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Summary

The regulatory framework in which pharmaceutical companies have to work has changed
significantly since the late 1990’s. The development and implementation of risk based
approaches to processing pharmaceutical powders allows the pharmaceutical manufacturers
the freedom to adopt real-time release for their products whist reducing the regulatory burden

for both the statutory bodies and the manufacturers.

This thesis has been a collaboration between Buck Systems and the University of
Birmingham School of Chemical Engineering to evaluate and develop methods which would
enhance the way in which Buck Systems can, in co-operation with their clients, enhance their
understanding of how powder properties affect their products that are used in pharmaceutical

manufacturing to better comply with the changes in the regulatory environment.

To this end simple and quick screening methods for characterisation of customers’ powders
with a view to identifying potential problems prior to blending tests have been developed to
replace the current ad hoc approach. These include the use of tests that have been relied on
historically as well as newer, more universal and robust techniques such as automated shear
cells and powder rheometers. Detailed characterisation trials have shown where these
techniques can be successfully applied and where their limitations lie. Further work has
shown how powder systems can be better evaluated within the existing HAZOP framework.
Specific evaluation of the hopper design methodology has resulted in the development of an
expert system to enable the rapid sensitivity analysis of design options. In addition the limits
of the hopper design method have been explored and some limitations identified where

significant overdesign may occur.

The evaluation of content uniformity in a laboratory scale blender using specialist Positron
Imaging equipment available at the University of Birmingham has also been undertaken.
The unique study of the blender contents using Positron Emission Tomography has provided

a range of insights into the way binary and ternary powder systems interdisperse.
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Chapter 1 — Introduction

Abstract

This chapter outlines the nature of the thesis and undertakes a review of the
sponsoring company, Buck Systems, with respect to its place in the market,
the technical and regulatory drivers that have influenced the choice of
project and how the intended outcomes will shape the way the company

does business in the future.
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1.1 The aims and goals of the project

This Engineering Doctoral project has been a collaboration between Buck Systems

and the University of Birmingham School of Chemical Engineering.

Buck Systems, a division of GEA Process Engineering (NPS) Ltd, was founded in
1990 as Gallay Systems Ltd. The Birmingham-based company was initially
established to meet the specific needs of the pharmaceutical market, where it still
has almost all its sales. It has developed and introduced a range of products and
services based around the batch manufacturing focus of the solid dose segment of
the industry (tablets, capsules, caplets); blending in intermediate bulk containers

(IBC), washing, discharge and dosing, dispensing and post-hoists.

Recent regulatory initiatives combined with ongoing moves to outsource both
fabrication and assembly functions by the equipment manufacturing industry have
required the company to evaluate and improve the ‘value added’ to its range of
standard products. To this end it has decided to develop its focus on the
characterisation of the powdered materials used by the pharmaceutical industry and

how that impacts on its main product line — dry powder, batch, tumble blenders.

The specific goals of this thesis were
e Develop simple and quick screening methods for characterisation of
customers’ powders with a view to identifying potential problems prior to

blending tests — this replaces the current ad hoc approach and should reduce
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the amount of effort that goes into blending trials and would be performed at
Buck Systems.

e Detailed characterisation using specialist equipment available at the University
of Birmingham and elsewhere to inform of the efficacy and limitations of
specific tests and testers.

e Characterisation of powder and systems for customer specific troubleshooting.
e Evaluate the applicability of powder testing to the other Niro group companies
which manufacture equipment for other powder processing unit operations.

e Evaluation of blending using specialist equipment available at the University of

Birmingham — Positron Imaging of powder blending

In order to put these goals into context, a review was undertaken of the Buck
Systems position within the pharmaceutical equipment supply sector and the drivers

that shape the specific needs of that sector.

1.2 Background to solid dose manufacturing in the
pharmaceutical industry

There are several historic drivers relating to manufacturing in the pharmaceutical
industry being geared towards batch manufacturing.
e The need to manufacture (relatively) small quantities of product (compared to
the general chemical industry).
e The large number of products and formulations within any given company’s

portfolio
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e The cost and time of R&D and Clinical Trials for each product means that the
quicker the process plant starts turning out saleable product, the quicker the
return on investment and the longer the period of production before the end of

the patent period.

Thus simple, batch unit operations — that are often just larger versions of laboratory

bench chemical manufacturing — are prevalent.

A more detailed description of this approach can be found in (Bennett & Cole 2005)

and (Aulton & et al 2002).

An additional driver for this batch manufacturing approach has been the regulatory
mantle applied by the various national and supra-national bodies such as the Food &
Drug Administration (FDA — US), Medicines and Healthcare Products Regulatory
Agency (MHRA - UK), European Directorate of the Quality of Medicines &
Healthcare (EDQM - Europe) and Pharmaceutical & Medical Devices Agency
(PMDA - Japan). These bodies licence the manufacture of drug substances for sale
and for prescription within their own geographic zone of influence. Historically they
have, in conjunction with the pharmaceutical companies, relied upon Standard
Operating Procedures (SOPs) as a means of Quality Assurance (QA), backed up by
strict Quality Control (QC) requirements to achieve the goals of pharmaceutical
products that are both safe and efficacious. Invariably this involves a significant
amount of paperwork, known as the ‘New Drug Application’ (NDA), to be submitted

and approved before a drug can be manufactured for sale. From an engineering
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perspective, this can lead to the need to specify the manufacturing process and the
SOPs prior to full evaluation of the plant using a production size batch of the active
pharmaceutical ingredient (API) due to the lead times for submission and approval of

the NDA.

However, such a manufacturing control strategy has a number of drawbacks. Firstly

the use of SOP control is based upon the following logic

Constant Feedstocks + Constant Process Conditions — Constant Products

This assumes that any variability in the processing is the major source of variability in
the end product and dictates that there is no variation in the process control
parameters during manufacture — for example the number of rotations, fill level and
rotational speed of a batch tumble blender are all kept constant throughout the
manufacturing life of a given product/production line combination. Where this falls
down, particularly with respect to particulate materials, is that the feedstocks, whilst
usually being chemically consistent, do not necessarily have constant physical
properties (such as particle size/size distribution; particle shape/shape distribution;
moisture content; particle density; particle porosity etc.) which in turn leads to poor

repeatability in any unit operation where the powder is required to flow.

Secondly, it is very unusual to change any SOP unless there is absolutely no other
way of solving a problem. This is because of the large amount of paperwork required

to re-validate the process. Unlike more conventional chemical processing where the
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slight alteration of process conditions is a regular occurrence to maintain product
quality, it is very unusual in the pharmaceutical industry’s highly regulated

environment.

Thirdly, even if a change in SOP did not present the difficulties mentioned above,
how would one measure a parameter that could be changed? The number of on-, in-
or at-line instruments that can measure powder properties, coupled with the markedly
tiny number of mathematical models upon which a control system or even a simple

quality specification could be derived, is minimal.

All of these issues cascade down to the equipment manufacturing sector which
needs to create components and systems that allow the pharmaceutical companies —

the ‘end users’ — to comply with their regulatory requirements.

Recent initiatives by the FDA are, however, having a significant impact on the way
pharmaceuticals are manufactured, and thus on how the equipment suppliers design
processing systems to meet these changing requirements. This is discussed later in

this chapter.

1.3 History of Buck Systems

Gallay was taken over in 1996 by English engineering company GEI and integrated
with its other Pharma divisions Collette (granulation) and Courtoy (tablet presses)

and, the following year, Buck Valve (high containment valves utilised on the
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discharge of Buck Systems IBCs). GEI was, in turn, taken over by GEA, a division of
mg technologies ag, in 1999 and associated with GEA’s other pharmaceutical
operation Aeromatic-Fielder to create an umbrella operating group within GEA - Niro
Pharma Systems (Figure 1.1). The synergy between GEA Buck Valve and Gallay

Systems resulted in the change of name to Buck Systems in May 2003.

GEA

Process Engineering Division

______________________

i Niro Pharma Systems

Niro Inc. (\[[{eWAVS] Aeromatic- Buck
Pharma Pharma Fielder Valve
Division Division AG Ltd.

Figure 1.1: Organogram of GEA Niro Pharma Systems’

The formation of Niro Pharma Systems (NPS) has enabled NPS companies, Niro,
Aeromatic Fielder, Collette, Courtoy, and Buck, to provide standardised interfaces
providing simple integration between technologies and equipment. This has resulted
in the creation of one of the few organisations that can supply most of the unit
operations required for the manufacture of pharmaceutical Solid Dosage Forms, and
could be considered a ‘one-stop-shop’ for anyone designing a manufacturing

process.

It is also notable that mg technologies ag has divested its chemical manufacturing
activities since the start of this project and re-branded itself GEA Group ag (July

2005) to emphasise its focus on process equipment engineering. It is therefore likely

' The information presented in Figures 1.1 to 1.7 was kindly supplied by Buck Systems Sales and
Marketing Department
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that any outcomes from this project would have a range of internal applications within

the other process equipment manufacturing divisions of Niro/GEA Group.

1.4 Key Market Segments

The market serviced by Buck Systems and the other Niro companies is segmented
into two types of pharmaceutical client, commonly described as ‘ethical’ and
‘generic’. Ethical manufacturers are those pharmaceutical companies that develop
their own drugs such as Glaxo Smith Kline, Pfizer, Merck Sharpe and Dohme, Astra
Zeneca, Sanofi and many others. These companies are household names and many
are regarded as ‘blue chip’ entities with a significant presence in the various stock
market indices (FTSE, Dow, NASDAQ etc) throughout the world.  Generic
manufacturers are those companies that manufacture pharmaceuticals that do not
require development or that are out of patent or other intellectual property rights
(IPR). These are less well-known names, but are a significant sector within the

market.

Each of these two marketing segments is also sub-divided into two technical sub-
segments — primary and secondary manufacture — each with differing emphases on
the requirements for process equipment. Primary manufacture is the term used to
describe the production of the drug substance (active ingredient), which is usually a
small percentage of the overall dose unit such as a tablet or capsule. Secondary
manufacture is the stage where the drug material is combined with other substances,

known as excipients, to create the finished product. These excipients are
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substances that can help the drug material perform its designated task, act as a
lubricant for the tabletting process, create a pleasing taste or look to the tablet, or are
simply there to provide sufficient material to achieve the required size for the

application, i.e. a bulking agent.

In broad terms the requirements for the type of materials handling equipment
supplied by Buck Systems are; small equipment volume, high containment for
primary manufacture; and larger equipment volumes medium/high containment for
secondary manufacture. These are generalisations and the installation depends on

the potency level of the drug materials being handled.

Additionally the market can also be broken down geographically into the typical world
regions Europe, North America, Latin America, Africa, Middle East and Far East.
However the geographical nature of the business is tempered by two elements; most
of the ethical manufacturers have their headquarters in Western nations and any
spending in developing regions will almost certainly be initiated and managed by
those head offices; additionally the lure of cheap manufacturing overseas has to be
balanced by the need to satisfy the relevant regulatory authority, which in most cases
will be the US FDA if the drug is to be sold into the United States. These factors
mean that the need to tailor products for regional bias is almost non-existent when

selling to ethical manufacturers.
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1.5 Market Structure and Size

The size of the global materials handling market in the pharmaceutical sector is
estimated to be of the order of $80-100m (£47-58m) p.a. by Buck Systems, who
believed that they had around 15% of the market share in 2000, with a stated goal to

achieve 30% by 2010.
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Figure 1.2: Order value by year for Buck Systems

As can be seen from Figure 1.2, sales steadily increased and were on target up to
2001 when a mini-recession hit the whole market. However, as can be seen for the
period to mid-2005 (and, although not shown on the graph, continued in 2006) strong
orders boosted turnover dramatically and the company is close to achieving its 30%
market share target in the near future. The availability of more recent detailed figures

is restricted due to their commercial sensitivity.

10
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Each of the market segment’s requirements can broadly be defined by examining the
needs of each client type — ethical and generic. These requirements tend to dictate

both the sales and design approach and are listed in Table 1.1.

Table 1.1: Key decision making factors for equipment purchase by company

type
Ethical Companies Generic Companies

Technology based decisions Affordable & delivered quickly

Time to market Quick return on investment

Containment Ease of use

Potent products Simplicity

Protection of operators Lower level of training for operators

GMP / Cross contamination Easy to maintain

Reliable discharge of product Flexibility

No operator intervention Design for worse case

GMP design Future patent products coming off license
Reliable discharge of product
Product yield

The two sets of requirements are not mutually exclusive, both groups would like all of

the listed requirements to be met, there is merely a difference in emphasis required.

11
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Figure 1.3: Split of Buck Systems customer type between ethical
and generic drug manufacturers over the period 2000 to present

Looking at the current and historical splits between the two clients groups, (Figure
1.3), it can be seen that sales into the ethical sector are 20% greater than into the

generic sector and this ethical/generic split appears to be broadly constant over the

medium term.

Historically the split between primary and secondary, in the early years of Gallay
Systems, was biased towards secondary manufacture, but with a significant level of

sales into primary manufacturing as shown in Figure 1.4.

12
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Secondary
60%

oTC
10%

Primary
30%

Figure 1.4: Split of contracts 1997 -19992

Significantly, the creation of the Niro brand has pushed the emphasis towards the
secondary sector, as most of the companies within Niro also focus on unit operations
related to solid dose preparation and manufacture to such an extent that from 2004

Buck Systems has worked exclusively on contracts for secondary manufacture.

A significant opportunity exists to reassert the Niro/Buck Systems presence in the
primary manufacturing sector whilst maintaining the organic growth that has occurred

in the secondary sector.

Figure 1.5 shows the regional splits of sales. The region descriptors are slightly

different, but the main point to note is the increase in sales to the Far East.

2 OTC relates to ‘over the counter’ medicines, a differentiator that is no longer used. The value can,
for the purposes of this review be assumed to be Secondary manufacture

13
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Figure 1.5: Split of contract by region 1997-2000 and 2000-2005

There is also a significant trend in the European marketplace shown in Figure 1.6.
The favourable conditions offered by the Irish Government resulted in a massive
increase in the number of pharmaceutical companies basing manufacturing operation
in the country over the past 10-15 years. These are mostly ethical manufacturers
and the growth is, to a limited degree, self-perpetuating. Companies now see the
region as a source of high quality operational staff as well as capitalising on the

financially advantageous tax environment.

14
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For supplier companies like Buck Systems however, the likelihood of a continuing
Irish Pharma boom is unlikely and while business from the region will continue, it is
accepted that the growth rates and sales volumes will tail off in the coming years and

other geographical markets need to be assessed and targeted.
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Figure 1.6: Order Value by Country 1997-2005

Figure 1.7 shows the split of business over a four-year period up to 2005
differentiated by client. As can be seen four major projects stand out as being the
major sources of revenue from a total of 39 clients. Although this may be perceived
as being a hazardous strategy in some industries, the equipment supply business is

such that you take work when it comes from whoever provides the contracts.

This appears to be a classic example of the Pareto Principle (i.e. 80% of your sales
come from 20% of your clients) (Bookstein 2009;Reed 2001) but the quantity of the
data is perhaps on too short a time scale to be definitive. Many of the key blue chip
manufacturers barely register on the scale in Figure 1.7, but are still considered to be

key clients. What biases this graph is the lead times for large projects and the cyclic

15
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nature of pharmaceutical manufacturing. Often drug companies can have several
new drug entities entering the market (c.f. Wyeth in Ireland); sometimes there are
several years between approvals (c.f. Pfizer; Glaxo Smith Kline; Astra Zeneca). Thus
all the key clients are not necessarily represented in this graph to their overall, long

term importance to the company.
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Figure 1.7: Order Value by Customer 1997-2005

Additionally, the way larger contracts are handled within the Niro Group may
contribute to the skewed picture above. When a customer comes to Niro for several
items as part of a large contract, a main contractor is appointed to co-ordinate all of
the work of the individual Niro companies and to provide a single point of contact for
the client. Invariably, as Buck Systems products interlink all the other products in the
Niro portfolio, a Buck Systems project manager is often appointed and thus all

income from the work goes through the Buck Systems accounts.

16
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Thus the importance of understanding the powder characteristics and their relation to
a wide range of unit operations and product transfer functions becomes even more

pertinent to ensure efficient design and smooth installation.

1.6 Manufacturing for pharmaceutical processing

The supply of manufacturing equipment into the pharmaceutical industry is usually by
the competitive tender route. It can be categorised into two main types of sale — new
manufacturing site and retrofit. The new manufacturing site is self-explanatory;
retrofit can either be a new drug manufactured within an existing infrastructure
(including buildings, equipment or both) or the transfer of a production line to an
alternate facility (typically to a lower cost manufacturing environment when a drug is

out of patent).

It is generally believed by those outside the industry that cost is not an issue in
specifying equipment for pharmaceutical manufacture. This is not the case. Whilst it
is true that pharmaceutical manufacturers do make significant amounts of profit, and
they can utilise complex, intricate and costly manufacturing processes to achieve
their goals, cost of manufacture is still an issue. Most projects go to competitive
tender and most manufacturers of equipment will be required to produce goods that
are cost effective. To this end Buck Systems has moved from manufacturing all its
goods from scratch to outsourcing several mechanical operations such as machining,

IBC construction and most of the fabrication functions, some manufacture is even

17
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undertaken in low cost facilities in the Far East. The company now concentrates on
the design, assembly, finishing and testing of the products: the perceived ‘value

added’ areas of the business.

The lifecycle of any given product is not easy to identify. Most systems are semi-
bespoke; that is they are assembled from a number of key items that can vary in size
from installation to installation and can have differing control systems and ancillaries
depending on the operational requirements. It is also not unusual for a client to
request additional items that are identical to the ones bought many years ago,
despite numerous design improvements to individual components or their materials
of construction that are currently available. The restrictions placed on companies
from the need to comply with process validation regulations mean that the
incorporation of process improvements would entail significant paperwork and testing
to re-validate the process. Often this is not cost effective and the client buys non-
current versions of equipment. Thus, the concept of product lifecycle is not clear-cut,
and it is necessary to keep drawings of all installations well archived to ensure that

components can be supplied for plant refurbishment.

There are, however, significant drivers within the pharmaceutical industry that
engender product development. These are mostly driven by regulatory authorities
such the FDA and MHRA, and recent changes to the way regulation is implemented
and how this affects the equipment supply sector is discussed later in this Chapter.
Safety concerns are also paramount, especially as the potency of drugs continues to

increase, making the elimination of dust release a priority issue. All the products

18
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made by Buck Systems and other Niro companies must also comply with CGMP
(current good manufacturing practice) standards making any cross contamination
unacceptable, which inevitably means they are manufactured from stainless steel to

ensure cleanable surfaces where contact is made with the product.

Thus continual product development is required to ensure client specifications, driven
primarily by regulation, are met and where possible exceeded without significant

extra cost of manufacture.

1.7 Recent FDA initiatives that affect the development of
pharmaceutical processing systems

The FDA has the most significant influence on the manufacture of pharmaceutical
products of all the regulatory bodies. This is because the US market is the most
lucrative in the world, with more products for more ailments than any other country,
so the emphasis of many ethical pharmaceutical companies is to develop products
that are compatible with US regulatory requirements. Thus manufacturing processes
— no matter where they are based — are often subject to (or allow themselves to be

subject to) FDA regulatory approval.

The historical regulatory system was based on SOP systems coupled with QC/QA
testing to validate batches for sale. Towards the end of the last century, the FDA
were coming to the realisation that they were struggling with the amount of regulatory

effort required for all the products that were coming to market and that the cost to
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maintain the existing regulatory regime would spiral, in-turn increasing the cost of
medicines significantly — something that they were keen to minimise. In concert with
this realisation by the FDA, the blue chip pharmaceutical manufacturers were also
struggling with their product pipeline — the stream of ‘blockbuster’ drugs that had
emerged from the R&D laboratories in the 1980’s and 1990’s was slowing down
dramatically and ways have to be found to improve revenue and reductions in
manufacturing costs would certainly help. Thus pharmaceutical companies were
certainly open to any opportunities offered by the regulator that would allow them to

cut costs.

However, in order to stimulate a new approach to development and manufacturing, a
step change was needed from the FDA, which was often perceived as a roadblock
rather than an enabler, to promote innovation and understanding of the processes
and (importantly) the risks involved. A similar approach had been achieved in the
food industry with the legal adoption of the Hazard and Critical Control Points
(HACCP) methodology in the 1990’s (Food & Drug Administration 1995;International
Commission on Microbiological Specifications for Foods (ICMSF). 1988;International
Organisation for Standarization 2007) and used in the processing and handling of
most foodstuffs. This methodology ensures that the producer understands what part
of his process is critical to product quality — specifically the safety of the foodstuffs
being manufactured. Close scrutiny of the critical manufacturing steps allows the
manufacturer to know when his product is in specification and thus safe to send to
market without the need to hold the entire batch of product back until QA/QC testing

and approval is obtained (as is current practice in pharmaceutical manufacturing).
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This method is invaluable when dealing with short shelf life perishable goods and,
although most pharmaceuticals have considerably longer ‘best before’ timescales
and full scale QC testing is unlikely to dramatically reduce product saleability, there

are clear efficiency, storage and cash flow benefits.

Following extensive collaboration and consultation with the pharmaceutical industry?,
the first step was the introduction of an initiative entitled ‘Pharmaceutical CGMPs for
the 21%' Century: A Risk-Based Approach’ (Food & Drug Administration 2004b),
coupled with an additional Guidance document entitled — ‘Guidance for Industry: PAT
— A Framework for Innovative Pharmaceutical Manufacturing and Quality Assurance’
(Food & Drug Administration 2004a) in 2004. Both documents outlined a way that
pharmaceutical companies could reduce the amount of regulatory oversight by using

a combination of;

e Process understanding
e PAT tools
e Risk assessment

e Integration of approach from all concerned parties within the company

The end goal of this process was to allow companies to achieve ‘real-time release’ of
products — that is send products to market where the quality was determined by

process data not subsequent QC checking.

