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Introduction

The Mathematics in Industry Study Group, MISG 2002, was held at the City East Campus of the University of South Australia from February 11 to February 15. David Panton  was the Director and Phil Howlett and Stephen Lucas the Project Coordinators. MISG is a Special Interest Group of Australian and New Zealand Applied Mathematics (ANZIAM), a division of the Australian Mathematical Society. The Study Group is an annual problem-solving workshop where industrial mathematicians from universities, government, and industry work on specific industry projects. This year projects were presented by  Beringer Blass; Defence Science & Technology Organisation; ETSA Utilities; Exide Technologies; GH Michell & Sons; and Santos Ltd. Around 110 delegates attended MISG 2002. MISG 2002 was opened by the CEO of the South Australian Centre for Innovation Business and Manufacturing,  Dr. Don Swincer.

We continued the involvement of undergraduate and postgraduate students at MISG with Student Workshop activities. This year  the workshop was held concurrently with the MISG event, with mentors providing personal assistance and guidance for students participating in individual project sessions.

These equation free summaries have been produced by Tim Thwaites, a Melbourne based science journalist who attended MISG 2002,  in conjunction with the project moderators and the industry representatives. Each summary briefly describes the work carried out during MISG and gives recommendations about the outcomes. Full technical reports will be available in the Proceedings which will appear later this year.

Associate Professor David Panton

Director MISG 2002

Centre for Industrial and Applied Mathematics

University of South Australia

Mawson Lakes Campus

Mawson Lakes 5095 South Australia

Ph  + 08 8302 3196

David.Panton@unisa.edu.au
MODELLING OF OPEN VAT RED WINE FERMENTERS

Beringer Blass Wine Estates

Industry Representatives:
Nigel Dolan, Beringer Blass, Nuriootpa, SA

Alan Edward, Beringer Blass, Nuriootpa, SA

Project Managers:
Rodney Weber, Australian Defence Forces Academy, Canberra, ACT 

Stephen Gay, University of Queensland, St Lucia, Qld


BERINGER Blass Wine Estates is a global company which produces about 14 million cases of wine annually from vineyards worldwide including in Australia, California, New Zealand and Italy. It is the wine division of the Foster’s Group, and distributes and sells its products in more than 40 countries. Over the past few years Beringer Blass has been undergoing growth of more than 10 per cent a year.

Nearly 40 per cent of the company’s production comes from Australia where it owns some of the best known brands of premium wine. About 60 per cent of the wine the company makes is red. 

Red wine gains its particular colour, quality and character from polyphenolic compounds which are concentrated largely within the wine skin. The fermentation process differs from that of white wines because the grape skins are left in contact with the juice while undergoing yeast fermentation in a vat or fermenter. This contact is vital to the finished product.

During fermentation, carbon dioxide gas is produced. As it rises to escape through the top of the fermenter, the gas lifts the skins into a porous cap which sits half-exposed on top of the fermenting grape juice. In order to keep the juice in contact with the skins and to prevent this cap of skins from drying out, engineers at Beringer Blass have devised a circulation system whereby grape juice is sucked out from the bottom of the fermenter and pumped through a hose to a nozzle above the grape-skin cap from which it issues onto a propeller. Under the pressure of this jet of grape juice the propeller rotates spraying the juice across the surface of the cap of wine skins. But during the fermentation period of about a week, this pumpover system is operated only for about half an hour every six hours. Any longer breaks up the grape skins and complicates processing by making filtering necessary at the end of fermentation.

The pumpover system was designed purely on the basis of wine making experience. Because the system has performed adequately, Beringer Blass has never fully analysed the efficiency of its operation. So the company asked the MISG team to do so with a view to determining if the process could be improved.

Many parts of the system could be scrutinised, but as contact between the grape skins and juice is the key to successful extraction of polyphenols, the MISG team began by analysing the flow of grape juice through the cap. For the purposes of analysis the group considered the contents of the fermenter as having a layered structure—the tightly-packed exposed part of the cap of grape skins, and the immersed part of the cap which becomes more loosely packed as it grades into the fermenting grape juice underneath.

On the basis of its analysis the team became convinced that the flow rate used was faster than necessary. With a carefully calculated reduction in flow rate, the MISG team argued, the pumpover system could be used for a greater proportion of the fermentation time, and possibly even continuously, leading to more efficient extraction of the polyphenolic compounds. This might also enable Beringer Blass to accelerate the total process of extraction and fermentation. At an optimum rate of pumping, skins would not be sucked into the outlet, and hence the problem of the maceration would not occur. Elements of the system would have to be redesigned for the decreased flow rate, however. The team recommended experimentation to determine the best flow rate for continuous operation of the pumpover system.

