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ABSTRACT 
Abrupt changes in geometry such as sharp expansions, e.g. a backward facing step, are normally 
notrecommended under hygienic design guidelines. In some cases such features are 
unavoidable and it is important to understand how cleaning in such spaces differs from that in 
simple duct geometries. The removal of model diffusive food soil (based on instant coffee) 
from 304 stainless steel surfaces was studied in a rectangular duct cell at Reynolds numbers 
spanning the transition to turbulence (3 800-11 000). Removal was monitored visually and the 
evolution of the size and shape of the cleaned area as well as the local erosion rate were 
calculated. The cleaning behaviour observed immediately downstream of the expansions 
differed noticeably from that upstream, and further downstream. Insights into this are provided 
by 2D computational fluid dynamics simulations, and in some cases these are able to give 
reasonable estimates of the experimental cleaning rates. 
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INTRODUCTION  
Cleaning is an essential operation in many industrial, environmental and defence applications 
(Wilson et al., 2022) and many of these employ flows of once-through or recirculating liquids 
to achieve removal of the soiling material by some combination of dissolution, chemical 
reaction, shear-induced motion or erosion. The range of geometries and fluid delivery devices 
involved is very wide (see Landel and Wilson, 2021). The food and drinks sector makes 
extensive use of cleaning-in-place (CIP) systems wherein cleaning solutions are circulated or 
recirculated through equipment to flush out residual product, remove product and fouling layers 
adhered to food contact surfaces, and prepare the system for the next operation. The need to 
achieve reproducible cleaning performance and to avoid microbial growth has led to the 
development of equipment design and operating guidelines such as those published by the 
European Hygienic Equipment Design Group (EHEDG). These guidelines recommend the 
avoidance of abrupt changes in flow cross-section such as backward facing steps, crevices and 
shadow areas as these geometries promote the existence of stagnant, recirculating or otherwise 
slow moving regions of fluid which can (i) promote deposition, fouling or microbial growth, 
and (ii) are similarly difficult to clean owing to the reduced convection in these regions or the 
formation of a separatrix.  
 

Such features are not always avoidable, e.g. in some types of valve, and it is important to be 
able to determine the removal behaviour in order to optimise the cleaning performance of 
candidate designs. Ideally this would be achieved in silico using computational fluid dynamics 
(CFD) codes, supported by experimental validation.  The scope for CFD methods to assess 
‘cleanability’ has increased significantly in the last 25 years (see Richardson et al., 2000).  
 



This work reports removal in a simple geometry, that of a backwards facing step (BFS), shown 
schematically in Figure 1(a). The ability to predict cleaning in such spaces offers a test of 
mathematical simulations of fluid flow and soil removal mechanisms. The experiments feature 
an extension to the slit flow cleaning cell (SFCC) described in the paper at this conference by 
Deshmukh et al. (2025). The SFCC features a long, wide, rectangular inlet duct (width 40 mm 
and height, ℎ = 4 mm) which on its plane of symmetry approximates a 2-D flow. Approaching 
the step at 𝑥 = 0 the flow is fully developed and the channel floor changes to a new height at 
step angle 𝜃 (𝜃 = 90° unless otherwise stated). The soil-free liquid passes over three flat test 
plates (length 40 mm, width 40 mm, 2 mm thick), which can be coated with soil, before the 
floor returns to the initial height. The soil layers are thin so that the extent of cleaning does not 
affect the duct dimensions significantly. The geometry was selected because direct numerical 
simulations of the flow under turbulent conditions were available (Vinuesa et al., 2018) for the 
duct. In this work, the flow is simulated in 2-D and 3-D using Reynolds Averaged Navier Stokes 
(RANS) approaches using the commercial ANSYS Fluent CFD code. 

 

   
Figure 1. SFCC configuration. (a) Schematic, not to scale, for step angle 𝜃 = 90° showing the 

location of test plate recesses W1-W4, interchangeable plate holder I and viewing pane 
V. Duct height changes from ℎ to ℎ + 𝑠. (b) Photograph, plan view, clean test plates. 

