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“Take my drum to England, hang et by the shore, strike et when your powder’s 
runnin’ low ...”

Sir Henry Newbolt Drake’s Drum ( 1896)
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ABSTRACT

In the filling of drug powders into vials, thereis widespread variation in the behaviour of 
the material, both from one drug to another, and between different batches of the same 
drug. The vacuumetric technique, in which powder is drawn into a cylindrical port by 
suction, applied through a porous piston and ejected by pressure into the vial, offers a 
fast pharmaceutical production method, and is exemplified by the Perry Accofil 
machine.

In order to examine the vacuumetric process in detail, a small scale 4-port version of a 
Perry machine has been constructed. It is driven by a computer-controlled stepping 
motor, so that the required intermittent motion of the driving wheel, the length of the 
pause at the filling position and the rate of rotation of the paddles moving powder 
towards the ports inside the feed hopper can all be independently controlled (which is 
not possible in the industrial machine, as these motions are all geared together). In 
addition, the ports have been constructed sectionally as a pile of metal annuli, so that, 
after filling, the powder plug can be dissected to examine any variation in density that 
there may be along its length.

Several batches of fine-grade cefuroxime sodium and three commercial penicillin 
formulations have been subjected to intensive particle-size determination by a range of 
methods; Coulter counter, Malvern laser-light scattering, photo-scanned sedimentation, 
aerodynamic sizing, Fischer sub-sieve sizing and electron microscopy. Considerable 
differences are found between the results for size distribution obtained by the various 
methods.

The computer-controlled machine was used to fill vials over a range of speeds and port 
depths, so that the correlations could be obtained between powder properties and filling 
behaviour. Correlation in general was weak but informative, and the small machine itself 
proved so useful in filling that a second one was commissioned by Glaxo, the industrial 
sponsor of the project, and has been used to generate a database of optimal filling 
conditions for a wider range of production formulations, in addition to leading to some 
suggestions for alterations in the design of larger machines.
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SECTION 1

1.1 Introduction

Cefuroxime sodium is an antibiotic which is manufactured as a powder and is 
routinely filled into glass vials by highly automated high-speed filling machinery 
typified by several models of Zanasi and Perry Industries machines. All use the 
vacuum-held volumetric (vacuumetric) principle and differ in various features of 
their design. All are required to fill vials at rates of up to around 200 vials per 
minute which are then fitted with standard closures and sealed as part of a 
continuous automated process.

Fine-grade cefuroxime sodium is reported by production filling departments as 
being very variable in its filling performance. Often it cannot be filled to the 
standard of weight and consistency laid down in the product specification, or this 
cannot be achieved at acceptable production rates and without undesirably frequent 
operator intervention.

Reports sometimes differ on the filling properties of individual batches of material. 
Some departments find that they can fill batch x without undue difficulties whilst 
others complain of its poor filling properties. Filling of a batch may be suspended 
due to such difficulties only to find that filling is possible at a later date. However 
most batches are filled without trouble and some few are reported to be poor fillers 
by all concerned.

The characteristics of good and poorly filling samples of this material have never 
been elucidated despite a number of small-scale filling trials on such samples and 
routine analysis of particle and bulk material properties over a number of years by 
production support groups.

Production departments attempt to accommodate so-called poor fillers by 
manipulation of machine-dependent variables. However, no detailed filling trials 
have hitherto been undertaken to assess the effects of manipulation of 
machine-dependent variables on fill weight and its variation. Either the filled 
product is brought within specification by manipulation of some or all of these 
variables or it is not and the bulk material is reworked. No acceptable description 
has yet been used to compare batches of material with respect to their filling 
performance. Any attempt to correlate material properties or machine dependent 
variables with filling performance clearly requires such a description.

Some early work was undertaken in which the bulk material was milled in an attempt 
to improve filling performance, but a bulk product specification which ensures 
acceptable production filling has never been achieved.
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Successful vacuumetric filling of this material clearly depends upon many factors in 
a complex relationship between particulate and bulk properties and machine 
dependent variables. It has been the purpose of this work to study some aspects of 
this relationship.

1.2  Properties of powders

The influence of particle size and shape on the packing characteristics of powdered 
materials and the relation of these characteristics to bulk handling properties is of 
great importance in most aspects of powder processing.

Powders consist of discrete particles with a multitude of surfaces and points of 
interaction between them. Such interactions can create an extremely complex 
system which determines bulk properties and ultimately, handling properties.

Fraser (1935) suggested two contrasting mechanisms by which fines affect packing 
density. Either fines filled voids to give high bulk density or smaller particles 
pushed larger grains apart to give low bulk density. The difference between initial 
loose-poured bulk density and final density after tapping was found to be greater 
for angular particles.

Scott (1962) noted that packing density was a geometric property governed by 
particle size and shape. Fine particles when adhering to coarse granules did not 
hinder free flow but when dispersed in between coarse granules, they did. For 
closely graded particles, bulk density was found to be independent of particle size 
and dependent on the state of packing. Bulk density decreased with increasing 
particle angularity. Hausner (1967) used the ratio of initial to final tapped density 
as a shape parameter.

Grey and Beddow (1967) used the Hausner Ratio and related it to angle of repose, 
mechanism of sieving and the initial stages of compaction. They showed that it is an 
indicator of frictional conditions in a moving bed.

Pang (1981) measured poured and tapped bulk density of size - and shape - sorted 
fractions down to 22^m. He found that particle shape becomes increasingly 
important at smaller size ranges. Bulk density decreases with decreasing size and 
increasing Heywood shape factor (angularity).

15



Carr (1965) studied the packing arrangement of powders tested under standardised 
procedures and called the changes observed in packing arrangement on tapping the 
compressibility.

compressibility = tapped density - initial density
  ___________________________ X 100% .... 1.1

tapped density

Carr (1970) related compressibility to a qualitative description of powder flowability 
(Table 1.1)

Table 1.1. Compressibility and flowability.

Compressibility (%) Flowability
5 - 1 5  Excellent

12 - 16 Good
18-21  Fair - passable
2 3 - 3 1  Poor
33 - 38 Very poor

> 40 Very, very poor

Jones (1977) used percentage compressibility data to indicate the flowability of 
pharmaceutical powders, which was a useful guide to their performance in tableting 
and capsule filling operations.

Richards (1966) studied cone and drained angles of repose and concluded that these 
methods were only reliable for non-cohesive, free-flowing materials (generally 
containing particles larger than lOOjim). Flow of powders through orifices ceases to 
be reproducible when fine particles impede flow by formation of arches and bridges 
at or near the aperture. Powder failure testers such as shear cells and tensile testers 
are used for cohesive powders (generally containing particles smaller than 50jpm)

Powder tensile strength, the maximum stress required to fracture a powder bed in 
tension for a given density state, has been related to interparticle forces, particle size 
and packing condition (York 1980).

Reproducible data from shear and tensile tests can be used to indicate flow 
properties of powders through the derivation of parameters such as angle of 
effective friction, angle of internal friction and flow factor (York 1980). The results 
of tests of this type depend upon the way they are performed, so standardisation of 
procedures is vital to obtain useful comparable data, especially in relation to sample 
bed preparation (Jones 1968). Reproducible sample preparation becomes more 
difficult with increasing cohesiveness.
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The failure properties of cohesive powders have been examined by many authors 
looking at bulk handling properties. Pilpel and Walton (1974) studied procaine 
penicillin and showed that cohesion and tensile strength are related to particle size 
and shape and discussed their findings in relation to auger filling equipment design.

Many workers have looked for correlations between bulk material properties and 
filling performance, especially in relation to filling of hard gelatin capsules.

Irwin et al. (1970) found an inverse relationship between coefficient of weight 
variation of filled capsules (CV) and material flow rate as measured by a recording 
powder orifice flowmeter. Kurihara and Ichikawa (1978) used angle of repose as an 
index of flowability representing mobility of particles on the surface of a powder 
bed, and minimum orifice diameter to represent mobility of particles within the bed 
under dynamic conditions. They found a correlation between angle of repose and 
CV for static capsule filling by stamping through a powder bed (Hoflinger GKF 
1000 machine - see pIS) and a correlation between minimum orifice diameter and 
coefficient of fill weight variation by a (dynamic) pouring capsule filling process 
(OCF 120 - see p. 18).

Chowan and Yang (1981) used a split cell tensile tester and found a positive 
correlation between tensile strength and CV. Jolliffe and Newton (1982) used an 
instrumented mG2 type dosator filler (p. 18) and considered compression and 
ejection stresses and concluded that cohesive powders were retained within the 
dosator with little or no compression to give uniform fill weights.

Tan and Newton (1990) used the flowability of size fractions of five pharmaceutical 
excipients using angularity, packing and shear tests to rank samples in different 
relative orders of flowability expressed as angle of repose, Carr’s compressibility, 
Hausner’s ratio, Kawakita’s equation constant and Jenike’s flow factor. CV was 
used as an indication of capsule filling performance. A significant correlation was 
found between CV and maximum and minimum bulk density (after tapping) and no 
correlation between angle of internal flow and angle of effective friction.

Reier et al (1968) developed a mathematical model to describe the effect of 
mechanical operating conditions as well as selected physical properties on the 
capsule filling process. They evaluated capsule filling in terms of mean weight and 
weight variation and studied the effects of machine operation and size of capsule 
filled, along with particle size and distribution, specific volume and flowability on 
these parameters.

Britten et al (1996) used a capsule filling simulator to study the effect of changing 
machine parameters on variation in plug weight and density.
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A similar approach has been used by one group to study the vacuumetric filling 
process. Liyana and Taulbee (1983) developed a design curve relating the variance 
of powder fill weights to equipment variables for a specific set of vacuum-purge 
(vacuumetric) fillers and a group of pharmaceutically useful powders. The design 
curve relates the coefficient of fill weight variation for vacuumetric filling to the 
length (1) : diameter (d) ratio of the filling port;

y = A + .... 1.2
X

where y is the coefficient of fill weight variation (CV), x is the length/diameter ratio, 
A is the horizontal asymptote representing the smallest value of CV which can be 
achieved by varying x, and B is a constant.

This model was found to be applicable to the materials studied for values of x 
ranging up to 10. However, the derivation of the equation involves the assumption 
that plug density is constant with respect to length and is unlikely to apply to many 
materials filled by this method.

1.3  Powder filling

Filling powdered or granular materials into containers appropriate for their use and 
handling, and for the stability and appearance of the product, has long been a 
problem for many industries. Machinery designed to fill such materials ranges 
from simple bag-filling apparatus for large volume packaging, to high-speed 
automated production lines for small volumes of pharmaceutical products.

There are three basic filling techniques:

The simplest involves weighing material into a suitable container until the desired 
weight is achieved. This can be done by hand, when the accuracy with which the 
target weight is achieved depends upon the skill of the operator and the accuracy of 
the balance used. Such a technique is laborious and is not used for anything but 
the smallest of production requirements. This principle has recently been 
extended to automated systems using computerised feedback control of the material 
weight delivered, but it still remains a relatively slow and costly production 
technique.

A second technique involves a calibrated mechanical delivery device such as a 
ribbon blender or auger filler (Pilpel & Walton 1974). In the latter case, material is 
dispensed from a bulk chamber or hopper via a screw device positioned within a 
cylindrical delivery tube (Figure 1.1). A pre-set number of revolutions of the 
auger will deliver an amount of particulate material which depends upon the 
dimensions of the auger and the delivery tube as well as on the bulk properties of

18



the material to be delivered. The variation of the dispensed weight around the 
target is also dependent upon the speed of rotation of the auger and the number of 
revolutions executed. Such systems are widely used for free-flowing granular 
materials and powders in the food, pharmaceutical and cosmetic industries. For 
example, the Autopac Minifil 204 (Autopack Limited, Malvern, Worcs.) is used for 
filling containers with materials such as pharmaceuticals, where small, accurate doses 
of powders and granules are required. The equipment complements the larger 
Autopac Dialafil 124 auger filler which is used for filling quantities of 5 to 50kg.

The disadvantages of such a technique are most apparent with fine or cohesive 
materials. A fine powder falling from the auger into a container, perhaps via a 
funnel-shaped feeder for small containers, tends to produce stray dust which is 
undesirable for accuracy of dose and cleanliness of the filled container, and causes 
environmental contamination with potentially harmful materials. The action of the 
auger also tends to compact cohesive materials. The gradient of the thread is 
greater close to the axis than at the outer surface (Figure 1.1.), material may be 
compacted against the outer walls, the product may adhere to the surface of the 
auger and there may be attrition of the product or binding of the moving parts.

The attrition of products by the action of the auger may present problems with 
fragile granular materials or with flammable materials where contact with moving 
parts is undesirable.

Precise dispensing by auger filling depends upon the auger's being fed with a 
constant supply of material from the hopper. The variability of flow characteristics 
associated with cohesive powders greatly restricts the usefulness of auger filling for 
such materials, though it is useful for fill weights of about Ig to a few kilograms, 
depending on the bulk properties of the material. Smaller fill weights are difficult 
to achieve with the precision which is usually required in the pharmaceutical 
industry.
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A third method involves machinery of the box filling type, in which the bulk 
material is fed into a container of adjustable dimensions. If the material to be filled 
flows readily into the container and packs to a reasonably constant bulk density, 
then the weight of material within the container is largely determined by the 
container volume. Once filled, the container is usually caused to rotate and deliver 
its contents into a waiting receptacle. This technique is frequently used in many 
industries to fill sachets or other containers with granular and freely flowing 
materials when a relatively wide distribution of individual fill weights about a target 
weight is acceptable.

Refinements of this volumetric principle are employed in several types of 
high-speed machinery to fill a wide variety of pharmaceutical powders.

Small amounts of pharmaceutical powders (from around 50mg to several grams) are 
filled into hard gelatin capsules by high speed machines using one of three 
volumetric principles.

Type A involves powder falling into capsule bodies from a powder bed with the aid 
of a vibrating plate within the bed (e.g. theOCF 120 capsule filling machine).

In Type B, powder is pushed into a die by means of a plunger passing through a
powder bed. The die plate moves from under the bed, whilst the empty capsule is 
positioned below the die and the powder is pushed into the capsule by a piston 
(e.g. Hofliger-Karg GKF 1000).

Capsule filling machinery of type C involves a tubular dosator which dips into a 
powder bed of uniform depth, thereby filling it. A piston within the dosator 
consolidates the powder which is subsequently ejected into the capsule body (e.g. 
mG2). The fill weight depends upon the position of the plunger within the dosator 
nozzle, the bulk density of material within the hopper and the machine filling speed. 
To eject the powder plug into the capsule body, the piston is moved to the end of 
the dosator nozzle, pushing the plug of powder before it, after which a spring 
returns it to its original position. The powder bed is then reformed. A detailed 
description of a Zanasi capsule filling machine of this type has been given by Stoyle 
(1966).

A powder is therefore required to fill the dosator nozzle and be retained in it, and 
should be sufficiently free flowing to allow the powder bed to be reformed easily. 
Packing of particles is therefore of fundamental importance in the filling of hard 
gelatin capsules and, with a well formulated product, capsules can be filled with a 
high degree of filling accuracy.

A fourth technique is available which reduces the number of moving parts in 
intimate contact with the product. This is a volumetric method in which the
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material to be filled is compacted in a metering cylinder of adjustable length under 
the influence of an applied vacuum. The compacted powder or granular material is 
then ejected into a container by the application of pressurised air. This technique is 
known as the vacuum-held volumetric or vacuumetric technique.

The vacuumetric principle in its simplest form is illustrated in Figure 1.2. This 
represents a hand-gun version of the Perry Industries Accofil system. The hand-gun 
is used for filling small numbers of containers. The apparatus consists of a metering 
cylinder containing an adjustable porous piston head which is relatively impervious 
to powder, but will pass air. The piston head forms the top of the cylinder and can 
be adjusted to provide the desired powder volume. A vacuum is applied to the 
porous piston which causes material to be drawn up into the cylinder from the bulk 
container, a mushroom of material being retained around the mouth of the cylinder. 
This mushroom of material is formed by the powder particles acting as a 
continuation of the cylinder walls which propagates the vacuum holding power 
beyond the end of the cylinder. The excess material is removed from the end of the 
cylinder and doctored flush with the cylinder mouth by means of a straight edge.

The powder plug thus formed is discharged from the cylinder with a short pulse of 
low pressure air which replaces the vacuum.

The volume, and hence the weight, of material dispensed by this method is 
controlled by the dimensions of the cylinder. The plug formed can be as small as 
1/16" in diameter and 1/32" in depth, or as large as 16cm in diameter and 30cm in 
depth.

The manufacturer claims that this system can be used successfully for fill weights 
from lOmg to several kilograms, depending upon material properties. Fully 
automated, high capacity production versions have been used to achieve filling rates 
of up to 1000 doses per minute.

Containers filled by any of the methods described above must conform to minimum 
standards of product quality and appearance. In the case of pharmaceuticals, this 
may include sterility of the product. An acceptable rate of production must also be 
achieved. These factors play an important rôle in the selection of an appropriate 
filling technique for a particular product.
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1.4 Weight Control.

Powdered and granular products of all types are filled on the basis of weight and it 
is necessary to fill them into containers with a high degree of accuracy, particularly 
if the container is marked with a nominal fill value. Filling inaccuracies can lead to 
significant financial loss when a high value product is involved and products must 
comply with the various laws of weights and measures which apply in virtually every 
country.

In the manufacture of pharmaceuticals, it is important that the net weight falls within 
carefully defined limits to ensure that the patient receives the intended dose when 
the product is used.

The weight of powder or granular material dispensed into a container can be 
monitored throughout a production run by several methods. Each of the filled 
containers can be weighed and an average value for container weight can be 
subtracted to yield a product net weight. Such a technique is most suitable for 
products in which the acceptable limits of net weight are wide in relation to the 
variation in weights of the empty containers. Plastic containers can usually be 
manufactured to weight tolerances which give an acceptable assurance of net weight 
from the gross weight alone.

Alternatively, automated weighing systems can be used which weigh the contents of 
individual containers before and after filling to give the net weight of the contents of 
each container. Such systems are costly and inevitably reduce production rates.

Glass containers, such as injection vials, are of notoriously variable weight. A 
weighing system for such containers has been reported (Marks, , 1978), and is
now marketed by Transmatic Fyllan Limited for use in conjunction with an auger 
filler. The force exerted by a powder falling onto the inclined surface of an open 
bottomed cone sensing element is measured electronically and used to calculate the 
mass flow:

F = M V cosA .... 1.2

where: F is the force acting on the inclined surface
M is the mass flow
A is the angular displacement of the surface from the vertical and 
V is the velocity of the falling powder.

The flow of powder through the sensing element is measured electronically and at 
any desired preset weight the auger is stopped, thus ending the filling operation. 
Because it is essentially weight sensitive, this system largely eliminates the problems
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that are normally associated with bulk density variation in powders.

Many systems for monitoring weight control of filled containers involve sampling 
and weighing a pre-set number of items to ensure that the net weights of unsampled 
items fall within the defined limits of variation at a suitable statistical confidence 
level. Such tests are destructive and are performed at regular intervals throughout 
the production run. Data generated in this way can be analysed by means of control 
charts.

1.4.1 Cumulative Sum (Cusum) Control Charts

A feature of quality control is the use of control charts as part of a continuous 
control system to give a clear picture of the performance of a process. Quality 
control charts are useful statistical tools for analysing data obtained during 
investigations on a plant where a large number (50 or more) of readings may be 
obtained. Values of a quality characteristic, in this case weight, are plotted in the 
order in which they are obtained, as soon as they are obtained.

Control charts enable one to test whether a set of data is statistically uniform, i.e. 
whether the data are consistent with the hypothesis that they are random values from 
the same population or whether changes in level or variability have taken place. 
Variation in the quality characteristic is bound to occur. Chance causes of variation, 
which cannot be easily identified, can arise from such factors as variation of material 
flow within the hopper or small variations in bulk material properties. Each factor 
contributes a small amount to the total variation which is inherent in a production 
system.

In batch production, random variation will arise both within and between batches or 
samples taken from a production run. If variations are consistent and remain 
statistically controlled, then valid predictions can be made about other data from the 
same source. Such information is useful in deciding whether the quality 
characteristic values will comply with a given specification, and in determining the 
extent of variation which may be expected from a process. This information in turn 
permits an economic level to be fixed for the frequency of sampling and testing.

In addition to intrinsic process variation, there may be assignable causes of gross 
variation arising from sudden or abnormal variation in properties of raw materials or 
operating conditions or from mechanical faults. The purpose of control charts is to 
assess when variation ceases to arise from a constant system of chance causes and 
assignable causes intervene. The occurrence of such a change can be spotted 
particularly quickly if Cusum control charts are used, and the magnitude of the 
change can then be simply evaluated and corrected. In the filling process, a 
persistent fall in fill weight can be corrected by adjusting port depth to bring the 
variable back onto target.
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1.4.2. Construction of Cumulative Sum (Cusum) Control Charts.

In the example shown in Figure 1.3, ten individual vials are taken in sequence from 
the conveyor and their fill weight (w) determined. Samples should not be taken at 
completely regular intervals in case there is some periodic cause of assignable 
variation which coincides with the sampling. The proportion to be sampled depends 
upon the degree of control shown, and on the required level of assurance that 
individuals in the population do not fall outside the specified limits with respect to 
fill weight. The frequency of sampling should be sufficient to rectify any trouble in 
the shortest possible time.

Population average (target) weight ( x ) and standard deviation are defined in the 
product specification. As assignable variation may occur within the sample group, 
the sample weight deviations (d) from the target are calculated for individual sample 
weights (w) in the order obtained, and the cumulative sum ( E d )  of the deviations is 
used to assess weight control.

di = (Wi - x) .... 1.3

d% = (W2 - x) 
ds = (W3 - x)
Ed = + d2 + dn .... 1.4

Thus each sum is obtained from its predecessor by adding on the new difference.

If the mean value of the sample weights remains close to the reference value ( x ) 
some of the differences will be positive and some negative so that the cumulative 
sum chart will remain essentially horizontal and the process is in a state of statistical 
control. However, if the average value of fill weight rises to a new constant level, 
more of the differences will become positive and the mean chart path will be a line 
sloping upwards.

Cumulative sum charts are thus interpreted by the slope of the line which is plotted. 
The further the current mean process level is from the reference, the steeper will be 
the slope of the cumulative sum chart.

The slopes on the chart illustrated in Figure 1.3 are equivalent to those associated 
with a deviation of the sample weight from the target of 3, 5 and 10 mg per sample 
respectively. These can be expressed as a percentage of the sample weight and used 
for comparison with the slope of the sample points, thus indicating whether the 
process is in a state of statistical control. If the slope of the sample points exceeds a 
specified value, then action can be taken to restore the process to the required level 
of control.
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One of the main advantages of Cusum charts is that relatively small changes in the 
process mean value appear as quite clearly different slopes.

A detailed description of control charts and their application to production 
processes has been given by Davis and Goldsmith (1972).
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Section 2

2.1 Vacuum-held volumetric filling of cefuroxime sodium.

Cefuroxime sodium is manufactured as a medicinal product for injection; filling 
machinery is designed to maintain the sterility of the product throughout the 
process and to keep it free of any extraneous particulate matter, when used in an 
appropriate environment under the control of trained operatives. It is particularly 
important that filling machinery will run for prolonged periods without the 
intervention of operatives, as such intervention will compromise the quality of the 
product. The design and operation of aseptic filling systems has been discussed by 
Stockdale (1984) and the selection of appropriate machinery for aseptic packaging 
has been considered by Koblis (1985).

The Perry Industries Accobloc powder filling system is typical of machinery of this 
type. Whilst it is less than ideal in many aspects of its design, and is considerably 
less sophisticated than many machines, it embodies all the principles of powder 
filling directly relevant to this work and is described here in some detail.

The Accobloc (Figure 2.1) has automatic powder filling, stoppering and sealing 
units all on one common base. It is designed to fill powders or granular products 
from fill weights of 50mg to 15g with a claimed accuracy of 1%, depending on 
product handling characteristics.

Bulk powder is placed in the hopper (a) under which a vacuum/pressure filling 
wheel rotates. Powder is preconditioned by an adjustable agitation system and is fed 
to the filling wheel (b). The indexed filling wheel contains eight ports and is 
positioned below the hopper. Powder is drawn into the filling port under the 
influence of an applied vacuum. The amount of powder entering the port is 
determined by the individual port depth settings. The filled port indexes round 
from beneath the hopper, the powder being held in the port by the influence of the 
vacuum until it reaches the vertical position where low pressure air replaces the 
vacuum and expels the powder into the already positioned container (c).

Cleaned and sterilised glass vials are fed to the filling station by means of a star 
wheel indexer (d). The star wheel is indexed with the rotation of the filling wheel to 
provide single - or multiple - shot filling into a single container. The filled vial 
travels from the filling head to a stoppering station. Stoppers are positioned in the 
correct orientation in a feed chute (e) leading from a vibratory component bowl (f). 
As the vial is indexed through, a stopper locates with the lip of the vial and is 
removed from the pick-off plate at the base of the chute. A freely spinning roller 
(g) then rolls the stopper fully home into the neck of the vial. (Figure 2.2).
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Figure 2.1 The Accobloc vacuum etric filler
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Figure 2.2 Stoppering

Figure 2.3 S ealing
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Aluminium caps are fed into position by a similar system at the sealing station (h). 
At the sealing station, the vial is positioned on a rising platform which pushes it into 
the chuck of the sealing head. When the vial is correctly positioned, three spinning 
rollers are cammed in to mould the aluminium alloy cap to the shape of the lower 
surface of the vial lip (Figure 2.3). The star wheel then feeds the vial onto a second 
conveyor belt (1) which transports it away for quality control testing, labelling and 
packaging.

When machinery is set up for a production run, a filling wheel is selected with ports 
of an appropriate internal diameter. This clearly depends on the target weight of 
material required. Cefuroxime sodium is filled into various sizes of injection vial 
depending upon fill weight and particular market demands. Fill weights from 
around 850mg for single dose injections up to about lOg for multidose and 
infusion vials are commonly required. For these latter, multiple-shot filling is 
necessary. In any event, the production objective is to fill each vial using the 
smallest number of shots possible. For this material port diameters of 3/8" or 1/2" 
are used so that the required port depth is not too great, as unacceptable weight 
variation is associated with deep ports.

It is important that, once a production run has been commenced, depths are adjusted 
as infrequently as possible. Precise estimates of appropriate port diameter and depth 
are therefore required, which can be obtained from a knowledge of approximate 
densities of plugs of powder produced by this technique and from general 
experience with the product.