3 A useful timeline is provided by the Watts presentation in 2005 and available from the FDA website
(http://www.fda.gov/downloads/AboutFDA/CentersOffices/ COER/UCM174306.pdf)
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The key part to this was the Process Understanding, but for many systems
developed under the existing regulatory framework, this was difficult to achieve as
the level of instrumentation fitted to processes was limited to those that provided the
set points indicated in the SOP. Other useful process data was simply not collected
— the historic emphasis on fixing the process conditions to achieve regulatory
approval did not require significant level of process monitoring and control, and

therefore costly instrumentation was not added.

Consequently there was anecdotal evidence that a significant level of instrument
retrofit to existing process plant and over-specification of instrumentation for new
plant to generate sufficient information from which ‘plant understanding’ could be
gained (Mathis 2004). Once the initial shock of the quantity and variability of the data
that could be collected was over, the use of statistical data analysis methods allowed
companies to identify which measurements actually gave them useful data, but also
gain significant insight into their operations and how they could be controlled. There
are many techniques that can be applied to liquid based systems as on- and in-line
sensors to generate such useful data, but when powdered solid systems are
considered there are a very limited number of measurement systems that are
available. The nature of powdered solids and measurement systems will be

discussed and evaluated in Chapter 2.

The experiences acquired during the extended evaluation of ‘Pharmaceutical CGMPs

for the 21%' Century’ and ‘PAT — A Framework for Innovative Pharmaceutical
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Development, Manufacturing and Quality Assurance’ (Food & Drug Administration
2004b) review and implementation periods were further supplemented by ‘Quality
Systems Approach to Pharmaceutical CGMP Regulations’ in 2006 (Food & Drug

Administration 2009).

Further refinement and expansion of the concepts generated in the FDA work have
been assembled in the ICH* (the International Conference on Harmonisation of
Technical Requirements) Quality Guidelines — Q8 (2005-2008), Q9 (2005) and Q10
(2007-2008) (INTERNATIONAL CONFERENCE ON HARMONISATION OF
TECHNICAL REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS
FOR HUMAN USE 2005;INTERNATIONAL CONFERENCE ON HARMONISATION
OF TECHNICAL REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS
FOR HUMAN USE 2008;INTERNATIONAL CONFERENCE ON HARMONISATION
OF TECHNICAL REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS

FOR HUMAN USE 2009).

Perhaps the most relevant and useful concept to come out of these guidelines is the

concept of ‘design space’ which is shown schematically in Figure 1.8.

* The ICH is a project that brings together the pharmaceutical regulatory bodies of Japan, the EU and
the USA to provide pharmaceutical manufacturers with a single framework within which to develop
products, obviating the need for multiple testing and approval for different territories.
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Knowledge Space

Design Space

Control Space

Figure 1.8: A graphical representation of the concepts
of knowledge, design and control spaces
The ‘knowledge space’ contains the entire multi-dimensional understanding of all the
properties of the feedstocks, process and product. The design space contains the
set of properties that will ensure that the end product meets its safety and efficacy
criteria. The control space is the set of parameters that allow the process to operate

and be controlled and assure product quality with a margin of safety built in.

The design space is the most important region as it is the one which will be subject to
regulatory scrutiny, however, any changes to the system within the design space will
be acceptable without the need for regulatory intervention. Thus a manufacturer who
has defined the process design space will actually be able to modulate their process

to achieve product consistency, minimising waste/re-work and getting the final
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product to market without the need to slow every stage down whilst waiting for

(necessarily) long QC procedures.

1.8 Thesis Outline

As can be seen the company’s history and the regulatory framework in which it has
to operate clearly has an impact on the way GEA/Buck Systems approaches the
design, development and tendering process for their clients. The ability to develop
systems that can assist with the creation of design space through the understanding
of the way the process affects the materials will be essential for the long term health

of the company.

This project consisted of four parts;

Establishing a greater understanding of how powders can currently be
characterised with an emphasis on the limitations of the types of test and a
critical review of specific data analysis and interpretation methods (Chapter 2).
e Providing an improved understanding of powder mixing processes at a greater
scale of scrutiny by means of a novel application of Positron Emission
Tomography (Chapter 3).
e Developing improved ways of evaluating processes and suggesting ways that
powder characteristics can be used to better integrate the company’s process
equipment into manufacturing schemes (Chapter 4).

e Summarising the project and giving suggestions for further study (Chapter 5).

25



Chapter 1 Introduction

1.9 References

Aulton, M. E. & et al 2002, Pharmaceutics, The Science of Dosage Form Design, 2nd
edn, Churchill Livingstone.

Bennett, B. & Cole, G. 2005, Pharmaceutical Production An Engineering Guide
Institution of Chemical Engineers.

Bookstein, A. 2009, "Informetric distributions, part I: Unified overview", Journal of the
American Society for Information Science, vol. 41, no. 5, pp. 368-375.

Food & Drug Administration 1995, 27 CFR Parts 123 and 1240. Procedures for the
Safe and Sanitary Processing and Importing of Fish and Fishery Products.

Food & Drug Administration 2004a, Guidance for Industry PAT — A Framework for
Innovative Pharmaceutical Development, Manufacturing, and Quality Assurance.

Food & Drug Administration 2004b, Pharmaceutical CGMPs for the 21st Century - a
Risk Based Approach.

Food & Drug Administration 2009, Guidance for Industry, Quality Systems Approach
to Pharmaceutical CGMP Regulations.

International Commission on Microbiological Specifications for Foods (ICMSF). 1988,
HACCP in microbiological safety and quality, Blackwell Scientific Publications, Oxford
Mead, UK.

INTERNATIONAL CONFERENCE ON HARMONISATION OF TECHNICAL
REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS FOR HUMAN
USE 2005, QUALITY RISK MANAGEMENT, Q2.

INTERNATIONAL CONFERENCE ON HARMONISATION OF TECHNICAL
REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS FOR HUMAN
USE 2008, PHARMACEUTICAL QUALITY SYSTEM, Q10.

INTERNATIONAL CONFERENCE ON HARMONISATION OF TECHNICAL
REQUIREMENTS FOR REGISTRATION OF PHARMACEUTICALS FOR HUMAN
USE 2009, PHARMACEUTICAL DEVELOPMENT Q8(R1) .

International Organisation for Standarization 2007, /SO 22000:2005. Food safety
management systems -- Requirements for any organization in the food chain.

Mathis, N. Process Analytical Technology, A First-Birthday Standardization Update.
Pharmaceutical Technology [PROCESS ANALYTICAL TECHNOLOGY], 13-1. 2004.

Reed, W. J. 2001, "The Pareto, Zipf and other power laws", Economics Letters, vol.
74, no. 1, pp. 15-19.

26



Chapter 2 — Powder Characterisation

Abstract

This chapter looks at the type of powder characterisation equipment and
methodologies that could be practically employed by Buck Systems and
GEA/Niro to evaluate powdered pharmaceutical materials. A critical review of the

most appropriate is undertaken and recommendations made for their application.
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2.1. Introduction

The pharmaceutical manufacturing sector is unusual in its extensive use of an
extremely large variety of powdered materials. This is because these powders are
the constituent materials for solid dose forms (tablets, capsules, caplets) which are
the preferred method of administering drug entities or API (active pharmaceutical

ingredients) where technically possible. This is due to several reasons

e Easier for patients to take a tablet compared to administering an injection.
e Cost per unit dose for many materials
e Shelf life of solids compare to liquids

e Easier to control dose size compared to injections — management of risk

Most other chemical industries handle a few or a few tens of different chemical
entities in powdered form, with perhaps the food industry utilising the second highest

number of powders.

Solid dose forms are a combination of the API (which is usually a small proportion of
the total mass/volume of the dose) and a number of excipients whose variety and
proportion are determined by formulators seeking to achieve the optimal delivery of
the API to its target within the body. Excipients have a variety of roles where they act
as binders, disintegrants, emulsifying agents, diluents, stabilizers, sweeteners,
colourings, preservatives, plasticisers, release agents etc. Thus pharmaceutical

companies are required to manipulate the constituent powders to produce a solid
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dose that, within predetermined limits, contains the required proportion of each

component.

Of the 299 chemical entities listed as approved excipients in Rowe (Rowe, Sheskey,
& Owen 2005), 199 have a primary form which is granule or powder. Many are also
supplied in a variety of grades, for example Lactose, which is one of the more
common diluents, has three listings for its chemical forms which are further
subdivided into 7 commercial grades of anhydrous Lactose; 8 grades of spray dried
Lactose; and 58 grades of the monohydrate form. The listing of commercial grades
is not exhaustive and there are many other suppliers of these materials than those
listed whose products may subtly differ from those noted in Rowe. In addition,
consideration has to be given to the equally, if not greater, number of API ingredients
which are also mostly in the form of finely divided solids. This means the number
and variety of powdered materials available to the pharmaceutical formulator is very

large and the number of possible combinations is vast.

In short, the pharmaceutical industry relies heavily on powders, and hence powder
processing, to generate saleable products. Given this reliance, it is perhaps odd to a
disinterested observer that their approach to evaluating powder properties,
particularly as it relates to flow, is still largely based on a small number of semi-
empirical, operator dependent tests — the British Pharmacopeia (British
Pharmacopoeia Commission 2005) lists sieve analysis; flow rate through a funnel;

and tapped density testing as the ways of testing a powder for flow performance.
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However, given the historical regulatory context detailed in Chapter 1, it is also not
surprising that the drug companies have not kept up with advances in the evaluation
of powder properties. There is no incentive to understand and manage powder
properties when, even if the result contradicts the SOP (Standard Operating
Procedure), you will not be able to influence the way the powder is processed due to

the level of bureaucracy.

Clearly the FDA initiatives mentioned in Chapter 1 are the most significant current
industry driver and the ability to generate ‘process understanding’ is required not only
by the pharmaceutical manufacturers but also by their process equipment suppliers.

Thus the evaluation of powder characteristics is an important topic.

The characterisation of powders can be undertaken in a variety of ways, however, to
be useful to GEA the technique(s) has to be not only cost effective, but be compatible
with the type of testing that their clients — pharmaceutical manufacturers — routinely
undertake. Ideally, the suggested range of tests should provide a rapid, repeatable,
operator independent series of measurements that can be applied to any powdered
material. In addition, if the tests can be highly differentiating such that small variance
can be accurately quantified, it should be possible to undertake the sensitivity
analyses that can be used by process designers to generate ‘design space’ and

ultimately the ‘control space’.
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2.2. Powder Characterisation Testing

Powders are assemblies of considerable numbers of individual particles and as such
can be investigated either as the bulk assembly or as the discrete entities that go to
make up the bulk. Many of the physical characteristics of individual particles are
difficult to measure as an absolute parameter, for example frictional interactions;
Young’s modulus; Poisson’s ratio; tensile strength etc. Instruments for looking at
these properties of discrete particles, such as atomic force microscopy; scanning
electron microscopy; x-ray micro tomography; and micro-manipulation are usually
found at academic institutions, require very time intensive measurements, carry a
high price tag (if you can indeed buy a commercial instrument) and need highly
skilled operators to use them. Couple this with the potential variation between
individual particles, and collecting sufficient information to provide statistically valid
data sets becomes prohibitively expensive. Even if such a data set existed, the
means to link the (nano and micro scale) properties across the scale range to normal

(macro scale) operational behaviour does not exist.

In the context of the requirements of GEA/Niro, the study of individual particles is less
likely to lend itself to the development of relationships with process equipment within
a useable time frame, if at all (de Silva 2000;Fitzpatrick, Barringer, & Igbal 2004) and
would require significant capital investment beyond the means of the company for the
likely returns that could be made. At the other end of the scale particle size
measurement is almost standard in most laboratories in some form — usually through
sieve analysis if laser diffraction instrumentation is not available. It's use is often

invaluable, but it still cannot, on its own, be used to characterise a powder’s flow
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behaviour because the size, or size distribution, information does not give full insight
into the assembly behaviour — it can only provide a window into the cause of any flow
problem, and cannot address the magnitude or the stress level at which such

problems may occur.

Thus instrumentation that can evaluate the assembly behaviour of powdered
materials is the focus of this study. A list of the instrument suppliers, whose devices
are used or mentioned in this thesis, together with their address and website details

is given in Section 2.7.

Two observations can be immediately made about the powder flow characterisation

instrumentation market

e There are very few laboratory tests or instruments available (compared to,
say, the chemical analytics market)
e There are very few process engineering calculations, empirical or otherwise,

that make use of a powder characteristic to predict/define performance.

Historically, the development of bulk powder characterisation testing instruments took
considerable steps forward in the 1960’s with the work of two researchers; A. W.
Jenike (Jenike 1964) and R. L. Carr (Carr 1965a;Carr 1965b). Although taking very
different approaches to the subject, both created significant testing methodologies
that form the basis of most bulk powder characterisation today. Jenike was

concerned specifically with the flow of bulk material from storage vessels and used
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an adapted civil engineering shear box to characterise the Mohr-Coulomb failure
properties of coals and iron ores at the stresses typically found in large storage bins.
Carr developed a more experimentally involved, low stress system to characterise
powders based on two empirical terms ‘flowability’ and ‘floodability’. These terms
allow the user to give a relative ranking to powders and are derived from
combinations of a number of individual tests methodologies; bulk density (loose);
bulk density (tapped); compressibility (the ratio of packed to loose bulk density);
angle of repose; angle of fall; angle of difference (the difference between the angles

of repose and fall); angle of spatula; cohesion; and dispersibility.

Tables 2.1 and 2.2 provide a qualitative relationship between parameters derived
from the tests specified by each approach to powder characterisation that are

frequently quoted in textbooks and academic papers.

Table 2.1: Classification of powder flowability after Jenike where o3 is the
major principal stress; oy is the resultant horizontal stress; o¢ is
the unconfined yield strength; and FF is the Flow Function
defined as oi/oc

Type of flow Flow Function Value
Easy-flowing 10 < FF
Free-flowing 4<FF<10
Cohesive 2<FF<4
Very cohesive and non-flowing FF<2 How FF is generated

A detailed derivation of the Flow Function is presented in Appendix 1.
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Ennis et al (Ennis et al. 2007) detail two measures of flowability that can be derived

from shear cell data.

- O.
Flow Function or Relj =1

Rel =
P (o2

C

0,03

O

Equation 2.1

Equation 2.2

The Rel refers to relative flowability and the subscript to the person who derived the

function. The first is the Flow Function as defined by Jenike; the second (where the

symbols are the those described in Table 2.1 except o3 which is the minor principal

stress) is a variant suggested by Peschl and Colijn (Pechl & Colijn 1976). Both

ascribe a high value to easy flowing powders and a low value to poor flowing

powders. The most commonly used is the Jenike version.

Table 2.2: Classification of powder flowability after Carr

Carr’s
Type of flow Compressibility
Index, CCI (%)
Excellent 5-15
Good 12-16
Fair to passable 18-21
Poor 23-35
Very poor 33-38
Extremely poor >40

How CCl is generated
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Tables 2.3 and 2.4 show how the parameters derived by Carr can be related to the
particular process environments. These are descriptive terms and can only be used
to broadly suggest how powders may flow and where specific design measures may
be required. Indeed some of the boundaries between one specific measure and
another are very small; for example that between ‘normal’ and ‘not good’ for the
angle of repose is one degree. Such a fine boundary requires that the measurement
produces a very repeatable and sharp delineation of the powder behaviour to allow
such a boundary to be meaningful, and this will be shown not to be the case later in

this Chapter.
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Table 2.3: Carr’s Flowability Index as supplied by Hosokawa Micron Ltd

Degree of Flowability Necessity of Bridge- Angle of Repose Compressibility Angle of Spatula Uniformity * Cohesion **
Flowability Index Breaking Measures Degree Index % Index Degree Index No. Index % Index
>25 25 <5 25 <25 25 1 25
Very Good 90 - 100 Not Required 26 - 29 24 6-9 23 26 - 30 24 2-4 23
30 22,5 10 22,5 31 22,5 5 22,5
Fairl 31 22 11 22 32 22 6 22
Goozil 80 -89 Not Required 32-34 21 12-14 21 33-37 21 7 21
35 20 15 20 28 20 8 20
. . . 36 19.5 16 19.5 39 19.5 9 19
Good 70-79 Someig' Teesu‘i’r'géa“on 37-39 18 17-19 18 40- 44 18 10-11 18
q 40 17.5 20 17.5 45 17.5 12 17.5
Bridging will take 41 17 21 17 46 17 13 17
Normal 60 - 69 place at the marginal 42 - 44 16 22-24 16 47 - 59 16 14-16 16
point 45 15 25 15 60 15 17 15 <6 15
46 14.5 26 14.5 61 14.5 18 14.5 6-9 14.5
Not Good 40 - 59 Required 47 - 54 12 27 - 30 12 62-74 12 19-21 12 10-29 12
55 10 31 10 75 10 22 10 30 10
56 9.5 32 9.5 76 9.5 23 9.5 31 9.5
Bad 20- 39 Eﬁ(‘)"’jgﬂ e";)ergifégj 57 - 64 7 33-36 6 77 - 89 7 24- 26 7 32-54 7
65 5 37 5 90 5 27 5 55 5
Special Apparatus 66 45 38 45 91 45 28 45 56 45
Very Bad 0-9 and techniques are 67 - 89 2 39-45 2 92-99 2 29-35 2 57-59 2
required 90 0 > 45 0 >99 0 >35 0 >79 0
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Table 2.4: Carr’s Floodability Index as supplied by Hosokawa Micron Ltd

Degree_c_)f Floodability Measure for Flushing Prevention Flowability Angle of Fall Angle of Difference Dispersibility
Floodability Index Degree Index % Index Degree Index % Index
> 60 25 <10 25 > 30 25 <50 25
59 - 56 24 11-19 23 29-28 24 49 - 44 24
; 55 22.5 20 22.5 27 22.5 43 22.5
V High 80 - 100 Rotary seal must be used
ey g y . . 54 22 21 22 26 22 42 22
53-50 21 22-24 21 25 21 41 -36 21
49 20 25 20 24 20 35 20
48 19.5 26 19.5 23 19.5 34 19.5
47 - 45 19.5 27-29 18 22-20 18 33-29 18
. . . . 44 19.5 30 17.5 19 17.5 28 17.5
Fairly High 60 - 79 Rotary seal is required 43 195 31 17 18 17 27 17
42 - 40 19.5 32-39 16 17 - 16 16 26-21 16
39 19.5 40 15 15 15 20 15
38 14.5 41 14.5 14 14.5 19 14.5
Tends to Flush 40 - 59 Sometimes rotary seal is required 37-34 12 42 - 49 12 12 12 18-11 12
33 10 50 10 10 10 10 10
. . 32 9.5 51 9 9.5 9.5 9 9.5
May Flush 23-39 Rm?{ g’v\fiz'e'esd”aerfgﬁzzaycien%eigg'nnsg on 31-29 8 52-56 8 8 8 8 8
28 6.25 57 7 6.25 6.25 7 6.25
27 4 58 6 6 6 6 6
Won't Flush 0-24 Not Required 26 - 23 3 59-64 5-1 3 3 5-1 3
<23 0 > 64 0 0 0 0 0
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Much debate has taken place over which systems provides the better solution — or
even if other approaches, such as the recently developed field of powder rheometry,
are more representative. This chapter will evaluate these approaches to powder
characterisation and provide a cogent analysis of the benefits and shortcomings of

each.

Additionally, what is clear from Tables 2.1 & 2.2 is that there is a distinct attempt to
provide a single number approach to the issue of ‘characterising’ powders. Whilst
this could be seen as a laudable attempt to keep things simple, it is an unrealistic
approach to an exceptionally complex system. This project will also show is that this
approach to single parameter quantification of a powders flow characteristics is both
naive and potentially costly in terms of designing process plant which will not achieve

its design throughput.

To compare powder characterisation testers, a set of powders were evaluated which
relate to the powder mixing study discussed in Chapter 3. However, a significant
range of other materials have also been tested which have been of specific interest
to GEA/Niro or have particular relevance to one or more of the particular testers.

These powders are shown in Table 2.5 together with their size distributions.
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their relevance to this project

Table 2.5: List of exemplar powders chosen for characterisation testing and

) Particle size (microns)l .
Test Material Reason for Testing
d10 d16 d50 dsa d9o
Avicel 102 27.27 | 37.50 | 108.94 | 203.98 | 229.59 | These two samples
Sample 1 .
were provided for
icel testing a GEA IBC
Avicel 102 2779 | 38.09 | 107.75 | 201.95 | 227.97 |  discharge station
Sample 2
MCC 583 | 9.03 | 35.92 | 257.51 | 406.17
Lact 11.88 | 20.99 | 90.73 | 198.05 | 230.90 Used for mixing
actose . . . . . experiments
Sodium 7.00 | 11.45 | 124.08 | 407.95 | 494.60
Benzoate
Celphere 102 147.08 | 150.23 | 173.03 | 205.55 | 228.36 Used in a
Departmental
tabletting experiment
Celphere 305 363.31 | 375.69 | 421.52 | 498.27 | 509.38 (Wu et al. 2007)
Sodium
Binarbonate 334 | 515 | 23.73 | 55.18 | 64.63
Granulation excipients
Fine Salt 13.73 | 30.94 | 114.10 | 198.90 | 220.91 provided by GEA
Collette
Mannitol 145 | 2.06 | 917 | 40.71 | 59.56
Paracetamol 113 | 159 | 632 | 28.01 | 43.66
Fine
Paracetamol 192 | 289 | 1153 | 10.39 | 56.53 | Tabletting excipients
Extra Fine
and placebo blends
b | supplied by GEA
bgﬁgetamo 10.17 | 17.24 | 7852 | 315.22 | 379.72 Courtoy
Tablet Blend 31.76 | 454 | 129.18 | 231.59 | 261.71
Placebo

! Measurements made using a Sympatec Helos laser diffraction particle size analyser and a Rodos
dry powder dispersion system.
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It was not possible to evaluate all the materials in Table 2.5 using all the powder
characterisation methods due to stability issues with some samples over the
extended period in which instruments became available, but the majority of materials
were tested using all the methodologies. Other samples have been chosen to
explore different powder behavioural traits or instrument performance, and these are

detailed in the relevant section.