*   *   *   *   *

The company’s new Wolf Blass winery at Nuriootpa in the Barossa Valley is planned to be the biggest in the Southern Hemisphere. The first of four stages was opened in time for the 2001 vintage. It can ferment 30 million litres of wine a year in 56 cylindrical 10-tonne vats open at the top. So MISG 2002 was an opportune time to review operations.

The pumpover system devised and used by Beringer Blass to keep grape juice in contact with the skins can be adjusted at many points, each of which potentially could have an impact on the efficiency of operation, and hence the quality of wine produced. These points of adjustment include the height of the nozzle and propeller above the cap, the shape, size and angle of the propeller blades, the flow rate or volume of grape juice pumped per unit time, the pressure of flow, and the duration and frequency of the pumpover.

The MISG team began its analysis of the problem with a review of the fermentation process in the vat. It came to several important conclusions. First, the grape skins are pushed to the top of the grape juice by the pressure of bubbles of carbon dioxide which form during fermentation. When the pumpover system is operating, this upward force is countered by the movement of grape juice through the outlet at the bottom of the fermenter. The team recognised that maceration of the grape skins is caused by their movement through this outlet, not by interaction with carbon dioxide bubbles or by the pressure of fluid on them during the pumpover. So, the stronger the pumping, the greater the likelihood of maceration. In fact, the team worked out that the flow through the circulation system during the pumpover is about 20 metres a second—almost akin to a water cannon, as one team member remarked.

Second, the extraction of the polyphenolic compounds which give red wine its character occurs via simple juice-skin contact. This process does not depend on the skins being immersed. Third, for analysis purposes, the contents of the fermenter can be considered as layered—an exposed top layer of wine skins which can be treated mathematically as an unsaturated porous medium, a part of the cap immersed in fermenting grape juice which forms a saturated porous medium, and the loose bottom of the cap which grades into skin-free juice, which is a fluid.

The team then worked on determining the velocity of flow of the grape juice during the pumpover. Although a complete model of the system was mathematically too complicated to develop in the time available during the MISG conference, the team was able to produce close enough approximations on which to base some useful recommendations. Flow rates through the cap were estimated using Darcy’s Laws of movement through saturated and unsaturated porous mediums. And beneath the cap, loose skins would be caught between the upward movement of the gas bubbles generated by fermentation and the downward movement of the pump pulling the grape juice towards the outlet.

It soon became clear that the present flow rate induced by the pump of about 10 litres a second tends to drag grape skins towards the outlet, leading to their maceration and break up. Reducing the flow rate to about half the present level could prevent this problem leading to the possibility of continuous pumpover. This in turn could increase the efficiency of extraction of polyphenolic compounds and reduce of the time of fermentation to about four days.

The current pumpover system, however, is set up for the present flow rate. Any reduction would therefore mean redesigning and adjusting the system. One important factor would be to ensure that the spray from the propeller continued to cover the entire area of the top of the cap of grape skins. At a reduced flow rate, the spray width could be maintained by reducing the diameter of nozzle, increasing the height of the propeller above the cap, adjusting the angle of the blades of the propeller or any combination of the foregoing.

The MISG team recommended that Beringer Blass decrease the flow rate of its pumpover system to allow it to operate continuously. The company would need to conduct experiments to determine the optimum flow rate for continuous pumping without lacerating grape skins, and then to change the design of its pumpover system to suit this reduced flow rate. Tests would also be necessary to determine by how much these changes could reduce fermentation time.


The analysis had certainly increased understanding of the mechanics of what happened in the fermenter, said Beringer Blass industry representative Nigel Dolan. “The MISG has provided us with areas in which we can experiment to improve performance. A four-day fermentation cycle would have a significant impact on the wine industry. The outcomes have been very valuable, and I would like to thank the team. I enjoyed working with them. We managed to balance my lack of maths with their lack of wine-making skills.”


