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Abstract 

ABSTRACT 

Agglomerated milk powders are produced to give i mproved properties such as 
flowabil ity, dispersibi l i ty ,  reduced dustiness and decreased bulk density. A key 
function of these powders i s  to dissolve "instantly" upon addition to water and because 
of this they are also called "instant mi lk powders". They are produced by 
agglomerating the undersized fines that are returned to the top of the spray drier wi th 
mi lk concentrate droplet spray . Interaction occurs in a coll i sion zone, often wi th 
multiple sprays and fines return l ines. Agglomeration can be a d ifficult process to 
control and operators find it hard to fine tune the process to produce specific powder 
properties. This  work aimed to understand the effects of key droplet and fines 
properties on the extent of agglomeration to allow a mechanistic understanding of the 
process. 

Three scales of spray drier were investigated in this study with different rates of 
evaporation; a small scale drier (0.5 - 7 kg water h- I ) ,  a pilot scale drier (80 kg water h­
I ) and a range of commercial production scale driers (4 - 1 5 000 kg water h- I ) .  A survey 
of operators of commercial scale driers showed that  control of instant milk powder 
production to influence bulk density is  highly intuit ive. Fines recycle rates were 
expected to be important in control of agglomeration processes and were estimated on a 
specific plant  by using the pressure drop measured i n  the fines return l ine. A model 
based on pressure drop along a pneumatic pipeline under-predicted the experimental 
values for pressure drop due to sol ids, which means a calibration curve should be 
generated for each specific drier. Fines recycle rates were predicted to be significantly 
higher at 95 to 1 30 % of production rates compared to those expected by operators of 
50%. 

Experimental measurements agreed wi th existing models for the effect of temperature 
on the density and viscosi ty of milk concentrates. Experimental results showed that the 
surface tensions of concentrated milks were within the same range as l i terature values 
for standard milks below 60°C, but were significantly h igher for mi lk  above 60°C . This 
is  thought to be l inked to the mechanism of skin formation due to disulphide cross 
l i nking at h igh temperatures and concentrations. Powder properties were also 
establ ished for selected products produced on the commercial scale driers. These 
powders were then used in experiments on the two s maller driers. Because coll is ion 
frequency depends on the velocity and droplet size of sprays ;  these properties were 
measured for the smal l scale drier and estimated, where possible, for the pi lot and 
commercial driers. 

The smal l scale agglomerating spray drier was configured to alter droplet and particle 
properties when interacting a vertical fines particle curtain with a horizontal spray sheet. 
An extensive design and improvement process was carried out to ensure the system 
consistently del ivered these streams in a control l able manner. The processes of 
col l i sion and adhesion occur very quickly inside the spray drier. In order to assess the 
extent of agglomeration that has occurred, the feed streal1)s must be compared to the 
final product stream. An ideal way to do this  is  to use an agglomeration index which 
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compares the particle size distributions of the feed (fines recycle and spray streams) and 
the particle size distribution of the product stream (the agglomerated powder). The 
index described changes between these steams across the partic le size distribution and is  
called an agglomeration efficiency, (g. However, it was found that the presence of fines 
in the product of the one-pass design obscured the agglomerates formed. The 
agglomeration efficiency, (g, was modified to become (h which subtracted the fines 
stream from the agglomerated product distribution. In thi s  way �h models  i ndustrial 
operation where the fines are recycled, by effectively just comparing the spray and 
product streams entering and leaving the process. 

The small scale drier was used for an experimental study on natural and forced 
agglomeration, where the drier was operated w ith spray only, then w ith spray and fines. 
For natural agglomeration, SEM images of the product powder indicated that l i ttle 
agglomeration occurred between spray droplets. The product yield was unacceptably 
low ( - 40%) due to adhesion of spray droplets to the drying chamber wall opposing the 
horizontal spray . When the fines curtain was introduced in the forced agglomeration 
experiments, product yield increased above 50% because the fi nes acted as col lectors 
for the spray droplets. However, the agglomeration performance of the modified spray 
drier was lower than expected. The equipment design was then optimised by 
considering three key issues ; fines dispersion, droplet dispersion and stickiness, and 
agglomerate breakdown. Final experiments studied agglomeration at low fines to spray 
mass flux ratios and showed that increasing the fines size had a posi tive e ffect  on 
agglomeration efficiency, (h. 

The agglomeration study at pilot scale identified the effect of key variables, total solids, 
concentrate and fines flow rate, and fines s ize on the agglomeration efficiency. A 
dimensionless fl ux approach was used to explain the experimental results. The fines to 
spray mass flux ratio and the projected area flux ratio (at constant concentrate flow rate) 
were found to be the most sui table to represent the physical processes during 
agglomeration . Experimental results showed that a higher dimensionless flux resulted 
in more agglomeration and as well  as smal l fines size and atomising low solids 
concentrate. The critical Stokes number highl ighted the importance of particle size and 
col l i sion veloci ty on the outcome of the col l i sion a well as the importance of stickiness 
on adherence fol lowing the coll i .  ion . A statistical analysis established a relational 
model for predicting the agglomeration efficiency based on fines s ize, total solids and 
the fines to spray mass flux ratio. 

This thesis has gained insight into agglomeration processes during spray drying and 
knowledge about how to define the extent of agglomeration . Practical findings from 
this research can have a s ignificant impact on successful spray drying operation for 
instant powders. There are some practical steps to be taken industrial ly  to promote the 
control of agglomerating spray driers. The first step is to measure and control the flow 
of fines recycled to the top of the spray drier. The next step is to val idate the findings at 
industrial scale and l ink the agglomeration index to the bulk powder properties. 
However, there are many chal lenges that remain to be tackled in the area of mi lk 
powder agglomeration. Mi lk powder agglomeration at  the top of the spray drier is  a 
complex process involving many different  variables. A more detailed study of the 
m icro processes that occur during agglomeration wil l  give increased understanding of 
the relationships between key operating variables and agglomerate properties. 
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Introduction 

CH APTER 1 

INTRODUCTION 

1 . 1  Problem Definition 

Agglomerated or instantised milk powders are produced by the dairy industry to g ive 
improved physical properties such as tlowabil ity, dispersibil i ty, reduced dustiness and 
decreased bulk density.  Instantised mi lk  powder is  obtained by size enlargement us ing 
agglomeration and the addition of lecithin (for whole milk powders) to improve 
wettabil ity. Agglomeration is achieved by returning fines to the top of the spray drier 
and contacting them w ith milk concentrate droplets, fol lowed by evaporative drying. 
This al lows small particles to combine and form l arge, porous, open structures. 
Instantised milk powders have been produced by Fonterra Co-operative Ltd (Fonterra) 
for a number of years, however l i ttle knowledge has been gained to adequately describe 
the agglomeration process. Some qual i tative relationships have been introduced but 
they are not widely understood. Therefore, agglomeration can be difficult to control 
and operators find it hard to fine tune the process to produce specific powder properties 
and thi s  often results in a low quality product. 

The sale price of instant mi lk  powder is dictated by product quality, measured accord ing 
to a number of key indicators. Reconstitution performance and bulk density are two of 
these. Neither can be directly related to the operation of the drier but both are related to 
the structure of the powder. Large porous open agglomerates reconstitute well, have 
low bulk density and good flowabi l i ty compared to powder containing single m i lk  
powder particles. Therefore standards of reconstitution performance and bulk dens i ty 
have been set and it is in  the operator' s interest to meet the highest standards as often as 
possible .  Achieving this is  difficult wi thout a good knowledge of how the operating 
variables affect the key indicators of product qual ity. This  thesis assumed that the key 
indicators of product quality are all related to the structure of the powder defined by the 
extent to which it is agglomerated. Therefore, this  thesis aims to re late the operating 
conditions of an agglomerating drier to the extent to which the powder is  agglomerated .  

1 .2 Proposed Solution 

Currently the operating conditions required to make an acceptable instant mi lk powder 
product are assessed qualitatively, without reference to in teracting variables.  
Parameters such as atomisation pressure, air flow or solids concentration are adjusted 
intuitively to manipulate the physical properties of the product. Traditionally, the 
processing conditions to manufacture a specific product are determined by trial and 
error. Thi s  approach to optimise bulk density, performance (i .e .  reconstitution) and 
strength can be time consuming and expensive. 
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Chapter I 

An alternative i s  to take a mechanistic approach to understand the mechanisms 
responsible for agglomeration at the top of the spray drier. By understanding the 
mechanisms of col l ision and adhesion between droplets and particles, an attempt can be 
m ade to control the degree of agglomeration. A mechanistic study better lends i tself to 
a laboratory investigation, away from a production environment but sti l l  has industrial 
significance. Identification of practical tools to control agglomeration processes 
i ndustrially will ensure powders are produced with consistent product properties .  

1 .3 Economic Benefit 

B ulk  density control is  important for a number of reasons which all have an impact 
economically :  
1 .  mass of powder in bag vs .  size of bag ( i .e .  consumer perception of head space) 
2. influences flow properties 
3 .  wetting during reconstitution 

A small but important source of downgrades is from bulk density. To investigate the 
economic need for this investigation, powders produced at one Fonterra site were 
i nvestigated. No figures are given for the cost of downgrades due to commercial 
sensitivity but analysi s showed that 25% of all downgrades at this s ite are due to 
product not complying with the bulk density specified. This  project aims to improve 
knowledge of agglomeration and reduce the level of bulk density downgrades and to 
real ise the lost opportunity cost due to these downgrades.  

1 .4 Thesis Objectives 

The objective of this research was to identify and understand the important operating 
parameters that influence the production of agglomerated milk powders in spray driers. 
To do this requ ires a deeper understanding of the relevant mechanisms affecting 
agglomeration at the top of a spray drier. The specific aims of this research are : 

I .  Benchmark current agglomeration practise by monitoring plant performance 
2. Identify the physical properties that impact agglomeration and understanding the 

physical mechanisms of collision and adhesion 
3. Design a spray device and curtain device to study agglomeration at smal l scale 
4. Establish appropriate analysis methods for determining whether agglomeration 

has occurred and to what extent 
5. Determine the influence of droplet and fines properties on the extent of 

agglomeration 
6. Validate these findings at pilot scale 
7. Develop useful guidel i nes to enable i mproved operation of spray drying and 

agglomeration equipment to improve product quality and plant productiv i ty .  

Due to the complex nature of  the agglomeration process, research i s  required in  a 
number of areas to improve understanding of this process (Verdurmen et a I . ,  2004). 
A lthough there is l ittle existing work which specifical ly addresses agglomeration at the 
top of the spray drier there is a range of l iterature in the area of atomisation, droplet 
drying, coll ision and adhesion, coalescence and granulation which is discussed in the 
fol lowing chapter. 
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1 .5 Thesis Summary 

The thesis  is structured in the traditional m anner with a detailed l iterature review, 
fol lowed by a series of chapters to address each of the objectives l i sted above. Each 
chapter also contains l i terature relevant to the area of investigation ; some of this may 
not be addressed in the initial l i terature review. Each chapter is outl ined briefly below. 

Chapter I introduces the topic of study by defining the problem and explaining the 
thesis objectives, as well as the economic benefit and a brief thesis outline. Chapter 2 
gives a general review of l i terature and explains the process of agglomeration in  depth. 
A micro-process approach is taken to ensure a l l  the relevant areas of agglomeration are 
discussed, from droplet formation and dryi ng, to coll ision and adhesion of droplets and 
fine particles, the stickiness phenomenon and final agglomerate properties. 

Chapter 3 outl ines the current accepted practise for instant mi lk  powder production and 
knowledge regarding agglomeration processes that exist in industry. This  chapter also 
estimates fines recycle rates in one Fonterra plant and produces a cal ibration curve of 
pressure drop vs. mass flow rate. A key aspect of this chapter was the selection of two 
i nstant mi lk  powders to investigate in this thesis .  

Chapter 4 presents the relevant physical properties of mi lk concentrates ( including 
density, surface tension and viscosity) used to manufacture the previously selected 
i nstant mi lk  powders. The properties of the mi lk concentrate sprays (droplet size and 
velocity) were also investigated. 

Chapter 5 uses information from previous chapters to design the spray and curtain 
devices in order to study the re levant operating variables to agglomeration performance. 
This required extensive modification of an existing smal l scale spray drier to allow 
del ivery of a curtain of fines particles and a sheet of spray droplets. Experiments were 
performed to quantify performance as a function of the operating variables. 

Chapter 6 develops methods for analysis for agglomeration performance using an 
agglomeration i ndex. A parameter called the agglomeration efficiency is  defined which 
quantifies the changes between the particle size distributions of droplets, fines and 
agglomerates and allows comparison between all processing scales 

Chapter 7 detail s  the small scale study using the modified design presented in Chapter 
5. A series of experiments were carried out to fine tune this equipment to determine the 
optimum setup for investigating agglomeration. The analysis methods developed in  
Chapter 6 were used to compare results. 

Chapter 8 describes the pi lot scale study which includes the effect of total solids, 
concentrate and fines flow rates, and fines size on agglomeration effic iency. A 
dimensionless flux was used to discuss the key mechanisms and a statistical analysis 
described how interaction variables affect aggl omeration efficiency. 

Chapter 9 summaries the key conclusions of the thesis. Practical findings are also 
discussed with appl ication to i ndustry . It  also includes recommendations for further 
work and addresses the final objective to provide useful guidelines for operation of 
industrial agglomeration spray driers. 

3 
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CH APTER 2 

LITERATURE REVIEW 

Agglomeration is a term used to describe the size en largement process where single 
particles become bonded to form a product w ith a l arger mean particle size. 
Agglomeration at the top of a spray drier involves contact between milk concentrate 
droplet and recycled fine milk powder particles to produce open, porous structures .  
This  size enlargement process is  a proven method to transform small particles (30 to 50 
/lm) into l arger aggregates ( 1 50 to 200 /lm) which are easy to handle due to their 
desirable bulk properties (Hogekamp, 1 999b) .  This  process improves the functionality 
of the powder, giving enhanced flowabil ity, wettabi lity and dispersibil ity,  reduced 
dustiness and decreased bulk density. This powder is termed "instant" as it has specific  
appl ications that are usually related to i ts dispersibil ity i n  water. 

Many of the s ize enlargement methods employed by the food industry are proven 
methods that have been studied widely .  The l i terature provides few guidel ines for 
operation of agglomerating spray driers and the effect of design and processing 
parameters on size enlargement is relatively unknown . The process of agglomeration i s  
complex and is  best understood as  a series of micro-level processes of droplet 
formation, i mpact, coalescence and drying. However, i t  i s  difficult to i solate and study 
each of these i ndividual steps within the industrial situation . Due to the complexi ty of 
interacting variables (Figure 2 . 1 )  which influence the agglomeration process, Retsin a  
( 1 988) claims i t  i s  impossible to predict product properties from operating parameters . 

Figure 2 . 1 :  The effect of parameters on the agglomeration process (Pisecky, 1 997) .  
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Schubert ( 1 987) Schuchmann and Schubert ( 1 993) ,  Schuchmann et al .  ( 1 993),  
Hogekamp ( 1 999b) and Hogekamp ( 1 999a), have investigated the process of steam jet 
agglomeration which has s imilar mechanisms to agglomeration at the top of a spray 
drier. The main difference is that the surface of powder particles are partly dissolved by 
the condensing steam environment, thi s  allows the formation of l iquid bridges fol lowing 
col l i sion with other wetted particles. Agglomeration i s  often considered to be a type of 
granulation requiring agitation and a l iquid binder. The mechanisms of agglomeration 
can be compared to those establ ished for granulation processes although agglomeration 
is faster, smaller forces act on the particles and shape of the agglomerates can be more 
variable and more porous compared to granules. Studies on h igh-shear granulation of 
mi lk  powder have been performed recently by Field-Mitchel l  (2002) who found that 
mi lk powder granules had better flowabi l i ty than standard spray dried powder but 
exhibited poor wettabi li ty. A mechanistic approach to the granulation process identified 
three regimes: nucleation and wetting, growth and coalescence, and attrition and break­
up ( Iveson, Litster, & Ennis, 1 996). The granulation mechanisms have been reviewed 
by Iveson, Litster, Hapgood and Ennis (200 ] )  and depicted in Figure 2.2. 

I .  Wcning and Nucleation 

� + 0 

2. Coalescence and Consolidation 

cW � 0 

� � V � -----. � 
� 

3. Attrition and Breakage 

Figure 2.2: Granulation mechanisms ( Iveson et a l . ,  200 ] ) . 

Granulation has been widely researched, including experimental studies focussing on 
each granulation mechanism, techniques for model l ing granulation (Cryer, 1 999; 
Goldschmidt, Weijers, Boerefijn,  & Kuipers, 2003), and assessment of granule 
properties such as structure and strength (Iveson, Beathe, & Page, 2002). 
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M ujumdar (2004) suggests that higher production rates and the need for uniform 
particle size distributions are l i kely to be two key issues driving research in drying 
technology. Particle engineering can add value to food powders by ensuring they 
m aintain their stabil ity and functionality (Fitzpatrick & Ahme, 2005).  Spray drying 
research is  being market driven as production becomes m ore technically difficult 
( Masters, 2004).  Developing new products on existing spray driers can be difficult; thi s  
reinforces the need for development at small ,  pilot and plant scale to  understand the 
mechan i sms of agglomeration to ensure relevant powder properties are optimised 
depending on market requirements (Masters, 2004; York, 2003) .  

There are a range of studies which look at the effect of spray drying conditions on food 
powder properties (Birchal, Huang, Mujumdar, & Passos, 2006; B irchal, Passos, 
Wildhagen, & Mujumdar, 2005 ; Chegini & Ghobadian, 2005 ; Goula, Adamopoulos, & 
Kazakis, 2004; Huntington, 2004; Nijdam & Langrish, 2005).  The authors show that air 
in let temperature, drying air flow rate and atomisation air flow rate all affect the 
moisture, solubil ity, particle s ize, wettabil ity and density of powders. Huntington 
(2004) gives a review of the entire spray drying process including a summary of the 
possible agglomeration mechanisms. However none of these venture further to assess 
how spray drier operation influences agglomeration performance. Most of these studies 
are carried out on lab scale equipment (- 1 00 mm drier diameter) where droplet 
residences times are very short and the particle trajectory is unl ikely to imitate the 
conditions of i ndustrial powders. 

There have been several studies carried out on pilot scale driers (0.8 m diameter) which 
use computational fluid dynamics (CFD) modell ing to s imulate the drying process 
looking specifically at milk powders (Fletcher et aI . ,  2006; Harvie, Langrish, & 
Fletcher, 2002; Langrish & Fletcher, 200 1 ; Langrish & Kockel,  200 1 ; Ozmen & 
Langrish, 2003b). Huang (2006) also used CFD to model drying performance in  a pilot 
scale drier and validated these results experimentally. Nijdam et al . (2003) and Nijdam 
et al . (2004) investigated the challenges of simulating droplet  coalescence within the 
spray zone of a spray drier. M aa et al . ( 1 998) has identified problems with col lection of 
particles < 5 flm in a cyclone and modified a l aboratory scale spray drier to improve the 
design resulting in an increased production yield. Although the EDECAD project 
reported by Verdurmen et al .  (2004) has attempted to simulate the entire agglomeration 
process, more understanding of particle agglomeration is needed to translate this to 
industrial operating guidel ines. 

2.1 Instant Milk Powder Production 

Milk  has high nutritional value and is a complex emulsion consisting of a suspension of 
fat globules, colloidal proteins and sugars. The main benefit of mi lk  powder 
manufacture is that it converts this perishable l iquid in to a powder which can retain its 
quality during storage (Walstra, 1 999). First the raw milk is  del ivered to the evaporator, 
where the preheated mi lk is concentrated in stages or "effects" from around 9% total 
solids content for skim mi lk and 1 3% for whole milk, and up to 45 - 52% total sol ids to 
produce "milk concentrate". 
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Spray drying involves  atomising the mi lk concentrate from the evaporator i nto fine 
droplets. Thi s  is done i nside a large drying chamber i n  a flow of hot air (up to 200°C) 
using either a spinning disk atomiser or a series of h igh pressure nozzles. The mi lk 
droplets are cooled by evaporation and the surface of the droplets never reaches the 
temperature of the air (Buma, 1 970; Reineccius, 2004; Truong, B handari, & Howes, 
2005a) The concentrate may be heated prior to atomisation to reduce viscosity and most 
of the remaining water is evaporated in  the drying chamber, leaving a fine powder of 
around 6% moisture content. Final or " secondary" drying takes place in a fluid bed, or 
in a series of beds, in which hot air is blown through a layer of fluidised powder 
removing more water to give product with a moisture content of 2 - 4%. Kel ly  (2006).  
has outl i ned that mi lk powder production has a strong position in  the market and that 
innovation that wil l  be required to take advantage of further opportunities. Due to the 
large amount of energy required in spray drying there is a move to develop plants which 
are more energy efficient (Caric, 2002) .  

Milk powders are more stable than fresh milk but protection from moisture, oxygen, 
l ight and heat is  needed in order to maintain their qual ity and shelf l ife. Mi lk powders 
readily take up moisture from the air, l eading to a rapid loss of qual i ty and caking or 
lumping. Standard powders do not dissolve well ,  so "agglomerated" or " instant" 
powders were specifically developed to counter thi s  problem. Instant powders must 
wet, sink and disperse quickly, when added to water. Ideal ly, after reconstitution in 
water, the resulting mi lk should be similar in  composition to natural milk while 
retaining the sensory and nutritional properties. 

The manufacture of an agglomerated powder fol lows the standard process of 
evaporation and drying where small powder particles ( the "fines") leaving the drier are 
recovered in cyclones (or a bag house) and are returned to the drying chamber near the 
atomiser. The concentrate droplets col l ide with the recycled fines and stick together, 
forming agglomerates. Skim milk powder manufactured this way can be termed 
"instant", however, wi th whole milk powder (WMP),  an extra step is needed after 
agglomeration to ensure the powder is " instant". A small amount of surfactant (lecithin) 
is  sprayed on the powder in  a fl uid bed to overcome the hydrophobic nature of the fatty 
powder surface .  Alternatively, milk powder can be agglomerated i n  a fluidised bed by 
returning fines to the wel l-mixed and vibrating fl uid beds following the spray drier 
otherwise known as rewet agglomeration; a process which has been well  reviewed by 
Mackereth ( 1 983) .  

Industry investigations provide evidence that the properties of both the mi lk concentrate 
and the powder partic les impact the agglomeration process. Buma ( 1 97 1 )  suggests that 
maintain ing the moisture content of fines above 5% i s  necessary to in itiate 
agglomeration. Mackereth ( 1 985) established that the effect of fines return flow rate 
varied depending on the fines size distribution and that increasing the mean particle s ize 
of the returned fines increased bulk density. A later study carried out by lones ( 1 992) 
indicates that the extent of agglomeration (measured by particle size distribution) can be 
influenced by the fines return location. Thi s  identified that agglomerate structure is 
sensitive to the moisture content of the droplets at the point of coll ision with fines 
particles. 
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Chen ( 1 992) found that a number of factors affect the agglomeration process including 
nozzle orientation and height, nozzle spray angle, returned fines concentration, particl e  
size distribution of fines, concentrate flow rate and concentrate viscosity. The fines 
return system for a nozzle configuration drier has been i ncluded in Figure 2 .3 .  A small 
degree of concentrate overlap between nozzles will help to improve the mechanical 
stabi l i ty of the product whi le stil l  achieving the desirable functional properties. Chen 
( 1 992) observed that inter-particle col l i s ions primarily among concentrate droplets can 
worsen the dispersibil ity of the product compared to col l isions between droplets and 
particles. Thi s  i s  l ikely due to the ease of dissolution of a bridge between particles as 
opposed to l arge or merged particles. It is important to investigate the degree of 
agglomeration due to droplet colli sion without any fines return. 

Ncturned dry nn�. 

�lilk conunl,.. .. I� 

! 

Figure 2 . 3 :  Agglomeration of mi lk powder using a nozzle atomiser (Chen, 1 992). 

2.2 Agglomeration Theory 

The science of agglomeration is young and began with the development of common 
theories which evolved from many fields of science (Pietsch, 2003) . Research into the 
process of agglomeration at the top of a spray drier is a relatively new chal lenge . 
Currently, there is l i ttle understanding of the processes of collision and adhesion that  
occur during agglomeration. Col l i sions can result from aerodynamic turbulence or 
mechanical agitation. Adhesion depends on the existence of attractive forces and the 
energy i nvolved in the col l i sions (Hogg, 1 989). Forces acting on fine particles and 
agglomerates i nclude gravity, hydrodynamic forces, thermal energy, and van der 
Waals ' ,  electrical, chemical, solvation and capil lary forces. The energy involved in  the 
col l i sion and the mechanical properties of the agglomerates affect rebound, deformation  
and fracture. 
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Two types of agglomeration exist: primary agglomeration and secondary agglomeration 
(Pisecky, 1 997) .  Primary aggl omeration involves col l i sions between atomised droplets. 
Secondary agglomeration involves col l isions between droplets and dry particles, and 
can be forced or spontaneous. Spontaneous agglomeration refers to fine particles being 
dragged into the agglomeration zone by aerodynamic recirculation . Forced 
agglomeration refers to the spraying of atomised droplets on to a fines recycle stream 
that enters the top of the drier. The appearance of agglomerates has been described as 
onion, raspberry or grape-l ike (Pisecky, 1 997) .  An onion is  created when small droplets 
of high moisture ( i .e .  Iow vi scosity) contact the fine particles and spread over the 
surface. A raspberry is formed when large droplets of high moisture coll ide w ith a large 
amount of fines. The fines adhere to the outer surface but do not penetrate the droplets. 
When dried, raspberry and onion structures may have high mechanical strength but are 
often difficult to dissolve. A grape is created by the col l i sion of simi lar quantities of 
droplets and fine particles. Higher moisture content droplets result in a compact grape 
and lower moisture content droplets result in a loose grape structure. The optimum to 
achieve a dissolvable powder with good mechanical strength l ies between the loose 
grape and the compact grape. 

Solid particle 

p @ 
Atomized fl uid 

Onion Raspberry Compact Grape Loose Grape 

Decrease of bulk density 
• 

Increase of mechanical stabi lity 

Figure 2.4: Agglomerate morphology. 

Industrial ly  agglomeration occurs in three separate zones of a fl uidised spray drier 
(FSD) as indicated in Figure 2 . 5 .  In zone 1 near the atomiser weak agglomerates can be 
formed by droplet coalescence and contact  between wet droplets and fine particles 
(forced agglomeration). In zone 2, fine dried partic les are re-circulated near the in i tial 
coll i sion zone before the exhaust so that dry and sticky particles can coll ide to form 
agglomerates. Schwartzbach and Masters (200 1 )  state that zone 3 is possib ly  the most 
important zone where agglomerates are formed and stabi l ised. Zone 3 is  within the fl uid 
bed itself and i ncludes the area just above it .  In  zone 3 particles undergo mixing due to 
fluidisation which promotes particle contact. Air temperature and veloci ty can be 
manipulated to affect agglomerate structure through further granulation, however as the 
fluid bed also provides extra drying to adj ust the product moisture it is often not 
desirable to manipulate these variables. 
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Feed Fines 

Agglomeration zone I 

Agglomeration zone 2 

Agglomeration zone 3 

Drying air 

Agglomerated powder 

Figure 2 .5 :  Agglomeration zones in  a FSD (Schwartzbach & Masters, 200 1 ) . 

2.3 Micro Processes of Agglomeration 

In investigating milk powder agglomeration the in teraction zone between the powder 
particles returned to the top of the spray drier and the mi lk concentrate drople ts is of 
in terest. During atomisation a l arge number of concentrate droplets are produced in a 
very small space near the top of the spray drier. The col l i sions among droplets and 
recycle  fines particles are enhanced under the conditions of hot air turbulence increasing 
the stati stical chance of agglomeration of concentrate particles. The properties  of the 
spray and the particles, as well as the dry ing environment wil l  determine the 
effectiveness of agglomeration in this in teraction zone. 

These steps are considered to be primary agglomeration in thi s  thesis, in which all the 
droplets and the particles involved have j ust entered the drier. This is different from the 
defini tion by Pisecky, given above. Secondary agglomeration is regarded here to 
involve droplets, particles or agglomerates that have had some l ife history inside the 
drier and occurs away from the coll ision zone, i .e .  in the mid and base of the drier and 
subsequent fluidised beds (zones 2 and 3 in Figure 2 .5) .  This thesis only investigates 
the effect of primary agglomeration on product properties. Primary agglomeration 
under thi s  defini tion can then be divided into natural and forced agglomeration. Natural 
agglomeration refers to the process of droplet-droplet col l ision. In industrial driers, 
these col l i sions result from the mi lk  concentrate spray streams overlapping. Thi s  can be 
achieved by directing multiple nozzles so that their spray patterns cross over. However, 
even one nozzle in a small scale spray drier is l ikely to produce droplet-droplet 
col li sions. A high number of droplet-droplet col l i s ions are l ikely to result in the product 
agglomerates having large bondage areas, high mechanical strength and poor functional 
properties. Chen ( 1 992) states that the degree of agglomeration due to concentrate 
droplet col lision (natural agglomeration) should  be establ ished before optimising any 
agglomeration process where fines are returned (forced agglomeration) .  
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Figure 2.6 defines simpl ified steps for agglomeration from a particles point of view and 
is a c learer description of the process than Pisecky ' s  diagram in Figure 2 . 1 .  Drying 
occurs constantly and needs to be considered at every step. Initial ly, the concentrate 
stream is atomised creating droplets and these have a defined size, velocity and moisture 
content. During fl ight, a droplet both decelerates and evaporates, which changes its 
moisture content and size over time. After the droplet has travel led some distance, it 
enters a stream of particles, and it may col l ide with one or more particles as i t  travels 
through the stream. Some of these particles wi l l  adhere to the droplet and a degree of 
wetting wil l  occur depending on the surface interaction properties. Other coll is ions, 
involv ing droplets, particles and agglomerates, will also occur because of the high 
turbulence within the col l is ion zone. The l iquid bridges that wi l l  be formed between 
particles wil l  quickly dry to form an agglomerated particle with a defined size ,  moi sture 
and particle density. Each step is reviewed further in the fol lowing sections with regard 
to how each micro process can be studied more closely to allow the performance of the 
agglomeration process to be improved. 
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Figure 2.6:  Separating the micro processes. 



2.4 Droplet Formation and Drying 
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The first step in agglomeration involves the formation and drying of droplets prior to 
the coll is ion zone. The formation of droplets is influenced by altering the concentrate 
properties such as viscosity, surface tension, density and temperature (Muj umdar, 
1 992). During atomisation, fluids deform under the i nfluence of an appl ied stress;  
Newtonian fluids wil l  produce a flow i n  proportion to the shear stress experienced. A 
dilatant non-Newtonian flu id  wi l l  increase in  viscosity w ith an increased shear rate (n 
> 1 )  and a pseudoplastic (or shear-thinning) non-Newtonian fluid wi l l  decrease in 
apparent vi scosity with increased shear rate (n < 1 ) . Most milk products are shear­
thinning and this  behaviour is correlated by the power l aw in equation (2 . 1 ) . Some 
properties of two milk concentrates have been included in  Table 2 . 1 :  

T =  Ky" (2 . 1 )  

where K = consistency coefficient [N s m-2 ] ,  T i s  the shear stress [ Pa] ,  y = rate of strain 
[ so l ] and n = power law index [-] . 

Table 2 . 1 :  Rheological properties of two milk concentrates (Muj umdar, 1 992). 

Concentrate Total Solids Density Viscosity Power law Surface 
index tension 

(wt% ) (kg m-3) (Pa s) n (N m-I) 
Whole 54 1 020 0.030 0.60 0.034 

56 1 050 0.030 0.52 0.035 
58 1 030 0.030 0.44 0.036 

Skim 47 1 1 96 0.0 1 5  0.90 0.053 
48 1 1 97 0.022 0.75 0.041 
50 1 1 99 0.022 0.75 0.037 

2.4. 1 Atomisation 

Atomisation i nvolves a series of processes which can be divided into three different  
regimes; internal flow, break up and droplet dispersion ( Mao & Tate, 1 997). Internal 
flow determines the in i tial l iquid disturbances which subsequently affect the break-up 
and droplet d ispersion phases. During atomisation a number of di sruptive forces  
influence droplet formation including kinetic energy, friction, gravity, interface shearing 
and pressure fluctuations. Cohesive forces  within the l iquid include molecular bonding, 
viscosity and surface tension. The consolidating effect of surface tension pulls the 
l iquid into a form that exhibits minimum surface energy while the stabi l is ing effect of 
viscosity opposes any change in the geometry of the l iquid (Liu, 2000). It  is the balance 
between disruptive and cohesive forces which determines the extent of disintegration . 

There can often be two phases to the droplet break-up process, primary 
disintegration/atomisation and secondary disintegration/atomisation. The in i tial break­
up of the l iquid due to osci l lations is considered to be the primary phase, often l arger 
droplets can become unstable above a certain droplet size and can disrupt further by 
secondary d i sin tegration. Break-up of a fluid during atomisation depends on the 
physical properties of the fluid and is  commonly characterised by the following 
dimensionless groups. 
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Re DpU 
= 

JL 

pU 2D 
We = -'----a 

Oh = -
JL

­

�apD 

inertial forces 

viscous forces 

inertial forces 

surface tension forces 

viscous forces 
= ----------------�------------� 

(inertial forces X surfacetensionforces) 1 / 2 

(2 .2)  

(2 .3)  

(2 .4)  

where Re = Reynolds number, We = Weber number, Oh = Ohnesorge number, D = drop 
diameter [m],  p = density of liquid [kg m-3 ] ,  U = droplet velocity [m sol ] ,  J1 = viscosity 
of liquid [Pa s] and (J = surface tension of l iquid [N m-I ] .  

The atomisation/drying of milk can be divided into the folIowing stages 
• mi lk concentrate 
• l iquid film 
• film break-up into large irregular shaped l iquid drops 
• spherical l iquid drops 
• zone of rapid drying 
• substantialIy dried particles 

In a real system there is i rregular l iquid break-up due to stresses within each droplet 
caused by the interaction between the atomized spray and the surrounding air. Various 
mechanisms have been proposed to account for liquid break-up in a real system 
including Rayleigh mechanism, Weber theory, Ohnesorge criteria, Castleman 
hypothesis and Taylor mechanism. The four regimes classified by Ohnesorge are the 
most commonly applied and have been included in Table 2.2 .  These regimes depend on 
the re lative importance of i nertial, surface tension, viscous and aerodynamic forces. 

Table 2.2 :  Classification and criteria of break-up regimes of liquid jets (Liu, 2000). 
Regime Classification Break-up Mechanism Criteria 

T Rayleigh Jet Break-up Surface Tension Force Wea < 0.4 

First Wind-Induced 
Surface Tension Force, 

1 .2 + 3 .4 1 0ho 9 < 
I I  

B reak-up 
Dynantic Pressure of 

Wea < 1 3  
Ambient Air 

I T T  
Second Wind-Induced Dynamjc Pressure of 

1 3  < Wea < 40.3 
B reak-up Ambient Air 

TV Atonllsation Unknown WCa > 40.3 

Nozzle atomisers and disc atomisers are the two types of atomisation equipment used in 
the dairy industry in New Zealand. Pressure nozzles are commonly used in most 
modem systems. The principle behind nozzle atomisation is to convert the energy of 
pressure into the kinetic energy of a moving liquid. The l iquid sheet breaks up under 
the influence of the l iquid ' s  physical properties and due to the frictional effects from the 
medium into which the sheet is discharged. Masters ( 1 979) reports that mean droplet 
size is thought to increase with increasi ng flow rate, viscosity and solids content and 
decreasi ng pressure and surface tension. Figure 2.7 depicts the break-up of a l iquid 
sheet propagated by a pressure nozzle. 
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Figure 2.7:  Wave formation and break-up of a sheet (Mao & Tate, 1 997) .  

Masters ( 1 979) and Liu (2000) explain the fundamentals behind atomiser operation and 
the processes of droplet formation. Iveson et al . (200 1 ) found a strong relationship 
between droplet size and the particle size distribution of nuclei formed in a fl uid bed 
granulator. Maa ( 1 996) observed that high particle to droplet s ize ratios result in the 
lowest level of agglomeration in spray coating. Control of droplet size is important to 
control agglomeration as thi s  property wi l l  also affect the rate of drying and ultimately 
the outcome of any droplet-particle col l i sions that occur in  the in teraction zone . 

