Deviation 

(mm.s
0.2

) 

12a 600 4 14.6 2.39 

12b 865 4 25.3 4.81 

12c 600 8 9.20 10.7 

12d 865 8 21.4 5.69 

 

Table 3: Data from Figure 12, listing the overall K coefficient, defined in equation 3, 

averaged over multiple nozzle diameters, at fixed flow rates and thicknesses. 
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Figure 1: Schematic depicting the bench scale sized experimental test rig. 

 

Figure 2: Flow sweep results (from 0.1 – 500 s
-1

) for the Carbopol deposit, showing shear 

thinning behaviour. The Herschel-Bulkley fitting is for the flow sweep up, with the 

corresponding values shown inset. 
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Figure 3: A histogram plotting the grey scale values against the pixel count for the example 

image shown to the right. This example image was chosen to show a portion of partially 

cleaned deposit, so the values of the clean, and dirty pixels could be established. The 

greyscale values for various portions of the image are labelled. The separation between 

‘cleaned’ and ‘uncleaned’ area is set at 10.  
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Figure 4: (a) Results for a single experiment, with every third data point shown. Here a thin 

film (δ = 2 mm) was cleaned by an impinging water jet (Q = 600 ml min
-1

, di = 1.0 mm). At 

the side the raw images are shown labelled with their corresponding data point. (b) Results 

for each of the four experiments performed for the parameters Q = 600 ml min
-1

, di = 1.0 mm. 

Showing the reliability of the experimental set up and technique. 
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Figure 5: Graph showing results for a single cleaning experiment (Q = 715 ml min
-1

, di = 1.0 

mm). At the side the raw images are shown labelled with their corresponding data point. The 

stages I - IV are those listed in the text. Images (a – d) were taken at the times shown.  
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Figure 6: The stages of cleaning for thick films, illustrated from a) plan view normal to the 

impact plate b) a cross-sectional side view. The corresponding data points, and zones are 

shown in Figure 5. 
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Figure 7: Showing the cleaned area over time for 2 mm and 8 mm thick films cleaned by a 

water jet (Q = 470 ml min
-1

, di = 1 mm). The horizontal dashed line indicates Ac = 50 mm
2
, 

defined here as the point of the blister burst time. The grey points highlight the end of the 

rapid cleaning phase (the area cleaned at transition, At) as defined by the MATLAB script in 

section 3. Inset shows an expanded view of the point at which tb is defined.  
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Figure 8: Cleaning profiles for thin film deposits δ = 2 mm, showing the area cleaned for the 

first 4 s after jet impingement. 

 

Figure 9: Cleaning profiles for a fixed nozzle size (di = 1.5 mm), whilst varying the thickness 

and flow rate.  

https://doi.org/10.1016/j.jfoodeng.2019.109699


Published version: 10.1016/j.jfoodeng.2019.109699      28 

 

Figure 10: Cleaning profile highlighting the effect of thickness for a single flow condition (di 

= 2 mm, Q = 1140 ml min
-1

) 
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Figure 11: Results for thin film deposits δ = 2 mm, when modelled as a nominal radius 

against time
0.2

, as previously reported in Wilson 2014. The data here has been cropped to 

include only the rapid cleaning phase as highlighted in Figure 7, section 3, i.e. region III of 

the cleaning curve, bounded by the start point (50 mm
2
), and the end of the rapid cleaning 

region.  
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 550 

Figure 12: Figures showing experiments with the same mass flow but varying nozzle sizes. The lines of best fit have been included, dotted line 551 

corresponds to di = 1.0 mm, solid line corresponds to di = 1.5 mm, and dashed line corresponds to di = 2.0 mm. a) δ = 4 mm, Q = 600 ml min
-1

 b) 552 

δ = 4 mm, Q = 865 ml min
-1

 c ) δ = 8 mm, Q = 600 ml min
-1

 d) δ = 8 mm, Q = 865 ml min
-1553 
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 554 

Figure 13: The relationship between nozzle size and the time at which blister bursts, tb, 555 

defined by the method discussed in Section 3 (i.e area = 50mm
2
). 556 
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 557 

Figure 14: The relationship between the rate of cleaning during the defined 'rapid cleaning 558 

phase' and the flow rate of the impinging jet, as a function of nozzle size.559 
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 560 

Appendix 1: Extended example results showing the cleaning profiles for a selection of parameters. Cleaning profiles for δ = 4 mm on the top 561 

row, and δ = 8 mm for the bottom row, separated into nozzle sizes. 562 
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 563 

Appendix 2: Extended selection of results which model the results shown in Wilson et al. (2014). Results for δ = 4 mm on the top row, and δ = 8 564 

mm for the bottom row, separated into nozzle sizes. 565 
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