IDENTIFICATION OF FUTURE ADF VEHICLES AND TRAILER FLEEETS FOR PROJECT OVERLANDER

Defence Science and Technology Organisation

Industry Representatives:
Joanne Nicholson, DSTO, Canberra, ACT

Robin Petersen, ADHQ, Canberra, ACT

Ray Janus, DSTO, Edinburgh, SA

Project Managers:
Hussein Abbass, Australian Defence Force Academy, Canberra

Ruhul Sarker, Australian Defence Force Academy, Canberra

In the Australian Defence Force (ADF), the fleet of Field Vehicles and Trailers (FV&T) can be considered as the backbone of the combat support and sustainment structure. FV&T are used to transport personnel, supplies, materiel, replacement combat systems and where necessary, to evacuate casualties. They also serve as platforms and prime movers for command, control and communications, computer and intelligence systems, and many weapons systems.

Over the next decade ADF will undertake a major FV&T replacement program to meet the ground mobility requirements of 2013. It will cost between $1.5 and  $2 billion. The replacement program, known as Project Overlander, began with the acquisition of vehicles for heavy recovery and bulk liquid transport, and also provided vehicles to address immediate shortfalls of capability in East Timor.

The next major stage of the refit program, known as Phase 2C, will ensure that selected elements of the present fleet remain operational at least until 2013. This can be achieved by upgrading or modernising current vehicles, by buying in new vehicles, or by a mix of both these strategies. Phase 2C has a budget of between $100 million and $150 million.

In its support role for the ADF, the Defence Science and Technology Organisation (DSTO) is seeking to develop a mathematical model to determine optimal solutions for how to proceed with Project Overlander. It was envisaged that by exploring scenarios of what mix of new vehicles the ADF would require after 2012, and then working backwards, it could be determined whether some of these future requirements could economically be provided earlier as part of Phase 2C. A model would be developed to provide a range of fleet mixes that met a predetermined percentage of the ADF’s needs.

The DSTO asked the MISG team to test the methodology, and determine how best to make a decision on the optimal new fleet for the ADF (which would then determine how to proceed with Phase 2C).

The MISG team started by redefining the problem into three sub-problems—evaluating the present fleet, establishing future needs, and working out a transition plan. Two groups were formed, one to look at the best fleet tactically, the second to look at the same question from a practical or operational level.

As the week progressed, the DSTO representatives introduced further complexity into the picture by presenting some of the real-life constraints. Even so, MISG developed an initial model and tested it using a simple working example. The team then suggested several avenues for making the model more sophisticated to allow it to provide practical assistance with the decisions to be made. 

*   *   *   *   *

The MISG began its analysis of the DSTO problem with several observations on the modelling process and its outcomes in this particular case. One conclusion was that the prime objective in such a defence exercise was not to save money, but to save lives. A second was that any model developed to aid decision making must map reality as closely as possible. This meant that dealing with ideal or simplified scenarios was not good enough, unless the impact of the assumptions leading to that scenario were fully understood. People’s lives could be at stake.

In reality, the composition of the present fleet influences the shape of the future fleet. So the MISG team looked at how to evaluate the current fleet, with the intention of then establishing future needs and finally working out how to move from the former to the latter. In order to evaluate the fleet, the team developed a measure of the effectiveness of its elements by comparing what it is doing using the current fleet, with the best it could be expected to achieve.

To establish future needs, two groups were formed. The first group looked at ways of deciding on the best possible tactical vehicle fleet, irrespective of how long it would take to establish it. The second took time into consideration. The DSTO insisted that in military operations time was always important.

Before any models were constructed, however, the DSTO representatives introduced several constraints and considerations which made the picture much more complex. These included such things as vehicles which could only be used for particular work, or in a particular area, or to satisfy the requirements of one particular group, rank or person in the hierarchy. The constraints also included safety regulations, such as how many hours drivers were allowed to work, and the downtime for maintenance, loading and unloading, which varies between vehicles.

The team then set about constructing simple models using a set of parameters which included measures such as how effective any one vehicle was at achieving a particular task, how often it would be demanded to do that task, and the time needed to accomplish it. There were also parameters for the cost of purchasing and operating vehicles and the capacity and numbers of particular types of vehicles. The model also contained decision variables which would allow constraints to be set.

The group then used a sample set of data to test the feasibility of constructing and using their simple models. While the results showed the shortcomings of the sample, they also demonstrated that useful information and answers could be obtained through mathematical modelling.

At the end of the MISG process, the project moderators were in a position to meet with defence management, and show them what could be achieved through such analysis. They discussed several ideas for incorporating greater complexity into the model to make it more realistic, and for using computer techniques to sort through results and compare the advantages and disadvantages of alternative fleet mixes.