2.3. Powder Testing Equipment

2.3.1. Shear Cell

Shear cell evaluation of powdered materials has been detailed in many standard
texts and journal articles (EFCE 1989;Fayed & Otten 1984;Jenike 1964;McGlinchy
2005;Rhodes 1998;Roberts 1993;Schulze 2007) and the concepts behind the
methodology, as well as the derivation of the Mohr’s circle, are presented in detail in
Appendix 1. The use of shear cell testing has been vigorously promoted because of
its strong theoretical basis and is to be commended as this advances strong, science
based technology into industry. However, there are some details of the
measurement and analysis which, when in-depth evaluation is undertaken, have
some significant shortcomings that end users should be aware of when testing

powders and interpreting the results.

This section will briefly outline shear testing using two different instruments; look at

some of the more challenging issues when collecting and interpreting shear data;
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and demonstrate some of the strengths and weaknesses of the information derived

from shear cell testing of powdered materials.

Shear cell measurements have historically been complex and very time consuming.
Personal experience with a Walker annular ring shear cell in the late 1980’s showed
that it required a day to collect the test measurements and half a day to process the
chart recorder output and manipulate the data to produce a vyield locus and the
associated derived information. The Jenike type shear tester was even more
complex requiring the preparation of multiple samples for defining a single yield locus
and a manual pre-consolidation of each powder sample. Such testing protocols
could easily introduce considerable variability and it was recognised that a skilled and

experienced operator was required to achieve usable results.

Although things have improved with the advent of automated and computer
controlled shear cells (FT4; Peschl, Shear Scan; Schulze cells; i-shear; and most
recently the Brookfield PFT?) there is still reluctance on the part of practitioners and
specialists to undertake repeat measurements and to evaluate more than 3 data
points per yield locus®. The lack of repeat testing has a clear implication for the
understanding of the stability of the test powder and the repeatability of testing
method. The use of only three measurements per yield locus also has implications
for the applicability of the model from which the derived functions (AIF, UYS, MPS,
FF — as defined in Appendix 1) are generated. These issues will be discussed in

Section 2.3.1.2.

% The details of the manufacturers are presented in Section 2.7
3 private conversation with Prof D Schulze, University of Braunschweig/Wolfenbuttel, 2007
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Two different shear cells have been available during this project. Figure 2.1 shows
the Schultz RST-XS shear cell located in the Dept. of Chemical Engineering and the
shear cell attachment used in conjunction with the Freeman Technology FT4 Powder
Rheometer. It should be noted that another shear cell within the University — the
ShearScan — was unavailable throughout this project due to instrument failure and

thus such a device cannot be recommended for use by GEA/Niro.

The use of more complex, but arguably more technically robust, biaxial and triaxial
shear testers is beyond the scope of this project as there are no commercially
available instruments and comparatively little work is available in the literature
relating to testing industrially relevant powders at industrially relevant consolidating
stresses (Feise 1998;Janssen, Verwijs, & Scarlett 2005;Kamath & Puri

1997;Schwedes 2002;Schwedes & Schulze 1990b).

Figure 2.1: RST-XS and FT4 shear cells
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There are several differences between the two instruments which are summarised in

Table 2.6.

Table 2.6: Comparison between the two shear cells testers used during this
project. The cell volumes in brackets show optional configurations
for each instrument (which were not used in this study)

RST-XS FT4
Cell volume 30ml* (9ml) 85ml (10ml, 1ml)
Shear area 2412.75mm? 1963.5mm?
Driven section Shear cell base Shear head

Consolidation load ‘Dead weight’ Motor control
Pre-shear Single Can be defined
Order of shear test Low — High High — Low

Control method

Custom program on separate
dedicated PC located adjacent
to instrument

Custom program on PC integrated
into instrument

Length of test

700-800 seconds

700-800 seconds

Weighing of sample

Need a separate balance

On board sample weighing

Post processing

Custom program on instrument
PC or on remote PC®

Custom program on integrated
instrument PC or on remote PC

The figures below show the screen trace of a test in progress for both testers —
Figure 2.2, the RST-XS and Figure 2.3 the FT4. Although the two figures are not
directly comparable, due to the intrinsic differences in their control program display

philosophy, one can see that are one or two significant differences.

* Instrument test volumes highlighted in red indicate that they were used in this project
® The post processing program may be installed on a PC in the user’s office rather than the instrument
PC located in the laboratory.
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Figure 2.2: Screenshot of RST-XS performing a shear test. The blue trace
shows the progress of the shear stress on the left axis; the red trace shows the
height of the lid on the right axis; the green line indicates the end of the test
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Figure 2.3: Screenshot of FT4 performing a shear test. The top trace shows the
evolution of the force, measured by the load cell, during the test; the lower
trace indicates the torque measurement during the same time period. Both

graphs scroll right to left during the test.
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The RST-XS displays shear stress (converted in real time from the torque
measurements) and height traces during a test routine. The FT4 displays force and
torque traces measured during the test. It also captures the position of the shear

head, but does not display this in real time.

Two practical drawbacks with the RST-XS are firstly the sample preparation can be
quite messy, as shown in Figure 2.4. The sample cell has to be overfilled and
scraped flat. The FT4 accomplishes this with a sample cell splitting mechanism that
is described in more detail in Section 2.3.5.2 and results in very little spillage of the
material, which is a benefit when testing samples containing API. Secondly, when
filled, the RST-XS cell has to be weighed on a separate balance; the FT4 has a built

in balance which means the system does not require a separate weighing balance.

Figure 2.4: Filling of the RST-XS Shear Cell
(reproduced from the Schulze web site http://www.dietmar-schulze.de)
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2.3.1.1. Application and treatment of normal force

One of the more interesting differences between the two testers is the treatment of
normal force. The FT4 uses a motorised carriage to apply the normal force to the
powder in the cell. The RST-XS uses lever arms to apply a ‘dead weight’ to the
sample. The FT4 records and displays all the force, torque and height profiles during
the test at a frequency of 50Hz. The RST-XS records and display only the torque
and height profiles and asserts that the normal force remains constant at the set
level; the frequency of measurement is unknown. This assumes that the normal
force changes very little during the dilation phase of the shearing process. Dilation,
as described by Schulze (Schulze 2007), is due to particles having to move over
each other because of the stress imposed by the shearing process. To allow this
during shearing, particles must move slightly upwards — imagine a trying to roll a
single golf ball over the surface of a barrel full of golf balls, the rolling golf ball has to
climb up from its location nestling between other golf balls in the lower level and
climb to the top of a golf ball before falling down into the next gap. This also has a
tendency to create a reaction force which, in conjunction with the normal force that is
being applied, results in an increase in the measured force and can be observed
clearly if the top cap or lid of a shear cell had been held at a fixed height during
shear. Additionally, if the shear head is held at constant height, the torque required
to shear the sample also increases as the particles have more difficulty in riding over
each other. Figure 2.5 shows the force and torque traces of an FT4 shear held at a
fixed height during a shear test of Standard Limestone CRM/BCR116 (Akers 1992).
Any dilation of the powder would therefore register as an increase in the force

captured by the instrument sensors.
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Figure 2.5: Force and torque traces for a shear test on Limestone at 3kPa
consolidating stress with the carriage undertaking each shear test at a fixed
height once the target consolidating force has been achieved, generated using
an FT4 shear cell attachment.

Figure 2.6 shows the resultant yield locus for the test in conjunction with the yield
locus for a similar test where the carriage was mobile and utilised the standard force

control algorithm.

The application of true ‘dead weight’ would, of course, have no implication on the
treatment of the normal force with respect to powder dilation. However, given the
configuration of the RST-XS it can be seen that a ‘dead weight’ is not directly applied
to the powder and force is applied indirectly through the cantilever mechanism, the
external components of which are shown in Figure 2.1 (the top of the RST-XS
displayed on the left hand side of the diagram). ldeally the force application method
should be explicit — which is not the case here — and, if it is not a true dead weight,

the force should be monitored and data collected. Assuming that the normal force
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remains at a specified set point is, in this instance, simply not good enough as it has

implications for the location of the normal stress/shear stress data pairs.

o0 Limestone / Shear at Fixed Height °
2.4 J| o5©0 Limestone / Standard Test

: e

1.6

1.2 1

Shear Stress, kPa

0.8 A

0.4

T T T T T
0 0.4 0.8 1.2 1.6 2 2.4 2.8
Applied Normal Stress, kPa

Figure 2.6: Yield loci for shear tests on Limestone at 3kPa consolidating stress
with the FT4 carriage undertaking each shear test at a fixed height (blue trace)
and with the carriage under normal force control parameters (green trace).

Dilation is a major issue when testing large particles or particles with a high length to
diameter (I/d) ratio. In normal operation, the FT4 has to react to this dilation by
adjusting the position of the carriage holding the shear head upwards to allow the
powder to expand. In Figure 2.7 it can be seen the FT4 attempted to control the over
force due to the dilation of the particles using an simple proportional force control
algorithm (blue trace) and this trace is compared to a more advanced control method
(red trace) where the carriage is controlled using a modulated back off algorithm in

order match the rate of dilation of the material.
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(kPa)

Normal Stress

Dilation overwhelming force
control —force increases
during shear phase

Carriage backing off in concert
with dilation —force is
controlled during shear phase

Figure 2.7: Comparison of force control techniques for the FT4 shear cell for a
highly dilating powder. In the top graph, the Blue trace is simple proportional
control where the instrument attempts to maintain a constant force but fails to
do so; the red trace shows a modulated back off algorithm where the normal
force is maintained at a constant level through the incipient failure (shown in
the lower torque graph.

This clearly shows that dilation is occurring during the shear process and thus can
have an effect on the results. Knowledge of the force acting on the powder during
the shearing process is useful to understand how the yield point is developed. The
FT4 control method has been recently updated to optimise its reaction to the dilating
powder and maintain stress on the powder close to the target value set in the test
programme. Figure 2.8 shows the yield loci from the same test using the more

advanced force control algorithm as well as the original control methodology.
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Figure 2.8: Comparison of force control techniques for the FT4 shear cell for a
highly dilating powder. Blue trace is simple proportional control; green trace
shows a modulated back off algorithm

Additionally, there are some issues when testing with the RST-XS machine at low
normal loads, typically below 2kPa, where the tester does not appear to be able to
control the force applied to the test cell or that generated by the powder (as shown in
Figure 2.9). This may be due to the way that the force is applied to the powder and
the ability of the mechanics to respond rapidly enough to the extremely fast dilation
that occurs at the point of incipient failure which has been observed in the during
testing with the FT4 shear cell. As the RST-XS does not record force, there is no

practical way to validate this assumption.
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The resultant normal load vs. shear load graph and Mohr’s circle construction does
not provide the expected straight, or slightly convex curved construction that is
observed for higher consolidating loads. The reasons for this system drawing such a
‘kinked’ yield locus and what it means for the derived data will be discussed in more

detail in the next section.

- YEDLOCUSOF: | ORDER: | 'sial | FC FFC 'RHOB PHE PHLN PHEF 1
_ I [Fa] Pal  H ki3] 0 0 00
= Nira lactose NIRD standard test 49z 2473 17 8©F 48 13 41 O—
D— v
b= :
i:E E i _.-'-' '
=
=] il
=
= _
= :
[T}
[} 1 1 1 1 1 f 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
n a00 1000 1400 2000 2400 2000 3500 4000
SIGMA [F 4

Figure 2.9: Yield locus for Lactose using recommended procedure for RST-XS
shear cell at a consolidating load of 2kPa. The software creates a ‘bent’ locus
which significantly increases the derived cohesion and ff. values for the
powder compared to a linear regression fit

Thus the FT4’s ability to measure and display the force acting on shear head is an
extremely useful tool to enable the understanding of what is going on during a test. It
enables the test to be scrutinised to evaluate the validity of each test point and

determine if critical consolidation of the sample during testing has been achieved.
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The debate over which shear cell provides a ‘true’ shear stress/normal stress
relationship will continue in the literature in parallel to the debate regarding the
benefits of bi-axial and tri-axial shear testers, over and above the single axis testers
described here (Schwedes & Schulze 1990a), and several heated arguments have
occurred at conferences and in internet forums (Schulze & Pechl 2009). However, it
is not the primary purpose of this project, nor was there sufficient time to investigate
this particular issue in detail, other aspects of the treatment and application of shear

cell data will now be discussed.

2.3.1.2. Evaluation of shear test data and derived data

Shear cell testing generates a lot of parameters from the mathematical treatment of
the normal stress/shear stress data pairs, as described in Appendix 1. These
parameters are generated in the post processing data analysis packages associated
with both instruments. Table 2.7 lists the parameters together with some typical

symbols or abbreviations used and the units where applicable.

Table 2.7: Parameters derived from the yield locus

Parameter Symbol Units
Major Principal Stress o1, MPS Pa
Unconfined Yield Strength o., FC, UYS Pa
Cohesion C Pa
Flow Function (o, / o) ffe, FF -
Angle of Internal Friction o, AlF deg
Effective Angle of Internal Friction Oe, AIF(E) deg
Angle of Internal Friction at Steady State Flow Oss, AIF(SS) deg
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Figure 2.10 shows how these parameters are derived from a yield locus.
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Figure 2.10: Graphical description of the yield locus and the parameters
derived from the fitting of Mohr Circles to the o/t data set.

Common practice is to provide a linear fit to the data points in order to generate
these derived parameters. An alternative is to use the Warren Springs equation
(Equation 2.3) which allows the concept of a tensile strength to also be derived

(Bundalli 1973;Cheng & Farley 1968;Stainforth, Ashley, & Morley 1971).

) o+T
[—] = Equation 2.3

where tis the shear stress (kPa)
o is the normal stress (kPa)
C is the cohesion (kPa) — intercept on the Y-Axis
T is the tensile strength (kPa) — intercept on the X-Axis
N is the shear index
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Schwedes (Schwedes 2003) points out that the authors of the equation also offer a
physical explanation for the relationship by considering adhesive and repulsive forces
at particle contacts, but despite the equation being well represented in the literature,
it was never used for practical applications and the index, N, is no longer used to

characterize flowability.

However, a more complex non-linear model should not be dismissed out of hand.
The use of only three measurement points to determine a yield locus has been
promoted/justified with the view that particles at the shear plane may degrade if
subjected to excessive shearing — this may be the case for very friable materials, but
in most instances, the periods over which the particles are subjected to stress in the
shear plane are relatively short and degradation is rarely an issue and easily spotted
if the force/torque trace is carefully analysed. Additionally, the ability to fit non-linear
models to data can be difficult, especially if such an analysis has to be completed
without the aid of computer based mathematical programs, as was the case during
the development of the shear cell methodology, which can now rapidly provide the

required regression analysis.

It should also be noted that many materials are likely to generate a linear yield locus,

so this approach is, arguably, not unreasonable. This is especially the case for the

less cohesive materials.
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However, if one considers a test where multiple data points are used to describe a
yield locus, the differences between a linear and non-linear curve fit can be seen. In
this case Limestone CRM116 has been tested and linear and polynomial regression

fits have been used to determine the shape of the locus as shown in Figure 2.11.
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Figure 2.11: A yield locus derived from 5 measurement points fitted to linear
and polynomial regressions for Limestone CRM116, generated using an FT4
shear cell attachment.

Comparing the regression analyses presented in Figures 2.11, where only 5
measurements are used to create the loci, what can be immediately seen is that the
intercept (Cohesion) value is noticeably different; 0.84kPa for the polynomial fit
(which is coupled with a slightly better R? value); 1.50kPa for the linear fit. Both
models would be described as acceptable given their very high R? values, but there

is a 78% difference in the derived Cohesion.
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Figure 2.12: Ayield locus derived from 7 measurement points fitted to linear
and polynomial regressions for Limestone CRM116, generated using an FT4
shear cell attachment.

If one then adds two extra test points at lower normal stresses, (generated during the
same test as shown in Figure 2.11, but excluded from that locus creation), as shown
in Figure 2.12, then one can see that there is a significant change in the linearly
derived cohesion (30% when comparing the cohesion from a 7 point locus to a 5
point locus) compared to the slight change in polynomially derived cohesion (5%).
The R? value for the linear regression also reduces with additional test points
whereas it improves for the polynomial fit. From this analysis it seems that the use
of additional (lower stress) test points strongly suggests that a non-linear approach to

modelling the yield locus can be appropriate in some cases.
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An alternative approach suggested by Berry and Bradley (Berry & Bradley 2005),
also suggested by Jenike (Jenike 1964), has shown that, for some powders, a two
point yield locus can be used to adequately represent the failure properties of a
powder. However, Berry also suggests that this is perhaps more useful in quality
control applications where a (very) rapid result is required to qualify acceptance of a
batch within a production run. One of Berry’s major conclusions is that ‘the failure
function is strongly dependent on the analysis procedure used’, which has also been

shown in this study.

Thus it must be concluded that the information derived from the mathematical
analysis applied to the yield locus by the instrument suppliers must be interrogated

very carefully to ensure that it is interpreted correctly and its limitations understood.

The linear fit is, however, the simplest and is used in most shear cell post processing
software, including the two shear cells compared here and will be used in this study

for the purposes of comparison.

If one also considers good experimental practice there would be a need to
understand the uncertainty associated with the measurements and repeat testing
would be the norm. There is an argument put forward that multiple testing takes time
(and therefore costs money) but with modern equipment, a shear test takes less than
20 minutes and the cost implications are small. Thus where possible repeat tests

have been undertaken and are presented.
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Tables 2.8 and 2.9 show the derived data from the testing of the exemplar powders
using the FT4 shear cell attachment and the RST-XS shear cell respectively. Figure
2.13 shows the Flow Functions derived from the RST-XS shear cell and Figure 2.14

compares the Flow Functions derived from both shear testers.

Table 2.8: FT4 shear test derived data under 9kPa consolidating load (n=3)°

MP
Test Material c(lépa)s U(ck/g;()S ffe :EF/’; qkiNF/ AI(IPZE(/E) AI(IgS(FS/S)
Avicel 102 Sample 1 16.0 1.50 10.7 0.38 35.8 38.0 33.9
Avicel 102 Sample 2 16.4 1.64 10.0 0.40 38.3 40.6 35.4
MCC 20.0 6.19 3.23 1.52 37.6 455 41.2
Lactose 16.4 3.41 4.81 0.88 35.2 40.5 35.3
Sodium Benzoate 26.7 6.02 4.44 1.37 41 46.3 45.4
Celphere 102 12.4 0.90 13.8 0.29 24.4 26.4 23.2
Celphere 305 12.7 1.25 10.2 0.38 27.8 30.4 255
Sodium Bicarbonate 14.9 2.20 6.8 0.59 335 37.2 32.2
Fine Salt 11.9 1.19 10.1 0.35 29.6 32.2 23.8
Mannitol 17.2 6.74 2.56 1.71 36.3 46.9 38.7
Paracetamol Fine 17.3 4.59 3.78 1.24 33.3 40.3 36.4
paracetamol Extra 109 | 530 | 369 | 139 | 356 | 426 30.9
Paracetamol blend 18.1 1.72 10.6 0.43 36.9 39.2 36.6
fablet Blend 155 | 066 | 236 | 018 | 339 | 349 32.2

® For all tests ‘n’ is the number of repeat measurements carried out to generate the averaged value
presented and, where applicable, the variance. In the case of shear data, yield points are averaged
and a single yield locus is generated, from which the derived data are determined and presented in
the Table — hence no variance is available.
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Table 2.9: RST-XS shear test derived data under a range of consolidating loads

Cons

. o, oc C P (013 PN Psr

Test Material S[tlg(;s [Pa] [Pa] ffc [Pa] [kg/m3] ] ] ]
Avicel 102 8000 10796 | 1427 | 7.6 335 409 42 38.9 39.1
Sample 1 4000 6611 944 | 7.0 220 404 422 | 388 39.5
2000 4454 696 | 6.4 162 402 428 | 39.2 40.0
Avicel 102 8000 11453 | 1563 | 7.3 363 416 428 | 39.7 40.4
Sample 2 4000 6766 1001 | 6.8 231 414 43.8 | 40.4 40.6
2000 4582 749 | 6.1 172 407 437 | 39.9 40.8
8000 11601 | 1824 | 6.4 401 381 446 | 41.0 41.5

MCC 4000 6890 1181 | 5.8 265 375 443 | 40.4 41.2
2000 4605 896 | 5.1 204 368 450 | 405 41.5

8000 10585 | 3122 | 3.4 692 804 46.7 | 39.4 40.7
Lactose 4000 6197 2213 | 2.8 499 778 476 | 38.4 40.4
2000 4265 1630 | 2.6 360 766 49.3 | 395 41.6

Sodium 8000 11690 | 1680 | 7.0 362 322 450 | 417 41.8
Benzoate 4000 7025 976 | 7.2 213 320 445 | 41.4 41.6
2000 4802 750 | 6.4 159 316 46.4 | 43.0 42.8
8000 13910 293 | 475 82 939 32 315 30.4
Celphere 102 4000 6871 1291 | 5.3 471 930 31.8 | 26.6 30.0
2000 3562 1276 | 2.8 441 932 324 | 211 30.8

8000 14075 5 3.1 1 964 341 | 341 31.7
Celphere 305 4000 7825 1334 | 5.9 490 959 33.2 28.6 325
2000 3785 1231 | 3.1 365 955 340 | 24.2 32.6

Sodium 8000 10400 | 2221 | 4.7 497 888 41.4 | 36.1 38.2
Bicarbonate 4000 6255 1529 | 4.1 351 858 440 | 37.9 39.3
2000 4096 1098 | 3.7 250 828 451 | 384 39.3

8000 9234 130 | 70.8 34 1314 | 365 | 36.1 33.7

Fine Salt 4000 5556 173 | 32.0 45 1321 | 365 | 35.8 33.7
2000 3891 83 | 47.0 20 1317 | 37.7 | 37.2 35.0
8000 10505 | 4062 | 2.6 900 683 493 | 39.3 41.4

Mannitol 4000 6488 2913 | 2.2 622 649 52.3 40.6 42.9
2000 4176 1970 | 2.1 435 622 52.1 | 39.4 42
Paracetamol 8000 11524 | 4140 | 2.8 853 487 50.0 | 41.1 43.5
Fine 4000 6649 3443 | 1.9 704 462 53.6 | 39.3 43.8
2000 4845 2910 | 1.7 577 458 59.7 | 43.7 47.1

Paracetamol 8000 13610 | 6036 | 2.3 1136 481 51.2 | 395 46.8
Extra Fine 4000 7653 4309 | 1.8 864 455 56.7 | 41.4 47.5
2000 4956 3267 | 1.5 669 420 61.0 | 42.2 47.9
16000 10383 | 1240 | 8.4 293 943 412 | 384 38.0

Paracetamol 8000 8065 969 | 8.3 232 927 406 | 37.8 37.3
Blend 4000 6243 889 | 7.0 212 916 | 418 | 384 38.3
2000 4383 688 | 6.4 159 907 425 | 388 39.4

16000 10667 531 | 20.1 125 527 39.8 | 387 37.8

Tablet Blend 8000 8773 491 | 17.9 113 530 409 | 39.7 38.8
Placebo 4000 6739 380 | 17.8 88 523 412 | 400 39.3
2000 4537 270 | 16.8 62 530 41.9 | 405 39.7
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Figure 2.13: Flow Functions of exemplar powders using data from tests on the RST-XS at 8kPa consolidating stress
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Figure 2.14: Comparison of the Flow Function values derived for the exemplar powders using data from tests on the
RST-XS at 8kPa consolidating stress and the FT4 at 9kPa consolidating stress
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When the data from the two shear cells are compared, a number of interesting

distinctions and similarities can be seen from Table 2.9 and Figure 2.14.