Control of droplet size and size d istribution during spraying is not easy. Total solids 
levels and atomiser pressure are al l  adj ustable for any given nozzle design however the 
concentrate flow rate wil l  determi ne production rates. Correlations are avai lable to 
predict droplet sizes from fluid properties for high pressure and laboratory-scale 
pneumatic nozzles; however, many of these apply to particular nozzles over narrow 
operating ranges, and usual ly  onl y  apply for water. Clement et al . ( 1 997) reports an 
experimentall y  correlated droplet s ize equation for a milk disc drier  as : 

(2 .5)  

whereD3.2 = Sauter mean particle diameter [m] ,  Mc i s  the mass rate of concentrate 
[ tonnes h- I ] ,  Xc = total solids content [ wt%] ,  U = peripheral speed [m S- I ] and f.1 and p 
are the v iscosity [Pa s] and mi lk concentrate density [ kg m-3] .  

The Sauter mean particle size i s  suitable to describe the droplet s ize during spray drying 
as i t  represents the surface to volume weighted mean significant for the process of 
drying a droplet. The D4,3 or volume weighted mean particle diameter is used to 
represent the mean size of particles measured using laser diffraction and thi s  is  relevant 
when estimating the number density of particles in volumetric space. 

For nozzle driers the Sauter mean diameter has a s imilar relationship as disc driers but 
also has an extra dependence with the feed rate: 

D A n -O · 375 
3.2 <X tlr (2 .6) 
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Dewettinck and Huyghebaert ( 1 998) have given the fol lowing relationship for 
pneumatic nozzles to predict the Sauter mean droplet size, D3,2: 

D3,2 = 
585 x l 03 va:  + 597[.u/1 000J°.45 [ 1 000QI ) 1 .5 

V rei .JP .jap Qatm 

(2.7) 

where (J = surface tension [N m· l ] ,  Q/ = l iquid volumetric flow rate [m3 S· I ] ,  and Qatlll = 
atomising air volumetric flow rate [m3 S· I ] ,  Vrel = relative velocity between fluid and air. 
Such a prediction is l ikely to be inaccurate unless the atomisation air flow rate and 
relative velocity between the fluid and the air are precisely known. 

2.4.2 Droplet Drying 

Following atomisation, droplets travel through the drying air towards the curtain of 
recycled fines particles. These droplets must impact with the particles before the 
surface moisture content becomes so low that they are no longer sticky enough to 
adhere. The mechanism of moisture flow through a droplet during spray drying is 
mostly diffusional and is supplemented by capil lary flow (Masters, 1 979). The drying 
rate affects the appearance, porosity, surface and friabi lity of the agglomerate. 
Evaporation of a liquid droplet involves heat transfer by conduction and convection 
from the surrounding gas to the drop surface. The rate of transfer is a function of the 
temperature, humidity and transport properties of the gas as well as the diameter, 
temperature and relati ve velocity of the droplet. Evaporation from a drop has been 
studied by Ranz and Marshall ( 1 952), however very little accurate data exists on drying 
of milk droplets, particularly the compositional influence upon evaporation and the 
change in diameter of milk droplets (Lin & Chen, 2002) .  

Lin and Chen (2004) have studied the effect of the composition of milk droplets on 
evaporation and the change in diameter of the milk droplets. Several authors have 
developed mathematical models to predict the momentum, heat and mass transfer 
processes that occur during spray drying (Zbicinski , 1 995). From a design point of 
view, prediction of droplet drying rates will be useful in determining the optimum 
nozzle position relative to the fines return. The surface moisture profi le is useful for 
predicting the stickiness state of the surface for lactose-containing droplets. 

Evaporation from the droplet has two steps, the constant rate drying period and the 
fall ing rate drying period. In the first step, diffusion of moisture from inside the droplet 
ensures the surface remains saturated. After the surface moisture content drops below 
saturated conditions this is deemed the critical point and a shell begins to form on the 
surface. After this time the evaporation is dependent upon the rate of moisture diffusion 
through this shel l .  As drying progresses over time the thickness of the surface shell 
increases and this causes a decrease in the rate of evaporation. Important dimensionless 
groups for evaporation from droplets when considering both mass and heat transfer 
include the Reynolds, Schmidt, Sherwood, Nusselt and Prandlt number: 

Re = 
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(2 .8) 

(2.9) 

(2. 1 0) 

(2. 1 1 ) 

where DJ = diffusion coeffic ient [Wm- t K t ] ,  hm = convect ive mass transfer coefficient 
[Wm-2 K t ] , h = convective heat transfer coeffic ient [Wm-2 K t ] ,  k, = thermal 
conductivity of the liquid [Wm- t Kt ] and Cp = specific heat capacity at constant 
pressure [J kg- t Kt ] .  

Until recently, the most widely appl ied heat and mass transfer equations are those 
determined by Ranz and Marshall ( 1 952).  For Reyno1ds number range of 0 to 200 the 
fol lowing equations hold for heat transfer and mass transfer respectively :  

Nu = 2 .0 + 0.60ReX Pr
X (2. 1 2) 

Sh = 2 .0 + 0.60 Re
X ScX (2. 1 3) 

However, radiative heat transfer is ignored and the droplet ' s  internal structure i s  
assumed to be  stable with no  internal circulation or  surface distortion . These two 
assumptions are l ikely to i mpact upon the validity of the model s ign ificantly. Also, 
droplets are assumed to be in a stable air flow. In real systems the air flow is l ikely to 
be swirling; this would result in a reduced boundary layer, meaning h igher evaporation 
rates than predicted. 

Zbicinski ( 1 995) developed models to predict the momentum, heat and mass transfer 
process which occurred during spray drying. Zbicinsk i ' s  work assumes a spray 
boundary region and a spray core region exist, and assumes that the spray i s  
monodispersive w ith a constant temperature and humidity across the cross section . A 
more recent model uses fin i te element methods to quantitatively calculate flow data for 
transport of moving droplets through a suspending fluid and can predict the terminal 
veloci ty and shape of droplets (Petera & Weatherley, 200 1 ) . Wessel ingh and Bollen 
( 1 999) use a d imensionless approach for al l  variables rel ating to a reference variable 
which depends on the physical properties of the particle (or drop) and the fluid phase. 
Their method aims to e l iminate the i terative velocity calculations often required to 
predict mass transfer coefficients using traditional methods. Nijdam and Langrish 
(2006) confirm the findings of others that during droplet drying a skin forms, and a 
vacuole and the inflation and shrinkage of the particle occurs. Kentish et al . (2005) 
studied skin formation of m ilks during drying and showed that skin thickness affected 
mass transfer during drying. 
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Lin and Chen (2002) aimed to i mprove the current correlations for drying k inetics of 
l iquid droplets by using a glass filament method as the supporting mechanism. The 
vapour fl ux values were approximately 1 0  t imes greater than the Ranz-Marshal l 
investigation.  The correlations were obtained for operating conditions which can apply 
to the production of mi lk powders : 

Nu = 2.04 + 0.62 ReX' Pr
X 

Sh = 1 .63 + 0.54 Re
X' SeX 

Droplet shrinkage can be estimated using by: 

( J 1 / 3 Dp = � x Xc 
Dd Pp X " 

(2 . 1 4) 

(2. 1 5 ) 

(2 . 1 6) 

where Dd = droplet diameter [ m ] ,  Dp = particle diameter [ m ] ,  Pc = density of the 
concentrate [ kg m-3 ] ,  Pp = density of the particle [ kg m-3] ,  Xc = weight fraction sol ids per 
total weight of concentrate [ kg kg- I ] ,  Xp = weight fraction solids per total weight of 
product [ kg kg- I ] .  

Werner (2005) used a mathematical model to predict the dry ing kinetics of a single 
droplet during coating of particles in a Wtirster coater. This  calculated the surface 
moisture content of a droplet at the point of impingement on a particle surface. The 
surface moisture content and droplet diameter are of interest to both coating and 
agglomeration studies. Werner (2005) proposed that a droplet will shrink ideal ly until 
the surface has enough mechanical strength to resist deformation and it i s  suggested that 
the point when the surface becomes rigid depends on the droplet temperature and its 
proximity to the glass trans i tion temperature, Tg (to be defined in §2 .4 .3) .  Figure 2 .8  
gives a diagram of the possible internal structures during droplet dry ing. In 
agglomeration processes the information can be used to optimise the proximity of the 
nozzle to the powder flow and the drying air conditions to ensure droplets are sticky at 
impact and agglomeration is optimised. 

Models of spray drier performance have been reviewed by Oakley (2004) including the 
prediction of product properties such as product moisture. Ozmen and Langrish 
(2003b) used an equilibri um based model where simple heat and mass balance models 
can be used for prediction of heat loads, however particle sizes are small, drying 
kinetics are fast and residence times are long. The product powder is  not always 
expected to be in  equilibri um with the outlet a ir  which makes predicting the powder 
moisture content more difficult .  Rate based models are recommended but these require 
experimental data on the drying kinetics of the particular material . Langrish and Kockel 
(200 1 )  and Oakley (2004) suggest the use of characteristic drying curves for prediction 
of product properties during spray drying. 
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Figure 2 .8 :  Poss ible internal structures during droplet drying (Werner, 2005) .  

2.4.3 Stickiness 

For agglomeration to occur, it is essential that a droplet adheres to a fines particle 
fol lowing contact in the col l i sion zone. For adherence to occur the droplet must satisfy 
the surface conditions required to have the appropriate level of tack or sticki ness. 
Stickiness is  the tendency of a substance to adhere to a surface, and is  an issue affecting 
the entire food industry . In milk powder manufacture, stickiness is  used to describe the 
processes of partic le-particle cohesion and part icle-wall adhesion in spray drying 
(Truong et aI . ,  2005a) .  If  a spray drier is designed to be l arge enough there should be no 
deposition of material on the wal l ,  however drier s ize is  l imited by economics which 
means that deposition may occur. This  deposition is  an issue which costs the dairy 
industry due to loss of qual i ty, reduced yield, plant shutdowns as wel l  as cleaning and 
safety issues (Adhikari , Howes, Lecomte, & Bhandari, 2005 ; Hennings, Kockel, & 
Langrish, 200 1 ;  Kudra, 2003 ; Papadakis & Bahu, 1 992). In  i nstant mi lk powder 
production, the stickiness phenomena i s  a desirable parameter but must be controlled to 
certain l imits. It i s  ideal that droplets and particles exhibit an optimum level of 
stickiness in  the colli sion zone to produce bonded agglomerates, and sufficient drying of 
these agglomerates must occur before coll ision with the drier wal l .  
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Stickiness is affected by temperature, moisture content, humidity and composltlOn 
(Downton, Flores-Luna, & King, 1 982). It occurs by the mechanism of viscous flow ; 
upon the coll ision of two particles, adhesion wi l l  occur only if there is sufficient v iscous 
flow to build an inter-particle bridge that is capable of resisting mechanical 
deformations. When in the glassy state, a material has a high viscosity, 1 0 1 2 Pa , after 
the material undergoes a transition to the rubbery state (due to the influence of moi sture 
and/or temperature) the viscosity drops to below 1 08 Pa s and material flow between 
partic les can occur, resulting in adhesion. Downton et al . ( 1 982) also defined a critical 
viscosity for sticking and this wi l l  differ for each material depending on the composition 
and the moisture content of each powder. 

(2 . 1 7) 

where J1 = viscosity [ Pa s ] ,  t = t ime [ s ] ,  k = a constant, (J = surface tension [N m- I ] and 
KD = constant x particle diameter [m] .  

I n  adhesion science, stickiness is  termed pressure sensitive adhesion or tack (Adhikari , 
Howes, Bhandari , & Truong, 2003a). Adhikari et a l .  (200 I )  reviewed the phenomenon 
of stickiness and current measurement techniques . There are many techniques which 
can be used to investigate powder stickiness including mechanical stirring method 
(Hennings et aI . ,  200 I ;  Ozmen & Langrish, 2002),  volume change (L1oyd, Chen, & 
Hargreaves, 1 996), hardness test, shear cell method, cohesion tests (Chen, Rennie, & 
Mackereth, 2004), cyclone stickiness test (Boonyai, Howes, & Bhandari, 2006), the 
dynamic sticky point using a fluidised bed (Verdurmen ,  Houwel ingen, Gunsing, 
Verschueren, & Straatsma, 2006) and using the particle gun technique (Chatterjee, 
2004; Murti ,  2006; Zuo, 2004). 

Solutions containing sugar, in particular, become sticky as the temperature increases 
towards glass transi tion temperature (Chen et aI . ,  2004; Chuy & Labuza, 1 994; L10yd et 
aI . ,  1 996; Rennie, Chen, Hargreaves, & Mackereth, 1 999; Roos, 2002) Mi lk  powders 
produced by spray drying have a large amount of amorphous lactose present and 
distinctive properties are associated to this through the sticking mechanism (Ozkan, 
Wal isinghe, & Chen, 2002) .  Unti l  recently, few attempts were made to quantify the 
tack of sugar rich foods during drying operations ; however Adhikari et a l .  (2003) 
designed an apparatus to study thi s .  S ince then many studies have aimed to characterise 
the stickiness of sugar-rich droplets as drying occurs (Truong et aI . ,  2005a;  Truong, 
Bhandari , & Howes, 2005b; Werner, Jones, & Paterson, 2007b) .  This  apparatus was 
improved by van der Hoeven (2006) who studied the surface tack of droplets with 
appl ication to agglomeration processes during spray drying. 

IGm et a l .  (2002) investigated the composition of milk powder by comparing the bulk 
and surface compositions of two spray dried dairy powders (Table 2 .3) .  Kim et a l .  
(2003) identified that solid/solute segregation occurred before the formation of a crust 
during the drying process. They also concluded that the protein  absorbed preferential ly  
to the air/l iquid interface during droplet formation. During drying both prote in  and fat 
accumulate at the surface of a droplet (Nijdam & Langrish, 2006) .  N ijdam and 
Langrish proposed that skin formation hinders the process of protein accumulation at 
the surface and as drying temperature i ncreases, protein  accumulation decreases, 
res ulting in high lactose coverage on the surface. The percentage of fat, lactose and 
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protein present on the surface of the dried or drying particle wil l  i nfluence adhesion and 
therefore agglomeration (Ozkan et aI ., 2002). In  general, skim milk powders form 
weaker agglomerates which could be attrib uted to the degree of adhesion or sticking 
that occurs during agglomeration. 

Table 2.3: Bulk and surface composition of milk powders (Kim et aI . ,  2002) .  
Powder Bulk Composition ( 0/0 )  Surface Composition ( 0/0 )  

Skim Mi lk  
Whole Milk 

Lactose Protein Fat Lactose Protein Fat 
58 4 1  1 36 46 1 8  
40 3 1  29 2 0 98 

Several authors have identified mechanisms for sticking in dairy powders (Chatterjee, 
2004; Foster, 2002; Ozkan e t  aI . ,  2002) .  The glass transition temperature (Tg) can be 
used to describe these properties. The Tg concept indicates the physical changes in the 
viscous behaviour of a material. The transition can be characterised by a release i n  
thermal energy detected by DSC as the change in  state occurs from glass to rubber. 
This change is not instant and Tg can be reported as the onset or midpoint temperature . 
When the material temperature is below T g' a material is in the glass state characterised 
by a high viscosity and above Tg the material transforms and the viscosity decreases. I n  
amorphous powders the presence of water can change the glass transition temperature. 

Foster (2002) found that increasing the temperature of powders to temperatures where 
surface fat became molten, fatty l iquid bridges could form between particles. Similarly, 
stickiness can occur between partic les due to exceeding the glass transition temperature 
of the sugars present on the powder surface. Stickiness is dependent on the amount the 
glass transition temperature of the powder i s  exceeded by (T-Tg). Figure 2 .9  includes a 
diagram of the amorphous l actose caking mechanism, due to the formation of l iquid 
bridges by the mechani sm of viscous flow. Foster (2002) developed a model to predict 
the Tg for dairy powders and these have been val idated experimental ly for differen t  
compositions. 

Palzer (2005 ) identified that three different adhesion processes can occur between 
particles depending on the contact time: l iquid bridging, viscous bridges built by 
viscous flow (si ntering) and increased contact area due to viscoelastic deformation . 
Palzer combined the Wil liams-Landel-Ferry (WLF) equation, Navier-Stokes and 
viscoelastic knowledge to predict the T - T g depending on the contact time available for 
adhesion. This  relationship can be applied i n  several ways to determine the storage 
temperature of a powder in a bag/vessel, contact time for particles to agglomerate in a 
fluidised bed or the (T - Tg)crilical for a spray dried particle as it hits the chamber wal l .  

(2. 1 8) 

where (J/ = surface tension of saturated lactose [N m- I ] ,  Ft = impact force [N] ,  Jig = 
viscosity at the glass transition temperature [ Pa s ] ,  Dbridge = diameter of s inter bridge 
[m ] ,  C, B = WLF constants, T =  temperature [ QC ] ,  Tg = glass transition temperature [QC] . 

2 1  



Chapter 2 

In high RH 
and/or temperature 

conditions 

" Stic ki ng" 

" Caki ng" 

Glass transit ion and flow 

t : .:·T0� �.:L::)ffJ) 
J�:.�:'::::�' 

... . .  
I 

Rubber br idge 

Crystall isation and 
moisture release 

J, Sol id bridge �M"""" 
Figure 2.9 :  Amorphous lactose caking mechanism (Foster, 2002) .  

2.5 Droplet-Particle Collisions 

The successful coll ision between a droplet and a particle is the first step necessary to 
achieve coating, granulation and agglomeration (Link & Schl Under, 1 997 ) .  The key 
mechanisms of agglomeration are the processes of coll i sion and adhesion, which can 
also be referred to as coagulation and sintering (Palzer, 2005 ; Schmid, A I-Zaitone, 
Arte lt, & Peukert, 2006). It  i s  the frequency of these collisions and the l i kel ihood of 
adhesion which determines whether agglomeration is successful (Schuchmann et aI . ,  
1 993) .  

Link and SchlUnder ( 1 997 )  also describe this  process as similar to dust collection which 
occurs by a two step process: particle transport to the surface fol lowed by particle 
adhesion on the surface. This  process can be considered as having a col lection 
efficiency comprised of an impingement effic iency (which determines the number of 
droplets that reach the surface of the particles) and an adhesion efficiency (which 
determines whether drople ts adhere to particles fol lowing col l ision). Depending on the 
droplet and particle sizes and each of their relative velocities, interception, inertia or 
diffusion wi l l  occur during collection ( see Figure 2 . ) .  The impingement effic iency 
depends on droplet density, size and shape and flow rate compared to col lector particles. 
In  agglomeration at the top of a spray drier, i t  i s  l ikely that both inertia and interception 
play sign ificant roles during the collection of droplets by fines particles. For thi s  reason 
it i s  essential that the trajectories of the droplets and the recycled fines particles in tersect 
at the top of the spray drier. lones (2005) assesses the probabi l i ty that droplets and 
particles in teract by assuming the trajectories cross paths. The probabi l i ty that a droplet 
and particle will col l ide in the coll is ion zone depends on the size and veloc i ty of 
droplets and particles as well as the frequency they enter the interac tion zone. 
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Figure 2. 1 0: Droplet-partic le coll ision a) interception, b) inertia, c) diffusion (Guignon, 
Duquenoy, & Dumoulin,  2002) . 

Several authors have investigated the impl ications of droplet-partic le impact in  relation 
to air-suspension particle coating (Guignon et aI., 2002; Guignon, Regalado, Duquenoy, 
& Dumoul in ,  2003 ; Link & Schl tinder, 1 997 ; Wemer, 2005).  Coating and 
agglomeration involve many of the same processes; however the desired outcome is  the 
opposi te .  In  coating, the aim is  to optimise spreading and layering of particles and to 
avoid agglomeration. In forced agglomeration fines pass through the spray zone only 
once and coatingl1ayering of fines with no coalescence is  not desirable .  Agglomeration 
cannot occur if no partic le col l is ions take place. Abrahamson ( 1 975) developed a 
method to calculate coll ision rates in  turbulent flows based on the kinetic theory of 
gases and this has been expanded (Ho & Sommerfeld, 2002 ; Sommerfeld, 200 1 ) . 
Verdurrnen et al . (2004) calculated the probabi l ity of col l i sions during mi lk powder 
agglomeration using the approach of Sommerfeld (200 1 ) . The col l ision rate in the 
mixing zone is difficu l t  to predict and rel ies on the properties of the droplet, particle and 
agglomerate and thei r  velocities. Abrahamson ( 1 975 )  has suggested that the coll ision 
rate can be calculated using the following equation: 

(2 . 1 9) 

where Z/2 = col l ision rate between two particles [m-3 S- I ] ,  N = number concentration of 
particles [m-3 ] ,  DJ2 = sum of coll iding particle radi i  [m] ,  V" V2 = average velocity of 
particles relative to the mean fluid velocity [m S- I ] .  

Boerefijn and Hounslow (2005) discuss the use of the flux number (FN) which can be 
used as a guide to determi ne whether granu lation or coating occurs in fl uidised beds. 
This approach indicates that at high flux number (solids to spray ratio) there is a border 
between granulation and coating. Thi s  suggests that the number of col l isions between 
droplets and particles wil l  i nfluence agglomeration. This  study found that for 
granulation to occur the flux number (FN) needs to be below 3.5 and above 2.  
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The flux number allows for scale-up of growth rates from batch to continuous 
granulation : 

(2 . 20) 

where Pp = the particle density [ kg m-3 ] ,  Ue = the excess gas veloci ty [m S-
I ] ,  qh = the 

binder spray rate [ kg S- I ] ,  and Aspray = i s  the spray footprint area on the powder bed [ m2] .  

A simi lar approach was earl ier developed by Hapgood et al . (2003 ) and Litster e t  al .  
(200 1 )  which uses a binder spray flux to understand the influence of spray rate on 
nucleation. If the sol ids to spray ratio is  decreased, or if the binder spray fl ux is 
increased it is more l ikely that agglomeration wi l l  occur. S ince time for droplet/particle 
contact is  short a large number of droplets are required to contact the moving powder 
curtain for agglomeration to occur  between particles. 

qJ = � 
" 2AD d 

(2 .2 1 ) 

where V is the volumetric spray rate of the binder l iquid, Dd is the droplet size and A IS 
the area flux of powder travers ing the spray zone. 

2.5. 1 Droplet Impact and Adhesion 

Single droplet-particle col l ision is a two-step process of col l i sion (or impact) and 
adhesion. The coll ision rate i s  affected by the nozzle position, the number density of 
droplets, the droplet velocity and the geometry of the spray with respect to the particle 
stream. There must be col l isions between droplets and particles and wet particles must 
have a sticky surface to ensure adhesion results to produce agglomerates ( Kudra, 2003) .  
I t  i s  essential that, for successful particle coalescence to  occur, the kinetic energy of  the 
particle before the col l i sion is dissipated in the l iquid bridge (Ennis ,  Tardos, & Pfeffer, 
1 99 1 ;  Hogekamp, I 999a, 1 999b; Tardos, Khan, & Mort, 1 997; Tardos & Talu, 2000). 
Therefore if the k inetic energy is  too large or viscous forces in the l iquid bridges are too 
weak particle rebound wi l l  occur. Bridges that have high solids contents, high 
viscosity, and are between smal l particles are l ikely to be the strongest. 

CUlTently there is  l i ttle understanding of the processes of col l i sion, adhesion, rebound, 
deformation, fracture and coalescence that occur during agglomeration . Col l isions 
between partic les can result from motion or turbulence and adhesion of particles 
fol lowing coll ision depends on the existence of attractive forces (Hogg, 1 989). Forces 
acting on fine particles and agglomerates include gravity, hydrodynamic (drag) forces, 
thermal energy, van der Waals forces, electrical forces, chemical forces, solvation 
forces and capi l lary forces. 

The process of droplet deposition followed by coating and granulation are mechanisms 
which are not yet ful ly understood (Panda, Zank, & Martin, 200 1 ) , however 
experimental investigations in thi s  area are increasing. Panda et al. (200 1 )  indicate that 
drop veloci ty has l i ttle effect on the growth rate of agglomerates .  However Link and 
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Schliinder ( 1 996) have shown that there is  a critical droplet velocity, which results i n  
droplets bouncing back from the surface. For droplets i mpacting a surface, velocity 
in i ti ates spreading and surface tension forces pull the droplet back towards the centre 
(Aziz & Chandra, 2000). Droplet impact on a surface is often accompanied by break­
up of large droplets or splashing. Immediately after a droplet impinges on a surface a 
thin l iquid fi lm jets out radial ly, waves form along the edges of the film and if the 
growth of these waves is not damped out by v iscosity or surface tension they can detach 
producing small satel l i te droplets (Shakeri & Chandra, 2002).  Although the mechanism 
that causes splashing i s  not entirely understood, i t  i s  proposed to be caused by Rayleigh­
Taylor instab il i ty on the edges of the spreading l iquid fi lm.  Recent work in  the area has 
found this  theory can be appl ied wel l  experimental ly .  

Figure 2 . 1 1  below depicts some possible outcomes for the process of droplet impact and 
spreading taken from Werner (2005) with reference to spray coating. Figure 2 . 1 1 (a )  
represents rebound, droplet veloci ty is  too high or drying has  occurred; Figure 2. 1 1  (b) i s  
the case of l imi ted spreading after impact and adherence. I f  the droplet impact velocity 
is too high, splashing may occur (Figure 2 . 1 1  (d)) or if recoi l  velocity is  too high, the 
droplet may be ejected from the surface (Figure 2. 1 1 (e)) .  

• 
� 

Liquid droplet 

• t 
� 

( b) Thick pancake 

(d) Splashing during 
spreading 

• • 

Semi-solid droplet 

0 
� 

• 
� 

• 
� 

t 
0 

(a)  Rebound 

(c )  Thin pancake 

• t (e )  Droplet ejection 
upon recoil 

� 
Figure 2 . 1 1 :  Possible outcomes of the impact of a droplet on a flat, dry surface: (a) 
l iquid and solid droplet rebound; (b) thick pancake; (c) thi n  pancake; (d) splashing 

during spreading; (e) droplet ejection upon recoi l (from Werner (2005)) .  

Chemical forces can contribute to agglomerate strength but are not important during the 
formation and growth of agglomerates. Interaction forces are important in most aspects 
of agglomeration i ncluding the formation and growth of agglomerates from discrete 
particles and in the structure and mechanical strength of the agglomerates produced. 
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The capi l lary pressure can be estimated for concentric l iquid bridges between two 
particles determined by Rumpf ( 1 990). If the calculated pressure within the l iquid is 
less than the external pressure it adds to the adhesion . The attractive force can be 
calculated to quantify the van der Waals force based on Hamakers microscopic theory 
(Rumpf, 1 990). When two sol id surfaces come in contact electrostatic forces of 
attraction arise as a result of the charged surface of the particles. 

Rumpf' s c lassification of particle-partic le bridging has been summarised by Capes and 
Darcovich ( 1 997) although a number of bonding mechanisms are l ikely to occur. The 
four major groups are intermolecular and electrostatic forces, l iquid bridges, sol id 
bridges and mechanical interlocking. The regimes of l iquid contact which can exist in  
an agglomerate are shown in  Figure 2. 1 2 . For each state a different  agglomerate 
strength can be calculated as the adhesion of particles together with a l iquid affects the 
interfaces at the agglomerate surface which impacts upon the strength of the bonds 
formed. 

ti$t ~ � . .... 

CI:3 
::l! 

Pendular Funicular Capillary Droplet Pseudo-Droplet 

Figure 2. 1 2 : States of liquid content in bonding ( lveson et aI . ,  2002) 

The granulation l i terature states that, i f  the kinetic energy of the coll i sion is known, 
together with the l iquid l ayer thickness and the deformation properties of (spherical) 
granules, then the criteria for successful coalescence can be determined (Liu et aI . ,  
2000). The growth process is  known to be  driven by  surface tension and viscous forces 
as wel l as the wetting behaviour of the l iquid. Surface tension forces promote 
compaction and coalescence; however they also give rise to frictional forces acting 
between particles which make up the agglomerates. 

Ennis et al ( 1 99 1 )  proposed that viscous forces prevent rebound and allow particles to 
stay in contact long enough for coalescence to occur. This  theory i s  appl ied best to rigid 
particles and does not account for the energy of diss ipation by internal deformation. 
Other authors (Keningley, Knight, & Marson, 1 997)  supported this  theory and 
emphasised the role of v iscous forces during coalescence, particle bonding and growth . 
The Stokes' number highl ights the importance of viscosity. Limiting values of the 
Stokes' number (equation (2. 22» can be defined for the type of coalescence and 
rebound that wi l l  occur i f  the Stokes' number exceeds the l imit. In practice, it is not 
possible to measure the s izes and velocities of all the particles involved i n  the col l i sion 
and it i s  not reasonable to assume that the surface is  uniformly covered by a viscous 
layer. 

St = 
8puor 

v 9Jl 

(2 .22)  

where Sty = viscous Stokes' number, p = granule density [g  cm-3 ] ,  Uo = in i tial  relative 
granule coll is ional velocity [cm S-I ] ,  r = particle or granule radius [ jl m ]  and J.1 = binder 
viscosity [ Pa s ] .  
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Ennis et al . ( 1 99 1 ), and Liu et al. (2000) have i nvestigated coll i sions between two 
spherical particles wi th wetted surfaces and the forces i nvolved. Following successful 
droplet-particle impact it is essential to establish what conditions are required for 
coalescence to occur. If i t  i s  considered that al l  of the kinetic energy of the coll ision is  
dissipated i n  the pendular l iquid bridge formed between particles, the minimum velocity 
required for particles to rebound (or maximum vel oc ity required for particle capture to 
occur) can be determined. Practical ly, both capil lary and viscous dissipation 
mechanisms can occur simultaneously, however v iscous dissipation is  dominant. The 
critical Stokes number, St*, for rebound i s :  

St * = 8puor = ( 1 + .!.) In(�l 
9f.1 e ha 

(2 .23)  

e = coeffic ient of restitution [-] ,  J= thickness of the l iquid film on granule surface [ m ] ,  
and h a  = height of granule surface asperities ( i .e .  surface roughness) [ m ] .  

Some particles may absorb the collision energy by deformation and Iveson e t  al . (200 1 )  
use a Stokes deformation number to describe the threshold for deformation adherence. 
This number measures the ratio of impact kinetic energy to the plastic energy absorbed 
per unit strain .  This may be important for semi-dried droplets that may exhibit a yield 
stress upon i mpact. 

(2 .24) 

where Ut: i s  the coll is ion veloci ty [m S- I ] ,  Pp i s  the p article density [ kg m-3] and Yg i s  the 
dynamic yield stress. 

An alternative approach i s  that of S imons ( 1 994) who developed a model to provide a 
value of the rupture energy of pendular l iquid bridges. Fairbrother and Simons ( 1 998) 
expands on this work and directly measures bridge rupture energies between particles as 
small as 3 flm in  diameter. The viscous forces do not always dominate and a simple 
expression for the energy required to rupture a pendular liquid bridge was derived for 
the case of perfect wetting ( i .e .  zero contact angle). 

W* - v:*0.5 - C b (2 .25)  

where W* = dimensionless rupture energy [-] ,  ( W* = W/(Jr
2
, where W = pendular bridge 

rupture energy [J ]  and r = particle radius [m ] ), C = constant [ 1 . 8 ]  and Vb
' = the 

dimensionless bridge volume [-] , (Vb * = Vvr3 where Vb = volume of the pendular bridge 
[ m3 ] ) .  The approximation of the rupture energy of a l iquid bridge can be made w ith 
knowledge of the bridge volume, the particle size and the surface tension of the coating 
solution. 
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2.5.2 Droplet Spreading 

After successful collision and adhesion between a droplet and particle, droplet spreading 
may occur, resulti ng in a wetted particle surface. The phenomenon of spreading has 
been studied by several authors with a variety of applications i ncluding particle coating, 
spray painting, combustion, spray cooling and inkjet printing (Aziz & Chandra, 2000; 
H .  Liu, 2000; Wemer, lones, & Paterson, 2007a). In coating applications Figure 
2 . 1 1 (c) results in the best spreading conditions. For agglomeration a thick pancake (b) 
is l ikely to enable the formation of liquid bridges to produce a grape-like structure. 

The extent of spreading depends upon the properties of the droplet such as size, 
temperature, impact velocity, viscosity and the interfacial energies (Aziz & Chandra, 
2000; Link & Schliinder, 1 996; Pasandideh-Fard, Chandra, & Mostaghimi ,  2002; 
Pasandideh-Fard, Qiao, Chandra, & Mostaghimi, 1 996). If the droplet spreads easily, i t  
may coat the particle and produce the "onion" structure (see Figure 2 .4). If the droplet 
does not spread well or retains its shape as it dries, typical grape-like agglomerates are 
obtained. Werner et al . (2007a; 2007b; 2005) investigated droplet spreading on 
anhydrous milk fat (AMF) with the aim of maximising spread diameter. They found 
that high impact velocities and droplets with lower viscosities experienced more 
spreading. 

Pasandideh-Fard et al. ( 1 996) established a simple model to estimate the maximum 
droplet spread diameter which assumes the sum of the kinetic energy and the surface 
energy of the droplet before a collision is equal to the sum of the energy dissipated and 
the surface energy after coll ision (equation (2.26)). 

(2.26) 

where KE, = kinetic energy before impact, SE, = the surface energy before impact, KE2 
= the kinetic energy after impact when the droplet is at the maximum diameter (KE2 = 
0), SE2 = surface energy after impact and Wvi� = the work done in deforming the droplet 
against viscosity. These terms are included in the following equations :  

(2 .27) 

(2.28) 

(2.29) 

(2.30) 

where p = droplet density [kg m-3] ,  Vo = droplet impact velocity [m so l ] ,  Do = i nitial 
diameter of the spherical droplet [m], (J = surface tension [N m-I ] ,  Dmax = the maximum 
diameter of the droplet [m] ,  Ba = advancing contact angle [0 ] . 
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2.6 Agglomerated Product 

The final stage in the production of instant mi lk  powder i s  further drying and shrinkage, 
which occurs once the surface moisture of the agglomerates is so low that no further 
adhesion occurs. Their final size, density and moisture content i nfluence bulk 
properties of the powder such as flowability, bulk density and reconstitution 
performance. Powder flowabil ity directly influences powder behav iour during 
handling. Bu lk  density wi l l  determi ne the packaging, storage and transportation costs 
for a powder and reconstitution performance is an indication whether an agglomerated 
mi lk powder can dissolve i nstantly in water and therefore determines the powder' s 
appl ications. Agglomerate structure is defined by the extent of agglomeration and 
Pisecky ( 1 997) defined an agglomerate effic iency as the percentage of agglomerates i n  
the powder before the fines are separated. By  control l ing the extent of agglomeration, 
or agglomeration effic iency, the bulk density and agglomerate strength m ay also be 
control led. 

Whi le the process of spray drying has been widely investigated there have been few 
studies that focus on the prediction of product physical properties. Yu, et al . ( 1 995) 
investigated the effect of operating parameters on the agglomeration and packing 
behaviour of coal and showed that particle size and bulk density were largely influenced 
by in i tial properties. More recently, several experimental studies aimed to l ink product 
properties or powder qual ity to the control l able operating parameters d uring spray 
drying  for a variety of products (Birchal et aI . ,  2005 ; Goula et aI . ,  2004; Huntington, 
2004; Kwapinska & Zbicinski, 2005 ; N ijdam & Langrish, 2005) .  Most of these studies 
are carried out on laboratory scale spray driers where the atomised droplets may not be 
exposed to the same drying environment as the industrial scale due to very short 
residence times. 

Mi lk  powder properties were characterised by Caric and Milanovic (2002) to be 
physical, functional, biochemical, microbiological and sensory and all have an impact 
on powder qual ity. In particular the physical and functional properties wil l  have a large 
i mpact on the performance of an instant mi lk  powder in tended for use as a food 
i ngredient requiring hydration. 

