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Abstract

The increasing demand to reduce water consumption and emissions in manufacturing industries is resulting in calls for the improvement of cleaning operations in the fast moving consumer goods (FMCG) industry. Their processes are particularly under scrutiny due to the diversity of brands resulting in frequent cleaning. Unfortunately, there is a lack of understanding of the rate at which cleaning takes place in complex plant and consequently the current industrial practice is far from optimised. This paper presents the philosophy behind an ongoing research programme which is developing a fundamental understanding of the cleaning process and is building a systematic strategy for improvement through model-based control. Model capability is fundamental to success and this paper discusses a variety of model approaches, concentrating upon a hybrid model as a proof of concept study. 
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1. Introduction

In recent years, environmentally friendly design and operation of plants has received significant attention in the process industries and in process engineering research. An important area of investigation, with respect to reducing water consumption and plant effluent and increasing plant availability, is that of the cleaning of plant in fast moving customer goods (FMCG) manufacture, such as personal care and food products. The unifying link between these two sectors is the diversity of brands leads to frequent cleaning operations. Given the legislative pressures towards zero emission processes, the environmental effects of cleaning operations are becoming increasingly important.

Cleaning process plant typically involves a complex series of operations that is suited automation and consequently highly automated ‘press a button to clean’ approaches have been widely adopted in industry. However, considering the detailed specification of the procedures, current industrial practice has typically been based on predetermined, semi-empirical ‘cleaning-in-place’  routines, e.g. with fixed cleaning times and/or fixed volumes of cleaning agents (Fryer et al., 2006). Cleaning is thus an open loop operation, with no account taken of the degree of completion. Thus procedures are sub-optimal in terms of economic and environmental performance. The lack of control and optimisation is mainly a consequence of the limited scientific understanding with regard to the cleaning of complex processes. This is a stark contrast to the detailed knowledge that exists regarding processing, for example within unit operations such as reaction, or even in comparison with fouling, the phenomenon that makes subsequent cleaning necessary (Fryer et al., 2006).  Cleaning processes tend also to be over-conservative, due both to this lack of understanding and the potential damage to the brand from releasing contaminated product.
In the past two decades, a number of experimental and modelling attempts have been made to an understanding of how cleaning occurs, with emphasis particularly in the dairy industries; e.g. Gallott-Lavallee and Lalande (1985), Grasshoff (1989), Bird and Fryer (1991), Bird and Bartlett (1995), and Fryer et al. (2006). To date, there has not been a systematic exploration of the science of cleaning encompassing broad industrial sectors and no corresponding development of a set of methods and tools for designing, controlling and optimising cleaning processes for different applications.
In this paper, on-going research into the minimisation of the environmental footprint of cleaning processes in the FMCG industry is discussed. This research is carried out in the ZEAL (Zero Emission by Advanced cLeaning) project which combines leading manufacturers from the FMCG industry, suppliers of cleaning and analytical technologies, as well as academics specialising in multi-scale modelling and control. The overall objective is to develop new technological approaches for the measurement, modelling, monitoring and control of cleaning which will result in significant reduction in environmental impact. To achieve this, multi-scale mathematical modelling plays an important role, from representing cleaning from a surface perspective, to how complex multi-unit plant cleaning can be described. 
2. Philosophy of the ZEAL Project

When the objective is to understand cleaning across a broad spectrum of processes, it is necessary to be able to characterise the challenge faced to ensure coverage of the industrial sectors. This philosophy has lead to the development of a “cleaning map” as shown in Figure 1. Here the horizontal dimension represents the complexity of the physiochemical properties of the soils, ranging from non-viscous fluids (water) at the least complex to cohesive solids at the other extreme. The vertical dimension represents the difficulty of removal, closely correlated with cleaning cost, with water at ambient condition at the least costly end and hot chemical at the most costly end. Mapped into this two-dimensional space are the representative cleaning processes being considered within ZEAL. They have been categorised into Types 1, 2 and 3. Type 3 refers to the cleaning of sticky fluids such as toothpastes and hair products. Type 1 encompasses soils in the form of solid sticking to the surface such as burnt on sugars which are significantly more difficult to clean than Type 1 soils. In between are Type 2 soils with biofilms being an example. This diagram provides a mapping of soil characteristic and current cleaning approaches and has been an important problem classification tool.
Cleaning policy improvement essentially involves solution of an optimisation problem as shown schematically in Figure 2. Following the conventional formulation of an optimisation problem, it is necessary to specify objectives, manipulated variables, and constraints. The key constraints are the physical process characteristics and natural laws that govern the physical/chemical behaviour associated with cleaning. The manipulated variables relate to the cleaning operational strategy such as flowrates, temperatures, cleaning chemical compositions. At an abstract level, the manipulated variables and constraints can be represented as a relationship (denoted as f()) between the cleanliness achieved at a particular point in time (denoted as C(t)) and the factors that influence (see Figure 3). Alternatively, this can be expressed as a relationship (denoted as g()) between the cleaning time required (T) and the influential factors for a pre-specified level of target cleanliness. Specification of objectives and identification of the most effective manipulated variables is driven by combination of business based decision making, taking into account whole process condition and operational capabilities, along with scientific understanding of the constraints arising in the cleaning operation.
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Figure 1. Types of soils, cleaning technologies, and cleaning applications.
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Figure 2. A formulation of the problem of optimising cleaning processes.
3. Roles of Mathematical Modelling

The application of appropriate mathematical modelling techniques is at the centre of the methodology proposed in ZEAL. Mathematical models not only enhance the understanding of cleaning processes by rationalising experimental observations, but also form the basis of improving cleaning processes with model-based approaches.