It would be expected that the FT4 Flow Function data be slightly higher than that
derived from the RST-XS (due to the slightly higher consolidating stress employed for
each set of tests), and this is indeed the case. There two (the MCC and Sodium
Benzoate) which could be related to the age of the samples at time of testing (the
FT4 data was generated many months after the RST-XS data due to instrument
availability). Where there is a significant variation is for the Salt and Celphere 102
tests. This is likely to be due to the RST-XS’s ability to handle very free flowing

materials.

Considering the Celphere 102 sample specifically; the RST-XS shows very low Flow
Function values for both (which is unusual as they are both extremely free flowing)
samples — except for the 8kPa test, which is very high. There could be two reasons
for this apparent anomaly; firstly, experience with the FT4 shear cell suggests that
free flowing materials require multiple pre-shearing to achieve steady state density.
Inspecting the resultant yield loci, shown in Figure 2.15, it is clear that there is a
dramatic difference between the minor Mohr’s circles for the 2 & 4kPa conditions and

the 8kPa condition.

Also the derivation of the Mohr’s circles for the 2 & 4kPa conditions are not ideal due

to the ‘kinked’ yield loci which are shown in more detail in Figure 2.16.
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Figure 2.15: Yield loci for Celphere 102 generated using the RST-XS shear cell
at 2, 4 & 8kPa consolidating loads
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Figure 2.16: Yield loci for Celphere 102 generated using the RST-XS shear cell

at 2 & 4kPa consolidating loads
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In this case it appears that the analysis program simply joins the data points and fits
the Mohr’s circles to the resultant trace and extrapolates the trace to the y-axis.
Figure 2.9 also shows this treatment of the data points. This is not a usual way of
evaluating the data and would generally be described as incorrect. In this case it
results in much larger cohesion values and much larger minor Mohr’'s circles —
resulting in very low ff; values indicative of a very cohesive material, which this is

clearly not.

The main cause for the kinked yield locus is likely to be dilation during shearing
which would result in a commensurate increase in the shear stress and normal
stress. This is most likely at lower normal stress tests within the derivation of the
locus as shown in Figures 2.9, 2.15-2.18. However, if it is assumed that the target
force is the actual force applied at shear, then plotting the measured shear stress at
this target normal stress results in a kink such as the one shown in Figures 2.15 and
2.16. If the data points at the lower normal stresses were plotted at the (higher)
actual normal stress, they would be shifted to the right on the plot and the resultant

locus would be significantly smoother.

This effect can also be seen in the yield loci derived from testing the larger Celphere

305 shown in Figures 2.17 and 2.18 as well as the Flow Function plotted in Figure

2.19.
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Figure 2.17: Yield loci for Celphere 305 generated using the RST-XS shear cell

at 2 & 4kPa consolidating loads
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Figure 2.18: Yield loci for Celphere 305 generated using the RST-XS shear cell

at 2, 4 & 8kPa consolidating loads
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Figure 2.19: Flow Function for Celphere 305 generated using the RST-XS shear
cell at 2, 4 & 8kPa consolidating loads

The Flow Function of the Celphere 305, shown in Figure 2.19, goes from 3 (quite

cohesive) to 6 (quite free flowing) to 3100 (well beyond the value of 10 designating

very free flowing). Clearly there are some issues with the testing as well as with the

manipulation of the resultant data.

As can be seen from Figures 2.20 and 2.21 this kinking of the yield locus and the

apparent ‘connecting the dots’ approach to defining the yield locus is not restricted to

non-cohesive samples when tested at 2kPa.
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Figure 2.20: Yield loci for Mannitol generated using the RST-XS shear cell at

2kPa consolidating load
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Figure 2.21: Yield loci for Starch generated using the RST-XS shear cell at 2kPa

consolidating load
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Schulze advocates the use of the linear over the Warren Springs fits to the data in
order to describe the yield locus (Schulze 2007;Schwedes & Schulze 1990c), and it
is not known why either one of these curve fitting methods is not used within this

version of the data analysis program for the RST-XS instrument.

Unfortunately there is no way to inspect the raw data within the RST-XS suite of
programs to fully understand what the relationships between force and torque are
during the testing. Such an evaluation would be extremely useful as the RST-XS
does appear to have issues with tests at lower consolidating stresses for many of the

powders tested in this study.

Similar tests using the FT4 shear cell allow much closer inspection of the data and
even the opportunity to remove rogue data points — a practice advocated by Jenike

(Jenike 1964).

The data for the more cohesive powders — Mannitol, Paracetamol Fine/Extra Fine,
Lactose — are broadly in agreement between the two cells (given the slight difference
in the consolidation stress). This in itself is an interesting result as it tends to indicate
that these two different configurations of shear cell will give similar results with more
cohesive powders, helping to confirm that a true state property of the material is

being measured.
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The differences in test results between the two instruments occur when less
compressible (usually freer flowing) powders are evaluated, and the ability of the FT4
to cope with the data derived from testing these materials in a more robust fashion
would tend to suggest it could be actively considered by GEA as a suitable the shear

tester.

In addition to the instrument variation mentioned above, there are a number of issues
with the shear cell technique that should be considered when collecting the data and

interpreting the mathematical treatment of the data that are common to all testers.

2.3.1.3. Sensitivity of the derived data to deviations in shear behaviour

It is often the case, especially with the shear testing of freer flowing powders, very
slight differences in the yield locus can have a dramatic effect on the derived data.
This issue is not usually reported due to the previously discussed historic reluctance
to undertake repeat testing. It is, however, germane to the use of shear data when
characterising powders that give different process outcomes. Any given powder
tester will be used to test all the powders that the particular user has a requirement to
process and for the pharmaceutical industry this will include a significant proportion
of non-cohesive, freer flowing materials. If the repeatability of the derived shear
functions means that multiple data sets for a single powder show significant
variability (despite good repeatability in the actual shear test points) then the derived
functions cannot be realistically used to characterise such powders and the shear

test has a more limited usefulness.
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This effect is clearly shown for a non-cohesive sample. Three repeat tests for the

Tablet Blend Placebo sample are shown in Figure 2.22.

¥ PR6285_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R1
&% PR6286_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R2
|| 24 PR6287_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R3

Shear Stress, kPa

O T T T T T T T T
0 1 2 3 4 5 6 7 8

Applied Normal Stress, kPa

Figure 2.22: Three repeat shear tests at 9kPa consolidating load for Tablet

Blend Placebo generated using an FT4 shear cell attachment

The repeatability is excellent and Figure 2.23 shows the three data sets averaged

which produces a maximum data point variability of 1.4%.
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Applied Normal Stress, kPa

Figure 2.23: Average of three repeat tests at 9kPa consolidating load for Tablet
Blend Placebo generated using an FT4 shear cell attachment

When the Mohr’s circles are fitted, as shown in Figure 2.24, there is a significant

difference between two of the minor Mohr’s circles and the third — which is much

smaller. This makes the flow function values, indicated in the table within the graph,

differ by over 50.
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Material UYS, kPa | MPS, kPa | Cohesion, kPa | FF | AlF, ° | AIF (E), ° | AIF (SS), °

10 4 Tablet Blend Placebo 0.467 15.4 0.124 |33.0 | 34.0 34.8 316
Tablet Blend Placebo 0.189 15.4 0.0495|81.7 | 34.6 34.9 316

Tablet Blend Placebo 0.173 15.6 0.0450|90.1| 35.0 35.2 320

H PR6285_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R1
H PR6286_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R2
H PR6287_50mm_Shear_9kPa_Tablet_Blend_Placebo_ex_GEA_v09_Beta_R3

Shear Stress, kPa

O T T T T T T T
0 2 4 6 8 10 12 14

Applied Normal Stress, kPa

Figure 2.24: Three repeat tests at 9kPa consolidating load for Tablet Blend
Placebo showing Mohr’s circles fitted to the linear fit yield loci generated using
an FT4 shear cell attachment.

In addition, when the three data sets are averaged and the derived parameters
calculated from the single yield locus fitted to the averaged data points, shown in
Figure 2.25, there is a significant drop in the flow function by around 24 from the

largest value from the individual loci.
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Shear Stress, kPa

10

Material UYS, kPa | MPS, kPa | Cohesion, kPa| FF | AIF, ° | AIF (E), ° | AIF (SS), °
Tablet Blend Placebo 0.275 15.5 0.0722|56.3 | 34.6 35.0 31.7
|§3—§ Tablet Blend Placebo
T T T T T T T
0 2 4 6 8 10 12 14

Applied Normal Stress, kPa

Figure 2.25: Average of three repeat tests at 9kPa consolidating load for Tablet
Blend Placebo showing Mohr’s circles fitted to the linear fit yield loci generated

using an FT4 shear cell attachment.

This poses a number of questions about the way multiple data sets are handled.

The main question is when should any averaging take place? Should a single yield

locus be drawn through the data sets? Or should the multiple yield loci be drawn and

the derived parameters for each yield locus then averaged? Table 2.10 below shows

the variation produced when these options are adopted for the Tablet Blend Placebo

example.
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Table 2.10: Variation in derived parameters based on different averaging
methodologies for Tablet Blend Placebo

Derived parameter Average fr?On;ithree yield Io;/uasludeesrif\:g(rjnfrsti?rrlr?Iaeviirillged
data points

uYs 0.28 0.65

MPS 15.5 15.5

c 0.07 0.17

ff. 68.1 23.6

AlF 34.5 33.9

AIF(E) 35.0 34.9
AIF(SS) 31.7 31.7

The major principal stress for both methods is virtually identical, which in turn means
the AIF(E) & AIF(SS) values — which are derived from the MPS — are also very
similar. However, it is the values derived from the minor Mohr’s circle that show the
greatest discontinuity. When the extrapolated (linear) yield locus is close to zero
shear stress, any slight variation in plotting the linear regression derived yield locus,
due to very minor shifts in the data points, can result in a large variation in the
cohesion (C) value and hence the UYS. In the example shown in Figure 2.24 and its
embedded table, the difference in the linear extrapolations result in a difference of
0.1kPa in the cohesion value which may not be regarded as large, but represents an
almost threefold uplift from the lowest value, which is mirrored in the difference in the

UYS values. The resultant ff; values are consequently equally disparate.

Thus the data handling clearly has a significant influence on the derived results for

this type of non-cohesive powder. It could be argued that this is an irrelevance due
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to the very low values that are being generated, but that is not the issue if the data is
required to compare two very similar materials that process differently. If the ‘noise’
generated by the variability derived purely from the way the data is processed by
‘standard’ methods causes significant overlap between the data from the two
samples, then shear cells cannot be relied upon to provide any insight into the
process problem — they will simply indicate that the two powders are identical and

cannot be differentiated.

If this analysis is applied to a more cohesive powder, this effect is virtually eliminated.
Four repeat shear tests of Limestone at 9kPa consolidating stress are shown in
Figure 2.26 and the averaged data shown in Figure 2.27. Comparing these data to
those presented for Tablet Blend Placebo in Figure 2.23, it is noticeable that there is
a greater spread of the vyield loci for the Limestone. However, the derived
parameters do not show the variability for the Limestone that they do for the Tablet

Blend Placebo example.
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Shear Stress, kPa
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Material | UYS, kPa | MPS, kPa | Cohesion, kPa FF AIF,° | AIF (E), ° | AIF (8S), ©
Limestone 4.837 16.307 1.343 | 3.371| 31.901 40.045 35.023
Limestone 5.063 16.439 1.416 | 3.247 | 31.549 40.084 35.216
" Limestone 4742 16.257 1.323 | 3.428 | 31.661 39.674 34777
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Figure 2.26: Four repeat shear tests at 9kPa consolidating load for Limestone
generated using an FT4 shear cell attachment.
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Figure 2.27: Average of 4 repeat tests at 9kPa consolidating load for Limestone
generated using an FT4 shear cell attachment
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Table 2.11: Variation in derived parameters based on different averaging
methodologies for Limestone

. Average from four yield values _from single yield
Derived parameter loci locus derived frqm averaged
data points

uyYsS 4.87 4.73

MPS 16.32 16.30

C 1.36 1.32

ff. 3.35 3.45

AlF 31.6 31.9

AlF (E) 39.8 39.8
AIF(SS) 34.9 34.9

There is a 3% variation in the C and ff; values for these tests which is substantially

better than the variation obtained for the evaluation of the Tablet Blend Placebo.

This analysis again shows up some of the practical limitations of shear testing of free
flowing materials and attempting to apply theoretical arguments to the data based on

a continuum model which should not be applied to such granular materials.

An experienced user may suggest that these differences are trivial — which in term of
bin design it could be argued that they are — but in order to actively use a specific test
to investigate the influence of powder properties on the performance of the range of
process equipment that GEA manufacture, good repeatability in the data and any
values derived from it is a necessity. Here the limitations of the shear cell method

mean that the variance generated in the derived values (from ostensively identical
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data sets) limits its potential application for a large number of powders used in

pharmaceutical manufacture which are freer flowing materials.

2.3.1.4. The effect of multiple pre-shearing on development of critical
consolidation

The development of a shear plane within any automated shear tester requires the
pre-shearing of the powder to achieve critical consolidation — that state where the
shear plane has reached a steady state such that any stresses incurred during the
filling process have been normalised and any anisotropy has been minimised
(Schulze 2007). What is less often recognised is that for less compressible, less
cohesive powders the most practical option is often to undertake multiple pre-shears
to achieve critical consolidation. This allows the particles to adjust their relative
positions and achieve a critical consolidation level which would not necessarily be the
case with a single pre-shear. Figure 2.28 shows the different approaches required
for cohesive powders, in this case Limestone, and less compressible powders, in this

case a microcrystalline cellulose — Avicel PH200.
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Figure 2.28: Screenshot of normal stress and shear stress traces from shear
cell tests of Limestone (trace [a]) and micro-crystalline cellulose (Avicel PH200)
(trace ([b]) @ 9kPa consolidating stress generated using an FT4 shear cell
attachment in which single and multiple pre-shears are required to achieve
critical consolidation respectively

The less compressible powder reacts significantly differently to the pre-shearing and
only when at least four pre-shears have been completed can a steady state be
observed. The subsequent intermediate pre-shears (those undertaken between test
points to regain the steady state condition) are at the same level as the last two/three

initial pre-shears showing that the powder has indeed reached steady state flow. If
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only a single pre-shear had been used, then the subsequent pro-rating (as defined in

Appendix 1) would have significantly altered the yield locus calculation.

If we now consider the influence of pre-shearing on the yield locus of Celphere 305,

Figures 2.29 and 2.30 show the effect of multiple pre-shearing steps.

©—<¢ 50mm_Shear_3kPa_2PS prs
o0 50mm_Shear_3kPa.prs 8

1.4

1.2

|

Single pre-shear

0.8

Shear Stress, kPa

0.6

0.4

0.2

0 T T T T T T T
0 0.4 0.8 1.2 1.6 2 2.4 2.8
Applied Normal Stress, kPa

Figure 2.29: Yield loci of Celphere 305 at a consolidating load of 3kPa showing
the effect of single and two pre-shears generated using an FT4 shear cell
attachment.
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Figure 2.30: Raw data of Celphere 305 at a consolidating load of 3kPa showing
the effect of single and two pre-shears, generated using an FT4 shear cell
attachment.

As can be seen, the additional pre-shear has the effect of smoothing the yield locus
as the material has reached a critical consolidation after two pre-shears, as
evidenced by the steady height of the (red) torque trace. The single pre-shear test
has a similar low stress kink in the data to that seen when testing this material with

the RST-XS and is shown in Figure 2.18.

2.3.1.5. Summary of shear cell evaluation

e Current computer controlled shear cells can generate test data much quicker
than was possible 10-15 years ago which provides the user with the ability to
generate multiple repeat data sets and a measure of the repeatability of the
data and the stability of the sample. It is therefore recommended that shear

testing be one of the techniques employed by GEA for powder analysis.
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Pre-shearing protocols can significantly affect the achievement of critical
consolidation and the resultant yield locus, especially for non-cohesive
powders.

The testing of freer flowing powders has shown that multiple data sets may
generate significant variability in derived data (Flow Function; Cohesion) that
are commonly used to characterise materials despite excellent repeatability in
the yield loci.

o There is an argument that the variability in such values is
inconsequential as they are (for the Cohesion) close to zero.

o However if the shear cell is to be used to characterise the process
behaviour of all samples likely to be used by GEA (a large proportion of
which will be free flowing) then such variability limits the effectiveness
of shear testing.

o This analysis illustrates the limitations of applying the continuum
mechanics derived approach to developing a yield locus when testing
more non-cohesive, granular materials.

There are issues with the RST-XS treatment of yield locus at low
consolidating/testing stresses with non-cohesive powders which need to be
resolved before recommendation of this instrument.

The results generated from testing the more cohesive of the exemplar
powders show good agreement between the two different shear cells,
reinforcing the concept that shear cells can provide true state properties of

powders (within the limits mentioned above)
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2.3.2. Angle of repose
One of the simplest tests that can be undertaken is the measurement of the powders’

(poured) angle of repose (AOR).

Figure 2.31: The definition of (poured) angle of repose
(photo courtesy of Qi Zhou, Monash University)

As can be seen from Figure 2.31 the angle (o) is simply defined by the height (h) that

a powder will reach when poured from a (specified) height onto a surface.

However, there are no current standard methods of determination of the angle of
repose. An ASTM Standard has been available, but has been discontinued (ASTM
2005) and AOR is mentioned in USP1174 (United States Pharmacopeia 2007). This

is probably due to large variety of angles of repose that can be ‘defined’, as shown in
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Figure 2.32, and the difficulty in generating a standard method suitable for all

powders, as will be demonstrated.

(@) (b) / (€)

Permeable membrane

>

Variable —— Direction of motion
air flow
— Indication of angle

Figure 2.32: Various determinations of the Angle of Repose; (a) the poured
angle of repose; (b) the impacted, wet or cohesive materials where multiple
angles of repose [a; and a, for example] are observed; (c) easily aerated
materials; (d) drained; (e) sliding; (f) compacted [o is an applied consolidating
stress]; (g) aerated: (h) rolling; (i) feeder discharge [as is the static angle of
repose — feeder stationary; ag is the dynamic angle of repose — feeder

operational]
Source: Modified from Fayed and Otten (eds).
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Several commercial testers are available and employ a poured measure of the AOR
such as that employed in the Hosokawa tester (which utlises all of Carr's
measurement techniques) and the device developed by Geldart and shown below in

Figure 2.33.

Figure 2.33: Geldart AOR tester (left) and Hosokawa Powder Tester — including
an AOR test (right).

Many academics still utilise this test for evaluating powder flow and flowability
(Geldart et al. 2006;Geldart, Abdullah, & Verlinden 2009;Kalson & Resnick 1985;Liu,
Specht, & Mellmann 2005;Thalberg, Lindholm, & Axelsson 2004;Zhou et al. 2002)
and it is still used extensively in industry, primarily due to its simple test methodology
and rapidity of the evaluation, coupled with the fact that an angle of repose tester can

be constructed very easily.
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However, the usefulness of this measurement is limited and this is reflected in

Jenike’s view of the angle of repose:

“... In fact, it (the angle of repose) is only useful in the determination of the contour of
a pile, and its popularity among engineers and investigators is due not to its

usefulness but to the ease with which it is measured.” (Jenike 1964)

This can be demonstrated by reviewing angles of repose of a range of

pharmaceutical excipients as shown in Figure 2.34.