2.6. 1 Physical Properties 

The significant physical properties of agglomerates include particle size, shape, density 
and strength which l ink to the bulk properties of flowabi li ty and bulk density .  The 
shape and size of the particles wil l  affect their packing and powder bu lk  density. 
Agglomeration also results in powder with better flowabi l ity, which is  the abi l i ty of a 
power to flow freely without forming lumps or arching. Larger particles flow more 
easil y  than fine particles and particles with a narrow size distribution flow more freely  
than for a broad size distribution . The moisture content, size, distribution and 
morphology wi l l  affect the bulk density and flowabi l i ty of the powder and particle 
strength will also need to be considered during handling/transport. Walton and 
Mumford ( 1 999) identified that partic le morphology related clearly to the above 
mentioned product properties. I lari (2002) points out that the flowabil i ty of dairy 
powders can vary sign ificantly depending on both composi tion and structure . 
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The bulk density of mi lk powders i s  influenced by the particle density and the particle 
size (Pisecky, 1 978) .  Hogekamp and Pohl (2003) found that the porosity of whole milk 
powder i s  lower than that of skim milk powder agglomerates and that porosity increases 
with increasing particle size. The particle density of a powder is affected by the amount 
of occluded air in  the powder particle; thi s  is  mainly due to the inclusion of air into the 
concentrate feed. Verhey ( 1 973)  establ ished that vacuole formation occurs during the 
atomisation stage due to air incorporation . Gas bubbles are entrained into the feed when 
it accelerates inside the atomiser, these bubbles are then dispersed during droplet 
formation and some smal l bubbles remain entrapped resulting in  the formation of 
vacuoles. Pisecky ( 1 978)  theorised that occluded air content is due to air bubbles in  the 
concentrate heating and expanding. The specific occluded air volume can be calculated 
and has been i ncluded for some common mi lk powder particles in Table 2.4: 

Increasing the spray drier air temperature and air flow rate a wel l as increasing the 
concentrate total sol ids and concentrate feed rate can cause a decrease in particle density 
and bulk density of the powder. Masters ( 1 979) states that pressure nozzles with low 
capacity have negl igible vacuole formation whereas high capaci ty pressure nozzles 
aerate the mi lk concentrate to a similar extent to rotary atomisers. Atomizer type is not 
the only parameter to be considered when trying to control bulk density , concentrate 
properties and drier operating conditions are also important. 

Table 2.4: Particle density for some dairy powders (Chen, 1 994) 

Product 

SMP 
WMP 

Instant WMP 

Particle Density 

1 .28  
1 .2 1  
1 .25 

True Density 

1 .5 3  
1 .2 8  
1 .2 8  

Specific Occluded 
Air Volume 

0. 1 3  
0.05 
0.02 

Agglomerate strength is  a parameter which must be optimised for instant milk powder 
manufacture as the agglomerates formed have relatively weak bonds. This is  essential 
and is driven by the milk powder function or end use as it must break up and dissolve 
easily upon reconsti tution. However, it is also essential that the weak agglomerates 
formed are not broken up during transportation. The bond strength of agglomerates is a 
key issue for both the manufacturer and end user of the product. Ideal ly, milk powder 
agglomerates should meet the customers expectation with regard to dispersibi l i ty (an 
indicator of powder quality) while meeting packaging requirements (bulk density) and 
survi ving storage and transport. Therefore, these powders need have an "optimum" 
agglomerate strength meaning that the bonds within the agglomerate need to be weak 
enough to allow dispersion in l iquid but strong enough to prevent attrition during 
processing and transportation. Industrial ly,  agglomerate strength is  inferred and instead 
of measuring bond strength directly, powder strengths are compared using a fl uidised 
bed technique (P.Webby, personal communication, 2005 ).  Agglomerate strength can 
also be determined by the extent of breakage which can be estimated using a variety of 
methods which usually relate some impact veloci ty to a loss in  mass or size (Boerefijn 
& Hounslow, 2005) .  Samimi et aJ. (2003) showed that agglomerate strength depends 
largely on the method of manufacture and also showed that drying strengthens 
agglomerates. 
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Beekman (2002) defined breakage using four terms :  ( i )  attrition - smal l  force in normal 
direction resulting in removal of asperities on a particle surface, ( i i )  abrasion - small 
force in tangential direction leading to polishing of particle surface, ( i i i )  fragmentation -
high force i n  normal direction results  in breakage, (iv) chipping  - high force i n  
tangential direction leading to roughness (Figure 2 . 1 3) .  Reynolds (2005) carried out a 
review on agglomerate breakage and testing methods. Van Laarhoven et al . (2006) use 
an abrasion tester to separate the tangential and normal  components. 
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Figure 2. 1 3 : Breakage mechanisms (van Laarhoven et aI . ,  2006) 

Particle s ize has a s ignificant influence on the cohesive and adhesive strength of a 
particulate system.  Cohesion is an in ternal property and a measure of force holding two 
similar particles together while adhesion is an interfacial property and a measure of 
force holding different particles together. The cohesive or adhesive forces are inversely 
related to the particle size (Buma, 1 97 1 ;  Rennie et aI . ,  1 999). A zone diagram showing 
the strength of agglomerate bond as a function of particle size is  given in Figure 2 . 1 4. 
Schubert ( 1 987) also found that large particles exhibit the worst mechanical stabil ity. 
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Figure 2. 1 4: S trength of bridges to hold particles together (Rumpf, 1 990). 
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The sol id bridges binding the particles within the agglomerates w i l l  ultimately  affect the 
attrition and breakage performance of the powder. The solid bridges are formed when 
the l iquid bridges dry. In general, it i s  assumed that bonds holding the skim mi lk 
particles together are weaker than for whole mi lk powder agglomerates (Renner, 1 989) 
and industrial evidence supports this .  However the findings of Ozkan et al .  (2002) 
indicate SMP bonds are stronger than WMP bonds above the glass transition 
temperature. It is unclear why SMP are more prone to breakage upon handl ing .  A 
possible reason i s  due to the composi tional differences i n  the bridges. The high fat 
content of the WMP bridges are l ikely to be mobile and rubbery, the bridges i n  the SMP 
agglomerates have a lower fat content and  are l ikely to  be rigid and more brittle 
resulting in breakages during handling. 

2.6.2 Functional Properties 

The functional properties of milk powder agglomerates l ink primari ly to the 
reconstitution performance. Reconstitution refers to the process of recombining mi lk 
powder with water to give i ts  original composi tion (Walstra, 1 999). However, some 
loss of nutrients and flavour changes wil l  result due to the manufacturing process. The 
fol lowing steps make up the process of reconstitution : 

I .  immersibi l ity 
2. wettabi l i ty 
3 .  dispersibi l i ty 
4. solubi l i ty 

Immersibi l ity relates to the powder' s abi l i ty to break water surface tension and 
submerge into the liquid. Wettability is the penetration of the l iquid into the pores of 
the powder partic le and depends on the surface activity of the particle ' s  surface area, 
surface charge, particle size, density and porosity (Caric & Milanovic ,  2002) .  
Dispersibil ity refers to the abi l i ty of particles to  disperse and mix in  the water forming a 
homogenous emul sion . Dispersibil ity is improved by agglomeration and m i nimising 
the holding time and temperature of the concentrate . The solubil ity is  the process of 
forming and maintaining a stable emulsion in  water and depends on the three previous 
steps. The solubi l i ty index is  a measure of the un-dissolved residue of mi lk  powder and 
is often a key i ndicator of product qual ity which represents the suitabi l i ty of the 
agglomerated product to be reconstituted. Poor solubi l i ty is often due to denaturation of 
mi lk proteins so heating of mi lk  concentrate needs to be minimised. 

The powder structure and particle size distribution wil l  have a big impact on these 
processes and i t  is considered that a particle s ize of I SO - 200 f1 m is the best for 
reconstitution (Caric & Milanovic ,  2002). Fitzpatrick and Cuthbert (2004) have found 
that the immersibi lity or "sinkabi l ity" of the powder i s  the most l imiting factor when 
reconstituting using mixing. Hla and Hogekamp ( 1 999) state that for most instantised 
powders the wettabi lity is the critical, rate control l ing step of the re-dispersion process. 
Both statements are correct as step one must be performed before the others can occur 
however step 2 m ay be the most t ime dependent step and are l ikely  to influence whether 
a powder can be termed "instant". 

32 



Literature Review 

2.6.3 Biochemical, Microbiological and Sensory 

The physical and functional properties wil l  all contribute to the qual ity of the powder. 
The biochemical, microbiological and sensory properties of the powders are just as 
i mportant when considering the suitabi l ity of a powder. Flavour, composition, colour 
and the presence of scorched particles can all be considered as sensory properties. 
Scorched partic les are overheated or burnt particles that h ave undergone Mall iard 
reactions which result in browning and undesirable flavours. 

M i l k  powder composition can also affect the physical and functional properties of a 
powder. The presence of fats on the surface of agglomerates can prevent wettabi l ity 
during  reconstitution and lec i th in  is  sprayed on the surface of instant whole milk 
powder to overcome the surface hydrophobici ty .  Mi lk powders with high amorphous 
l actose contents are also l ikely to have reduced tlowabi l i ty due to lumping and caking 
during storage resulting in handl ing problems if  not dried sufficiently before storage. 

Storage conditions are also important for powder stabil ity, specifically powder moisture 
content, water activity, storage temperature and humidity. The term 'water activity' 
describes the amount of water avai lable for hydration of materials. Roos (2002) states 
the water activity of dairy powders must be below 0.37 to retain qual i ty .  Figure 2 . 1 5  
demonstrates the effect of water activi ty on the rate of transformation processes that can 
occur during storage of dairy powders . Powders can become sticky and lactose may 
exhibit crystal l i sation which may enhance the deterioration of the dairy powders 
resulting in browning and oxidation . The growth of moulds, yeast and bacteria are 
processes which specifically need to be avoided during storage to ensure that mi lk 
powders are suitable for human consumption. 
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Figure 2 . 1 5 :  Stabil i ty map for dairy powders containing amorphous l actose (Roos, 
2002).  
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2.7 Chapter Conclusion 

In this chapter the phenomenon of agglomeration was introduced and discussed in 
relation to the existing literature. Agglomeration is  sti l l  a relatively new area of 
research, and still needs to be described completely .  Agglomeration i s  a complex 
process with many interacting variables that influence product properties. Granulat ion 
is a topic which has been widely studied, and spray drying has also been well 
researched, but l ittle emphasis has been placed on investigating agglomeration during 
spray drying. 

During agglomeration, the many complex processes occurring can be simpl ified into a 
few micro-processes; droplet formation ; impact and adherence fol lowed by drying and 
shrinkage. The l i terature has defined the conditions for adhesion fol lowing col li sions 
but need to be validated for forced agglomeration . The structure of the agglomerate 
formed wi l l  depend on the above processes which wi l l  infl uence the final properties of 
the product. Physical and functional properties such as particle size, shape, density, and 
reconsti tution performance are intertwined although there is  l imited knowledge of how 
they influence each other. 

34 



Benchmarking lndustry Performance 

CH APTER 3 

BENCHMARKING INDUSTRY PERFORMANCE 

To study agglomeration with the aim of i mproving bulk density control, a clear 
understanding of the scale of the problem is  required. Thi s  chapter benchmarks the 
performance of some Fonterra spray drying plants that produce agglomerated or 
' instant' mi lk powders. It also outl ines the currently accepted practise for instant mi lk  
powder production and the knowledge that exists in  industry regardi ng agglomeration 
processes. There were five main objectives in  this  benchmarking investigation: 

• Determi ne the level of downgrades where product does not meet target bulk 
density and ' instant' properties. 

• Identify how operators control the bulk density of instant mi lk powders 
• Identify plant configurations for instant mi lk  powders using pressure nozzles 
• Investigate the effect of operati ng parameters on agglomerate properties 
• Estimate fines recyc le flow rates for one powder on one spray drier 

These objectives were carried out on several p lants at one Fonterra site. The fines 
recycle study was performed on the low capacity drier which has only one fines recycle 
l ine and therefore required less powder to imitate the fines recycle mass flow rates. The 
findings of the benchmarking study were later used as a guide for the equipment and 
experimental design in the experimental part of this project. 

3.1  Powder Selection and Level of Downgrades 

It was essential to select industry powders to use as a reference for the experimental 
study. To keep the scope of thi s  investigation as narrow as possible, plant operation 
was investigated for two instant skim milk powder (IS MP) and five i nstant whole mi lk  
powder ( IWMP) using h igh pressure nozzles. Table 3 . 1 l ists the downgrades due to  
product not meeting the target bu lk  density for instant whole and sk im milk powders at 
one Fonterra site. Due to the high percentage downgrades for powders that are 
produced at a high rate of production an ISMP A and an IWMP E produced at one 
Fonterra site were selected for further study. 

Table 3 . 1 :  Bulk density downgrades for one Fonterra site .  
Bulk Density Total 

Powder Specification Downgrades Production % Downgrades 
( tonnes) (tonnes) ( % ) 

ISMP A H H 2.9 
ISMP B L L 1 .2 
IWMP C L H 0. 1 
IWMP D L L 0.8 
IWMP E H H 1 .5 
IWMP F H L 23 .7 
IWMP G L H 0.2 
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3.2 Operator Knowledge 

The procedure used to control bulk density of agglomerated milk powders was assessed 
by surveying plant operators at several Fonterra sites. The survey asked operators a 
number of quest ions relati ng to bulk density control ; however the actual results have not 
been included as they are commercially sens i tive. The questions asked have been 
incl uded below. 

When control l ing the bulk densi ty of an agglomerated bulk powder: 
1 .  what operating parameters do you change and what is your first step? 
2 .  does your first action always work? 
3 .  would you change each parameter individual ly? 
4 .  do these steps increase or  decrease the mass flow rate of  fines? 
5 .  what operating parameters would you avoid changing? 

Control of bulk density is difficult as Fonterra has a range of plant types, some of which 
have been modified since instal lation and each plant has its own idiosyncrasies. For this 
reason there are no standard operating procedures for control l ing bulk density and 
operators usual ly act from their own experience. This means the steps taken to 
manipulate bulk density vary from plant to plant and also change between shifts. The 
surveys results often produced conflicting answers ; for example, some operators would 
avoid altering the total sol ids of the milk concentrate while for others this  would be the 
first step to take when control l ing bulk density. All operators agree that increasing total 
sol ids results in an increase in bulk density. Because of the different responses, it is 
speculated that different drier types and configurations affect which operating 
parameters are effective in control l i ng bulk density during instant mi lk powder 
production. 

In general , the next step taken by operators to change the bulk density is to alter the 
fines recycle rate . Thi is currently achieved by increasing or decreasing the air to the 
fl uid beds to change the level of "fines stripping". "Fines stripping" is  the term used to 
describe the process where particles leave the powder bed and are carried with the air 
stream to the cyclones. I ncreasing the air flow rate to the fluid beds wil l  increase the 
size (and therefore the amount of particles) that can be transported by the air stream. 
However, no current measurement of recycle fines flow rates i s  performed on any spray 
driers continuously. 

Bulk density is  currently measured hourly by taking a small sample prior to packaging 
and, therefore, i t  is difficult to determine how bulk density actually fluctuates from bag 
to bag. This  makes it difficult to assess when changes have occurred and by what 
magnitude. Continuous bulk density measurement of powder, would allow a correlation 
between the measurable operating parameters and powder bulk density. 

An increased understanding of the important mechanisms that influence agglomeration 
and therefore powder bulk density wi l l  lead to standardising operations. However, 
before agglomeration and therefore bulk dens i ty can be controlled, both the recycled 
fines and milk concentrate properties need to be measurable and controllable. 
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3.3 Drier Configuration 

Early spray driers had only a s ingle drying stage and there were several disadvantages 
associated with this, a large chamber, high outlet temperature, low feed flow and 
therefore low capaci ty and because of the high inlet temperature particles could 
experience heat damage. Most modern plants are now designed to incorporate a second 
stage drying through the use of static and/or vibrating fluid beds fol lowing primary 
dry ing in the chamber. A secondary drying stage extends the residence time available 
for drying and improves on all of the disadvantages of single stage drying. The 
moisture content of the product exi ting the spray drying chamber can be higher which 
means the drier is more flexible and more effi cient. The powder quality is usually 
better, the powder cools and some level of agglomeration can occur which can help with 
bulk density control . There are several types of secondary stage drier: 

• Vibrating fl uid bed (VFB) 
• Well-mixed fluid bed 
• Integral or static fluid bed (lFB or SFB) 
• Niro multi -stage drier (MSD) 

3.3. 1 Fonterra Palmerstone North Plants 

Fonterra Palmerston North has two pi lot scale driers, the De Laval and the Integral 
Fluid Bed (lFB). The De Laval i s  a tall form drier and has a diameter of 2 . 1 34 m and a 
production rate of 1 50 kg h- I . The fines are returned through 2 inch pipes and expand to 
3 inch at the top of the drier where a nozzle l ine flows inside this  pipe. The IFB has a 
diameter of 2.9 m and can produce - 75 kg h- I of powder. The fines flow pipes are 2 
i nches and expand to 3 inches at the top of the drier where fines are returned 
tangential ly .  Three lances are positioned evenly around this fines return point and are 
directed towards the centre of the drier and each other. 

3.3.2 Fonterra Manufacturing Plants 

Two different Fonterra plants were selected to benchmark the current practice with 
respect to instant milk powder production; a Stork Wide Body drier and a Niro Compact 
drier. The Niro Compact is s imilar in configuration to the lFB at Fonterra Pal merston 
North and this drier produces IS MP A at a product rate of - 3500 kg h- I . This  drier has 
a swirl ing air flow that enters the drier tangential ly  at approximately 1 25 000 m3 h- I . At 
the top of the drier are 6 nozzles positioned, around the central fines return point .  The 
fines from the vibrating fluid beds and the drier exhaust are col lected in  a bag house 
where they are returned to the top of the drier. 

The Stork Wide Body drier is s imi lar to the De Laval at Fonterra Palmerston North. A 
concentrate flow rate of - 35 000 L h- I , and air flow into the drier of - 300 000 m3 h- I 

was used to produce IWMP E. At the top of the drier are 6 venturis ;  each has a bank of 
8 lances with a central fines return point jacketed by cooling air. The Stork Wide Body 
has an external well mixed bed and two trains which each have two vibrating fluid beds 
and a sifter. There are three sources of fines, from the fluid beds (one from each train )  
and from the drier exhaust cyclones. Four inch l ines del iver fines to the top of the drier 
where each line splits into two 3 i nch l ines . 
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3.4 Investigating Specifications IS MP A and IWMP E 

The key operating parameters that operators bel ieve i nfluence bulk density when 
manufacturing instant milk powder were discussed in §3 .2 .  An investigation was 
carried out to confirm the relationship between operating parameters and powder 
properties for the Niro Compact producing ISMP A and the S tork Wide Body spray 
drier producing IWMP E. The study on the Niro Compact measured the properties of 
samples taken from the static fl uid bed (SFB) and the 2nd vibrating fluid bed (YFB), 
sifter and one packaging sample. Only one sample was taken because i t  was not 
possible to track the location of each powder fol lowing the sifter as the powder was 
stored in  bins before packing. After, changing operating parameters, the drier was 
allowed to reach steady state before repeating the sampling .  

The study on the Stork Wide Body drier only assessed the influence of  total sol ids on 
powder properties and this variable was only changed sl ightly ( indicated by concentrate 
density) .  This  was due to the high cost risk of fal l ing outside the functional standards 
required for specification IWMP E. Hence, a different assessment approach was taken.  
Two sets of samples were taken one hour apart. Samples were taken from the wel l­
mixed bed, sifters A and B, the packaging l ine and fines were sampled from above the 
vibrating beds because it was unsafe to sample at the cyclones. This fines sample was 
not an actual representation of the fines returned to the top of the drier because it 
ignores fine col lected by the cyc lones mounted near the top of the drier. 

The particle sizes of all powders were measured according to the method in Appendix A 
using the Mastersizer 2000. Agglomerate strength can be assessed in several ways; in 
terms of powder survival in the transportation system after exit ing the drier chamber 
and also by its "breakdown'  or strength which is  only implied. I t  i s  the change in BD 
experienced by each powder under standardised shear conditions and this is  what allows 
the comparison . Breakdown was measured using a fl uidisation device (P. Webby, 
personal communication, 2005), and the procedure for us ing this is incl uded in 
Appendix B .  Survival in the transportation system can be assessed by comparing the 
bulk densities of the powder after leaving the drier (at the well mix  or SFB) with the 
bulk density of the powder at packaging. The methods for determining the moisture 
content and bulk density of the samples are included in Appendix C .  

3.4 . 1  ISMP A Results and Discussion 

Table 3 .2  records the moisture, particle size, and bulk density of the powders sampled 
for ISMP A produced on the Niro Compact at varied fines flow rates and concentrate 
total sol ids levels .  The results indicate that the increase i n  bulk density is within the 
bounds of error and there is no relationship between bulk density and the operating 
parameters investigated. However, agglomerate strength appears to decrease sl ightly 
with increasing total solids; this opposes current operator bel ief. The "survival" of the 
powder in the transportation l ine from SFB to the sifter is consistent between 
experimental conditions and can be expressed in terms of a bulk density decrease of 
0.06 - 0.08 g m-3 from the SFB to packaging. The moisture levels were consistent 
between experiments, and the fines were - 1 % higher than the powder from the SFB 
and - 1 .5% h igher than the powder sampled at the point of packaging. 
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Table 3 .2 :  Powder properties for IS  MP A col lected from the Niro Compact. 

Fines Total Bulk Bulk Break-Time Point Flow Solids Density Density Moisture 03,2 down ( loose) (taeeed) 
( % )  (g m-3) (g m-3) ( % )  (I:! m) (g m-

3) 
1 0:45 SFB Base 43 0.37 0.42 4.4 1 1 3 

YFB 0.39 0.45 1 24 
Sifter 0.40 0.44 1 20 0.227 
Fines 5.6 54 

1 1 : 30 SFB B ase 44 0 .37 0.42 4.4 1 1 9 
YFB 0.39 0.44 1 1 9 
S ifter 0.39 0.45 1 2 1  0.230 
Fines 5 .4 55 

1 2 : 30 SFB Base 46 0.36 0.4 1 4.4 1 25 
YFB 0.39 0.44 1 23 
Sifter 0.39 0.44 1 2 1  0.234 
Fines 5 .4 53  

1 : 30 SFB High 45 0.38 0.43 4. 1 1 \ 9 
YFB 0.40 0.45 1 30 
Sifter 0.39 0.45 1 25 0.235 
Fines 5.3 56 

2 :00 Packaging 0.49 4.0 1 2 1  0. 1 99 
SFB = static fluid bed, YFB = vibrating fluid bed, error for TS ± 0.3,  error for moisture ± I % of the 

measurement e.g. 4.4 % ± 0.044, error for loose bulk densily ± 0.03, error for lapped bulk density ± 0.0 I 

3.4.2 IWMP E Results and Discussion 

The properties of IWMP E powder at the various col lection points are i ncl uded in Table 
3 . 3 .  The results indicate there is no l ink between a small i ncrease in total sol ids  
( indicated by concentrate density) and the bulk density of the powder. IWMP E 
powder from the Stork Wide Body Drier has a high level of breakdown in  the 
transportation l ine, indicated by an increase in bulk densi ty from 0.39 to 0.50 g m-3 from 
the wel l m ix  to the packaging. This is s imi lar to the breakdown experienced by IS MP A 
in  the Niro Compact transport system .  The IWMP E appears to  have a higher 
agglomerate strength (breakdown = 0.060) than ISMP A (breakdown = 0. 1 99). The 
IWMP E product has moisture of - 2 .9% (compared to 4.0% for ISMP A) and fines 
moisture of - 4.7% (compared to 5.3 to 5.6% for ISMP A). The particles sizes for both 
powders are in a simi lar range; however ISMP A fines have a mean particle size of 
approximately 55 f1m compared to around 1 1 4 f1m for IWMP E. This  difference could 
be due to the sampl ing point. While on  the Niro Compact fines were sampled before 
being returned to the top of the drier, on the Stork Wide Body they were sampled above 
the fluid beds. 

These results do not confirm current operator belief related to how operating parameters 
affect the bulk density of instant mi lk powders. As the variations in agglomerate 
strength and bulk density are very smal l ,  the differences are not significant enough to 
show a rel ationship between operating parameters and powder properties. It should be 
noted that the powder has a residence time of - 30 minutes in both plants. 
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Table 3 . 3 :  Properties of IWMP E instant whole mi lk powder. 

Cone Bulk Bulk 
Time Sample Density Density Density Moisture D3,2 Breakdown 

(loose) ( ta��ed) 
(kg m-j) (g m-3) (g m-3) ( % )  (�m) (g m-3) 

14:00 Wel l Mix  1 1 08 0.33 0.39 1 08 
1 4:00 Sifter A 0.34 0.4 1 22 
1 4:00 Sifter B 0.36 0.42 1 1 6 
1 4:00 Packaging 0.40 0.5 2 .9  1 09 
14:00 Fi nes 4.7 1 1 2 
1 5 :00 Wel l Mix  1 1 09 0.34 0.40 1 09 
1 5 :00 S ifter A 0.34 0.4 1 1 1 3 
1 5 :00 Sifter B 0.34 0.4 1 1 2 1  
1 5 :00 Packaging 2 .9 1 30 0.060 
1 5 :00 Fi nes 4.6 1 1 6 
Error for moisture is ± I % of the measurement e.g. 4.4 % ± 0.044, error for loose bulk density ± 0.03, 

error for tapped bulk density ± 0.0 1 

3.5 Droplet size estimation 

The droplet s ize distribution of industrial sprays is difficult to measure, but they can be 
back calculated by measuring the particle s ize distributions of non-agglomerated milk 
powders, assuming l imited natural agglomeration. The mean droplet size for the sprays 
used to produce IS MP A and IWMP E have been estimated by using standard (non­
agglomerated) whole and skim milks produced on the Niro Compact and S tork Wide 
Body and are included in Table 3.4. The droplet size was calculated using two different 
methods, that of Lin and Chen (2002) (referred to as the L & C method) and Masters 
( 1 979). Lin and Chen (2002) report DIDo values of 0.78 and 0.8 using a drop 
suspended from a glass fi lament. The method of Masters ( 1 979) back calculates size by 
mass balance using the droplet and powder sol ids contents using equation (2 .  1 6) :  

(3 . 1 ) 

where Dd = droplet diameter [m ] ,  Dp = partic le diameter [ m] ,  Pc = density of the 
concentrate [ kg m-3 ] ,  Pp = density of the particle [ kg m-3 ] ,  Xc = solids fraction in  
concentrate [kg kg- I ] ,  XI' = sol ids fraction in  product [ kg ki l ] .  

The Sauter mean drop size was calculated to be from 64 to 67 f-lm for the Niro Compact. 
This agrees w ith that from nozzle suppl iers (Spraying Systems) who estimate a drop 
size of 70 f-lm for water. However, spray drier operators of the Niro Compact suggest 
these estimates are high, and Harvie et al. (2002) state droplets in industrial driers are 
typical ly 50 /-lm .  In contrast, the Sauter mean drop sizes for the Stork Wide Body were 
calculated to range from 1 1 7 to 1 5 1  I-Im .  These are high and may be due to the age of 
the samples, w here caking or agglomeration due to droplet-droplet col l i sions may have 
occurred resu l ti ng in an increase in partic le s ize. 
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Table 3 .4 :  Droplet size calculation for two Fonterra plants. 

Powder Plant Particle Particle Shrinkage Shrinkage Drop Size Drop Size 

Size Density DlDo D.;n (L & C)  ( Masters) 

(�m) (kg m·3) (L & C) (Masters) (�m) (�m) 
SMP Niro 50 1 430 0.78 0.75 64 67 
WMP Stork 94 1 260 0.80 0.76 1 1 7 1 24 
WMP Stork 1 1 5 1 260 0.80 0.76 1 44 1 5 1  
SMP and WMP are standard spray dried powders, manufactured on the iro Compact and Stork Wide 

Body driers by spray drying milk concentrate with no fines return. 

3.6 Powder Properties 

The physical properties of the two selected powders (IS MP A and IWMP E) have been 
included in Table 3 .5 .  These properties include the Sauter mean particle s ize, bulk 
density, particle density and agglomerate breakdown .  The changes in particle size and 
bulk density between the sifter and packaging indicate the breakdown that occurs over 
the packaging l ines. During transport to packaging the ISMP A powder increases i n  
size. However both the powder transported i n  l ines A and B on the Stork Wide Body 
experience a simi lar level of breakdown. The ISMP appears to have a sl ightly lower 
mean particle size, a higher bulk density and a much higher breakdown (or lower 
agglomerate strength) than the IWMP. 

Table 3 .5 :  Properties of powders ISMP A and IWMP E. 

Powder Sample Particle Size Bulk Density Breakdown Particle 
Point Density 

Units (!lm) (g cm·3) (g cm·3) (g cm·3) 
ISMP A Sifter 1 1 8 0.45 0.24 1 .42 

(Niro Compact) Packer 1 2 1  0.49 0.20 
Sifter A 1 35 0.40 1 .23 

IWMP E Packer A 1 25 0.47 0.09 1 .23 
(Stork Wide 

Sifter B 1 3 1  0.39 1 .25 Body) 
Packer B 0.47 0.09 1 .22 

The gross composition of both powders has been included in Table 3 .6 .  Powder 
composition affect the storage behaviour of powders (as explained in §2.4 .3 )  and this 
wi l l  l imit  the outlet temperature for operation of a spray drier as explained in  §S. I .3 .  
These compositions are used i n  §4.2 to manufacture m i lk  concentrate with a similar 
composition to measure the relevant physical properties. 

Table 3 .6 :  Composition of IWMP E and ISMP A powders. 
Powder IWMP E ISMP A 

Fat 28.8% 0.8% 
Lactose 

Ash 
Protein 

Moi sture 

36.4% 
5.6% 

26.7% 
2 .5% 

53.8% 
8 .3% 

33.3% 
3 .8% 
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3.7 Fines Properties 

It was important to measure fines properties to al ign the design of the small scale 
agglomerator in Chapter 5 with industry scale production. However, the 
characterisation of the fines was limited by the sampling abi l i ty of the plant. Fines 
samples were taken from the bag house on the Niro Compact Drier with ease . The 
Stork Wide Body Drier fines were sampled from the weirs above the vibrating fl uid 
beds which, as mentioned previously;  do not represent the fines collected at the 
cyclones. Col lection from the cyclones was unsafe and so was not carried out. Table 
3 .7 incl udes the measurements made for the fines and product when running at standard 
operating conditions for both ISMP A and IWMP E powders. As §3 .5  previously 
established, industrial droplet sizes range from 50 to 70 /lm so a fines size of 55 /lm 
fal ls in the same range, indicating that fines are non-agglomerated dried droplets. On 
both plants, the fines moisture content was higher than that of the product. Buma 
( 1 97 1 )  recommends the fines moisture content should be > 5 %  to promote 
agglomeration . 

Table 3 .7 :  Fines and product characterisation. 
Powder Sample Moisture Particle Size 

(wt % )  (flm) 
[SMP A Product 4.0 1 2 1  
ISMP A Fines 5 .4 55 
IWMP E Product 2 .9  1 30 
IWMP E Fines 4.6 1 1 6 

The scanning electron microscopy (SEM) images of product and fines samples were 
used to characterise the shape and structure of the fi nes and products. The SEMs of the 
ISMP (Figure 3 . 1 )  indicate that the fines are mostly small particles and there appears to 
be no fractured or broken particles. The product agglomerates seem to be fai rly strong 
indicating a high degree of concentrate overlap or droplet/droplet col l i sions during 
formation. The SEM's of the IWMP (Figure 3 . 2) shows c learly the individual droplets 
and particles which have joined to form an agglomerate. There does not appear to be as 
much concentrate overlap as the instant skim milk powder. The fines powder appears to 
have agglomerates of a similar size to the product powder. Some fractured 
agglomerates are visible and more small particles are present. 
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b) d) 
Figure 3 . 1 :  ISMP A a) fines 500x; b) fines 200x; c) product 500x; d) product 200x. 

b) 
Figure 3 .2 :  IWMP E a) fines 500x; b) fines 200x ; c) product 500x; d) product 200x. 
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3.8 Fines Flow Estimation 

Operators bel ieve that the flow rate of fines del i vered to the top of the drier is important 
for bulk densi ty control .  However, recycle rates of fines are c urrently not measured on 
spray driers producing agglomerated (or instant) milk powders. Despite th is, they were 
anecdotal ly thought to vary from 5 to 50% of production.  In order to investigate 
agglomeration on a small scale in a way that relates to the industrial s i tuation an 
estimation of these fines recycle rates was needed. 

There are a number of measurement methods available to define powder flow rates in a 
pneumatic l ine. Pressure drop measurement i inexpen ive but is generally regarded as 
unrel iable for determining sol id particulate flow rates, due to large fluctuations that 
occur in pneumatic pipelines. More rel iable methods are avai lable (Talion & Davies, 
2000) but, because of the ease of measurement, pressure drop was used in th is  work. 
During production of instant milk powder on the Niro Compact drier, fine powder 
particles are carried by air from the drier or fl uidised beds to the bag house where they 
are col lected. They are then dropped via a rotary valve in to a pneumatic l i ne to be 
recycled to the top of the spray drier. 

Instant skim milk powder ( lSMP A on the Niro Compact) is currently produced at a rate 
of 3500 kg h- I . During operation the pressure drop in the fines l ine is consistently 2 1  
kPa, and fluctuates from - 1 8  to 25 kPa. This study establ ished a calibration curve 
between pressure drop and fines mass flow rate for the Niro Compact drier, and uses 
this to investigate the suitabil i ty of the approach of Lech (200 1 ) . It is acknowledged 
this is not necessari ly the best method avai lable as discussed in Appendix 0, and Yan 
( 1 996) gives an detailed review of the measurement techniques for sol ids flows in 
pneumatic pipel ines. However, the use of pressure drop was employed here because of 
the easy access and low cost of taking pressure measurements. The work of 
Venkatasubramanian (2000) confirmed that the pressure drop-based mass flow meter of 
Cabrejos and K1inzing ( 1 992) gives satisfactory results for dilute phase conveying 
systems suggesting this is a valid method for fines flow rate estimation . 

3.8. 1 Engineering Theory 

Pressure drop in a vertical pipe line can be estimated using experimental correlations 
which relate the pressure drop to the mass loading of part icles. Henthom (2005) 
reports that Reynolds number, mass loading and particle shape and size can affect the 
pressure drop in a vertical pneumatic l ine .  A range of studies found that an i ncrease in  
mass loading wi l l  increase the total pressure drop (Hettiaratchi, Woodhead, & Reed, 
1 998; K1inzing, 1 980; Konno & Saito, 1 969; Namkung & Minyoung, 2002; Rauti ainen, 
Stewart, Poikolainen, & Sarkomaa, 1 999). However, K1inzing ( 1 980) establ ished that 
an increase in fines loading may result in a decrease of pressure drop for fine partic les 
and at low Reynolds numbers. 

There have been a range of studies investigating vertical gas-solids c onveying 
(reviewed by Rautiainen et al. ( 1 999)). Rhodes ( J  998) gives a description of the 
fundamentals for flow of gas and particles in a vertical pipe. The equations that govern 
the steady-state ful ly developed flow of a gas-sol id suspension in  a vertical p ipe may be 
derived from relatively simple conservation laws. One of the most fundamental 
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concepts used in the derivation of these equations is that of a control volume.  The 
notation and parameters associated with the control volume are in Figure 3 .3 .  
Rautiainen et  a l .  ( 1 999) gives a full explanation of how thi s  control volume can be used 
to derive the relationships in Equation (3 .2) and (3 . 3) .  The total pressure can be divided 
into four components; the gas and sol id phase hold up pressure and the gas and solid  
phase frictional pressure. 

Flow 

- POUf 

L 

(Ps , pg 
&s . &g 
Vs, Vg 

Figure 3 .3 :  Notation for the control volume (Rautiainen et al . ,  1 999). 

(3 .2) 

(3 .3) 

where L1Pfs = pressure drop due to sol id friction [ Pa l ,  L1Phlls = pressure drop due to hold 
up of sol id [ Pa l ,  L1Pfg = pressure drop due to friction of gas [ Pal and L1Phllg = pressure 
drop due to hold up of gas [Pal . Pressure drop of gas is estimated by recording the 
pressure losses when only air is transported. The difference between L1PT and L1Pg is the 
loss due to solids. Lech (200 1 )  used the Fanning equation to establ ish pressure drop as a 
function of mass flow rate for vertical transportation (see Appendix E): 

M = M pU p gL (� + _l_J s A 2Dg U� 
(3.4) 

where Mp = sol ids mass flow rate [ kg 5. 1 ] ,  Up = velocity of particles [m S· I ] ,  L = length 
between pressure transducers, A = cross sectional area of the pipe [ m2] ,  JP = solids -
pipe friction coefficient [-] ,  D = diameter of the p ipe [m] ,  and g = acceleration due to 
gravity [ m  S·2 ] .  
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Equation (3 .5) rel ies on a friction coefficient !p, which Lech (200 1 )  approximated from 
the work of Yang et al . ( 1 980) to be a l inear re lationship with the sol id s  volume 
fraction, for vertical transport in a pipeline: 

! p = 0.0 1 08 + 0.066(1 - E) (3 .5) 

where the solids volume fraction can be approximated by l -E = M/(V,App), where Pp i s  
the sol ids particle density [ kg m·3 ] .  