Industry representative, Dr Joanne Nicholson of DSTO said she was pleased with the progress that had been made, and was keen to keep the process going. “We developed a real appreciation of the complexity of the problem, and will make a strong recommendation to participate in these types of sessions again.”

RELATING ELECTRICITY SUPPLY DISRUPTION AND DESIGNATED CAUSAL FACTORS

ETSA Utilities

Industry Representatives:
Jim Whaites, ETSA Utilities, Keswick, SA

Ben Thompson, ETSA Utilities, Keswick, SA

Project Managers:
John Boland, University of South Australia, Mawson Lakes, SA 

Bill Whiten, University of Queensland, Saint Lucia, Qld


ETSA Utilities is a privately owned company responsible for the distribution of electricity to nearly 750,000 customers across South Australia. It is a member of the Cheung Kong Group of companies based in Hong Kong.

The company operates and maintains more than 73,000 kilometres of electrical lines spread across about 1500 distribution networks which include about 350 substations and more than 63,000 distribution transformers. Electricity is typically delivered to customers at 240 or 415 volts (V), from distribution transformers connected to powerlines operating at 11,000 V. Transmission lines between substations normally operate at 66,000 V.

Clearly, any interruption to electricity distribution—such as the tripping a fuse at a distribution transformer—is bad for business. Not only does it decrease the capacity to supply electricity, but it also inconveniences customers, and may even become a safety issue if it prevents vital equipment from operating.

Because of this, the reliability of the networks run by ETSA Utilities is subject to government supervision via the South Australian Independent Industry Regulator. The company operates under the terms of the South Australia Distribution Code. If it does not meet preset performance targets, the company must pay a financial penalty. Conversely, if the company exceeds the performance targets, it will receive a financial bonus. In order to demonstrate its reliability, ETSA Utilities must collect information on all power interruptions and report each quarter to the Regulator on the performance of its networks with respect to the targets.

Given that such data has now been collected for more than a decade, ETSA Utilities asked the MISG if it could identify any significant trends, such as where supply interruptions are most likely to occur, and the causes of those interruptions. More specifically the company asked the MISG team to investigate the reliability performance of its networks under adverse weather conditions, and if it could construct a model to relate measures of interruptions to causes for particular geographic areas.

The MISG team split into groups which analysed the reliability data in different ways. During the course of the analysis team members assessed how the collected data could be used, and reframed the questions being asked. They found in general that the bigger the power interruption, the more likely weather was to be involved, and that storms caused a significant increase in the interruptions that were recorded as due to equipment failure or where nothing was found.

*   *   *   *   *

ETSA Utilities uses several statistics to measure the reliability of its networks. Three basic inter-related measures are common to the electricity industry. The system average interruption duration index (SAIDI) provides an estimate of the severity of interruptions in terms of customers affected and for how long; the system average interruption frequency index (SAIFI) measures the proportion of customers affected; and the customer average interruption duration index (CAIDI) assesses the impact on any one customer. In addition, for each interruption ETSA Utilities also collects information on where and when the interruption happened, its cause (using 45 different categories), and how long it took to restore power to 80 per cent and 90 per cent of customers.

The company maintains separate databases for interruptions involving high voltage lines (greater than 415 V)—about 3500 incidents a year—and low voltage lines (240 V and 415V)—about 10,000 incidents a year. The MISG team was asked to look only at the high voltage database. And before the MISG process began, ETSA Utilities asked Dr John Field to put into a user-friendly form more than 42,000 interruption records dating back to 1991.

ETSA Utilities reports to the South Australian industry regulator each quarter. But the regulator requires sorting the data into a different geographic break-up (into amalgamated regions of the Adelaide CBD, metropolitan, rural and remote) and a different set of causes (where the detailed causes recorded by the company are grouped into major cause categories of equipment failure, weather, nothing found, operational, planned, third party and other). Within these major cause categories, the company representatives were of the opinion that three of the seven—weather, equipment failure and nothing found—were essentially environmentally related, hence related to each other. Statistical analysis by the MISG team confirmed this viewpoint, that is the categories for nothing found and equipment failure did seem to be weather related.

The company was particularly interested in the relationship between adverse weather and the reliability performance of its networks. For instance, it asked the MISG team if it could analyse the data to determine the resulting impact on SAIDI and SAIFI of storm activity in a particular area, or calculate correlations between the weather-related cause categories and Bureau of Meteorology (BoM) records of indicators of adverse weather, such as thunderstorms or gale force winds. The Bureau, however, records its data using different geographic regions again from those used by the company of the regulator.