As air is drawn through the piston mesh at the base of the port, the mesh becomes 
blinded with product. This effect is associated with reduced plug density and hence 
fill weight. This is overcome to a certain extent by the inclusion in the filling cycle 
of a station at which air under pressure is blown through the mesh from the rear to 
clear much of the blinding material remaining after the dosing stage. This is not 
fully effective, however, and a decrease in plug density often occurs in the initial 
stages of a production run. This leads to reduction in fill weight until a condition of 
relative stability is reached and fill weights become constant at a lower level. 
Therefore frequent adjustment of port depth is associated with the early stages of a 
production run to compensate for this effect.

The formed plug of powder ejected from the port must enter the waiting vial via the 
neck which may be of a diameter only a few millimetres greater than that of the 
port. It is important that no dust is created which contaminates the lip of the vial or 
its outer surface, since it may reduce the quality of the seal subsequently formed 
between the closure and the lip of the vial. Material on the outer surface of the vial 
impairs the appearance of the product.
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The slug of powder is ejected from the vial by a burst of low-pressure air (4-lOlbs 
per square inch). This burst must be of the shortest possible duration to expel the 
plug and be of minimum pressure to reduce the level of dusting. Generally, the 
greater the packing density of the plug, the greater the air pressure required to expel 
it. The tendency to dusting increases with more loosely packed plugs. Therefore, if 
packing density is variable between plugs, the pressure of the ejection of air, which is 
set at a level required to expel the most densely packed plugs, may cause severe 
dusting in plugs of low packed density. The most desirable conditions therefore 
exist when the plugs are of consistent and relatively high packed density and can be 
expelled from the filling wheel with minimal dusting.

Machinery is fitted with an extraction system which reaches the critical regions of 
the filling head and particularly the dosing station so that stray dust can be drawn 
away. Such a system can effectively reduce problems associated with contamination 
of the outer surface of the vial. However, any material lost to the extraction system 
reduces the fill weight of the product, although this is not usually considered to be a 
significant factor in weight variation.

2.2. Small-scale filling machine.

A small-scale filling machine (Figures 2.4 & Plate 2.1) for laboratory use has been 
designed at the School of Pharmacy, University of London, and constructed by 
Thomas Precision Engineers, Ware, Herts.

The machine employs the vacuumetric filling principle (Section 1.3) and its design 
is based on that of existing production machinery with several important 
modifications.

The machine is provided with an intermittently moving solid wheel which rotates 
about a horizontal axis. The wheel has four ports drilled radially into its body from 
the outer surface. The ports are spaced 90 degrees apart and each is fitted with an 
adjustable porous piston through which air can pass.

The wheel rotates in steps; as each port reaches the top of the wheel's peripheral 
travel, the rotation is halted so that powder, fed from a continuously stirred hopper 
above the wheel, can fill the port to a depth governed by the position of the piston 
within it. The filling process is assisted by suction applied to the port, through the 
piston, by a manifold (Appendix la) supplying drilled airways at the rear and within 
the body of the wheel. The powder thus fills the port under the combined influence 
of gravity, the applied vacuum and the action of the paddle stirrer within the powder 
hopper above the wheel.
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Figure 2.4 The filling operation
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Plate 2.1
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When the powder has filled the port, the wheel moves by a preset angular distance of 
90 degrees so that the next port in succession is presented to the hopper orifice, the 
powder flow having been shut off during the rotation by light frictional contact 
between the outer surface of the wheel and the basal face of the hopper. The next 
and all other ports are filled in their turns.

The continued application of the vacuum retains the powder within the port against 
the effect of gravity until the port has travelled 180 degrees to arrive at the bottom 
of the wheel. Here the manifold and airways co-operate to cut off the vacuum and 
apply a small blast of compressed air so that the powder is blown out of the port into 
a vial or other container which has been moved into position beneath the wheel.

The hopper, which can hold approximately 3kg of material, is stirred by two 
independent paddles (Appendix le). The speed of rotation of each paddle can be 
adjusted up to about 8 rpm for the larger upper paddle positioned in the body of 
the hopper, and about 150 rpm for the smaller paddle at the hopper mouth. 
Material is fed by the larger paddle into the path of the smaller which supplies the 
waiting wheel port.

The wheel ports are designed to allow each one to be removed from the body of the 
filling wheel as a core to facilitate investigation of the structure of the powder plugs. 
Each port consists of an outer sleeve which is a sliding fit into the body of the wheel. 
The inner sleeve consists of a tube sectioned into 12 rings which fit together to form 
a continuous port within the outer sleeve. Each port is shaped at its outer extremity 
to conform to the curvature of the filling wheel's circumference (Appendix la).

The vacuum supply to the manifold at the rear of the filling wheel is fitted with a 
needle valve to allow the vacuum to be varied, and an in-line water trap (Appendix 
If) to remove any material drawn through the piston mesh, so avoiding problems of 
pressure fluctuation associated with progressive blinding of conventional screen 
filters.

The air supply to the manifold is controlled by a pressure regulator. The 
application of a short burst of pressurised air at the ejection stage is controlled by a 
solenoid valve. An adjustable cam at the rear of the filling wheel triggers a switch at 
a point just before a port reaches the dosing position. The switch completes a circuit 
which includes a variable time delay device which triggers the solenoid valve when 
the wheel is stationary at the dosing position. The time delay and the duration of 
the blast are variable and can be controlled independently (Appendix Ib).

This machine permits close investigation of the filling stage in the manufacture of 
filled and sealed injection vials. It offers several advantages over conventional 
machines for this purpose. Experience has shown that the operating speed of the
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machine affects the fill weight (and plug density) and its standard deviation. Factors 
associated with machine speed which may affect fill weight and variation are the 
dwell time (i.e. the length of time for which the wheel is stationary in the filling 
position), the speed of rotation of the filling wheel and the speed of rotation of the 
hopper paddles which, in some types of conventional machine, are driven from the 
main drive so that their speed cannot be varied independently of the filling rate. 
The use of a stepping motor to turn the filling wheel allows the dwell time and speed 
of rotation to be independently varied. The rotational speeds of the paddles can also 
be varied independently.

Variation in fill weight and changes in plug density are also related to port depth. 
The port design, involving the system of stacked rings, described above, allows 
investigation of the plug structure to identify the regions of the plug in which 
density changes occur.

The use of a system which controls the timing of the blast of ejection air in relation 
to the rotation of the wheel allows the use of a blast of air at the minimum 
appropriate pressure at the most appropriate moment of the dosing stage which is of 
the shortest possible duration consistent with the ejection of each plug from its port.

2.3 The stepping motor drive.

The intermittent motion of the filling wheel is provided by a 4 phase stepping motor 
(Cetronic Dynamics Limited, Ware, Herts.) controlled by a Digiplan CD30 chopper 
drive (Digiplan Limited, Poole, Dorset). The system is controlled by a BBC Model 
B microcomputer via a Digiplan 1217 port interface (Plate 2.1 & Figure 2.5).

The stepping motor moves through an angular distance of 1.8 degrees in response 
to a single pulse from the stepper drive. The control system consists of an oscillator 
which runs in response to a signal from the external logic controller. The oscillator 
frequency controls the motor speed by causing it to move at a predetermined 
stepping rate. As the rate increases the motion of the motor becomes effectively 
continuous. The direction of motion, the speed in steps per second and the total 
distance moved, in steps, are controlled by the computer from a program in Basic 
(Appendix lib) via the port interface. To allow the motor to run at high speed, the 
oscillator incorporates "ramping" to accelerate the motor up to the required speed 
and down again. The acceleration and deceleration rates can be controlled from the 
computer.

As the motor is sufficiently large to overcome the torque put into it by the system it 
is driving, its acceleration and deceleration can be very rapid and its angular 
position is repeatable to one step.
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To improve acceleration at the sacrifice of a small amount of positional precision, 
the motor drives the filling wheel through a pulley system fitted with a toothed 
rubber belt to give the motor a mechanical advantage of 4:1. Therefore, one 
complete revolution of the motor causes the filling wheel to rotate through an angle 
of 90 degrees.

The built-in intelligence of the port interface may be used to carry out linear 
interpolation between two axes, using two motors. This feature was incorporated so 
that the system could be adapted to co-ordinate functions such as container 
indexing or bunging with the filling process.

The controlling program contains a time delay loop which can be adjusted to vary 
the dwell time of the filling wheel at each stage of the cycle. The computer times 
the delay between the "stop" signal of the motor and the next "start" signal to give an 
estimate of the dwell time in seconds.

2.4 Drive operating parameters.

Two parameters of interest in the filling process are the dwell time, i.e. the length of 
time the wheel is stationary in the filling, and all other positions and the overall 
operating speed in terms of doses of material dispensed per unit time.

Clearly the operating speed will be a function of dwell time (tj) and rotational 
velocity of the wheel. As each movement of the wheel is through an angle of 90 
degrees, the velocity can be expressed as the duration of a single rotational phase of 
the cycle (tj. Therefore, the dosing rate (Rf) in doses per minute (dpm) is given by:

Rf = 60 .... 2.1
td+ tf

Where tj and t̂  are expressed in seconds.

For the small-scale filling machine, both dwell time and speed of rotation are under 
computer program control. The speed of rotation should be set at the maximum 
possible to yield the highest dosing rate for a particular value of dwell time. This 
rotational velocity is limited by the size of the motor used, that is, its capacity to 
overcome the initial torque put onto it by the system and to accelerate to the 
required velocity and down again without motor slippage or loss of positional 
precision. The optimum speed of rotation was found to be around 1550 steps per 
second.

Conventional filling machines of this type rely upon a Geneva gearing mechanism 
to produce intermittent motion from a continuously running shaft. For such
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systems, dwell time and rotational velocity of the wheel are linked so that:

trc = ktdc . . . .2 .2

Where t̂ c is the duration of rotation of conventional machinery, tjc is the associated 

dwell time and k is a constant.

Therefore from Equation 2.1:

Rfr = 60 .... 2.3
td c  tr c

Where Rf  ̂ is the fill rate in d.p.m. for conventional machinery.

From Equations 2.2 and 2.3:

Rfc — 60 .... 2.4
t(ic ktjg

Rfc = 60 .... 2.5
td c ( l + k)

2.5 Calibration of computer program for dwell time and dosing rate.

2.5.1 Measurement of dwell times

The computer program controlling the stepping motor (Appendix lib) incorporates 
instructions at lines 380 and 850 which use the internal clock of the microcomputer 
to measure the time interval between the command for the motor to stop (line 140) 
and the next start command (line 340). The interval was varied by adjusting the 
limiting value of S at line 390. The measured time interval (to 0.01s) is printed on 
the screen for each dwell time over several cycles. Any variation in dwell time 
measured in this way causes an error message to be sent to the screen.

Dwell times were also measured directly by means of a millisecond timer with a 
photocell trigger switch. The absence of a signal from the photocell activates the 
timer and the presence of a signal turns it off. The photocell was positioned with 
the sensor window adjacent to the face of the filling wheel (Figure 2.6). A black 
activator mark was aligned with the detector window when the wheel came to a halt 
at one position in each cycle. The position and size of the activator mark was 
adjusted so that any movement in either direction switched off the timer. The dwell 
times, as indicated by the timer, were recorded over twenty cycles for each value of S 
in the controlling program which was investigated.
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2.5.2 Measurement of dosing rates

A marker was placed on the outer edge of the wheel face between two ports and a 
similar mark placed on the face of the hopper mouth. The two were positioned so 
that they were aligned momentarily on every cycle whilst the wheel was in motion. 
The operation of the filling wheel was timed over ten complete cycles (equivalent to 
40 doses) from the time at which the markers were first aligned until the same 
position was reached ten cycles later. The time interval was recorded over a range of 
values of S (i.e. a range of dwell times) and the dose rate in doses per minute 
calculated in each case.

Dwell times at each value of S were calculated from least squares regression analysis 
of dwell times measured by the millisecond timer.

2.5.3 Results

The dwell times measured over a range of values of S at line 390 are given in Table
2.1. Mean values of dwell time measured by the millisecond timer are given with an 
indication of the range of values recorded. Values of dwell time from computer 
timing showed no variation when measured to a precision of 10ms. The data are 
plotted in Figure 2.7 as the dwell time, measured by both techniques, against S.

The calculated values for dosing rates are given in Table 2.2 for each value of dwell 
time calculated from least squares regression analysis of dwell times measured by 
the millisecond timer for each value of S.

The average time taken for the wheel to rotate through 90 degrees was calculated 
from values of dwell time (tjs) and dosing rate (Rfg) in each case.

From Equation X .l for the stepper-driven small-scale machine:

Rfs — 60 .... 2.6

tds + tj-g

The mean value for t̂ g (the duration of a single rotational phase of the cycle) was 
calculated to be 0.481s. Figure 2.8 illustrates the relationship between dosing rate 
and dwell time for the stepper-driven machine.
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Table 2.1 Dwell times determined by computer and millisecond timer

Value of S Computer Millisecond Timer
(s) (s +/- (

2500 1.48 1.527
2000 1.23 1.274
1500 0.97 1.012
1200 0.83 -

1000 0.72 0.758
500 0.48 0.523
250 0.36 0.404
200 0.33 -

100 0.28 -

2 0.22 0.264

Pearson's Correlation Coefficient:

Computer timer 0.99985
Millisecond timer 0.99992
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Figure 2.7 Dwell time (s) vs “M otor 7” loop length (in units of S)
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Table 2.2 Calculated values of motion time

Value of S Dwell Time Dosing Rate Motion Time
(tds) (Rfs) (trs)

(s) (dpm) (s)

2600 1.572 29.3 0.476
1500 1.020 40.0 0.480
1200 0.870 44.1 0.491
950 0.744 49.0 0.480
500 0.518 60.1 0.480

2 0.268 80.1 0.481

Mean 0.481s
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Figure 2,8 Dosing ra te  (Rfs) vs dwell tim e (tjg) at a constant 

stepping rate  of 1536 steps per second
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2 .5 .4  D iscu ssion

The dwell time measured by the computer timer represents a minimum value for the 
true dwell time as it does not take into account any delay associated with the inertia 
of the system or with the transmission of electrical signals. The photocell sensor 
technique involves activation of the timer only when the wheel is stationary and 
therefore takes any inertia into account.

From linear regression analysis of the dwell time data from both techniques, the 
gradients for the relationship between dwell time and the value S for the computer 
and millisecond timer are 5.000 x lO'^ and 5.019 x 10"  ̂ respectively. If the 
gradients are taken to be identical then the difference between dwell times recorded 
by the two techniques is approximately 40ms across the range of S values 
investigated.

In all subsequent work with the small-scale machine, the dwell time was taken to be 
that recorded by the computer timer plus 40ms.

The time taken for the wheel to rotate through 90 degrees was found to be constant 
from observations of dwell times and dosing rates for the chosen stepping rate for 
the motor of 1536 steps per second.

Although information concerning dosing rate and dwell times is not available for 
conventional vacuumetric filling machinery, it is possible to compare the small-scale 
filling machine dosage rates with those for conventional machines if a particular 
value for k in Equation 2.2 is assumed to apply. If a single action of the driving 
gear mechanism causes a conventional machine to rotate through an appropriate 
angle for one stage of the dosing cycle and an equivalent action allows the wheel to 
remain stationary then, from Equation 2.2:

tfc ~ Idc — 2.7

as k = 1

It is then possible to compare the dosing rates of the two types of machinery at 
equivalent dwell times. Comparisons based on these assumptions are shown in Table
2.3. Dosing rates for conventional and stepper-driven machines are calculated from 
Equations 2.5 and 2.6 respectively.

If the angle of rotation was reduced to 45 degrees for an 8-port wheel, a 
conventional machine might rotate in half the time for which it was stationary so that 
k = 0.5. A direct comparison can be made of the two types of machinery if it is 
assumed that the stepper-driven machine rotates through 45 degrees in 0.24s (Table 
2.4).
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Machine performance curves plotted from the data presented in Tables 2.3 and 2.4 
are shown in Figure 2.9. It is clear that higher dosing rates can be achieved by 
conventional machines at dwell times of less than 0.4s than are possible with 
stepper-driven machines. This is significant, as conventional 8-port machines 
frequently operate at dosing rates in excess of 140 per minute.
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Table 2.3 Comparison of dosing rates for conventional and stepper
driven machines.

k = 1.0

/ell Time Conventional stepper-driven
(td) Machine Machine

s Dosing Rate (Rfc) Dosing Rate (Rfg)

dpm dpm

0.2 150.0 88.1
0.4 75.0 68.1
0.6 50.0 55.5
0.8 37.5 46.8
1.0 30.0 40.5
1.2 25.0 35.7
1.6 18.8 28.8
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Table 2.4 Comparison of dosing rates for conventional and stepper
driven machines.

k = 0.5

veil Time Conventional stepper-driven
(td) Machine Machine
s Dosing Rate (Rfc) Dosing Rate (Rfg)

dpm dpm

0.2 200.0 136.4
0.4 100.0 93.8
0.6 66.7 71.4
0.8 50.0 57.7
1.0 40.0 48.4
1.2 33.3 41.7
1.6 25.0 32.6
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Figure 2.9 Dosing rate vs dwell time for conventional and stepper
driven filling machines
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2.6 Internal volume of the filling ports

In order to calculate the density of powder plugs formed within the filling wheel 
ports it is necessary to calculate the volume of the ports as a function of their depth.

Consider a cylindrical hole of diameter d drilled radially into the circumference of a 
larger cylinder of diameter D (Figure;^

The volume of the cylindrical hole is given by the product of the cross section area 
of the hole and its depth measured to a plane tangential to the surface of the larger 
cylinder, less the volume of the body E.

Consider an elementary vertical plane in E as shown:

.... 2.8

i . . . . 2.9
4 4

5 = (d^-4x^) ....2.10

and -hj= ^  • • 2.11

-h = ^(0^-4x^f •••• 2.12

h=  2.13

Therefore the volume of the element is:

l.h.dx .... 2.14

The volume of E is therefore given by:

d
2fg ».h.dx .... 2.15

It has not been possible to derive an analytical solution to this rather complicated 
integral. However, a simple Basic program was written to calculate the volume of E 
for any values of d and D.
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The relationship between port depth (hO and volume (v) is given by: 

V = (jcr^h") - E .... 2.16

where r = d/2
and d = 3/8" (9.525mm)

E is the overestimate of port volume incurred by measuring depth to the highest 
point on the circumference of the filling wheel (E = 1.7679mm^).

V = 71.2557 h ' - 1.7679 ...2.17

A plot of port volume (mm^) against depth (mm) (Figure 2.11) yields a straight line 
which does not pass through the origin, but has its intercept on the ordinate axis at 
-1.7679 mm^. This occurs because the linear relationship between volume and port 
depth does not hold true for values of port depth less than the difference between 
the highest and lowest points of the port rim on the surface of the wheel 
(approximately 0.1mm). This error is of no practical significance, but has been 
taken into account in the calculation of plug densities.
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Section 3 

Materials

3.1 C efuroxim e sodium .

Cefuroxime sodium (Zinacef, Glaxo), (Figure 3.1) is one of the first of the so-called 
"second generation" cephalosporin antibiotics. It possesses the same broad 
spectrum of activity as its predecessors of the "first generation" but is more resistant 
to Gram-negative beta-lactamases and exhibits more favourable pharmacokinetics 
(Hartley et al. 1978).

Figure 3.1 Cefuroxime Sodium

O
I I
c

N - 0 - C H 3 / /
o C H f-O -C -N H , 

COQ-Na*^

Cefuroxime sodium is not absorbed from the gastrointestinal tract and is therefore 
intended for parenteral administration. It is supplied as a sterile powder for 
constitution with Water for Injections to form either a suspension for intramuscular 
use or a solution for intravenous administration.

Cefuroxime is a white to faintly yellow crystalline powder. In the dry state it is 
essentially stable (Hartley et al. 1978). However, after constitution, up to 10% loss 
in potency can occur on storage for 24 hours. Cephalosporins are known to 
undergo degradation rapidly by cleavage of the beta-lactam bonds in aqueous 
solution. It is% is reason that cefuroxime is formulated as a dry powder.

3.1.1. Manufacture.

Cefuroxime sodium is prepared by a semi-synthetic synthesis involving 
fermentation and chemical modification followed by solvent extraction and 
crystallisation. The crystalline product is dried and milled using a Majac jet 
pulveriser in which opposed jets cause high speed collision of particles. Fine grade 
cefuroxime sodium is produced in this manner.
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The product is sterilised by filtration of the mother liquor. All stages of the process 
thereafter are performed under aseptic conditions to maintain sterility. The product 
is manufactured on a batch system and is packed into sterilised aluminium cans of 
approximately 15kg capacity which are sealed and transported to the packaging site.

The content of each can effectively constitute a sub-batch which should be virtually 
identical to its sister cans from the same crystallisation and milling run.

3.1.2 Scanning electron photomicroscopy

Cefuroxime sodium is manufactured in two grades; un-milled coarse grade 
cefuroxime and milled, fine-grade material. This work has concentrated on the 
properties of the fine-grade material but it is of interest to examine the coarse-grade 
material from which the fine-grade is produced.

Plates 3.1 and 3.2 are scanning electron photomicrographs of coarse grade material. 
It can be seen that it is composed of approximately spherical particles, ranging in 
size from about 400;^m to about 50;^m. There do not appear to be any particles 
much below this latter size.

When this material is milled to produce fine-grade cefuroxime, a much more 
complex distribution of particle shape and size is produced, as might be expected. 
Plates 3.3, 3.4 and 3.5 are scanning electron photomicrographs of fine-grade 
cefuroxime. This material appears to be made up of larger particles in the range of 
about to 100/^m with many particles much smaller than lO^m adhering to the 
surface of the larger ones and distributed between them as agglomerates. Plate 3.5 
illustrates these groups of smaller particles at higher magnification. These are likely 
to be agglomerates of smaller, irregularly shaped particles produced by milling the 
larger, more regularly shaped crystals of coarse grade material.

Plates 3.6 and 3.7 are very high magnification transmission electron 
photomicrographs of some of the smallest particles of cefuroxime. These particles 
appear to be clusters of irregular plate-like crystals, the smallest of which are a few 
hundred nanometres in diameter.

The milling process breaks down some of the larger particles either by smashing 
them completely to form many smaller particles, or by knocking off smaller 
fragments. The many small fragments thus formed bind to the surface of the 
remaining larger particles, or group together to form agglomerates.
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Plates 3.1 & 3.2
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Plates 3.3 & 3.4
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Plates 3.5
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Plates 3.6 & 3.7
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3.2 Penicillin formulations

3.2.1 Seclopen

Seclopen contains procaine and sodium penicillins with a citrate buffer system and 
methylcellulose.

3.2.1 Triplopen

Triplopen is fortified Benethamine Penicillin for In jection BPC. It is a multi- 
component formulation containing benethamine penicillin, procaine penicillin and 
benzlypenicillin sodium along with other exipients including sodium citrate, 
hexamine and polyethylene glycol.

3.2.3 Crystapen

Crystapen contains benzypenicillin sodium and a citrate buffer.

3.2.4 Scanning Electron Photomicroscopy

Scanning electron photomicroscopy of the three penicillin formulations (Plates 3.8, 
3.9 and 3.10) reveals they are essentially similar in appearance, consisting of 
relatively large, irregular, elongated crystals of about 10 to 15jAm in length, along 
with smaller particles down to 1 or 2;^m in size which appear to be adhering to the 
surface of the larger particles in some cases. The smaller particles are also 
interspersed between the larger ones as individual particles and apparently as 
agglomerates of particles.
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Plate 3.8
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Plates 3.9 & 3.10
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Section 4

Particle size distribution of fine-grade cefuroxime sodium.

Four types of particle sizing instruments were used to determine the particle size 
distribution, by weight, of fine-grade cefuroxime sodium, the objective being to 
compare the size distributions obtained and assess the practicality of each method to 
select an appropriate technique for routine analysis.

4.1 Coulter Counter Model TAII (electrical sensing zone method).

The Coulter Counter is used to determine dispersed-phase particle size and size 
distribution by passing individual particles through an electrical sensing zone.

Particles are suspended in an electrolyte and caused to pass through a small orifice 
(10 to lOOO^m) on either side of which an electrode is immersed. Each particle 
displaces its own volume of electrolyte and changes the resistance between the 
electrodes as it passes through the orifice. The current between the electrodes is 
held constant so that the presence of a particle in the sensing zone causes a voltage 
pulse whose amplitude has been shown to be proportional to particle volume and 
electrolyte resistivity (e.g. Allen & Marshall 1972).

The voltage pulses resulting from a known volume of electrolyte passing through 
the orifice are electronically scaled and counted, and a particle size distribution is 
derived from counting large numbers of particles.

Raw counts are corrected for background (particles present before the sample was 
added), and for coincidence. This latter is an empirically-derived correction to 
compensate for loss of count when two below-threshold particles are close to the 
orifice and produce an above-threshold pulse. The principle, theory and instrument 
operation have been reviewed by Allen (1981) and are set out in the Coulter 
manual. The Coulter Counter can be used to size particles over a wide range by 
selection of an appropriate orifice tube. Particles can be sized between 2% and 40% 
of the aperture size selected, the lower limit being due to the effects of background 
(electrical) interference and the upper limit to non-linearity of response and to 
aperture blocking.

A two-tube technique was used, employing 200pim and 50;<m aperture tubes. This 
covers the size range 1 to SO^m, which was found to be appropriate for samples of 
fine grade cefuroxime sodium from optical microscopy.

65



The electrolyte used was 4% ammonium thiocyanate in isopropyl alcohol (IPA). 
This was freshly prepared and saturated with cefuroxime. The electrolyte was 
filtered through a 0.22^m filter immediately prior to use.

The instrument was calibrated for the 200^m aperture tube using 20;^m polystyrene 
DVB latex particles (Coulter Electronics) and the half-count technique. Samples of 
cefuroxime were prepared by suspending in filtered saturated electrolyte by 
subjection to 10 minutes ultrasonic agitation. The suspension thus produced was 
added to electrolyte in the sample beaker and dispersed by stirring. The 
concentration of particles was adjusted to give a coincidence correction level well 
below 1%. The size distribution was then determined for the larger tube.

The sample was sieved using mono-filament nylon sieve cloth of nominal mesh size 
20;^m (H. Simon Limited). The instrument was re-calibrated for the 50]4m aperture 
tube using 5^m latex spheres and the half-count technique as before. The filtered 
sample was then analysed as before, but using the SOpim aperture tube. Replicate 
analyses were performed using separately-prepared samples. Precautions were 
taken to minimise evaporation of IPA during the analyses, and thus to limit 
precipitation of cefuroxime from the saturated electrolyte. Repeated background 
counts were taken on the saturated electrolyte to confirm that precipitation effects 
were negligible.