The approximation assumes Pp » Pg and i s  calculated from £ = V !(Vg+ \/,) where Vg 
and Vs are the volumes of air and solid passing a plane in  a given time. Thi s  correlation 
is just one of many correlations used to predict the solids friction factor (Rautiainen & 
Sarkomaa, 1 998). The pipe l ine in this study i s  much more complicated than that used 
by Lech (200 I )  with many additional bends and horizontal sections between the fines 
inlet and the top of the drier. Due to particle inertia around bends and saltation 111 
horizontal sections, the friction coefficient i s  expected to be greater i n  this work. 

The correlation of Konno and Saito ( 1 969) is a commonly used approach to relate the 
sol id friction force to mas loading for vertical transport: 

(3 .6) 

where Fp", = sol ids-pipe friction force [ Pa m- I ] ,  m = mass loading = ratio of the mass 
flow rate of particles to the mass flow rate of gas [- ] ,  Vg = interstitial gas velocity [ m  s­
I ] , pg = density of the gas [ kg m-3 ] .  

For hori zontal transport the sol ids-pipe friction force can be determined from equation 
(3 .7) where VI' is found using equation (3 .8) and !p is  determined using the correlation 
of H inkle ( 1 953) in equation (3 .9). 

F L =  
2!p (I - £)p,P�L 

I'll' 
D 

u = U (I - 0 0638D O.3p05 ) I' g . . p p 

(3 .7 )  

(3 .8 )  

(3 .9 )  

where CD = the drag coefficient between the particle and the gas [-] ,  and Dp = particle 
diameter [ m] .  

Hinkle ' s analysis assumes that particles lose momentum b y  col l i s ion with the pipe walls 
and the pressure loss due to sol ids-pipe friction is the gas pressure loss as a result of 
reaccelerating the solids. 
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3.8.2 Experimental 

The drier studied produces skim mi lk  powder and a schematic of the Niro Compact 
drier studied is shown in Figure 3 .4. Cal ibration experiments were carried out with the 
drier turned off. Powder was manually poured at a control led rate into the top of the 
bag house. A fixed speed rotary valve [ NU-CON CV [4"] 1 250 DEM Round] then 
del ivered it into the pneumatic blow-l ine.  It i s  1 00 mm in  diameter; the radii  of the 
bends had not been measured. The powder used for these experiments was "start-up" 
powder with a D3,2 measured at 1 08 flm (see Table 3 .8) .  "Start-up" powder refers to the 
product col lected at the start of a run before the drier has reached equi librium in relation 
to solids concentrations and levels of fines recycle so agglomeration is low. 

The pressure gauge used was a Rosemount type 1 1 3 .  Readings were recorded manual l y  
off the control room screen only when changes in the trend l ine of pressure occurred. 
The pressure recordings for all trials have been included in Appendix F. Figure 3 . 5  
shows an example of  the pressure readings recorded w ith time and i nc ludes l ines to 
i ndicate t , and t2 which are the start and finish points for the measurements. The 
basel ine was determined to be 4 kPa to account for pressure drop in the pipeline due to 
gas only .  The pressure recordings outside of this measurement time indicate transients 
associated with powder entering the blow l ine and tail i ng  off during powder addition . 
The drier fans were turned off during these experiments to avoid re-circulation of fines 
to the bag house, mean ing the chamber was not under vacuum. Normal operating 
pressure is -4 mmWg (-40 Pa), which is insignificant compared to the -20 kPa delivered 
by the blower (Robuschi, type SRB4 1 12P, 1 1 .3  kW). 

4.0m 

1 3.5m 

2.0m 
height 8 =  

2.0m 

Rotary 
Valve 

1 .2m 

Pressure 

3.0m 

Figure 3 .4 :  Schematic of pneumatic l ine showing pressure gauge and rotary valve. 

Table 3 .8 :  Comparing fi nes, start-up and product particle sizes .  
Powder DO.5 D3,2 
Units (",m) (",m) 
Fines 76 55 

Start-up 1 6 1  1 08 
Product 1 60 1 20 
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Figure 3 . 5 :  Trial 4 Pressure vs. time for manual addition rate of 6 1  % of capacity. 

3.8.3 Results and Discussion 

Figure 3 .6 c ompares the addition rate and the observed fines flow rate of the powder in 
the fines return l ine. The addition rate is  the amount of powder added to the bag house 
during an experiment divided by the time taken for powder addition: 

m , M add = --'---t finish -
f 0 

(3 . 1 0) 

Where Madd = addition rate of powder to the bag house [ kg S- I ] ,  mr = total mass added 
[ kg ] ,  tjillish = the time at the last pressure reading [ s ]  and fa = the time at the first pressure 
reading [ s ] .  

The pressure gauge readings differ significantly over the recording t ime in  some trials 
(Figure 3 .5) ,  indicating that powder flow through the rotary valve was not even, despite 
attempts to manually add powder at an even flow rate. The initial increase in pressure 
as powder enters the blow li ne and the tai l-off as the last of the powder was c leared by 
the rotary val ve consti tutes transients, as do fl uctuations over the (supposed) continuous 
feeding of the rotary valve .  The observed rate was calculated by: 

M = mob,. obs t obs 

(3 . 1 1 ) 

where Mobs = observed fines flow rate [ kg S-
I
] , tobs = the t ime between the t l (the first 

time pressure is observed to increase after the start) and t2 (the t ime when pressure i s  
observed to  decrease (see Figure 3 .5 )  [ s ]  and mobs = mass of  powder added over 
observed time [kg] . mobs is determined by divid ing the area under the plot between t l 
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and t2 by the total area (equation (3 . 1 2» . The baseline pressure drop due to gas in the 
pipe l i ne of 4 kPa is subtracted from this area. 

� (3 . 1 2) fMsdt 

'0 

General ly, the observed del ivery rate was lower than the manual addition rate due to 
powder hold-up in  the hopper feeding the rotary valve . The rotary valve was not feed 
rate l imited over the range investigated in this work. 

1 00%�------------------------------------------------------� 

80% 

-

� 
.!! 60% 
('Cl 
... 

:: o :;:: � 40% 
c: 

:;:: 
'0 Cl) > lii 20% 
VI 

.0 
o 

O%�--------�----------�----------�----------�--------� 
0% 20% 40% 60% 80% 1 00% 

Addition rate (% capacity) 

Figure 3 .6 :  Observed fines flow rate vs. the addition fines flow rate expressed as a 
percentage of production capacity of the plant .  

The Robuschi blower used to transport fines to the top of the drier delivers an air rate 
that varies as a function of the del ivery pressure head. For each fines mass flow rate, 
Table 3 .9 l i sts the mean pressure drop, the air rate, and solids volumetric loading using 
I -E = M/(QaPp) where Qa = air flow rate [ m3 S- I ] , E =  voidage [-] , and Pp of 1 280 kg m-3 . 
Particle velocity, Up, was calcu lated using equation (3 .8)  and is used to predict the 
pressure drop due to solids in  the discussion below. 
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Table 3 .9: Estimated solids volumetric loadings and particle veloc ities. 
Fines Mass Average Air Delivery Volumetric Air Velocity Particle 
Flow rate pressure Rate Solids Velocity 
(Mr/Mprod) AP Qa le 3600 l -e Ug Up 

( %  capacity) (kPa) (m3 h-I )  (-) m s-I m s-I 

1 2% 2 .3  558  0.0006 1 9 .7 1 6.4 
44% 7.9 550 0.0022 1 9.5 1 6. 1  
76% 1 5 . 8  539 0.0039 1 9. 1  1 5 . 8  
72% 1 1 .5  545 0.0036 1 9.3 1 6.0 
59% 8 . 1 550 0.0029 1 9 .5 1 6. 1  
50% 7 .4 55 1 0.0025 1 9 .5 1 6 . 1  

Air delivery rate was found from the performance test curves of the Robuschi blower for a shaft speed of 
2960 rpm (Appendix G),  Mprod = the powder production mass flow rate of the drier. 

Figure 3 .7 compares the measured and predicted pressure drops using the correlations 
from § 3 .8 . 1 .  All predictions consider the pipe length to be from the point of fines 
addition into the blow l ine from the rotary valve. The combined predictions inc lude an 
estimation of pressure drop due to bends, particle acceleration, and the incl ined section 
of pipe l ine .  Fan and Zhu ( 1 998) state that incl ined sections of pipe have a h igh 
pressure drop (compared to vertical and horizontal transport) to convey the solids by 
overcoming the forces associated with horizontal conveying and also the material ' s  
tendency to slide down the incl ine. It i s  suggested that i f  a n  inclined pipe has a n  angle 
of < 1 5° or > 80° then the pipe can be treated as hori zontal or vertical .  Tn this case the 
incl ine has an angle of 24° as indicated on Figure 3 .4, so here the vertical and horizontal 
components of the pipe l ine are used to estimate pressure drop although th is approach is  
l ikely to underestimate the pressure drop for the inc l ine 

Rhodes ( 1 998) states that there are no rei iable methods for predicting the pressure drop 
in a bend other than by experimental ly measuring the pressure drop at the specific 
operati ng conditions. The pressure drop in a bend is  usually high due to particles 
slowing down and requiring re-entrainment and re-acceleration fol lowing a bend. 
Industrially, the pressure drop is  approximated by using the correlations for prediction 
of vertical transport and assuming an equivalent length of 7 . 5  m per bend for a given pip 
diameter, which is considered to give a con ervative estimate . 

All correlations under-predict the actual pressure drop in this  system for each fi nes 
addition rate to the pipe. The Konno and Saito ( 1 969) expression for vert ical flow 
compares well to the expression of Lech (200 I )  (which is also for vertical transport) . 
The combined predictions which predict the pressure drop for each section of pipe agree 
well using either prediction for vertical pressure drop, and are better predictors than 
using j ust vertical flow but sti l l under-predict the pressure drop. It is apparent that the 
correlations do not predict pressure drop due to sol ids for this system and they c annot be 
used to predict mass flow rates of fines. This rei nforces the need to determine a 
cal ibration curve of mass flow rate vs. pressure drop for the specific plant. 
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Figure 3 .7 :  Predicted vs. measured pressure drop using four different approaches .  

There are several explanations to account for the under-prediction of pressure drop for 
th is  system using the correlations .  Firstly, the expression used to calculate Up assumes 
that particle velocity is  i ndependent of the sol ids loading, which may not hold for this 
system. Also, this pipe work has many bends and the pressure drop across these bends 
has been estimated using the suggested approach of Rhodes. Figure 3 . 8  shows that the 
combined approaches (to incorporate bends) predict the pressure drop wel l when 
increasing the equivalent length, Le, of the bends from 7 . 5  m to 35 .5m. 

30�=
=====================�--------------------�� 

� 25 
ra Q. 
::!. 
g. 20 ... 

" 

Q) ... 
::I � 1 5  
2! Q. 

" 
Q) 1 0  -
.� 
" 
Q) ... Q. 5 

0 

• Konno & Saito (vertical) 

• combined K & S (vertical) + Hinkle (horizontal) 

• Lech (vertical) 

X combined Lech (vertical) + Hinkle (horizontal) 

• 

0 5 1 0  1 5  20 25 30 
Measured pressure drop (kPa) 

Figure 3 .8 :  Predicted vs .  measured pressure drop equating Le for bends to 35 . 5  m .  
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The presence of bends in  the pipe work means that friction coefficients are unknown 
and are calcu lated here to be significantly higher experimentally than calculated by 
Lech (200 1 )  or Hinkle ( 1953)  and shown in  Table 3 . 1 0. 

Table 3 . 10: Comparison of experimental and predicted!p values. 
Fines Mass A verage Experimental Lech (2001 )  Hinkle ( 1953) 
Flow rates Pressure Drop Friction Friction Friction 

Mr " 3600 

423 
1 549 
2668 
25 1 7  
2058 
1 73 8  
1 626 

AP 
(kPa) 

2 .3  
7 .9  
1 5 . 8  
1 1 . 5 
8 . 1 
7 .4  
1 2 . 9  

Coefficient Coefficient Coefficient 

(-) (-) (-) 
0.057 0.0 1 1 0 .009 
0.055 0 .0 1 1 0 .009 
0.067 0 .0 1 1 0 .009 
0 .049 0 .0 1 1 0.009 
0.04 1 0 . 0 1 1 0.009 
0 .045 0 .0 1 1 0.009 
0.09 1 0 .0 1 1 0 .009 

Average pressure drop is  calculated from the correlation in Figure 3.9.  

Figure 3.9 shows the average pressure drop versus the observed delivery rate which is  
essential ly a cal ibration chart for the Niro Compact drier. The calibration curve does 
not cover the range of pressure drops experienced during production ( 1 8  to 25 kPa) .  
However, extrapolation predicts that fines recycle rates vary from 95% to 1 30% of 
production or 3325 kg ho l to 4550 kg ho l . This is  much higher than the expected recycle 
rates of 5 to 50%. Care should be taken when interpreting these extrapolated values and 
it i s  recommended that measurements are made at higher experimental fines mass flow 
rates. 
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Figure 3 .9 :  Calibration curve for average pressure drop vs. observed fines flow rate as a 
percentage of production capaci ty .  
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3.9 Chapter Conclusion 

This chapter identified that current practice is highly i ntui tive with respect to 
influencing bulk densi ty of instant milk powders. It is especial ly dependent on the type 
of drier, and the culture of the operating environment. These two factors indicate the 
need for a more precise way of control l ing bulk density by understanding the processes 
that occur during agglomeration. A range of plant configurations were identified .  At a 
s ingle particle level the conditions experienced by an individual particle in the Niro 
Compact are similar to those experienced by a single particle in the Palmerston North 
IFB . S imi lar comparison can be drawn between the conditions experienced by an 
individual particle i n  the Stork Wide Body and the Palmerston North De Lava\ . 

The variation in bulk density due to different operati ng conditions is small and It I S  
difficult to  draw conclusions. These findings demonstrate the difficulty of  preci se 
measurements on industrial driers which have many interacting and often only semi­
control lable variables. The measurements themselves indicate some differences i n  the 
expected response of the powder properties to changes in operating variables. This  
supports the need for further investigation into agglomeration processes. 

Fines recycle rates are not currently measured in spray driers. Anecdotally, it was 
expected that recycle rates would correspond to 5 - 50% of production. The results 
show otherwise with predicted recycle rates between 95 - 1 30% of production. The 
plant recycle rates predicted were extrapolated, indicating a need for further 
experimental work. Fines flow rate was modelled by accounting for the pressure loss 
due to friction of solids, using the equations of Konno and Saito ( 1 969), Hinkle ( 1 953)  
and Lech (200 I ) . These correlations under-predict the pressure drop for thi s  pipe l ine. 
The complex pipe work means that the experimental friction factors were significantly 
greater experimentally than predicted. Thus, the predictive equations can only be used 
in conj unction with system calibration. A major problem with these trials was the 
fluctuation in pressure readings due to poor del ivery of fines to the blow l ine via the bag 
house and rotary val ve .  
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CH APTER 4 

P H YSICAL PRO PERTIES 

An instant skim mi lk powder (ISMP) and an instant whole milk powder ( IWMP) were 
selected previously in §3 . 1 .  Chapter 4 describes how the physical properties of thei r  
solution or corresponding concentrates were measured. These properties affect 
atomisation as discussed in  §2.4. 1 and therefore the processes of coll ision and adhesion 
between droplets and particles in  the top of a spray drier. The concentrate properties 
measured in this  chapter i nclude viscosity, density, and surface tension presented i n  
§4. 1 and the droplet size and velocity o f  skim milk concentrate sprays presented in  §4.6. 

4.1  Measurement Methods for Density, Viscosity and Surface 
Tension 

Milk concentrates were produced using the pi lot plant research evaporator at Fonterra 
Palmerston North . The mi lk  concentrate flow rate was measured using a M icromotion 
0 1 2  mass flow meter w ith an attached density transducer (OMS-2-NA- I -CS,  
Micromotion Inc . ,  Boulder, Colorado, USA).  This  was cal ibrated using sugar solutions 
which establ i shed that a correction factor of + 1 1  kg m-3 was required. Viscosity was 
measured using a viscometer (Paar Physica MC l )  operating with US200 software 
(v2.30) the method is i ncluded in Appendix H .  The sample was held at the appropriate 
temperature (20, 50, 60, 75, and 80°C) over the measurement period using a jacketed 
samp le vessel . Surface tension can be measured a number of ways, these include the 
Wilhelmy plate, Ou NoUy ring, bubble pressure, sessile drop and fall ing drop methods. 

In these experimental measurements the Wi lhelmy plate method was employed using a 
commercial apparatus, the KrUss K 1 2  Tensiometer (KrUss GmbH, Hamburg, Germany) .  
The Wilhelmy plate method uses a vertical platinum plate with known geometry that 
has been roughened to improve i ts wettabil ity. The plate is brought into contact with the 
sample liquid and the force on the plate is measured. The technique i s  depicted i n  
Figure 4. 1 .  

Plate made of 

roughened Pt 

Liquid 

Figure 4. 1 :  Factors attectmg the calculation of surface tension for a plate. 
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The l iquid surface tension i s  calculated from this force using Equation (4. J ) . 
Pw (j = ---

LIV cos e 

(4. I )  

where (j =  surface tension [ N  m- I ] ,  PIV = Wilhelmy force [N] ,  LIV = wetted length [ m ]  and 
e is the contact angle between the tangent at the wetting l ine and the plate n .  The plate 
surface has been treated to improve wettabi l ity, so e is assumed to be zero. 

A cal ibration, measurement and cleaning procedures are described in Appendix  I. Glass 
vessels are usual ly  used for surface tension measurements as certain types of plastic 
containers can contaminate the sample upon heating. Due to the difficulty of rel iably 
cleaning the glass vessels, specific disposable plastic vessels  were used that were 
sui table for the temperature range required. 

1 Step 2 Step 3 Step 4 

Figure 4.2 :  Wilhelmy plate measurement of surface tension . 

Figure 4.2 depicts the movement of the plate and vessel prior to a surface tension 
measurement. Approximately 30 ml of solution was poured into a plastic container and 
placed in the jacketed measurement block.  A plate speed of 2 mm min- I was used to 
perform the fol lowing movements. The vessel was first raised until the plate was level 
with the l iquid level in step 2. The plate was lowered unti l i t  was submerged by 2 mm, 
as shown i n  step 3, after which it was raised again unti l  it was level with the l iquid 
surface, as shown in step 4. This process took - 2 minutes to complete and the 
measurement of surface tension commenced at step 4. Ini tial tests on water gave 
accurate and repeatable results in the temperature range from 20 to 80°C: specifically 
20oe, 72 .8  ± 0.7 mN m- I ; sooe, 67.9 ± 0.5 mN m- I (Appendix J) .  

Single measurements were taken for the measurements made on water. Surface tension 
measurements of milks were made using a series of measurements. Thi s  was due to the 
slow time dependency of wetting of the plate and subsequent gravity flow of the 
solution which resul ts in a fal l  in surface tension reading (Appendix K). The high 
viscosity of the liquid causes this effect. A film  of l iquid wi l l  stick to the plate causing 
an increased load on the force measuring system which directly translates to an 
increased surface tension. As the fil m  of l iquid flows back i nto the sample vessel over 
time, the urface tension then decreases to the 'actual ' value .  Due to th is  effect i t  is best 
to wait unti l  an equi librium value is reached, especial l y  for samples with a high 
viscosity. One measurement was taken every 1 0  for up to 90 readi ngs or until the 
readings reached a plateau. Thi s  is discussed further in §4.S .  
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4.2 Milk Composition and Experimental Plan 

The compositions of the milk concentrates used in these physical property 
measurements were based on the compositions of the previously selected ISMP and 
IWMP. These compositions are l isted in Table 4. 1 alongside the standard mi lks used 
for these experiments . WMC and SMC refer to whole and skim mi lk  concentrate (40 to 
53 wt% solids concentration) and SWM and SSM are standard whole and skim mi lk ( 1 0  
to 1 2  wt% solids concentration) .  The concentrates were produced using the Fonterra 
PN pi lot p lant research evaporator (feed - 300 kg h- ' ) and were tested 'fresh' 
immediately fol lowing evaporation. One extra sample was prepared by reconstitution 
using ISMP A and compared to fresh SMC. A scraped surface heat exchanger was used 
to heat the milk concentrates. The residence t ime in the heat exchanger was 
approximately 1 80 s for Run A, and 36 s for later runs .  The standard milks were heated 
using a coil placed in a water bath with a residence time of - 1 0  s. 

Table 4. 1 :  ComEosition on a dr� basis for IWMP E and ISMP A. 

SpeclRun IWMP Run A Run e Run Da Run ISMP Run B Run E E Db A 
Product WMC WMC WMC SWM SWM SMC SMC SSM 

Fat 29.5 27.8 29.2 27.6 28 . 1 0.8 1 .0 5 .6 
Lactose 37.3 38.5 37.6 39.5 38 .8  55 .9  57.0 48.4 

Ash 5 .7  5 .6  5 .9  6.0 6 . 1 8.6 7.2 7.8 
Protein 27.4 28 .2 27.3 27.0 27 .0 34.6 34.9 38 .2  

W MC, S M C  = whole, skim milk concentrate, S W M ,  SSM = standard whole, skim milk 

The experimental runs performed to measure the physical properties are included i n  
Table 4 . 2  for WMC and SWM and S M C  and SSM.  For each se t  of  variables, the 
densi ty, viscosity and surface tension were measured. These experimental conditions  
a im to  imi tate the range of  solids concentrations, and temperatures used to  manufacture 
ISMP A and IWMP E industrially. 

Table 4. 2 :  EXEerimental Elan for WMC, SWM, SMC and SSM. 

Run Total Temp Rep Run Total Temp Rep Solids Solids 
Units (wt % )  ( 0C)  (wt % )  ( 0C)  

AI  47 50 a,b B I  40 50 a 
A2 47 80 a,b B2 40 60 a 
A3 53 80 a,b B3 40 80 a 
A4 53 50 a,b B4 47 80 a 
C l  47 50 a B5 47 60 a 
C2 47 60 a B6 47 50 a 
C3 47 80 a E l  1 0  20 a 
C4 53 80 a E2 1 0  50 a 
C5 53 60 a E3 1 0  60 a 
C6 53 50 a E4 1 0  75 a 
D l  1 2  20 a,b D3 1 2  60 a,b 
D2 1 2  50 a,b D4 1 2  75 b 

A, C = whole milk concentrate experiments, 8 = skim milk concentrate experiments, D = standard whole 
milk experiments, E = standard skim milk experiments. 
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4.3 Density Results and Discussion 

The density of mi lk  concentrate affects many aspects of the agglomeration process: in 
atomisation it infl uences droplet size and size distribution, it affects the rate of drying, 
and it affects the spreading rate when droplets i mpact on a surface. The density of mi lk  
is  a function of composition, sol ids content and temperature. M iddleton ( 1 996) also 
found the thermal history of the milk impacts upon the density of both skim and whole 
milks. However, l i ttle published work predicts the relationship between total solids and 
the density of mi lk  concentrates. A number of authors report how density is affected by 
temperature at different fat contents (Bertsch, B imbenet, & Cerf, 1 982; Houska, 1 994; 
Wood, 1 996) . Bertsch et al . ( 1 982) used Equation (4.2 )  to predict density as a function 
of temperature at two fat contents (Figure 4 .3) .  

p = -2. 307xlO-3r - 0. 266T + 1 040. 5 - 100Xjiu(-47. 8x 1 0-6r+ 9 .  7x10-3T + 0. 967) (4 .2) 

where T = temperature [ 0C ] ,  Xfw = mass fraction fat [ kg kg" ' ] and p = densi ty [ kg m-3 ] .  

1 060 
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_ Bertsch et al. ( 1 982) Whole 

80 

Figure 4 .3 :  Effect of temperature on the density of skim and whole mi lks .  

1 00 

The density of a m ixture can be determined as the inverse of the specific volume of the 
mixture, which is the sum of the volume of each component in the mixture :  

I p = ­v 

v = LXV . . / / 
/ 

(4.3 )  

(4.4) 

where p = density of the mixture [ kg m-3] ,  v = specific volume of the mixture [ m3 kg- I ] ,  
Vi = specific volume of component i, and Xi = the percentage o f  component i present  in  
the mixture. 
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The specific volume of water i s  a function of temperature and can be eas i ly  calculated 
( Irvine & Liley, 1 984). Table 4.3 gives the constant values used for the specific 
volumes of mi lk components including casein, whey, lactose, sucrose, glucose, 
galactose and ash. The fat specific volume is also a function of temperature and 
calculated us ing equation (4.5 )  (K. Pearce, personal communication, 1 995) . 

1 v = ---------------,----:-f 928.75 - 0.677803 xT  + 1 . 89394x l O-4 x T 2 

where vJ = the specific volume of fat [ m3 kg- I ] and T=  temperature [ 0C] .  

Table 4 .3 :  Constant values of  specific volume for components of mi lk. 
Component Specific Volume 

Casein 0.7 1 429 
Whey 0.74074 

Lactose 0.62854 
Sucrose 0.62972 
Glucose 0.64 1 03 

Galactose 0.64 1 03 

(4. 5 )  

Figure 4.4 compares the experimental resul ts obtained b y  measuring density at 50°C 
with the expected values calculated using the approach outlined above. The predicted 
and measured values show good agreement. Equations (4.6) and (4.7) are the trend 
l ines for the density of IWMP E (Run C)  and ISMP A (Run B) at 50°C on the plot. 

P .. hole = 222TS + 1 0 1 1 R2 = 0.9536 (4.6) 

P skim = 480TS + 965 (4.7 )  

where plVhole = density of whole mi lk  concentrate [ kg m-3] ,  pskim = density of  skim mi lk 
concentrate [ kg m-3] ,  and TS = total sol ids [ wt%].  
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Figure 4.4: Density vs. solids content for Runs A, B and C at 50°C. 

4.4 Viscosity Results and Discussion 

58% 

Processing milk concentrates is l imited by viscosity which depends on the composition, 
pre-treatment, temperature, sol ids content and evaporator holding t ime (Wood, 1 996). 
Bloore and Boag ( 1 98 1 )  state that the achievable sol ids concentration level during 
evaporation is restricted by concentrate vi scosi ty. A number of sources have discussed 
the effect of temperature on viscosity (Bertsch & Cerf, 1 983 ;  Houska, 1 994; Wood, 
1 996). 

Snoeren et al . ( 1 982) have proposed a model of mi lk  concentrate viscosity. The 
viscosity depends on the volume fraction of the molecular material and the viscosity of 
the milk serum. The molecular material consists of case in  and whey proteins whereas 
the milk serum is made up of lactose and salts. The theoretical relationship between 
viscosity and vol ume fraction is given below (Ei lers, 1 94 1 ) : [ 1 .25<1> J f.1 = f.1ref 1 + 

1 -
<t>J: 
/4> max 

(4. 8 )  

where I-' = the viscosity of  the mixture [ Pa s ] ,  I-' reJ = the vi scosity of  the serum and <I> = 
the volume fraction of the molecular material . (/JmGx = the maximum volume fraction . 

The viscosi ty of the serum,  I-'reJ, is a function of the lactose and salt content and can be 
easi ly established. The vol ume fraction of mi lk can be affected by the amount of casein ,  
denatured whey protein and native whey protein present :  
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<I> milk = X casein V casei,1 + X dh' V dh' + X nU' V 
IIW 

(4.9) 

where Xcasei/J = the m ass concentration of casein [ kg L-t Vcasein = specific volume of 
casein [L kg- I ] ,  Xdw = the mass concentration of denatured whey protein [ kg L- I ] ,  VdlV = 
speci fic volume of denatured whey protein [ L  kg- I ] ,  Xmv = the mass concentration of 
native whey protein [ kg L- I ] ,  Vmv = specific volume of native whey protein [ L  kg- I ] .  

The volume fraction of protein i n  a concentrate can be related to the volume fraction of 
protein  in mi lk by: 

m rt.. X c Pc 
'i' = 'P milk x -- x --

X milk Pmilk 

(4. 1 0) 

where Xc = sol ids content of concentrate [ kg kg" I ] ,  XII/ilk = solids content of standard 
milk [ kg kg- I ] ,  Pc = concentrate density [kg m-3 ] ,  pmilk = milk density [ kg m-3 ] .  

From Ei lers' relation the viscosity of concentrate depends on the protein content, 
composition, and hydration, as well as the degree of concentration and the concentrate 
temperature. Experimental results confirmed that Ei lers' relation may be used to predict 
the viscosity of milk concentrates, but further work showed that vi scosity increases 
during storage regardless of preheat treatment, and that the structure build-up can be 
disrupted by agitation . Snoeren et al. ( )  982) suggest viscosity should be measured at a 
shear rate as high as that occurring at a wheel or nozzle to achieve practical 
measurements. For this  reason, in  this thesis all viscosities are measured at a shear rate 
of 1 000 S- I which is the maximum shear rate of the Paar viscometer. 

Figure 4.5 shows the viscosi ty results obtained for each run compared to the calcul ated 
or expected values. The increase in viscosity at higher solids contents may be explained 
by the closer interaction between components in the concentrated milk solution. The 
experimental results agree w ith the predicted data at low sol ids contents, but at h igh 
solids the expected values using Snoeren' s  approach over predicts vi scosi ty. This was 
also observed by Paramalingam et al . (2002) who developed a model based on the 
approach of Snoeren et al .  ( 1 982) for the viscosity of whey concentrates and appl ied this 
model to successful l y  predict viscosity of whole mi lk  concentrates up to 50 wt% with 
less than 1 0% error. In this model by Paramalingam et al. (2002) the viscosity of the 
solvent, ps, i s  replaced by the viscosity of lactose plus the salt solution and the 
regression model for the viscosity of the lactose solution was generated from 
experimental data ((Buma, 1 980; Fernandez-Martin ,  1 972) :  

(4. 1 1 )  

where, PI = viscosity of l actose solution, a = 0.0095 ,  b = 0.0736, c = 0.484, d = 8.7033, 
T = temperature [ QC ] ,  TS = total solids concentration [ kg kg- I ] ,  and XI = dry matter 
fraction of lactose [ - ] .  
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Figure 4.6 is a collection of surface tension data from the l iterature for whole and skim 
milk, measured using a range of techniques. These i nc lude the vibrating jet method 
(Whitnah, Conrad, & Cook, 1 949), the fall i ng drop method (Bertsch, 1 983), the 
Wilhelmy plate method (Kristensen, Jensen, Madsen, & B ird, 1 997) and the Du Noiiy 
ring method (Janal, 1 975; Kuk, 1 955 ;  Watson, 1 958) . Although the w ork of Kuk 
( 1 955 )  has been reported in  two separate sources (Houska, 1 994; Wood, 1 996); it i s  
unclear what method was used to obtain these resul ts. The regression formu lae for skim 
milk and whole milk inc luded below are sourced from Houska ( 1 994) but were formed 
using many of the other data points l isted in Figure 4.6. 

(4. 1 2) 

(4. 1 3) 

where (JSkim = surface tension of skim milk [ N  m- I ] ,  (JWhole = surface tens ion of whole 
milk [N m- I ] and T = milk temperature (0 - 80) [ QC ] .  

The regressions apply for standard whole and  skim mi lks only; the surface tension of 
mi lk concentrates has only been reported by Parker ( 1 978) who observed lower values 
than those reported for standard milks. Paramalingam et al . (2002) measure surface 
tension as a function of solids content for whole mi lk  but the temperature i s  not 
reported. The measurements made for standard milks generally agree with the Houska 
( 1 994) correlations. The measurements made by Bertsch et al . ( 1 983) using the fall ing 
drop method are higher than those obtained by other techniques. 
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Figure 4.6: S urface tension of whole mi lk and skim milk as a function of temperature. 
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The Wilhelmy plate method is influenced by a number of factors (Appendix K) with the 
most important being the viscosity of the sample. The l iquid viscosity affects the rate of 
drainage from the plate. Therefore, the force recorded may include l iquid that has not 
yet drained away . The effect of drainage is observed as a decrease in force with time as 
shown in Figure 4.7 .  The force profi le is affected by the i nitial amount of l iquid drawn 
up the plate and the rate of drainage of the liquid back into the sample vessel .  
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Figure 4.7 :  Force-time profi le of whole milk concentrate, 46.4% sol ids and 47.4°C. 
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Figure 4.7 shows that after some time, an increase in force on the plate also occurs. This  
subsequent rise can be associated with the formation of a skin on the s urface, which i s  
observed during measurement. Hassan and Mumford ( 1 993) showed that during drying 
a skin appears on the surface of skim milk droplets. Skin formation is proposed to be 
due to drying and evaporation, and cross-linking of fat globules due to protein 
denaturation (New stead, 1 994) . In thi s  context, denaturation refers to the heat-i nduced 
changes in protein structure. The ambient conditions when these measurements were 
taken are given in Table 4.4. The process of drying and evaporation can explain why a 
skin may form over time. As discussed in Appendix L, the evaporation rate from the 
sample surface appears to be constant over a range of sample temperatures. However, 
control of humidity in the sample chamber could be made using a saturated sal t solution 
with an excess of sol ids. 

Table 4.4: Ambient conditions  during surface ten sion measurement. 
Sample 

Temperature 

64 

20 
50 
60 
75 

Air Humidity ( RH % )  

Room 
47.5 
45.4 
47 

45 .9  

Chamber 
49 
54 
6 1  
80 

Air Temperature (0C) 

Room 
20.9 
22 

2 1 .5 
2 1 . 1  

Chamber 
20 

26. 1 
28 .3  
28 
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Knowledge of milk chemistry can aid understanding of how the process of skin 
formation can be affected by solids concentration, fat content and temperature. Mi lk  
proteins, mi lk fat and free fatty acids are the principal surface-active components that 
affect the surface tension of mi lk (Whitnah, 1 959). An increase in these components at 
the surface wi l l  result in a decrease i n  surface tension. Conversely, denaturation of the 
milk proteins on the surface of fat globules wi l l  increase surface tension as the protein  is  
no longer an effective surface-active agent (Wong, 1 988). 

Denaturation starts between 60 and 70°C and disulphide bridges form on the surface of 
fat globules resulting in  aggregation .  The formation of a skin due to m icellar 
aggregation i s  l ikely to be faster at higher solids concentrations and fat contents as 
micelles are more tightly packed. Although denaturation i s  retarded at high sol ids 
concentrations, possibly because of i ncreased l actose concentrations, a sufficient degree 
of denaturation may occur to allow aggregation (Anema, 2000). The competing effects 
of viscous drainage and skin formation mean i t  is not possible to di stinguish the end of 
drainage from the start of skin formation. Therefore, the minimum force in Figure 4.7 
was used to calculate the surface tension. The error in these minimum values obtained 
is  difficul t  to estimate. 

Figure 4 .8  reports surface tension for both whole milks, standard (SWM) and 
concentrated (WMC) and compare these results with Houska's correlations. Figure 4.9 
reports the same but for skim mi lks (SSM) and concentrates (SMC). In both plots below 
60°C, the experimental values are scattered about Houska's correlations.  Above 60°C, 
the surface tension of concentrated m i lks increases markedly. This  trend is  s imilar for 
standard mi lks al though the deviation is not as great. Whole milks (Figure 4.8) appear 
to exhibit a greater increase in surface tension above 60°C than skim mi lks .  
Reconstituted skim mi lk concentrate of the same composition compares wel l to fresh 
measurements. The reason for the increasing surface tension is l i kely to be due to 
denaturation of proteins which causes disulphide l inking of micell e  particles above 
60°C resulting in an increase in skin formation and the apparent surface tension. Thi s  is  
c learly influenced by the concentration of proteins in  solution. There is  also a 
difference between whole and skim mi lks but the mechanism for this i s  unknown .  

Muhkerjee e t  al . (2005 ) also measured the surface tension of  homogenised mi lks  of 
similar compositions to the standard whole and skim milks measured in th is  work. 
Measurements were made using both capi l lary ri se and Wilhelmy plate techn iques at 
20°C and were found to be higher than those values obtained in this  study. Surface 
tension measurements were reported to be 52.7 - 54.0 mN m- I for 'dark blue mi lk '  
(similar to  standard whole mi lk)  and 64.3 - 67 .4 mN m- I for ' l ight green mi lk '  (s imilar 
to standard skim milk) .  