ETSA Utilities also requested that a model be established for SAIDI and SAIFI in terms of major cause categories for particular geographical areas. There was insufficient time to complete this task and the company has advised that it will become the focus of a subsequent study.

One group of the MISG team began its analysis by redefining the problem in order to get around the mismatch of geographical regions under which BoM and company data are recorded. It checked to see if, when there were supply interruptions in an area, there was also adverse weather measured by the BoM. For each BoM district, the group compared the size of the interruption in terms of the number of customers affected with how often it was associated with adverse weather. This group found in some districts, that the bigger the interruption, the more likely it was to be associated with weather, but this was not always true. The same pattern emerged for the duration of the interruption. Non-weather related causes did not produce a similar result.

A second group of the MISG team developed a computer program to look for direct links between supply interruptions and days when thunderstorms were recorded in a BoM district. They also checked for supply interruptions five and 10 days after these storms were recorded. What they discovered was that the proportion of weather-related interruptions did tend to increase over the 10 days after a thunderstorm.

Another member of the team analysed the data in a different way by assuming that the distribution of interruptions was random, and checking to see whether there was any deviation from that pattern when electrical storms and high winds were recorded. In fact, there was a significant increase in interruptions under these conditions. Surprisingly, hail seemed to be associated with fewer interruptions.

 Company representative, Mr Jim Whaites thanked the members of the MISG team for their work. “It will take weeks for us to interpret the results of what you have done,” he said. “Your work seems to reinforce what we thought. But until now we had no concrete analysis to back our gut feelings.”

SCHEDULING THE CHARGING OF BATTERIES

Exide Technologies

Industry Representatives:
Peter Larner, Exide Technologies, Elizabeth West, SA

Project Managers:
Graham Mills, CSIRO Mathematics and Information Sciences, Urrbrae, SA

Simon Dunstall, CSIRO Mathematics and Information Sciences, Clayton, Vic
Philip Kilby, CSIRO Mathematics and Information Sciences, Clayton, Vic

EXIDE, the world’s largest manufacturer of lead-acid batteries, operates a plant at Elizabeth, just north of Adelaide, where it produces two million batteries a year for automotive and commercial applications. For five days a week, the factory works at capacity, three shifts a day. Over the weekends it operates at a reduced rate.

Lead-acid batteries maintain their charge by means of a chemical reaction which begins as soon as the acid is poured in. The batteries then must be charged electrically within one or two hours of filling. At Elizabeth about 50 types of batteries are produced each with different performance characteristics. Each of these products must be charged in a different way for different lengths of time.

After filling and charging, lead-acid batteries have a limited shelf life, so product cannot be made for stock. Hence, for maximum efficiency (and profit), the production level and product mix should match demand, which is determined by comparing past history with forward orders. Within the factory, movement through the charging area governs the rate of production. For maximum efficiency it is important to have a constant supply coming off charge to keep workers occupied in the finishing area, where the washing, labelling and testing takes place.

So Exide asked the MISG team whether, for any given product mix, it would be possible to devise a loading schedule for the charging area which would ensure that the finishing area was fully utilised. The charging area cannot handle more than 115 racks or stills each containing about 90 batteries at any one time. The factory needs to finish about 9000 batteries (about 100 stills) every weekday. 

The MISG team generated four different approaches to the problem. Its analysis was enough to show that a schedule which ensured that 9000 batteries a day reached the finishing area was possible, but that it would require the products which needed long charge times to be loaded and charged over the weekend. Members of the team recommended refining and validating their models, developing a visual display of how the schedule would work, and collecting data automatically on the full and empty stills in the plant.

*   *   *   *   *

The charging area is regarded as the bottleneck or rate-controlling process at Exide’s Elizabeth battery production plant. But for several reasons, the charging area is difficult to expand. Adding each new charging bay is expensive—between $70,000 and $80,000—and also increases the heat load. Excessive heat can degrade batteries and shorten their life, so the charging area is fitted with sensors which shut it down above a certain temperature, which leads to time delays. Fitting an air-conditioning system is too expensive to consider at this stage.

However, in its initial analysis, the MISG team recognised that the real goal was to move 9000 batteries through to the finishing area each day. This, in fact, was more important that fully utilising the charging area and could be achieved in several different ways using the existing charging area, as long as it operated over the weekend. Such a level of production could even be maintained for any of the usual product mixes, as long as production could be averaged out over a cycle of two weeks.