 
Noteworthy combined CFD/experimental studies of BFS and related geometries include that of  
Lelièvre et al. (2002), who studied the removal of Bacillus cereus colonies from cylindrical 
pipes at Reynolds numbers, 𝑅𝑒, in the range 8 100-122 000. They reported a strong correlation 
between bacterial removal and the magnitude of the local wall shear stress, 𝜏w, as well as the 
influence of turbulence intensity. Some areas were difficult to clean, even at higher flow rates. 
Scholer et al. (2012) studied the removal of starch layers doped with zinc sulphide crystals 
(allowing removal to be monitored in real time local phosphorescence detection) in abrupt 
cylindrical pipe expansions at 𝑅𝑒 6 000-57 200. They reported that cleaning was primarily 



controlled by mass transfer in the near-wall region and cleaning times decreased with increasing 
flow velocity. The times did not correlate directly with estimates of the wall shear stress, 𝜏w, 
indicating that other factors were involved.  Golla et al. (2022) studied the detachment of an 
adhesive soil (dried tomato ketchup) in sharp square duct expansions at 𝑅𝑒 = 13 000-39 000. 
They reported good agreement with their detachment model, where 𝜏w was the controlling 
parameter, and noted the influence of turbulent fluctuations.  
 

CFD simulations of turbulent flows over BFS include those by Mehrez et al. (2011), who 
studied momentum and mass transfer over a step with expansion ratio, 𝐸𝑅 ≡ (ℎ + 𝑠)/𝑠, using 
large eddy simulations. Whilst CFD codes allow the magnitude and nature of stresses imposed 
by a flow on a surface or a soil layer to be predicted with some confidence, the removal rate 
will be determined by the response of the given soil material to the flow, the local chemical 
conditions and any coupling between the flow field and the removal rate. Such coupling arises 
when removal is driven by dissolution, where the local mass transport flux is determined by the 
concentration of removed species in the flowing liquid as well as the velocity field. Cleaning 
performance is then related to removal upstream and, in the case where a recirculation zone 
contacts a wall, the amount of removed species that has collected in the zone, i.e. time.   
 

This work investigates the removal of a model diffusive soil (see Gottschalk et al., 2022) 
generated by drying films of instant coffee liquor by the flow of water at ambient temperature 
and neutral pH. The soil is generated as thin, almost flat layers on 304 L stainless steel plates 
of initial thickness 𝛿0 and removal is monitored visually. The time for the steel plate to become 
visible at location (𝑥, 𝑧) is termed the cleaning time, 𝑡C, and is used to calculate a zeroth order 
cleaning rate constant, 𝑘′, which can be compared to predictions using the model reported by 
Deshmukh et al. (2025a). 
 𝛿(𝑥, 𝑧, 𝑡) = 𝛿0(𝑥, 𝑧) − 𝑘′(𝑥, 𝑧)𝑡 ⇒ 𝑘′(𝑥, 𝑧) = 𝛿0(𝑥, 𝑧)/𝑡C(𝑥, 𝑧) (1) 

EXPERIMENTAL  
 

A detailed description of the SFCC and experimental protocols is given in Deshmukh (2025). 
The experiments reported here featured a dry soil layer with average  𝛿0 = 0.15 mm unless 
otherwise stated. There was some variation in the layer thickness owing to drying artefacts so 
the thickness was measured along the centreline of the test plate (see Figure 2(a)) by a confocal 
thickness scanner to determine 𝛿0 when evaluating 𝑘′. The flow was characterised by the 
Reynolds number upstream of the step and 𝐸𝑅. Step heights of 2, 4 and 6 mm were investigated, 
giving 𝐸𝑅 = 1.5, 2 and 2.5. A removable insert allowed different BFS shapes (𝑧, 𝜃) to be studied. 
These could be reversed to give forward facing steps.  
 