Figure 2.34: Angles of repose of a range of pharmaceutical excipients

(photo courtesy of Qi Zhou, Monash University)
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Considering the photographs shown in Figure 2.34, there are several difficulties in
precisely quantifying the angle of repose. Powder (a) has a curved face on both the
right and left hand sides of the pile; powder (b) is similar but has some steps on the
right hand side; powder (c) has very different left and right hand side angles for

example. Powders (d) to (f) show additional modes of non-uniform heap formation.

Although a very simple test to perform, there are a number of issues which need to
be considered. Firstly the way in which the cone of powder is formed will have an
effect on the angle which is produced. To compensate for this a standard method of
pouring must be developed — this varies between testers, so the angles generated
also vary between testers. Secondly, as can also be seen in Figure 2.34, the actual
cone is rarely uniform — several of the powders show multiple angles so specifying
which one is the ‘true’ angle of repose is entirely subjective. There may, therefore,
be a variation of 5° (or more) within any given pile of sample powder (in the range
20-55° in the range of powders tested — i.e. 10-25% of the total). The precision of
each test is therefore very low and thus the usefulness as a differentiator is limited.
This also makes it difficult to replicate data. The Hosokawa system now employs a
camera and image processing to evaluate the AOR, but it still requires an algorithm
to decide the actual value — and as this is based on criteria set by the programmer, it

is still subjective.

For this evaluation the AOR tester developed by Geldart was chosen (Figure 2.33;

left hand side). It consists of two polycarbonate plates bracketed together at 90

degrees onto which powder is poured to form a semi-cone. This design is quite
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unusual as most testers are designed to form a full cone. The material of
construction is also questionable. If the tester plates were covered with sandpaper
(as an extreme example) the generated angles would be significantly larger due to

the inability of the sample to move as readily across the horizontal surface.

To initiate a test, the powder is gently poured onto a vibrating chute which channels
the powder into the feed cone which is fixed to the top of the vertical polycarbonate
sheet. Powder then falls onto a chute (with an adjustable angle) which directs the
powder at the vertical polycarbonate sheet and thus it falls centrally onto the
horizontal sheet to form the semi-cone. A graticule on both plates allows the size of
the base (averaged from up to 10 measurements taken from the perimeter of the
semi-cone) and the height of the semi-cone to be evaluated and hence the AOR is
derived as indicated in Figure 2.31. The poured bulk density can also be derived
from the mass of powder and the volume of the semi-cone. The results for the test

powders are shown in Table 2.12 and Figure 2.35.
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Figure 2.35: Angles of repose for the exemplar powders generated using the Geldart Angle of Repose Tester
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Table 2.12: Angle of repose and bulk density data generated from the test
samples using the Geldart angle of repose tester (n=3 for all tests)

Poured
Test Material bulk
AOR sd rsd density sd rsd
Avicel 102 Sample 1 334 140 | 4.18 332.8 21.89 6.58
Avicel 102 Sample 2 35.0 1.20 | 3.44 374.6 21.64 5.78
MCC 38.9 0.68 | 1.74 314.7 15.73 5.00
Lactose 43.0 1.75 | 4.08 595.2 42.16 7.08
Sodium Benzoate 39.8 276 | 6.95 282.1 33.01 11.70
Celphere 102 27.3 1.21 | 4.45 309.2 15.42 4.99
Celphere 305 21.9 0.55 | 2.53 960.4 22.83 2.38
Sodium Bicarbonate 36.0 0.9 2.6 952.8 30.61 3.21
Fine Salt 29.3 0.7 | 25 1276.8 24.63 1.93
Manitol Did not flow through feed_ system under gravity;
unable to generate reliable measurement

Paracetamol Fine 52.5 3.8 7.3 206.0 10.51 5.10
Paracetamol Extra Fine 51.6 2.0 3.8 182.8 16.65 9.11
Paracetamol blend 35.6 1.0 2.8 768.3 38.65 5.03
Tablet Blend Placebo 32.7 04 1.2 486.9 14.18 2.91

If one examines the results presented in Table 2.12, there are some interesting
outcomes. Firstly a reliable and repeatable measurement could not be generated
with the Mannitol sample. This material was too cohesive to flow reliably through the
cone and the chute sections of the tester without additional assistance. Thus any

data collected for this material was compromised and not presented here.
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These results, arguably, show the main limitation of the (poured) angle of repose test
— in order to generate an angle of repose, one first needs to have the powder flow
through some kind of orifice to eliminate any influence of the operator. This in effect
means that the AOR test becomes a test of the feed system and not how the powder

actually develops its repose angle — which does seem to defeat the objective.

The calculation of the AOR, based on the averaging of the measurements taken from
the spread of powder over the base, effectively creates an ‘envelope’ measurement
and does not easily allow the evaluation of the spread angles present in the powder
pile. This approach gives a lower angle than the maximum angle (or angles) present

within the pile — suggesting a more ‘free flowing’ powder than is actually the case.

There is also a differentiation limit to this type of test. Often many cohesive powders
will give virtually identical angles of repose, but when tested using other methods,

their properties are dramatically different.

If a powder is too free flowing — such as Celphere 305 — it is often difficult to form a
heap of material as the individual particles tend to scatter when they arrive at the

base of the tester.

Additionally, the generation of the Angle of Repose requires all the powder to be
vibrated down the feed chute and allowed to fall several centimetres onto the
measurement area — this can generate dust from the powder which, if the sample

contains an API, may constitute a health hazard.
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In summary, there are a large number of angles of repose which can be measured;
the testers available do not use the same methodology to generate the powder heap
even for the same type of AOR; the tests are difficult to perform without operator
bias; multiple angles are often present in powder heaps making the measurement
imprecise; high cohesion will often render the feed system inoperative; the sensitivity
of the measurement to small variations in powder composition is poor, making

differentiation difficult.

2.3.3. Jolting Volumeter
The Jolting Volumeter evaluates the variation in powder bulk density in the poured
and tapped condition by applying a constant force and displacement to a jolting

action on a measuring cylinder containing the powder under test (Figure 2.36).

It is a simple tester and can be described as a universal tester in that it is possible to

generate a result from any powder than can be loaded into the test vessel.
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Figure 2.36: Single Vessel Jolting Volumeter

There are a large number of reference standards for this particular test which is
perhaps indicative of the disparity that can be achieved by varying the amplitude,
frequency, number of taps and size of vessel. Like many simple tests there is an
emphasis to try to generate a single number characterisation for the material under

test — to try to keep it simple!
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ASTM B527: Standard Test Method for Determination of Tap Density of
Metallic Powders and Compounds

ASTM D4164: Standard Test Method for Mechanically Tapped Packing
Density of Formed Catalyst and Catalyst Carriers

ASTM DA4781: Test Method for Mechanically Tapped Packing Density of Fine
Catalyst Particles and Catalyst Carrier Particles

ASTM D7481: Standard Test Methods for Determining Loose and Tapped
Bulk Densities of Powders using a Graduated Cylinder

ISO 787-11: General methods of test for pigments and extenders - Part 11:
Determination of tamped volume and apparent density after tamping

ISO 3953:1993 Metallic powders -- Determination of tap density

ISO 6770: Instant tea - Determination of free-flow and compacted bulk
densities

ISO 8967: Dried milk and dried milk products -- Determination of bulk density

ISO 8460: Instant coffee - Determination of free-flow and compacted bulk
densities

ISO 10236: Carbonaceous materials for the production of aluminium - Green
coke and calcined coke for electrodes - Determination of bulk density (tapped)

US Pharmacopoeia; USP 616, Bulk Density and Tapped Density
European Pharmacopoeia; EP 2.9.15

The differences between the methods relate to the number of taps; the amplitude of

the tap; the frequency of tapping; and occasionally the size of the measuring vessel.

The EP, for example, requires a frequency of 250+15strokes/minute; amplitude of

3.0£0.2mm; and requires volume measurements at 10, 500 and 1250 taps. USP has

two versions which require 300 strokes/minute with a drop of 14+2mm (USP I) and

250+15strokes/minute; amplitude of 3.0+0.3mm (USP II).

Following the collection of some of the data, it became apparent that further

intermediate measurements would be useful as most of the powders tested varied

little in volume between 500 and 1250 taps.
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Additionally, the filling of the vessel has a significant degree of operator dependant
variability. After filling of the cylinder the powder has to be level for an initial volume
reading to be taken. Invariably it is not level and the cylinder has to be shaken gently
to level the powder or the surface has to be gently swept level using a spatula or
similar, which can also compromise the initial volume measurement due to the forced
settling. Cohesive materials have a tendency to adhere to the wall of the cylinder
during filling, also making it difficult to determine a precise value for the initial volume.
This levelling of the powder during the tap testing is much less of an issue than at the
start. The precision of the actual volume measurement is also limited to +2ml due to

the graduations on the cylinder itself.

Testing has been completed on a number of powders using non-standard and
standard techniques and results are shown in Table 2.13 and Figure 2.37. Carr’'s
Compressibility Index, commonly referred to as Carr’s Index, and the Hausner ratio

are calculated from the equations below

ccl =27 P L 100 Equation 2.4
Pt
HR = P Equation 2.5
Py
Where CCl is Carr's Compressibility Index

HR is Hausner’'s Ratio
Pt is the tapped density
Pp IS the poured density
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Table 2.13: Results from testing exemplar powders using a jolting volumeter (n=3 for all tests)

Carrs Index Hausner ratio
Coured | so | ooty | s | om0 | g | US| | A0
taps) (%) taps)

Avicel 102 Sample 1 0.38 0.00 0.46 0.00 18.05 0.62 1.22 0.01
Avicel 102 Sample 2 0.38 0.00 0.46 0.00 17.06 0.05 1.21 0.01
MCC 0.34 0.01 0.46 .0.01 25.54 0.91 1.34 0.02
Lactose 0.69 0.01 0.88 0.01 21.31* 0.37 1.27* 0.01
Sodium Benzoate 0.29 0.00 0.37 0.01 20.15* 0.79 1.25* 0.01
Celphere 102 0.86 0.01 0.93 0.00 7.35* 0.50 1.08* 0.01
Celphere 305 0.90 0.01 0.95 0.00 5.27* 1.37 1.06* 0.02
Sodium Bicarbonate 0.76 0.01 1.01 0.02 24.85 1.17 1.33 0.02
Fine Salt 1.23 0.00 1.30 0.00 5.23 0.45 1.06 0.01
Paracetamol Fine 0.36 0.02 0.49 0.01 26.39 271 1.36 0.05
Paracetamol Extra Fine 0.34 0.01 0.46 0.01 26.84 1.77 1.37 0.03
Paracetamol blend 0.92 0.07 1.12 0.09 18.23 0.88 1.22 0.01
Tablet Blend Placebo 0.51 0.00 0.59 0.01 13.86 0.89 1.16 0.01
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Carr's Compressibility Index (%)
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Figure 2.37: Results from testing exemplar powders using a Jolting Volumeter (n=3 for all tests)
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The results shown in Table 2.13 & Figure 2.37, and moderated by the flowability
descriptors and limits shown in Table 2.2, broadly conform to the expected order of
flowability — except for the Sodium Benzoate. This material has a platy shape factor
which means that its poured density is lower than expected due to the ordering of the
particles within the poured sample which limits the degree of packing. The tapping
then allows the particles significant scope to rearrange by expanding the powder bed.
The result is a much denser packing structure and hence the Carr Compressibility

Index is higher than would be expected for this material.

2.3.4. Flow through an orifice & Flowability Tester Model BEP2 tester

The ability of a powder to flow through an opening, as has been previously detailed in
the section on shear cell analysis, requires complex analysis and an instrument that
can evaluate the stress states within the powder. However, many simpler testers

exist that derive data from actual flow through one or more accurately sized holes.

The British Pharmacopoeia (BP) (British Pharmacopoeia Commission 2005) shows
two types of orifice tester. The first — a simple commercial glass funnel shown in
Figure 2.38 — is unworkable because most powders will not flow through this item.
The outlet is so small that cohesive powders will not flow out of the bottom of the
conical section and non-cohesive powders will jam in the long discharge tube. The
second device is a more sensible design with three possible outlet sizes and does
not have an extended discharge tube is also presented in the BP and is shown in

Figure 2.39.
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Figure 2.38: Glass flow funnel as shown in the British Pharmacopoeia

Diameter (d) of
Nozzle | outflow opening
(mm)

10+0.01
15+0.01
25+0.01

Figure 2.39: Alternative flow funnel and nozzle made from acid resistant
stainless steel (V4A, CrNi) as shown in the British Pharmacopoeia
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Alternatively there are a number of commercial testers on the market which make
use of the ability (or not) of a powder to flow through a specific orifice or range of

orifices.

The Flowability Tester Model BEP2 device, Figure 2.40, has been evaluated for this
project and consists of a steel cylinder supported on a frame and fitted with a

removable base into which a range of discs, with different orifice sizes, can be fitted.

Figure 2.40: The Flowability Tester Model BEP2 Powder Flowability Tester
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A valve is located under the cylinder that, when powder has been charged, is opened

to allow unrestricted flow through the chosen orifice.

The primary purpose of the test is to find the minimum orifice through which the
powder will pass consistently, but the determination of the minimum orifice size is,
largely, a trial and error exercise. Some obviously free flowing samples were tested
with the smallest orifice first and cohesive samples with the largest. However,
powders with intermediate flow properties require multiple tests to accurately
determine the correct orifice size. Often the variability of the powder or, more likely,
the inconsistent charging of the cylinder by the operator will lead to powder flowing
then not flowing through an orifice in consecutive tests. Clearly this occurs close to
the flow/no-flow limit of the powder, but this imprecision can lead to significant

operator frustration.

An expression is provided by the manufacturer that relates the outlet diameter to a

‘coefficient of friction’.
ar?hpg > 2arhK Equation 2.6

where r is the diameter of the outlet
h is the height of the cylinder of powder
p is the poured bulk density of the powder
g is the acceleration due to gravity
K is the coefficient of friction

Clearly this is an oversimplification of the of the flow behaviour as previously
described in the section on shear cells, but it is presented here to indicate the limited

nature of these types of devices and the way they are represented.
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In order to develop the data for this equation, the height of the powder, h, needs to
be noted. The operating instructions suggest the cylinder be filled to within 20mm of
the top, however no means of measuring such a height is provided and it is left to the

end user to provide such a mark.

In addition it has been determined that there are other results that can be obtained
from this test. Firstly the flow rate can be measured. Ideally a logged balance under
the outlet would provide precise flow rate — especially for very free flowing materials
with short discharge times — but the use of a stopwatch sufficed in this instance. This
enables further differentiation of powders that flow through the same orifice. Once a
flow rate is obtained, comparison with, for example, the Beverloo equation (Rhodes

1998) can be undertaken.

W =0.58p,9°(B—kd, J*° Equation 2.7

where W is the discharge rate (kg/sec)
v is the bulk density (kg/m®)
g is the gravitational constant
B is the outlet size (m)
k is an empirical outlet shape constant (typically 1.4) (Mankoc et al.
2007)
dp is the particle size (m)

The drained angle of repose can also be calculated from knowledge of the weight of

powder left in the vessel, the bulk density and the size of the orifice from Equation

2.8.
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16m .
a=tan™ Equation 2.8
(pﬂ(Dz—dsz—d)J |
where a is the drained angle of repose (degrees)

D is the diameter of the cylinder (m)

p is the poured bulk density of the powder n(kg/m?)
d is the diameter of the orifice (m)

m is the mass of powder left in the tester (kg)

The results from testing of the range of sample powders are presented in Table 2.14

and Figure 2.41.
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Table 2.14: Measured and derived data for the Flowability Tester Model BEP2
(n=3 for all tests)

Data Calculations
. Variation

Test Material min flow Beverloo from drained

orifice rate sd rsd predict" | Beverloo K AOR

(mm) | (g/s) (g/s) predict”

(%)

Avicel 102 30.00 | 36.59 | 12.74 | 34.83 | 107.28 -68.80 | 2829.75 | 85.48
Sample 1
Avicel 102 30.00 | 37.08 | 383 | 1034 | 106.15 -65.07 | 2800.35 | 88.38
Sample 2
MCC* 36.00 | 37.08 | 1.64 | 3.58 168.66 7801 | 3007.62 | 89.74
Lactose 34.00 | 2886 | 11.17 | 38.72 | 25856 8884 | 5789.35 | 89.15
Sodium Benzoate No Flow through largest (36mm) orifice
(fgéphere 4.00 157 | 001 | 080 1.44 8.99 84476 | 69.60
ggéphere 4.00 121 | 002 | 174 1.22 -0.93 882.98 | 68.71
Sodium Bi- 26.00 | 157.20 | 42.80 | 27.22 | 149.87 4.89 484120 | 73.01
carbonate
Fine Salt 4.00 231 | 003 | 135 1.84 2554 | 1207.36 | 70.44
Mannitol
Paracetamol Fine No Flow through largest (36mm) orifice
Paracetamol Extra
Fine
Paracetamol
blend 34.00 | 7497 | 1437 | 1917 | 352.40 .79.65 | 7646.94 | 89.65
TabletBlend | 1| 161 2 23.94 727 | 7
Placebo .00 0.63 | 0.0 6 0.8 -23.9 567. 8.93

* powder failed to flow for 3 out of 7 tests
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Figure 2.41: Measured Data from Flowability Tester Model BEP2 (n=3 for all tests)
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Figure 2:42: Calculated Coefficient of Friction (K) and Drained Angle Repose — Flowability Tester Model BEP2
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There are several advantages and disadvantages relating the use of this device and

the data collected from it.

Practically there is an issue with dust generation where material, as noted with the
AOR tester, is allowed to fall several centimetres which may generate dust and the
potential for a health hazard if API materials are present. It is recommended that

both of these devices be operated in a fume cupboard or similar environment.

Many cohesive materials will flow through the largest orifice available, but only if the
test is done instantaneously — if the powder is left for a short period, even a few tens
of seconds, it may not flow through. This was particularly the case for the MCC
sample where flow through the 36mm orifice was observed for only 3 of the 7 tests

undertaken.

The usefulness of the comparison of flow rate with Beverloo predictions is also moot.
The Fine Salt, Sodium Bicarbonate and Celphere samples provide the results which
are closest to the predictions. Clearly these back up the assertions that this
expression is best used for the most spherical and free flowing materials (Spink &

Nedderman 1978).

However, the major problem with this device is that it is a poor differentiator for

cohesive powders, four of which generated a null reading when the powders failed to

flow through the largest orifice, as shown in Figures 2.41 and 2.42. This does not
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allow the user to compare powders if they cannot be tested in this system. The four
powders, listed in Table 2.14, which failed are both grades of paracetamol, Mannitol
and Sodium Benzoate. The two paracetamol powders and the Mannitol sample can
be described as conventionally cohesive, but the Sodium Benzoate would be
described by most people as free flowing. In this case it fails this test due to its
shape, which can be described as ‘platy’, and it is clearly forming mechanical bridges

over the outlet.

Conversely, free flowing powders will tend to be too free flowing and will pass easily
through the minimum orifice available — 4mm. Differentiation in this case has to be

based on flow rate through the orifice.

In addition the trial and error nature of finding the minimum orifice size can be time
consuming, especially when the flow through a series of similar sized orifices can be

influenced by how the powder is loaded into the vessel prior to opening of the outlet.

In summary, this device is a poor differentiator of materials; often requires significant
time to generate the correct orifice; needs additional calculation of the throughput to
differentiate free flowing powders; but is used within the industry and can be used as

a point of reference for clients.
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2.3.5. Powder rheometry
Powder rheometry is a relatively new approach to the flow property testing of
powders. There are two main suppliers of instruments, Freeman Technology and

Stable Micro Systems (SMS), both instruments are shown in Figure 2.43.

peratiof

Figure 2.43: The Powder Flow Analyser (left) and the FT4
Powder Rheometer (right)

Starting out from the same roots, the two instruments test powder in broadly the
same way by passing a propeller shaped blade through the powder under test and
measuring the resistance. There is a small difference in the blade design, but the
major difference is that the Freeman Technology FT4 tester measures vertical
position, blade torque and load on the base of the tester whereas the Stable Micro

Systems (SMS) Powder Flow Analyser (PFA) measures only the vertical position and
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the load on the base. Additionally the FT4 has a number of optional packages; shear
cell; aeration/de-aeration; and wall friction. The PFA itself is an add on unit for the
TA.XTPlus Texture Analyser which already has a wide range of food based materials

testing options that can also be fitted to the basic instrument.

At this time, there is very little to suggest what these devices are actually measuring
in terms of state properties of the powder (compared to the shear cell), which has led
to many people dismissing them out of hand. However, they are promoted as being
able to provide an insight into powder behaviour that other, better defined devices,
fail to characterise. In addition, like the shear cell, both are universal testers in that
they will always provide a measurement as long as the powder is compatible with the
size of the test vessel — unlike the ‘flow through orifice’ testers, angle of repose

testers.

2.3.5.1. SMS PFA

The Department of Chemical Engineering has an existing TA.XTPlus Texture

Analyser, and a PFA unit was loaned to the Department for evaluation.

The texture analyser moves its patented helical blade vertically and the rotational
motion is provided by a peripheral electronic device via a motor located in the arm of
the texture analyser. A powder sample is loaded into a glass powder flow vessel and
located on the base of the PFA. The volume of the sample is intended to be 160ml,
but the ability to achieve precisely 160ml is, as with the Jolting Volumeter, system is

operator dependant. The glass vessel is marked every 20ml giving rise to some
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variability in achieving a precise volume especially when the powder is loaded

unevenly.