Masters ( 1 979) gave the fol lowing rel ationship between surface tension and droplet s ize 
(Equation (4. 1 4». This  can be used to perform an error analysis of the surface tension 
on the droplet size prediction . 

(4. 1 4) 

where Dd = droplet size [m]  and (J = surface tension of fluid [ N  m- I ] .  
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Considering that the maximum and minimum experimental values recorded are 5 1 . 1  
and 40.57 mN m- I (57 . 1 mN m- I for whole m i lks is an outlier), the error, G, is (5 1 . 1  -
40.57)/40.57, or 26%. Consequently, the error with respect to the droplet s ize i s  +5 .9% 
or -7 .3%. As this is  below 1 0%, the uncertainty in the surface tension values due to the 
competing effects of drainage and skin formation can be considered acceptable for 
future calculations. 
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4.6 Droplet Size and Velocity Measurement of Skim Milk 
Concentrate Sprays 

Atomisation is the most widely used process for droplet generation and refers to a 
process in  which bulk liquid i s  disintegrated into small droplets. During atomisation a 
number of disruptive forces i nfluence droplet formation including kinetic energy, 
friction, gravity, interface shearing and pressure fluctuations. Counteracting these are 
cohesive forces which i nclude molecular bonding, viscosity and surface tension. The 
surface tension pul ls  the l iquid into a shape (sphere) that exhibi ts minimum surface 
energy while the stabil i sing effect of viscosity oppose any change in the geometry of 
the l iquid (H.  Liu, 2000). Droplet formation is discussed in more detail in §2.4. 1 

The atomisation of milk generall y  occurs in  a hollow cone pressure nozzle and can be 
divided into the following stages (Ch en, 1 992) 

• milk concentrate 
• l iquid fi lm 
• fi lm break-up into large i rregular shaped l iquid drops 
• spherical l iquid drops 
• zone of rapid drying 
• substantially dried part ic les 

In thi s  work a two-fluid self-cleaning nozzle was used rather than a hollow cone nozzle. 
The two fluid nozzle produces smal ler droplets than a pneumatic nozzle and is more 
sui table for experiments in a smal l  pilot scale drier where the droplet residence time for 
drying is significantly shorter than in a l arge industrial drier. However, there is the 
same need to establish droplet s ize and velocity for agglomeration studies. 

Droplet Size 

Droplet size i s  able to be measured by a range of commerc ial laser diffraction devices 
including a Malvern Mastersizer X (Elversson, Mi llqvist-Fureby, Alderborn, & 
Elofsson, 2003), Malvern Spraytec, Malvern Mastersizer E (Nguyen & Rhodes, 1 998) 
and Phase-Doppler Particle Analyzer (PDPA) (W. T. Kim, M itra, Li ,  Prociw,  & Hu, 
2003; Panchagnula & Soj ka, 1 999; Schell ing & Reh, 1 999). The difficulty with spray 
sizing is to obtain a representative population of droplets from the spray, both across the 
spray and with distance from the nozzle to ensure droplet break-up has occurred and 
other factors such as evaporation, coalescence, and spray coating of the lens have not 
affected the s ize distribution . 

An alternative implicit method of droplet sizing is to run a single spray nozzle within a 
spray drier without any fine powder recycled. The sprayed droplets are dried and then 
collected. These dried droplets can be regarded as particles formed without any of the 
design or operating features that enhance agglomeration. Experiments with multiple 
nozzles and fines recycle can then be compared against this base case. In this  work, the 
base case dried droplets were collected and sized for comparison against the spray 
droplets measured using l aser diffraction and photographic techniques. Lin and Chen 
(2004) have related the final s ize D to the droplet size Do, finding D1Do values for skim 
m i lks  from 0.67 (20% TS) and 0.76 (30% TS). Masters ( 1 979) proposes that droplet 
sizes can be calculated from equation (2. 1 6) .  
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Droplet Velocity 

Velocity is more difficul t  to ascertain because of the turbulence needed to cause droplet 
break-up in  a two-fluid nozzle. Calculations involving turbulence are difficult and sti l l  
need to be  val idated against experiments. Therefore a direct measurement tool for 
velocity in the col l i sion zone between droplets and recycled powder particles was 
needed. Non invasive veloci ty measurement is difficu l t  for droplets in air. High-speed 
photography was used here but needed careful placement of the spray in the focal length 
of the camera, and required good shielding of the lens from droplet deposition. Such 
placement means the technique was essential ly  invasive to the flow fie ld created by the 
atomiser and spray. Al so the depth of field about the focal length was small  and care 
was taken to obtain a representative population of droplet velocities. The ai r veloc i ty at 
the exit of the nozzle was measured using a turbine anemometer (Testovent 4000, 
Testoterm, Germany) wi th no l iquid supplied to the nozzle. 

4.6. 1 Methods and Materials 

Measurements for droplet size and velocity were canied out for water and skim mi lk  
concentrates a t  a range of solids concentrations, atomis ing air pressures and flow rates .  
The nozzle used was a self-cleaning, two-fluid flat spray nozzle (Spray Systems 2850 
fluid cap, 67228-45 air cap). Recon tituted mi lk concentrates were prepared by milk 
powder addition to 50°C water for 20 minutes fol lowed by a 1 0  m inute hydration 
period. A Malvern Mastersizer S was used for droplet size measurements and a High 
Speed BfW CM OS Camera, Model # CPL MS50 K was used to determine droplet s ize 
and veloc ity. Droplet s ize was al so measured using a Mastersizer 2000 for partic les 
col lected after the spray had been dried inside the drier without the presence of a 
powder recycle .  

Malvern Masfersizer S 

A Malvern Masters izer (Model S, Malvern Instruments Limited, Malvern, 
Worcestershire, UK) unit  was modified to allow a spray to pass between the beam 
expander and the lens as shown in  Figure 4. 1 0. The 1 000 mm focal length lens was 
used with at  least 5000 sweeps. The lower and upper obscuration bounders were set  at 2 
and 40% and obscuration was observed to be 5 - 1 5% .  Care was taken to avoid droplet 
deposition on the lens by blowing purge air on ei ther side of the spray. Beam al ignment 
and measurement of the background signal received by the detector was checked 
between each measurement and the lens was c leaned if necessary. The spray w as 
positioned so that the l aser beam was directed through the centre of the spray. Droplet 
size varies with the position sprays.  Bakker ( 1 988) found that particles are larger in the 
centre; measurements were made in the centre to see the trend for changing fl uid 
properties and no measurements were m ade at the edge of the spray . 
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Beam Expander Lens and D etector 

A ir s upp ly  

Figure 4. 1 0 : Experiment setup for Mastersizer S .  

Figure 4. 1 1 shows the rel ationship for water between the surface weighted mean droplet 
size, D3,2, and d istance of the nozzle from the beam . Three replicates were measured at 
each distance. The plot indicates the level of break-up at each position from the nozzle 
exit, and shows that, at 1 0  mm, droplet break-up was incomplete. The smallest mean 
size occurs at 25 mm. When the nozzle was moved further from the beam, droplet 
coalescence results in l arger mean sizes. Also, increasing the distance causes more lens 
splatter which was detected by the intensi ty of the background signal . Further 
experiments with skim mi lk used a nozzle to beam d istance of 50 mm which has been 
used by several authors (Elversson et aI . ,  2003 ; Nguyen & Rhodes, 1 998) . 
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Mastersizer 2000 

The Malvern M astersizer (Model 2000) was used to measure the particle size 
distribution of the powders produced in the 0.8 m diameter Niro spray drier modified as 
explained i n  Chapter 5. When measuring partic le  size 1 0  000 sweeps were used and the 
lower and upper obscuration boundaries were set at I and 5 % .  The measurement 
method used to operate the Mastersizer 2000 has been included in Appendix A. 

High Speed BIW CMOS Camera 

A high speed camera [ BIW CMOS, Model # CPL MS50 K ]  was used to produce video 
records at a high frame rate to determine the droplet velocity. The camera used was 
situated in the laboratory of Dr John Abrahamson at Canterbury Univers ity in 
Christchurch, New Zealand. Individual frames were used to extract images of the 
droplet path as demonstrated in Figure 4. 1 2. The droplet is s i lhouetted on a black field 
so that l ight streaks of width, w and length, L occur. The width of the droplet was used 
to estimate droplet size and the droplet velocity was estimated using L and the camera 
exposure time: 

where Vd = veloc ity of droplets [ m S- I ] ,  and texp = exposure time [ s ] .  

w �f = = = = = C�I)",--____ �(i)..;.;1 
I I 
I I 
I I 
I I 
�.. � � 

L 

(4. 1 5 ) 

Figure 4. 1 2 : S implistic view of particle motion recorded in  on a single frame over the 
exposure time of the high speed video. 

Figure 4. 1 3  shows the experimental set up for producing and capturing images of the 
mi lk concentrate spray. The PC connected to the camera used the program, Mega speed 
MS50K Version 8.0, to capture the i mages. Water was used to focus the camera and 
establ ish the appropriate l ighting and camera positioning which has been incl uded in 
Figure 4. 1 4. The lens was used to focus l ight at the posi tion of the image required for 
capture. The camera aperture of F8, and an exposure time of 1 00 flS  were used for all 
experiments. A photograph of the camera set up is  shown in  Figure 4. 1 5 . The camera 
had 2 1 , 3 1  and 1 3  mm lenses and recorded at 1 037 frames per second capturing a total 
of 2 .097 s of footage . An example frame has been included for water in Figure 4 . 1 6. 
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Figure 4. l 3 :  Schematic of experimental set up using high speed camera. 
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Figure 4. 1 4 : Schematic of camera, spray, lens and l ight posi tion on  the optical bench. 

Figure 4. 1 5 :  Equipment set up to capture spray i mages. 
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Figure 4. 1 6 : Example frame for water at 0.5 bar atomization pressure and 1 . 8 kg h- I . 

A mesh grid with an aperture size measuring 1 x I mm was situated at the position of 
the image (50 mm) to focus the camera and to cal ibrate the distance of each frame . An 
average of 20 measurements was used to determine that on average 78 .6  pixels is equal 
to 1 mm. To determine the size and velocity measurements for one experiment, 1 0  
frames were sampled and 1 0  streaks were randomly selected from each frame to 
determine an average value per frame. For each experiment the mean and 95% 
confidence interval were calculated. 

4.6.2 Droplet Size Results and Discussion 

Droplet size distributions were obtained for a range of flow rates, total sol ids and 
atomisation pressures. Figure 4. 1 7  shows the mean droplet s ize as a function of 
atomisation pressure for four flow rates of 47 wt% skim milk concentrate (SMC). Only 
mean s izes are reported because of data loss ,  fortunately sauter mean sizes were 
recorded in a laboratory book however analysi s of the distributions cannot be made . 
Two SMCs of different composi tions were investigated, SMC A was reconstituted 
using ISMP A and SMC X was a standard SMC taken from the Fonterra Palmerston 
North pi lot plant evaporator. The lowest atomisation pressure produces a large range of 
droplet sizes, probably because atomisation was incomplete. Above an atomisation 
pressure of 1 .0 bar, the range of mean sizes was much narrower. Concentrate flow rate 
ha l i ttle effect on the mean droplet size, which is expected as the atomising i tself i n  the 
two-fluid nozzle is done by the air. The SMC A concentrate general l y  shows a l arger 
droplet size measurement than SMC X possibly due to a higher viscosity because of a 
difference in  temperature, composition and manufacturing process. Repeatabil ity was 
investigated by the three repl icates for SMC A at 2 .5 kg h- I at three different 
atomisation pressures; these show good repeatabi l i ty .  Figure 4 . 1 8  shows the mean 
droplet size for water at one flow rate and two atomisation pressures. This reveals that 
the water droplet size, 1 2  Ilm,  was not dissimi lar to that of the 47 wt% concentrate, 1 5  
Ilm. Thi s  indicates that the effect of concentration on droplet size was smal l .  
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Figure 4. 1 7 : Sauter mean droplet size for 47 wt% SMC X at 40°C and 47 wt% SMC A 
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Figure 4. 1 8 : Sauter mean droplet size for water at 3 . 8  kg h- 1 and 50°C. 

Figure 4. 1 9  shows size measurements m ade using the high speed camera by measuring 
the width of the particle trace. These s ize measurements were made on 4 1  wt% skim 
milk concentrate A at two flow rates, They are compared to the mean sizes obtai ned for 
water from the laser diffraction method. The observed sizes were s imilar; indicat ing the 
effect of viscosity on droplet size was smal l .  The error i n  determin ing droplet s ize 
using this technique i s  larger than the differences between repetitions with the 
Mastersizer S .  
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Figure 4. 1 9 : Droplet si ze for 4 1  wt% SMC A at 50°C from camera. 

2.5 

Droplet size was also measured implicitly by measuring dried powder from the nozzle. 
Figure 4.20 and Figure 4.2 1 shows the mean dried sizes compared to the mean obtained 
for the droplets from laser diffraction for two total solids contents, 4 1  wt% and 47 wt% . 
The 0/00 ratios are compared in Table 4 .5 .  The shrinkage rates using the approaches of 
Masters ( 1 979) and Lin and Chen (2004) fi t well to the experimentally determined 
ratios at 47 wt% solids. For droplets with an ini tial solids concentration of 41 wt% the 
shrinkage rates calculated are too large; in reality the droplets reduce in size by hal f, 
which is smaller than predicted. 

This demonstrates that droplets with low total solids shrink more than droplets with 
higher total sol ids .  At high solids concentrations, droplets have lower surface moi sture 
contents so a skin can quickly form which inhibits size reduction and moisture diffuses 
though this skin as drying occurs. At low sol ids concentrations a droplet has higher 
surface moisture content so it takes more evaporation (in the constant rate period) and 
hence more t ime for a skin to form and shrinkage to occur. 
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Table 4.5 : Comparing calculated and experimental shrinkage rates for SMC A. 
Total Solids Atomisation Pressure 

1.5 bar 
wt% L and C Masters SMC A L and C 

4 1  0.76 0 .7 1 0 .45 0.76 
47 0.76 0.75 0 .84 0.76 

2.5 
Masters SMC A 

0.7 1 0.58 
0.75 0.70 
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4.6.3 Droplet Velocity Results and Discussion 

Table 4.6 l ists the l iquid flow rate and air pressure conditions used to measure the 
droplet velocity using the high speed camera. The air velocities were also measured at 
the nozzle exit using a turbine anemometer for each air pressure with no l iquid flow. 
The air loses momentum to both the l iquid during atomisation and to entrained air. I f  
conditions upstream of the nozzle = 0 ,  a t  the ex i t  of  the convergent nozzle = I and 50  
mm downstream of  the nozzle = 2 ,  the following momentum balance from 1 to 2 wi l l  
hold: 

M AU A l  = (M A + M At. )u A2 + M .I V A 2  (4. 1 6) 

where MA, Ms. MAE = m ass rate of air, spray, entrained air [ kg S· I ] ; VA, Vs, VAE = 
velocity of air, spray, entrained air [m S· I ] .  At position 2 the velocity of the droplets, 
atomising air and entrained air are assumed to be equal because the droplets are small 
and the s l ip velocity wil l  be small compared to the bulk velocity, i .e .  UA2 = Vs = VAE [ m  
S· I ] .  For the experiment without spray, the anemometer measurements of air velocity 
can be used to determi ne the mass flow rate of entrained air: 

(4. 1 7) 

where VA2 equals the anemometer measurements, Uair only, in Table 4.6. To determine 
MAt:, the velocity of the atomising air leaving the convergent nozzle is required, VA I , 
which then can be used to determine the mass flow rate of atomising air MA 9iven the 
cross sectional area at the throat of the convergent nozzle, AI = 1 . 37 x 1 0.6 [ m- ] ,  where 
MA = VA lPA IAI•  The atomising air velocity i s  obtained from standard equations for 
compressible flow from S treet et al . ( 1 996): 

( 4. 1 8) 

Assuming that the outlet pressure PI is atmospheric ( 1  bar) and that the ratio of specifi c  
heats, k = 1 .4, and that the air density a t  the nozzle exit i s  PA l = PI/RTf . The l imit ing 
condition of choked flow is  where the veloc ity equals the speed of sound = vtkRTIJ = 
3 1 3  m S· I . The gas constant for air is R = 287 J kg· 1 K I  and TI [ K] = the outle t  
temperature which can b e  approximated b y  the critical temperature for choked flows (as 
all flows are close to choked), TI = 2To /(k - 1 )  where To = 20°e. 

With VAf and MAE determined, the droplet and air velocity VA2 can now be estimated 
from equation 4. 1 6  and compared to the measured values using the high-speed camera. 
The predicted quanti ties VA f ,  MA, and MAE necessary to complete the above calculations 
are also contained in  Table 4.6. Comparison of the measured Vd and predicted VA2 
show that they are of s imi lar magnitude . It must be noted that this analys is  is s impli st ic 
and does not account for possible losses at the sudden divergence of the gas leaving the 
nozzle, nor does i t  account for radial variations in momentum that wil l  be present. 
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Table 4.6 :  Comparison of measured Vd with predicted droplet velocity VA ? -
measured predicted 

Ms LiPair Ud Uair ullly MA MAE UA/ UA1 
(x3600) (x3600) (x3600) 

(kg h·l) (bar) (m S·I) (m sol) (kg hol) (kg hol) (m sol) (m sol) 
1 .9 0.5 6 .8 1 20 0.30 3 . 1 1 23 1 1 2 . 84 
1 .9 l .0 6 .9 1 25 0. 1 5  l .6 1  296 1 2. 0 1  
1 .9 1 . 5 8 .77 30 0. 1 8  1 .8 1  3 1 3  1 5 .35 
1 .9 2 .0 7.49 40 0.24 l .62 3 1 3  1 9.79 
2.5 0.5 6.80 20 0. 1 2  1 .25  23 1 7.08 
2 .5  1 .5 6.44 30 0. 1 8  1 .8 1  3 1 3  1 3 .30 

Average 7.20 
where Ms = measured spray now rate, Mair = measured pressure difference across nozzle, Vd = measured 

spray droplet velocity 50 mm from nozzle, Vair on')' = measured air velocity 50 mm from the nozzle 
without spray, MA = predicted atomising air mass rate, MAE =  predicted entrained air mass rate, VAJ = 

predicted atomising air exit velocity from the nozzle. VA2 = predicted velocity 50 mm from nozzle of air 
and spray. 

Figure 4.22 shows the droplet velocities measured using the high speed camera. It i s  
possible these vales are artefacts of the measurement method used. Streaks indicati ng 
droplets caught in the exposure are l imi ted to those that appear with each frame for the 
1 00 fl s exposure time. Therefore faster droplets will not appear and may appear too 
faint to see. Figure 4 .22 demonstrates that the mean velocity of the droplet is not 
affected significantly by atomisation pressure, flow rate or fluid viscosity. The average 
droplet veloci ty in the spray at 50 mm from the nozzle exit was found to be 7 .20 m so , 

however, individual droplet velocities ranged from 2 m so , to 35 m so ' . 
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Figure 4.22: Droplet velocity for 4 1  wt% SMC A 500e and water 200e at various l iquid 
flow rates. 
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4.7 Chapter Conclusions 

Density of concentrates can be accurately predicted for a specific temperature and solids 
content. Concentrate viscosity is also predicted using a model based on Snoeren et al. 
( 1 982); however i t  is only accurate at low sol ids contents. Few l i terature values for the 
surface tension of concentrated milks exist, but a wide range of data is avai l able for 
standard concentration mi lks over a range of temperatures. The values are scattered, 
which appears to relate to the measurement technique employed. The experimental 
results reported here showed that the surface tensions of concentrated mi lks (fresh and 
reconstituted) were within the same range as l iterature values below 60°C, but were 
significantly higher for mi lk above 60°C . Thi s  behaviour was exhibi ted by standard 
whole mi lks using the same technique. The Wilhelmy plate technique requires time to 
lower and raise the plate, which introduces problems. The solution must drain from the 
plate; this particularly affects vi scous milk concentrates. Also, the time taken allows a 
skin to form. The mechanism that causes th i s  is not known preci se ly but relates to 
disulphide cross l inking for the increased tendency for skin formation at high 
temperatures and concentrations. Although an error analysis of the influence of surface 
tension on droplet s ize indicated less than 1 0% error, a more rapid measurement 
technique than the Wilhelmy plate method may avoid these problems. 

This work showed that nozzle placement from the measurement device was crucial in 
spray characterisation. Atomisation pressure on a two fluid nozzle had only a small 
effect on droplet size particularly at lower air pressures. Fl uid flow rate has l i ttle effect 
on the mean droplet size and SMC A general ly shows a l arger droplet size. S ize 
measurements made using the high speed camera were s imilar to those determined by 
the Mastersizer S .  For the droplet veloci ty calculated using the high peed camera no 
relationship between atomisation pressure or fl uid type was seen within the error l imits. 

78  



Equipment and Experimental Design 

CH APTER 5 

EQUIPMENT AND EXPERIMENTAL DESIGN 

This chapter describes the process taken to design a mini agglomerator to study the 
effect of relevant variables on agglomerate properties. Agglomeration is a rapid  process 
and, for agglomerates to be collected, subsequent drying is also a necessity. Therefore, 
i t  makes most sense to study agglomeration ins ide a commerc ial spray drier, which can 
simulate the typical moisture and temperature gradients, and the air, droplet and particle 
i nteractions. However, manipulating operating variables does not isol ate individual 
micro process or the variables that affect them; i nstead, they provide changes that may 
have mul tiple influences. For this  reason, industrial spray driers are i l l -suited to the sort 
of experiments required to ful l y  investigate the agglomeration process. Instead a small 
scale spray drier was used which had the flexibil ity to vary process parameters without 
having to consider the impact on production and product qual ity .  

The variables that affect droplet-particle impact and adhesion, as identified in Chapter 2, 
have been l isted in Table 5 . 1 ,  alongside the operating parameters which influence them. 
While the variables in the left hand column represent operating parameters available 
using a small scale drier they are not avail able to industrial operators because of 
upstream recycle and downstream process considerations. Therefore in this  work when 
the words operating parameters are used, they refer to those avai lable in the small scale 
drier. The variables l isted in the right hand column relate to those identified i n  Chapter 
2 as important to the micro processes of agglomeration. A trade-off exists between the 
micro processes that occur during agglomeration and the experiments that can be 
conducted. Experimental ly,  operating parameters can be incorporated into a statistical 
design while maintaining as constant the drying rate, inlet air temperature and the 
temperature of the droplet. 

Table 5 .  I :  Key variables affecting agglomeration. 

Parameter Units Description Variable affected 
kg S· I particle flow rate N o 

x m curtain width Np 
m3 S· I curtain air flow rate N p '  Up 

m size of particles Dp 
k · 1 g s  concentrate flow rate N" , Dd 

P bar Atomising air Nd , Dd 
TS % total solids of N D X d '  d, 11, " 

d,p subscripts = droplets and particles, IV = number flow rate [s·t U = velocity [m S· I ] ,  D = diameter 
[m], 11 = concentrate viscosity [Pa s] , X = moisture content [kg kg· I ] .  

Earl ier discussions identified the interaction zone in the top of  a spray drier as  being the 
most i mportant for agglomeration ; a simplified agglomerating system was i nvestigated 
as a sheet of spray droplets interacting with a curtain of powder particles, shown i n  
Figure 5 . 1 .  Thi s  system uti l i sed a two fl uid nozzle positioned t o  spray horizontal l y  onto 
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a curtain of particles del ivered through a narrow opening in the top of a small scale Niro 
drier which imitated the conditions of an industrial plant (see Figure 5 .2) .  Thi s  system 
makes i t  possible to vary and study the effect of  droplet and powder properties on the 
degree of agglomeration.  A key issue with this design is ensuring droplets are dried to 
produce a powder. 

To construct equipment suitable for studying each variable,  it was necessary to consider 
the project in four parts. The first selected the appropriate drier and establ ished its 
capacity; the second focused on the design of the curtain generator, and its performance; 
the third involved constructing the spray device and an acceptable procedure to 
manufacture milk concentrate; and the final design area focused on the agglomeration 
experiments and the design of experimental plans. Each of these parts is discussed in 
the sections below. 
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Figure 5 . 1 :  Sheet of spray droplets approaching a curtain of powder particles. 

Figure 5 .2 :  The final agglomerator design. 



Equipment and Experimental Design 

5.1 Drier Selection 

One of the main advantages of using a small scale drier is that it provides a suitable  
chamber for drying and contacting the concentrate spray. I t  i s  also directly comparable 
with the s ituation in i ndustry; the diameters and capacity of each scale have been 
included below:  

1 .  l aboratory scale (BUCHI B-290, D = 0. 1 5  m, 0.5 kg h- I water evaporation) 
2 .  small pilot scale (Niro,  D = 0 .8  m,  0 . 5  - 7 kg  h- I water evaporation) 
3. pilot scale drier ( IFB , D = 2.9 m,  - 80 kg h- I water evaporation) 
4. industrial scale (Niro Compact, D = 6.5 m, - 1 5  000 kg h- I water evaporation) 

A small drier was required to contain the agglomeration experiments and several 
options were considered .  Goula et al . (2004) recently identified the benefits of using 
l aboratory scale spray driers for investigating aspects of spray drying. They state the 
main advantage is that the drying condi tions are easy to control and experiments can be 
performed quickly. However, laboratory scale spray driers are not able to produce 
powders with the same bulk properties as those generated on a larger scale because finer 
droplets are dried over shorter residence times. In this case, laboratory scale driers were 
considered too smal l to perform an agglomeration study effectively .  The sizes of the 
droplets and particles would need to be scaled down s ignificantly from the industria l  
situation and particles would not experience the same drying trajectories. A small pi lot 
scale drier (referred to as the small scale drier in the rest of the thesis) can be used to 
study the col l ision and adhesion between partic les and droplets due to their flow 
trajectories and surface stickiness properties as opposed to other forces, such as 
e lectrostatics, that may resul t  in agglomerate formation . 

Nijdam and Langrish (2005) also establ ished that smal l scale spray driers are ideal for 
studying mi lk  powders as very l i ttle natural particle agglomeration occurs due to low 
number concentrations, which is  essential for this s tudy which aims to understand 
forced agglomeration. One of the main advantages is that small amounts of powder can 
be produced. One of the main disadvantages is  that the drier required a l teration to allow 
the introduction of fines into the system.  The smal l scale drier also had difficulties 
drying high fat products as deposition occurred on wal l s, pipes and cyclones due to fat 
melting (Sowersby, 2004). As there was no secondary drying, the powder wil l  exit with 
higher moisture content compared to i ndustrial driers. High moisture content can lead 
to shelf l i fe problems and also result in  sticking and c lumping in the col lection jar since 
there is no fluid bed to cool the powder prior to collection. Thi s  issue is  discussed i n  
§5 . 1 . 3 to determine the operating conditions required to produce powder at an  
acceptable moisture content to  avoid problems during production, storage and testing. 

Four small scale spray drying units were available for the agglomeration study. Five 
criteria were used to evaluate the suitabi l i ty of the spray drying chambers; these criteria 
have been discussed in more detail in Appendix M. The drier selected as the most 
appropriate (Niro Atomiser Mobile M inor Spray Drier, Niro AIS, Soeberg, Denmark) 
was because it is easy to modify and it was readily accessible for use. A schematic of  
the selected drier is included in  Figure 5 .3 .  
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A Feed from pump G The powder is  collected in 
B Roof air disperser a jar under the cyclone 
C Rotary/Nozzle atomiser H I nstrument panel 
D Pipes easy to c leaning I Centrifugal exhaust fan 
E Air valve for l i fting roof J Damper for air flow 
F The powder and air are control 

separated in a c yclone K Electric air heater 7.5 kW 

Figure 5 . 3 :  Niro Atomiser Mobile Minor Drier. 

The drier was modified to al low the addition of a powder curtain (2 x 60 mm gap as 
discussed later in §5 .2 . 2). The capability of the Niro drier at different i nlet temperatures 
is included in Table 5 .2 .  These performance data were obtained without any powder 
addition but with the powder chute open. A two fl uid nozzle (Spray Systems 2850 fluid 
cap, 67228 - 45 air cap) was used to atomise water at 22°e. Therefore the i nlet air 
temperature only represents the air that passes over the air heaters; other air enters 
through the chute opening and with the atomiser air. The remainder of this section 
characterises the performance of the selected drier, establishing the drying air flow, 
outlet conditions and l imits of the system that will affect the design of other parts of the 
agglomerator as well as the agglomeration study . 
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Table 5 . 2: Capabi l i ty of modified Niro drier for water at - 22°e. 
Inlet Temperature Water Flow rate Outlet Temperature 

1 95 1 .75 6 1 .5 
200 1 .75 64.2 
205 1 .75 67.4 



5. 1 . 1  Determination of Drying Air Flow 

Equipment and Experimental Design 

In standard operation of the Niro drier, the exhaust fan draws air through the air inlet, 
past the heaters and into the drying chamber. A key parameter responsible for the 
amount of drying that occurs is the hot inlet air flow rate. In this Niro drier the i nlet air 
flow rate was difficult to measure directly. The hot inlet air flow rate can be inferred by 
measuring the outlet air flow rate. However, with a modified fines inlet, the exhaust fan 
also draws air through the chute opening. A third air stream also enters the drier as 
atomisation air from the two fluid nozzle.  A turbine anemometer was used to measure 
the inlet and exhaust duct air velocities and the chute velocity . The atomising airflow 
measurement was made as near to the nozzle as possible while operating without l iquid 
at the same pressure drop. 

A heat balance was used to calculate the hot inlet air flow rate by equating the heat lost 
to evaporation to the heat gained by the air streams.  Equations (5 . 1 )  to (5 .3 )  were used 
to calculate the flow rate of hot air into the drier; this w as calculated using the 
measurements i n  Table 5 . 3 .  These measurements were made by spray drying 4 1  % total 
solids skim milk concentrate at 50°C, at a flow rate of 1 . 7 kg h- l , and an atomising air 
pressure of 2.5 bar. The hot air flow rate was calculated to be 60.5 kg h- l (80.7 m3 h- l ), 
at the measured outlet air flow rate of 1 09.8 m3 h- l . There is 26.2 m3 h- l of extra air 
which may be from some level of error in the measurements and calculations or leakage 
through the seal s. 

EoUl = E;n = MOUl (Houl - Hamb ) (5 . 1  ) 

M . = 
E;n 

,,/ H . 
,,/ 

(5 .2) 

M OUl = M;" + M dll"e + M (l/m + M leak (5 .3) 

where Eow = heat in outlet air [ kW] ,  Eill = heat in inlet air [ kW] , Mow = mass flow rate of 
outlet air [kg so l ] ,  Mill = mass flow rate of inlet air [ kg So l ] ,  How = enthalpy of outlet air 
[kJ kg- I ] ,  Hill = enthalpy of inlet air [ kJ kg-I ] ,  Hamb = enthalpy of ambient air [ kJ ki l ] ,  
Mchwe = mass flow rate o f  air through the chute [ kg so l ] ,  Maim = mass flow rate of air 
through the atomiser [ kg So

l
] , and M/eak = mass flow rate of air in due to leakage [ kg so l ] .  

Table 5 .3 :  Measurements on drier air streams to calculate the hot air inlet flow rate. 
Air T RH U Q e M AH H 

Stream (QC)  ( % )  (m S-I ) (m3 h-I) (kg m·3) (kg h-I ) (kg kg-I ) (kJ kg-I ) 
Chute 20  48.9 6.75 2 .9 1 .20 3 .5 

Cool i nlet 20  50.2 0.46 54.5 1 .20 65.4 0.008 37 
Hot in let 1 95 80.7 60.5 0.008 220 

Exit outlet 40 62.2 3 .52 109.8 1 . 1 2  1 23 .3  0.030 1 20 
Drier outlet 72  1 09 .8  1 .02 1 1 1 . 8  0.030 1 56 

Leak 20 50.2 26.2 
T = temperature, RH = relative humidity, U = velocity, Q = volumetric flow rate, p = density, M = mass 

flow rate, AH = absolute humidity, H = enthalpy and E = energy. 
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5.1 .2  Prediction of Outlet Conditions 

Outlet temperature and product moisture content are crucial indicators of product 
stabil i ty .  Maintaining these within acceptable l imits determines the drying capaci ty of 
the spray drier. Model s of spray drier performance have been discussed extensively by 
Oakley (2004). An equ i l ibri um based model ,  such as that used by Ozmen and Langrish 
(2003b) is  recommended when particle sizes are small, drying kinetics are fast and 
residence times long. Simple heat and mass balance models are recommended for 
prediction of heat loads, and for prel iminary process design . When equil ibrium i s  not 
expected, more complex, rate based models are recommended but these require 
experimental data on the drying kinetic s  of the material .  Langrish and Kockel (200 1 )  
and Oakley (2004) suggest the use of characteri stic drying curves for spray drying. This 
approach assumes a specific drying rate at each moisture content independent of 
external drying conditions. The simplest case requires some knowledge of the system 
and the complex case requires a detailed understanding of gas flow and particle motion.  

In this study a mass and heat balance in Excel was used to estimate the outlet conditions 
of humidity and temperature. Equil ibrium was assumed to estimate product moisture 
content ba ed on the work of Ozmen and Langrish (2003b) .  The calculations 
incorporated various air inlets through the air heaters, the chute, the atomiser and some 
leakage of air into the drier. The equil ibrium moisture content of the particle is a 
function of the temperature and relative humidity of the gas environment and the nature 
of the sol id. Two i sotherms are l i s ted below which can be used to predict the 
equil ibrium moisture content; Equation (5.4) is recommended by Papadakis et al . 
( 1 993), for relative humidities below 2 1 .4% ; and, the Guggenheim-Anderson-de Boer 
(GAB isotherm) (Equation (5 .5) )  is used for higher humidities. Constants A, B, K I , K2 
and K3 are empirical and depend on the sol id and l iquid materials ;  the values used here 
are those determined by Kockel et al . (2002) for skim mi lk powder. 

(5 .4) 

(5 . 5 )  

where Xeq = equil ibrium moisture content [ kg(water) kg- 1 (water free sol id) ] ,  RH = 
relative humidity [-], A = 0. 1 499 [ kg(water) kg- I (water free sol id) ] ,  B = 2.306 X 1 0-3 [K 
I ] ,  K/ = 0. 1 9662 [ kg(water) kg- 1 (water free sol id) ] ,  K2 = 0.26244 and K3 = 4.6 1 67 .  

Foster (2002) formulated a prediction model for the moisture sorption isotherms of 
dairy powders which combined the i sotherms of all of the components present. I n  
contrast to the work above, this allows prediction of  moisture content for powders wi th 
a specific composition that may differ from a typical skim mi lk  powder. Including the 
composition in moisture prediction is  crucial for accurate moisture content prediction, 
especial l y  as measuring the moisture sorption isotherm for a specific powder is  time 
consuming. Foster' s model was val idated with a number of powders and predicts the 
glass transition temperature at a specific water activity. This i nformation is used i n  
§S . 1 .3 to  determine the maximum acceptable moisture content during storage. 
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To calculate the heat l osses from the system the fol lowing equation was used: 

(5 .6) 

where UD = constant = area x overall heat transfer coefficient [W KI ] and Tamb = 
ambient temperature [ DC ] .  UD does not change signifi cantly with temperature and Tamb 

can be taken as 2S°C. UD is determined by fitting existing data to the model, for 
experiment I a UD value of 0.0337 kW K I was obtained and thi s  was used to predict 
the outlet conditions for experiment 2 .  Table 5.4 compares the predicted and measured 
values of outlet temperature, outlet humidity, equi l ibrium moisture content and 
percentage moisture for experiments 1 and 2 and the composition of this  milk powder is 
given earlier in §3 .6. 

Table 5 .4: Comparing measured and predicted outlet conditions for skim milk drying. 
1 2 Experiment Units Predicted Measured Predicted Measured 

Concentrate flow rate (kg h-I) 1 .7 1 .7 1 .7 1 .7 
Total Sol ids (%) 4 1 .2 4 1 .2 4 1 .2 4 1 .2 
Outlet Temperature (cC) 7 1 .5 7 1 .5 72 67.8 
Outlet Humidity (%) 8 . 1  1 3 .4 7. 1 1 3 . 1  
0 &  L (2003) moisture (%) 1 .00 5 .42 0.87 5 . 1 9  
Foster (2002) moi sture (%) 1 .52 5 .42 1 .74 5 . 1 9  
0 &  L = Ozmen and Langrish (2003). Powder composition used to calculate Foster (2002) moisture: fat 

= 0.8%, lactose = 53.8%, protein = 33.3%, ash = 8 . 3 %, and moisture = 3.8%. 