Groups within the MISG team worked at producing solutions to the scheduling problem using different techniques. In the end four approaches were tried. One was a graphical representation and solution. The number of charging spaces available was represented over time by a rectangular shape. Each block of product—a certain number of batteries to be charged for a certain time—became like a tile to be fitted into that area.

A second model was based around the movement of the battery racks or stills. Each day, an average of 100 stills a day have to be coming off charge to feed the finishing area, but only over the five week days. If the charging area were to operate over seven days, then enough batteries could come off charge on Sunday to allow the first finishing shift on Monday can begin work smoothly. These “Sunday” batteries effectively represent a surplus which can be used to smooth production over the week. As there are no finishing shifts on the weekend, Saturday can be devoted to batteries which must be charged over the longest periods of time, and they can form the initial surplus on Monday.

The most detailed model of the schedule was produced using the mathematical techniques of integer programming. The team put together the model based on a series of constraints all of which must be satisfied. They included considerations such as the maximum number of batteries it is possible to charge in a given time, and how many stills are waiting to be filled.

Consideration of the results of these models allowed the MISG team to come up with a series of rules of thumb for producing viable charging schedules. For instance, any space which becomes free in the charge area should be loaded with the product which has the longest charge time while ensuring there will be enough batteries coming off charge to keep the finishing area occupied. This means the long charge-time stills can be loaded on Saturday and Sunday as well as Friday. Products for which there is a large demand should be split into batches to ensure the smoothest input to the finishing area. Batteries which have short charge times are a strategic resource, because they can be used at any time to produce stock for the finishing area quickly. And it is usually a good idea to have some stills waiting to be finished at the end of a shift.

The team also presented Exide with several avenues for further work. Clearly, the models could be refined and validated. One relatively easy option for validation was to gather data on the movements of empty and full stills in the plant. Another suggestion was to develop a series of useful, representative cases which would provide practical solutions. Some way of generating a visual display of the schedule would help to guide implementation. And a series of scenarios outside the current constraints of the factory may well be useful for future planning.

The industry representative Mr Peter Larner commented that the team’s analysis had triggered a lot of issues in his mind which would have to be thought out and talked through with those involved at the plant. “It has provided me with a platform to think about alternative solutions,” he said. “The quality of your people and of my people is number one.”

GREASE RECOVERY AND DIRT REMOVAL IN WOOL SCOURING

GH Michell & Sons

Industry Representatives:
Vincent O’Brien, GH Michell & Sons, Salisbury, SA

Project Managers:
Steven Barry, Australian Defence Forces Academy, Canberra, ACT 

Tim Marchant, University of Wollongong, NSW


G.H. Michell & Sons is a family-owned business which has become the largest processor and exporter of wool in Australia. The company, run from Adelaide, employs more than 800 people and serves clients in 50 countries in North America, Europe, Asia and Africa.

After shearing the sheep, the first step of wool processing is scouring—washing the fleece to remove the dirt, sweat, grease and other impurities. Scouring affects all subsequent processing, and it is particularly important to do as little damage to the fibres as possible.

The scour consists of a long rectangular tank or bowl atop a series of inverted tetrahedral hoppers, each sloping to a point at the bottom. The bowl is divided from the hoppers by a horizontal mesh, the hole size of which is about 0.5 cm. Greasy wool enters one end of the tank, and is moved along the mesh by the action of harrows while immersed in a liquor of detergent solution and alkaline salts.

Initially, the suint or dried sweat and some dirt is removed, then further along dirt and grease. The dirt sinks to the bottom and is drawn from base of each hopper every so often according to a regular pumping cycle. Liquor containing a high concentration of grease is drawn from the last hopper just under the level of the mesh.  Grease recovered from this mix is processed for sale as lanolin, a million-dollar business. The water is cleaned up and recycled, re-entering the scour process through an inlet in the second hopper. Upon leaving the scour, the wool mat is passed through a 30-tonne roller which squeezes most of the water from it. This water is also cleaned and recycled.

G.H. Michell and Sons asked the MISG team to model the flows in the scouring process in order to determine how to achieve maximum grease recovery and dirt removal with a minimum amount of agitation.

On the basis of an initial analysis of the process, and of the movement of dirt and grease particles, the team determined that only a limited amount of washing and cleaning of the wool occurs as it moves along the tank. In fact, most of the cleaning takes place as the fluid is squeezed out of the wool at the end of the process. And, after studying the impact of the roller more closely, the team decided that its efficiency could be greatly increased by making it porous.