4.2 Malvern 3600E (laser light-scattering method).

The Malvern particle sizing instrument measures particle size distributions of 
powder samples suspended in fluid media by analysis of the diffraction patterns 
formed when incident light is scattered by the sample particles.

Fraunhofer theory assumes that the intensity of scattered light is proportional to 
particle size and that the scattering angle is inversely proportional to particle size 
(Fraunhofer 1888). The mean size of the particles can be found by measuring the 
variation of the intensity of the scattered radiation with scattering angle. 
Theoretically, the Malvern instrument presents a volume distribution derived from 
the number distribution of spheres of equivalent diffraction pattern (Leschonski 
1983).

When a beam of radiation strikes an assembly of particles, some of it is transmitted, 
some absorbed and some scattered. The scattered radiation includes the diffracted, 
refracted and reflected parts of the original beam. Absorbed radiation is re-emitted 
at a longer wavelength and is not usually detected. For particles much larger than 
the wavelength of the incident radiation, the contribution of radiation refracted 
within the particle is small compared with that diffracted external to the particle. 
For particle size to wavelength ratios of the order of four or five, diffracted radiation
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becomes dominant and chiefly in the forward direction and Mie theory reduces to 
Fraunhofer theory for geometric optics. Light scattering has been reviewed by 
Kratohuil (1964).

The Malvern instrument incorporates a low-powered 1 mW helium-neon laser 
source which illuminates a sample cell containing a suspension of the particles to be 
measured. The laser is fitted with a spatial filter and collimating lens which provide 
a parallel, monochromatic coherent incident light beam. The incident light is 
diffracted by the suspended particles (Figure 4.1).

If a lens is placed in the light path after the particles and a screen is placed in the 
focal plane of the lens, the undiffracted light is focussed at a point on the axis and 
the diffracted light forms a pattern of rings around the central point. Movement of 
the particles does not affect the diffraction pattern as the lens behaves as a "Fourier 
transform" lens (Figure 4.2). Light diffracted at an angle will result in the same 
radial displacement in the focal plane irrespective of the particles position in the 
illuminating beam. For a given particle the position of the maximum in the 
diffraction pattern is determined by its size, so that the light intensities at different 
radii from the lens axis are size-dependent (Figure 4.3). If the screen is replaced by 
a multi-element ring detector, radial light energy can be used to determine the 
particle size distribution.

In practice, the equations derived from Fraunhofer theory for the calculation of size 
distributions are unstable and lead to oscillations in the size distribution for small 
errors in measured light energy. The method employed in the software associated 
with the instrument therefore uses a "model independent" technique which fits the 
data to sixteen weight bands (Seville et al. 1986), (Table 4.1).

As particles enter and leave the illuminated area, the diffraction pattern "evolves" and 
reflects the instantaneous size distribution pattern. The measured diffraction pattern 
is then processed by non-linear least squares analysis to find the size distribution 
giving the closest fitting diffraction pattern; the "model-independent" distribution.

4.2 .1  Malvern method.

The Malvern model 3600E laser light-scattering instrument was used to determine 
the particle size distribution of fine grade cefuroxime sodium.

The suspension medium used for all samples was light liquid paraffin, which was 
pre-saturated with the sample material and filtered through a 0.22/^m filter 
(Millipore) immediately prior to use.
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The light beam passes through a cell of volume 1 Icm^ which contains a variable- 
speed magnetic stirrer to ensure good mixing of the contents and circulation of a 
representative sample through the light beam. The cell was disassembled and 
cleaned before each fresh sample was added. Approximately 500mg of material 
was added to approximately 10ml of the prepared medium and subjected to ultra
sonic agitation. The optimum period of such agitation for a reproducibly dispersed 
sample was determined and found to be 10 minutes. Each sample was treated in this 
way.

The sample cell was filled with prepared medium and the sample added dropwise to 
the cell to achieve a sample concentration correct for the instrument. The pattern of 
scattered light was observed over a period of time to ensure that no dissolution or 
flocculation of particles was apparent. Two replicate analyses were performed on 
each sample and the analysis repeated for a second, separately prepared, sample in 
each case. The mean particle size distribution by weight was determined for each 
sample. Lenses of focal length 63mm or 100mm were used (Table 4.1).

A Malvern model 2600D particle size analyser with a PS64 Dry Powder Feeder was 
also used to obtain the size distributions of cefuroxime sodium batches D and F. 
Powder samples measured in this way are introduced to the powder feeder from a 
vibrating hopper which breaks down larger loose agglomerates. The feed rate is 
regulated and the powder introduced into a shearing air flow. The airborne powder 
is then decelerated and presented, via an orifice, to the analyser beam. Each 
determination of size distribution requires a sample size of around lOg. A 
comparison was made of size distribution by liquid and airborne methods.
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Table 4.1 Particle size ranges resolved by lenses used on the Malvern 
sizer.

Focal Length 63 mm Focal Length 100mm
Diameter range in ^m Diameter range in Microns
Max. Min. Max. Min.

118.4 54.9 188.0 87.2
54.9 33.7 87.2 53.5
33.7 23.7 53.5 37.6
23.7 17.7 37.6 28.1
17.7 13.6 28.1 21.5
13.6 10.5 21.5 16.7
10.5 8.2 16.7 13.0
8.2 6.4 13.0 10.1
6.4 5.0 10.1 7.9
5.0 3.9 7.9 6.2
3.9 3.0 6.2 4.8
3.0 2.4 4.8 3.8
2.4 1.9 3.8 3.0
1.9 1.5 3.0 2.4
1.5 1.2 2.4 1.9
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4.3 Fritsch Analysette 20 (Scanning photo-sedimentograph).

The scanning photo-sedimentograph (Fritsch Analysette 20) yields a particle size 
distribution by analysis of particle sedimentation based on the theory developed by 
Stokes. The settling velocity of sedimenting solids in a column is measured through 
change of light absorption.

For a sphere of diameter D and density Ps falling in a fluid of density py the 
equation of motion is:

Fd = (m-mOg .... 4.1

Fd = _IL (Ps - Pf) gD  ̂ .... 4.2
6

Where Fd is the upwardly acting drag force, m is the mass of the particle, m ' is the
mass of the same volume of fluid and g is the acceleration due to gravity. This
applies when terminal velocity is reached and the drag force is equal to the motive 
force on the particle, i.e. the difference between the gravitational attraction and the 
Archimedean upthrust.

Stokes developed an expression which assumes that, at terminal velocity, the drag on 
a spherical particle falling in a viscous fluid of infinite extent is due entirely to 
viscous forces within the fluid:

Fd =3jt DrjUt .... 4.3

Where û  is the terminal velocity in the laminar flow (Stokes) region and r\ is the 
fluid viscosity.

Substituting in Equation 4.2 gives, for a sphere:

Ut = (Ps - Pf) gE>3 .... 4.4

In sedimentation analysis the difference in specific gravity between the solid and the 
fluid can only be varied within a small range and the measuring limits are primarily 
determined by the viscosity of the liquid. Also it is assumed, in analysis by 
sedimentation, that the terminal velocity is reached instantaneously.

The principle of the photo-sedimentation technique is that a narrow horizontal beam 
of parallel light is projected through a suspension at a known depth, h, onto a 
photocell. If the suspension is homogeneous, the concentration of particles in the
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light beam will be the same as the concentration of the suspension. If the particles 
are allowed to settle, the number of particles leaving the light beam will be balanced 
by the number entering it from above. Therefore the concentration of particles in 
the light beam at time t will be the concentration of particles smaller than the Stokes 
diameter (dj.

From Equation 4.4;

= [ i8TVl y  . ..4.5
•<Ps-%y

Where d̂  is the free-falling diameter in the laminar flow region (Re < 0.2).

dt^r 18ïih 1
L(Ps-pf)g'J

.... 4.6

Since

Ut = h 
t

It can be shown that the attenuation of the beam of light is related to the projected 
surface area of the particles in the light beam, and from this relationship the particle 
size distribution can be determined. The principles of photo-sedimentation analysis 
and the derivation of the equations which are used to obtain particle size 
distributions have been reviewed by Allen (1981).

Sedimentation analysis yields a distribution of equivalent Stokes diameters (des) 
defined as the diameter of a sphere with the same density and settling velocity as the 
particle in a fluid of the same density and viscosity.

The apparatus consists of a large volume (220ml) sedimentation cuvette in a 
thermally insulated container. The cuvette allows particles to fall through a height 
of up to 30cm. Light from a halogen lamp, located outside the container, is 
transmitted to the cuvette by a fibre-optic conductor which minimises the thermal 
effects of illumination. The infrared fraction is filtered from the light and a 
photocell measures the light transmitted through the cuvette.

The pen recorder associated with the instrument is initially calibrated for 0 and 
100% absorption. The dispersion is scanned after a pre-set residence time. This 
allows a variable degree of sedimentation to occur before a complete analysis is 
made.
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A built-in microprocessor calculates the particle size distribution from absorption 
data and the pen recorder produces a record of % absorption and calculated 
cumulative weight % as a function of particle size.

4.3.1 Method

Samples were prepared for analysis by dispersing about 500mg of powder in 
approximately 25ml of diethyl ether (density 714 kg/m^, viscosity 0.23 cP). 
Samples were then subjected to ultrasonic agitation for 10 minutes to complete the 
dispersion. The cuvette was filled with diethyl ether and the reference absorption 
read to establish a zero setting. The dispersed sample was added and stirred to 
ensure uniform dispersion within the cuvette.

The initial absorption was measured over a period of 20 minutes with regular 
stirring. A constant value over this period indicated that neither flocculation nor 
dissolution was occurring. A residence time (time before scanning) of 10 minutes 
and a scanning time of 30 minutes were selected. Replicate analyses were 
performed on separately prepared samples of each material studied and a mean size 
distribution calculated for each.

4.3.2 Errors in sedimentation technique

Pairs of equally sized spheres in close proximity will fall with greater velocity than 
will a single sphere. A similar but more complex effect may occur with unequal 
particles. The scanning photo-sedimentograph allows particle concentrations as low 
as 0.1% by volume to be used so that particle interactions are reduced. The 
settling velocities of particles are reduced in the proximity of container walls, but the 
use of a large volume (220ml) cuvette minimises such effects.

The data from sedimentation analyses are interpreted as equivalent Stokes diameters. 
Stokes's equation (4.6) applies only at low Reynolds numbers, when inertia effects 
are negligible. Under these conditions the Stokes's diameter for a sphere is the same 
as its physical diameter. As particles become larger, the effects of turbulence cause 
particles to settle more slowly than Stokes law predicts. Conditions of low Reynolds 
number must also be used for irregularly shaped particles. Such particles fall in 
random orientation under laminar conditions, but take up preferred orientations 
once the Stokes condition is exceeded.

Smaller particles can be acted upon by fluid molecules so that particles of the same 
size may show different settling rates. Brownian motion and the presence of 
convection currents due to surface evaporation may combine to disrupt the settling 
pattern of particles smaller than lO^m.
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4.4 Aerodynamic Particle Sizer (TSI Inc. APS 33).

The aerodynamic particle sizer measures aerodynamic size directly. Particles are 
drawn singly through a high gas-velocity nozzle where they are accelerated at a rate 
which depends directly on their aerodynamic size. Their exit velocities are 
measured by their "time of flight" between two laser beams separated by 
approximately 120^m. A large number of individual measurements are used to 
build up a size distribution. The theory of the instrument has been summarised by 
Wilson and Liu (1980).

The aerodynamic diameter, da, is defined as the diameter of a sphere of density 

po = lO^kgm-3 which has the same settling velocity, u* as the particle in a gas of 
density pg and viscosity ti. Within the range of Stokes's Law and from Equation 
4.5:

d .= r  1811 Ut 1
L(Ps-Pf)gCs J 4.7

Where Cs is the Cunningham correction factor which allows for "slip" between the 
particle and the fluid. Therefore:

1

d [ i H i  T  ....4.8 
[(Po-PgVCs J

1

.'. d = d( rCsCPs-Pr)]  ̂ .... 4.9
LCa(Po-Ps)J

Where C, is the slip correction factor appropriate for aerodynamic size 
determination in a gaseous fluid.

The Stokes diameter can therefore be inferred from the aerodynamic diameter if the 
particle density is known. In principle a balance between Stokes drag and particle 
inertia is measured.

The aerodynamic sizer was used in conjunction with a fluidised-bed aerosol 
generator (TSI Model 3400, Figure 4.4), and an aerosol diInter (TSI Model 3302). 
The dry powder aerosol generator has been fully described elsewhere (Marple, Liu 
& Rubrow 1978). It consists of a column containing a fluidised bed of lOO^m
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diameter bronze beads. The bed is fed with the powder to be dispersed by means of 
a continuous bead chain which carries the powder from a reservoir, through a 
small orifice which removes excess material, to the fluidised bed. There the 
"boiling" action of the beads removes the powder from the chain and 
deagglomerates it. The airflow carried the deagglomerated particles to the top of 
the vertical elutriator. Particles from the generator are carried to the aerodynamic 
sizer via a 100:1 aerosol diluter.

The aerodynamic sizer employs a two-spot laser velocimetry technique to measure 
aerodynamic size directly. The beam of a 2mW helium-neon laser is split by a 
calcite plate, producing two beams, which are focussed to produce two parallel 
beams with rectangular cross sections, just downstream of an accelerating orifice. 
Particles are drawn through the orifice in the high-velocity gas stream. The light 
scattered by the particles passing through the beams is collected and focussed onto a 
photomultiplier tube. A particle passing between the two beams (approximately 
120^m apart) produces a pair of pulses. The particle velocity is determined by 
measuring the time between the two pulses. A large number of individual 
measurements are used to build up a size distribution, using a micro-computer 
system to display the data.

Section 5 

Density determination

5.1 Apparent particle density

The apparent particle density ( p j  of a material is defined as the mass of the particles 
divided by their volume excluding open pores but including closed pores (B.S. 
2955:1958 amended Nov. 1965).

The apparent particle density of each material used in this study was determined 
using an air comparison pycnometer (Beckman Model 390). This instrument, based 
on an original design by Keng (1969) measures the apparent volume of an 
accurately weighed sample to the nearest hundredth of a cubic centimetre. It is of 
simple construction consisting of two cylindrical chambers, containing two pistons, 
which are shown to be of equal volume for the purpose of illustration (Figure 5.1). 
With no sample in either container and the coupling valve closed, any change in the 
position of one piston must be matched by an identical change in the other to 
maintain the same pressure on each side of the differential pressure indicator. If the 
coupling valve is closed and both pistons are advanced the same amount to position
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2, with a sample of volume v% in chamber B, the pressures do not remain the same 
but can be made equal by withdrawing piston B from position 2 to 3; an amount 
equivalent to v%. In practice, piston A is always advanced exactly the same distance 
each time a measurement is made, therefore the distance of piston B from position 2, 
when the pressures in both cylinders are equal, is proportional to the volume v̂ .

The distance between 2 and 3 has been calibrated by the manufacturer to display the 
volume directly in cubic centimetres on the digital counter. The instrument was 
calibrated on each occasion, before it was used, by determining the zero offset for 
the empty sample container and by checking the accuracy of the volume 
measurement on two calibrated stainless steel balls to within +/- 0.015cm^. All 
samples were weighed on a three decimal place balance and each material was tested 
in triplicate.

5.2 Effective solid particle density.

The effective solid particle density (pg) of a material is defined as the density of the 
particles as determined by a given liquid displacement method (B.S. 4359 Part 2: 
1982). Effective solid density includes any closed pores within the sample and any 
open pores into which the liquid cannot penetrate. The method used for 
determination of effective solid density of all the samples was that of BS 4359; Part 
2: 1982.

A 25cm^ density bottle was used, densities being determined in light liquid paraffin 
(BDH). Samples were covered with the liquid and left overnight to ensure complete 
wetting. Volume determinations were made in a large-volume circulating water bath 
at a temperature of 28°C and all weighings were performed using a four decimal 
place balance.

Density determinations were repeated on the same sample over a period of several 
hours to ensure that no dissolution of the sample was occurring.

Section 6 

Bulk material properties

6.1 Apparent (poured) bulk density

Apparent bulk density is defined as the mass of a powder sample divided by the 
volume it occupies, following pouring of the sample into a container under 
standardised conditions.

A sample prepared in this way exhibits an open rather than a close packing.
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Each sample was prepared by passing the material through a 5 0 0 ^  mesh sieve into 
a large metal funnel mounted 4cm above the top of a cylindrical duralumin 
container of internal diameter 50.8mm and depth 63.6mm. Addition of the sample 
was continued until the tared container was overfull. The material was then levelled 
flush with the rim using a straight edge. The mass of material within the container 
was then determined to two decimal places.

The volume of the container was determined by filling it with distilled water until the 
meniscus was level with the rim, and weighing the previously tared container 
(density of water at 20°C was taken to be 998kgm'^). Four replicate determinations 
of material density were made for each material.

Bulk density (pg) measurement as used for the comparison of packing of different 
materials includes the particle density (pp). It is therefore more satisfactory to 

compare material packing by reference to sample porosity. The porosity of a 
packed bed (Pg) is defined as the ratio of interparticulate void space to the total 
volume of the bed. For a unit mass of material:

i  - 1
Pb Pp

Pb —   .... 6.1
i

Pb

Pb
Pg = 1 - _____  .... 6.2

Pp

Where pp is equivalent to the apparent particle density, Pa determined by 
pycnometer.

6.2 Volume reduction on tapping.

Limits of porosity and packing density are characteristic properties of powders. 
Carr (1965) measured the loose (apparent) and packed densities of a large number 
of powders and defined the relative variation as compressibility. The Carr Index (C) 
is given by:

C = packed density - loose density .... 6.3 
packed density

This dimensionless quantity proved useful in predicting powder flow behaviour.

The ratio of tapped (packed) density (p j to the apparent density of the powder bed 

is termed the Hausner ratio (Hausner 1967). This quantity has also been widely 
used in the prediction of powder flow behaviour (e.g. Pang 1981).
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Neumann (1967) studied the rate at which powders go from loose to tight packing 
under controlled conditions using an automatic tap-densifier.

Yamashiro et. al. (1983) used a similar device to measure the bulk volume change 
of powdered solids, and applied Kawakita's formula (Kawakita et al 1970) in the 
analysis of data:

N = 1_ N + 1_ .... 6.4
C a ab

Where N is the number of taps and C is the degree of volume reduction.

Thus:

C — Vq “ Vĵ  ....6.5

Vo

Where Vq is the initial apparent volume, v^ is the volume after N taps,, and a and b 
are constants.

Yamashiro et al found a linear relationship between N/C and N at small tapping 
numbers (<20). However, such a relationship does not hold over the range of 
tapping numbers required to reduce the powder bed to its minimum volume.

An expression based on that of Cooper and Eaton (1962), to describe volume 
reduction of a powder solid under compressive stress has been applied to volume 
reduction on tapping:

P  =  A e “ N  +  B e  B N  . . . .  6 . 6

Where P is the potential for volume reduction.

Thus:

P = Vn - V 00 .... 6.7

Where Voo is the minimum bed volume, a  and 6 are constants and are functions of 

rate constants for the process of volume reduction, and A and B are constants.

The method employed for the determination of tap density of the powder samples 
and the rate of tapping is based on B.S. 3483: Part BIO: 1982. The apparatus 
used in this study consisted of a 250cm^ measuring cylinder (Type B, diameter
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2.5cm) graduated in 2cm^ increments. The cylinder was cut off at a level 
corresponding to a volume of 248cm and was dropped from a height of 0.75cm at 
a rate of 167 taps per minute.

The measuring cylinder was tared and filled by passing each sample through a 
500^m mesh sieve into a large metal funnel, mounted 4cm above the rim of the 
cylinder, until it was overfull. The excess material was then removed flush with the 
rim using a straight edge. This method was used to overcome the well-known 
difficulties associated w ith. measuring the initial volume of a known weight of 
material. The cylinder was then tapped and the volume recorded, to the nearest cm^, 
at intervals of increasing numbers of taps until no further reduction could be 
observed in the sample volume. The sample weight was determined and the 
apparent and tapped bulk densities were calculated. Three replicate determinations 
were made on each sample.

6 .3  Fisher sub-sieve sizer.

The Fisher sub-sieve sizer employs what is generally known as the air- permeability 
method for measuring the average particle size of a powder.

A fluid, in this case air, flows more readily through a bed of coarse powder than 
through a bed of fine powder, the two beds being similar with respect to dimensions 
and percentage of voids. The principal resistance to fluid flow through such a bed 
is related to the surface area of the powder. The greater the specific surface area of 
the powder, (m^/g), the greater the resistance to flow. Hence the permeability for a 
given pressure drop across a bed of powder is inversely proportional to the specific 
surface, Sw, and proportional to the volume-surface mean particle diameter, dyg. 
since for spherical particles:

Sw = _6 .... 6.8

P^vs

Where p is the true particle density.

The volume-surface mean particle diameter is defined as the diameter of a sphere 
that has the same volume specific surface as the powder to which the term is applied. 
The volume specific surface is the surface area per unit effective solid volume of the 
particles. Effective solid volume is calculated from effective solid density 
determined by liquid displacement (Section 5.2).

The equations used to describe this principle are due to Kozeny (1927) as modified 
by Carman (1938) which relate the specific surface of the powder to the dimensions 
of the powder bed, the degree of packing, the properties of the flowing fluid and the
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resistance to flow. A number of methods for the measurement of surface area have 
been developed based on these equations. Their derivation and application to 
surface-area measurement has been summarised by Allen (1981).

The Fisher sub-sieve sizer is the commercially available form of the apparatus 
devised by Gooden and Smith (1940) and is a modified version of the equipment 
described by Lea and Nurse (1939), Figure 6.1. A fixed pressure is applied to one 
side of the powder compact; the pressure on the downstream side variying with the 
rate of air flow through the compact. By standardising the sample weight of powder 
to a value numerically equal to the effective solid density (pe), packing to a known 

degree and holding the input air pressure constant, it is possible to get a direct 
measure of the average volume-surface particle diameter of the sample. Flowmeter 
resistances on the downstream side of the bed are set by means of needle valves, and 
the pressure associated with air flow through the bed is measured by means of a 
calibrated pressure/flowmeter. It is not necessary to make actual measurements of 
the height of fluid in the manometer as the calculator chart converts this into the 
average volume-surface particle diameter.

The instrument was calibrated, against the standard tube supplied, on both high and 
low size rages.

The procedure for determination of volume surface mean diameter for all materials 
involved weighing a quantity of material equivalent to the effective solid density of 
each sample, to an accuracy of two decimal places. The sample was completely 
transferred to the sample tube and rested on a porous plug. A second plug was then 
inserted and the sample compacted to successively lower porosities, the 
volume-surface mean diameter being measured at each porosity. Replicate 
determinations were made for each sample. The method follows that outlined in BS 
4359 (1982).

6.3 .1  Limitations of the permeametry method.

In many cases the specific surface area value obtained increases with decreasing 
porosity; low values at high porosity may be due to channelling, i.e. excessive flow 
through wide pores. High values at low porosity may be due to particle fracture. 
The derived equation applies to monosize capillaries. If the distribution is not 
monosize then overestimation of the specific surface occurs. However the relative 
simplicity of the method is well suited to comparative studies on similar materials for 
quality control purposes.
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6.4 Cohesion and tensile strength

Cohesion is a phenomenon associated with interparticulate forces in powder beds 
and is influenced by the nature and magnitude of surface tension, electrostatic, van 
der Waals and frictional forces. Moisture content also affects cohesion, increased 
moisture content often being associated with increased cohesiveness. This 
relationship has been studied by Shotton and Harb (1969).

Truly cohesive powders (particle size <50^m and particularly <10^m) do not flow 
without mechanical aids, cannot be sieved easily, and aggregate when subjected to 
any small stress (Jones, 1968).

Williams and Birks (1965) studied powder failure using a shear cell and define 
cohesion of a powder as the value of its shear stress when no normal stress is applied 
to it. A split plate apparatus can be used to determine the normal stress required to 
break the sample in tension, i.e. its tensile stress (or tensile strength), T. Tensile 
strength measurements are therefore often used to generate values for the end points 
of shear cell loci (York, 1980).

Some workers noted that C/T (where C is the cohesiveness parameter from the shear 
cell and T is the tensile strength) for a number of bulk powders was approximately 
2. Other authors have found considerable variation in this value (Crooks et. al. 
1977), indicating that tensile strength alone does not provide a good indication of 
shear cell behaviour. However, determinations of tensile stress are useful in the 
comparison of bulk characteristics of similar materials.

Pilpel (1967) has reviewed the split plate (tilting table) method for measuring tensile 
strengths of powders. A comprehensive review of tensile strength theory and data 
handling has been given by Cheng (1968).

6.4.1 Tensile strength measurement.

The tensile strengths of the powders were measured using a Ajax tensile tester (Ajax 
Equipment (Bolton) Limited), (Figure 6.2). The test involved uniaxial compression 
followed by failure at 90 degrees to the compacting stress. The instrument is a more 
compact and robust form of the split cell apparatus developed by Warren Spring 
Laboratories (Ashton et. al. 1964). A diametrally split cell (ab) is subjected to an 
increased separating force applied by means of springs (c & d) tensioned by lead 
screws (e & f). The springs are attached to either side of a pivoting block (g) which 
supports the moveable half of the split cell, so that they exert opposing actions on 
the block. The lengths of the springs, and hence the tensions in them, are adjusted
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by separate loading screws (h). A counter (i) is attached to the loading screw (e) 
responsible for the separating stress applied to the split cell. The reading on the 
counter is proportional to the extension of the spring.

The system was initially set up in the null position so that the moveable half was just 
in contact with the fixed half when the counter read 000. The screw clamp (j) was 
then tightened to prevent movement of the block and the counter returned to read 
990 so that a small force held the two halves of the cell together when the screw 
clamp was released. The loading cylinder (k) was placed over the cell and a known 
weight of material was sprinkled evenly into the cell and levelled off with a straight 
edge. The loading plunger (1) was placed on top of the sample and pressed down 
until the shoulder of the plunger rested on the rim of the cylinder. At this point, the 
face of the plunger was flush with the top of the sample cell so that a known bed 
density was produced from a known sample weight.

The plunger and loading cylinder were removed, the screw clamp released and the 
loading screw was increased from 990 until the cell divided. A range of sample 
weights was used to give a range of values for porosity (P^) of packed samples:

Pb =  1 - Pb •••• 6 . 9

Where pg is the bulk density of the bed, 
and Pp is the material density.