As the blade moves through the powder column during a test, the force (measured
by a load cell in the base of the PFA), distance and time data are recorded in
Exponent™ software for later analysis. Three types of tests are commonly run on the
PFA:

e Cohesion
e Powder Flow Speed Dependency (PFSD)
e Caking

Only the cohesion and PFSD tests have been used because of their simplicity and

immediate relevance to the powder mixing part of the project.

One useful feature that is unique to powder rheometers — both the SMS PFA and the
Freeman FT4 — is the conditioning cycle. During this process the blade is traversed
through the powder in such a way as to gently lift the material and eliminate historical
stress features that may have been present during its previous storage period or
through the way the powder was introduced into the vessel. This enables a
consistent stress state to be achieved prior to running any test routines. In some
ways this can be seen as the equivalent to pre-shearing required prior to shear
testing and is hugely beneficial in allowing data from different laboratories to be
compared as the influence of the operator is all but eliminated, unlike the simple

testers (AOR; flow through an orifice; tapped density).
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The cohesion test begins with two conditioning cycles to remove any stress history

from the powder and to normalise the powder column after filling. The blade then

moves down through the powder column using a *“cutting” action to minimise

compaction.

powder on the vessel base is recorded.

The upward part of the cycle lifts the powder and the force of the

The PFA measures ‘cohesiveness’ by moving the blade in such a way as to lift the

powder. The argument is that a more cohesive powder will cling to itself and to the

blade therefore reducing the force exerted on the base of the vessel. A typical trace

is shown in Figure 2.44. Here the force seen by the load cell is plotted on the Y-axis

against the position of the blade within the vessel.
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Figure 2.44: Example of Cohesion Test raw data — the trace follows the blade as
it passes down through column of powder (from zero to the 70mm maximum
travel point) and is designated by the positive force (compression) and then as
it traverses back up through the powder (lifting) to reach its original start point
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The negative area under the curve is the work required to move the blade through
the powder column i.e. to lift the powder and so is related to the weight of the powder
sample (and also its density), this is the cohesion coefficient. A cohesion index is
calculated by dividing the cohesion coefficient (the upward part of the cycle) by the

weight of the sample.

The powder flow speed dependency (PFSD) test begins with two conditioning cycles
(as at the start of the cohesion test) followed by 4 sets of 2 cycles at increasing
speeds (10, 20, 50 and then the final cycles at 100 mm/sec). The downward parts of
the cycles compact the powder and the upward stroke of the cycle uses a lifting

action.

Powder flow properties may change with increasing or decreasing blade speeds. For
example a powder may become more resistant to flow as it is forced to flow faster or
indeed it may become more free flowing as the blade speed increases. The PFA
measures this characteristic by assessing the work needed to move the blade though
the powder at increasing speeds. An evaluation of the flow stability of the powder is
made by comparing the work needed to move the blade though the powder at the
start of the test compared to the work required to move the powder at the same

speed at the end of the test.
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The (positive) area under the compaction curves (a typical PFSD curve is shown in
Figure 2.45) is averaged over the two cycles at each speed and gives the

compaction coefficient at each of the speeds tested.

Force (g)
450

400+ '\.L"‘I"‘
350
300
250+
200+
150
100+

50+

0+ = : o T T T T
o 10 20 40 50 60 74

50 Distance (mm
-5l

-100-

Figure 2.45: Example of raw data from a PFSD Test — the trace follows the
blade as it passes down through column of powder (from zero to the 70mm
maximum travel point) and is designated by the positive force (compression)
and then as it traverses back up through the powder (lifting) to reach its
original start point. The different traces represent the different speeds of the
PFSD test from 10 to 100 mm/s

The compaction coefficient is the work required to move the blade down though the
powder column using a compacting action — a function of the blade direction and the
speed of rotation. The area under the upward (negative) section of the first
10mm/sec speed curves are averaged and recorded as a cohesion coefficient. Any
increase in cohesiveness or electrostatic forces in the powder would result in a larger

negative value and therefore a higher cohesion coefficient. Flow stability is
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calculated by dividing the compaction coefficient of the first 10 mm/sec cycles by the

compaction coefficient of the last 10 mm/sec cycles.

Data collected from these tests are shown in Figures 2.46 & 2.47.
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Figure 2.46: PFA compaction coefficient for a range of exemplar powders
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Figure 2.47: PFA compaction coefficient for three tests of Sodium Benzoate
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Firstly the behaviour of Sodium Benzoate in this tester is dramatically different to the
other powders tested. Figure 2.47 shows three repeats of the PFSD test, showing
that passing the blade through the powder at increased speed requires a greater
force and therefore more energy. This is at odds with the other powders tested
which show the reverse behaviour. Given this result it was postulated that, in a
paddle mixer or tumble blender, this material might mix slower at higher rotational
speeds. This will be further examined in Chapter 3. However, as can also be seen
in Figure 2.47, the repeatability of the test procedure with the PFA is unacceptable.
This is most likely due to the difficulty of providing a stable starting condition. The
PFT requires a fixed volume of material but provides no means of generating such a
volume. This is a feature of the Freeman Technology FT4 powder rheometer that will

be discussed later in this Chapter.

Secondly, the tester can, in some instances, differentiate powders that show
observable flow differences in real process environments, whereas conventional
shear testing cannot. Itis well known that the addition of a small quantity of lubricant
or flow aid (such as magnesium stearate or fumed silica) can dramatically change the
flowability of pharmaceutical formulations (Fagih et al. 2007;Liu et al. 2008;Velasco
et al. 1995). Figures 2.48 and 2.49 present two powder systems, based on a
formulation containing Lactose and Avicel, with and without low concentrations of
magnesium stearate present. When the shear cell testing of the formulations, shown
in Figure 2.48, is evaluated the flowability of the powders, as determined by the Flow

Function, shows the two samples to virtually identical. When tested in the PFA there
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is considerable variation/differentiation between pure and magnesium stearate doped

conditions — correlating with observed process behaviour.

Although this is far from conclusive evidence, is shows the benefits and limitations of

having several testing methodologies available and will be explored in more detail in

Section 2.5.
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Figure 2.48: Shear cell data and flow functions for two Lactose/Avicel 102
systems, one with added magnesium stearate (MgSt)
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Figure 2.49: PFSD results for two Lactose/Avicel systems one with added
magnesium stearate (green trace), one without (brown trace)
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2.3.5.2. Freeman Technology Powder Rheometer FT4

The Freeman Technology FT4 is, in many ways, comparable to the Hosokawa
powder tester in that it takes a multi-measurement approach to the characterisation
of powders. It can evaluate a series of dynamic, bulk and shear properties of a
powder for which it has a range of spindle mounted accessories that are easily

exchangeable with the standard blade.

The basic blade methodology is similar to the PFA, but there is a slight difference in
the actual blade design. The FT4 measures both force and torque during the transit
of the blade, whereas the PFA is limited to force measurement only. Figure 2.50
shows the motion of the FT4 blade during a test and the spiral pathway it traverses

down the vessel.

<[ .

Figure 2.50: Motion and pathway of the FT4 blade during a test

Each test allocates a number of specific attributes to the powder sample based on

the analysis of the position, force, torque and air flow measurements taken during
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specific test routines, although the entire profile for each test is readily available for

examination.

As can be seen from Table 2.15, the number and type of powder characterisation
tests that an FT4 can undertake far exceeds that of the SMS PFA. In addition to the
dynamic testing with the blade, enhanced by the ability to measure torque and force,
additional tests can be undertaken for compressibility, permeability using a vented
piston and an aeration unit, and, as has already been discussed, shear testing.
Further specialist tests are also available that evaluate segregation, degradation, the
effect of vibration, de-aeration, the effect of time consolidation and the effect of direct
pressure. These additional tests were not investigated due to time constraints, but

the flexibility of the instrument is clear.

A significant feature which is specific to the FT4 is the split vessel assembly, which
uses a Delrin plastic fixture to accurately position two glass vessels above each
other. The fixture is hinged and allows the top and bottom vessel to separate,
enabling the removal of excess powder to a separate beaker, and leaving a very
accurately sized volume of powder to be tested. Combine this with the conditioning
cycle, described in the previous section, and the repeatability of the testing procedure
is almost entirely operator independent and provides an excellent base for enhanced
repeatability of testing, especially when compared to the rudimentary procedures

provided by other simple testers which were described in earlier sections.
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Examples of the graphical output from the FT4, generated in the proprietary post
processing software package ‘Data Analysis’ or DA, are shown in Figures 2.51 to

2.54
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Table 2.15: Descriptions of the standard suite of test routines available for the FT4 Powder Rheometer

velocity.

Sub Group Test Parameter Definition Units
The energy needed to displace a conditioned and stabilised powder
Basic flowability Energy at a given flow pattern and flow rate — in this investigation at -5° mJ
(BFE) helix and 100 mms™ blade tip speed and a sample volume of 160
ml. BFE = test 7
. The factor by which the flow energy requirement changes during i
- Stability Index (S1) repeat testing. Sl =test 7/ test 1
Stability and
Variable Flow The energy needed to displace a conditioned powder using a gentle
rate Specific Energy (SE) shearing and lifting mode of displacement. This energy is then mJ/g
divided by the split mass
The factor by which the flow energy requirement is changed when i
Dynamic Flow Rate Index (FRI) the flow rate is reduced by a factor of 10. FRI =test 11 /test 8
Condltlon(egBl?Du)lk Density The bulk density of exactly 160 ml of conditioned powder g/ml
. . The factor by which the flowability energy is reduced by aeration at i
Aeration Ratio (ARy) an air velocity of n mm/s. AR, = AE, / AE,
Aeration Energy (AE;) The flowability energy at an air velocity of ‘n’ mms™ mJ
Aeration Normalised Aeration Energy | The normalised flowability energy at an air velocity of ‘n’ mms™ with i
(NAE) respect to the flowability energy at 0 mms™
Aeration Sensitivity (AS) The maximum rate of reduction of flow energy with increasing s/mm
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Table 2.15 contd.

Sub Group Test Parameter Definition Units
_— Percentage by which the bulk density has increased with an o
Compressibility (CPS,) applied normal stress of ‘n’ kPa %
Compressibility
. The mass per unit volume of the sample at a specified
Bulk Density (BDn) consolidating stress of ‘n’ kPa g/m|
Bulk
Properties o The Permeability of a sample as described in Darcy’'s 2
Permeability (Perm,) equation at specified consolidating stress of ‘n’ kPa m
Permeability Pressure drop across the powder bed at a normal stress of
Pressure Drop (PD,) ‘n’ kPa and at an air velocity of 2mm/s (unless stated mbar
otherwise)
Powder Shear See Table 2.7
Testing '
Shear
Wall Friction - The angle defined by a series of o/t data pairs where
. ; de
Testing Angle of wall friction (o) o=tan™(t/o) g
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Figure 2.51: A dynamic test for 4 of the test powders showing 7 repeat tests at
a blade tip speed of 100mm/s to evaluate the powders flow stability, followed
by 4 tests at reducing blade tip speed from 100mm/s to 10mm/s
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Figure 2.52: An aeration test where the flow energy of the sample is evaluated

whilst increasing quantities of air are passed through the base of the test

vessel
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Figure 2.53: The compressibility of samples evaluated by change in volume

with respect to an applied normal stress
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Figure 2.54: The pressure drop across the powder bed with respect to an

applied normal stress.
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Compared to the SMS PFA, the FT4 is significantly more advanced in its sample
preparation and handling procedures, measurement techniques and its interpretation
and presentation of data. It also appears to be significantly better at generating
repeatable results as can be seen when the data for Sodium Benzoate is compared

in Figures 2.47 for the PFA and Figure 2.51 for the FT4.

Further testing was thus carried out on the FT4 only, and data from testing the
exemplar powders is shown in Table 2.16 for the dynamic testing results and Table
2.17 for the bulk properties results. Shear data has been previously presented in

Table 2.8.
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Table 2.16: Results for dynamic testing of the exemplar powders in aerated and non-aerated states (n=3 for all tests)

Test Material ARy, sd AEz | sd | NARy sd BFE | sd Sl sd FRI sd SE sd CBD sd
Avicel 102 Sample 1 426 155 47.6 | 3.37 | 0.0026 | 0.0008 | 1398 | 53 1.04 | 0.0073 1.2 0.0146 | 7.43 | 0.224 0.369 | 0.0014
Avicel 102 Sample 2 216 61.5 40.4 | 6.1 0.005 0.0013 | 1265 | 56.8 | 0.89 | 0.0553 | 1.04 0.125 | 5.93 | 0.271 0.372 | 0.0019
MCC 7.93 1.84 118 | 28.8 | 0.132 0.0248 | 1055 6 1.05 | 0.0578 2 0.0361 | 13.4 | 0.308 0.432 | 0.0022
Lactose 11.40 1.87 138 | 22.7 0.09 0.00145 | 1505 | 27.8 | 1.09 0.132 1.72 | 0.0142 | 10.3 | 0.254 0.69 0.0042
Sodium Benzoate 17.10 0.78 81.8 | 1.44 | 0.601 0.0153 | 1311 | 7.84 | 0.706 | 0.022 | 0.778 | 0.0447 | 9.04 | 0.131 0.292 | 0.0005
Celphere 102* 50.47 4.7 27.6 | 1.87 | 0.0198 | 0.0013 | 1606 | 28.8 | 1.01 | 0.0043 | 0.973 | 0.0082 | 3.21 | 0.0315 0.87 0
Celphere 305* 1.34 0.05 1087 | 15.1 | 0.745 0.01 1311 | 476 | 1.01 | 0.0032 | 1.02 | 0.0201 | 2.75 | 0.0754 | 0.902 | 0.0005
Sodium Bicarbonate 18.00 5.34 54.3 11 0.0584 | 0.0026 | 1195 | 37.4 | 1.09 | 0.0605 1.7 0.0148 | 8.95 | 0.244 0.805 | 0.0041
Fine Salt 21.20 1.04 70 2.99 | 0.0474 | 0.0023 | 1609 | 51.3 | 0.923 | 0.0189 | 1.06 | 0.0427 | 3.75 | 0.104 1.26 0.0017
Mannitol 5.33 0.292 164 | 1.72 | 0.188 0.0102 719 | 322 | 1.11 | 0.0372 | 1.87 | 0.0111 | 9.39 | 0.272 0.484 | 0.0095
Paracetamol Fine 3.43 0.247 481 | 4.07 | 0.293 0.0201 | 1015 | 49.5 | 0.968 | 0.0402 | 1.16 | 0.0443 | 9.05 | 0.568 0.369 | 0.0102
Paracetamol x-Fine 3.06 | 0.0256 | 511 | 13.4 | 0.327 0.0027 909 | 37.8 | 0.892 | 0.051 1.16 | 0.0946 | 9.99 | 0.205 0.325 | 0.0062
Paracetamol blend 41 8.15 78.6 | 11.5 | 0.0255 | 0.0058 | 1329 | 55.8 | 0.987 | 0.0328 | 1.03 | 0.0344 | 5.67 0.17 0.918 | 0.0037
Tablet Blend Placebo 239 73.3 5.15 | 1.36 | 0.0047 | 0.0017 | 1223 | 55.9 | 0.815 | 0.0834 | 0.829 | 0.0127 | 4.73 | 0.0818 | 0.533 | 0.0016
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Figure 4.24: Discharge Station and Decel Tube with IBC containing the placebo
located in position before operation with a load cell frame located under the
discharge point to monitor the flow rate of the powder
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Figure 4.25: Detail of the discharge point of the Decel test rig

The test material provided by the client was Avicel 102 and was supplied direct by

the manufacturers, FMC, in five 20kg cardboard boxes fitted with a plastic liner.

Prior to testing, the question was asked ‘how do the flow properties of this placebo
compare to those of your actual material?” As was demonstrated with the mixing of
binary and ternary systems in Chapter 3, the relationship between properties of
single components compared to their performance as part of a mixture is not always
obvious. Equally, there was no indication of typical loading and standing periods
prior to discharge, whether the powder had been tumbled in the IBC or not, or

distance and mode of transport between filling/tumbling and discharging stations. All
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of these process conditions can have a profound effect on whether the powder will
flow from the IBC outlet as many powders gain strength through periods of storage or

through being vibrated as they are being stored.

Such questions had clearly not ever been asked of the GEA engineering staff or the
clients engineering and compliance staff, and there were no procedures in place to
generate simulation data. Due to the time and protocol constraints, the test was
carried out with the placebo provided by the client and no attempt to find a

compatible simulant or process conditions was made.

This is clearly an unaddressed issue within GEA and the client organisation (and
possibly all of their clients) and is a clear indicator of why the FDA regulations
relating to process understanding, described in Chapter 1, are necessary and why
the modified HAZOP procedure, described earlier in this Chapter, should be adopted.
Simply put, neither party had any significant understanding of the system or how it
could be affected. Both parties appeared to be undertaking the trial so a box could
be ticked in a New Drug Application, or similar bureaucratic evaluation, and so had to
be seen to have been done. The author had little input into the trials and could not

change the methods or protocols significantly.

The experimental plan was to carry out a series of four tests to investigate the ability

of the system to discharge material under closed vessel conditions. The four test

conditions to be investigated were:
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e Closed system
e Open vessel system
e Closed system with discharge valve venting

e Closed system with discharge valve venting & vibration assistance

The only mode of validation/differentiation that was provided by GEA was that each
condition could be differentiated by variation in flow rate. Given that a restrictor had
been fitted to the outlet it was difficult to envisage that, should reasonable flow be
possible for one or more conditions, how the flow rate would vary for the same

powder.

4.5.1. Results and observations

Test 1

The first test was as indicated above — closed vessel; no vent; no vibration. Flow
from the IBC was poor and intermittent. The Decel tube was never filled and the test
was stopped after approximately 6 minutes after a total discharge of 12kgs. On

investigation, it was observed that the powder had ratholed in the IBC — Figure 4.26.
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Figure 4.26: Rathole formed in IBC containing Avicel 102 during Test 1

It was also noted that the powder volume had increased by about 10-15% as more

containers were required to hold the measured mass of discharged powder.

The remainder of the powder was assisted through the system manually and

returned to the IBC via a ‘dump load’ method from the collection vessels.

Test 2
Following the expected poor performance in Test 1, it was decided to keep the bin
sealed but to use the vent system that had been added to the discharge station valve

assembly.

Initially the Decel tube was filled and there was a steady, but slow, flow of powder for

approximately 10 minutes at a mean rate of ~0.6kg/min. Flow then ceased and was
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re-initiated manually by gently tapping the outside of the Decel tube. Intermittent flow
aided by gentle tapping of the tube persisted over the next 8 minutes, after which the

test was halted. Again the powder had ratholed in the bin (Figure 4.27).

e ’ .

Figure 4.27: Rathole formed in IBC containing Avicel 102 during Test 2

The remainder of the powder was assisted through the system manually and

returned to the IBC.

Test 3

In Test 3, following the poor flow in Test 2, it was decided to use all the flow aids
available and with the lid seal unlocked to provide a fully vented condition such that a
base set of data could be generated. The flow of powder was still intermittent with no

real periods of consistent discharge.
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It was noted that a vacuum could easily form in the lower, transparent section of the
Decel tube as there was an observable vertical void formed between upper and lower

horizontal material faces — as shown schematically in Figure 4.28.

Upper
section of

powder | >
// stationary \

Lower Lower
section of . ‘ section of
powder in powder

motion \ stationary

S\ —

Figure 4.28: Schematic of the ‘vacuuming’ of the powder

In order for the powder to discharge, gas has to pass from the bottom of the column
to the top. Within the column there are frictional and gravitational forces acting on
the material to a greater or lesser extent depending on the position in the column. In
order for flow to occur the gravitational force must overcome the frictional forces, but
when gas cannot pass through the powder bed there is a tendency to create a
separation between two portions of the column. This then can create the void shown
in Figure 4.28 where there is a low pressure (vacuum) zone formed which generates
a suction that also helps to balance the gravitational force acting on the lower portion

of the powder. This suction can be broken in one of two ways; air finally percolates
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up through the lower mass and relieves the low pressure (observed in the
transparent section of the Decel tube); or the upper section of the powder column
fails and powder falls from the upper surface to the lower surface, allowing air to

percolate upwards, usually in waves of small surface failures.

In extremis the layflat was pulled inwards (Figure 4.29). It was likely that this was
occurring elsewhere in the (opaque) section of the tube. Ratholing was again

observed in the IBC (Figure 4.30).

Figure 4.29: Contraction of the layflat due to ‘vacuuming’ in the tube
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The remainder of the powder was assisted through the system manually and

returned to the IBC.

Figure 4.30: Rathole formed in IBC containing Avicel 102 during Test 3

Test 4

Test 4 was a repeat of Test 3, except that the vessel lid was removed to ensure that
a vented condition was used. Flow was now negligible and the test was halted
almost immediately. At this stage it was necessary to rod the powder in the IBC to

create some flow.

It was felt that the powder had been ‘overworked’ and that the amount of aeration
and compaction had led to a significant worsening of the flow over the series of tests

despite the operational conditions being modified to assist the flow.
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The remainder of the powder was assisted through the system manually and

returned to the IBC where it was left overnight to de-aerate.

Test 5
Test 5 was a repeat of Test 3 undertaken the following day to allow the powder to de-

aerate overnight.

Initially there was a good flow of powder out of the bin, but the rate slowly began to
reduce and manual assistance was required to maintain flow. Vacuuming was also
observed. The test was halted after 45kg had been discharged and flow had again
become difficult. The remainder of the powder was assisted through the system and

collected in the original boxes and additional bins.