The Foster (2002) moisture content prediction in Table 5 .4 is  s imi lar to Ozmen and 
Langrish ' s  to using the predicted outlet air humidity (in the predicted column).  
However using the GAB isotherm and the measured outlet humidity gives a moisture 
content that is closer to the actual moisture content ( in the measured column) .  The 
difference between predicted and actual moisture content indicates that equi l ibrium i s  
not reached and means that rate based model l ing i s  needed to predict moisture content. 
Two reasons contribute to this  discrepancy, the short residence time, and the high sol ids 
concentration of the feed. The residence time is shorter than designed for the drier 
because the droplet trajectory fol lowing atomisation is horizontal instead of vertical and 
is  directed perpendicu lar to the hot air. This  minimises contact between the spray and 
the drying air. The i nsufficient mixing in the atomisation zone can result in a low 
residence time (as well as  wal l/roof impingement). The solids concentration used by 
Ozmen and Langrish (2003) was 8.80/0 milk solids which, when atomised, produces a 
porous particle and meant that the equi l ibrium assumption was a val id predictor for thei r  
system . Here, the solids concentration i s  much higher and drying produces a different  
particle (more dense or hollow) the drying rate becomes l im ited by the moisture 
transport and the particle does not reach equilibrium in the time available for drying. 

In thi s  study i t  i s  desirable to be able to estimate the moisture content of the product at 
specific operating conditions. Experimental data for thi s  system is  shown in Figure 5 .4  
demonstrates the relationship between outlet temperature and product moisture content. 
The inlet temperature and total solids levels were hel d  constant at 1 95°C and 4 1  wt% 
respectively to generate this plot by spray drying milk concentrate at a range of flow 
rates and atomisation pressures. Once the maximum acceptable product moisture 
content has been establ i shed, thi s  can be used to find the minimum outlet temperature 
which wil l  be a useful guide when conducting experimental work. 
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Figure 5 .4 :  Moisture vs. outlet temperature for skim milk powder. 

5. 1 .3 Maximum Acceptable Moisture Content 

80 

In terms of production for sale there is  a maximum al lowable moisture content for a 
spray dried milk product to be c lassed as a mi lk  powder (5% according to (CODEX, 
1 999» and this will also ensure product stabi l i ty .  If  the exit conditions are such that 
powder particles can stick together, not only wi l l  further agglomeration take place but 
agglomerates will adhere to the wal ls of the col lection vessel . Roos (2002) states that 
the water activity of dairy powder must be below 0.37 and Wewala ( 1 992) states water 
activity must be below 0.3 otherwise lactose crystal l i sation wi l l  occur which releases 
water resulting in plasticization, and lowering of the glass transition temperature which 
wi l l  lead to powder caking. Also, crystall isat ion of the l iquid bridges that may be 
formed between particles wi l l  cause the formation of strong sol id bridges (Brooks, 
2000). Bronlund ( 1 997) states that when a small amount of amorphous l actose is 
present, later crystal l i sation wi l l  cause caking when l actose crystals are stored above 
0.25 aw. However, when high amounts of amorphous lactose are present in the powder 
(53 .8  wt% in this  case, see Table 3 .6) the amorphous lactose acts as a buffer for 
moisture movement so a value of 0.3 aw is selected. 

This upper l imit storage water activity is  determined by the drier outlet conditions both 
for product moisture content and temperature. These may or may not be at equi l ibrium 
as already explained. If  not, then the approach temperature of the particles to that of the 
exit  air is needed. A range of opinions are presented in the l i terature, from Reinecc ius 
(2004) who states that particles never exceed the exit air temperature in a co-current 
drier to Buma ( 1 970) who more precisely estimates the particle temperature to be -
1 0°C below the exit air temperature to Truong (2005a) who quali fy that, for droplets 
less than 40 f.1m,  particle temperature rises above l OO°C then decreases as the outlet air 
is cooled by evaporating the larger droplets. 
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To check the approach temperature in this work, thermocouples were placed in the 
col lection vessel at the bottom of the cyclone shown in Figure 5 . 5 .  Figure 5 .6  shows the 
temperature profi le over time at these various positions, for both powder temperature 
and also the outlet air temperature. The green and red l i nes indicate the start (7 
minutes) and fin ish (22 minutes) of the trial and the blue dashed l ine indicates where the 
vessel was ful l  and removed from the cyclone . The temperature probe at the top of the 
vessel remained to monitor powder temperature in the new vessel through the entire 
experiment. The highest powder temperature i s  53.5°C at the top of the vessel when the 
outlet air temperature is 67.5°C, which is a difference of 1 4°C. 

A 

B 

c 

o 

E 

Figure 5 .5 :  D iagram of temperature measurement posi tions i n  the col lection vessel. 
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Figure 5 .6 :  Temperature profile  over time for an agglomeration run . 

87  



Chapter 5 

A stick iness curve showing the relationship between temperature and water activity can 
help determine whether the powder wi l l  become sticky during storage. The stickiness 
curve in Figure 5.7 is  for an instant skim milk powder of a s imilar composition as ISMP 
A.  The (T - Tg)critical (temperature above the glass transition temperature where sticking 
occurs) was found to be 40.3 ± 2DC using the particle gun technique employed by Zuo 
(2004) as discussed in Chapter 2 .  Murti (2006) also used the particle gun technique to 
capture stickiness data for a range of skim mi lk powders and i mproved the apparatus to 
investigate the effect of particle veloci ty on the sticky point temperature with a lower 
error of ± 0.8DC. The sticky point temperature is  often appl ied to spray drying to 
determi ne the appropriate outlet drying conditions to avoid powder bui ld-up inside the 
drier and periphery equipment such as cyclones. In this situation , the powder i s  
travel l ing through the air and impacting a surface at a specific velocity. 

Stickiness depends on environmental conditions that exceed the Tg of the powder and 
also the contact time avai lable for viscous flow at the powder surface to form a l iquid 
bridge between powder particles; th is  process is referred to as s intering (Palzer, 2005 ).  
The powder in the col lection vessel i s  a static bed and the contact t ime between the 
powder particles is long and it is poss ible that sintering wi l l  occur between powder 
particles during col lection/storage. Murti (2006) showed that decreasing the contact 
time available for adhesion also increased the (T - Tg)critical and al so compared the 
results of the partic le gun technique with a fl uid bed technique and found that the fl uid 
bed method gives lower T - Tg values than obtained with the particle gun. 

The approach of Foster (2002) was used to predict the glass transition temperature for 
th is exact composition of skim milk powder. At  a maximum water acti vity of 0.3 the 
glass transition temperature, Tg, would be 34DC. As the powder i s  in a static bed it i s  
not suitable to  apply the (T  - Tg)crilical values found using the particle gun technique. 
Applying a much lower (T - Tg)critical allows for the extended contact time between 
milk powder particles. Paters on et al. (2005 ) identified for amorphous lactose that as 
the time for adhesion decreases the T - T g i ncreases. Palzer (2005) took this a step 
further and combined the Wil l iams-Landel-Ferry (WLF), Navier-Stokes and 
viscoel astic knowledge to predict the T - Tg depending on contact time for adhesion 
which was described earl ier as equation (2. 1 8) .  

(2. 1 9) 

where 0"/ = surface tension of saturated lactose , Ft = i mpact force, pg = viscosity at the 
glass transition temperature, Dbridge = diameter of sinter bridge, CB = WLF constants, T 
= temperature, Tg = glass transition temperature. 

Equation (2. 1 8) was used with the values of M urti (2006) to calculate the expected T -

Tg level assuming the powder sits in the col lection vessel for the duration of an 
experiment usually 1 5  minutes. Appendix N calculates a (T - Tg)crilical value of 8.8DC. 
For an aw = 0.3 where the glass transition temperature of the powder is  34DC, this means 
the temperature of the mi lk powder in the collection jar should therefore remain below 
42.8DC and the outlet air temperature (+ 1 4DC) should be less than 56.8DC to avoid 
sintering. However, operating at thi s  outlet temperature would result in  high product 
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moisture content (- 6.5%) as shown on Figure 5 .4. This  translates to a water activity 
that is  higher than that specified, 0.3, to avoid lactose crystall i sation. 
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Figure 5.7: Glass transition for l actose and stickiness curve for ISMP. 

0.6 

Another approach is to use the suggested maximum water activity to determine the 
maximum suitable powder moisture content. In this case, production data has been used 
to determine the relationship between moisture content and water act iv i ty (Figure 5 .8 ) .  
The data points were generated by spray drying mi lk concentrate a t  a range of  flow rates 
and atomisation pressures but a constant inlet air temperature of 1 95 °C .  Figure 5 . 8  
shows a maximum product moisture content of - 5.7% is  al l owable for the 
agglomeration study. For an air in let temperature of 1 95°C and for the additional inlet 
air flow rates of the chute, atomiser and leakage given in Table 5 . 3 ,  this moisture 
translates to an outlet temperature of 63°C from the cal ibration curve of moisture 
content versus outlet temperature in Figure 5 .4 and therefore an evaporation rate of 1 . 1 8  
kg h- I . These figures represent the maximum performance of the drier and affect the 
design of the spray and curtain design elements. 
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Figure 5 .8 :  Product moi sture as a function of water activity for ISMP A. 

5.2 Particle Curtain Design 

The aim of the small scale experiments is to study contact between a vertical flat curtain 
of powder and a horizontal sheet of spray droplets. Two i ssues are important to the 
curtain design :  keeping an even, control lable flow of powder to the device and the 
distribution of the flow uniformly into a curtain and into the drier. Both are l imited by 
the capacity of the drier and the design of the existing drier. Figure 5.9 shows the 
existing dimensions of the opening to the top of the small scale drier through which the 
curtain must pass. 

The estimated fines recycle rates in industry affects the design of the curtain del ivery 
device. Earl ier work in §3 .8  identified fines to spray mass flow rate ratios of between 
0.43 and 0.59 i ndustrially . As the modified drier has a maximum water evaporation rate 
of 1 . 1 8  kg h- I , concentrate flow rates of up to 2 kg h- 1 can be studied. This corresronds 
to design fines flow rates for the powder curtain in the range of 0.9 to 1 .2 kg h- . To 
investigate a range of ratios the curtain delivery system must be able to provide flow 
rates of 1 - 2 kg h - I . 
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Figure 5 .9 :  Drier size l imitations. 

5.2.1  Powder Feeder 

A range of designs were considered for powder feeding including, a fluidised bed, a 
conveying bel t ,  a hopper with a controllable discharge and a vibrating chute. The 
fluidised bed had several disadvantages; firstly, significant construction and design 
would be required to produce the equipment appropriate for thi s  task, and secondly the 
air used to convey the particles to the top of the drier would reduce the evaporative 
c apaci ty of the drier further. Even a small amount of introduced air has a significant 
effect on the evaporation rate of the drier. The hopper feeder required too small an 
orifice which would not consistently produce the required powder flow rate. The bel t  
conveyor seemed a good option initial ly,  but  these devices are wel l  known to be less 
effective than a vibrating chute. A vibrating chute was selected,  with a chute width of 
65 mm above one end of which a hopper was mounted as shown in Figure 5 . 1 0. 
Cal ibration was affected by the particle size of the powder and the exact clearance of 
the hopper above the vibrating chute. For this  reason the actual powder flow rate was 
measured before each experiment. 

Figure 5 . 1 0: Hopper and vibrating chute. 
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5.2.2 Curtain Distributor 

The drier operates under vacuum so any openings for powder deli very wi l l  al low cool 
air to be drawn in. To avoid this  as much as possible, the powder fal l ing off the 
vibrating feeder drops through del ivery chute with a 2 mm gap. This  gap was 
calculated to restrict air flow to 3 .5  kg h- I (2.92 m3 h- I )  as shown in  Table 5 .5  while 
allowing the production of powder with acceptable moisture content at a concentrate 
flow rate of 2 kg h- l .  Chute dimensions of 30 x 60 mm were selected to fi t in the top of 
the drier. Adjustable s ide panel s meant the chute width could vary from I O  to 30 mm. 
A circular plate supports the unit into the top of the drier (Figure 5 . 1 1 ) . 

Table 5 . 5 :  Calculation of flow rate air through chute gap. 
Variable Units Values 
Air velocity Cm S·I) 6.75 
Chute width Cm) 0.002 
Chute depth Cm) 0.06 
Air density Ckg m·3) 1 . 1 9  
Volumetric air flow rate Cm3 h· ' ) 2.92 

The chute length was s uch that it sat flush with the drier roof and partic les travelled 80 
mm before reaching the impact zone with droplets. This chute was lengthened a further 
55 mm air to avoid fines dispersion, so that fines only travel 25 mm in the drying air 
before reaching the col l i sion zone. Appendix 0 shows the complete drawings. Thi s  is 
the maximum length before droplets deposit on the del ivery chute resul ting in a bui ld­
up of concentrate and reduced running time. In addition, to further reduce dispersion by 
the drying air, wing deflectors were attached as shown in Figure 5 . 1 2. It was essential 
that the deflector wings did not extend past the fines curtain shroud to avoid coating 
from the spray. 
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5.2.3 Selection of Fines Particle Size 

The particle to droplet s ize ratio was one of the investigation variables identified earl ier 
in Chapter 2 .  The range of fines to droplet size ratios are approximated to be 0.78 to 1 . 1  
from the industrial benchmarking trials (§3 .7) .  For the small scale experiments the fines 
particle size needed to i mi tate these ratios and the sizes selected for study were 1 5 , 30 
and 55 f lm (Table 5 .6). Table 5 . 1 5  later in this chapter shows the highest and lowest 
experimental fines to droplet size ratios were 0.57 and 3 .33, which effectively covers 
the range of ratios experienced industri al l y  by droplets exposed to fines particles from 
the extreme sizes in the particle size distribution. These selected s izes are significantly 
smaller than found in an industrial drier because the small scale drier uses a two-fluid 
atomiser which produces smaller droplets. Therefore the same IS  MP A powder was 
mil led and sieved giving the results shown in Figure 5 . 1 3 . However, this was a t ime 
consuming process with the smallest fraction produced a D3,2 of 30 fl m. 

Table 5 .6: Industrial (Niro ComEact) and experimental fines to droplets size ratios. 

Particle Niro Niro Niro Exp Experimental Droplet Size for Compact Compact Compact drops size fines drol!s Ratio 03,2 
Ratio 

(�m) (�m) (- ) (�m) 0.5 1 .0 3.5 
D (0. 1 )  30 0.4 
D (0.5) 75 1 . 1  1 5  8 1 5  53 
D (0.9) 230 3 . 3  25 1 3  25 88 
D (3,2) 55 70 0 .8  35  1 8  35 1 23 

8.-------------------------------------------------------� 
-- ISMP A after mi l l  

7 --sieved fraction 

-- sieved fraction after mil l  
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2 
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Figure 5 . 1 3 : The effect of mil l ing on IS MP A and a sieved fraction of ISMP A .  

Powder was collected from the exhaust cyc lone separately to the drier product using the 
Fonterra Palmerston North IFB pilot p lant  drier to produce very fine, spherical powder 
particles. Table 5.7 shows the operating conditions used to make thi s  powder. 
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Table 5 . 7 :  Operating conditions used to produce smal l particle size powder. 

Run 

2 

Collection 

Drier 
Cyclone 

Drier 

Conc P 

(bar) 
220 

250 

Fluid Bed Total 
Air Solids 

( % )  
1 500 47 

500 42 

(micron) 
5 1  
24 
43 

N ozzle lype 63/20, concentrate flow rate = 90 - 1 00 L h" , 1 95°C drier inlet air temperature. 

5.2.4 Calculation of Powder Curtain Velocity 

In Chapter 2, it was established that the velocity of a partic le wil l  affect the probabil i ty 
of col l i sion with a droplet in the col l is ion zone . Also, the velocity of a particle at the 
point of impact is one of the variables that wi l l  influence the result of the col l i sion, i .e . ,  
whether coalescence or rebound occurs. For th is reason it is important to estimate the 
veloc ity of the partic les in the powder curtain at the point of impact with the spray . 

In this design the particles in the powder curtain fall freely i nto an air stream at the top 
of the drier. The air stream is drawn into the drier by the induction fan .  The particles 
then travel approximately 375 mm before reaching the spray sheet of droplets. Hruby et 
al . ( 1 988) and Ogata et al . (200 1 ) observed that the velocity of particles in a powder 
curtain was l arger than the free fall ing velocity of a single particle . Therefore the 
behaviour of the entire powder curtain should be considered rather than assuming the 
fine particles wi l l  behave l ike a single particle .  Wardj iman et al . (2005 ) and Wardj iman 
and Rhodes (2006) determined the behaviour of a partic le curtain fal l ing into a 
horizontal gas stream. In these experiments, particles enter a vertical gas flow and air is  
also entrained into the curtain .  From a force balance the acceleration of a single particle 
can be described by equation (5 .7): 

dv ,  _ 3 
C 

p" 2 [I p" ) - - - - D -- V,. + -- g 
� 4 ppDp ' Pp 

(5 .7)  

where t = time [ s] ,  Vs = veloc i ty of a single particle [ m  s- ' ] ,  CD = drag coefficient of 
particle [ - ] ,  Pa = density of air [ kg m-3] ,  Pp = particle density [ kg m-3 ] .  

Ogata e t  al .  (200 1 ) modified the above equation o f  motion for individual particles to 
those in a powder jet: 

(5 .8)  

where Vz = velocity of the particle in the powder jet [m  s- ' ] ,  U z  = veloci ty of entraining 
air [m  s- ' ] ,  CD-= modified drag coefficient. 

In this system uz > Vz in  the acceleration phase. However, the particles used in this study 
are 20 - 50 I1m and therefore are expected to quickly reach the air stream velocity then 
to assume a terminal velocity with respect to the air stream. By assuming this, no 
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acceleration occurs and equations (5.7) and (5 .8)  can be equated to find the velocity at 
the centre of the curtain :  

(5 .9) 

where Vzmaxoo and Uzmaxoo = centre veloci ties of the particle and air in  the equil ibrium state 
and Vsoo = terminal value of a single particle. 

Ogata et al . (200 1 )  uses the correlation by Di Fel ice ( 1 994) to find CD' : 

C = C £-fJ D D 
(5. 1 0) 

Where the term c'P is equivalent to the h indered settl ing correlation used in a gravity 
thickener. The power term is described empirically by: [ {1 .5 - log Re )2 ] 
/3 = 3 .7 - 0.65 exp -

2 p 

(5 . 1 1  ) 

where c = voidage of air curtain [-] , Rep = particle Reynolds number = PavsooD,/Pa [-] . 
The voidage in the curtain was found from calculating the volume of solids present per 
unit volume of space as shown in Equation (5. 1 2) .  

(5 . 1 2) 

where Mp = mass flow rate of particles [ kg s- ' ] ,  x = curtain w idth [ m ]  and y = curtain 
length [ m ] .  

For a free fal l ing system Ogata e t  al .  (200 1 )  found that the entrained air flow rate 
increases with increasing mass flow rate of particles. In this system, the powder is  not 
fal l ing into stagnant air but fal ls  into an air stream entering the drying chamber which i s  
under a sl ightly negative pressure due to  the induction fan on  the downstream side of 
the drier. The air velocity through the chute was measured to be 6.75 m/s across an 
opening area of 30 mm x 60 mm, using an anemometer without fines flow. B ernoul l i ' s  
equation calculates the pressure drop across thi s  opening between the chute air inlet (v = 
0) and the gap (equation (5 . 1 3», where static head and fric tional losses h ave been 
assumed to be negligible. 

pV 2 
M = --

2 

(5 . 1 3) 

where fJP = pressure drop [Pa], p = air density [ kg m-3] ,  and V = veloci ty of air [ m  s- ' ] 
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This design restricts the air ingression to l imit cooling of the drier by narrowing the slot 
width in the chute to 2 mm.  Since the pressure drop wi l l  be the same across the opening 
i rrespective of the size, the air velocity through this gap was calculated to be the same 
(6.75 m S- I ) .  Reducing the area of the opening to 2 mm x 60 mm reduced the cool air 
flow rate from 55 kg h- I to 3 .5 kg h- I . This 2 mm gap expands to 1 0  mm, 20 mm or 30 
mm depending on the experimental set up as shown in Figure 5 . 1 4 . There are two 
plates i nserted into the dispersion chute to reduce the gap ( in thi s  case to 20 mm) and 
these plates are held in place with a washer of a specific width and a wing nut. 

Fol lowing Perry and Green ( 1 997) 6- 1 6  and using Equation (5 . 1 4) for frictional losses 
across expansion the veloci ty of the curtain air at the top of the chute after the 2 mm gap 
was calculated and thi s  was found for each chute width. The centre velocity of the 
particles in the powder curtain was then calculated using equation (5 .9) .  Figure 5 . 1 5  
shows the effect of chute width on the air stream and particle velocity as it was found 
that the mass flow rate of particles and the size of those particles have a negl igible effect 
on the curtain velocity. It must be noted that these calculations do not consider 
frictional effects due to the presence of the partic les that may reduce the air velocity 
from 6.75 m/s at the 2mm slot. 

(5 . 1 4) 

where Iv = friction loss [ m2 S-2 ] ,  VI = inlet air velocity [ m  S- I ] ,  V2 = veloc i ty air chute [ m  
S- I ] ,  A I  = area of entrance [ m2 ] and A2 = cross-sectional area of chute [ m2 ] .  

Chute air inlet 

Figure 5 . 1 4: Diagram of curtain distributor. 
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Figure 5 . 1 5 :  Effect of chute depth on calcu lated curtain velocity. 

5.3 Generating a Sheet of Spray Droplets 

A key chal lenge of thi s  design was generating a suitable sheet of spray droplets for 
impact wi th the powder curtain inside the drier. It was necessary to consider all  aspects 
of droplet generation inc luding the selection of an appropriate atomiser, the attachment 
of this nozzle to the drier, the appropriate concentrate manufacturing technique and also 
commissioning of this nozzle to ensure i t  performed as required. 

5.3.1 Selection of the Spray N ozzle 

Industrial ly, h igh pressure hollow cone nozzles are used to atomise mi lk  concentrate i n  
spray drying (Figure 5 . 1 6) .  However, these nozzles are not suitable for concentrate 
del ivered at low flow rates. In this  work, a two-fluid nozzle was required for the 
fol lowing reasons: the flow rate was low, small droplets were required so that they dried 
in the residence time available, lower veloci ties were required and the energy of the air 
was required to effectively atomise the high solids concentration milk concentrate i nto a 
spray of droplets. A self cleaning, two-fl uid  spray nozzle (Spray Systems 2850 fluid 
cap, 67228 - 45 air cap) was selected to spray mi lk concentrate of 41 to 47 wt% sol ids 
content. The fluid cap, a ir  cap, and the self-cleaning needle components are shown in  
Figure 5 . 1 7 ; the air cap has two extra air ports to  produce a flat spray. 
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Figure 5 . 1 6 : H igh pressure hol low cone 
nozzle. 

a)  fluid cap 

b) air cap for flat spray 

c) clean out needle assembly 

Figure 5 . 1 7 : Two flu id nozzle 
components. 

The mechanism that occurs during two-fluid atomisation is  one of a high veloci ty gas 
creating high frictional forces over l iquid surfaces causing dis integration into droplets 
(Masters, 2002) .  Liquid disintegration involves l iquid instabi l i ty in two phases. The 
first pha e involves the tearing of the l iquid into fi laments and large droplets; the second 
phase completes the atomisation into breaking these l iquid forms into smaller droplets. 
The process is influenced by the l iquid properties (surface tension, density and 
viscosity) and the gaseous flow properties of velocity and density. Droplet size is 
dependent on the type of atomisation and is  difficult to both predict and measure 
industrial ly. The nozzle used i n  this work has been characterised with regard to droplet 
size and veloci ty at different flow rates, total sol ids and atomisation pressures in §4.6. 

Spray drying mi lk  concentrate of 47 wt% total sol ids using a two-fluid nozzle is not 
without compl ications and foul ing of the nozzle exit means that a standard two-flu id 
nozzle with only the air and fluid cap blocked frequently (after approximately 5 minutes 
of running). T.A.G. Langrish (personal communication, 2004) suggested that when 
using two flu id  nozzles for above 30 wt% solids a self-cleaning or ultrasonic 
atomisation system should be applied. A self-cleaning nozzle was purchased to fit the 
current fl uid and air cap that had previously been characterised. Thi s  nozzle has a 
central needle which sits in the centre of the fl uid l ine and can be retracted on applying 
a pressure (30 p .s . i . ) . By pul s ing the air del i very the needle can move back and forth so 
that any exit foul ing can be cleared from the nozzle. The solenoid was set so that a I s 
pulse of air was deli vered every 3 s to reduce nozzle foul ing. Blockages sti l l  occurred 
after approximately 20 minutes of atomisation ; however this  running time was assessed 
to be sufficient to produce enough powder for the tests required. The two-fluid self 
cleaning nozzle is pictured in Figure 5 . 1 8  and the set up for spraying with thi s  nozzle is 
shown in Figure 5 . 1 9. 
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Figure 5 . 1 8 : Two-fluid self-cleaning nozzle. Figure 5 . 1 9 : Schematic of nozzle setup .  

Ultrasonic Nozzle 

An ul trasonic nozzle (Sonotek RR5 1 96 60 kHz) was used as part of the final 
experiments to understand the influence of spray properties on agglomeration processes. 
Ultrasonic nozzles have many benefits, inc luding a low veloci ty spray, a wide range of 
fluid flow rates, the drops have a narrow size distribution and the system is non­
c logging and very difficult to block. The ultrasonic nozzle was fitted with cooling ports 
and compressed air was delivered to the nozzle at 40 - 60 kPa to ensure the 
p iezoelectric chip didn' t exceed 1 25°C during operation. Figure 5 .20 demonstrates the 
components inside an ultrasonic nozzle. The broadband ultrasonic generator supplied 
power to this  nozzle; the power output was controll able using a dial . The piezoelectric 
transducers receive electrical energy and convert that i nto a vibratory motion at the 
same frequency. Two titan ium cyl inders magni fy the motion and the l iquid introduced 
onto the atomizing surface absorbs some of the vibrational energy.  

The nozzle has optimum atomization performance at a l imited power range. For each 
nozzle, fluid type, and fluid flow rate there is a 'stal l  point' where the nozzle wil l  no 
l onger atomise and a jet of l iquid resul ts. If the power is too high the l iquid can be 
l i teral ly ripped apart resulting in very l arge droplets so that the nozzle only operates 
effectively over a narrow power input range. The manual suggests operating at one 
Watt above the stall point; this is determined by changing nozzle operating parameters 
and visual ly establishing when atomisation was incomplete .  For water at 0 .8 kg h- ' this 
stall point was 3 W and for 4 1  wt% milk concentrate at 1 . 2 kg h- ' this was - 6.5 W. 

Front Hou sing 

Front H orn 

Atomizing Su  rface 

O- R in  

Piezoelectric 
Transd uc ers G round E lectrode 

Liq uid 
Feed  
T u b e  

Act ive Rear  E l ectrical  
E lectrod e Hou sing Connector 

Figure 5 . 20: Cross-sectional view of a Sono-tek ultrasonic nozzle (www.sono-tek.com). 
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5.3.2 Attachment of the Nozzle 

The two-fluid nozzle was attached to the side of the spray drier by constructing a 
stainless steel face plate to replace one of the s ight glass windows (Figure 5 .2 1 ) . 
Drawings of thi face plate have been included in  Appendix P. Two air l ines and a 
fl uid deli very l ine were used to support the weight of the nozzle which was securely 
held in place by screws. In this design the d istance from the spray relative to the 
curtain was adj ustable .  The trajectories of the droplets should overlap with the 
trajectories of the particles in the powder curtain .  To achieve this overlap the nozzle 
was positioned as shown in Figure 5 . 22. The nozzle specification states a 45° spray 
angle, which is for water. It was observed that a mi lk  concentrate spray has a larger 
spray angle, 62°, which means a spray width of 60 mm at a distance of 50 mm from the 
nozzle exit . This design assumes that the spray experiences a constant shape 
throughout the experiment. 

Figure 5 .2 1 :  Niro face plate. 

30 mm 

60 mm 

50 mm 350 mm 

Figure 5 .22:  Plan view of nozzle position and spray trajectory rel ative to the curtain .  

1 00 



Equipment and Experimental Design 

5.3.3 Commissioning the Self-cleaning Two-fluid Nozzle 

Following nozzle selection and attachment to the drier wal l ,  it was essential to test the 
nozzle ' s  performance inside the drier. Figure 5 .23 shows that the mean particle size, 
03 ,2, obtained from the powder collected when the drier was operated in spray mode 
only (without fines) decreases with increasing atomisation pressure. The extra data 
point at 1 .5 bar does not fol low the same trend and can be considered as an outlier. The 
collected powder size distribution was measured using a Malvern Mastersizer 2000 and 
the method for this i s  discussed in Chapter 6.  I t  was shown previously (§4.6.2) that the 
dried droplet particle size relates to the measured droplet size. Mean droplet sizes were 
measured using a Malvern Mastersizer S (§4.6.2) showing a range of droplet sizes from 
1 5  !lm (at 2 .5  bar) to 50 f.lm (at 0.5 bar). 

Harvie et al. (2002) proposed that industrial droplet sizes are near to 50 !lm ,  and 
industrial droplet sizes were estimated for the Niro Compact in §3 .5  as - 65 !lm .  
Therefore i t  i s  desirable t o  carry out small scale experiments using large droplet sizes t o  
compare with industry. Figure 5 . 23 shows that dried droplets produced at 0.5 bar are 
l arger than the product at 1 .5 bar, which are not much l arger than the dried droplets at 
2 .5  bar. It was found that below an atomising pressure of 1 .5 bar the self-cleaning 
nozzle blocked more easi ly .  This  was also found by Ozmen and Langrish (2003b). The 
i ssue arises because the air orifices become blocked by wet droplets that l and on the air 
cap (see Figure 5 . 1 7) .  These droplets dry forming thi ck  layers and is  referred to as 
"bearding". Non-bearding nozzle designs are available that change the a ir  currents to 
avoid droplet deposition on the air cap. However, the possibil ity of using non-bearding 
nozzle was only real ised after a significant amount of the work had already been 
completed. S ince it is i deal to maximise running times by reducing nozzle fou l ing i t  
was concluded that the range of  sizes from 1 .5 to  2 . 5  bar was suffic ient to  study the 
effect of droplet size on agglomeration performance. 
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Figure 5 . 23 :  Dried droplet size vs. atomisation pressure at 4 1  wt % sol ids, 2 kg h- 1 • 

1 0 1  



Chapter 5 

5.3.4 Method for M anufacture of Milk Concentrate 

In Chapter 3, IS MP A and IWMP E were selected as the industrial mi lk  powder 
specifications for study . Two options were avail able for the manufacture of mi lk  
concentrate for atomisation: reconstitution from instant mi lk  powder, and concentrate 
produced from fresh milk by evaporation . The instant skim mi lk powder ( ISMP A) was 
selected to e l iminate any problems in concentrate manufacture due to the presence of fat 
(D.L. Pearce, personal communication, 2004). For each experiment only 2 kg of 
concentrate was required and so it was not practical to procure fresh farm supply mi lk  
for th is  small quantity and, additionally ,  the available research evaporator at  Fonterra 
Palmerston North has a production rate of - 300 kg h- 1 of mi lk  flow. Instead, 
reconsti tution of mi lk powder was selected as the most appropriate way to produce skim 
milk concentrate at specific solids concentrations. Nijdam & Langrish (2005) found 
that spray dried milk powders can be used to prepare mi lk concentrates for spray drying 
without affecting the glass transition temperature of the powder. 

It is difficult to produce mi lk concentrate by reconstituting instant mi lk powder. The 
viscosity of mi lk  concentrates in the range of 40 to 55 wt% total sol ids is non 
Newtonian and time-dependent according to Trinh et al. (2002) .  Trinh et al . (2002) 
designed a recombination system specifical ly  for manufacturing reconstituted mi lk  
concentrates. I t  was identified that good control of a ir  inclusion, temperature, shear rate 
and microbial contamination was essential to el iminating the onset of age thickening. 
This  mechanism of age-thickening was earl ier proposed to be due to the loosening of 
the casein micelles (Snoeren, Brinkhuis, Damman, & Klok, 1 984). Although i t  is 
proposed that the presence of p-Iactoglobul in affects the viscosity of a solution, possibly 
by stabi l is ing casein micel les, it i s  unclear if this applies to the age-thickening 
phenomena observed in mi lk concentrates (Anema & Lugt, 1 998) .  Bienvenue et al . 
(2003) investigated reasons behind the observed viscosity increase during storage and 
suggested that the phenomenon of age thickening exhibited by concentrated mi lks is 
actual ly  due to the increase in calcium ion activity during the evaporation of mi lk 
(Nieuwenhuij se, Timmermans, & Walstra, 1 988). The binding of calcium ions to the 
casein micelle surface leads to flocculation of micelles to form aggregates and result in 
an increased apparent viscosity . 

Betteridge ( 1 998) showed reconstituted skim milk gave s imi lar viscosi ties to fresh skim 
if the sample is  de-aerated. During reconstitution, it is essential to successfu l ly  mix the 
milk powder into water and th i s  requires four steps: 

• Wetting 
• Sinking 
• Dispersing 
• Dissolving 

Mixing powder into water becomes more difficult as the solids concentration (and 
viscosity) increases. Fitzpatrick and Cuthbert (2004) found that creating and 
maintaining a vortex in the solution improved the sinkabi l i ty of the powder. However, 
there was a l imi t  where the powder stopped s inking and the material  behaved more l i ke 
a solid than a l iquid, preventing the formation of a vortex. Higher temperatures mean 
that high sol ids contents can be achieved before powder sinking stops and the effect of 
age thickening is also reduced. Trinh et al . (2002) aimed to reduce the amount of air 
incl usion in the sample by breaking the vortex.  
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Table 5 .8  compares several procedures for reconstituting instant milk powder; the 
methods vary significantly because they are usually based on the specific needs of the 
manufacturer and relate to the end use of the concentrate. The method used in this work 
was selected by performing a number of measurements and optimising the production 
w ith respect to mixing speeds and times and reducing age thickening. In this s tudy i t  
was important to produce concentrate quickly a t  the appropriate temperature. The 
fol lowing procedure was used: 

• Weigh out powder allowing 2% extra for losses on the sieve 
• Add 55°C water into a 2 L stainless steel vessel 
• Place this vessel into a water bath set at 50°C 
• Insert the impeller ( 1 2  blade 80 mm diameter) into the water in the vessel and 

turn on the mixer (Heidolph 50 ) ] ] ,  type RZR ) Serial number 08234) 
• At a mixing speed of 250 rpm add powder a spoonful at a time for 1 0  minutes 

using a spatula to break up any lumps 
• At a mixing speed of 380 rpm continue to add powder for 5 minutes 
• Increase mixing speed to 475 rpm for the final S minutes of powder addition 
• Leave thi s  concentrate to hydrate for 1 0  minutes on speed setting O. 
• Pour the concentrate through a 2 1 0  micron sieve into a ) L stainless steel vessel 
• cover with aluminium foil and return to water bath for storage (up to 2 hours) 

Following manufacture the concentrate was immediate ly tested to determi ne the 
visco i ty (using a Paar Physica MC ) viscometer) . As the content of gas i n  the feed can 
directly rel ate to the particle density and therefore bulk density of the powder the 
dissolved oxygen was measured (using an Oxi 340i, CellOx® 325 sensor) for all 
reconstituted milk concentrates and ranged from 5 .4 to 8.5 mg L- ' . This variation is 
oxygen level was quite consistent and for these small differences it i s  anticipated that 
there wil l  be l i ttle effect on powder properties. 

Table 5 .8 :  ComEari son of reconstitution Erocedures. 