The counter reading was calibrated for the associated linear extension of the spring 
and a load/extension curve generated for the pair of matched springs. It was 
therefore possible to check the calibration curve provided for the matched springs 
by the manufacturer. The calibration curve provides a value of tensile stress (kgm* )̂ 
for each reading on the counter.

The equation relating the counter reading to tensile stress is given by:

Tensile strength (kgm’̂ ) = Counter reading/0.966.... 6.10

Tensile strength is given more correctly in terms of the force per unit area (Nm'^): 

Tensile strength (Nm* )̂ = Counter reading x 10.15. .... 6.11
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Section 7 

Results 

7.1 Particle size distribution of cefuroxime sodium

Coulter Counter, Malvern, Sedimentograph and APS

Particle size distribution data were collected for two batches (D and E) of 
cefuroxime sodium using the four techniques described above.

7.1.1 Coulter Counter

Particle size distribution data obtained by this method are presented in Figures 7.1 
and 7.2. The data represent a mean size distribution obtained from different 
samples of the same material. At least two separate samples were analysed in each 
case. The data are presented as plots of logio (particle size) versus cumulative 
weight % oversize, on a probability scale. The data yield sigmoidal curves which do 
not represent log-normal distribution over the full range of particle sizes present but 
may represent bimodal distributions.

For comparative purposes, the geometric means and standard deviations of the data 
are presented in Table 7.1 as though the distributions were log-normal. The 
geometric mean of a log-normal distribution is equivalent to the median size ( Xg) 
and the standard deviation (Og) is calculated from the sizes, xig and xg4,outside 
which lie 16% and 84% of the particles (Allen 1981)

lo g j ^ ( o „ ) .^ lo g j 0 ^  ....7.1

From Figures 7.1 and 7.2 and Table 7.1 it can be seen that the two batches of 
cefuroxime sodium all exhibit closely similar patterns of size distribution. There 
are however quite marked differences in the median particle size between batches. 
Batch D has the smaller median particle size of 8.5^m and batch E the larger at 
14.0^m. Both batches show a lower size cut-off around Ipim which represents the 
lower limit of particle size which can be measured by the Coulter Counter under 
these conditions.
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Table 7.1

Median size and equivalent log-normal standard deviation for cefuroxime sodium 
determined by Coulter Counter.

Batch Median Size Log-Normal Equivalent Oversize
^m Standard Deviation 16% 24%

}4m ]4m

D 8.5 3.8 25 1.7

E 14.0 4.3 38 2.1
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7 . 1 . 2  Malvern 3600E

The Malvern laser-light scattering instrument was used to compare air and liquid 
borne samples of cefuroxime with similar data from other techniques.

Airborne and liquidbome particle size distributions are compared in Figures 7.3 and
7.4 for batches D and E.

The airborne technique yields a distribution which closely approximates to the 
straight line plot characteristic of a true log-normal size distribution. The median 
sizes for batches D and E are 6.4^m (Og 2.9) and 4.7^m (Og 2.2) compared with 
liquidbome sample median sizes of Xl.OjAm and 15^m respectively.

There are therefore marked differences in the size distributions measured by the two 
techniques. These differences may be due to a more complete breakdown of 
particle agglomerates in the shearing airflow of the airborne technique. It is 
possible that attrition of particles is occurring with this technique. Particles may also 
take up a preferred orientation in the air stream, which results in a smaller measured 
particle size.

All liquidbome samples measured using the Malvem were subjected to 10 minutes 
ultrasonic agitation to breakdown agglomerates and suspend the particles for 
analysis. Small and inconsistent differences were observed between the size 
distributions obtained after sample agitation for 5, 10 and 15 minutes. These 
differences were considered insignificant in relation to the spread of results 
obtained from successive measurements on the same sample.

Particle-size distributions for the two batches of cefuroxime studied by this 
technique produced log-probability plots similar to those obtained using the Coulter 
counter. These may again suggest a bimodal size distribution. Taken in conjunction 
with the log-normal size distributions obtained from airborne Malvern analysis, 
these data may indicate that the bimodal distributions apparent from other 
techniques are composed of a size distribution of particle agglomerates associated 
with a distribution of individual particles. If this were tme, then the lower portion of 
the bimodal distribution (more than 60% oversize) would be superimposed on the 
log-normal of airborne particles for the same region. This is not the case for either 
of the two batches compared by the two Malvem techniques.

The median values of particle size for the batches of cefuroxime studied by the two 
Malvem techniques are presented in Table 7.2 along with the sizes above which fall 
16% and 84% of the particles in each case.
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Table 7.2

Size distribution of cefuroxime sodium by Malvern liquid and airborne techniques.

Batch Median Size Oversize
I4m 16% 84%

14m i4m

Liquidborne

D 11.0 27 4.2

E 14.0 37 4.7

Airborne

D 6.6 19 2.2

E 4.7 11 2.1
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For the liquidborne technique, batch E has the larger median size of 14;^m with 16% 
falling above 37]4m compared with equivalent values of ll.Ofdm and 27^m 
respectively for batch D. For the airborne technique however, batch D has the larger 
median diameter of 6.6^m with 16% falling above 19^m compared with equivalent 
values of 4.7^m and ll^m  for batch E.

The reasons for the observed differences in the pattern of size distributions 
produced and in the relative sizes of the batches, determined by the two techniques, 
are unclear. However, a similar population of particles appears smaller for the 
airborne technique than for the liquidborne.

7.1.3 Sedimentograph

The sedimentograph was used to examine the distribution of Stokes diameters for 
cefuroxime sodium batches D and E. The size distributions produced are shown in 
Figure 7.5. The pattern of the size distributions suggests that they are skewed so 
that there is a sharp cut-off in the distribution below about lO^m. This indicates 
that the instrument is not sufficiently sensitive under these conditions to the presence 
of particles smaller than around 10;^m, or that the contribution to the distribution, 
by weight, of these particles is significantly underestimated when the Stokes 
diameter is determined under these conditions.

7.1.4 Aerodynamic particle sizer

The aerodynamic particle-size measuring instrument was used to examine the size 
distribution of cefuroxime batch D. The resulting log-probability plot is shown in 
Figure 7.6.

The median particle size by this technique is approximately 2.5;^m (Coulter counter 
8.5^m, Malvern ll^m  for liquidborne samples) which compares with a median size 
of about 6.5^m for the airborne samples measured by the Malvern instrument. The 
16% and 84% oversize values for aerodynamic size are approximately 7.5^m and 
0.9^m respectively. The size distribution is therefore both narrower than that 
apparent from other techniques, and shifted to smaller sizes, particularly in relation 
to the liquidborne techniques.

The distribution by this technique conforms to the sigmoidal log-probability pattern 
produced by the liquidborne Malvern and Coulter methods.

The aerodynamic sizer is sensitive to smaller particles than either the Coulter counter 
or the Malvern, and is not designed to measure the size of particles much above 
20^m. It is probable that larger particles or agglomerates present in the sample were 
not detected by this method.
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7 . 1 . 5  Summary

Median particle sizes and 16% and 84% oversize values for the two batches of 
cefuroxime determined by the four techniques are presented in Table 7.3.

There is good agreement between the size distributions from the Coulter counter 
and the liquidborne Malvern techniques and fair agreement between the airborne 
Malvern data and those from the aerodynamic sizer. The methods involving 
airborne sample presentation yield distributions at smaller median sizes than the 
liquidborne techniques. These observations reflect the differences in the techniques 
of sample preparation and presentation to the measuring device.

Reference to the electron photomicrographs of cefuroxime (Section 3.1.2.) 
indicates that the smaller particles measured by the airborne techniques were present, 
but not detected by the Coulter and liquidborne Malvern analyses. The proportion 
of smaller particles presented for measurement appears to depend upon the 
technique used to break down agglomerates of particles. It is also clear that there 
are many particles present which are well below the minimum particle sizes which 
can be detected and accurately measured by any of the sizing techniques used.

The sedimentograph does not adequately detect and size particles below about 
lO^m, and is unsuitable for complete analysis of this material. The aerodynamic 
sizer is capable of detecting and sizing smaller particles than the other techniques, 
but does not reliably size particles much above 20^m. Such particles are present in 
this material and contribute significantly to the size distributions of particles by 
weight. This method could however be useful to correct distributions determined by 
other methods for the particles below about SjAm.

The size distributions measured by the Coulter counter and liquidborne Malvern 
techniques probably consist of a distribution of the larger individual particles along 
with a large population of very much smaller particles, and their agglomerates.

It is apparent therefore that the medium in which the particles are dispersed for 
analysis, the technique used to disperse the particles and the measurement technique 
itself combine to produce significant variations in the measured size distributions.

It is not possible to state a typical median size for this material or to describe the 
shape of the distribution without specific reference to the technique used in its 
determination. Individual techniques using similar sample dispersion methods are 
however useful for indicating larger differences in the size distributions between 
batches of the same material.
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Table 7.3 Size distribution of cefuroxime sodium determined by four 
techniques

Batch Median Size Oversize 
16% 84%
pim }4m

Coulter Counter 
D 
E

8.5
14.0

25
38

1.7
2.1

Malvern
Liquidborne

D
E

Airborne
D
E

11.0
14.0

6.6
4.7

27
37

19
11

4.2 
4.7

2.2 
2.1

Sedimentograph
D
E

22.0
20.5

36
31

11.0
9.4

APS
D 2.4 7.8 0.9
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The objective of this part of the work was to assess the above particle sizing 
techniques to select an appropriate technique to investigate any differences in size 
distribution between individual batches of cefuroxime and differences between this 
material and the penicillin formulations, with a view to correlating such differences 
with bulk properties and ultimately, with filling performance.

No single technique studied in this work adequately covers the full range of particle 
sizes present in fine grade cefuroxime sodium. The Coulter counter and Malvern 
instruments were selected to investigate further any batch-to-batch size variation in 
cefuroxime sodium as they appear to detect an acceptable portion of the true 
distribution of particle sizes and exhibit good reproducibility of results.

Previous attempts to correlate particle size distributions of individual batches of 
cefuroxime determined by Coulter counter (Glaxo, Ulverston, unpublished) with 
bulk properties and filling performance of this material have been largely un
successful. This may, in part, be due to variations in the proportion of particles 
below about 2^m which may significantly affect flow and failure properties and 
subsequent filling performance of the material, but may not be detected by the 
Coulter counter, or show up as a significant variation in the size distribution of 
particles by weight.
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7.2.1 Particle size distribution of several batches of cefuroxime by 
Coulter Counter and Malvern.

The Coulter and Malvern liquidborne methods were used to examine the size 
distributions of several more batches of cefuroxime sodium. These two methods 
were found to detect and measure an acceptable portion of the size distributions 
down to particles sizes of around l^m.

The median particle sizes and the 16% and 84% oversize values are presented in 
Table 7.4. Data from the two batches examined above are also included.

All the batches were found to be of similar size distribution as determined by the 
Malvern technique, ranging from a median size of ll;^m for batch D to 16/^m for 
batch C. The Coulter counter yielded a wider spread of distributions from the same 
batches, ranging from a median size of 8.5^m for batch D to 23/^m for batch C. 
There is generally good agreement between the distributions of particles larger than 
the median size, although the Coulter counter generally yields a broader size 
distribution, and a greater proportion of smaller particles, than does the Malvern 
instrument. The rank order of median sizes for the five batches was the same for 
both techniques.

The relative spread of the size distributions, both within and between batches, 
probably reflects the differences in the sample preparation methods. The Coulter 
counter two-tube method (Section 4.1) involves suspending the particles in an 
electrolyte solution which is saturated with cefuroxime sodium. It is therefore 
possible that cefuroxime may be precipitated from the solution and that changes in 
the size distribution may occur due to Ostwald ripening. Such effects may be 
related to the time taken to prepare and analyse the samples, evaporation of solvent 
and to environmental factors, particularly temperature. The technique also involves 
sieving of the sample to remove larger particles prior to analysis using the smaller 
orifice tube. This adds to the complexity of the preparation method.

The Malvern instrument involves a relatively simple sample preparation method 
which is not subject to these potential sources of sizing errors.

The Malvern method therefore yields more reliable and reproducible data using a 
simple sample preparation method. This technique was therefore selected for 
analysis of the penicillin formulations.
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Table 7.4 Size Distributions of several batches of cefuroxime 
sodium determined by Coulter Counter and Malvern 
liquidborne techniques.

Batch
Coulter Counter 

Median Size Oversize
Malvern 

Median Size Oversize
16% 84% 16% 84%

pirn pim ptm ptm pim ]4m

A 17.5 39 2.8 15.5 39 4.5
B 10.0 42 2.5 11.5 34 3.6
C 23.0 50 4.6 16.0 36 4.4
D 8.5 25 1.7 11.0 27 4.2
E 14.0 38 2.1 14.0 37 4.7

103



7 . 2 . 2  Particle size distributions of penicillin formulations.

The Malvern 3600E laser light-scattering instrument was used to measure the 
particle size distributions of samples of the three penicillin formulations (Section 
4.2). The samples were suspended in light liquid paraffin and subjected to 
ultrasonic agitation. A 100mm lens was shown, following trials, to be the most 
appropriate for the size range required (Table 4.1, Section 4.2). The samples were 
prepared and analysed by a method similar to that used for analysis of cefuroxime 
(Section 4.2). The distributions resulting from the use of 63mm and 100mm lenses 
for samples of Seclopen and Crystapen are presented in Figures 7.7 and 7.8 
respectively. There is good agreement between data generated using the two lenses 
for each material for the distribution of particles above about 3^m.

The particle size distribution of Triplopen is presented in Figure 7.9 as a plot of 
cumulative weight % oversize graphs on a log-probability scale for data generated 
using a 100mm lens. The median sizes and 16% and 84% oversize values for the 
three penicillin formulations are presented in Table 7.5.

Generally the curves generated for each material using the 100mm lens are 
approximately linear, suggesting a log-normal distribution, although the curves for 
Seclopen and Crystapen generated using the 63mm lens are markedly more 
sigmoidal in shape. This may be due to differences in resolution of the finest 
particles between the two lenses. The median sizes of the three penicillins are 
similar, although the distribution of Seclopen is slightly narrower than those of 
Triplopen and Crystapen.

The three penicillin formulations all contain several components (Section 3.2). Each 
component is crystallised, milled or otherwise prepared prior to a blending 
operation which yields the final product in each case. The resulting size 
distributions are therefore complex functions of the size distribution of the 
individual components.

Reference to the scanning electron photomicrographs of the three formulations 
reveals very few particles below about l^m, therefore the vast majority of particles 
fall within the sizing range of the Malvern instrument.

It might be expected, on the basis of particle size alone, that these materials, having 
significant numbers of particles below lO^m, will behave as cohesive materials. As 
they have similar size distributions they may exhibit a similar degree of cohesiveness 
but be more free-flowing and less cohesive than the batches of cefuroxime studied, 
since microscopy indicates that the large numbers of small particles (below 2jAm) 
present in fine grade cefuroxime are absent from the penicillin formulations.

104



P a r  1. i (• I li

s  i 7.0

( piii )

1()()_

50

•10

: io

2( 1

10

5

4

r' i^i iic 7.7 l»îir(icle s i /e  (lislrihi it ion of Seclopen by M a lve rn  s izer

using 63inin (A) and lOOinin ( ■ )  lenses

-A,

0 .01
- 1— 4 -  

1 2
4---- (----1— 1--- 1--- P P P 1----P

5 10 20 40 ()0 8 0 0 0 0 5 0 8 0 0 0 0 . 0 0

t  O v e r s i z e



Pa I' I- i c  1 e  

s i  ze 
( |im )

1 O O r

50 

4 0

:u)

1>0

10

Figure 7.8 Piirlicle size (listrihiitioii of C rys tapen  by M a lve rn  sizer

using 63inin (A) and lOOinni ( ■ )  lenses

»— *- H-------1----- \------ 1----*-
0 . 0 1 5 1 0

-H 1 i— ♦— i f—
20 40 GO 80 0 0 05 08 90 0 0 . 0 0

% O v e r s i z e



M^iirc  7.9 Par t ic le  size di s t r ibu t ion  of Tr ip lopen  by M a lve rn  s izer

us ing  lOOinin lens.

Pa r L VC.  1 a  

s  i z e  

( |im )

10 0.

50
40

30

20

10

5

41

3

■

0 . 0 1
t -f 1 1—1 1—H I  1- 1

5 10 20 40 no 80 0 0 05
— 1— V—  

08 00 0 0 . 0 9

% O v e r s i z e



Table 7.5 Size distribution of three penicillin formulations 
(Malvern 3500E)

Material Median Size Oversize
16% 84%

ptm

Seclopen 17.0 29.5 8.0

Crystapen 18.0 37.0 7.4

Triplopen 16.5 36.0 6.6

108



7 .3  Density determination

7.3.1 Apparent particle density and effective solid density

Apparent particle densities of the samples of five batches of cefuroxime sodium and 
the three penicillin formulations were determined using an air comparison 
pycnometer (Section 5.1). The results are presented in Table 7.6.

The penicillins are complex multicomponent formulations (Section 3.2) and 
therefore values quoted for material density must represent a mean of the individual 
material densities within the formulation.

The effective solid densities of the five batches of cefuroxime and the three 
penicillins were determined by displacement of light liquid paraffin (Section 5.2). 
The results are presented in Table 7.7.

All the apparent particle densities for the five batches of cefuroxime sodium are 
similar. The small differences observed cannot be considered to be of significance, 
although batch-to-batch variation in particle densities could conceivably occur if 
conditions of crystallisation are varied during product manufacture.

The three penicillins are of lower apparent density than cefuroxime sodium and 
there are significant differences between them. Crystapen is of higher density than 
Triplopen and Seclopen.

Values of effective solid density for each sample are lower than the equivalent values 
of apparent density. This is to be expected, as the measurement of apparent density 
involves the use of a fluid which may penetrate any cracks or open pores within the 
particles and the calculated density is independent of any such features. Effective 
solid density measurement involves the use of a liquid which may not penetrate 
cracks and pores within particles and therefore may yield a lower value for particle 
density.

The differences between the two density values may be used to give an indication of 
the extent to which cracks and pores occur within individual particles within the 
sample as a whole.

Differences between the effective solid density and the apparent density, expressed 
as a percentage of the apparent density, are given in Table 7.8. These data suggest 
that there is greater penetration of the penicillin samples by the liquid than occurs 
with cefuroxime sodium. There is no evidence from electron microscopy to suggest 
that there are closed pores or cracks within individual particles of cefuroxime; 
however, the liquid may not fully penetrate the spaces between the very fine particles
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Table 7.6 Apparent densities determined using the air comparison 
pycnometer.

Material Batch Apparent Density
kgm-3

Cefuroxime Sodium A 1550

B 1500

C 1540

D 1520
F 1520

Seclopen 1300
Triplopen 1350
Crystapen 1420

All values represent a mean of five replicate determinations which all fell within +/- 
0.5% of the mean in each case.

110



Table 7.7 Effective solid densities determined by liquid 
displacement.

Material Batch Effective Solid Density
kgm-3

Cefuroxime Sodium A 1465
B 1435
C 1465
D 1445
F 1435

Seclopen 1285
Triplopen 1320
Crystapen 1385

All values represent a mean of four replicate determinations which all fell within +/- 
0.25% of the mean in each case.
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Table 7.8 Differences between effective solid densities and apparent 
densities expressed as a percentage of apparent density.

Material Batch Percentage difference 
in density values

Cefuroxime sodium A 5.5%

B 4.3%

C 4.9%

D 4.9%

F 5.6%

Seclopen 1.2%

Triplopen 2.2%

Crystapen 2.5%

112



present in this material, especially where particles occur as agglomerates. The 
apparently greater penetration of penicillin samples by light liquid paraffin would 
then be consistent with the presence of generally larger particles in these 
formulations. (Section 7.2).

7 .4  Bulk material properties

7.4.1 Apparent (poured) bulk density.

The poured bulk densities of samples of the five batches of cefuroxime sodium and 
the three penicillin formulations are given in Table 7.9 along with the calculated 
values of bed porosity.

Bulk density is of value in indicating the presence of interparticulate forces (Jones 
T. M. 1968), especially when the sample porosity, derived from bulk density, is used 
to compare different materials. From Table 7.9 it can be seen that the porosities of 
the cefuroxime samples, which are similar with respect to this parameter, are greater 
than the porosities of the penicillin formulations. Porosity generally increases with 
decreasing particle size.

7 .4 .2  Volume reduction on tapping.

The rate of volume reduction of the batches of cefuroxime and the penicillins under 
tapping was investigated. The change in volume, and hence in bulk density, was 
expressed as a change in sample porosity to allow valid comparisons between 
materials of different densities to be made. The potential for porosity reduction is 
given by:

P = Ft - Poo .... 11.1

where P̂  is the sample porosity after t taps and Poo is the final bed porosity when no 
further reduction in porosity occurs with continued tapping. It was plotted against 
the number of taps, t. The data for three batches of cefuroxime are presented in 
Figures 7.10, 7.11 and 7.12 From Figures 7.10, 7.11 and 7.12, it can be seen that 
the curves are consistent with the biphasic curve represented by the equation of 
Cooper and Eaton (Section 6.2) and suggest that the reduction in bed porosity on 
tapping for cefuroxime sodium involves two separate settling processes, initially 
occurring simultaneously.

The initial phase of the curve may represent loose packing of particles with the 
breakdown of any arches and bridges within the bed. This is followed by particle 
re-arrangement so that the bed occupies its minimum volume., involving the 
relocation of smaller particles into the spaces between the larger ones.
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Table 7.9 Poured bulk densities

Material

Cefuroxime sodium

Seclopen

Triplopen

Crystapen

Batch

A

B

C

D

F

Bulk density 
kgm-3

240

250

260

250

240

370

340

300

Porosity

0.85

0.83

0.83

0.84

0.84

0.72

0.75

0.79

All values represent a mean of five replicate determinations which all fell within 
+/- 2% of the mean in each case.
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Figure 7.10 Potential for porosity reduction (log scale) after t taps.
Cefuroxime batch A.
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Figure 7.11 Potential for porosity reduction (log scale) after t
taps. Cefuroxime batch B.
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Figure 7.12 Potential for porosity reduction (log scale) after t taps.
Cefuroxime batch C.
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Feathering of these data would enable the constants of Equation 6.4 (Section 6.2) to 
be evaluated so that rate constants for the two processes may be calculated. For 
purposes of comparison of the three batches, the slopes and intercepts of the linear 
phases of the curves are presented in Table 7.10.

Individual particles may pass from their original loose-packed state into an inter
mediate state from which they subsequently undergo re-arrangement to their final 
state. This sequence may be represented schematically as in Figure 7.13. The three 
states of loose packing, closer packing and final orientation are represented by A, B 
and C respectively.

The values for the slopes of the re-arrangement phases of Figure 7.13 presented in 
Table 7.12, represent complex functions of the rate constants k^B, kgA and kc for 
each stage of the process, which may be, in part, reversible.

From Figures 7.10, 7.11 and 7.12 and Table 7.10, it can be seen that the samples do 
not tend towards their final porosity at the same rate. However, differences in this 
rate, as reflected by B, are small and may not be significant.

The three penicillin formulations behave rather differently from cefuroxime on 
tapping. The linear phase of the plots of - Poo against number of taps (Figures 
7.14, 7.15 and 7.16) is achieved after very few taps, suggesting that the initial loose 
packing structure,containing arches and bridges, evident in the samples of 
cefuroxime, is not present in the penicillin formulations. The rate constants for 
porosity reduction for the penicillins are presented in Table 7.11. There are marked 
differences in the rates at which the penicillins pack down. Crystapen shows the 
fastest rate of porosity reduction, followed by Seclopen and Triplopen. The rate of 
porosity reduction increases and the plots deviate from linearity at higher tapping 
numbers; above 300 taps for Seclopen, 200 taps for Triplopen and above 150 taps 
for Crystapen. This occurs because the potential for porosity reduction tends to 
zero as the number of taps increases.

Comparison of the data presented in Tables 7.10 and 7.11 for the rate of porosity 
reduction indicates that the penicillins pack down at faster rates than do the samples 
of cefuroxime. As P, the potential for porosity reduction, becomes small (t >50), i.e. 
as ?t approaches Poo, the effect of small errors in the determination of Poo has a 
marked effect on the value of P. Therefore such data, representing small differences 
between relatively large numbers must be treated with caution.
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Table 7.10 Slopes and intercepts for the linear phase of figures 11.1, 
11.2 and 11.3 for cefuroxime sodium.

Batch Slope Intercept

- P B

A 1.06 X 10-3 0.107

B 9.8 X 10-4 0.107

C 1.18 X 10-3 0.128

Values are for the best straight line, fitted by a least squares method.
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Figure 7.13 Representation of particle rearrangement when a 
powder bed is subjected to tapping.
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Figure 7.14 Potential for porosity reduction, P (log scale) after t taps.
Seclopen .
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Figure 7.15 Potential for porosity reduction, P (log scale) after t taps.
Triplopen.
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Figure 7.16 Potential for porosity reduction, P (log scale) after t taps.
Crystapen.
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Table 7.11 Slopes and intercepts for the linear phase of Figures 7.14, 
7.15 and 7.16 for three penicillin formulations.

Material Slope Intercept
-6 B

Seclopen 2.09 x 10'  ̂ 0.165

Triplopen 1.69 x 10'  ̂ 0.170

Crystapen 3 .06x10'^ 0.155

Values are for the best straight line, fitted through selected points by a least squares 
method. The slopes of these plots represent a rate constant for porosity reduction.
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Neuman (1967) has pointed out that, as particles are reshuffled and reorientated in 
the process of tapping to achieve their best arrangement and therefore collectively to 
occupy their smallest volume, particle samples which are nearly monosized and 
symmetrical in shape will rapidly change from their loosest initial packing into the 
closest packing state. In contrast, samples having the most heterogeneous size and 
shape distribution will take longer to achieve their optimum orientation and, because 
many arches and voids may be present in the samples, particles will be reshuffled 
until smaller ones occupy the spaces between larger ones, resulting in a smaller final 
sample volume.

The size differences between the batches of cefuroxime and the penicillin 
formulations, apparent from particle sizing techniques and from electron 
microscopy, have an effect on the porosity of poured samples. Batches of 
cefuroxime yield a higher porosity for poured samples than do the penicillins. 
There is a greater rate of porosity reduction for the penicillins than for cefuroxime, 
which is consistent with a larger particle size and a smaller number of very small 
particles in the case of the penicillins, which would be expected since they have 
better flow properties.

125



7.4 .3  Hausner’s ratio and porosity reduction.