Second Sample

Following the first test of the Decel unit and the provision of a report on the test, the
client determined it necessary to undertake a repeat of the first test, this time using a
different sample of the powder. Buck Systems also modified the vent system for the
bin to improve the movement of air through the system by increasing the diameter of
the vent orifice (from 25mm to 50mm) and providing a disposable filter cartridge. The
new test material was presented as fresh batch of Avicel 102 microcrystalline
cellulose. The sample of powder provided appeared to be drier than the previous

sample tested (although subsequent moisture analysis showed no significant
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difference) and visually flowed more freely with fewer agglomerates than the previous

sample.

250kg of the new test material was loaded into the test vessel and the vessel
positioned on the discharge station. As before, the IBC was fitted with a Vibroflow®

system, and the discharge station fitted with the novel venting device.

Upon initiation of the discharge cycle, the powder appeared to flow poorly as the
Decel tube was deflated. There followed a rush of powder as the material began to
discharge some 30-45 seconds after cycle initiation. The powder then flowed
smoothly for several minutes. Examination of the discharged powder sampled from
the flow at the bottom of the Decel tube, revealed some loose agglomerates approx.
10-20mm in size. After several more minutes of regular flow, the vacuum effect
described above, became evident. Flow was monitored for 30 minutes and the rate
of discharge, although irregular, but never failed to flow — in marked contrast to the
previous tests. The flow did eventually fail after ~100kg had been discharged. When
the lid was removed there was evidence of core flow and perhaps some ratholing.
The remainder of the material was then allowed to discharge with the vessel fully

vented and showed significantly improved flow over the powder trialled previously.
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Figure 4.31: Rathole formed in IBC containing Avicel 102
during test of second sample

Clearly the two samples behaved differently during processing, despite being
presented as identical by the client. The two questions that these behaviours pose

are

e What are the powder characteristics of the samples and how do they relate to

the process behaviour?

e How can the process/powder system be analysed to improve flow?

4.5.2. Powder characterisation study

In order to evaluate the powder characteristics, a full suite of tests was carried out
using the methods described in Chapter 2. Table 4.10 shows the results from the

restricted testers.
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Table 4.11: Results from Restricted Powder Testing Methods

Material
Test Result
Avicel Sample 1 Avicel Sample 2
Hausner Ratio 1.22 1.21
AOR 334 35.0
Min. Orifice (mm) 30 30
Friction coefficient 2829 2800

As can be seen there is very little difference in the results from restricted
measurement systems and it would be difficult to differentiate the two samples on the
basis of these data despite the difference in system performance — a result that also

follows the conclusions from Chapter 2.

The samples were then tested using universal testers — the FT4 Powder Rheometer

and the Schulze RST-XS shear cell.

The permeability and dynamic testing provide clear evidence of the difference
between the two samples. The dynamic testing (Figure 4.32) indicates that the
second sample is not stable and the result is suggestive of the presence of a flow aid
thus any determination of relative flowability of these two samples cannot be

definitively made with this test.
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Figure 4.32: Dynamic testing for Avicel Samples

The permeability testing (Figure 4.33) shows that the first sample has a higher

pressure drop than the second sample.

This would indicate that air would pass

through the second sample slightly more easily and should aid the discharge through

a long discharge tube, as is the case here.
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Figure 4.34: Normalised Aeration Energy for Avicel Samples
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Figures 4.34, 4.35 and 4.36 show the normalised aeration ratio, the Flow Function
and typical yield loci respectively for the two samples. As can be seen, these

particular test methods do not differentiate the two samples.

In this case the testing of the samples at high stress (shear cell, Flow Function) and
extremely low stress (aeration) does not enable any correlation with the system
performance. The standard dynamic test did not differentiate the samples either —
the flow aid merely making the Avicel Run#2 sample unstable within the test

procedure.

4.5.3. Powder system analysis

If one examines the flowsheet/P&l diagram for the discharge station, as shown in
Figure 4.37, it appears to be fairly straightforward. However, as has been noted in

Section 4.1 there are a number of areas that require a more considered approach.
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Figure 4.37: Flowsheet/P&| schematic for the Decel discharge station
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Applying the guide words to the flow parameter generates several ‘no-flow’

conditions.

IBC design will not allow mass flow from the vessel with these powders
The frictional properties of the layflat tube may hinder the passage of the
powder
Any kinks or creases in the layflat tube may hinder the flow of the powder
The permeability of the powder may not allow air to pass easily through the
column of powder, limiting its ability to dilate and hence flow in a regular
manner.
The application of vibration compacts the powder if

a. The level/flow sensor is in a void in the powder

b. The vibration is applied before or during the opening of the IBC outlet

valve

Addressing each of these particular conditions in turn

When the two samples were shear tested and the results run through the
hopper design software tool (described in Chapter 2 and Appendix 2), the
results showed that the outlet diameter, albeit for a cylinder and cone design,
required a very small outlet to allow mass flow to occur — much smaller than
the 150mm diameter outlet present on the IBC. However, the point at issue
here is that the system, as set up, will not follow a mass flow regime. This is
because the powder/vessel system does not conform to one of the basics of

mass flow — the powder has to be able to flow at the vessel wall, which clearly
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it does not. The best that can be expected is that a fully self emptying core
flow regime can be achieved. Any IBC system has a number of issues relating
to its general shape and capacity which make designing mass flow difficult.
Firstly the usual shape is square with a pyramidal hopper section (purely due
to manufacturing costs) — this is a difficult shape for even the freest flowing
materials to mass flow against because of the narrow valley angles created
where the walls meet and it is where powder tends to hang. Secondly mass
flow usually requires a reasonable head of material to generate enough
‘weight’ to break the arch at the outlet. IBCs often have very shallow vertical
sections and mass flow generally requires an overburden height of 0.75 to 1 x
vessel diameter (Appendix 2). As the critical rathole dimension is considerably
larger than the outlet of the IBC, the first sample did not flow uniformly and the

second sample only flowed sporadically due to the addition of a flow aid.

. This aspect was not tested as the frictional qualities of the plastic appeared

low, but could easily be evaluated by modification of a wall friction test coupon
During discharge, the visible section of the layflat tube was not creased and
this was thought an unlikely scenario

The permeability of the samples was tested (Figure 4.22) and the indicated
difference would account for the difference in flow behaviour.

The application of vibration to a system is poorly understood with only some
rough empirical guidance in the public domain (Roberts 1993;Woodcock &
Mason 1987). What can definitely be stated is that the application of vibration
to a powder that does not have the space to dilate will generate a more

compacted material which, in the majority of cases, will prevent flow entirely.
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In this case, the hang up of the powder in the discharge tube created

observable voids

4.54. Summary and discussion

Once the report of the Decel system evaluation had been supplied to the client, a
number of details about the test and the proposed installation became apparent. The
second sample that had been supplied was indeed mixed with a flow aid — confirming
the laboratory evaluation of the flow properties. Secondly the actual Decel tube to be
used in the process was of the order of 2m — significantly shorter than the test rig
configuration of 5.3m which, given that permeability of a powder column is inversely
proportional to the depth of the powder column, testing with an accurately sized
shorter Decel tube would have greatly increased the likelihood of sustained steady
powder flow. Finally, the design of the IBC was different to the unit that was
employed for the test programme, although the exact differences were never

elucidated by GEA.

If one was looking to apply the FDA guidance regarding process understanding and
the development of the correct design and control spaces, there are several areas
where both the client and GEA would not be able to show that they understood their

process.

The first point that needs to be made is that the test material is a placebo and the

differences between it and the real material need to be quantified before any test can
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be assumed to be representative. The placebo may reasonably replicate behaviour
under some conditions, but not necessarily all conditions. The client may suggest
that the test material behaviour is close to that of the real material, but such
differences need to identified and quantified and the test methods established and
validated. Secondly, the test rig built by GEA was not representative of the
equipment designed and installed at the client facility in terms of the discharge

distance and hopper type — as mentioned above.

If the details of the system are considered, the main issue that the modified HAZOP
appraisal identified was the application of vibration. The proximity/flow sensor
appears to be of limited value in these conditions. The material tended to bridge over
and around the sensor, which believed that material was flowing and thus did not
activate the vibration system. However, initiation of vibration may not have been a
good thing. If the powder cannot dilate down the tube, any activation of the vibration
system will simply pack the powder in the IBC, making it even more difficult for the
powder to exit the vessel. It is likely that this was caused when a void was created
around the vibrating flow indicator (located in the discharge tube just below the
discharge valve) and the material was already struggling to dilate and exit the vessel
— when the sensor supplied the control signal for the vibration it's effect was most
likely to further compact the powder in the IBC, as evidenced by the ratholing
observed in all tests, especially for the first sample where a flow aid was not present.
The use of a vibrating flow sensor to generate the control signal is inappropriate —
these probes are best suited to high/low level switching and it is recommended that a

system to monitor mass change be trialled to replace the current system. Load cells
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are available in small, bolt-on configurations and a precise weight is not required —
just a change in weight. The point of application of vibration also needs to be
considered. A long discharge tube such as that tested may also need some
additional vibration along the length of the tube to promote powder dilation and allow

air to pass along the tube.

4.6. Conclusions

The ability to generate a more considered evaluation of powder processing systems
using a modified HAZOP approach has been demonstrated. This approach allows
the team member, specifically a powder systems expert, to identify clearly operability
issues that require further investigation and which tests that can practicably be
undertaken to evaluate the sensitivity of the design to potential variability in
feedstocks and intermediates. The improvement in powder characterisation
methodologies greatly enhances the understanding of the material behaviour and

hence the ability to predict risk factors.

The use of advanced perceptual mapping methods has shown some promise for the
elucidation of relative behaviour from a wide range of powders combined with a wide
range of test data. It may be possible that this technique can be used for specific
process behaviour maps and help to focus on the measureable powder properties

that can influence a particular processing performance parameter.
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It has also been shown that the models for generating hopper design are extremely
sensitive to test variability, but the use of concatenated safety margins from the
traditional employment of linear curve fitting to yield locus and Flow Function data,
combined with an engineering safety factor, leads to over specification of hopper

outlets, as argued by Berry.

The application of the these techniques to a full scale discharge station test rig has
shown that a number of problems encountered during evaluation of two sample
materials could have been predicted using the modified HAZOP approach and that
the relative performance of the two materials could be related to certain powder
characterisation techniques, but not others, for this specific process. It has also
highlighted the issues of designing IBC vessels for flow. The general shape is not
conducive to mass flow and thus the powder properties must be considered in this
context, with greater attention paid to the core flow design method than was possible

during this project.
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5.1. Main conclusions

The regulatory framework in which pharmaceutical companies have to work has
changed significantly since the late 1990’s. The development and implementation of
risk based approaches to processing pharmaceutical powders allows the
pharmaceutical manufacturers the freedom to adopt real-time release for their
products whist reducing the regulatory burden for both the statutory bodies and the

manufacturers.

This clearly has an impact on the way GEA/Buck Systems approaches the design,
development and tendering process for their clients — the pharmaceutical companies.
The ability to develop systems that show an understanding of the ‘design space’

concept will be essential for the long term health of the company.

The characterisation of bulk powder flow properties is a vital tool for any company
that manufactures powder or produces equipment that processes such powders.
Historically the use of simple measurement approaches, as depicted in many
pharmaceutical textbooks & pharmacopoeia, has been prevalent in this sector.
However, the development of far more advanced powder property measurement
systems, such as the automated shear cells and powder rheometers evaluated in this
thesis, will allow much more robust data to be generated quickly with significantly

enhanced reproducibility.
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Such a universal approach using modern instrumental methods can also be adopted
by the other companies within NIRO Pharma Systems/GEA Group to further enhance
the company’s ability to better understand their processes to comply with the

regulatory framework.

Although the ability for Buck Systems to relate to clients methods for testing powders
using simple tests (most pharmaceutical companies will have Jolting Volumeters,
‘flow through an orifice’ and AOR devices somewhere in their organisation) is
important, more advanced methods are required to develop strong relationships
between the measured properties of the powders and the process design and
operating conditions. In particular, the use of AOR and ‘flow through an orifice’
devices are not recommended. It has been shown that they provide inconsistent
data; AOR devices can generate multiple angles of repose within a single test for
some materials and the variety of commercial testers will fail to provide
interchangeable data as they have significantly different configurations,
methodologies and materials of construction; the inability of ‘flow through an orifice’
devices to generate data for cohesive samples is a significant limitation. Of the other
simple methods evaluated, only the Jolting Volumeter has any merit, but even this
has significant drawbacks with respect to its repeatability, limitations with cohesive

samples and occasional unusual result (c.f. sodium bicarbonate — Figure 2.58)

Buck Systems main product line is IBC tumble blending systems which are employed

throughout the pharmaceutical industry for sound reasons of quality control and

containment of solid dose pharmaceutical formulations as they combine primary
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batch storage with in-plant transport and processing/blending. This thesis has
presented three tomographic techniques to observe and evaluate the mixing of dry
powders in a typical pharmaceutical tumble blending system. PEPI has been shown
to have significant limitations in quantifying behaviour in the powder blender. Both
PET and PEPT have, however, shown the ability to generate data that can both
quantify blending and differentiate between differing powder systems. The
development of the large scale PEPT scanner could also provide the scope to

measure dispersion in larger vessels in the near future.

However, it is PET that provides the most appropriate measure of mixedness for this
type of tumble blender. This unique application of this technique has been shown to
generate mixing data well below the typically required scale of scrutiny for
pharmaceutical applications. Data collected has also shown the influence of particle
shape on the mixing rate, a property which can be characterised by powder

rheometry.

The ability to generate a more considered evaluation of powder processing systems
using a modified HAZOP approach has been demonstrated. This approach allows
the team member, specifically a powder systems expert, to clearly identify operability
issues that require further investigation and which tests that can practicably be
undertaken to evaluate the sensitivity of the design to potential variability in
feedstocks and intermediates. @ The improvement in powder characterisation

methodologies greatly enhances the understanding of the material behaviour and
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hence the ability to predict risk factors associated with common variations in powder

properties such as particle size, size distribution, moisture content etc.

It has also been shown that the models for generating hopper design can be
incorporated into a computer based software tool, greatly reducing the time required
to evaluate design options, this simplicity has, however, highlighted the sensitivity of
the model to test data variability. It has also been shown how the influence of
concatenated safety margins from the traditional employment of linear curve fitting to
yield locus and Flow Function data, combined with an engineering safety factor,

leads to probable over specification of hopper outlets.

However, it should be noted that the typical IBC size and shape may often not be
compatible with the ideal mass flow regime with some of the poorer flowing
formulations. In such instances the manufacturer and the client need to understand
this at the earliest stage of design so that either bespoke, rather than existing
designs of IBC are considered or that establishing a self emptying core flow regime is
possible or that some external influence (such as GEA’s Vibroflow device) can
ensure discharge. Segregation during any of these processes has also to be
considered and accounted for. Working within the FDA’s QbD framework will require

such an approach by manufacturer and client alike.

Finally the application of the these techniques to a full scale discharge station test rig

has shown that a number of problems encountered during evaluation of two sample

materials could have been predicted using the modified HAZOP approach. The
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relative performance of the two materials could be related to certain powder

characterisation techniques (particularly permeability) for this specific process.

Thus the outcomes of this project will allow Buck Systems to establish their
credentials for understanding of the design space of their powder processing

products with the pharmaceutical manufacturers and the regulatory bodies by;

A more complete knowledge of how to evaluate the assembly properties of

pharmaceutical powders including the limits of the testing procedures

e Having a better appreciation of the way shear cell data are developed and the
limitations of the design criteria relating to hopper design including the
sensitivity to powder properties

e A greater awareness of the issues relating to the blending of multi-component
systems through the tomographic study of the content uniformity of mixtures

e Ways of using the data generated from powder testing to improve the

operation of their powder processing systems and troubleshoot problems

generated in existing installations.

There have been many studies and reports urging companies who deal with
powdered or bulk materials (both processors and equipment suppliers) to develop a
better understanding of the materials they work with to inform and improve the
processing equipment and operating systems. They have mostly been well received
but ultimately ignored. The reasons for this are that there needs to be very strong

technical (i.e. we have never worked with such a cohesive sample before) or fiscal
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(i.e. if we do not show our understanding of the powder/process relationship, we will

not win the contract) incentives to change behaviour.

Why then should GEA take greater notice of this study in particular and then invest in
powder characterisation equipment at all, given that the company has historically
prospered without access to such to this data? The main driver, as discussed in
Chapter 1 is the regulatory pressure for a better understanding of manufacturing
processes which is being promoted by the FDA. Companies working in the
pharmaceutical sector who do not incorporate this new ethos may, ultimately go out
of business — if equipment manufacturers cannot show a reasoned specification for
an item of process equipment then the customers will, of regulatory necessity, have

to purchase from a supplier who can.

To that end it is gratifying to report that GEA have purchased a Jolting Volumeter and

‘Flow through an Orifice’ tester in 2007 and an FT4 Powder Rheometer in 2010,

based on the results and recommendations presented in this thesis.
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5.2.

Suggested Future Work

The use of PET techniques to image the operation of a laboratory scale IBC tumble

blender has been extremely successful. However, the reliability of the ECAT camera

has limited the extent of the work due to a range of camera and control system

failures. Another, more modern, ECAT camera has been recently commissioned in

the Department of Physics and it is recommended that further studies with this more

reliable system be carried out. The main areas of focus should be

Extending the evaluation of binary systems with further studies on materials
with a wider range of flow properties. This will allow a better understanding of
the powder characteristics that affect mixing rates in order to inform a suitable
model.

More detailed study of mixtures containing multiple components to further
assist with the development of a mixing rate model and investigate the
concept of the system cohesion being the rate governing property that has
been proposed by Muzzio. Cohesion in this case may be defined by powder
rheometry methods or potentially by shear cell methods at very low
consolidating stresses.

Evaluating mixing rates at higher Froude numbers than was possible during
this work due to the rotational speed limitation of the available mixer. This will
enable a fuller evaluation of the relationship between mechanistic behaviour

and powder properties to influence mixing rates.
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e Developing a method to evaluate the distribution of radioactivity within a
doped powder bolus such that the preparation technique can be validated or

improved to ensure homogeneity.

The development of powder characterisation techniques should be focused on the
universal testers evaluated during this thesis. With respect to the shear cell and the

hopper design protocols:

e Greater understanding of the limitations of the theories underpinning this
technique needs to be developed — especially where free flowing, less
cohesive materials (FF>8) are to be tested.

e The application of linear/non-linear models to yield loci needs to be developed
further.

e Testing at lower consolidating stresses is essential to better understand the
limitations of the curve fitting to yield loci and to provide better location of the
FF/ff intersection.

e Further investigation of the hopper design model, especially in the way it
applies to smaller systems (IBCs) where there are issues with the hopper
shape, fill and discharge modes and the amount of powder overburden and

how it relates to the particular discharge regime that can actually be achieved.

Powder rheometry has proved to be a useful tool, especially for differentiating

powders which appear identical when subjected to other testing methods. It too

requires further development
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¢ Finding a suitable model which describes the data in a realistic way
e Developing a suitable scaling factor which will allow the instrument to be scale

independent, which it is currently not — unlike the shear cell

In parallel to these suggested improvements, it is imperative that all the stake holders
in the sector (pharmaceutical manufacturers, equipment suppliers and academia)
improve and extend the knowledge of how powder flow properties affect their

processes.
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Appendix 1

Background to Shear Cell Testing



Silo Flow Modes
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Mass flow is the preferred mode in the majority of operations

a Provides first in, first out’ regime
0 Flow is more consistent
o Full bin capacity is used

Need a methodology to allow hopper sections of silos to
be designed so that mass flow can be achieved



Methodology

G, = stress in the arch

P = density

g = acceleration due to gravity
AV = volume of arch

The stress in the arch, o, , is a function
of both the span and the major
consolidating pressure, 6,

For flow to occur, the stress in the arch
must be less than the unconfined yield
strength, c_, of the powder

Thus there is a need to identify the
unconfined yield strength and the major
principal stress so that the stress in the
arch can be defined



What needs to be measured?

Q Shear properties — how easily the powder will flow over
itself

a Wall friction — how easily the powder will flow over the
inner surface of the hopper

a Density — how this changes with consolidation stress

Methodology set out in...

‘Standard Shear Testing Technique for particulate solids using the Jenike shear cell’, IChemE/EFCE,
1989



Stresses in Powders

Considering a 2D element of powder

)
K=A = h
GV
Liquids A =1 (hydrostatic)
Solid A~0

Powders 0.3<A<0.6



Og = —/— 4 — cos(2a)
Triangular 2 2
element
defined by a
cutting plane T = GV _ Uh SiIl 20(

' G,=Gy,

Mohr Stress Circle

The Mohrs circle represents the stresses in all cutting planes for a
given consolidating stress when the powder is stationary



Understanding principle stresses using the uni-axial method

Powder is contained in a hollow cylinder and consolidated with stress o,

The application of stress o, results in the build up of the minor principle stress o,

The Major Mohr circle shows the stresses in the consolidated powder

Note: upper and lower surfaces and walls assumed to be frictionless



e e e e T e e e e e e D e e e

Next the consolidation stress o, is removed and the cylinder is taken away
Vertical stress is reapplied and increased until failure occurs (powder flows)

Stress required to cause failure is called Unconfined Yield Strength, o,

The horizontal stress is the minor principle stress and must be equal to zero when the
powder is unconfined



Flow function, FF =

O
cSC

The Flow Function, as
defined by the equation
on the left, can be
determined for a given
consolidation stress
level. When the Flow
Functions for a number
of levels of consolidation
stress are combined, a
Flow Function graph can
be described.