Figure 2 shows an example of the progress of cleaning at location W1, immediately downstream 
of the step. A band of material is removed quickly from the edges of the plate, which 
corresponds to the region where the layer is locally thin. Also, the testing protocol involved 
loading the plates, flooding the channel with water then securing the viewing window before 
starting flow. This could take up to 1 minute and diffusion of the soil into the stagnant liquid 
would result in an initially high flux. This initial soaking lag was estimated to result in a change 
of thickness of 10s of µm.  
 

Subsequent removal was uneven, and a lighter patch is evident from 𝑥 ≈10-30 mm after 10 s 
(Figure 2(b)). This resulted in the formation of two patches which shrank steadily over time. 
Figure 2(g) shows the labelling applied to the three cleaning fronts whose locations were 
mapped over time. The fourth front, at the trailing edge of the plate, was not considered as this 
was affected significantly by the drying artefact. Longer test plates would be needed to study 
this region. The design of the plate holder means that this can be implemented readily. 
 



 

 
Figure 2. Time series showing progress of cleaning in W1 for a 90° step , 𝐸𝑅 = 2 at 𝑅𝑒 = 7500. 

Flow is from left to right. Dashed line in (a) shows symmetry plane, 𝑧 = 0. Schematic 
in (g) shows the labelling 𝑐1, 𝑐2 and 𝑐3 for the three cleaning fronts in (c)-(e). 

 

The progress of cleaning was quantified by two metrics: (i) the fraction of area cleaned, 𝐴, 
obtained by binarizing images such as those in Figure 2, and (ii) identifying 𝑡C for locations 
along the symmetry plane (see Figure 2(a)) and calculating 𝑘′via Eqn. (1). 

 
RESULTS AND DISCUSSION 
 

Figure 3 shows the effect of 𝐸𝑅 and 𝑅𝑒 on evolution of the fraction of area cleaned. The 𝐴(𝑡) 
profiles in Figure 3(a) for location W2 and W3 are similar, with W3 being cleaned somewhat 
faster for 𝐴> 0.50. When 𝐴> 0.2 both sets of data show reasonable agreement with the Weibull 
description of cleaning presented by Dürr (2002), viz. 
 𝐴(𝑡) = 1 − exp (− 𝑡 𝑡50⁄ )𝜆 (2) 

where both 𝜆 and  𝑡50 are fitting parameters. This similarity is consistent with the predicted 𝜏w 
values in Figure 3(b), marked in green, where the average value for W3 is greater than W2. The 
rate of removal in W1 is noticeably faster than W2 and W3 until 𝐴~0.9, when there is a 
noticeable kink in the Weibull trend, with the last 10% of cleaning taking as long as the first 
90%. Comparison with Figure 2 shows that this last stage of cleaning in W1 corresponds to the 
removal of the patch in the shadow of the step, i.e. cleaning fronts 𝑐1 and 𝑐2. Moreover, the rate 
bears no relation to the magnitude of 𝜏w in this region.  
  

40 mm 



 

 

 
Figure 3. (a) Evolution of cleaned area, 𝐴, at locations W1-W3 (marked in (b)) for 𝑅𝑒 =7500, 

𝐸𝑅 = 2; (b) 2D CFD predictions of 𝜏w distribution along the floor of the BFS for 
𝑅𝑒 =7500 and 𝐸𝑅 values indicated; (c) Effect of  𝑅𝑒,  𝐸𝑅 = 2 on (i) evolution of 𝐴 and 
(ii) 𝑡90, location W1; (d) Effect of 𝐸𝑅, 𝑅𝑒 = 7500, location W1. Error bars indicate 
variation across repeated tests. Dashed loci in 𝐴(𝑡) plots show the fit to Eqn. (2). 



Figure 3(c) indicates that increasing the flow rate reduces the cleaning time in an almost linear 
manner but it did not eliminate the deviation from the Weibull trend at 𝐴~0.9 and the slow 
decay of the patch in the shadow of the step. Figure 3(d) shows that the geometry (𝐸𝑅) is the 
controlling parameter, with the kink appearing earlier in the test with larger steps. The 𝜏w profile 
for 𝐸𝑅 = 2.5 is more complex.  
 