Hausner's ratio (HR) is the ratio of packed bed density (pBoo) to poured bed density 

(pBo)-

Hausner’s ratios were calculated for five batches of cefuroxime sodium and the 
three penicillin formulations from tap density data. These values are presented in 
Table 7.12 along with the calculated values for percentage change in porosity from 
the same data.

From Table 7.12 it can be seen that the values of Hausner’s ratio lie between 1.81 
and 2.06 for the cefuroxime samples and between 1.62 and 1.84 for the penicillins. 
It is generally found that the cohesiveness of powders increases with increasing 
Hausner’s ratio (Pang 1981). The values of HR observed in this work suggest that 
the penicillin formulations are less cohesive than the samples of cefuroxime sodium. 
Small differences exist between the batches of cefuroxime but these cannot be 
considered of significance.

The differences are more pronounced amongst the penicillins and it is likely that 
cohesiveness increases in the order Seclopen, Triplopen and Crystapen. This latter is 
similar to the samples of cefuroxime with respect to Hausner’s ratio.

Hausner's ratio does not take into account the effects of particle density when 
different materials are compared. When the percentage reduction in porosity, which 
does take such effects into account, is calculated, it can be seen that, for the 
penicillin formulations, a greater percentage reduction in porosity is associated with 
a lower Hausner’s ratio.

Seclopen, which was found to have the narrowest particle size distribution and the 
lowest value of poured bulk density, has the lowest value of Hausner’s ratio, 
indicating that this material is more freely flowing and less cohesive than the other 
penicillins and cefuroxime sodium.

The large number of very fine particles (below 2]Am) which are present in samples 
of cefuroxime sodium and are absent from the penicillins, might be expected to 
yield larger differences between these materials, with respect to Hausner’s ratio, than 
have been found, particularly in the case of cefuroxime sodium.
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Table 7.12 Hausner’s ratios and percentage reduction in porosity from 
tapping data.

Material Batch Hausner’s Ratio % Porosity reduction

Boo xlOO

Cefuroxime 1.86 15.9

B 1.81 16.9

D

1.90

2.06

1.93

19.2 

16.5

18.2

Seclopen 1.62 25.5

Triplopen 1.75 24.1

Crystapen 1.84 19.9

All Hausner’s ratio values fell within +/- 1% of the mean of at least three 
determinations.
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7 . 4 . 4  Fisher Sub-Sieve Sizer.

Values of the average volume-surface particle diameter, measured by the sub- sieve 
sizer, were recorded as each sample was compressed to successively lower porosities. 
Five batches of cefuroxime sodium were studied along with samples of Seclopen, 
Triplopen and Crystapen. The data are presented in Figure 7.17 as the recorded 
value of average volume-surface particle diameter versus sample porosity.

It is clear from Figure 7.7 that the three penicillin samples yield markedly different 
average particle diameters, and that these values are dependent upon the sample 
porosity. This suggests that the theory behind the instrument cannot apply over the 
full range of porosities investigated. The average particle diameters of the 
penicillins are significantly greater than those of the five batches of cefuroxime 
sodium. These latter yield similar average particle diameters which also appear to be 
dependent on sample porosity.

The average particle diameters of the penicillins appear initially to increase with 
decreasing sample porosity, particularly in the cases of Seclopen and Triplopen. 
Sample porosity is determined by means of a chart which relates the volume of a 
sample, of weight numerically equal to the effective solid density of the particles, 
and thus the porosity, to the relative position of the two plugs above and below the 
sample. It is possible that, at higher values of measured porosity, the volume of the 
sample is less than the available volume between the sample plugs. This may occur 
due to settling of the sample when it is handled as the instrument is set up.

Table 7.13 gives the initial values of porosity determined in Section 6.1 for the 
samples, when poured into a cylindrical pot for bulk density determination. For the 
penicillins, particularly Seclopen and Triplopen, the initial porosity measured in this 
way was close to the assumed porosity recorded when measurements of average 
particle diameter were made. It is therefore likely that the sample porosity was in 
fact lower than the stated value at the higher values of recorded porosity. Results 
obtained at porosities above that which yields the maximum average particle 
diameter for each sample can be discounted on this basis.

Recorded values of average particle diameters, at porosities below those which yield 
maximal values, were generally found to decrease with decreasing porosity. This is 
in conflict with the theory behind the instrument, which states that the average 
volume surface particle diameter should be constant and independent of the sample 
porosity (Section 6.3).

The Kozeny-Carman equation is consistent with regarding the pore space of a 
packed bed of powder as bundles of parallel capillaries with a common equivalent 
diameter (Allen 1981). The capillaries in an actual powder bed are of different

128



F igure  7.17 Average volume surface mean diam eters vs sam ple porosity 
determ ined by Fisher sub-sieve sizer for five batches of 
cefuroxime and three penicillin form ulations 
(± std. deviation)
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Table 7.13 Values of initial porosity obtained from Section 6.3 for 

samples poured into a cylindrical pot of volume 129 cm .̂

Material Batch Initial Porosity
Po

Cefuroxime A 0.85

B 0.83

C 0.83

D 0.84

F 0.84

Seclopen 0.72

Triplopen 0.75

Crystapen 0.79
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sizes. At high porosities, large capillaries swamp the effect of smaller ones and the 
permeability of the bed is greater than it is after compression, when the capillaries 
tend to have a similar diameter (Merle, et. al. 1979). If the distribution of 
capillaries is not monosize then overestimation of specific surface (underestimation 
of mean volume-surface diameter) occurs. Low values of mean particle diameter at 
low porosities may be due to particle fracture. Table 7.14 gives the data recorded at 
a porosity of 0.55, which can be used to compare materials examined by this 
technique.

The values of average volume-surface particle diameters of all the samples are low 
compared to the values of median particle size determined by Malvern and Coulter 
Counter sizing techniques (Section 7.2), although the rank orders of sizes between 
materials and batches are similar. Batch D has the smallest median particle size as 
determined by Coulter Counter (8.5;^m) and Malvern (ll.O^^m), and has the smallest 
volume surface mean diameter (1.4^m). Batch C has the largest median diameter 
by Coulter Counter and Malvern (23.0;^m and 16.0^m respectively) and the largest 
volume-surface mean diameter (2.2pim). The three penicillin formulations, which 
show slightly larger median particle sizes than the batches of cefuroxime sodium, 
exhibit markedly larger volume-surface mean diameters than does cefuroxime 
sodium. Seclopen, which has a narrower particle size distribution than the other 
penicillins, has the largest volume-surface mean diameter.

The fact that values for volume-surface mean diameters for all materials and batches 
studied are well below median sizes determined by Malvern and Coulter instruments 
is probably due to the presence of fine particles undetected by these techniques.

Evidence from the various particle sizing techniques considered in Section 4 and 
from microscopy suggests that there are many particles below 5j4m in size present, 
particularly in the samples of cefuroxime sodium. It may be of significance that 
the aerodynamic sizer, which is biased towards the measurement of small particles, 
yields median sizes for the batches of cefuroxime which are closer to the average 
particle diameters recorded for this material using the Sub-Sieve sizer. The presence 
of small particles in the pore spaces between larger ones may account for the lower 
values of average particle diameter recorded by this technique.

The Fisher Sub-Sieve Sizer cannot be relied upon to give meaningful values of 
average particle size in relation to the true size distribution of a sample, but is useful 
for comparative work on similar materials.
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Table 7.14 Volume surface mean diameter and specific surface areas 
(SSA) of samples determined by Fisher Sub-Sieve Sizer 
(sample porosity 0.55).

Material Batch Effective solid 
Density 
Ps (kgm-3)

Volume-surface 
mean diameter

(Std. Devn.)

SSA

(m2g-i)

Cefuroxime A 1470 1.68 (4x10-2) 2.45

B 1440 1.98 (9x10-2) 2.10

C 1470 2.20 (1x10-1) 1.86

D 1450 1.44 (2x10-2) 2.87

F 1440 1.92 (3x10-2) 2.16

Seclopen 1290 9.6 (1x10-2) 0.48

Triplopen 1320 8.3 (2x10-1) 0.55

Crystapen 1390 6.3 (2x10-1) 0.69

Values of volume-surface mean diameter represent a mean of at least four
determinations.
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7 . 4 . 5  Tensile strength of a powder bed.

The tensile strength of three batches of cefuroxime sodium and the three penicillin 
formulations was determined by the method described in Section 6.4 Samples were 
compacted to successively lower porosities and the tensile strength determined. 
Tensile strength measurements were recorded at porosities which yielded acceptable 
levels of reproducibility between replicate determinations (Tables 7.15 and 7.16). 
It was possible to compact samples of the penicillins to lower porosities than could 
be achieved for the samples of cefuroxime by applying a normal stress to the 
sample bed.

The largest single error which can affect the measurement of dry powder tensile 
strength is variation in the packing arrangement within the sample holder. Density 
differences throughout the compacts result in fewer points of contact between 
particles in the more porous areas which can lead to premature and uneven fracture 
of the samples. Such variations appeared to be most prevalent at very high and very 
low porosity. Acceptably reproducible determinations were made at intermediate 
values of porosity.

In all cases, the tensile strength of the powder bed increased with decreasing porosity 
(Figure 7.18). This increase in tensile strength is due to there being a greater 
number of contact points throughout the sample bed with a corresponding decrease 
in the distances over which the forces of attraction between adjacent particles act.

There are marked differences between the three batches of cefuroxime sodium 
across the range of porosities investigated. Batch A exhibited the highest tensile 
strengths and batch C the lowest. The cohesive forces therefore decrease between 
the samples in the order batch A, C and B. These differences in cohesiveness may 
be reflected in the formation of powder plugs in the filling process.

The penicillin formulations also behaved in different ways with respect to tensile 
strength. Again tensile strength increased with decreasing porosity in all cases. It 
was possible to obtain reproducible tensile strength measurements for Crystapen 
over a narrow range of porosities, from 0.52 to 0.475. Reproducible results were 
obtained over a wider range of porosities for Seclopen and Triplopen. At porosities 
above 0.47, tensile strengths of Seclopen compacts were less than those for 
Triplopen and Crystapen, but at porosities below about 0.46 the tensile strengths of 
Seclopen were markedly higher than those for Triplopen. There is therefore a 
change in the relative strength of the interparticulate forces of attraction in Seclopen 
and Triplopen samples with changing porosity.
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Table 7.15 Tensile strength of a powder bed

Material Batch

Cefuroxime A

Bulk Mean tensile Material Porosity
density Stress density

Pb (Std. Dev.)
kgm kgm -2 kgm-^ Pb

A 510 57.6 (1.2) 1550 0.671
531 77.9 (7.7) 0.657
573 159.4 (10.5) 0.630
610 303.1 (2.6) 0.606

B 531 41.0(1.6) 1500 0.646
573 91.8 ( 1.6) 0.618
616 158.8 (8.5) 0.589

C 510 36.9(1.2) 1540 0.669
552 80.1 (5.4) 0.642
616 228.2 (15.9) 0.600

is given as the mean (and standard deviation) of at least four
ed volume was 23.56 cm  ̂ Material densities were determined by

pycnometer.
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Table 7.16 Tensile strength of a powder bed cont.

Material

Seclopen

Bulk density 

Pb

kgm
658
700
722
743

Mean tensile 
stress 

(Std. Dev.)
kgm'2
27.3 (13.9) 

135.9 (5.7) 
174.3 (22.8) 
270.2 (13.4)

Material
density

kgm -3 
1300

Porosity
Pb

0.494
0.462
0.445
0.428

Triplopen 658
700
743

54.9 (8.4) 
98.0 (5.7) 

144.9 (8.4)

1350 0.513
0.481
0.428

Crystapen 679
700
743

63.9(7.1) 
87.3 (4.8) 

122.8 (6.9)

1420 0.522
0.507
0.477

Tensile strength is given as the mean (and standard deviation ) of at least four 
replicates. The bed volume was 23.56 cm .̂ Material densities were determined by 
pycnometer.
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These are multicomponent formulations in which the relative contributions of 
different components within the materials to the observed tensile strength may 
account for the
complex behaviour observed. At higher porosities, the major contribution to tensile 
strength may be due to forces between larger particles which are then complemented 
by those due to smaller particles, of a different component, at lower porosities.

At lower porosities it is possible that agglomerate cohesion rather than inter
particulate cohesion is being measured. As the bed is consolidated to lower 
porosities, then forces between individual particles are likely to predominate.

Point scatter in plots of tensile strength vs packing density arises from filling, 
packing and operation of the apparatus, including the rate of application of the 
tensile force. Scatter may also be due to variations in packing density throughout 
the bed. Variations may also arise from differences in powder sample particle size, 
shape, moisture content etc.

Several factors may reduce the cohesiveness of powders. These include:

1. Increasing particle size. Coarse grade cefuroxime is markedly less cohesive than 
the fine grade material.

2. Changing crystal form or shape of the particle. Changes in conditions under 
which crystallisation occurs may lead to batch-to-batch variations in 
cohesiveness.

3. Reducing absorbed surface layers of fluid. Changes in relative humidity may 
affect cohesiveness.

4. Adding coarse materials as diluents. Variations in the proportions of various 
excipients in different formulations may lead to variations in cohesiveness.
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Section 8

Filling trials with fine-grade cefuroxime sodium.

8.1 Apparatus

The filling machine was assembled (see Appendix land Section 2.2) and connected 
to a vacuum pump and a supply of dry compressed air at 50 psi. The hopper was 
filled with bulk material to a level which just covered the upper paddle. The hopper 
was refilled to this level frequently throughout each filling run.

The depth of the piston mesh within each port was adjusted by means of the nut on 
each piston shaft, using a cylindrical depth gauge. The port depth was measured 
from the surface of the piston mesh to the highest point on the wheel's 
circumference.

The speed of rotation of the filling wheel was set to the maximum which could be 
achieved by the driving motor without loss of positioning accuracy (Section 2.3). 
This speed was held constant for all subsequent filling trials. The dwell time was set 
as described in Section 2.4.

The pressure of the ejection air was adjusted until it was just sufficient to eject each 
plug from the wheel ports. The vacuum was adjusted to the required level by means 
of a valve, and the pressure below atmospheric measured by a gauge ("Hg).

The machine was set up in this way for all subsequent filling trials.

The plugs of powder ejected from the ports at the dosing stage were collected 
individually and weighed to 3 decimal places on a balance which was interfaced to 
the microcomputer. The mean plug weight, standard deviation, variance and 
confidence limits of the mean were calculated by the microcomputer from the 
accumulated data of individual plug weights.

The bulk density of each plug was calculated from a knowledge of port volume 
(Section 2.6). Ports of 3/8" diameter (9.525mm) were used throughout; port depths 
ranged from 2.5mm to 23.5mm. For each set of machine variables studied, the 
sample means and standard deviations were calculated for fill weights and bulk 
densities, along with the coefficient of fill weight variation (CV). These quantities 
are defined below:
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. . . . 8.1

I

and a =

where; x is the sample mean
<j is the standard deviation
Xj is the value of individual points

n is the sample size

CV = (o / X) X 100% .... 8.3

I'he data for plug weights from a continuous filling run were collected from a single 
port. Every fourth plug was therefore collected from a run of around 200 shots, so 
that between 40 and 60 individual plugs were used in the statistical analysis for each 
set of conditions investigated.

The mean plug weight for a particular set of conditions gradually decreased 
immediately following start-up with a clean machine. This appeared to be due to a 
gradual build-up of material around the margins of the piston mesh and also within 
the mesh. This accumulation was not cleared at the ejection or purging stages of the 
filling cycle. The partial blinding of the mesh resulted in a lower packing density 
of material within the port, and the build-up of material at the base of the port 
resulted in a slightly smaller effective port volume. After around 400 shots, 
conditions appeared to stabilise and fill weights became constant (within reasonable 
statistical limits).

To eliminate the effects of this progressive decrease in fill weight following 
cleaning, around 1000 shots were ejected before any samples were collected for 
statistical analysis. Material progressively packing into the dead space within the 
hopper following cleaning may also have affected the weights. 
c>A c A q o  d e c f t a a g ,  .

Following several filling runs over a number of days, the plug weights again became 
unstable, and began to fall under otherwise constant conditions, indicating the 
adverse effects on machine performance of a build-up of material in and around the 
wheel ports and on the surface of the filling wheel. The machine was therefore 
cleaned on a regular basis, usually before fill weights were adversely affected.
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8 .2  Fill weight and density o f powder plugs.

To investigate the relationship betwen fill weight and port depth for cefuroxime 
sodium, the machinery was set up as before. The vacuum was set to read 20"Hg. 
Values of dwell time and lower paddle speed were set to 1.02s and 33 rpm 
respectively. The upper paddle speed was held constant throughout at 10 rpm. The 
port depth was then adjusted to cover the range 5mm to 25mm in increments of 
between 2.5 and 10mm. 40 to 60 individual samples were collected at each port 
depth and the mean fill weight calculated. The mean plug density was calculated by 
dividing mean plug weight by port volume. This method was repeated for values of 
dwell time and lower paddle speed of 0.76s and 66 rpm respectively.

Graphs of fill weight versus port depth are illustrated in Figures 8.1, 8.2 and 8.3. 
From these graphs it is apparent that fill weight increases approximately linearly 
with port depth, over the range 7.5 to 25mm, in a manner which appears to be 
dependent, to a limited extent, on conditions of dwell time and paddle speed.

The fill weight versus port depth curves were also analysed for a wide range of dwell 
time (0.25 to 1.3s) and paddle speed (12 to 120 rpm) combinations. Figures 8.4 
and 8.5 illustrate the relationship between port depth and fill weight for batches A 
and C under these conditions. The scatter of points about the lines represents the 
distibution of the mean values of fill weight resulting from different conditions of 
dwell time and paddle speed. The spread of points about the line increases with 
increasing port depth, which suggests that filling conditions have a greater influence 
on fill weight as port depth increases. This aspect will be considered later with 
reference to specific conditions.

The gradients and intercepts of the best straight lines (fitted by a least squares 
method) are presented in Table 8.1 along with similar data for such curves in which 
the conditions under which individual data points were determined are specified 
(Figures 8.1 to 8.3).

The gradients and intercepts of the curves of fill weight against port depth are 
similar for the three batches under equivalent filling conditions, and correlations are 
good. Correlations are fair for data relating to a range of filling conditions.

Data from ports shallower than 7.5mm have been excluded in the determination of 
best straight lines through the data, and of correlation coefficients.
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Figure 8.1 Fill weight (mean and std. deviation) vs port depth for
single shot filling of fine grade cefuroxime sodium (batch A)
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Figure 8.2 Fill weight (mean and std. deviation) vs port depth for
single shot filling of fine grade cefuroxime sodium (batch B)
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F ig u re  8.3 FUI w eigh t (m ean  a n d  s td .  dev ia t ion )  vs p o r t  d e p th  fo r

single  sho t fil ling  o f  fine g ra d e  ce fu rox im e  so d iu m  (b a tc h  C)
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Table 8.1 Details of best straight lines (fîtted by a least squares 
method through fîll weight vs port depth data) for 
individual and combined sets of filling conditions
(F igu res 8.1 to 8.5).

Batch Conditions Slope Intercept Pearson's
Dwell Time Paddle Sp. on X axis Corr. Coef

s rpm g

A 1.02 33 3.45x10-2 3.4x10-2 0.99895
0.75 66 3.40x10-2 4.0x10-2 0.99832

B 1.02 33 3.30x10-2 6.2x 10-2 0.99941
0.75 66 3.35x10-2 7.0x10-2 0.99992

C 0.75 66 3.49x10-2 6.2x 10-2 0.99996

A all 3.37x10-2 3.6x10-2 0.99336

B all 3.21x10-2 6.2x 10-2 0.98014

C all 3.48x10-2 4.5x10-2 0.99599
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F i g u r e  8.4 Fill weight  vs p o r t  d e p th  fo r  cefu roxime b a tc h  A u n d e r  a

r a n g e  of  p a d d le  speed  a n d  dwell  t im e  c o m b in a t io n s .
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F i g u r e  8.5 Fill weight  vs p o r t  d e p th  fo r  ce fu rox im e  b a tc h  C u n d e r  a

r a n g e  of  p a d d le  speed  a n d  dwell  t im e  c o m b in a t io n s .
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The three batches of cefuroxime behave in a similar manner with respect to 
increasing fill weight with port depth, under the specified conditions and under a 
range of conditions of varied dwell time and paddle speed. Any differences 
between the batches are too small to be of significance when the data are analysed.

Figures 8.4 and 8.5 illustrate the relationship between port depth and fill weight for 
batches A and C under a range of combinations of dwell time and paddle speed. 
The scatter of points about the lines represents the distribution of mean values of fill 
weight resulting from different conditions of dwell time and paddle speed. The 
spread of points about the line increases with increasing port depth, which suggests 
that filling conditions have a greater influence on fill weight as port depth increases. 
This aspect will be considered later with reference to specific conditions.

It is apparent from Figures 8.1, 8.2, 8.3, 8.4 and 8.5 that, at port depths of less than 
about 7.5mm, fill weight falls below the curve extrapolated from greater depths. 
This is primarily due to 'coring' of the powder plug as it is ejected from the port.

When a powder plug is ejected from the port, the forces acting on it, in a downward 
direction, are due to gravity and to the pressure of the ejection air. These must 
clearly be sufficient to overcome the frictional resistance to movement between the 
plug and the walls of the port and any adhesion of the plug to the piston surface. 
Air pressure builds up behind the plug until these forces are overcome. Because of 
the structure of the mesh (Figure 8.6), there is a region around the circumference of 
the mesh, equivalent to the thickness of the walls of the piston head and the 
clearance between them and the walls of the port, which prevents the force of the 
ejection air from acting directly on those parts of the powder plug adjacent to this 
region. The force of the ejection air is therefore not exerted evenly across the 
surface of the powder plug.

If the plug is shorter than a critical length (between 5 and 7.5mm) then the force 
acting on this peripheral region is insufficient to overcome the locally acting forces 
of resistance to movement, whilst the force acting on the central region of the plug is 
sufficient to move it. The plug therefore breaks in tension and a quantity of 
material is left around the periphery of the piston head. The weight of material left 
behind is significant in relation to the total plug weight and results in the ejection of 
a plug whose density cannot readily be determined.

The plug breaks when the difference between the forces exerted at the periphery 
and in the centre of the plug exceeds the tensile strength of the plug in that region. 
It might therefore be expected that the tendency of the plug to 'core' is related to the 
packing density of the powder within the port, as well as to the length of the plug as 
this affects the tensile strength. Plugs of any length up to 25mm may 'core' if the 
filling conditions are such that a plug of sufficiently low density is produced.
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Figure 8.6 Ejection of a powder plug showing ‘coring’ leaving a 
residue of pow der within the port.
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This problem may be overcome by the use of sintered metal piston ends, in which 
the ejection air is transmitted through the pores of the piston head to all regions of 
the plug surface.

The fill weight versus depth curve should, theoretically, pass through the origin; 
however, the curve extrapolated from observed values of fill weight does not do so.

Theoretical fill weights for port depths of less than about 0.1mm do not increase 
linearly with depth, assuming packing density is constant, due to the error in volume 
associated with the curvature of the wheel's surface (Section 2.6).

Other errors may also affect the position of the intercept of the weight vs depth 
curve. The piston head is not flat, due to a small degree of 'sag' in the piston mesh 
and uneveness associated with the location of the outer edge of the piston face 
against the walls of the port. This leads to an apparent 'overfilling' of the port which 
becomes more significant, in relation to total plug weight, at lower port depths.

There is also an error associated with imperfect and variable doctoring of the filled 
port at the surface of the filling wheel. The process of doctoring may also result in 
a high local packing density of material at the mouth of the port.

These factors, combined with errors in the actual measurement of port depth, may 
lead to effective underestimation of port depth and overestimation of packing 
densities calculated from depth measurements.

Plug densities were calculated for each set of filling conditions from the observed 
mean plug weight and the port volume for each value of port depth.

Mean values of plug densities were also calculated, both for specific conditions and 
for a range of conditions, from the general equation relating port volume to depth 
(Section 2.6) and that relating fill weight to port depth (Table 8.1).

The port volume (v) is given by:

V = mih' - Cl .... 8.4

Where h" is the port depth and mi and Ci are constants.

The fill weight (M) is given by:

M = m2h' - c% .... 8.5
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Where m2 and C2 are constants for individual batches under specific filling 
conditions.

The plug density (pt) is therefore given by;

Pb = m:h' + C2 _
  . . . .  8.6
mih' + Cl

Figures 8.7, 8.8 and 8.9 show the mean and standard deviation of plug densities 
calculated from the mean and standard deviation of fill weights for a range of port 
depths, under specified filling conditions. The mean density at each port depth, 
calculated from the equation of the best straight line through the fill weight data, is 
superimposed for observations of fill weight under conditions of dwell time 0.75s 
and paddle speed 66rpm.

All the curves illustrate a pattern of decreasing plug density with increased port 
depth, irrespective of conditions, for port depths greater than 10mm.

Batch A (Figure 8.7) behaves in a similar way with respect to plug density, under the 
two sets of conditions shown, over the range of port depths investigated. The mean 
density curve illustrated for conditions of dwell time 0.75s and paddle speed 66rpm 
falls outside the limits of standard deviation for the observed values of plug density 
at a port depth of 15mm. Presentation of the data is this way emphasises the small 
deviations from linearity apparent from fill weight vs port depth graphs.

Powder plugs, produced under the above conditions, from a port of depth 7.5mm 
are of a lower density than the value predicted from extrapolation of fill weight data 
from deeper ports. This is due to the effects of 'coring' and other errors, discussed 
above, associated with shallower ports.

Batch B (Figure 8.8) behaves in an obviously different way under each of the two 
sets of conditions investigated. For port depths between 8 and 23mm. plug densities 
are lower and standard deviations slightly greater for conditions of dwell time 1.02s 
and paddle speed 33rpm than for conditions of dwell time 0.75s and paddle speed 
66rpm. The material behaves in a similar way, under both sets of conditions, for 
depths around 8mm and 23mm.

There is good agreement between the observed values of density and the curve 
calculated from the best straight line through the fill weight data, for a dwell time of 
0.75s and a paddle speed of 66rpm. This is also true of batch C under similar 
conditions. This reflects the good approximation to linearity of the fill weight vs 
depth data corresponding to these calculated density values.
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Figure 8.7 Plug density vs port depth showing individual da ta  points 
for specific filling conditions and theoretical curves 
obtained from best s tra igh t lines through fill weight data.
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Figure 8.8 Plug density vs port depth, cefuroxime sodium lot B
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Figure 8.9 Plug density vs port depth, cefuroxime sodium lot C, 
showing density curve calculated from the best straight 
line through fill weight data.
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The calculated best density curves under specified conditions and over a range of 
conditions, are compared in Figures 8.10 and 8.11 respectively. Under the 
conditions specified in Figure 8.10, the density of plugs formed at a particular depth 
decreases in the order: batch C, B and A. For port depths of less than about 12mm, 
batches B and C produce plugs of similar density, whilst those of batch A are of 
significantly lower density. Plug density differences are clearly apparent between 
the batches at depths greater than 12mm.