Procedure Units Betteridge Trinh et al. Field -Mitchell This work 
( 1 998) (2002) ( 1 98 1 )  

Water Temp QC 55 35 50 50 

Antifoam Yes No No No 
Mixing t ime min 10 s pul ses 1 20 30 20 
Hydration min No 30 30 1 0  
Sieving �m No No 2 1 0  2 1 0  

Extra De-aeration No Vortex 1 80 rpm 250-475 rpm 

The effect of mixing at the l owest speed (250 rpm) or no m ixing on the viscosity of 
mi lk  concentrate over time is  shown in Figure 5 . 24. Mixing causes a significant 
i ncrease in viscosity over 2 hours, whereas wi thout mixing a small increase was 
observed. Thi s  effect is  l ikely  to be due to the i ncorporation of air and as a consequence 
al l  further studies did not have mixing during storage between the time of manufacture 
and running the experiment. Figure 5 .24 uses ISMP B, which has a s imilar 
specification to IS MP A, due to availabi l i ty .  When the selected IS MP A was used, the 
in i ti al viscosity and age thickening effect were reduced as shown in Figure 5 .25 . 
Antifoaming agents (30 wt% solution of Dow Coming Antifoam RD Emulsion) l ower 
the surface tension and viscosity but were omitted from the reconstitution procedure. 
Figure 5 . 25 shows that the antifoam agent had no effect on viscosity or aging over time. 
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Reconsti tuted milk concentrate was used 1 to 1 .5 hours following production . Over thi s  
time, F igure 5 .25 shows some age thickening. However, i t  has been found by  Snoeren 
et al . ( 2002) that structural viscosity can be completely broken down in an atomis ing 
wheel .  In this work, the concentrate was sheared in a two-fluid atomiser. Bylund 
( 1 995)  suggest shear rates of 1 03 S· I in spraying. The shear i s  l i kely to be enough to 
breakdown such a small increase in structural viscosity. B ienvenue et al . (2003) also 
showed concentrated skim mi lks demonstrated shear thinning behaviour (where the 
viscosity decreases as shear rate increases), and that shear rates could col lapse the 
structural viscosity for concentrates that had been stored for up to 8 hours for skim mi lk  
concentrate at  45 wt% solids concentration. However, above 8 hours the effects of  age 
thicken ing were not reversible and it was proposed this  was due to fusion of the casein 
micel les within that have aggregated fol lowing concentration (as previously explained) 
and results in an irreversible increase in the micelle s ize and therefore viscosity. 
Bienvenue et al. (2003) also showed that decreasing the level of soluble mineral s in the 
milk reduced the apparent viscosity. 

Shown on Figure 5 .25 are two points for fresh ISMP A concentrate which have lower 
initial viscosities than the reconstituted concentrates. One is an experimental ly 
measured point for trial B6a in §4.4; the other is  the 'expected' value based on the 
composi tion according to the methodology of Snoeren et al . ( 1 982) which is also 
discussed in §4.4. These are both significantly lower than the reconstituted concentrate 
initial v iscosities. Later trials mainly used 4 1  wt% total solids rather than 47 wt% total 
sol ids concentrate. Table 5 .9 shows the differences in viscosi ty between fresh and 
reconstituted concentrates are much reduced at 4 1  wt% sol ids concentration. 
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Figure 5 . 24 :  Viscosity vs. time for reconstituted ISMP B at 1 000 S· I . 
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Figure 5 .25 :  Viscosity vs.  time for reconstituted 47 wt% IS MP A at 50°C at 1 000 S- I . 

Table 5 .9: Comparing viscosities for ISMP A SMC at 50°C. 
Sample type Viscosity (mPa s) 
Total Solids 4 1  % 
Expected 1 1  

Measured fresh 9 

Reconstituted 

1 5  
1 5  
1 4  
14  

47% 
23 
1 7  
35 
37 
32 
33 
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5.4 Experimental Design 

This section discusses the design of experiments required to perform the agglomeration 
study using the small scale drier. This  includes the experimental procedure used for the 
study of natural agglomeration (agglomeration without a powder curtain) and forced 
agglomeration (agglomeration with a powder curtain) .  Chen (Chen, 1 992) states that 
the degree of agglomeration due to concentrate droplet coll i sion should be established 
before optimising any agglomeration process where fines are returned. Thi s  process of 
agglomeration due to droplet-droplet col l i sions is referred to as natural agglomeration as 
explained in Chapter 2. The forced agglomeration experimental design is divided into 
two main sections, the prel iminary experiments and those aimed at improving the 
design to increase the extent of agglomeration. Final ly a comparison i s  made between 
the industrial conditions and those experienced in the small scale agglomeration 
experiments. 

5.4. 1 Natural Agglomeration 

In this study on agglomeration, natural agglomeration without a fines curtain was used 
as the base case for later studies when a curtain was introduced. A fu ll factorial design 
matrix is shown in Table 5 . 1 0  for the three adjustable variables of flow rate , total solids 
and atomisation pressure. Each variable was studied at two levels with one mid point 
investigated. The level s selected were l imited by aspects of the agglomerator design. 
The concentrate properties were l imited by the drier evaporative capac ity and maximum 
acceptable powder moi ture content outl ined in §5 . 1 .  The atomisation pressure ranges 
were selected by determining the working range of the specific nozzle in §5 .3 .3 . 
Variables held constant include flow rate of air into the drier, temperature of inlet air 
( 1 95°C), and the temperature of concentrate (50°C).  

Table 5 . 1 0: Design matrix for natural agglomeration using reconstituted ISMP A .  

Variable Concentrate Flow Total Solids Atomisation 
rate Pressure 

(kg hot) ( 0/0 )  (bar) 
S I  2 4 1  2 .5  
S2 2 4 1  1 .5 
S3 1 .4 4 1  2.5 
S4 1 .4 4 1  1 .5 
SS 2 47 2 .5  
S6 2 47 1 . 5 
S7 1 .4 47 2.5 
S8 1 .4 47 1 . 5 
S9 1 .7 44 2 
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5.4.2 Preliminary Forced Agglomeration Experiments 

Forced agglomeration occurs when a spray sheet interacts with a fines curtain .  A series 
of prel iminary experiments was carried out to ensure the system performed as required. 
During these experiments, minor operating and design changes were made to i mprove 
fines delivery and the droplet-particle i nteraction, the results of which are discussed in 
Chapter 7 .  The preliminary experimental conditions have been included in Table  5 . 1 1  
in  the order of changes made. 

Exp 

P I  
P2 
P3 
P4 
PS 
P6 

S 

2 .0 
2 . 1 
2 . 1 
1 .4 
2 , 1 
l A  

Table 5 . 1 1 : Design matrix for prel iminary experiments. 
F 

1 .0 
1 . 1  
2 . 1 
1 .0 
2 .0 
1 . 1  

Dr,4,3 

(",m) 
30 
30 

58 .8  
30 
30 
30 

TS 
(wt % )  

42.3 
40.9 
47.5 
4 1 .2 
4 1 .3 
4 1 .6 

p 
(bar) 

1 .5 
1 .5 
2 .5  
2. 5 
1 .5 
2 .5 

D 
(mm) 

30 
30 
1 0  
30 
30 
30 

FS 

N 
N 
N 
N 
N 
Y 

N 
(mm) 

65 
50 
50 
50 
50 
50 

se 

N 
N 
N 
N 
N 
N 

w 

N 
N 
N 
N 
N 
N 

S = concentrate spray flow rate, F = fines flow rate, 0f.4.3 = volume weighted mean particle size of fines, 
TS = total solids of concentrate, P = atomisation pressure, 0 = curtain depth, FS = fines shroud, N = 

nozzle distance from centre of curtain, W = deflector wings, se = sieve collector. 

5.4.3 Improving the Design 

The prel iminary experiments identified that the small scale equipment designed did not 
appear to agglomerate to the extent required (see Chapter 7) .  A further set of 
experiments is shown in Table 5 . 1 2  to test added design features of a shroud, deflector 
wings and the inc lusion of a sieve collector in the base of the drier. The design features 
are discussed in §5 .2 .2 and the sieve collector, which is an alternate powder collection 
method, is discussed along with the results of this study in §7 ,3 ,  D l  and D2 are 
experiments that look at the shape of the fines curtain wi thout any spray, and 
experiment D3 looks at agglomeration of fines by atomising water droplets, 

Exp 

D l  
D2a 
D2b 
D3 
D4 
D5 
D6 
D7 
D8 

S 

1 .2 
1 .2 
1 . 2 
l A  
l A  
1 .4 
2 . 1 
1 .4 
1 .5 

Table 5 . 1 2 : Design matrix for improving the design. 
F 

25 
25 
25 
1 .2 
1 . 1  
1 . 1  
1 . 1  
1 . 1  
1 .2 

Dr,4,3 
(",m) 

30 
30 
30 
30 
30 
30 
20 
30 
30 

TS P 
(wt % )  (bar) 

1 .5 
2 .5 

0 .0 1 .5 
4 1 .7 2 .5  
4 1 .6 2 .5  
47.3 1 . 5 
4 1 .5 2 .5  
4 1 .6 2 .5  

D 
(mm) 

30 
30 
30 
30 
30 
30 
1 0  
30 
30 

FS 

y 
y 
y 
y 
y 
y 
y 
y 
y 

N 
(mm) 

50 
50 
5 1  
50 
50 
50 
50 
50 
50 

se 

N 
N 
N 
N 
Y 
Y 
N 
N 
N 

w 

N 
Y 
Y 
N 
N 
Y 
Y 
N 
Y 
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5.4.4 Forced Agglomeration Experiments 

The nine operating and design variables are shown in Table 5 . 1 3 . Three are kept 
constant which leaves six variables to be studied, meaning 64 separate experiments in a 
two level factorial design. An alternative was a 1.4 fractional factorial requiring only 1 8  
experiments; it can sti l l  study the main effects, as 2-way interactions with common 
centre points. Some of the experiments required for th i s  matrix are included in the 
prel iminary and design trials shown in Tables 5 . 1 1  and 5 . 1 2 . The resul ts of this study 
are discussed in §7 .3 .  After analysing these results, coupled with the findings from 
Chapter 8 (pi lot scale experiments) a few careful ly selected further experiments were 
carried out to confirm the relationships predicted from the pilot scale experiments. The 
operating conditions used to carry out these experiments have been included in Table 
5 . 1 4. 

Table 5 . 1 3 : Proposed experimental design for the two fluid nozzle. 
Variable Units Base High Low 

Concentrate Flow rate (kg hot) 1 .7 2 1 .4 
Distance of Spray (mm) 50 50 50 
Powder Flow rate (kg hO I )  1 .5 2 

Sol ids Concentration (%) 44 47 4 1  
Concentrate Temperature (QC) 5 0  5 0  50 

Curtain density (mm) 20 30 1 0  
Droplet Size (bar) 2 1 .5 2 . 5  

In let A i r  Temperature (QC) 1 95 1 95 1 95 
Particle Size (micron) 43 5 1  20 

Table 5 . 1 4: Design matrix for final agglomeration experiments. 

Exp S F Dr.4.J TS p D FS N se 
(kg hol ) (kg hol ) (/lm) (wt % )  (bar) (mm) (mm) 

A I  2 . 1 0.8 30 42 2 .5 30 Y 50 N 
A2 2.0 0.8 58.8 4 1  2 .5 30 Y 50 N 
U I  1 .4 1 .0 30 4 1 .4 30 Y 50 N 

w 

N 
N 
N 

S = concentrate spray flow rate, F = fines flow rate, OrA.3 = volume weighted mean particle size of fines, 
TS = total solids of concentrate, P = atomisation pressure, 0 = curtain depth, FS = fines shroud, 

nozzle distance from centre of curtain, W = deflector wings, SC = sieve col lector. 

5.5 Comparing Experimental Conditions at Small and Industrial 
Scales 

The equipment and experimental programme designed and discussed in thi s  chapter 
aimed to ensure an agglomeration study on a smal l scale would i mitate the industrial 
si tuation. The data in Table 5 . 1 5  summarises the information gathered for the industrial 
Niro Compact spray drier when manufacturing the instant skim mi lk  powder selected in 
§3 . 1 ,  ISMP A.  This  data is compared with the experimental conditions for the lowest, 
base (or midpoint) case, and the highest ratios with regards to the key variables thought 
to affect agglomeration as outlined in Table 5 . 1 .  The key ratios are the fines to spray 
size ratio, the fines to spray flux ratio and the fines to spray number ratio, Nd:Nj- The 
ratios for the planned small scale experiments fit within the ranges observed 
industri al ly .  
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Table 5 . 1 5 : Comparing industry with experimental conditions. 

Variable units ISMP A Exp base Exp high Exp low 
Fines size D3.2 (�m) 55 43 50 20 

Droplet size D3.2 (�m) 50 - 70 20 1 5  25 

Concentrate flow (kg h-' ) 7670 1 .70 1 .4 2 

Total sol ids (%) 43-47 44 47 4 1  

Spray velocity (m so l ) 1 8.0 7.2 7.2 7 .2  

Air flow rate Cm3 h- ' ) 1 25000 8 1  8 1  8 1  

Curtain depth Cm) 0. 1 0.02 0.03 0.0 1 

Drying air velocity Cm so l ) 40 1 0  1 0  1 0  

Fines flow rate (kg h- ' ) 3325-4550 1 .5 2 I 

Fines air flow rate Cm3 h- ' ) 592 2 .94 2.94 2.94 

Drying ai r temperature (0C) 1 95 1 95 1 95 1 95 

Fines: Spray size ratio 0.8 - 1 . 1  2 . 1 5  3 .33 0.80 

Fines:Spray flux ratio 0.43-0.59 0.88 1 .43 0.50 

Fines air velocity 20.94 2 .94 2 .42 4.08 

Fines particle velocity Cm so l ) 20.94 2 .97 2 .45 4.08 

Nd C# so l ) 1 .0 1 E+ 1 0  9.55E+07 1 .85E+08 5 .85E+07 

N r C# so l ) 9.66E+09 7 .70E+06 6.53E+06 5. 1 OE+07 

Nd : Nr 0.96 0.08 0.04 0.87 

5.6 Chapter Conclusions 

This chapter outl ined the processes taken to design a min i  agglomerator for a smal l  
scale study o f  agglomeration. Industrial spray driers are not able to manipulate the 
relevant variables to full y  investigate the agglomeration process. The equipment and 
experimental programme designed and discussed in this c hapter aimed to ensure that an 
agglomeration study at small scale would imitate the industrial situation. This  required 
modification of an existing small pi lot scale spray drier to include a vertical a particle 
c urtain and flat spray sheet. 

This chapter investigated four key areas, the selection of a suitable small scale drier, the 
delivery of a particle curtain,  generation of a spray sheet and the experimental design . 
The del ivery of the part ic le curtain required an understanding of the l imitations i n  
powder feeding, production of  fines particles for use in the study and calculation of  the 
particle curtain velocity. Atomiser selection and concentrate manufacture procedure 
were two key aspects cons idered when generating a sheet of spray droplets. The final 
equipment design ful fi l led the necessary requirements to study agglomeration at small 
scale_ An experimental program was designed to study the effect of spray and curtain 
variables on agglomerate properties. It is concluded that the small scale drier, modified 
as explained in this  chapter, is a robust design that wi l l  allow controllable and 
repeatable experiments to be performed. 
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CHAPTER 6 

DETERMINING AN AGGLOMERATION INDEX 

During forced agglomeration, fine particles contact spray droplets and coalesce to form 
agglomerates that have a larger particle size distribution (PSD) than those of the two 
feed streams.  The input size di stributions change depending on the experimental 
conditions selected, so simply comparing product distributions of agglomerates between 
experiments is not the best way to assess how these conditions affect the level of 
agglomeration that h as occurred. It is possible for two product particles to be the same 
size but made up of different primary particles; for example, one product powder may 
be comprised of large, single, spherical particles and the other product powder may 
contain agglomerate made up of many small particles. Information about the primary 
particles used to form the agglomerates must also be included to assess w hether 
agglomeration has occurred. 

To estimate the success of agglomeration, a quantifiable index is needed to link the two 
feed distributions (the fines and the droplets) with the product (agglomerates) 
distribution. This index can then be related to process conditions and particle and 
droplet properties, and can help in understanding the mechanisms of coll ision, adhesion 
and drying that occur to promote agglomeration. To be useful to operators of spray 
driers, the index must be easily obtained by standard techniques. Other petformance 
indicators include the particle size, structure and shape, the moisture content, the bulk 
density, the agglomerate strength and the dispersion behaviour of the agglomerate. 
Process parameters that affect agglomeration are fines and concentrate flow rates, 
environmental factors of air flow rate, temperature and humidity .  Al l  need to be 
measured to monitor their affects on the agglomeration index or the other performance 
parameters. 

Agglomeration occurs rapidly in the col l ision zone between spray droplets and recyc led 
fine powder. It is not possible to selectively sample agglomerates within this coll ision 
zone because the agglomerates are sticky; however it is possible to measure the fine 
particle and spray droplet size distributions prior to agglomeration and the partic le size 
distribution (PSD) of product exiting the spray drier. 

The ideal milk powder agglomerate has a grape-l ike structure, because this gives good 
dispersion behaviour (Pisecky, 1 997). Figure 6 . 1 shows a range of agglomerate 
structures. The size of the grape is a key measurement, along with the number of 
particles that constitute each agglomerate and the strength of the agglomerate . A 
number of measurement methods are available to obtain this information : l ight 
scattering provides a PSD, while scanning electron micrographs (SEMs) provide images 
of the agglomerates morphology and nitrogen adsorption and mercury porosimetry can 
provide specific surface area (SSA).  Sieving was not used here because the 
agglomerated particl es produced in these experiments were too smal l  to be successfull y  
characterized this way. Laser diffraction is  widely used but cal ibration is essential as 
agglomerates are not crystall ine or spherical and measurements will vary with 
morphology. Strength can be measured comparatively by fluidization, which breaks 
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down agglomerates (P. Webby, personal communication, 2005).  Hogekamp ( 1 999b) 
also found measuring agglomerate properties to be problematic and used modified or 
developed methods (including CCD video capture and image analysis) to characterise 
agglomerates produced using steam jet agglomeration. 

SO�' °i'" ® 

Atomized fluid 

Onion Raspberry Compact Grape Loose Grape 

Decrease of bulk density 

I ncrease of mechanical stabi l i ty 

Figure 6. 1 :  Agglomerate morphology. 

Population balance model l ing is  used by many researchers to understand granulating 
and agglomerating systems as discussed in Chapter 2. While popUlation balance model 
predictions can be compared to the data collected over time in a drum or high-shear 
granulating system, in spray drying systems, agglomeration occurs so fast that the only 
easi ly attainable information is at the start and the end of the proce s .  Therefore, i t  i 
difficult  to devolve the mechanisms of col l i sion and coalescence that are needed to 
define the re lationships used to construct the population balance models .  

Using the fines and droplet particle size distributions, and the agglomerate PSDs, an 
agglomeration index can be defined in various ways. Several indices which currently 
exist in  the l i terature are discussed below and two new indices are also proposed which 
are more suitable to describing agglomeration in spray drying. In this chapter the most 
sui table index to describe the extent of agglomeration is determined and developed to 
al low comparison between the processing scales.  

6 .1  Agglomeration Factor using Specific Surface Area 

Several authors (Kammler, Beaucage, Mueller, & Pratsinis, 2004; Staiger, Bowen, 
Ketterer, & Bohonek, 2002) define an agglomeration index by relating the particle size 
to i ts specific surface area (SSA).  The SSA is measured using nitrogen adsorption at 77 
K, from which a BET diameter (Brunauer, Emmett, & Tel ler, 1 938) is obtained 
assuming that the material is non-porous and is  derived below by assuming a basis of 1 
kg of particles: 

Jr 
Mass = Np- D! 

6 

(6. 1 )  

where N = number of particles, p = density of particles and Dp = diameter of particles. 
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JrD2 
p 
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(6.2) 

where SSA = specific surface area = (surface area/kg particles) . Substituting into a mass 
balance and rearranging gives: 

6 
D = D  = --BET P 

pSSA 

(6.3) 

Staiger et al . (2002) use DBIT to define an i ndex they call the agglomeration factor, AF = 
DO.5/DBl':r, where DO.5 is the median volume diameter of the starting powder. They claim 
that the AF can indicate the extent of agglomeration for a powder and discussed several 
methods avail able for PSD measurement. The problem with this index is that it onl y  
compares the fines to the agglomerates and ignores the droplet size di stribution that i s  
present i n  spray driers. 

Alternatively ,  SSA can be measured by mercury porosimetry, al though nitrogen 
adsorption is easier and more common (All en, 1 98 1 ) . Nitrogen adsorption calculates an 
SSA for a monolayer of nitrogen molecules adsorbed at the surface, whereas mercury 
porosimetry calculates a pore surface area from a pore size distribution that is a function 
of pressure and the amount of ingressing mercury. Agreement between these two 
methods has been found under controlled conditions (Joyner, Barrett, & S kold, 1 95 1 ; 
Westermarck, J uppo, Kervinen, & Yliruusi, 1 998, 1 999). However, mercury 
porosimetry best measures the diameter of pores from 7 nm to 1 4  j.lm and nitrogen 
adsorption best measures diameters from 3 to 200 nm. For this  reason, comparison 
between the two techniques i s  often impossible. 

6.2 Size Analysis Methods 

Despite the conclusion of Staiger et al. (2002), particle size distributions are more easi l y  
obtained than surface area and so  are therefore useful in constructing agglomeration 
indices. The specific surface area is the total surface area ( internal and external) .  I n  
agglomeration we  are interested in the external area which BET does not measure . 
Three indices are discussed below; the agglomeration parameter i s  an existing index, 
while the number-based agglomeration index (DoA) and mass-based agglomeration 
efficiency (c;) are proposed i ndices. 

6.2.1 Agglomeration Parameter 

An agglomeration parameter (AP) can be found by comparing the size of an 
agglomerate w ith the size of the primary particles; this  method has been employed to 
determine the extent of sintering (D. M. Liu, Lin, & Tuan, 1 999 ; Roosen & Hausner, 
1 984) . Here, AP = DpanicleslDprimary, where Dpanicles refers to the volume mean particle 
size of the particles/agglomerates using laser diffraction and Dprimary is the size of the 
i nit ial particles that form the agglomerates, determined using SEMs .  Liu et al . ( J  999) 
used this AP to describe the extent of agglomeration that had occurred and l inked i t  to 
the properties of the powder and the sintering behaviour. They also stated that it i s  
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impossible to accurately determine an extent of agglomeration; however, this method is  
simple and physical ly meaningful .  Like the agglomeration factor, th is  index doesn ' t  
consider the droplet size. 

6.2.2 Number-Based Agglomeration Index 

When the droplets are also considered, the simplest approach is to use the mean particle 
sizes to produce an agglomeration index that yield the number of particles and droplets 
that combine to form an agglomerate. The number of particles per ki logram (on a dry 
solids basis )  can be calculated from the volume mean s ize of the fines, spray and 
agglomerates.  This  has been derived below for a generic particle. The specific number 
of particles on a dry solids basis is :  

(# particles ) N = ...,----------'---'----'---------;-
(kg of solid within the particle) 

This is obtained by first considering the more easi ly calculable: 

(# particles) 6 -,-:---'-__ --'-c- = 
(kg particles) pJd)3 

(6.4) 

(6.5) 

where p = the particle density [ kg m-3 ] and D = the volume weighted mean particle 
diameter [ m ] .  The (kg particles) can be divided into its water and sol id components: 

(# particles) (# particles )  +--'------'-;- = -,------'---=-------'---,-
(kg particles) (kg water + kg solid ) 

Multiplying through by (kg sol id)/(kg sol id) gives: 

(# particles ) # particles 
...,-----'---=------'--,- = -;----'-----,:----
(kg water + kg solid ) ( kg water + kgsolid )kgSOlid 

kgsolid kgsolid 

Defining X = (kg water/ kg sol id) and equation (6.7) is rearranged to obtain :  

(# particles) = (# particles) (X + 1 )  = _6_ (X + I ) (kg solid ) (kg particles) pJd)3 

(6.6) 

(6.7) 

(6.8)  

With respect to the fines, the number of fine particles per kilogram of dry sol id, Nj, i s  
obtained from the volume weighted mean particle size, Dj [ m] ,  the particle density, Pj 
[kg m-3] ,  and the fines moisture content, Xl 

(6.9) 
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Simi larly, the number of agglomerated particles per ki logram of dry solid,  Nagg, i s  
obtained from the volume weighted mean particle size, Dagg [m ] ,  the particle density, 
Pagg [ kg m-3 ] ,  and the agglomerate moisture content, Xagg : 

N agg = 
6 

3 (I + X agg ) 
Pagg7rDagg 

The same relationships can be appl ied to the droplets: 

(6. 1 0) 

(6 . 1 1 ) 

Because this study investigated agglomeration due to the presence of fines and not 
agglomeration of the spray droplets themselves, Ds refers to the mean size of the 
powdered particles obtained when the spray has been dried alone, i .e. without fines 
recycle.  S imi larly, Ps and Xs refer to the density and the moisture content of the powder 
obtained by drying droplets. By proportioning droplets and fines according to their 
relat ive dry mass flow rates, the number of feed partic les into the spray drier can be 
calculated per kilogram; this gives: 

(6. 1 2) 

where PI = F/(F + S)  = mass proportion of fines i n  the agglomerated powder [-] , Ps = 
S/(F + S)  = mass proportion of spray in the agglomerated powder [-] ,  F = sol ids flow 
rate of fines [ (kg sol id) . (s- ' ) ]  and S = solids flow rate of spray [ (kg sol id). (s- ' ) ] .  The 
number of particles of fines and spray that combine to form an agglomerate is given by 
the ratio of the particle number before agglomeration to that after agglomeration. Here 
this is called the degree of agglomeration or DoA: 

DoA = Pi N! + p" N , 

N"gg 

(6. 1 3) 

If four fine particles and six droplets combine to make two agglomerates, the ratio 
equals 5 and this ratio has a number of interesting features. If no agglomeration or 
coating occurs, the expected number of particles per kilogram of dry agglomerated 
powder is Nagg = P;NI + PsNs and DoA = 1 .  If onion-skinning occurs (see Figure 6.  I -
droplets coat particles) then Nagg = P;NI and DoA = I + PsNsfNagg. If droplets are large 
and col lect the smal ler fine particles to form a raspberry type structure (see Figure 6. 1 ), 
then Nagg = PsNs and DoA = I + p;N/NlIgg. The differentiation between this  and onion 
skinning depends on which stream contains the larger size .  If signi ficant agglomeration 
occurs, then DoA wil l  be a larger number, with the lower l imit being 1 + PsNsfNagg or I 
+ p;N/Nagg depending on which stream contains the larger size. 

The DoA relates agglomerate size to the number of droplets and fine particles that 
constitute the agglomerate. The concept is useful because it relates to the conditions 
within the coll i sion zone that promote col l ision and adhesion. However, the DoA does 
not consider the distribution of sizes but uses a single value, the volume mean size, to 
calculate the index. This is  not always representative of the s ize distributions, and 
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therefore some loss of accuracy i s  expected. More importantly a single mean value 
does not differentiate size dependent agglomeration. The fol lowing method considers 
the entire size distribution for this reason the next section proposes a method. 

6.2.3 Mass Distribution Agglomeration Efficiency 

Agglomeration means that smal ler particles disappear from a size distribution to make 
larger partic les. This  process of death and birth in a specific size i nterval appears in the 
changed shape of the size distribution between the feed streams and the product 
agglomerates. If more deaths, and subsequently more births, occur then more 
agglomeration has also occurred. Therefore, an agglomeration efficiency can be 
defined as the mass proportion of all particle and droplets disappearing (or deaths) 
multipl ied by the mass proportion of agglomerates appearing (or births). These two 
mass proportions are equal : the purpose of mult iplying them together has an analogy in 
screening, where the screen effic iency is  the proportion of particles l arger than the 
screen aperture that pass to the overflow multipl ied by the proportion smaller than the 
screen aperture that pass to the underflow. It must be noted that this definition is only 
val id if mass proportions are expressed on a dry sol ids basis and size distributions are 
adjusted to an equivalent particle density . 

Rather than the droplet size distribution, the dried size distribution of droplets i s  used. 
Thi s  is because the agglomerates are made of fines and dried droplets. The base case 
for no agglomeration is when the spray drier is operated in spray only mode. The dried 
powder col lected represents the dried droplet size distribution in this analysis .  This  
does not necessaril y  represent the droplet s ize distribution in the spray but  is  better for 
studying the subsequent agglomeration. As discussed further in §7 . 1 th i s  means that the 
remaining studies target agglomeration due to the presence of fines and exclude natural 
agglomeration that has occurred between droplets. In this work, this means that the 
particle densities of the dried droplets, fines and agglomerates are s imilar. The dry solid 
mass within a droplet, fine particle, and an agglomerate is: 

% D;p, (6. 1 4) 

I + X , 

For the droplet the dry mass is equal ly given by defin ing D.I· and PI' as the wet droplet 
size and wet densi ty respectively, or as the dried droplet size and dried density. As 
explained above, the dry basis will be used here. The mass of particles in each s ize 
interval are only  comparable (when assessing deaths and births) if the particles have 
equal density. Therefore, an adj ustment to the distributions is needed to ensure density 
equivalence. B y  arbitrari ly selecting the fines as the basis, the equivalent s ize of the 
droplet, Ds � is given by: 

(6. 1 5 ) 

Therefore, each dried droplet s ize Ds within the discretized distribution i s  adj usted to 
size Ds � This generally means that the equivalent droplet size distribution wi l l  shift to 
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smaller sizes, because in an operating drier, the fines moisture content is s l ightly lower 
than that collected from particles in the base of the drier. A similar equivalent size 
adj ustment can be applied to the agglomerates :  

(6. 1 6) 

However, in these experiments the moi sture content and particle density of the fines, 
dried droplets and agglomerates are al l  very similar, meaning that the adjustment terms 
in equations (6. 1 5) and (6. 1 6) are approximately equal to 1 and hence Ds ' ;::: Ds and 
D 'agg ;::: Dagg. 

Figure 6.2 i l lustrates how the agglomeration effic iency is calculated. Each measured 
size distribution (obtained on the Malvern Mastersizer 2000) is weighted to the 
proportional mass flow rates of the fines and spray on a dry solids basis. This means 
the area under each distribution represents the proportional dry mass flow of each feed 
stream.  For mass frequency distribution data p lotted in the typical way, i .e .  normal ized 
as f(log D;) versus log D; with size intervals equal ly  separated on a log scale, the mass 
balance for the system can be plotted. For the recycled fines, i t  is PI x f(log D;.j) versus 
log D;.j, for the spray, i t  is ps x j(log D I,s) versus log D I,s, and, for the agglomerated 
powder, it is j(l og D I,agg) versus log D i,agg. A mass balance means that the integrated 
distributions for fine particles and droplets add to I .  

PI f f (log D;,f � log D;,f + Ps  f f (log D;,s � log D;,s = f f (log D;,ag/i � log D;,a/i/i = 1 (6. 1 7) 

A difference plot is then obtained when the combined feed stream distributions are 
subtracted from the agglomerated product distribution (Figure 6 .2(b» . 

g (log D; )  = f (log D;.agg )- (p I f (log D;,f )+ Psf (log D;,s )) (6. 1 8) 

Because the moisture contents and particle densities of all these streams are 
approximatel y  the same, the correction terms can be ignored: 

(6. 1 9) 

As mass is conserved, the negative area equal s  the positive area, and multiplying them 
together gives an efficiency. 

(6.20) 

The efficiency is subscripted g because it relates to the distribution function in equation 
(6. 1 8) .  The difference plot can have a number of interesting l imits that are attributable 
to different types of growth, such as no agglomeration, coating of fines, and droplet  
coll ection of fines or  agglomerate formation. If no agglomeration occurs, the difference 
plot wi l l  be a flat l ine at zero and q = O. If onion-skinning occurs (droplets coat 
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particles), the negative part of the plot wi l l  equal the mass of droplets in the system, and 
the posi ti ve part will reflect this  mass layered on to the fines. There wi l l  be l i ttle size 
difference between the distributions of the fines and the agglomerates and q = p/. Thi s  
scenario i s  most l ikely when droplets are small compared with the fines and have l o w  
viscosity. If raspberry formation occurs (fine particles surround droplets), the negative 
part of the difference plot wil l  equal the mass of fines in the system and the posi ti ve part 
wil l  reflect this mass col lected by the droplets. There wi l l  be l ittle size difference 
between the distributions for the droplets and the agglomerates and q = Pi. Thi s  
scenario i s  most l ikely when droplets are larger than the fines and have h igh viscosity. 

In i ts simplest analysi s, agglomeration is better as q ---7 1 ,  which occurs when there is  no  
overlap between the agglomerate distribution and those of  the droplets and fines. This 
implies a significant number of serial coll ision events. Some agglomeration occurs i f  
p,/ < q < 1 when DJ » Ds or  if pi < q < 1 when Ds » Dr, but, when the s izes of  the 
droplets and the fines are simi lar, some agglomeration can occur for qg values below p/ 
or Pt Agglomeration effic iency can be used alongside the other ind ices such as the 
DoA; the fol lowing sections provide some experimental comparison of these 
agglomeration indices, the DoA and q, with those of other workers, the AP of Liu et a l . 
( 1 999) and the AF of Staiger et al . (2002). 

a) 

0 . 0 1  0 . 1  

O .  1 0 . 1  

b) 

Recycled Fines 
Pr x f( log Dl.f) 

Dried Droplets 
p, x f(log Di.J ,.. " 

/ I \ I \ , 
I I ' 

/ I 
I 

I 
1 0  I 1 00 I 

Particle Sizel
(micron) I I 

o o 

Particle Size (micron) 

AgglomeralC� 
p"g� x f( log D,.agg) 

1 00 0  1 0000 

Figure 6 .2 .  Mass-based agglomeration efficiency plots : (a) size distributions weighted 
by mass flow rate; (b) difference plot. 
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6.3 Experiments to Test Indices 

Determini ng an Agglomeration Index 

The experiments l isted in Table 6. 1 provide a range of conditions intended to encourage 
or discourage agglomeration in order to compare the above indices. These experiments 
were conducted in the modified Niro drier (see Chapter 5 )  and were compared to a 
typical industrial agglo merated mi lk powder. Key measurements were particle s ize 
(Malvern Mastersizer 2000), SSA (Micromeritics ASAP 20 1 0), particle density 
(Beckman Air Compari son Pycnometer Model 930) and SEMs for images. 

Table 6. 1 :  Design matrix for experiments. 

Trial Design Variables Measured Pro�erties 
S F Dr,4,J Ds,4,J er es Xr Xs 

Units ( kg h-I) (kg h-I) (I!m) (I!m) (kg m-�) (kg m-�) ( kg kg-I) (kg kg-I) 
1 1 .7 1 .9 47 23 1 480 1 470 0.04 0.04 1 
2 2. 1 1 .0 47 34 1 480 1 470 0.04 0.039 
3 1 .4 1 . 1  30 1 4 1 300 1 400 0.03 0.033 
4 2 . 1 2. 1 59 33 1 270 1 400 0.03 0.038 

S = concentrate spray flow rate, F = fines flow rate, Or.4.3 = volume weighted mean particle size of fines, 
Os.4.3 = vol ume weighted mean particle size of dried droplets, Pr = particle density of fines, Ps = particle 

density of dried droplets, Xr= moisture content of fines, Xs = moisture content of dried droplets. 

6.4 Results and Discussion 

Figure 6 .3  shows the mass fraction weighted size distributions of the droplets, fines and 
agglomerates for experi ment 4 (typical of the experiments) and Figure 6.4 shows the 
size distributions of a typical industry skim milk powder (IS MP A, the powder 
properties are included in §3 .6) .  The values for the design variables and measured 
properties given in Table 6 . 1 for the typical industrial scale trial are S, F, Dr,4,3. Ds,4,3, Pr, 
ps, Xf, and Xs. The results for all experiments are shown in Table 6.2 .  Two significant 
differences can be seen between these plots; for the small scale experiment 4, the dried 
droplets are significantly smaller than the fines and l ittle change occurs between the 
fines and agglomerate PSD;  whereas for the industrial drier, the dried droplets and fines 
are s imilar in size and the agglomerates are much larger than the fines. The indices for 
these two cases AP (0.99, 2. 1 7) ,  DoA (2.3,  1 0.4) and � (0.0 1 1 ,  0. 1 48) c learly show that 
more agglomeration occurs in the industrial drier. Of the indices, the AP is the simplest 
index, being the ratio of the mean particle s izes of the agglomerates and the fines. It 
shows that agglomeration occurs in the industrial example but not in the small scale 
experiments. 
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Figure 6 .3 :  Experiment 4 a) comparison of PSDs b) difference plot. 
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Figure 6.4: Industrial a) comparison of PSDs b) difference plot. 