Members of the team then built a simple model of the flows in a four-hopper scouring system. On the basis of the model, they concluded that it would be better to move the entry point for recycled liquor and the exit point for grease out of their respective hoppers and into the bowl above. This would allow the liquid in the hopper to remain stagnant, and the dirt to settle to the bottom without being stirred up. The team also suggested collecting experimental evidence to validate and fine-tune the model.

*   *   *   *   *

The MISG team began its analysis by reviewing the overall process of scouring using a four-hopper system as an example. The liquor in which the wool is soaked already contains dirt and grease, as well as detergent and alkaline salts. As the wool is fed into the scour, fresh water equivalent to about 20 per cent of the volume of the system is added to replace what is drawn off in emptying the dirt from the bottom of the hoppers.

As the wool mat is wetted, opened up and moved through the bowl by the harrows, particles of dirt, loosened by soaking, come out and settle to the bottom of the hoppers. Larger particles sink faster. The grease, however, does not settle. Dirt and water are drawn out of the bottom of the hoppers in a cycle whereby each hopper is pumped in sequence. They found this pumping cycle tends to drive the liquor in the bowl and hoppers in the same direction as the wool mat.

Team members then studied the mathematics of settling. They calculated that dirt particles would sink at a rate of about 1 mm a second, a rate about one hundred times faster than that at which the grease would rise. The group also worked out that about one-fifteenth of the volume of each hopper (the bottom 63 cm) would be removed during each pumping cycle. An equation was formulated for the increase in the concentration of dirt at the bottom of the hopper due to settling after pumping. This could then be used to predict how much dirt would be drawn off in each cycle and to calculate optimum cycle times.

The analysis then switched to the roller involved in squeezing water from the wool mat at the end of the process. This roller bears down on the mat with a force of about 30 tonnes and reduces its thickness from about 10 cm to 1 cm. Its action removes most of the dirty water. Even so, not all the water is squeezed out, because there is a limit to the volume of fluid that can move through the pores available during the time the roller is acting on the wool. In fact, the team calculated that the roller would be up to 1000 times more efficient, it were made of porous material which would allow water to escape through the substance of the roller itself.

Members of the team then set to work constructing a model of the flows within the scouring system to study the changes in dirt and grease concentrations. For the purposes of the model, the scour system was divided into eight compartments, the four hoppers and the (four) sections of the bowl immediately above each hopper. To run the model the team used typical figures for the initial flow of water into the scour bowl and for the recycling of semi-clean water into hopper 2, as well as for drainage from each of the hoppers and the grease exit point. A pumping cycle of 55 seconds for each hopper with a 15 second break was instituted. Then, starting from clean conditions, the team calculated flows in each compartment at different times assuming that mass and energy were conserved. The system took more than an hour to reach a steady state.

On the basis of the model, even without validation and fine tuning, the team was able to suggest moving the entry point for the recycled liquor from hopper 2 to the scour bowl above. This would allow the hopper to remain stagnant and aid settling and removal of the dirt. Likewise, the group suggested moving the grease exit point from below the mesh in hopper 4 to the scour bowl itself.

In order to refine and validate the model, and hence draw more accurate information from it, the team recommended collecting experimental evidence of flows, and particularly of the concentrations over time of dirt and grease leaving the hoppers and the grease exit point.

The industry representative, Dr Vincent O’Brien, thanked the team and said he was pleased that so much had come out of the work. He said he was now convinced that the company had made a wise decision in taking part in the MISG conference.

TERRAIN-INDUCED SLUGGING
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Mark McGuinness, Victoria University, Wellington, NZ


Santos Ltd is Australia’s biggest supplier of natural gas. It operates nearly 600 wells, most of which are in South Australia. The company headquarters are in Adelaide.

Generally what the wells produce is a mixture of raw, dense gas with some water and a condensate like kerosene. These fluids commonly pass through a compressor and pump system and are then transported at high pressure through pipelines up to 180 km long to processing facilities. Both gas and liquid are carried in the one pipe, but they travel at different velocities

At the outlet of the pipeline, the gas output is more or less steady, but the liquid comes out in dollops or slugs, the peak flows being up to 10 times the average. These slugs are often cyclic in nature and occur over a regular time period. 