When density data under a wider range of conditions are taken into account (Figure 
8.11), the pattern of relative plug density between the batches changes. Batches C 
and B appear to yield plugs of similar density at port depths of less than about 
10mm., with plugs of batch A being of lower density. At depths greater than 15mm, 
batches B and A yield plugs of similar density whilst plugs of batch C are of 
markedly higher density.

Figures 8.12 and 8.13 give the data from batches A and B respectively and illustrate 
the effects on plug density of increasing paddle speed when other filling conditions 
are held constant. Data are presented for dwell times of 0.32, 0.75 and 1.02s in 
each case. The means and standard deviations of the calculated plug densities are 
shown under each set of conditions.

Generally, increasing paddle speed appears to have a small effect on plug density, 
tending to increase it slightly. The exception is for batch A at a dwell time of 1.02s, 
where there is a small decrease in the mean plug density with increasing paddle 
speed.

The effect of paddle speed on density is slightly more pronounced when the paddle 
speed is increased, up to about 30-50rpm for the shortest dwell time.

Density appears to increase quite markedly for batch B (Figure 8.13) at a dwell time 
of 1.02s when the paddle speed is increased from 30 to 50rpm.

Approximate average densities across the range of paddle speeds investigated are 
similar for the two batches of cefuroxime at equivalent dwell times, with the 
exception of batch B at 1.02s dwell for paddle speeds above 40rpm, when densities 
are higher than might be expected.

Increasing dwell time over the range shown has a more marked effect on plug 
density than does increasing paddle speed, under otherwise constant conditions. For 
batch A (Figure 8.12) increasing dwell time from 0.32 to 1.02s increases the mean 
plug densities, across the range of paddle speeds investigated, from approximately 
510kgm'^ to 540kgm-3, whereas increasing paddle speed from about 30 to 80rpm at 
a dwell time of 0.32s causes no significant increase in density.

154



Figure 8.10 Mean plug density vs port depth for three batches of 
cefuroxime sodium (paddle speed 66 rpm, 
dwell time 0.76s)
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F igure  8.11 Mean plug density vs depth for all conditions of paddle 
speed and dwell time investigated for three batches of 
cefuroxim e sodium .
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I<’igii re 8 .14 IMiig densi ty  vs dwell t ime for  ce fu rox im e  ba tc h  A for  four

p o r t  dep th s .
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Increasing the dwell time from 0.32 to 0.76s produces a more marked increase in 
density than an increase from 0.76 to 1.02s. Such a trend might be expected, as 
density would be unlikely to increase linearly with dwell time, since there must be a 
limiting value beyond which plug density is not increased by increasing dwell time.

It is apparent from Figures 8.12 and 8.13 that increasing paddle speed results in a 
reduction of the standard deviation of calculated densities about the mean. This 
effect is more pronounced for shorter dwell times over the range investigated for the 
two batches of cefuroxime sodium.

It is concluded, therefore, that dwell time has a more significant effect on plug 
density than does paddle speed for the batches studied at a port depth of 10mm.

Figures 8.14, 8.15 and 8.16 illustrate the effect on plug density of increasing dwell 
time for three batches of cefuroxime: A, B and C respectively. The data are plotted 
independently of paddle speed over the range 12 to 120rpm. The port depth for 
each set of data points is also indicated.

In all cases, plug density increases with dwell time and appears to tend towards a 
maximum value which is depth-dependent. The increase in plug density which can 
be achieved by increasing dwell time becomes greater with increasing port depth.

The spread of the data points, about the line drawn to illustrate the general trend of 
plug density increase, is reduced as dwell time increases. This is consistent with the 
observations from Figures 8.12 and 8.13 that paddle speed is more significant in the 
determination of plug density when dwell times are low.

Figure 8.17 illustrates the influence of paddle speed on the distribution of plug 
density values recorded at a dwell time of 0.27s for batch C. Variation in paddle 
speed appears to account for the spread of plug density values observed at a dwell 
time of 0.27s across the range of port depths investigated. The effect of paddle 
speed on bulk density appears to increase with increasing port depth under these 
conditions, and increasing paddle speed reduces the standard deviation of points 
about the mean to an extent which is port-depth dependent.

It can therefore be concluded that:

1. plug density decreases with port depth;

2. plug density is increased by increasing dwell time up to a maximum value 
beyond which increasing dwell time further has no significant effect;

3. paddle speed affects density to an extent which depends upon other prevailing
conditions. Increasing paddle speed has a greater effect on plug density at
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shorter dwell times for deeper ports;

4. the fall in plug density associated with a reduced dwell time (increased machine 
speed) can be compensated for by increasing paddle speed.

Density is correctly expressed as kgm'^ However as port depths are of the order of 
a few centimetres and fill weights are of around Ig, it is more meaningful to express 

densities as gcm'^

8.3 Paddle speed and dwell time.

The port-filling operation takes place when the filling wheel is stationary. Material 
passes out of the hopper, under the influence of gravity and the hopper paddles, and 
into the waiting port, aided by the vacuum applied to the port. It is probable that the 
role of the hopper paddle is to make material freely available to be drawn into the 
port by the vacuum and also to force material into the port. The packing density 
achieved is related to the length of time for which this process is allowed to continue,
i.e. the dwell time. It was therefore considered useful to examine the process in 
terms of the number of revolutions, Q, executed by the paddle whilst the filling 
wheel is stationary. This will be given by:

Q = td . Sp .... 8.7

where tj is the dwell time (in seconds) and Sp is the paddle speed (in revolutions per 
second).

A constant value of Q can therefore be achieved when dwell time is reduced and 
paddle speed is increased to an equivalent degree (Figure 8.18). Figures 8.19, 8.20 
and 8.21 represent the effect on plug density of increasing the value of Q over a 
range of port depths, for the three batches of cefuroxime sodium.

Representation of the data in this way generally reduces the spread of points about 
the lines illustrating the trend of increasing plug density with Q. This is particularly 
true for port depths below 20mm. For batch A, differences in observed plug 
densities at particular values of Q become smaller, between ports of different depth, 
as Q is increased. There is no apparent difference between the maximum bulk 
density which can be achieved by increasing Q for ports of depth 10 and 15mm for 
batch A.

The trend of increasing bulk density with Q is similar for the three batches at a port 
depth of 15mm. The batches behave in different ways at port depths of less than 
15mm.
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rij»iire 8.18 Four values of Q achieved by variation of paddle speed and 
dwell time.
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Figure 8.21 Plug (ieiisity vs Q for cefuroxime sodium lot C for four

port depths
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At depths greater than 15mm the relationship between plug density and Q is more 
complicated. For batch C there is no clear difference in the trend of plug density 
between ports of depth 20 and 23.5 mm. For batch B, there is a widespread 
distribution of points about the line illustrating the trend of plug density. Closer 
analysis of the points which fall well outside the expected trend for this batch at a 
depth of 23mm reveal that these represent conditions of intermediate dwell time and 
relatively high paddle speeds (greater than 60rpm).

It appears that, for port depths of less than 20mm, expression of conditions of 
paddle speed and dwell time in terms of Q represents a valid means of balancing the 
relative importance of these two parameters in the determination of plug density.

The overall impression gained from Figures 8.19, 8.20 and 8.21 for the three 
batches is that the behaviour of batch A is markedly different, across the range of 
port depths investigated, to that of the other two batches. Plug density is increased 
to a much lower extent for this batch when port depth is reduced below 15mm than 
for the other two batches.

It is useful to compare the behaviour of the batches with respect to plug density and 
port depth by analysis of the relative maximum achievable densities at each depth. 
The data are displayed in this way in Figure 8.22. Values of maximum plug density 
are approximate and are taken from the asymptotic values of density shown in 
Figures 8.19, 8.20 and 8.21 at each port depth.

8 .4  Coefficient of fill weight variation.

The coefficient of fill weight variation (CV) of the powder plugs was used as a 
simple expression of fill weight variation.

The machine was set up as before. The port depth, dwell time and lower paddle 
speed were set to specific values for each filling run and the vacuum was set at 
20"Hg. Plugs were collected as before for each filling run and the coefficient of fill 
weight variation was calculated using Equation 83 for groups of 40 to 60 plugs 
collected from a single port.

To investigate the effects of various machine parameters on CV, cefuroxime sodium 
batch B was studied in detail.

8.4.1 Effect of dwell time on coefficient of variation.

The lower paddle speed was set to 33rpm and the upper paddle speed to lOrpm. The 
dwell time was then varied over the range 0.25s to 2.3s. Three values of port depth were 
investigated; 7.8mm, 10mm and 23mm. 7.8mm represented the lowest value
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figure 8.22 Plug density vs port depth for three hatches of eefiiroxline
sodium when Q  > 1.0.
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of port depth at which 'coring' of the powder plugs, described above, did not occur 
with this batch. Clearly 'coring' of plugs has a significant effect on fill weight 
variation and will be discussed below.

Figure 8.23 illustrates the changing coefficient of variation as dwell time is increased 
for the three depths investigated. CV decreases rapidly with increasing dwell time in 
a manner which is depth-dependent. The minimum value of CV achieved at higher 
dwell times appears to be independent of depth. The shallower the port, the more 
rapidly the minimum CV is achieved. At a depth of 7.8mm the minimum CV which 
can be achieved by increasing dwell time, for this batch of material, lies between 1 
and 1.5% and is achieved for dwell times greater than around 1.1s. At a port depth 
of 23mm this minimum value was not achieved over the range of dwell times 
investigated, although CV appears to tend towards such a minimum at dwell times in 
excess of 2.5s. Coefficients of fill weight variation in excess of 5% occurred at dwell 
times below around 0.25s, 0.45s and 0.75s for port depths of 7.8mm, 10mm and 
23 mm respectively.

A particular target CV can therefore be achieved, over a range of increasing port 
depths, by increasing the dwell time. For a machine of this type in which the speed 
of rotation of the filling wheel is constant, increasing the dwell time of the port at 
each stage of the filling cycle leads to a reduced filling rate (Section 2.3).

8.4.2 Effect of paddle speed on coefficient of variation.

To investigate the effects of paddle speed on the CV, the paddle speed was varied 
over a range of 12 to 120rpm for dwell times of 1.02, 0.76 and 0.32s. The data are 
presented in Figure 8.24 for a single port depth of 10mm. From Figure 8.24 it can 
be seen that the CV decreases with increasing paddle speed at a rate which depends 
upon the dwell time.

The minimum CV which can be achieved by increasing the paddle speed is constant 
over the range of dwell times investigated and lies between 1 and 1.5%. This 
minimum CV is achieved at a paddle speed of around 60rpm for a dwell time of 
1.02s, 60-70rpm for 0.76s and around 120rpm for 0.32s.

A target CV of 3% can be achieved at a paddle speed of 15-20rpm for a dwell time 
of around 1.02s, 2-25rpm for a dwell time of 0.76s and around 60rpm for a dwell 
time of 0.32s.

CV can therefore be reduced towards a minimum value by increasing paddle speed. 
Obviously a change in paddle speed has no effect on the filling rate.
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Pigi i re  8.23 Coeffic ient of  fill weight  va r ia t ion  fCV) vs dwell  t im e  for  
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8.4.3 Effect of Q on coefficient of variation.

Increasing the dwell time or the paddle speed or both leads to a reduction in the 
coefficient of fill weight variation. This effect reflects the role of the paddle in 
forcing material into the waiting port and in providing a constant source of material 
which can then be drawn into the port by the vacuum.

The combined effect of dwell time and paddle speed in reducing coefficient of fill 
weight variation may usefully be expressed by reference to the value Q (Section 
8.3), which is the number of revolutions executed by the paddle whilst the filling 
wheel is stationary.

Figure 8.25 illustrates the effect of increasing Q on the CV for cefuroxime batch B 
at a port depth of 10mm. The CV is greatly reduced for a small increase in Q from 
0.1 revolution to around 0.4 revs, under these conditions. Thereafter the CV 
decreases to a minimum value of between 1.0 and 1.5% for values of Q greater than 
around 0.75 revolutions. The scatter of points in Figure 8.25 is due to the relative 
influence of paddle speed and dwell time when, for example, a similar value of Q is 
due to a long dwell time and slow paddle speed, or to a short dwell time and a faster 
paddle speed (Figure 8.18).

Environmental factors, particularly humidity, may also have affected the scatter of 
the data points when filling trials have been undertaken on different occasions under 
otherwise constant conditions. These factors will be considered below.

Figure 8.26 is a graph of CV vs Q for batch B for a range of port depths between 
7.8mm and 23.5mm. It is apparent that each curve showing the trend decreasing 
CV with increasing Q tends towards a similar minimum value of CV.

Small increments of Q lead to a more rapid reduction in CV for shallower ports than 
for deeper ones. For example, a reduction in the coefficient of fill weight variation 
from 5% to 2% can be achieved by increasing Q from around 0.15 to 0.27 revs for 
this material at a port depth of 7.8mm, whereas a similar reduction in CV is only 
achieved by an increase in Q from around 0.475 revs to 0.9 revs for a port depth of 
23.5mm. Very approximately, a doubling in the value of Q appears to halve the 
resulting CV for this batch of material, over the range of fill weights investigated.

Figure 8.27 is largely derived from the data presented in Figure 8.26. The former is 
a plot of CV vs port depth for a range of values of Q. It can be seen that, as the 
port depth is increased beyond 7.8mm so the coefficient of variation increases, other 
conditions being constant, in a manner which depends on those conditions as 
represented by Q.
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f i g u r e  8.25 Coefficient of  fill weight  var ia t ion  (CV) vs Q for

cefuroxime lot H at a port  dep th  of I Omni.
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f i g u r e  8.26 Coeffic ient of fill weight  va r ia t ion  (CV) vs Q for
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F i g u re  8.27 Coefficleiif  of  fill weight  va r i a t ion  (CV) vs p o r t  d e p th  for

th re e  values  of  Q (cefuroxime lot B)

C V

%

8 ..

( Î  :
t

5 . .

4

A

¥

Q

Q

Q

Q

0 . 8 0

0 . 4 I) 

0 . 5 () 

I) . 8 0

10 15

n^pth (mm)

» -
2 0 2 5



The CV was calculated for port depths shallower than 7.8mm for this batch. At Q 
= 0.56 revs the CV is relatively high at a depth of 5mm and falls again at a depth of 
2.5mm. This is because at 5mm frequent 'coring' of plugs occurs on ejection from 
the filling wheel. As some plugs are fully formed and others leave behind a residue 
within the port, the plug weights are highly variable. At 2.5mm all plugs are
ejected as cores and so the weights vary less.

8.5 Optimisation of filling conditions.

The accumulated data on this batch of material can be used to optimise filling 
conditions so that a target fill weight can be achieved, at an acceptable level of 
variation, at an optimum production rate. This is best illustrated by reference to a 
practical example.

Assume that a target fill weight of material is set at 850mg. This might be achieved 
by filling with a single shot of material or by two shots of 425mg into each
container. Reference to fill weight versus depth data for batch B (Figure 8.2,
Section 8.2) indicates that a port depth of approximately 24mm would be required 
for single-shot filling and a depth of approximately 11mm for double-shot filling.

Also assume that an acceptable coefficient of fill weight variation is not greater than 
4% for the filled containers. The CV of containers filled by two shots is given by:

CV = 2 ^ x  100% 8.8
X

where s is the variance of the weights of each shot and x is the mean weight of the 
shots.

Reference to CV versus Q data for this batch (Figure 8.26) indicates that a CV of 
4% can be achieved for a depth of 24mm at values of Q in excess of approximately
0.6 revs.

The CV for individual plugs in two-shot filling can be calculated from Equation 
8.8. The mean weight of each plug will be 425mg. The overall CV is 4%, therefore 
the variance of the weights of single shots is 144.5mg, equivalent to a CV for 
individual shots of 2.83%. Reference to CV vs Q data for this batch indicates that a 
CV of 2.8% can be achieved at a depth of 11mm at values of Q in excess of 
approximately 0.35 revs.

If the paddle speed is set to 80rpm, a rate at which the CV appears to approach a 
minimum for a range of dwell times, then acceptable single-shot filling can be 
achieved at a dwell time of 0.45s and double-shot filling at a dwell time of 0.26s.
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Reference to filling rate versus dwell time estimates (Figure 2.8, Section 2.5) gives 
an indication of the rate at which containers can be filled with the target weight of 
material within the stated limits of variation. Filling rates estimated for various 
machine types are presented in Table 8.2.

Therefore it is concluded that, under the stated conditions, a greater rate of 
production is achieved in all cases by single, rather than double-shot filling for this 
batch.

For double-shot filling to be advantageous, i.e. the same or greater production rate 
achieved at the same or lower CV by double-shot rather than single-shot filling, 
several criteria must be met. The port depth for double-shot filling will be 
approximately half that for single-shot. The square root of twice the variance for 
individual shots, when two shots enter the same container, must not be greater than 
half the standard deviation of the weights for single-shot filling, so that the CV of 
containers filled by two shots is not greater than that for single-shot filling.

The value of Q at which two-shot filling takes place must be less than half that for 
single-shot filling (if paddle speed is constant) if double-shot filling is to be 
advantageous using conventional machinery. For conventional machinery, the 
filling rate is doubled when the dwell time is halved. For stepper-driven machinery 
in which speed of wheel rotation is constant, a much greater relative reduction in 
dwell time is required to double the filling rate.

Reference to CV vs Q data (Figures 8.26, 8.28 and 8.29) indicates that the above 
criteria are not met by batches A and B for the range of port depths investigated, 
although they are for batch C, as described later.

Two-shot filling is likely to be advantageous when:

1. Relatively high values of CV, possibly approaching 10%, are acceptable for fill 
weights which would require ports of depths greater than 25mm for single shot 
filling.

2. When the target fill weight cannot be achieved from a single shot.

In the latter case it is usual to employ a filling wheel with ports of a larger diameter 
than that studied in this work. If very high fill weights of several grams are required, 
it appears that, when two (or more) shots would be necessary, the smallest number of 
shots which will allow the weight and variation limits to be met should be employed 
to achieve the highest possible production rate.
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Table 8.2 Filling rates for various machine types yielding containers 
filled with a mean weight of 850mg of cefuroxime Batch B 
(CV 4%),

Machine Filling Type Filling Rate 
d.p.m. Containers 

per min.

4 port stepper* Single-shot
Double-shot

65
82

65
41

8 port stepper Single-shot
Double-shot

88
121

88
61

Conventional 8 port Single-shot
Double-shot

88
144

88
72

^experimental machine - others are estimates.
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Figures 8.28 and 8.29 represent CV vs Q data for cefuroxime sodium batches A and 
C. From these figures it can be seen that the coefficient of fill weight variation 
decreases with increasing Q towards a minimum value in a depth- dependent manner 
which is similar, in each case, to that observed for batch B. This minimum value lies 
around 1% for batch A and just below 1% for batch C. Batch C yields lower values 
of CV at low values of Q, at a depth of 10mm, than might be expected from its 
behaviour at deeper port depths. The difference in the curves for port depths of 
10mm and 20mm is sufficient to meet the criteria set out above which would make 
two-shot filling advantageous under certain conditions.

If a target fill weight was set at that weight which is delivered from a 20mm deep 
port, then two-shot filling can be achieved with depths of 10mm or slightly less. For 
a range of values of CV which might be set as a limit of fill weight variation, the 
same CV can be achieved from two shots at less than half the value of Q. If the 
paddle speed is constant then dwell time for two-shot filling will be less than half 
that required for single-shot filling and, from the estimated filling rate vs dwell time 
cuves for conventional machinery (Section 2.5), the overall rate of production of 
filled containers will be greater for two-shot filling.

CV vs depth data are presented in Figures 8.30 and 8.31. Similar data for batch B 
were presented in Figure 8.27. Plots of CV vs depth give an indication of the rate 
of increase in CV observed as depth is increased for several values of Q. In all cases 
CV increases at a greater rate and over a wider range at lower values of Q. A general 
comparison of the three batches on this basis indicates that batches C and A behave 
in a similar manner at higher values of Q and batches B and A behave similarly at 
lower values of Q.

A marked difference in the filling performance of batch C from that of the other 
two at a depth of 10mm can be seen from Figure 8.32 in which plots of CV vs Q are 
directly compared for the three batches. All tend towards a minimum value, as 
described above; however, at lower values of Q batch C exhibits lower values of CV 
than the other two and approaches the minimum CV more rapidly as Q is increased.

A clearer comparison can be made when the data are presented in terms of the value 
of Q required to achieve a particular target CV at a range of depths. Data are 
presented in this way in Figures 8.33 and 8.34 for target CVs of 2% and 3% 
respectively.

From Figure 8.33 it can be seen that a target CV of 2% can be achieved at lower 
values of Q (equivalent to a higher production rate) for batch C than for the other 
batches across a range of port depths. The highest values of Q are required to 
achieve the same CV for batch B at ports of depth 10mm and deeper.

183



Tigi i re  8 .30 Coefficient  of fill weight  var ia t ion vs port  d e p th  for

ce fu rox im e  lot A.

71

Q

A 0 .3  0

★ 0 . 4 0
•  0 .5  ()

■ I). 8 0

CV
I

10 15 20 25

P o r t  d e p t h  (imn)



I'^igiire 8.31 Coefficient  of  fill weigh! va r ia t ion vs p o r t  d e p t h  for

ce fu rox im e  lot C.

▲

★

Q

0 .  : u)

0 . 4  0 

0 . 5 0  

0 . 8 0

CV
X

10 15 2 0

P o ri (lep lh  (rnm)



CV
t

'1

-f

F^'igiire 8.32 Coefficiciit  of fill weight  var ia t ion (CV) vs Q fo r  th re e

ha tches  of  ce furoxime sodium from po r t s  o f  d e p th  10mm.

-t 3- 3-

h a  L c 3 i  

A

1Î
C

0 . 1  0 . 2  0 . 2  0 . 4  0 . 5  0 . G 0 . 7  ^ . 8  0 . 0  1 . 0  1 . 1  1 . 2  I . 2  1 . 4

Q



0 . 1

r i g , Il c 8.33 0  vs port  dep th  (CV = 2%)  for  th ree  ba tches  of

c e f u r o x i m e .

Q

0 . O-r

O. 8. .

0 . 7

0 . 0

0 . 5

O. ' i

0 . 2

ba tch

—  I
10 If) 20 25

Port depth (mm)



0 . H

0 . 7

1‘igi ire 8.34 0  vs port  dep th  (CV = 3% )  for  th ree  ha tches  of  

e e f i i rox i ine .

h a t : c h

e  A

■  B

A  C

Q

0 . 0

0 . f)

0 . 4

0 . 3

0 . 1

10 If)
- I —

20

-1

2 5

P o r t  d e p t h  (irun)



Batch A behaves in a similar manner to batch B, with respect to Q, at depths 
shallower than about 15mm and in a similar manner to batch C at port depths 
deeper than 15mm. This pattern of relative behaviour can also be seen for a target 
CV of 3% (Figure 8.34). Clearly lower values of Q can be used in this case and 
differences between batches with respect to Q are smaller.

8.5.1 Relevance to production experience.

Informal and subjective reports from various production departments involved in 
the filling of fine grade cefuroxime sodium have been collected over a period of 
several years in an attempt to identify 'good' and 'poor' filling batches. Such reports 
have generally proved inconclusive in identifying batches which can be classified as 
being of consistently 'good' or 'poor' performance. Individual batches processed on 
different occasions by different production departments have been reported by 
some as being 'good' and by others as 'poor' fillers. Environmental variables and 
storage times and conditions may, in part, account for such variation.

However, it can clearly be seen from Figures 8.1 to 8.34 that machine-dependent 
variables have a considerable influence on the relative behaviour of different batches 
of this material. The fill weight required determines the port depth at which filling 
takes place. This parameter in turn imposes limits on the dwell times which can be 
used if an acceptable fill weight variation is to be achieved. Optimisation of the 
dwell time, and hence the rate of production, depends upon the selection of an 
appropriate paddle speed (where this parameter can be independently controlled).

The classification of a particular batch with respect to its filling performance will 
therefore depend indirectly on the required fill weight and the limits of weight 
variation which are deemed acceptable, and directly on whether conditions of dwell 
time and paddle speed are optimal for the required fill weight.

Historically, batches have been assessed prior to filling, on the basis of the plug 
density which can be achieved under 'standard' conditions using a single-dose 
hand-held vacuum/purge gun (Section 2.1). The data generated by such a 
technique frequently indicate differences between batches under these conditions 
and usually show acceptable reproducibility. Correlation of density differences with 
subsequent relative filling performance has generally been poor.

Reference to Section 8 on the relationship between plug density and various filling 
parameters suggests that two materials which may behave in a similar way with 
respect to plug density under a particular set of conditions, especially of port depth 
(Figures 8.33 and 8.34) behave very differently from each other when these 
conditions are changed.
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Assessment of filling performance potential prior to actual production filling must 
therefore be performed with caution. Any method used must be carefully 
standardised and should be closely related to filling conditions used in routine 
production filling.

Filling performance might usefully be judged on the maximum rate of production 
(which will depend on the type of machine used) or the shortest dwell time (which 
will not) at which a specified mean fill weight can be achieved within defined limits 
of variation, when other influential variables, particularly paddle speed, have been 
optimised. Other factors may then be introduced which have been used subjectively 
to assess filling performance. These include 'dustiness' of the powder plugs 
produced and the length of time a machine will run without adjustment of port 
depth and other parameters, and without cleaning. These factors have not been 
considered in this work.

8.6 Effect of vacuum on plug density and coefficient of fill weight 
variation.

The machine was set up with the lower paddle speed at 66rpm and a dwell time of 
0.75s. This yields a value for Q of 0.83 revs, at which the bulk density of the 
powder plugs produced for all batches approaches the maximum value at all port 
depths investigated (at a vacuum of 20"Hg). The CV for all batches approaches a 
minimum at this value of Q for each port depth (see Section 8.4 above). Powder 
plugs were collected and weighed as before for a range of port depths. The 
maximum vacuum reading at each port depth was varied over the range 2 to 20"Hg.

The mean values of plug density for batch A recorded under each set of conditions 
are presented in Figure 8.35 as a graph of plug density vs vacuum for four port 
depths. Plug density increases with vacuum over a range which depends upon the 
port depth. Plug density generally decreases with increasing depth for each port 
depth investigated.