Insight into these behaviours is provided by the CFD simulation results in Figure 4. These 
indicate that the formation of a pair of recirculating zones in the lee of the step at 𝐸𝑅 = 2 (and 
𝐸𝑅 = 2.5, data not shown) results in a region of very low shear stress and counter-rotating 
vortices inhibiting mass transfer. The second recirculation zone, sweeping the wall at 8 < 𝑥 <
27 mm in Figure 4(c), enhances mass transfer in this region over that downstream. 
 

 
Figure 4 Effect of 𝐸𝑅 on soil removal at location W1 for 𝑅𝑒 =7500. (a) Photographs of cleaning 

fronts: blue arrows indicate direction of flow, orange arrow motion of cleaning front; 
(b) 2D prediction of 𝜏w distribution along distribution across the test plate; (c, d) 
Streamlines and map of solute concentration on the symmetry plane for 𝐸𝑅 = 2; Colour 
key – blue = 0, red – mass fraction 0.0025 (see Deshmukh, 2025). 

The influence of the step shadow is evident in Figure 5. The cleaning front trajectories for 
location W1 differ starkly from W2 and W3. The latter both exhibit one cleaning front, moving 
downstream from the leading edge of the test plate. The profiles are similar to those measured 
in the duct upstream of the step reported by Deshmukh et al. (2025) at this conference. The 
large 𝑘′ values at 𝑥 < 5 mm in each case are a result of the soil-free region immediately 

(d) 

𝑦 



upstream of each plate, so the soil is contacted with almost solute-free cleaning solution, giving 
a large concentration difference to drive dissolution. The decay in 𝑘′ at larger 𝑥 is the result of 
the moving boundary Graetz problem discussed in Deshmukh et al. (2025). 

 
Figure 5  Effect of  sample position on (a) cleaning front trajectories and (b) local removal rate. 

𝐸𝑅 = 2, 𝑅𝑒 =7500. Open symbols - 𝑐2, solid – 𝑐3. Only 𝑐3 was observed at W2 and W3.  

The 𝑘′ values for W1 in Figure 5(b) bear little resemblance to the corresponding 𝜏w data in 
Figure 3(b), confirming that the removal mechanism is governed by mass transport with 
coupling through the concentration field. This was observed for all combinations of 𝐸𝑅 and 𝑅𝑒 
tested. Figure 6 compares the experimental data with the predictions of 𝑘′ calculated using the 
moving boundary Graetz problem approach presented by Deshmukh et al. The agreement for 
𝐸𝑅 = 2.5, 𝑅𝑒 = 7500 is quite good: all other cases show regions where agreement is poor and 
this is the subject of ongoing numerical work. 
 

 
Figure 6 Comparison of predicted and experimental cleaning rate parameters for (a) different 

𝑅𝑒, 𝐸𝑅 = 2; (b) different 𝐸𝑅, 𝑅𝑒 = 7500. Legend identifies data sets. No advancing 
cleaning front, labelled 𝑐3 in Figure 2, was observed for 𝐸𝑅 = 2.5 at 𝑅𝑒 = 7500. 



The influence of the nature of the soil on the cleaning mechanism is demonstrated in Figure 7. 
In this case, the dried toothpaste layers are removed by an adhesive mechanism. The plate at 
location W1 is cleaned completely before significant removal is observed at W2. 
 

𝑡 = 150 s 

 
𝑡 = 210 s 

 
𝑡 = 325 s 

 
𝑡 = 400 s 

 
 

Figure 7. Photographs recorded at times indicated of removal of dried toothpaste at locations 
W1 and W2. Water at 20°C, 𝑅𝑒 = 7500, 𝐸𝑅 = 2. Channel width = 40 mm.  