At a fundamental scientific understanding level, Computational Fluid Dynamics (CFD) simulations that incorporate detailed kinetic models are utilised to enhance the understanding of the key physicochemical phenomena that occur in typical cleaning processes characterised by the surface characteristics, type of soil and plant items to be cleaned. This understanding can potentially contribute to the improved design of the process equipment such that it is easier to clean and of the cleaning equipment itself.
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Figure 3. List of factors influencing the behaviour of cleaning processes.
While CFD is a powerful tool for understanding and improving cleaning processes, its computational demand and limited capability for dealing with complex yet practical factors (such as complex geometries) make it unsuitable for on-line, real time monitoring and control of industrial cleaning processes. This calls for the adoption of simpler models which incorporate mechanistic knowledge, gained from fundamental scientific understanding and process data observations, possibly confirmed by CFD, as far as practically feasible. This will result in hybrid models which are reliable under designated circumstances and computationally efficient. Such models can play a key role in the prediction of the behaviour of cleaning processes for monitoring and control purposes. For hybrid model application, two alternative scenarios are considered:
Fully predictive models. Such a model is able to predict the cleaning performance for a range of operating conditions (e.g. temperature, flowrate, concentration, etc.) within a given operating space for which the model is considered to be reliable. A model of this type can thus be used for determining optimal operating conditions, but its construction will naturally require data generated covering the operational space.
Forecasting models. When cleaning has commenced, forecasting models can be used to predict cleaning behaviour using the collected earlier in the operation. Such a model is particularly useful for predicting end point variation which is critical information for improving performance. 

The two model forms are fundamentally different: fully predictive models are used in the optimisation to specify operating conditions and forecasting models are used during cleaning to make judgements as to when to terminate cleaning. In the latter case, this information enables a move from open loop to closed loop cleaning. The need for a model rather than simply using on-line measurement is that the level of soil concentration in the effluent in most instances will be beyond the detectable range of the on-line instrument. In this case the model can help determine when to end cleaning to avoid waste of water, energy and allow increase in plant availability. The objective is to develop this strategy and verify it with more precise off-line analysis before moving to on-line implementation.
4. Hybrid Modelling of Cleaning Processes: a Proof-of-Concept Example
The forecasting concept using the hybrid approach can be demonstrated from data on whey protein cleaning found in Bird and Fryer (1991). The aim of modelling presented here is to demonstrate the forecasting concept by constructing a model with data collected during early stages of cleaning and then predict the performance for the remained of the cleaning operation. For this purpose, a hybrid model with a simple mechanistic structure and empirical kinetics is proposed. The model is based on a mechanistic assumption that the removal of soil occurs only at the top of a swollen layer formed by reaction between the cleaning agent and the original soil. Furthermore, it is assumed that both the growth of the swollen layer and the removal of swollen soil occur evenly at the corresponding interfaces and that the original soil is distributed evenly. This assumption reflects fouling under controlled experimental conditions. The implications for process implementation when this is not the case are discussed below The model can be represented as:


[image: image4.wmf],

,

,

,

r

r

s

r

r

s

s

r

s

s

R

F

kl

R

dt

dl

bl

a

R

R

R

dt

dl

=

=

=

-

=

-

=



(1)

with initial conditions:
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where ls and lr are the thickness of the swollen layer and that of the residual soil, respectively, Rs and Rr are the corresponding rate of change of these two quantities. The parameters a, b, and k are kinetics constants, ρ is the density of the removed soil, F is the mass rate of the removed soil on a per unit surface area basis, L is the initial thickness of the soil prior to cleaning.

The modelling results for two batches, operated at 70 °C and 60 °C respectively, are shown in Figure 4. The data of the mass rate of the removed soil (F) are collected. In each case, the data points collected before F falls below 0.055 g/m2s (as an example of the lower detection limit of the online measurement) are used for estimating both the initial condition (i.e. the value of L) and the kinetics parameters of the model. The resulting model is then used to predict the change in F over the remainder of the batch. The accuracy of the prediction is promising in both cases. Furthermore, the estimated values of L in the two cases are 0.0125 mm and 0.0154 mm, respectively. These are consistent with that reported in the original experimental work of 0.015 mm (Bird and Bartlett, 1995). The results thus provide positive evidence of the potential of such a model in correctly forecasting the endpoint of a cleaning batch when the online measurement becomes unavailable.   
5. Concluding remarks
Improving cleaning operations in the FMCG industries has gained increasing importance due to the demands on the reduction of water and energy consumption and emissions. The ongoing research in the ZEAL project is developing a model-based approach to tackling this issue, both in rationalising and representing the knowledge gained from experimentation and in effectively utilising data generated from analytical instruments for more effectively better monitoring and controlling the cleaning processes. Two approaches are adopted: CFD modelling and hybrid modelling. CFD provides fundamental understanding of  cleaning at a surface level and hybrid models extend the scope to cover multiple unit operations. Application of a hybrid modelling has been demonstrated through a proof-of-concept example and results indicate that hybrid models have the utility to deliver the forecasts necessary. However, to achieve the overall objective of the ZEAL project, a number of important issues still need to be addressed. The establishment of the connection between CFD modelling and the hybrid model structure requires further study. In addition, application of the hybrid modelling framework when there is an uneven distribution of soil coating and removal rates within equipment with complex geometries is far from straightforward requiring a change from a deterministic to  a stochastic approach. Results presented at the conference will expand further on the modelling approaches and consider diversity in soil type.
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Figure 4. Results of hybrid modelling for the whey protein cleaning process.
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