Figure 8.36 illustrates the effect of increasing the applied vacuum on the CV for a 
range of port depths. There is, generally, a small decrease in CV at each port depth 
when the vacuum is increased from 10"Hg to 20"Hg, although this decrease is 
negligible for a port depth of 23mm.

The change in CV is also illustrated for a port depth of 5mm as the vacuum is 
increased from 10 to 20"Hg. At 10"Hg most of the material is ejected from the 
port. At 15"Hg coring of the plug sometimes occurs, when a significant portion of 
the material in the filled port is retained beyond the ejection stage and the CV is 
therefore very high. At 20"Hg, coring occurs at each ejection stage so that, although 
the mean fill weight is reduced, the CV falls back to a level close to that observed
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when coring does not occur. Coring is likely to occur when the adhesive forces 
between the plugs of powder and the inner surface of the port, particularly at the 
edge of the piston mesh, which, along with frictional forces, oppose the ejection of 
the powder plug, exceed the cohesive forces within the formed plug, close to the 
piston mesh (see Section 8.2). It appears that, at lower values of applied vacuum, the 
adhesive and frictional forces between the plugs and the port are reduced to an 
extent which is greater than the reduction in the forces of cohesion within the plug, 
associated with a lower packing density, and the powder plug is ejected complete. It 
may therefore be possible to reduce the degree of coring where this is a problem, 
particularly with very shallow ports, by manipulation of the applied vacuum. 
However, port depths usually associated with coring i.e. less than about 7mm, are not 
relevant to production filling.

Figures 8.37 and 8.38 illustrate the effect of increasing vacuum on plug density and 
CV respectively for batch B at a value of Q of 0.83 revs. From Figure 8.37 a 
pattern of increasing plug density with vacuum is apparent which is similar to that 
observed for batch A (Figure 8.35). However, plug densities are higher for port 
depths below 15mm for this batch than for batch A. Such a difference is consistent 
with that observed in Section 8.2 for these batches under conditions of constant 
vacuum.

From Figure 8.38 it can be seen that the CV is generally reduced with increasing 
vacuum for batch B at port depths greater than 7.8mm. At a depth of 7.8mm the 
CVs at vacuum readings greater than 5"Hg are higher than those for depths of 10 
and 15mm. The values of CV at a depth of 23mm across the range of applied 
vacuum investigated are significantly higher and change over a wider range than 
those for shallower ports. In this respect batch B differs from A in which values of 
CV are more closely similar for each port depth when the applied vacuum is above 
10"Hg.

Generally, the applied vacuum should be set to the highest value possible to achieve 
a relatively high bulk density and low coefficient of fill weight variation. This value 
should be at least 20"Hg to minimise the resulting CV for a wide range of port 
depths. If the applied vacuum is reduced to less than 20"Hg then CV is likely to be 
increased to an extent which is more significant for deeper ports.

When lower values of vacuum are applied to deeper ports, particularly with ports of 
depth 23mm and vacuum less than 10"Hg, the material within the filled port 
gradually sinks away from the wheel's surface into the port, between the filling and 
ejection stages of the cycle. In all cases the calculated values of plug density are 
determined from the mean weight of material discharged from the port divided by 
the calculated port volume and reflect the actual density within the port immediately 
after the filling stage is complete. Clearly, where material sinks within the port, the
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bulk density increases until the applied vacuum is withdrawn. This phenomenon 
suggests that when initial density after filling is very low, the effect of the applied 
vacuum extends throughout the powder plug to the wheel's surface. Material then 
continues to pack down within the port until the effect of the applied vacuum is 
attenuated. If the dwell time of the port at the filling stage were to be increased so 
that the vacuum could continue to draw material into the port then the plug density, 
and hence the fill weight, would be increased. Plug density is therefore likely to 
increase significantly with dwell time when the applied vacuum is relatively low.

Air flow through the wheel port is clearly greatest immediately prior to the start of 
the filling stage of the cycle. The vacuum drawn within the system at this point is at 
its lowest and gradually increases as the port is filled. As the piston mesh becomes 
progressively blinded throughout a prolonged filling run, so the minimum pressure 
achieved progressively decreases. The difference between the minimum and 
maximum values of the vacuum drawn at each stage of the filling cycle can 
therefore be used to monitor mesh blinding, and action limits may be set. When 
these limits are exceeded, the machine can be said to be operating at a level of 
efficiency which warrants cleaning or replacement of the filling wheel or piston 
mesh. Abnormal patterns of vacuum fluctuation may also indicate damage to the 
piston mesh.

Section 9 

Sectioning of powder plugs.

9 .1  Method.

The structure of the filling ports of the experimental filling machine is described in 
Appendix Id. The sectioned filling ports were used to investigate whether 
machine-dependent variables, particularly the applied vacuum and the hopper lower 
paddle speed, have a measurable effect on the density profiles of individual powder 
plugs between the surface of the filling wheel and the piston mesh at the base of the 
port.

The machine was set up as in previously described filling trials and the various 
parameters of dwell time, paddle speed, applied vacuum and port depths were 
selected. Samples were collected in the usual way. Only plugs formed within port 1 
were studied. Several (10 -20) samples were collected and weighed before the first 
sample was studied, and between samples, to ensure that fill weights were stable and 
consistent with earlier findings under similar conditions. The machine was stopped 
so that port 1 came to rest halfway between the filling and the ejection stages (at the 
nine o'clock position).
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Table 9.1 Section dim ensions for Port 1.

Ring
No.

Thickness

(mm)

la thickest point 4.216

( 1 b thinnest point 4.102)

2 3.185

3 3.195

4 mean of rings 3.170 
2-7 = 3 .174mm

5 3.190

3.152

3.152

Midpoint Volume of Port
(depth from surface) to bottom of ring

(mm)

2.11

5.80

8.98

12.15

15.33

18.50

21.67

(cm3)

0.298

mean volume 

rings 2-7

0.226 cm3

197



The port unit was then removed complete with the formed plug of powder. The 
inner core was raised within the outer sleeve until the top ring was just fully clear of 
the sleeve. The ring was then removed with a horizontal shearing action so that a 
single section of plug was removed along the plane between the first and second 
rings. Each subsequent ring was removed in a similar manner. Each ring, complete 
with plug section, was weighed. The powder was then removed by gentle tapping 
and the empty ring weighed again. The density of each section of material was 
calculated from the weight of the plug section and the internal volume of each ring. 
Ring dimensions were determined with vernier calipers: dimensions are presented in 
Table 9.1.

Preliminary work suggested that plugs from the very deepest ports gave 
reproducible results and, apparently, the largest section density gradient. Plugs of 
intermediate overall density appeared to give the most reproducible results: plugs of 
the highest densities proved very difficult to section cleanly and those of the lowest 
densities tended to sink within the port and yield high weight variations between 
individual plugs. Samples which showed the least variation in density between plugs 
and which were of intermediate density individually were therefore expected to yield 
the most useful data.

Calculations of packing density within the ring adjacent to the piston mesh proved 
to be unacceptably variable when the mesh was positioned at the interface between 
two rings. Port depths were therefore adjusted in each case to that the mesh lay 
about 1 to 2mm below the lower face of the last ring examined.

Filling conditions were varied as before. At least four replicate determinations were 
used to calculate values for the mean and standard deviation of section densities at 
each level within the plug.

9.2 Density profile of powder plugs.

The results obtained from port sectioning for three batches of fine grade 
cefuroxime sodium are presented in Figures 9.1, 9.3 and 9.4 as graphs of mean 
section density (+/- standard deviation) vs depth within the port.

The plug density profiles for plugs of batch A are presented in Figure 9.1 for a 
hopper lower paddle speed of 79rpm at a dwell time of 1.02s (Q=1.34 revs). The 
applied vacuum was set to 21"Hg and 5"Hg respectively for the two plots.

There is no apparent trend of density variation on passing down the powder plugs 
formed under these conditions, although plug density may be slightly greater 
immediately adjacent to the port surface in each case.
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The overall plug density is clearly greater for an applied vacuum of 21 "Hg than for 
5"Hg, as expected from earlier findings on the influence of applied vacuum on plug 
density. This shift in density appears to be approximately uniform over the entire 
plug length indicating that the overall increase in density associated with increasing 
vacuum is not due to, for example, a local effect on the lower half of the plug where 
the vacuum might be expected to have its greatest influence.

The standard deviations about the means of replicate determinations of density are 
generally greater at a vacuum of 21"Hg than at 5"Hg. This reflects the difficulties 
encountered in sectioning cleanly plugs of higher density. The shearing action of 
the sectioning process generally yields a clean, smooth section at the interface 
between two adjacent rings for plugs of lower density, but appears to result in the 
fracture of a denser plug in a plane which only loosely corresponds to that interface. 
This leads to greater variation in individual section weights when, considering that 
overall plug weight variation is likely to be less when a higher vacuum is applied, the 
reverse might be expected. For this reason, plugs of relatively low density, produced 
by lower values of applied vacuum, were generally used in the port sectioning 
experiments.

Figure 9.2 illustrates the effect of varying the paddle speed on plug density profiles 
for batch A. Again no definite trend of changing density can be seen, although 
density again appears to be greater within the section adjacent to the wheel's surface. 
Increasing paddle speed (and therefore Q) increases overall density as expected.

Data for batches B and C (Figures 9.3 to 9.6) show patterns very similar to those 
found with batch A, with the exception that batch B does not shown a higher section 
density at the port surface and may exhibit a slight trend of rising density on 
passing down the plug towards the piston mesh.

The previous work on fine-grade cefuroxime sodium, reported above, shows that 
plug density generally decreases with increasing port depth and increases with 
increasing paddle speed, dwell time and applied vacuum. Exactly how such 
changes affect local areas with the powder plug is not clear.

9 .3  Conclusions - plug sectioning

Plugs were sectioned with a view to investigating any changes in local density on 
passing from the wheel's surface, down a formed plug of powder, towards the piston 
mesh.

It might have been expected that deeper ports would have a region of higher 
packing density close to the piston mesh due to the influence of the applied vacuum, 
with a second such region close to the wheel's surface due to the action of the
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hopper paddle. A region of lower density around the midpoint of the plug might 
indicate the attenuated influence of both these factors. Such a profile was not 
found. Generally there was a region of higher density adjacent to the wheel's 
surface which is probably due to the action of the hopper paddle and the doctoring 
plate. Imperfect doctoring of the filled port will introduce errors into the 
calculation of local density.

When a hand gun type filler is used, a 'mushroom' of excess material forms around 
the mouth of the dosator over a wide range of port depths (at least up to 25mm for a 
3/8" dosator) and at all values of applied vacuum, except those below about 5"Hg 
when the dosator is incompletely filled at deeper settings. This suggests that the 
vacuum is, in most practical cases, conducted from the piston to the mouth of the 
port. No practical filling is possible with automatic filling machinery if no vacuum 
is applied, for ports of any depth.

It is likely that the equivalent of this 'mushroom' of material is formed around the 
mouth of the port, within the hopper and is continually removed by the lower 
paddles and reformed. This operation may facilitate optimum packing of material 
into the port and its frequency during the filling stage may explain the significance 
of the value Q in achieving greater packing densities and consistent plug weights.

As cefuroxime is a particularly cohesive material, very little vacuum force would be 
required to hold a mushroom of material around the dosator mouth.

When higher machine speeds or deep ports or low values of vacuum are used, 
imperfect filling produces an apparently filled port immediately after the filling 
stage, but as the port travels round to the dosing stage, material sinks within the port 
under the continued influence of the applied vacuum. The effects of the vacuum 
can clearly be felt at the mouth of the incompletely filled port.

The vacuum gauge reading on the small-scale filling machine is due to airflow 
through the regulating needle value and any airflow through the powder plug, 
balanced against the capacity of the pump. Setting the gauge to a particular value 
creates a particular pressure drop across the powder plug, as the reading is taken as 
the maximum value when the port is full. No adjustment of the valve was necessary 
to achieve the same reading when port depths were changed from 23 to 5mm and 
the ports were completely filled, but was required when incomplete filling produced 
sinking plugs.

It must therefore be concluded that, for the materials investigated in this work and 
when ports are filled to capacity under particular conditions of vacuum etc., there is 
some small residual airflow through the plug which is too small to affect the 
measured vacuum. Such airflow is detectable, even in plugs of relatively low
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porosity, by the Fisher sub-sieve sizer.

The bed sectioning technique appears not to be sufficiently sensitive to detect small 
variations in local density or to conclude that plug density is constant down the plug 
length. Patterns of density profile are related to bulk material properties and, with 
the aid of an improved technique, it may be possible to study batch-to- batch 
variation for cefuroxime sodium by reference to plug density profiles.

The principal failing of this technique is that plugs which can only be sectioned with 
a low degree of reproducibilty are either soft low density plugs or very firm dense 
plugs, i.e. those which are of the greatest interest. It would also be of interest to 
study density profiles of plugs of different length, by a more sensitive technique, to 
explain more precisely the role of the vacuum. It is possible that efficient 
conduction of the vacuum supply to a port of near 'optimum' depth may make 
high-speed multiple-shot filling an efficient alternative to single shot filling.

A more comprehensive understanding of the role of vacuum may also facilitate 
minor weight adjustments by manipulation of the vacuum supply. This would be 
far less invasive than adjusting port depths and could be achieved very rapidly, 
without necessarily stopping the machine.

A suitable alternative technique for investigation of plug density profiles may be by 
extinction of gamma radiation, in which a modified port insert allows gamma rays to 
penetrate the powder plug and its container to an extent which depends upon the 
density of the powder within the port at a particular level.

Section 10 

Vacuum-Held Volumetric Filling of Penicillins. 

10.1 Seclopen

Seclopen shows a linear increase in fill weight with port depth (Figure 10.1) which is 
similar to that observed with the batches of fine grade cefuroxime sodium over a 
range of port depths down to about 20mm. Fill weights from deeper ports are lower 
than expected from a simple extrapolation of the best straight line through the data 
from shallower ports. This represents a decrease in plug density which is 
particularly marked at greater port depths (Figure 10.2). Fewer data points have 
been used to construct Figure 10.1 than was the case with the batches of cefuroxime, 
but these points, which represent a variety of dwell times and paddle speeds, are 
scattered about the best straight line to a lesser degree than was the case with 
equivalent data for the batches of cefuroxime sodium (Figures 8.4 and 8.5, Section 
8.2). This suggests that the fill weights obtained with Seclopen are less susceptible
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to variation associated with changing dwell time and paddle speed than was the case 
with the batches of cefuroxime.

Figure 10.3 illustrates the change in plug density with increasing dwell time, 
irrespective of paddle speed, for a range of port depths. Plug density varies over a 
relatively narrow range from about 0.60 to 0.64gcm'^ over the range of dwell times 
and port depths investigated.

Generally plug density increases with increasing dwell time. Such a trend was not 
observed when plug density was plotted against Q, suggesting that dwell time is more 
significant than paddle speed in influencing density.

Figure 10.4 illustrates the affect of increasing the value of Q, the number of 
revolutions executed by the lower paddle whilst the wheel is stationary in the filling 
position, on the coefficient of fill weight variation. Generally CV decreases slightly 
with increasing Q in a manner which depends upon the port depth. The variation in 
CV associated with changing Q and changing port depth occurs over the range from 
about 0.9% for low values of Q and a port depth of 10.5mm to about 0.36% for 
relatively high values of Q at a depth of 23.5mm. This represents a small change in 
CV with major changes in filling conditions compared with that observed for the 
batches of cefuroxime sodium.
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For values of Q above about 0.4 revs, CV is reduced as port depth is increased at 
constant values of Q. This is, generally, the reverse of the trend shown with similar 
data for cefuroxime sodium.

It may be that the relatively large particles of the Seclopen formulation are more 
freely flowing and fill deeper ports more consistently than cefuroxime, or that 
Seclopen is subject to weight variation which is primarily due to edge effects at the 
wheel's surface (e.g. variation in efficiency of 'doctoring' of the filled port) which 
becomes less significant for deeper ports and greater fill weights.

There appears to be a slight increase in CV at higher values of Q, above about 
O.Srevs.

Seclopen exhibits a modest positive correlation (Pearson's correlation coefficient 
0.726) between CV and plug density which is largely independent of port depth and 
other filling conditions, under constant vacuum (Figure 10.5). Such a correlation 
has not been found with any other materials studied in this work. In this respect 
Seclopen is markedly different from the other materials studied as the lowest 
coefficients of fill weight variation are associated with plugs of low density.

The data presented in Figure 10.5 are most widely scattered for plugs of 
intermediate density, between 0.615 and 0.625gcm ̂  Such densities are associated 
with port depths of between 10 and 15mm, for which a relatively small change in 
plug density, caused by variations in dwell time and paddle speed, leads to a 
relatively large change in the resulting CV. Variation in CV associated with 
changing port depth under otherwise constant conditions appears to be due to the 
effect such changes have upon the packing density of this material within the port.

Some data were generated to investigate the affects of vacuum on plug density and 
CV. Increasing the applied vacuum from 5 to 20"Hg leads to a small increase in 
plug density (Figure 10.6) and a decrease in CV for a port depth of 10.5mm 
(Figure 10.7). Although these changes are small, it is apparent that an increase in 
density due to the applied vacuum is associated with a reduced CV, whereas, from 
the above data on this material, variation of other filling parameters which increase 
plug density appear to increase CV. This apparent contradiction cannot be fully 
analysed from the data available.

Seclopen appears to be well suited to filling by this technique, yielding fill weights 
of up to Ig from a single shot with a CV of less than 1%, depending on port depth, 
at low values of Q and correspondingly high production rates. Production filling 
of this material is currently by auger.
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10.2 C rystapen.

Figure 10.8 illustrates the relationship between fill weight and port depth for a 
sample of Crystapen. A linear relationship exists for ports of depths from around 
10mm to 23.4mm. The fill weights from ports of 7.5mm are lower than might be 
expected due to coring of the powder plugs.

Bulk density vs depth data are presented in Figure 10.9. The effect of coring in 
reducing the calculated plug densities for ports of depth 7.5mm can be clearly seen. 
The distribution of the data points for ports of this depth is primarily due to 
variation in the conditions of dwell time and paddle speed. Coring occurred under 
all the conditions investigated at this depth to varying degrees.

The highest plug densities are seen for ports of 10mm depth, the density falling to a 
relatively small extent as port depth is increased to 23.4mm. The scatter of the 
individual values of plug density about the mean indicates that plugs of material 
from deeper ports are more susceptible to density variation by manipulation of 
filling conditions than shallower ports. The narrowest distribution of observed 
densities occurs at a depth of 15mm. This suggests that, for this material, there may 
be an optimum port depth which is least susceptible to the effects of variation of 
filling conditions on plug density.

The relationship between plug density and Q is illustrated in Figure 10.10. Plug 
density from ports of depth 7.5mm is lower than those from ports of depth 10 and 
15mm. This is due to coring of the plugs on ejection. Plug density decreases at 
values of Q below about 0.4revs. This may reflect a true decrease in packing 
density or an increase in the amount of material retained within the port when 
coring occurs. There appears to be no definite trend in the variation of plug 
density with increasing Q for ports of 10mm depth. This suggests that plugs from 
ports of this depth are not susceptible to density variation due to changes in dwell 
time and paddle speed. It might be expected that the change in density associated 
with variation of these conditions would be similar for 7.5mm and 10mm ports, or 
that, at 7.5mm the plug density might be less sensitive to variation in these 
conditions. However, at 7.5mm, density appears to increase with increasing Q 
which suggests that the density varies due to a change in the amount of material left 
within the port when coring occurs, rather than to a change in initial packing 
density. It is not clear why the degree of coring should change if the packing 
density is approximately constant.

Plug density increases with Q up to values of 0.4revs. for ports of 15mm and values 
of around 0.5revs. for port depths of 23.4mm. These trends are similar to those 
observed for the batches of cefuroxime. Such trends are not, however, observed 
with the sample of Seclopen.
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Coefficient of fill weight variation was found to decrease with increasing Q (Figure 
10.11) in a manner broadly similar to that observed for the batches of cefuroxime. 
The highest values of CV (3%) were observed for ports of depth 23.4mm at low 
values of Q around 0.15revs; however, the lowest values of CV (around 0.6%) were 
also observed for ports of this depth of values greater than 0.5revs.

For all port depths investigated, the CV was found to decrease with increasing Q 
towards a minimum value which is depth-dependent. In the case of ports of depth 
10 and 15mm, the CV appears to increase slightly as Q exceeds about 0.5revs.

It appears that, for this material, there is little advantage, and possibly some small 
disadvantage, in increasing values of Q above 0.6revs. in order to minimise the CV, 
regardless of the port depth required to yield the target fill weight.

The effects of the magnitude of the applied vacuum on the plug densities and CVs 
for Crystapen are illustrated in Figures 10.12 and 10.13. At the three port depths 
investigated, increasing the vacuum applied to the port during filling produces a 
marked increase in plug density which appears to tend towards maximum and depth 
dependent values. However, increasing vacuum reduces the CV by a relatively 
small amount (from approximately 1% to 0.5% for ports of depth 23.4mm). This 
reduction is greater for deeper ports than for shallower ones as vacuum is increased 
from 5"Hg to 20"Hg. There appears to be a slight increase in CV when the vacuum, 
applied to a port of depth 10mm, is increased from 15 to 20"Hg.

Crystapen seems well suited to filling by this method. Fill weights of up to Ig can 
be achieved with a CV of less than 3% at relatively low values of Q. Production 
filling of this material is currently by auger.

10.3 Triplopen.

Triplopen exhibits a linear relationship between fill weight and port depth (Figure 
10.14) of the type shown by all the other materials studied in this work. The fill 
weights from ports shallower than 10mm are lower than might be expected due to 
coring of the plugs.

Figure 10.15 represents the change in plug density with port depth. There is 
significant coring of plugs at a depth of 7.5mm. Plugs from ports of 15mm depth 
appear to be of lower density than might be expected. This is confirmed by 
reference to Figure 10.14 in which the mean fill weight of plugs from ports of this 
depth fall below the best straight line through the data from non-coring plugs. As 
with the other materials studied, there is a reduction in plug density with increasing
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port depth from the maximum value, which occurs for ports of around 10mm 
depth.

Plug density is primarily determined by port depth, and there is little change in 
density in increasing Q from 0.4 to l.Orevs., particularly for shallower ports. The 
density calculated for ports of depth 7.5mm is consistently low compared with that 
for deeper ports, and increases slightly with increasing Q. Deeper ports of 15 and 
23.5mm do not show a reduction in density at values of Q below 0.4rev. Plugs of 
approximately constant density can therefore be produced over a wide range of 
values of Q, particularly for deeper ports. It should therefore be possible to fill this 
material at dwell times down to 0.23s (equivalent to a filling rate of around 85 doses 
per minute using this type of machinery), assuming an optimum paddle speed of 
SOrpm, and to achieve a fill weight of up to Ig with each shot.

An indication of the coefficients of fill weight variation in relation to depth and to Q 
can be gained from Figure 10.17 of CV vs Q for four port depths. At a depth of 
7.5mm, CV increases rapidly from around 1% at values of Q below 0.5rev. up to 2% 
at Q around l.Orev. This increase is associated with the modest increase in density 
seen at this depth in Figure 16.16. This reflects a change in the degree of coring 
with increasing Q. At low values of Q, coring occurs most frequently so that the 
calculated density of the plugs is low, as is the CV. As Q is increased, coring occurs 
less frequently and density increases along with the CV. If the plot were to be 
extrapolated to very high values of Q, and if frequency of coring decreases towards 
zero, the CV would be expected to fall again, and the density become constant at a 
level slightly higher than that for plugs from a port of 10mm depth.

There is a small decrease in CV for ports of 10mm and 15mm deep from about 
0.9% to about 0.8%. At a depth of 23.4mm there is a sharp fall in CV from about 
1.8% to 0.8% on increasing Q from 0.3 to 0.5revs., above which CV again appears 
to increase slightly. There is little difference in CV for all depths at which coring 
does not occur, at values of Q above 0.4rev.

It appears, therefore, that plugs from ports of between 10 and 15mm deep would 
exhibit a CV of around 1 % at the above filling rate and that CV may rise to 2% for 
ports of up to 23.4mm deep at the same rate. This material is well suited to filling 
by this technique.
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Table 10.1

Gradients, Intercepts and correlation coefficients for fill weight vs port depth plots 
for the Penicillin formulation.

Material

Seclopen

Crystapen

Triplopen

Gradient
gmm-i

4.239 X 10

3.984 X 10

3.961 X 10

Intercept on y Axis 

g

2.155 X 10-2 

3.526 X 10-2 

7.385 X 10-2

Pearson's

Correlation
Coefficient

0.9992

0.9991

0.9990
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10.4 Sum m ary

The relationships between fill weight and port depth appear similar for the three 
penicillin formulations (Table 10.1). The relatively small differences between the 
gradients and intercepts of the fill weight vs port depth plots are reflected in the 
density profiles of the three materials (Figure 10.18), although plots of fill weight 
versus depth are not sufficiently sensitive to reveal small differences in plug density.

The three penicillin formulations exhibit broadly similar trends of decreasing plug 
density with depth. However, Seclopen shows no significant coring at port depths of 
around 7.5mm, although coring does occur at 5mm.

The data from the three formulations which relate to the values of CV which can be 
achieved over a range of port depths, dwell times and paddle speeds, indicate that all 
three materials can be filled to achieve a CV of consistently less than 2% and, for 
ports below about 15mm, less than 1% at the maximum rate possible using the 
stepper-driven machine, at about 85 doses per minute. At this rate, fill weights of 
betwen 0.4 to l.Og can be achieved from a single shot of material. Production filling 
of these materials is currently performed using an auger.

There are marked differences in filling performance between the penicillin 
formulations and fine-grade cefuroxime sodium.

In some respects however, the behaviour of Crystapen, as indicated by plots of CV vs 
Q, is similar to cefuroxime in that the CV decreases rapidly with increasing Q to a 
minimum value around 1% although the CV is consistently below 2% for all depths 
investigated even at low values of Q. This suggests that this material could be filled 
rapidly and consistently under a wide range of conditions.

Triplopen behaves rather differently. CVs are below 2% except for the deepest 
ports at the lowest values of Q. For ports of intermediate depth, the CV is not 
greatly reduced on increasing Q and remains around 1%. For shallower ports of 
7.5mm depth, the CV actually increases markedly with increasing Q.

Seclopen stands apart from the other penicillin formulations and from cefuroxime 
in its filling performance. Although the CV is generally decreased with increasing 
Q, the minimum value reached is clearly depth dependent and the deepest ports 
yield the lowest values. Coefficients of weight variation are less than 0.9% for the 
shallowest ports at low values of Q and are around 0.4% for ports of 23.5mm depth 
across a wide range of values of Q.