CONCLUSIONS  
The influence of step height and flow rate on the removal of a model diffusive soil from steel 
plates located downstream of a backward facing step under turbulent flow conditions has been 
studied experimentally and compared with numerical simulations. The observed cleaning 
behaviours do not correlate with predicted wall shear stress, which is expected for this coupled 
mass transport problem. The experimental values of 𝑘′ show good agreement with the CFD-
based predictions in the absence of an advancing cleaning front, and this provides insight into 
how to obtain better agreement across the remaining cases.  
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NOMENCLATURE 
Roman    

𝐴 Fraction of area cleaned   
𝐸𝑅 Expansion ratio   
𝑐𝑖 Location of cleaning front i   

𝐶, 𝐶𝑠𝑎𝑡 Concentration, saturation value   
𝐸𝑅 Expansion ratio   
ℎ Gap or channel height   
𝑘′ Cleaning rate, experiments   
𝑅𝑒 Reynolds number   
𝑠 Step height   

𝑡, 𝑡C Time, Cleaning time   
𝑡50 Time to remove 50% soil   

𝑥, 𝑦, 𝑧 Cartesian co-ordinates, SFCC   
    
Greek    

𝛿0, 𝛿 Soil layer thickness   
𝜃 Step angle   
𝜆 Weibull index   

𝜏w Wall shear stress   
 
REFERENCES 
Deshmukh, K.P.D. (2025) PhD Dissertation, University of Cambridge. 
Deshmukh, K.P., Bagdziunas, A., Cant, R.S., Arlov, D. and Wilson, D.I. (2025) Modelling 

the removal of a diffusive food soil, FCFP 2025 Conference, Dresden, 25-27 March 
2025. 

Dürr. H. (2002) Milk heat exchanger cleaning: modelling of deposit removal II, Food 
Bioprod. Proc., 80, 253-259.  

Golla, C., Köhler, H., Liebmann, V., Fröhlich, J. and Rudiger, E (2022) CPD-based three- 
dimensional modeling of an adhesively detaching soil layer in a channel flow with 
sudden expansion, Food and Bioproducts Processing, 136, 176-183. 

Gottschalk, N., Augustin, W., Scholl, S., Wilson, D.I., Mercadé-Prieto, R. (2022) Model soil 
and deposit layers for cleaning investigations, Food Bioprod. Proc., 136, pp. 249-296. 



Landel, J. and Wilson, D.I. (2021) The fluid mechanics of cleaning and decontamination of 
surfaces, Ann. Rev. Fluid Mech., 53, 147-171. 

Lelièvre, C., Legentilhomme, P., Gaucher, C., Legrand, J., Faille, C. and Bénézech, T. (2002) 
Cleaning in place: effect of local wall shear stress variation on bacterial removal from 
stainless steel equipment, Chem. Eng. Sci., 57, 1287-1297. 

Mehrez, Z., Bouterra, M., El, C.A., Belghith, A. and Le, Q.P. (2011) Mass transfer control of 
a backward-facing step flow by local forcing-effect of Reynolds number, Thermal Sci., 
15, 367-378. 

Richardson, P.S., George, R.M. and Thorn, R.D. (2000) Application of computational fluid 
dynamics simulation to the modelling of cleanability of food processing equipment, in 
Food & Drink 2000 Processing Solutions for Innovative Products, publ. IChemE, 
Rugby, UK, 64-6. 

Schöler, M., Foste, H., Helbig, M., Gottwald, A., Friedrichs, J., Werner, C., Augustin, W., 
Scholl, S. and Majschak, J.-P. (2012) Local analysis of cleaning mechanisms in CIP 
processes, Food Bioprod. Proc., 90, 858-866. 

Vinuesa, R., Schlatter, P. and Nagib, H. (2018) Secondary flow in turbulent ducts with 
increasing aspect ratio, Phys. Rev. Fluids, 3, 054606. 

Wilson, D.I, Christie, G., Fryer, P.J, Hall, I.M., Landel, J. and Whitehead, K.A. (2022) Lessons 
to learn from roadmapping in cleaning and decontamination, Food Bioprod. Proc., 135, 
156–164. 

 

 
 
 
 

 
 