Limitations of unconfined yield test

* The unconfined yield test is not the simplest test to conduct.
It requires

— A powder column that remains intact following the compaction and
vessel wall removal stages

« this usually involves very high consolidating stresses (with respect to the
stresses found in a hopper arch) for less cohesive powders

— Uniform stress throughout the powder column which is achieved by a
progressive fill and compaction regime
« typically upwards of 5 steps depending on the consolidating stress

— A powder column that fails along a single cutting plane which is
achieved by having a column L/D=tan(45°+¢/2)

» This requires a knowledge of the angle of internal friction, ¢, which
requires a knowledge yield locus which, in turn, requires a shear test to
have been completed — thus the whole process becomes iterative and

lengthy



Benefits of shear cell testing

 More control over the definition of the shear
plane

* Does not require pre-determination of powder
properties to define test parameters — not
iterative

* Universal test that will evaluate powder
properties at much lower consolidating
stresses (important for hopper design method)



Derivation of Mohrs circle for shear testing

Mohr Stress Circle

If one then considers a triangular
element of bulk material, the forces
acting on it are shown left.

The Mohr circle is a representation of all
the stresses acting on the element for all
possible cutting plane angles of a.

For angles o = 0 and a = /2, the shear
stresses, Tt = 0.

The normal stresses acting in these
planes are called the Principle Stresses.

The larger stress is called the Major
Principle Stress o, and the smaller one
the Minor Principle Stress, o,



At equilibrium, the sum of the forces acting on the triangular element
of bulk solid can be represented by Equations 1 and 2

ZFX=avlcosa—0'aIcosa—ralsina:O Equation 1

ZFy=0vlsina—ra|cosa—c7hIsina:O Equation 2

These can be simplified by dividing by | (the length of the
plane) and rearranging



O,COS—O ,COSX :
r =" a Equation 3

a .
SIN &

T_COSa—oO, sinu |
O, = : Equation 4
sin

These expressions include both ¢, and t, which cannot be explicitly
defined, and thus further manipulation is required to isolate equations
for each variable which do not depend on the other variable



Combining Equations 3 & 4

_ _o(cosaf —o, (cosa) Squation 3
’ (sine)’ h
Rearranging Equation 5
2 2
= o,| 1+ (Cf)sa)2 =0, (Césa)z + 0Oy, Equation 6
(sm a) (sm a)

Multiplying through by (sina)?

= o, ((sin a) +(cos a) ): o,(cos a ) + o, (sin @) Equation7



Given that

(sin X ) +(cos X ) =1 Equation 8

Then equation 7 becomes

c,=0,(cosa) +o,(sina) Equation 9

o

Also given that |
(sin X )2 =5 (1 —Cc0s2X ) Equation 10

1
(COS X )2 = 5 (1 +cos2X ) Equation 11



Thus, substituting Eqns 10 and 11 into Eqn 9

o =%Gv(l-i—COSZCZ)-I—%O‘h(l—COSZOl) Equation 12

(94

o,+0, O,
= 0, = +
2
Thus Equation 13 explicitly defines the normal stress acting on the
cutting plane as a function of the vertical and horizontal stresses

acting on the element for all angles of the cutting plane between 0
and 21 radians.

cos2a Equation 13

Substituting Equation 9 into Equation 3 gives

3 : 2
o,cosa—o,(cosa) —o,(sina)’ cosa |
Ty = . Equation 14
SIN &




o, COS a(l —(cosa)’ )— o, (sina ) cosa

=T, = : Equation 15

sin &
; 2 . 2 .

7 = o, Cosa(sma) _Uh(sma) Cosa Equation 16
’ sin &

=T, = (Gv — Oy, )Cosa Sin &t Equation 17

. . 1 . Equation 18

Since cos X sin X = Esm 2X quation

Then substituting Equation 18 into Equation 17

_O-h .
ta = o sin 2¢ Equation 19




Thus the pair of values are explicitly defined as functions of the
vertical and horizontal stresses acting on the element for all angles
of the cutting plane between 0 and 21T radians as shown on the
diagram shown below.

_ O, + Oy, O

v
o, = > +

— Op cos(ZOt) Equation 13

T = " sin 2« Equation 19

Mohr Stress Circle



How a shear cell derives the principal
and unconfined yield stresses

Uni-axial tester not ideal for the many reasons
mentioned earlier, so for practical measurements of
shear stress for a range of consolidation stresses, a
shear cell can be used.

This rotational shear cell example consists of a vessel
containing the powder sample and a shear head to
induce both vertical and rotational stresses.

The powder sample is subjected to a normal stress o,
whilst slow rotation of the shear head induces a shear

stress, T.

As the powder bed resists the rotation of the shear
head, the stress increases until the bed fails or
shears, and a maximum shear stress is observed.

This is the point of Incipient Failure



Pre-shearing

* A pre-shearing step is carried out at the start of any

test and between each measurement point.

It is designed to create a uniform shear plane within
the powder for the given consolidating stress.

Intermediate pre-shearing occurs between shear
tests to re-establish a uniform shear plane in the
powder after the powder has been sheared to failure
at the test normal stress (lower than the
consolidation stress.



Shear Test

Normal Stress (o) | I Gii
(Force) : Oiy

Y

Time

Shear Stress (t)

(Torque)

,

Time

Incipient failure points

The incipient failure points allow you to define the limits of flow of
the powder — the yield locus — to which major and minor Mohrs
circles can be fitted

.
>



Pre-shear
Shear test point ¢ = Internal angle of

Steady state points Yield friction
flaw Incipient flow locus _
A (Psf = Internal angle
___________________________ - » of friction (steady

e flow)

Shear Stress (T)

O,

.
>

’ Normal Stress
Pre-shear Shear Psf

Mohr stress circles can be drawn under the yield loci to determine the
unconfined yield strength and the major principle stress.



Pro-rating

For all types of tester, the pre-shears
should, ideally, achieve the same
level of shear stress at the same
consolidating stress.

However due to inevitable variability
in the shear plane it can often
produce a drop of in the pre-shear
stress through the test.

To minimise the effect of this drop off,
the shear stress at each shear point
(t,) is normalised by the use of the
equation presented on the right.

T, is then plotted against the
corresponding normal stress.

_ p
T, =T, .
P
T, =measured shear stress
T, = prorated shear stress
T, =pre-shear stress
corresponding to T
T = average of the pre-shear

p
shear stresses



Shear

Stress (1) - (The Opre)
(Torque) A _-

Normal Stress (O)

(Force)

Yield Locus
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Flow function, FF =

_~¢——— Effective Yield Locus

Shear _
Stress A o7

(1) Yield Locus

.
>

Oc (O Normal
Stress

©O)

Mohr stress circles and the Yield Locus



Yield Loci can be measured for a
range of consolidation stresses
(typically 3, 6 & 9kPa) to give
o,/0, data pairs

The Flow Function can then be
plotted......

......... as can the effective angle of
internal friction versus major
consolidating stress

Shear
Stress

Normal Stress (o)

Y

FF

Y

Y



Wall Friction Angle

The Wall Yield Locus can be measured using a representative sample of the material used
to construct the vessel containing the powder. This relates the shear stress at the wall of
the hopper and the corresponding normal stress.

These two stress can be plotted and define the Wall Friction Angle, cl)w

T
Shear d)W = tan-l [ G :|

Stress (’L'
(Torque) / w

B N

Wall Yield Locus

GW Normal Stress (o)

(Force)
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Appendix 2. Hopper Design Software Tool



A software tool has been developed in conjunction with Freeman Technology. It
takes shear, wall friction and compressibility data produced by the FT4 Powder
Rheometer and generates hopper designs for axi-symmetric conical and plane flow

hoppers.

The program can be accessed from the drop down menus available within the
proprietary post processing software package ‘Data Analysis’ (DA) and the output is
a spreadsheet that includes all the intermediate calculations and derived data. It
requires a minimum of three sets of shear cell data taken at different consolidating
stresses, a set of wall friction data and a set of compressibility for the expert system

to operate, but adding repeat data sets to the analysis is possible.

The following pages show a presentation of the method of calculation which is based
on the work of Jenike and, later Roberts. In addition a worked example is presented

to show the form of the spreadsheet output.

Further expansion of this expert system is possible, to include
e Core flow designs
e Option to use
o Non-linear fitting of yield locus
o Non-linear fitting of Flow Function

e Pyramid type bins (e.g. IBC’s)



Hopper Design Using
FT4 Powder Rheometer Data



Mass Flow Hopper Design

e There are 2 criteria which define the limits of the bin to operate in
a mass flow mode

— Outlet size, B
— Hopper half angle, a

e Both result from calculations which use data generated from shear
cell, wall friction and compressibility testing



The shear properties of the bulk material present a
resistance to gravity discharge

— For flow to occur, the material at the hopper outlet must not have sufficient
strength to support the rest of the material (hence the need to correctly

define B & )

Note: the material in the converging section must be able to dilate, so even if B has been
calculated correctly, a wrongly sized valve/feeder will destroy the mass flow regime



Bin Shapes

AN T Y

' L/

conical plane flow Wransition

TN Y

%, g

There are many designs of bin: -

Conical

Plane Flow
Transition

Chisel, plane flow
Pyramid

Square

The calculations on the following
slides are based on a conical design



Modes of Flow

D
-]
i .-¥-- - --*-- N M .."i\\-_/f:i 1
e~ INY ACTIVE FLOW 1 -
|~ w7 Channed : !
. . _ x . | | FUNNEL
o MINIMUM LEVEL L i | Elow
T FOR MASS FLOW ‘e, |~ STAGNANT |I :
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075TO1xD 1 } S
: o !
\-_/ MASS FLL’NEL\\_/
!
(A) MASS FLOW (B) FUNNEL FLOW (C) EXPANDED FLOW

Mass flow is the preferred mode in the majority of operations
— Provides ‘first in, first out’ regime
— Flow is more consistent
— Full bin capacity is used



Shear testing program

e Based on knowledge of operational & spatial
requirements, powder can be tested appropriately

— evaluate bulk density
— define consolidation loads
— select hopper wall material

e Methodology set out in

— ‘Standard Shear Testing Technique for particulate solids
using the Jenike shear cell’, IChemE/EFCE, 1989



e Measure properties of the material

— Shear — how easily the material will flow over itself

— Wall friction — how easily the material will flow over the inner
surface of it’s container

— Density — how this changes with consolidation stress



Theory

The illustration on the right shows a hopper containing
powder.

The stress in the arch Gy is a function of both the span
and the major consolidating pressure, 04

The critical opening dimension, B, for the “flow
/ no flow" condition is obtained for

defined by the intersection of the Flow Function
(FF) and Flow Factor (ff) plot, G = 61

ff

FF

a = Hopper half angle

p = density
g = acceleration due to gravity
AV = volume of arch

where O = Unconfined Yield Strength



Deriving the Flow Function, FF

The bulk strength, represented by the Flow Function, is the relationship between the Unconfined Yield
Strength, G and the Major Consolidation Stress, G,, where: -

61
Gc

Using the FT4 Shear Cell, Yield Loci can be measured and Mohr circle stress analysis applied for the derivation of
G.and G4

FF =

/A— Effective Yield Locus
Shear

7
Stress A //,f/’
(T) Yield Locus A
\ o 8 = effective angle of
r / . . .
Ipigoig internal friction
-a e
Phe 7
s -
.7 s
d '\6
(e} Normal Stress (o)



Yield Loci can be measured for a range of
consolidation stresses

(typically 3, 6 & 9kPa)

The Flow Function can then be plotted

......... as can the effective angle of internal friction
versus major consolidating stress

Shear
Stress A\ .=

©

Y

Normal Stress (o)

FF

3 A




Measuring Wall Friction

Using the FT4 Wall Friction module, the Wall Yield Locus can be measured. This relates the shear stress at the
wall of the hopper and the corresponding normal stress.

These two stress can be plotted and define the Wall Friction Angle, cb

¢ = tan’ L

w
Sh
stress (T)

(Torque) A

Wall Yield Locus

.
>

Normal Stress (0)

(Force)



Measuring Bulk Density

Using the FT4 Compressibility method, the powder density can be measured as a function of
applied normal stress

Bulk A
Density

(p)

.
>

Normal Stress (0)

(Force)



Calculating Hopper Half Angle

Hopper half angle (a) can be = |
generated graphically from the iy
relationship between wall
friction angle (¢) and the

effective angle of internal
friction (O) o

2% r

e

25

Wall friction angle
=

It can also be calculated using the Effective angle of internal friction (deg)
following equations: -

o :Z—Lcos‘l (1 - sin 5)_
2 2 2sin O

where IB = %{(B + Sln -1 Sin (0}

sin o

P




The Flow Factor (ff) is a function of the effective angle
of internal friction (d), the hopper half angle (a) and
the wall friction angle (¢).

It is based on the flow stress field in the hopper and
can be derived graphically or calculated from the

following equations: -

where

v _ [2(1=cos(f+a))["(B+a)™ sina +sin B-sin"™(B+«a)

X

Calculating Flow Factor, ff

6 _ Y(1+sin6)H ()

2(X ~1)sinex

_2"sin 0

sin(2,8+a)+1

1—sin o

|

sin o

|

(1-sin&)-sin*™(B+a)

Wall friction angle

5@.

45 F

42

2 k-

23

H(a):[

Effective angle of internal friction (deg)

(130 + « )T[(ZOO ta )Tm)

65 200

Note: All Angles in the equations are in Radians apart from
H(a) which uses Degrees



Calculating the stress in the arch

Plotting the Flow Function and Flow Factor on the same graph allows the intercept
to be identified. At this point 5 = Ep the stress in the arch at the boundary of
the “flow / no flow” condition.

ff

FF




Force Balance

Force balance on the arch

reduces to :-
9 _9R
A9

R % _ ' HydraulicRadius’

— B D —
_ Areaof Cross—section B
Effective Perimeter 2(m+1) a = Hopper half angle
p = density

) g = acceleration due to gravity
Where m is the symmetry factor AV = volume of arch

— m =1 for axi-symmetric
— m =0 for plane-flow



Basic design equation

BZEI H(Ol)
P Y

B is the outlet diameter (metres)
O is the consolidating stress generated in an arch at the outlet (kPa)

H(a) is a function that takes account of variation in arch thickness, hopper half angle &
hopper geometric configuration

P is the bulk density when consolidated at c?l(kg/m3 or g/ml)

g is the acc? due to gravity (9.81m/s?)



Considerations

Effective angle of internal friction
e As part of the analysis, a yield locus is measured for each consolidating stress

e From each yield locus an effective angle of internal friction (6) is derived
e However, it is typical that there is some variation in O with consolidating stresses

e The standard approach is to take an average of the three values of & and use this in the calculations of
hopper half angle, a and Flow Factor, ff

Flow Function

e The intersection of the Flow Function, FF and Flow Factor, ff is normally at a stress level below the
those stresses actually measured in the shear cell tests

e Therefore the point of intersection is subject to variability as a result of the fact that the FF is
extrapolated backwards

e |f the Flow Function is substantially linear, then this variability is typically small,



Ilteration

In order to minimise errors as a result of using the average of the effective angle of internal friction, one or
more iterations can be completed, as follows:-
Having calculated the stress in the arch, 0, and the corresponding major consolidation stress, 0, , using the

average value of O and an extrapolation of the Flow Function, G, can be fed back into the plot of effective angle
of internal friction versus major consolidation stress, to provide a new value of effective angle of internal friction,

&

1st iteration

O A
61st iteration 1===3== -#—-—-—% s 6
Pas average

Ny
>

Gl Major consolidating stress, G

If the difference between the first value of & used and 515t iteration 1S 1€ss than 1 degree, then this is
unlikely to have much of an effect on the hopped half angle and outlet size.

However, iterations should be repeated until the values of a and B do not change significantly.



Design Factors Post Calculation

e Anincrease in outlet size of 20% is typically introduced to allow for some
variation in powder properties and environment

Also a 3° decrease in the hopper half angle, for the same reasons

Note that a significant change in flow properties of the powder or frictional
properties of the bin may prohibit mass flow operation



Worked example
Using the FT4......

Generate shear cell data for (typically) 3, 6, 9kPa
consolidating loads. This gives: -

e  Flow Function (FF)
e  Effective Angle of Internal Friction ()

Generate wall friction data with the materials likely to be
used for the bin. This gives: -

e  Wall Friction Angle (&)

Generate compressibility data to characterise the relationship
between bulk density and consolidating load. This gives: -

e Bulk Density (p)




Typical Shear Cell data — 3kPa

A

Shear Stress (kPa)

Series ur's MPS C 1’I::| AlF AlF (E) AlF (55) BD
PR7B6 2.75 5.96 0.79 216 3010 44 20 38.90 0.66
PR788 269 | 591 | 076 | 220 | 31.00 44.70 3890 | 066
PR787 259 | 585 | 073 | 226 | 31.00 44.20 3850 | 0.66
AMG 268 5.91 0.76 2.21 3070 44 37 3BT7T 0.66
SD 008 | 006 | 003 | D05 0.52 0.29 0.23 | 0.00
RSD 302 | 093| 401 | 228 1.69 0.65 060 | 032
Data shows results of shear
\\ test run on three separate
samples

T
4

Mormal Stress (KPa)

-




Typical Shear Cell data — 6kPa

Shear Stress (kPa)

10 =

Series uys MPS C ff, AlF AlF (E) AlF (SS) BD
PR789 4.51 11.60 1.27 2.58 31.30 4250 37.70 0.70
PR791 4.48 11.60 1.26 2.59 31.20 42.40 37.70 0.70
PR790 4.41 11.50 1.26 2.62 30.70 41.60 37.30 0.70
AVG 4.47 11.57 1.26 2.60 31.07 4223 37 .57 0.70

SD 0.05 0.06 0. 0.02 0.32 0.38 0.23 0.00
RSD 1.15 0.50 0.46 0.80 1.03 0.20 0.61 0.14

Marmal Stress (kPa)

T
10

Data shows results of shear
test run on three separate
samples




Typical Shear Cell data — 9kPa

Shear Stress (kPa)

- Series | UYS | MPS C ffc AIF AIF (E) | AIF (SS) BD
PR785 | 585 | 1750 | 161 | 299 | 3240 41,60 37.30 0.71
- PR784 | 577 | 1740 | 180 | 301 | 3210 41.30 37.00 0.72
PR783 | 567 | 1740 | 157 | 307 | 3210 41.10 37.00 0.72

12
AVG 576 | 17.43 | 159 | 302 | 3220 41.33 37.10 0.72
SD 0.09 0.06 002 | 004 0.17 0.25 0.17 0.00
L RSD 1.56 0.33 131 | 1.38 0.54 0.61 0.47 0.29

Data shows results of shear
test run on three separate
samples

1
T T T T T T T T

{[1] 12 14 16 18
Maormal Stress {(kFaj

o
Pl —
ds
-
==}




All Yield Loci

3kPa Consolidating Load 6kPa Consolidating Load 9kPa Consolidating Load



All yield loci plotted on the same graph

= 6kPa
3kPa y =0.6303x + 1.5869
— Linear (6kPa) R =0.9982
5 — Linear (9kPa)
Linear (3kPa) /
4




Unconfined Yield Strengtt

10

Plotting the Flow Function

X Potato Flour Flow Function
= Linear (Potato Flour Flow Function)

y =0.2676x +1.1887

R’ =0.988

/

8 10 12
Mgjor Consolidating Stress (kPa)

14

16
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Effective Angle of Internal Friction vs Major Consolidating Stress

60

+ Ande of Intemal Friction
= Pdly. (Angle of Intermal Friction)

\

>»

Py
v

y=0.0685¢ - 1.3278X + 47.733
R =0.9617

Effective Angle of internal frictic

10

0 2 4 6 8 10 12 14
Mgjor Consolidating Stress (kPa)



Worked example

Using the FT4......

Generate wall friction data with the materials likely to be
used for the bin. This gives: -

e  Wall Friction Angle (&)




Shear Stress (k

Wall Friction Angle ()

4.5

3.5

25

154

0.5

¢ 316 SS; 1.2micronroughness
— Linear (316 SS; 1.2micron roughness)

Angle of Wall Friction = 26.3deg

y =0.4955x
R =0.9976

Normal Stress (kPa)

10



Worked example

Using the FT4......

Generate compressibility data to characterise the relationship
between bulk density and consolidating load. This gives: -

e Bulk Density (p)




Bulk Density (g/ml)

0.9
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Determining Bulk Density

<

*

y= 0.6399x°°75°
R?=0.9939
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Using the wall friction angle and the average value of the effective angle of internal
friction, calculate all other parameters......

26.3 42.7

15 2.22 1.35




Draw the flow factor (Gl/ 61) on the flow function plot, to derive the stress in the
arch, G, and the corresponding major consolidation stress, G, at the “flow / no

flow” boundary

10

9,

X  Potato Flour Flow Function

sl =™ Linear (Potato Flour Flow Function)

Unconfined Yidld S

Q|

Mgjor Consolidating Stress (kPa)

= = Linear (flowfactor) -
f213
. y =0.2676x +1.1887
5° R°=0.988
’
*
’
0 2 4 8 10 12 14 16 18




Using the major consolidating stress, o, corresponding to the stress in the arch G;, derive
the effective angle of friction (first iteration)

60
+ Angde of Intermal Friction
— Poly. (Angle of Intermal Friction)

50

o o
IS y=0.0685¢ - 1.3278x + 47.733
B R =0.9617
i
ko]
Q
? 30
2

20

10

0 T T T T T T
0 2 4 6 8 10 12 14

Major Consolidating Stress (kPa)



Then, using the new value of the effective angle of internal friction, again calculate
all other parameters......

(P 615t iteration

26.3 45.5

¥

o H(a) ff
15 2.25 1.25

Therefore......
O, (original) =1.86

G, (afterfirstiteration) =1.78



In this case, further iterations have little affect on the value of c?l. Therefore
this value can now be used in the following calculation, along with the value of
density at the major consolidation stress corresponding to G,

_ &, H(o)
P9

B

B=0.59m oL = 15 degrees

Therefore, after applying 20% increase to B and subtracting 3 degrees from the
hopper half angle, the design criteria are......

B=0.71m oL = 12 degrees