Seclopen can be said therefore to exhibit more desirable filling properties than 
Triplopen and Triplopen is generally superior to Crystapen in this respect. All the
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penicillin formulations exhibit more desirable filling properties than the batches of 
fine-grade cefuroxime sodium studied in this work.

Section 11 Plug density profile of penicillins.

Plugs of Seclopen and Crystapen were sectioned in the same way as those of 
cefuroxime.

Figure 11.1 illustrates the change in section density on passing from the surface to 
the piston mesh. As with cefuroxime, differences in overall density associated with 
changing the applied vacuum are largely as expected and seem to be apparent over 
the entire length of the powder plug. Differences immediately adjacent to the piston 
mesh are more likely to reflect difficulties with the technique and with estimation of 
section volume in this region, rather than significant differences in section density.

Seclopen shows a much more pronounced trend of decreasing density in the upper 
half of the plugs. Density is highest in the sections adjacent to the port surface and 
decreases towards section 4. This is probably due to the influence of the rotating 
paddle in forcing material into the port and, to some extent, to the effect of the 
doctoring process for filled ports which is likely to increase plug density locally at 
the surface of the port.

Figure 11.2 illustrates the effect of changing paddle speed on the density profile. As 
paddle speed is decreased from 80 to 35rpm for a dwell time of 1.02s (i.e. Q = 1.33 
to Q = 0.60) there is a small decrease in overall density but no significant change in 
the density profile.

Plug density profiles for Crystapen are presented in Figure l l  3. Here there are 
differences in overall density probably due to the change in applied vacuum from 
20 to 5"Hg. There is no significant change in the pattern of density variation on 
changing dwell time and applied vacuum. There is, however, in each case a clear 
decrease in packing density on passing from the port surface to a point around the 
middle of the plug. The upper region is likely to be due to the influence of the 
hopper paddle, whilst the lower region of fairly constant density may be due 
primarily to the influence of the applied vacuum.

Differences in the patterns of density profile between the penicillins and cefuroxime 
are likely to be related to their relative cohesiveness. The more freely flowing 
penicillins may pass from the hopper to the port more readily than cefuroxime and 
therefore be influenced more by gravity than the action of the hopper paddles. 
Alternatively, it may be that a more freely flowing powder is moved more efficiently 
by the action of the hopper paddle than a cohesive one, so that the paddle has a 
greater influence on the packing density of powder close to the wheel's surface.
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Section 12 C on clu sion s.

12.1 Material properties and filling performance.

Variation of filling conditions changes the relative filling performance of individual 
batches of fine-grade cefuroxime sodium. This compounds the difficulties of 
relating material properties to filling performance.

Small differences between the batches of cefuroxime with respect to the various 
measures of particle size and to bulk properties investigated in this work cannot 
generally be considered of significance and therefore cannot be correlated with 
filling performance.

Because of the very large numbers of very small particles present in fine-grade 
cefuroxime sodium, the particle sizing techniques used in this work give an 
unreliable, if reproducible, representation of size distribution. Electron 
photomicroscopy indicates that the bulk material is made up of agglomerates of 
small particles and of small particles adhering to larger ones, along with free 
particles. It is likely that the behaviour of the bulk material reflects the size and 
properties of these agglomerates as well as similar characteristics of individual 
particles. All the sizing methods used in this work may size such agglomerates as 
individual particles to some extent, despite ultrasonic treatment of the samples.

None of the sizing techniques used in this work are of use in the comparison of 
individual batches of fine-grade cefuroxime with respect to the very complex bulk 
characteristic of vacuumetric filling performance.

Much larger scale trials are desirable, perhaps based on blends of coarse and 
fine-grade material so that the effects of gross changes in particle size distribution 
on filling performance can be assessed.

The absence of a rational bulk product specification with respect to particle size may 
give some latitude for improving filling performance as the product probably does 
not need to be milled to the current extent. The upper limit on particle size is set to 
ensure that particles in reconstituted suspensions do not block hypodermic needles 
during administration. The very large numbers of particles below l^m probably 
do not need to be present at all if the milling process can be refined so that larger 
particles are broken down without creating such large numbers of very small 
particles. It may even be of benefit to remove and rework some of the material at 
the lower end of the size distribution.

Techniques used in the study of bulk properties of fine-grade cefuroxime sodium
which are worthy of further investigation include volume reduction on tapping and
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Hausner's ratio. Tensile testing which measures cohesion has revealed marked 
differences between batches of cefuroxime but these cannot readily be related to 
filling performance. This is a difficult technique which requires standardisation, for 
example in the rate of application of the tensile force and in sample preparation.

The Fisher sub-sieve sizer was expected to be the most useful and relevant technique 
in this work as it involves measurement of the permeability of a powder bed of 
broadly similar dimensions to those used in vacuumetric filling. However, the small 
differences found in the specific surface areas measured in this way between batches 
make the interpretation of comparative data difficult.

The samples of fine-grade cefuroxime sodium available in sufficiently large 
quantities to be used in the filling trials undertaken in this work do not represent 
particularly 'good' or 'poor' filling material. A useful starting point for further 
work in this area would be the selection of samples from across the spectrum of 
filling quality by means of standard trials as described above, possibly undertaken at 
the end of a production filling run. Alternatively, samples could be 'manufactured' 
by blending coarse and fine-grade material as described above or by manipulation 
of the milling stage of bulk product manufacture.

The mean particle sizes of the penicillin formulations are only slightly larger than 
those of fine-grade cefuroxime, as measured by the Malvern particle sizing method. 
However, as the Malvern clearly does not measure very small particles in cefuroxime 
and penicillin samples and microscopy reveals their presence, especially in samples 
of cefuroxime, this cannot be considered a useful comparative technique.

The rank order of decreasing filling performance among the penicillins appears to 
correlate with increasing SSA, measured by the Fisher sub-sieve sizer, and with 
increasing Hausner's ratio. Tensile testing indicates that the penicillins are less 
cohesive than fine-grade cefuroxime. Seclopen has a markedly different profile of 
decreasing tensile strength with increased porosity from the other penicillins, having 
a significantly higher tensile strength at low porosity, which decreases very rapidly 
as porosity is increased.

It appears then that gross differences between materials, and possibly between 
samples of the same material, with respect to bulk properties, may correlate to some 
extent with filling performance measured under carefully standardised conditions.
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12.2 M achines, processes and filling performance.

The small-scale filling machine designed and constructed as part of this work has 
allowed investigation of the effects of machine-dependent variables on the fill 
weight and coefficient of weight variation of the powder plugs it produces.

Machine dependent variables which are manipulated by production staff include 
filling rate (dwell time) and paddle speeds, vacuum (which is normally set close to 
the highest possible value) port depth and diameter and multiple-shot filling.

Filling performance is best assessed by reference to weight variation and rate of 
production under carefully specified filling conditions. Each batch could be 
assigned a filling quality rating based on the slopes of Q vs depth plots at several 
levels of variation or by analysis of CV vs Q plots at the required depth for the target 
weight. Such information gives an indication of the rate of production at which the 
product specification can be met with respect to the variation about the target fill 
weight. Better filling products are filled to specification at a higher rate than poorer 
filling ones. Lower coefficients of fill weight variation can be achieved at higher 
production rates if machine dependent variables are carefully controlled, 
particularly dwell time, paddle speed and applied vacuum.

It would be desirable to generate such data on all batches to be filled so that a large 
scale retrospective study might be undertaken to correlate filling performance, 
assessed in this way, with bulk properties of cefuroxime to improve the specification 
of the manufactured bulk product.

Such data, generated before a production run, would allow each batch to be filled at 
a level which comes close to the specification limits so that good material is not 
filled to a standard much better than the specification requires, at the expense of 
higher production rates.

Any statement of filling performance must carefully specify the conditions under 
which it applies. It is apparent from Figures 8.22, 8.32, 8.33 and 8.34 that relative 
filling performance is condition dependent. Such observations go some way 
towards explaining why an assessment of the filling performance of a particular 
batch may vary between production departments.

Storage and handling conditions may also affect the filling performance of the 
product by variation of bulk properties.

The bulk product is filled into airtight containers at the end of the manufacturing 
stage. No data are available on the moisture content of the material at this stage. 
The material is transported to secondary production sites for filling in sterile
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production areas where the atmospheric humidity is controlled by air conditioning, 
but is likely to vary from site to site and, to a limited extent, from day to day.

During a successful filling run the bulk material is exposed to the atmosphere for a 
relatively short period between opening each can (which may contain about 10kg of 
material) and the end of that phase of the filling operation, which may be about one 
hour, depending on the production rate and the fill weight of material. Problems 
with filling can mean that the product is exposed to the atmosphere for longer 
periods which may compound the problems.

No data are available on the effects of humidity on material bulk or filling 
properties and atmospheric humidity was not controlled during this work. In an 
attempt to ensure that exposure of the material to the atmosphere was not affecting 
filling performance, cefuroxime batch B was returned to on several occasions to 
ensure that the mean fill weight fell within the original 95% confidence limits under 
specific conditions.

Humidity was not measured in this work and was bound to vary, however, no 
evidence was found to suggest that significant variation in filling performance 
occurred with prolonged exposure to the atmosphere.

If environmental conditions, handling and storage do affect filling performance, e.g. 
through particle segregation during transportation, then different filling conditions 
at secondary sites may augment small variations in bulk material properties to yield 
significant differences in apparent filling performance.

12.3 Machine modification.

The filling machine that has been designed and built works effectively in its 
intended role. A second machine has been commissioned by Glaxo 
Pharmaceuticals for small scale production use, based on experience in the design, 
construction and operation of the machine used in this work.

There are essentially three different approaches to the reduction of the problems 
surrounding the filling of fine-grade cefuroxime sodium. The optimum use can be 
made of existing machinery and raw material based on an understanding of the 
relationship between the two, as discussed above. Alternatively, the bulk product 
specification can be modified to yield a more consistently fillable product. A third 
approach clearly lies in the modification of existing machinery.

Further work on design modification is desirable and some possibilities are 
suggested which consist of relatively minor modifications to existing machinery and 
some ideas for new machinery based on the principles studied in this work.
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The rate of rotation of the hopper paddle influences the fill weight and variation. It 
is likely that modification of this important component may improve overall filling 
efficiency. For example, adding more blades to the lower paddle may affect the 
packing of material within the port. Alternatively, use of a larger volume lower 
hopper chamber with fewer blades to move a larger volume of powder over the 
mouth of the waiting port may improve port filling.

The mouth of the hopper might usefully be widened so that material can pass into 
the port throughout an angular travel of, say, 70 degrees. This, possibly combined 
with a larger volume hopper chamber may allow faster filling rates. This may allow 
two ports to be positioned side by side on a wider filling wheel. Such ports may be 
too close together to be emptied simultaneously, but incorporation of a simple valve 
system would allow them to discharge their contents consecutively. Such 
modifications would permit a longer duration of the filling stage whilst keeping 
production rates constant.

Some existing production machinery incorporates filling wheels which resemble cart 
wheels in that the ports correspond with the wheel spokes, thereby greatly reducing 
the weight of the wheel which can then be accelerated and rotated at greater rates.

Two separate vacuum supplies might usefully be incorporated, with one supply fed 
to the filling region only, and a second supply, possibly with a lower level of applied 
vacuum, used to hold the plug in the port until the ejection stage is reached. This 
would result in more effecient conduction of vacuum to the important filling stage. 
Efficiency in this area might also be improved by channelling the vacuum and air 
supplies to the centre of the filling wheel so that the diameter of the vacuum/air 
manifold could be reduced, allowing a greater width of seal area between the 
manifold and the rotating wheel. This would improve the effectiveness of the seal 
whilst reducing the overall area of contact between the two, reducing friction and 
wear. The manifold could be recessed into the body of the machine to reduce the 
risk of particulate contamination of the product and thereby allow a wider range of 
materials to be used at this important interface.

The manifold might also incorporate concentric vacuum and air supplies so that the 
ejection air would not blow particles back into the space behind the piston after they 
have been removed by the vacuum. This might reduce blinding of the piston mesh 
and reduce the risk of product contamination.

The shape and volume of the space behind the piston mesh could be manipulated to 
facilitate an even airflow through all regions of the piston mesh. This might 
improve packing of material within the port and improve plug ejection by 
minimising residue within the port. The use of sintered metal piston heads may 
provide a more evenly distributed pattern of airflow and they may be less prone to
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blinding.

With current machinery, the duration of the filling stage limits the overall 
production rate. Trial filling using a hand held dosator which is dipped into a bed 
of powder is usually very successful. It may therefore be useful to investigate a 
vacuumetric filling system which incorporates some elements of automated capsule 
filling. The dosator might be filled by dipping it into a bed of powder, assisting the 
process with the applied vacuum as before. Several dosators could then be filled 
simultaneously so that production rate would become limited by the accurate 
positioning of vials to receive the plugs of powder, ejected from the filled ports as 
before. An obvious problem with such a system would be doctoring the filled ports 
at high speed.

High speed vial positioning might be assisted by the use of vacuum to hold them 
onto a suitable indexing system.

Fine-grade cefuroxime contains many particles below l^m  in size. This crystalline 
material is also quite soft and the particles are readily deformed under mechanical 
stresses. This means that the material readily penetrates, coats and binds moving 
parts with which it comes into contact. This clearly excludes filling by any method 
which involves moving parts in contact with the product, e.g. any 'push' plug 
ejection system of the type used in capsule filling.

Modification of existing machinery and particularly replacement of production 
machinery would clearly involve great expense, but relatively minor modification of 
experimental machines is worthy of further consideration.
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Appendix 1.

la . General assembly of small scale filling machine (Figure la ).

The filling wheel (a) and its integral back-plate (b) are mounted and keyed onto an 
axle (c). The axle is turned by a belt-drive mechanism from the stepper motor by a 
toothed drive wheel (d) (see Appendix lb). The filling wheel therefore rotates 
against the fixed vacuum/air manifold (e) (Appendix Ic), which is held by a locating 
pin (f). The manifold is held firmly against the filling wheel by three springs (not 
shown) which are semi-recessed (e.g. at g) into the machine case face-plate and are 
equally spaced on a radius concentric with the filling wheel. These springs are 
compressed by tightening the retaining screw (i).

A vacuum supply (j) and two air supplies are provided to the manifold. During 
rotation, recesses in the manifold intermittently correspond with holes (e.g. k) in the 
rear of the filling wheel to conduct the vacuum supply to each filling port. These 
latter are located within the filling wheel (e.g. at 1) (see Appendix Id). These holes 
also intermittently conduct ejection (m) and purging air (not shown) to the port 
from supply holes in the manifold.

Vacuum is constantly supplied to the manifold throughout the operation of the 
filling machine as is the port-purging air supply, each being conducted to a 
particular port in its turn, as the wheel rotates.

The ejection air is supplied to the filling port via a solenoid valve which is triggered 
by an adjustable cam (n) which operates a switch (o) (see Appendix 2c).
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lb. Geared drive system and solenoid trigger (Figure lb).

The stepping motor (HY200 4288 890 AB, Cetronic Dynamics Limited) turns the 
filling wheel by a geared belt-drive system which gives the motor a mechanical 
advantage of 4:1. The toothed pulley (a) turns the driving pulley (b) via the 
drive-belt (c). The rear of the driving pulley is fitted with a four-cornered cam (d), 
which can be rotated about its axis by loosening the retaining screws (e.g. e). When 
each corner of the cam passes over a trigger switch (f) a solenoid valve is activated to 
provide the plug ejection air. The cam can therefore be positioned to open the 
solenoid valve just before the wheel comes to a halt during the filling cycle.

The electronic circuit (Appendix 2a), which controls the operation of the air 
solenoid valve, possesses a facility to delay the operation of the valve, after activation 
of the trigger switch, to an extent which can be varied by the operator. The plug of 
powder can therefore be ejected into a waiting container with a minimum of 
positioning error and dusting.
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le. Vacuum and air supply manifold (Figure Ic).

A circular manifold plate was employed to provide the required alternation of 
vacuum and air supplies to the filling port. When viewed from the front elevation, a 
vacuum supply is provided via a pipe which passes through the machine case 
face-plate and is connected to the manifold at the 12 o'clock position. The vacuum 
supply is conducted through a hole in the manifold which corresponds with a hole 
in the wheel back-plate which locates in its turn with the vacuum/air supply hole in 
the filling port insert unit (Appendix Id). A semi- circular groove is cut into the 
manifold plate on the same radius as the vacuum- supply hole, from a position some 
5 degrees before this hole to about 5 degrees before the ejection air hole. This 
groove facilitates the conduction of the vacuum to the filling port throughout 180 
degrees of its travel (in an anti- clockwise direction).

The ejection air supply is connected to the manifold at a position diametrically 
opposite to the vacuum supply hole. Air is supplied, under slight pressure, and is 
regulated by the solenoid valve (Appendix lb).

The purging air supply is connected to the manifold at the 3 o'clock position; it is 
continuous and is regulated by a valve which controls its flow rate.

The interface between the manifold plate and the filling wheel back-plate must be 
air-tight to ensure efficient conduction of vacuum and air supplies to the filling port 
as the wheel rotates against the stationary manifold. Several experimental manifold 
plates were manufactured in different materials to achieve the best seal between 
manifold and rotating backplate. It was not possible to manufacture a plastic 
manifold plate to sufficiently high standards to form the required seal. The quality 
of the seal only emerged as a problem when construction of the machine was 
essentially complete. Restrictions imposed by other components preclude the use of 
a thicker plastic manifold which may have been less prone to distortion when 
compressed in its operating position. A brass manifold plate was found to be most 
successful when the interface was lubricated with grease.

The use of such materials would clearly be undesirable in a sterile production 
environment as the interface would be a potentially hazardous source of particulate 
and biological contamination. The interface could however be recessed behind the 
case face-plate to reduce such restrictions on the materials used at this critical point 
in the design and construction of filling machines of this type.
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Id. Filling port unit (Figure Id).

The filling wheel is designed to contain four removable port units (a). Each unit 
consists of a piston (b) with removable porous head (c) which is located within a 
cylinder composed of a stack of 12 steel rings supported by a collar (d). This inner 
cylinder (e) is a sliding fit within a complete outer cylinder (f) which holds the stack 
of rings together by means of recessed screws (g & h) which pass through the outer 
cylinder into the rings at the top of the stack and into the collar at the bottom. The 
body of the piston is made air-tight within the cylinder by means of O-rings (i & j). 
The base of the cylinder is formed by a block (k) through which the piston shaft 
passes. The shaft and block are threaded so that the depth of the piston within the 
block can be adjusted by means of a rod inserted through 1.

A hole (m) connects the space between the two O-rings within the cylinder with the 
air and vacuum supplies via a corresponding hole in the filling wheel. The vacuum 
and air supplies, provided in turn by the manifold, are therefore conducted to the 
port space above the piston via the porous piston mesh.
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le .  H opper (Figure le ).

Powder is introduced into the main hopper chamber (a) so that the upper paddles (b 
& c) are covered (2-3kg of material). The speeds of rotation of the upper and lower 
(d) paddles can be adjusted independently. The upper paddle system consists of a 
large paddle which stirs the powder and pushes it into the path of the lower paddle 
and a smaller paddle which loosens material in the upper part of the hopper body 
and allows it to fall into the path of the larger paddle. Each paddle has four blades 
positioned 90 degrees apart.

Each paddle rotates in an anticlockwise direction. The upper paddle therefore 
pushes material into the path of the lower. When the hopper is mounted on the 
filling machine, the blades of the lower paddle pass within a few millimetres of the 
surface of the filling wheel at the lowest point of their travel. The filling wheel also 
rotates anticlockwise so that material in the hopper chamber (e) flows in the opposite 
direction to that of the filling port as it approaches the stationary phase of the cycle.

Plastic seals between the hopper mouth and the filling wheel reduce leakage of 
powder to a minimum and a doctoring plate mounted adjacent to the hopper mouth 
removes excess material from the surface of the wheel as it rotates against it and 
feeds this material back into the path of the lower paddle.
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If. W atertrap (Figure If).

The vacuum required to draw powder from the filling port is provided by a pump. 
Material packs down into the port as described elsewhere. Some material is drawn 
through the piston mesh and through the system towards the pump. This material 
must be removed from the vacuum line. Conventional screen filters become 
progressively blinded with material which reduces the airflow and thus the vacuum 
drawn. A simple water-trap filter was designed to maintain airflow at a constant rate 
and remove particles from the airstream.
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A ppendix 2.

Figure 2a. Circuit diagram for solenoid valve operation.

2b. Basic program to operate indexing system (Figure 2b 'Motor 7').

The intermittent motion of the filling wheel is provided by a 4-phase stepping motor 
which is controlled by a Digiplan CD 30 chopper drive (Cetronic Dynamics 
Limited), which is controlled in its turn by a BBC microcomputer via a 1217 port 
interface. The 1217 port interface is designed to operate via an 8-bit bi-directional 
port which allows rapid data transfer.

The functions of the 8-bits are as follows:-

Bit No. Function

0 Data or command words
1 depending on the state
2 of bit 4.
3

4 High for commands, low for data.

5 Data valid (DAV).
6 Data accepted (DAC).

7 In motion.

The first four port outputs (bits 0 to 3) are used to transfer either hexadecimal data 
or command words. The controller uses the next line (bit 4) to determine the 
significance of the first four lines; with bit 4 low they are carrying data, with bit 4 
high, a command word.

Bits 5 and 6 are used in a simple handshake routine to indicate when data is on bits 
0 to 4 (DAV high) and when the data has been accepted (DAC high). Bit 7 is used 
to indicate when the motor is in motion or a fault has occurred.
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A basic program, 'Motor 7', was written to control the data transfer. At the 
beginning of the program the controller is configured to:

bits 0 to 5: outputs 
bits 6 & 7: inputs

DAV is then set low and the system is ready to accept the main program. Data are 
transferred in 'nibbles' of 4 bits which indicate to which axis the data refers (the 
interface handles several), should they be required, the distance to be moved (in 
steps),the speed of rotation and the acceleration rate required.

The transfer of data is facilitated by a series of command routines along with the 
index start and stop commands. The latter can be used at any time to stop the axis 
in motion.

Other routines are employed to monitor the status of DAV and DAC lines to allow 
sufficient time intervals for data nibbles and to monitor and report any faults which 
may occur. A routine also monitors the time interval between a stop command and 
the next start command to give an indication of machine dwell time.
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2b.' M otor 7'

10 REM **** MOTOR 7 ****
20 DIM T( 1,300)
30 PROCinitialisation 
40 MODE?
50 G1 = -1 : X=0 
60 CES : G1 = G1 +1
70 PRINT" *PRESS ANY KEY TO PROCEED*"
80 IF GET$= "" THEN 90
90 CLSiPRINT : PRINT ;PRINT"****PRESS SPACE BAR TO STOP****" 
100 A=&1 : B= &1 : C=&9 : D=&0 : BB=&6 : CB=&0 : DB=&0 
110 E=&7 : REM**SPEED DATA***
120 F=&6 : REM**INDEX START COMMAND *
130 X$=INKEY$(1)
140 IF ASC (X$) = 32 THEN 150 ELSE 170 
150 PROCpanic 
160 GOTO 430 
170 X = X + 1
180 COM=A x-axis command
190 PROCcomout
200 DAT=b distance data
210 PROCdataout
220 DAT=C distance data
230 PROCdataout
240 DAT=D distance data (distance = 190 (=400))
250 PROCdataout
260 COM=E speed data command
270 PROCcomout
280 DAT=BB speed data
290 PROCdataout
300 DAT=CB speed data
310 PROCdataout
320 DAT=DB speed data (speed = &600 (=1536))
330 PROCdataout
340 COM=F Index start command (accl = default)
350 PROCcomout 
360 G2=?&FE60 AND 128 
370 IF G2=128 THEN 360 
380 IF X>1 THEN TIME = 0 
390 FORS =1 TO 100 
400 NEXT
410 IF X =300 GOTO 430
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420 GOTO 120
430 PRINT:PRINT:"* RESIDENCE TIMES *":PRINT
440 FOR 03=3 TO X
450 PRINT " T(G1,G3) ; " SECONDS."
460 NEXT
470 PRINTiPRINT" PRESS 'R' TO RUN AGAIN 
480 IF GET$="R" GOTO 50 
490 END
500 DEE PROCinitialisation Port configuration 
510 ?&FE62=63: REM**DDR 6 OUTPUTS**
520 ?&FE6-=?&FE60 AND 223REM*SET DAV LOW*
530 ENDPROC
540 DEE PROCdataout
550 ?&FE60=?&FE60 AND 224 OR DAT
560 FOR Z= 1T02:NEXT
570 ?&FE60=?&FE60 OR 32:REM**DAV=HIGH**
580 K=0 
590 REPEAT 
600 K=K+1
610 Q=?&FE60 AND 64
620 IF Q=64 THEN 650 ; REM * IS DAC HI?*
630 UNTIL K=100
640 PRINT" ** INTERFACE FAULT**", GOTO 440 
650 UNTIL TRUE
660 ?&FE60=?&FE60 AND 223: REM*SET DAV LOW*
670 K=0 
680 REPEAT 
690 K=K+1
700 Q=?&FE60 AND 32 is DAC low ?
710 IF Q=0 THEN 740 
720 UNTIL K=100 
730 GOTO640
740 7&FE60 = 7&FE60 AND 239 remove data
750 UNTIL TRUE
760 ENDPROC
770 DEE PROCcomout
780 7&FE60=7&FE60 AND 2240R C0M+16:REM*BIT4=0* 
790 FOR Z = 1T02:NEXT
800 7&FE60=7&FE60 OR32:REM*SET DAV HIGH*
810 K=0 
820 REPEAT 
830 K=K+1
840 Q=7&FE60 AND 64
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850 IF Q = 64 THEN T (G1,X) = TIME/100 
860 IF Q = 64 THEN 890: REMOIS DAC HIGH 
870 UNTIL K=IOO
880 ?&FE60=?&FE60 AND 223:GOTO 640:REM*SET DAV LOW*
890 ?&FE60=?&FE60 AND 223
900 UNTIL TRUE
910 K =0
920 REPEAT
930 K=K+1
940 Q=?&FE60 AND 64:REM*IS DAC LOW 
950 IF 0 = 0  THEN 980 
960 UNTIL K=100 
970 GOTO 880
980 ?&FE60=?&FE60 AND 239: REM*REMOVE DATA
990 UNTIL TRUE
1000 ENDPROC
1010 DEE PROCpanic
1020 ENDPROC
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