Slugging is a worldwide problem of pipelines carrying both liquid and gas, and is a particular problem in offshore wells. Not only does it make flows at the outlet difficult to handle, but it can also induce severe mechanical vibrations in the pipe. At times, Santos has had to shut down pipeline systems, at considerable expense. 

Many mechanisms have been advanced for why slugging occurs, and different explanations may be valid for different pipelines. More than one mechanism may be acting at a time. But it is commonly assumed that in pipes across undulating terrain, such as those operated by Santos, a major cause of slugging is the topography itself. Liquid tends to build up and sit at the lowest points of the pipeline, until it is forced onwards through the rest of the pipe by the pressure of the gas caught behind.

Because of the expense and technical difficulty, there are no sensors in the Santos pipelines, and almost all the operational data comes from measurements taken at each end. So Santos asked the MISG to develop a simple way of estimating peak liquid flow rates, slug sizes and the period between the peaks. As an example with which to work, the company provided data on the 180-kilometre pipeline it operates between Ballera in Queensland and Moomba in South Australia.

The team began with a general analysis of the problem. It found there was a more or less regular period of about 4.3 hours between peak flows, and that the form of the flow output resembled what would be expected from two sine waves added together, suggesting two dominant frequencies of slugging.

Experimental and engineering experience suggested that the slugging was due to the uphill segments of the pipeline. The team concluded that the flow in downhill sections should be stratified with liquid and gas separated, whereas there would be a strong correlation between the length and slope of the uphill sections and the depth of the liquid in them. It then looked at the mathematics of waves in shallow liquids. One possibility suggested was that the period between slugs was determined by the characteristics of the last uphill segment. The team also began building a mathematical model of the pipeline system, exploring the operating conditions of the pipeline, and looking for simple approximate solutions.

*   *   *   *   *

The pipeline from Ballera to Moomba is 180 km long and about 40 cm in diameter. It carries gas, condensate and water at high pressure (between 70 and 130 atmospheres) at about 1.5 kilometres per hour for the liquid and 15 kilometres per hour for the gas. There is no data on the actual conditions inside the pipe. What happens along the pipe has to be inferred on the basis of measurements collected at the end points and from the evidence of laboratory experiments conducted with glass channels.

In addition to terrain, other mechanisms put forward to explain slugging include hydrodynamic reasons where the different pressures and rates of flow of the gas and liquid induce waves in the liquid phase, some of which can be big enough to fill the pipe. This could be alleviated by increasing the diameter of the pipe or by increasing the pressure or the pressure gradient under which the fluids flow. Slugging might also be initiated by abrupt changes in the rate of output of the well or by starting up or shutting down the compressor and pump.

The MISG team, however, concentrated on the impact of terrain. It noted that the pipe was of larger diameter than generally employed for such gas flow worldwide, and also that the gas itself was highly compressed, so that it was nearly as dense as the liquid phase. So the stratified flow could in this case be treated as liquid flowing over liquid rather than gas over liquid.

Using a standard analysis for waves that arise at an interface between two liquids when there is a velocity difference (known as the Kelvin-Helmholz instability for shear flow), the team then determined that any waves established in the liquid phase would have a long wavelength, about seven kilometres. The team also investigated the possibility of the establishment of solitary waves and wave trains, but deriving solvable equations was very difficult.

One interesting fact uncovered by the team was that the time it would take the last uphill segment of the pipe before the outlet (about 800 m) to fill completely with liquid is about 4.8 hours, which is close to the cycle time of the slugging measured at the outlet. So one possibility is that in addition to any slugging that might take place within the pipeline itself, the characteristics of the slugs at the outlet could be determined solely by the last uphill stretch.

Members of the team also began to construct a mathematical model of the movement of the liquid and gas through the pipeline. They started by looking at conditions and assumptions that would be necessary to build such a model.

Initially they decided on a model with two layers of incompressible liquid where the lower (denser) fluid flow is driven by the faster velocity of the upper fluid. There would also be interactions, shear stresses, at the boundary between the fluids and the pipe. The gas phase (the liquid on top) would flow much faster than the liquid below. The group then developed equations based on the principles of conservation of mass, momentum and energy and explored smooth and shock-wave solutions for stable and unstable regimes. Due to the complicated nature of the model equations and of the flows that can develop, the group was unable to find simple expressions for slug amplitude and period. A good foundation, however, has been laid for further study of this model and this challenging  problem.

The industry representative Mr Tung Nguyen said he had been very impressed by the calibre of people who had been working on the problem. “It is a difficult problem, and I am glad to have been here working on it,” he said.
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