Table 6.2: ComEarison of agglomeration indices. 
Trial Dagg,4,3 eagg Xagg AP DoA Sg SSA DBET 
Unit (/lm) (kg m-3) (kg kg-I ) (-) ( -) (-) (m2 g-I ) (/lm) s 

1 45 1 5 1 0  0.04 1 0.94 2 .9 0.005 0.408 9.7 
2 46 1 470 0.039 0.96 1 .6 0.040 0.565 7.2 
3 30 1 3 1 0  0.033 0.99 4.9 0.025 
4 58 1 320 0.038 0.99 2.3 0.0 1 1 

Ind 202 1 450 0.030 2. 1 7  1 0.4 0. 1 48 

1 0000 

1 0  00 

AF Dagg,o.s 

(-) (/lm) 

4.4 40 
5 .9  4 1  

27 
55 
1 06 

DaggA.3 = volume weighted mean particle size of agglomerates, Pagg = particle density of agglomerates, 
Xagg = moisture content of agglomerates, AP = agglomeration parameter, DoA = degree of agglomeration 
(number-based agglomeration index), �g = mass-based agglomeration efficiency, SSA = specific surface 

area, DSET = 6/SSA, AF = agglomeration factor, Dagg.O.5 = median agglomerate particle size, Ind = 

i ndustrial .  
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The DoA detects agglomeration in a different way. It represents the mean number of 
fines and droplet particles that coalesce to form an agglomerate. The DoA values for 
the experiments are lower than expected for onion skinning (3 .2 ,  2 . 1 ,  5 . 2  and 2 .7 for 
experiments 1 -4). Thi s  means that some coating is occurring but that other droplets do 
not coalesce with the partic les. However, it must be remembered that the DoA is  based 
on mean particle s izes, which are not always representative of the size distributions 
particularly if they are bimodal, and therefore some loss of accuracy is  expected. 

The agglomeration effic iency index (�g) does interrogate the size di stributions and is  
calculated from the difference plots of the PSDs shown in Figure 6 .3(b) and Figure 
6.4(b) for experiment 4 and the industrial example. For the small scale experiments, � i s  
lower than expected for onion skinning (where p/ = 0 .08, 0.22, 0. 1 4  and 0. 1 1  for 
experiments 1 - 4), which also indicates that some coating i s  occurring but other 
droplets do not coalesce with the particles. The industrial drier produces an ;g that is  
also lower than expected for onion skinning (p/ = 0.22) but  is  significantly l arger than 
the smal l scale experiments. 

Table 6 .2  also contains the agglomeration factor, AF, an i ndex based on the B ET SSA 
for the product of experiments I and 2 .  The AF relates the volume weighted mean 
particle s ize and the equivalent particle size based on the calculated BET SSA. The 
surface areas found here, 0.4 1 and 0.57 m2 g- I , are larger than those found by Berlin et 
al . ( 1 964) using ni trogen adsorption (0. 1 4  - 0.27 m2 g- I for instant and standard skim 
milk powder) but this  is expected because the powders here are finer. The DSET 
calculated from the SSA is much smaller than the 00 5 of the agglomerates, which 
indicates that the SSA measured using ni trogen adsorption is much larger than the 
apparent combined surface area of the primary particles that make up the agglomerates. 
This  indicates that the technique is  also measuring the i nternal surface of these primary 
particles due to the porous nature of mi lk powder. Because of this  rea on, this approach 
of Staiger et al . (2002) using the AF is not a suitable agglomeration index for mi lk  
powder particles and so was not measured for experiments 3 and 4. 

These indices should be used in conjunction with image analysis to establ ish the type of 
growth that has occurred. Figure 6.5 shows SEM images of agglomerated powder from 
experiment 4 and an industrial drier. It is c lear that the agglomerated powder from the 
small scale experiments does not contain many primary partic les i n  contrast to the 
industrial powder. The distinct differences between the powders originate from 
differences between the spray only mode of operation within each drier, i .e. when the 
drier is operated without fines recycle .  In th is operating mode, the industrial drier 
produces highly agglomerated powder whereas the small scale experiments do not. Thi s  
i l lustrates the importance of  investigating the spray angles in industrial driers with 
multiple spray nozzles. This  work concentrates on additional agglomeration due to the 
presence of fines, and so these images alone do not indicate whether the presence of 
fines increases the extent of agglomeration . Image analysis needs to differentiate fines­
dependent agglomeration, in  addition to the other textural information that i t  can 
provide. Developing techniques of image analysis for application to agglomerates is an 
area of further work. 
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a) b) 

Figure 6.5 : SEM images of agglomerated powder (a) experiment 4 (b) industry . 

In conclusion, the DoA and ;g are superior indices for agglomeration because they are 
inclusive of al l streams, whereas AF and AP are not. Further, because DoA uses only 
the mean of each distribution, i t  is unsuitable if the size distributions are irregularly 
shaped. Therefore, ;g i s  the index of choice because i t  accounts for changes that occur 
across the entire particle size distributions. However, the above results show that l ittle 
agglomeration occurred in the small scale experiments. I t  i s  postulated that the 
agglomerates that do form are obscured by a significant proportion of fines that appear 
directly in the product. This means that agglomeration is not detected as well as it could 
be using the current calcu lation method for the ;g index. The fol lowing section explores 
this postulate and proposes a refined index. 

6.5 Development of the h Agglomeration Efficiency 

Above, it is po tulated that a significant proportion of fines pass straight to the product 
stream i n  the small scale drier. In doing so, they obscure the presence of any 
agglomerates which have formed in the col l i sion zone. To remove some of thi s  
obscuration it is proposed that they be censored from the agglomerated powder stream 
to give a better "view" of the agglomerates. Censoring can be done when examining 
crystal s ize distributions, to select for or against fast or s low growing crystals (McLeod, 
Jones, & Paterson, 2006).  Here, ideally only those droplets and fines that form 
agglomerates should be selected for calculating the index. There are several 
possibilities for removing the fine particles from the product, using a cut-off size 
(removing all product particles below a specific size), or imitating a cyclone effic iency 
(removing a distribution of fine particles from the product). The resulting 
agglomeration efficiency would be affected significantly by the cut-off size or cyclone 
efficiency selected (which would essent ia l ly be arbitrary) .  By considering the operation 
of a typical industrial agglomerating drier, a censorship regime can be establ ished. 
Fines are always recycled and, at steady state operation, the flow rate, size distribution, 
and f1uxes of spray droplets becomi ng fines and fines becoming product are al l 
unchanged. Therefore it makes sense to subtract the fines distribution from the index 
calculation .  At  each size interval , the outgoing product mass minus the mass of fines i s  
compared to the incomi ng mass of droplets. This new analysis i s  referred to as the h 
efficiency, 9,. 
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In this  method a difference curve is produced by removing all the fine particles from the 
product and comparing this to the spray input to the drier. The difference c urves are 
defined by the 

h 
distribution function which is dependent on the design of the drier, as 

shown in Figure 6.6; the division by Ps normal i ses the distributions so that, in a 
completely agglomerating system where al l  small s izes (droplets) d isappear to be 
replaced by much larger sizes (agglomerates), the efficiency C;h is equal to 1 .  Efficiency 
is calculated in the same way, by equation (6.20) where the g distribution is  replaced by 
the h di stribution. 
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Table 6.3 compares the new h efficiency w ith the g efficiency for the four small scale 
experiments and the i ndustrial s i tuation. The h efficiency better differentiates between 
the smal l scale experiments so that it is c learer which experiments exhibit 
agglomeration (3 and 4) and which conditions result in no agglomeration ( l  and 2). 
Thi s  h effic iency is used when discussing the results of the experimental programme 
carried out at small scale (Chapter 7 )  and for the pilot scale study (Chapter 8) .  
Although the �h values for the small  scale experiments are stil l  much lower than 
experienced in the i ndustrial drier, the following chapters, specifically Chapter 8, 
demonstrate that some agglomeration does occur on the small scale. 

Table 6.3: Comparison of the g and h agglomeration efficiencies. 

Trial 

2 
3 
4 

Industry 

6.6 Chapter Conclusions 

g 
0.005 
0.040 
0.025 
0. 1 1  

0. 1 48 

S efficiency 
h 

0.000 
0.00 1  
0 . 1 69 
0.099 
0.635 

Agglomeration i n  spray driers is a rapid process and it is not possible to s imply measure 
i ts progress with time. Instead, the extent of agglomeration m ust be determined using 
an index that relates the fines recycle and spray streams to the agglomerated powder. 
Thi s  chapter has reviewed a number of i ndices and proposes two new indices. The AF 
was found to be an unsuitable agglomeration index for mi lk  powders because it 
measures internal surface area, which is not important for agglomeration which occurs 
at the external surfaces. The AP may be suitable because the ratio of mean sizes is  
sensiti ve to differences between the fines and the agglomerated product but  i t  ignores 
the spray droplet size. 

The i ndices proposed in this work, the DoA, �g, and �h include the spray droplet size, 
and can distinguish between the type and the extent of agglomeration, and are i nclusive 
of al l three streams in the process. DoA is insensitive to the shape of the size 
distribution and so � is the preferred index because it interprets change across the entire 
PSD whatever i ts shape. The agglomeration efficiency, (g, was modified to (h to 
remove obscuration of agglomeration by fines. Essentially the fines di stribution is  
subtracted from the agglomerated product distribution. It therefore examines the 
transformation that occurs between the spray and the product, yet does not lose the fines 
i nformation. This  so called h efficiency is derived from the industrial situation and 
allows for better comparison between scales. 
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CH APTER 7 

RESULTS AND DISCUSSION OF SMALL SCALE 

EXPERIMENTS 

This chapter reports the agglomeration studies conducted on the small scale Niro drier, 
as described in Chapter 5 .  Several different areas are d i scussed including the natural 
agglomeration that occurs even without fines addition, the preliminary experiments that 
determine the agglomeration performance, and i ncremental design i mprovements to 
address factors affecting the agglomeration. The performance of the improved design i s  
then discussed relative to  the fines and spray flux ratio. This work then leads into an 
experimental study on a l arger pilot scale drier. 

7.1 Natural Agglomeration without a Powder Curtain 

During spray drying, natural agglomeration occurs due to droplet-droplet coll isions 
even without a powder curtain (Chapter 2). Collisions between droplets wil l  depend on 
droplet s ize, velocity, number density and flux.  However, these are not independently 
control lable but are affected by three operating parameters, solids concentration, mi lk  
concentrate flow rate, and atomisation pressure. To determine the extent of  natural 
agglomeration in the modified small scale drier, a series of experiments was conducted 
according to Table S . l O  in §S .4. 1 ,  which is repeated here as Table 7 . 1 for ease of 
interpretation of results. Variables held constant inc lude the flow rate of air into the 
drier, the temperature of i nlet air ( 1 9S°C), and the temperature of concentrate (SO°C) .  

Table 7 . 1 :  Design matrix for natural agglomeration u sing reconstituted ISMP A.  
Experiment Concentrate Flow rate Total Solids Atomisation Pressure 

Units ( kg h-I) (wt % )  (bar) 
S I  2 4 1  2 .5 
S2 1 .5 
S3 2 .5 
S4 1 .5 
SS 2.5 
S6 1 .5 
S7 2.5 
S8 1 .5 
S9 2 

The effect these three parameters have on the Sauter mean particle size of the dried 
droplet i s  shown in Figure 7 .  I .  Increasing atomisation pressure decreased droplet size 
but increasing solids concentration increased dried droplet size; however concentrate 
flow rate had very l i ttle effect. The statistical software Minitab™ (v 1 4. 1 )  was used to 
generate the main effects plot  in  Figure 7 .2 and shows the same trends as Figure 7 . 1 .  
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Figure 7.2: Plot showing the effect of total sol ids, atomisation pressure and concentrate 
flow rate on particle size, 03,2 . 

A key indicator of agglomeration is particle morphology which can be observed a 
number of ways. Here scanning electron microscopy (SEM) plots are shown below in 
Figure 7 .3 for S2 and in Figure 7 .4 for SS .  These depict mi lk  powder particles produced 
from drying spray droplets. The particles are mostly spherical in  shape w ith some 
puckered surfaces. Very l i tt le or no bonding between particles indicates that l ittle 
natural agglomeration had occurred between droplets. Thi s  finding is s ignificant for 
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later agglomeration studies when a powder curtain was included. The analysis methods 
presented in Chapter 6 determine agglomeration b ased on the difference between the 
size distributions for dried droplets with and without the presence of a fines curtain .  

a) b)  
Figure 7 .3 :  SEMs of a)  S2 at  SOO x magnification b) S2 at  1 000 x magnification. 

b)  
Figure 7 .4: SEMs of a)  SS at  SOO x magnification b) SS at  1 000 x magnification. 

Figure 7.S compares the particle size distributions (PSD) for each experiment. The 
wider and larger size distributions are observed for experiments SS and S6 which were 
obtained by atomising 47 wt% concentrate del i vered at 2 kg h- ' . The geometric 
standard deviation can be used as an indicator of the width or span of a log-normal 
distribution. I t  can be determined by dividing the particle size at the 84. 1 4% probabi l i ty 
by the mass median particle diameter. 

S = DS4 1 4% 
g DSO% 

(7. 1 ) 

where Sg = geometric standard deviation [-] ,  D50 = m ass median partic le diameter [ f..\ m ] ,  
DUJ4 = diameter of the particle that is  equal to or less than 84. 1 4% of the particles 
present [f..\ m ] .  Figure 7.6 shows that total solids (TS) has the largest effect on the span 
of the distribution when; higher solids concentrations the geometric standard devi ation 
is  h igher. The geometric standard deviation also i ncreases with increasing concentrate 
flow rate, and decreases with increasing atomisation pressure. 
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Figure 7.5 : Comparing particle size distributions for experiments S I to S9. 
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Figure 7.6: Effect of atomisation pressure (bar), total solids (wt % )  and concentrate flow 
rate (kg h- I ) on the geometric standard deviation. 

Figure 7.7 shows the relationship between bulk densi ty and atomisation pressure for 
concentrates with different total solids and concentrate flow rates. The main effects plot 
in Figure 7.8 shows that bulk density decreases with an increasing atomisation pressure 
but increases as total solids increases. These are the same trends as observed in Figure 
7 . 1 for mean particle size, which indicates that the mean particle s ize of an 
agglomerated powder may be related to its bulk density. 
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Figure 7 .8 :  Effect of atomisation pressure (bar), concentrate flow rate (kg h- I ) and total 
solids (wt%) on bulk density. 

Nijdam and Langrish (2005) found that reducing the drying temperature from 200°C to 
1 20°C, decreased the mean particle size of a powder and resulted in an increase in bulk 
density which agrees with the findings of B uma ( 1 97 1 ). Pisecky ( 1 997) suggested that 
the particle porosity is  more important than particle size when controll ing bulk density.  
Figure 7.9 indicates that drying milk concentrate at one i nlet air temperature ( 1 95°C), 
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bulk density increased with powder partic le size and more concentrated milks produce 
larger and denser powder particles when the drier is operated in spray only mode. 
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Figure 7 .9 :  B ulk density vs. mean particle size for different spraying conditions . 
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Product yield is the percentage of solids collected at the cyclone compared to the 
amount sprayed into the drier. The flat spray meant that droplets adhered onto the 
opposite wall resulti ng in low yields of - 40% (Figure 7 .  1 0) .  I t  is difficult to predict 
how this low yield affects the particle size and results must be interpreted with th is in 
mind. 

1 00% �----------------------------------------------�======�1 

80% 

-
(,) il 40% 
o ... a.. 

20% 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

• • 

• 

.. 
• 
C • 

• 

• 

.41% 2 kg/h 

. 41% 1 .7 kg/h 

.. 4 1  % 1 .4 kg/h 

<> 47% 2 kg/h 

0 47% 1 .4 kg/h 

t. 44% 1 .7 kg/h 

• o 
• 
• 

O%+---------�--------._--------._--------�--------�--------� 
o 0.5 1 .5 2 2.5 3 

Atomisation pressure (bar) 

Figure 7 . 1 0: Product yield vs. atomisation pressure for different spraying conditions. 
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Natural agglomeration is not only affected by the col l ision rate but a lso by the adhesion 
efficiency, which is determined by the surface stickiness of droplets. Adhikari et al .  
(2003b) and Adhikari et al . (2005) use a dimension less t ime IIf to determine the degree 
of difficulty for a drop to enter the safe drying regime. The dimensionless time i s  a 
ratio of the t ime required to enter the safe drying regime to the time needed to reach the 
final moisture content. When IIf > I the drop is not i n  the safe regime, and when IIf < I 
the droplet i s  i n  the safe regime so that IIf = I i s  the cut off point for safe drying. This 
safe dry ing regime is  determined by the time required to dry the droplet so that the 
surface stickiness is low enough that product wi l l  not adhere to the drier wal ls .  

Ozmen and Langrish (2003a) state that wal l  deposition is  determined by whether the 
particles approach the wal ls  and they stick to the walls .  In these experiments, despite 
the natural swirl of the inlet air, the nozzle is mounted to give a horizontal spray. This 
means that droplets are transported towards the opposite drier wal l .  The fact that - 60% 
adhere to the wall indicates that droplets are both transported to the wal l s  and are 
relatively sticky. In addition, IIf can also be related to the practical l evel of difficulty i n  
spray drying, which can be interpreted a s  product yield.  

This approach has been used by several authors Truong (2005b) and B handari et al .  
( 1 997) to indicate spray drying performance and Bhandari et al . ( 1 997) defined 50% 
recovery as marginal ly successful in a pi lot scale spray drier. Using the defini tion of IIf 
= I when recovery is 50%, a yield above 50% indicates successful drying and below i s  
considered marginall y  successfu l .  The spray trials average yield indicates unsuccessful 
spray drying. The smal l  particle s ize means adherence to the walls wil l  occur by 
mechanisms other than stickiness, e .g.  deposi tion, electrostatics. However, when the 
curtain momentum flow of fines and air is i ntroduced, the l ikel ihood droplets adhere to 
the opposite wall is expected to reduce because the spray wil l  be directed downwards 
and away from the wall by the fines stream. This i s  expected that product yield should 
increase to above 50% thus achieving successful drying. 

7.2 Preliminary Experiments using a Powder Curtain 

Forced agglomeration involved the i mpact of a curtain of fine particles and a sheet of 
spray droplets using the small scale equipment designed in Chapter 5 .  The prel iminary 
experiments were designed to determine the agglomeration performance of the drier and 
the conditions required to i mprove droplet - partic le impact. Prel iminary experiments 
focussed on several key areas to assess agglomeration performance; the position of the 
nozzle rel ative to the fines curtain (P I and P2), and manipulation of operating 
parameters (P3 to PS ) .  Experiment P6 aimed to  improve the probabi lity of  droplet -
particle impact. The operating conditions used to perform these experiments and 
resul t ing agglomeration effic iencies have been included in Table 7 .2 .  

In  experiment PI  the nozzle was placed 50 mm from the front of the powder curtain .  
However, as the thickness of the powder curtain was changed, the front edge of the 
powder curtain also varied between experiments to maintain consistency, subsequent 
experiments placed the nozzle 50 m m  from the centre of the curtain which provided 
better overlap (as discussed in §5 .3 .2 ) .  Experiment P2 also showed that moving the 
nozzle I S  mm closer to the curtain had l i ttle effect on �h. 
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Experiments P3, P4 and PS were carried out to investigate the effect of operating  
variables on  the agglomerated product (see Table 7 . 2) .  �h i ncreases with each set of 
changes and indicates that Experiment PS exhibits the most agglomeration . The particle 
size distributions of the dried droplets, fines curtain are included in Figure 7 . 1 1 . 
However, the PSD of the agglomerates does not demonstrate the shift observed 
industrially (§6.4) and �h indicates much lower levels of agglomeration than calculated 
for industrial powders. 

Table 7 . 2 :  Agglomeration index results for Erel iminary eXEeriments. 
Ex� S F Dr,4,3 TS p D FS N 5J: Sh 
U nits (kg h·l) (kg h·l) (l!m) (wt % )  (bar) (mm) (mm) 
P I  2 .0 1 .0 30 42 .3 1 .5 30 N 65 0. 1 08 0. 1 1 8  
P2 2 . 1 1 . 1  30 40.9 1 . 5 30 N 50 0.092 0. 1 1 7 
P3 2 . 1 2 . 1 58 .8 47.5 2 .5 1 0  N 50 0.0 1 1 0.099 
P4 1 .4 1 .0 30 4 1 .2 2 . 5  30 N 50 0.023 0. 1 69 
P5 2 . 1 2 .0 30 4 1 .3 1 .5 30 N 50 0.0 1 8  0. 1 84 
P6 1 .4 1 . 1  30 4 1 .6 2 . 5  30 Y 50 0.025 0. 1 75 

S = concentrate spray flow rate, F = fines flow rate, Or.4.3= volume weighted mean particle size of fines, 

-

TS = total sol ids of concentrate, P = atomisation pressure, 0 = curtain depth, FS = fines shroud, 
N = nozzle distance from centre of curtain, �g = agglomeration efficiency, 

�h = efficiency excluding fines from product. 
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Figure 7 . 1 1 : Comparing the weighted PSDs for PS . 

It was observed that fines were dispersed by the drying air flow after entering the top of 
the drier, thus reducing the concentration of fines at the point of i mpact with the spray. 
The curtain distributor or 'chute ' was modified to shroud the fines from the drying air as 
close to the spray interaction zone as possible. Experiment P6 was carried out by 
reducing the distance between the fines entrance and the spray zone from 80 mm to 2S 
mm (as discussed in §S .2. 2) .  The experimental conditions are identical to those used for 
P4, the highest agglomerating case of the prel iminary experiments (when assessing 
agglomeration using the g efficiency). 
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As discussed i n  Chapter 6, the Sg agglomeration index was originally assessed to be the 
best to determine agglomeration performance, however, the later development of the Sh 
proved to be a better method and wil l  be used i n  all future assessments of agglomeration 
performance. No discernable difference was observed in agglomeration performance; 
the Sg i ncreased marginally from 0.023 to 0.025 and Sh increased from 0. 1 69 to 0. 1 75 .  
The section below addresses the design improvements that were required to i mprove the 
agglomeration performance of the smal l scale equipment. 

7.3 Improving the Design 

The preliminary experiments identified that the ini tial small scale equipment design did 
not appear to agglomerate to the extent exhibited industrially .  The experimental 
programme carried out in this section aimed to improve the equipment design and 
increase agglomeration. This  programme is outlined in §5 .4 .3 and is  represented by 
tria ls  D l  - 8. These experiments are described below in a chronological order stages 1 
to 4 following: 

• Stage J - Experiments D 1 to D5, where the design issues below are discussed: 
1 .  Fines dispersion 
2 .  Droplet d ispersion and stickiness 
3 .  Agglomerate breakdown 

• Stage 2 - Experiment D6 is treated separately because i t  considers the previous 
design alterations and aims to optimise agglomeration. 

• Stage 3 - Experiments D7 and D8, the operating conditions of previous trials are 
discussed with respect to the h efficiency and D7 - 8 represent one 
further permutation of the design configuration. 

• Stage 4 - Experiment U I ,  where the self-cleaning two-fluid nozzle w as replaced 
by an u l trasonic nozzle .  

7 .3.1 Stage 1 - Experiments D 1  to D5 

A series of design improvements were carried out. The four main areas are investigated 
here and indicated on Figure 7 . 1 2 : 

I .  Fines dispersion 
2 .  Droplet d ispersion and stickiness 
3. Agglomerate breakdown 
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1 

2 

3 

v-
Figure 7 . 1 2 : Schematic of smalI scale drier indicating improvement points. 

Fines Dispersion (DJ & D2) 

Experiments D I and D2 quali tatively observed the shape of the fines curtain .  D I 
observed the curtain with no spray or atomising air but with cool drying air. Figure 
7 . 1 3  is a representation of what was observed and shows the fines curtain dispersing.  
The curtain remained i ntact for the first I cm i nto the drier. After this point the fines 
were pul led away from the curtain and dispersed by the drying air and at 3 cm from the 
entrance into the drier the curtain has disappeared entirely. The fines in the centre of 
the curtain are the last to be dispersed. This  meant that when the spray hit the fines 
curtain 2.5 cm below the entrance the number concentration of fines was very low. 
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Figure 7 . 1 3 : Experiment D l  showing dispersion of fines. 
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To reduce the dispersion of the fines by the drying air and to maintain a high particle 
concentration in the col l is ion zone, deflector wings were attached. Experiment D2a, run 
under the same conditions, demonstrates that the deflector preserves the curtain shape 
past the point where the spray sheet would contact the fines (Figure 7 . 1 4) .  This  i mplies 
that most of the fines pass through the coll is ion zone. Experiment D2b includes 
atomising air at 1 .5 bar, but no spray droplets. Here, the shape of the powder curtain 
changes and particles are transported towards the wal l (Figure 7 . 1 5) .  Therefore the 
benefit of the deflector w ings in the presence of atomising air is uncertain .  

Figure 7 . 1 4 : Fines curtain shape with no atomiser a ir  (D2a). 

Figure 7 . 1 5 :  Fines curtain shape with 1 .5 bar atomiser air (D2b). 

Droplet Dispersion and Stickiness (D3) 

The two-fluid nozzle used in thi s  study affects the dispers ion and stickiness of droplets. 
Dispersion occurs as the atomising air expands from the nozzle and entrains 
surrounding air into the flow stream. Although the flow was turbulent, the droplets 
dispersed away from each other. This d ispersion also affected the particles in the fines 
curtain .  Later, an ultrasonic nozzle was trialled to avoid this dispersion after 
experiments P I  - 6 and D I  - 8 were completed, as discussed in  §7 .3 .4. 

Droplets are dried as they travel through the drying air and their surfaces go through a 
period of stickiness as discussed in  §2 .4 .3 .  Coll id ing droplets wi l l  only adhere to one 
another or other partic les if  they are sticky, which depends on the surface moisture 
content, and temperatures. These properties at the time of impact with fines are 
influenced by nozzle distance from the coll ision zone, solids concentration and the 
drying air temperature. The relative humidi ty of air surrounding the droplets also 
affects the surface stickiness ; therefore spraying water i nto the coll ision zone shou ld  
increase surface stickiness and promote agglomeration. 
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Experiment 03 sprayed water through the two-fluid nozzle with the intention to wet the 
powder in the curtain to make it surface sticky and this  promotes agglomeration. 
Results show that almost no agglomeration occurred (Figure 7 . 1 6) indicated by the 
agglomeration efficiency of 0.006. This trial does not give a conclusive result, because 
either the fines particles were not wetted suffic iently (or became too wet to become 
sticky or, as explained above, the atomising and drying airflows dispersed the droplets 
and fines to such an extend that wetted fines did not col lide with sufficient frequency to 
create agglomerates. 
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Figure 7 . 1 6 : Comparing the weighted PSOs for 03.  

Agglomerate breakdown (D4 and D5) 

It is possible that some agglomerates forming in the drier are subsequently broken down 
in the collection cyclone. Experiment 04 was a repeat of the prel iminary experiment 
P6, without the deflector wings but with the powder col lected before the cyclone using a 
sieve placed in  the bottom of the drier, onto which fal l ing particles were collec ted. The 
sieve was a stack of two s ieves, with a mesh s ize of 45 and 90 I1m, placed in the bottom 
of the cone of the drier. The drying air had to pass through both sieves to exit the drier. 
The air flow rate decreased as the powder bui l t  up on the sieves. Although air flow rate 
was not measured the outlet air  temperature dropped, from 64 DC to 58DC, indicating that 
less inlet air was being heated. 

Figure 7 . 1 7  shows that the cyclone particle size distribution was similar in s ize to the 
sample collected on the 90 I1m sieve although sl ightly smal ler. There could be several 
reasons for this difference, the larger particles may have inertial effects causing them to 
travel closer to the drier wall and are col lected in the cone of the drier before being 
transported to the cyclone through the gaps available between the sieve and the drier 
wal l ,  and/or the particles may agglomeration in the cyclone. The agglomeration indices 
show a high level of agglomeration (Figure 7 . 1 8) g effic iency = 0.045 and h effic iency 
= 0.36 1 .  
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Figure 7 . 1 7 : Comparing the PSDs from the sieves and cyclones for D4. 
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Figure 7 . 1 8 : Comparing the weighted PSDs for D4. 

Differential interference contrast microscopy (DIC) was used to view the product of the 
drier on the 90 !J m sieve, the product of after the cyclone and compare these to the fines 
input into the drier (Figure 7 . l 9(a - f) .  The fines images (a) and (b) indicate clearly 
defined separate particles with some finer particles attached to the surface. The images 
in (c) to (f) clearly identify agglomerates present in the product from the drier and in the 
cyclone. This implies that although the previous experiments were thought to only 
produce coated particles some agglomerates were produced as wel l .  Due to the l arge 

1 39 



Chapter 7 

number of non-agglomerated particles present in  powder sample, the agglomerates 
present are unable to be detected in the particle size distribution. 

Ca) DIe image for D4 fines (b) D Ie image for D4 fines 

(c) DIe image of D4 90 Il m 
(d) DIe image of D4 90 Ilm 

(e) D Ie image of D4 after cyclone (f) DIe i mage of D4 after cyclone 

Figure 7 . 1 9 : D Ie Images for D4 90 Ilm s ieve, after cyc lone and fines. 

Experiment D5 repeated D4 using deflector wings, and the sieve stack was replaced by 
a single sieve supported on a stand so that the drying air flow rate was unaffected. A 
very low yield of 1 0 9 was obtained on the s ieve. The drier product col lected i n  the 
sieve seems to be more agglomerated than the cyclone product (Figure 7 . 20). However 
this sample is a very smal l percentage of the total product so may not be the best 
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representation.  The l arge particles (- I mm)  observed in the PSO are l ikely to be from 
deposits which have built up on the del i very chute and fal len on to the sieve . Also, 
particles less than 1 0  f.lm are more l ikely to follow the air flow into the cyc lone. The g 
and h efficiencies for this  experiment were 0.004 and 0.03 1 respectively .  The sieve 
collector is not a suitable collection method for powder from the drier and as no 
agglomeration breakdown was observed in  the cyclone, this  mode of collection was 
used without sieves in  latter experiments. 
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Figure 7 . 20: Comparison of PSOs for cyclone and sieve powders for 05.  
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Figure 7 .2 1 :  Comparing the weighted PSOs for 05. 
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7.3.2 Stage 2 - Experiment D6 

The knowledge gained from previous experiments is used to optimise agglomeration 
performance. Relevant l i terature was also used to determine the optimum operating 
conditions to promote agglomeration. The flux number (FN) concept is discussed in 
Chapter 2 and Boerefijn and Hounslow (2005) use i t  as a guide to determine whether 
granulation or coating occurs in fluidised beds. Thi s  approach indicates that at high 
sol ids to spray ratio there is a boundary between granulation and coating. This  is s imilar 
to the approach discussed by Litster et al . (200 1 )  and Hapgood (2003) which used a 
binder spray flux to understand the influence of spray rate on nucleation.  

Appendix Q calculates that there are more droplets than partic les in  the col l ision zone 
under the current conditions. Increasing the number flow rate of droplets would 
increase the area of the wetted particle surface. The atomiser air affects the trajectory of 
the curtain particles as well as dispersing the particles and droplets in the coll i sion zone. 
Schel l ing and Reh ( 1 999) found that increasing atomising air flow rate has l i ttle effect 
on air entrainment into the spray but would contribute towards increasing the overall 
spray velocity .  I t  is this high induced air flow rate surrounding the spray which may 
contribute to the dispersion of fine particles in the coll ision zone. It may be necessary 
to reduce the velocity of the spray while sti l l  atomising effectively if the level of 
turbulence provided by the two-fluid nozzle is too high for agglomerates to survive after 
formation. The experimental work confirmed the importance of increasing the fines 
concentration in the col lision zone (P6) .  Collecting powder at the base of the drier was 
necessary to establish that attrition in the cyc lone was minimal. 

Col l isions occur between droplets and particles in the col l i sion zone to produce wetted 
particles which also collide. The veloci ty of these subsequent coll isions must be low 
enough to prevent rebound. The droplet should also be ticky enough to ensure the 
formation of l iquid bridges between particles. The use of Stokes' law to determine the 
likel ihood of coalescence is discussed in §2 .5 . 1 .  This  approach was used to determine 
the maximum col li sion velocity, 3 .9 m s- I . The calculations are included in  Appendix Q 
and highlight the importance of reducing the coll ision velocity, maximising the 
thickness of the l iquid layer and increasing the droplet viscosity to ensure coalescence 
and not rebound occurs when two wetted fines particles coll ide. The conditions given 
in Table 7 . 3  were deduced to optimise agglomeration based on the prel iminary 
experiments P I  - 6 and the design improvement tri als 0 1  - 5 .  These calculated optimal 
conditions were used in experiment 06. However, the results show very l i ttle change 
was observed between the agglomerates, curtain and spray particle size distributions 
(Figure 7 .22) .  The agglomeration efficiency improved marginally to g efficiency = 
0.0 1 3  and h efficiency = 0.058. 
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Table 7 . 3 :  Conditions to optimise agglomeration. 
Variable 
Concentrate Flow rate 
Total Solids 
Atomisation Pressure 
Fines Particle Size D4.3 
Fines Flow rate 
Curtain Depth 

Units Level 
(kg h-') 2 

(%) 47 
(bar) 1 .5 
( �m ) 30 

(kg h-I ) I 
(mm) 1 0  
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Figure 7.22:  Comparing the weighted PSDs for D6. 

7.3.3 Stage 3 - Experiments D7 and D8 

1 000 1 0000 

Thi s  section discusses the results of Stage I (experiments D I  - 5) and 2 (experiment D6) 
and uses �h to determine the optimum design for studying forced agglomeration on a 
small scale drier. Chapter 6 introduced the h efficiency as a better way to assess 
agglomeration performance. Thi s  h efficiency was developed fol lowing a pilot scale 
study and is  based on the industrial si tuation where fines are recycled and so the extent 
of agglomeration needs to be defined in terms of changes experienced between the 
product and the spray. As discussed later in Chapter 8, although the small scale 
experiments have a low level of agglomeration observed in experiments P I  to P6 and 
D 1 to D6, these effic iencies compare with those observed on a pilot scale drier which is  
discussed further in Chapter 8 .  The g and h efficiencies are compared for a l l  smal l scale 
experiments in Table 7.4. The operating conditions have been included. 

The effic ienc ies show that i ncreasing the fines concentration increased agglomeration 
(by comparing P4 and P6) this was enhanced further by using a sieve col lector to 
sample the product directl y from the drier (D4). The DS operating conditions resulted 
in the lowest level of agglomeration. This  experiment repeated the operating conditions 
used for experiment D4 and used the deflector wings to further reduce fines dispersion. 
This low level of agglomeration m ay have been due to the build up of droplets on the 
opposite deflector. Subsequently, the length of thi s  was reduced by 1 5  mm for further 
trials .  Experiments P4, PS , P6 and D4 all show high levels of agglomeration at small 
particle sizes, low total sol ids and wi thout the deflector wings. 
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Table 7.4: Comparing all small scale experiments with g and h efficiency.  
Ex(! S F Dr,4,J TS p D FS se w 5& Sh 
Unit (kg h·l) (f:!m) (wt%)  (bar) (mm) 
P I  2.0 1 .0 30 42.3 1 .5 30 No No No 0. 1 08 0. 1 1 8  
P2 2 . 1 1 . 1  30 40.9 1 .5 30 No No No 0.092 0 . 1 1 7  
P3 2 . 1 2 . 1  58 .8  47.5 2.5 1 0  No No No 0.0 1 1 0.099 
P4 l A  1 .0 30 4 1 .2 2.5 30 No No No 0.023 0. 1 69 
P5 2 . 1  2 .0 30 4 1 .3 1 .5 30 No No No 0 .0 1 8  0 . 1 84 
P6 l A  1 . 1  30 4 1 .6 2.5 30 Yes No No 0.025 0 . 1 75 
0 1  1 .2 25 30 30 Yes No No 
02a 1 .2 25 30 1 .5 30 Yes No Yes 
02b 1 .2 25 30 2.5 30 Yes No Yes 
03 l A  1 .2 30 0.0 1 .5 30 Yes No No 0 .006 0.006 
04 l A  1 . 1  30 4 1 .7 2.5 30 Yes Yes No 0.045 0.36 1 
05 l A  1 . 1 30 4 1 .6 2.5 30 Yes Yes Yes 0 .004 0 .03 1 
06 2 . 1 1 . 1  20 47.3 1 . 5 1 0  Yes No Ye 0.0 1 3  0.058 
07 l A  1 . 1  30 4 1 .5 2.5 30 Yes No No 0.023 0 . 1 78 
08 l A  1 .2 30 4 1 .6 2.5 30 Yes No Yes 0.028 0.236 
U I  l A  1 .0 30 4 1 .4 30 Yes No No 0.002 0.002 

S = concentrate spray flow rate, F = fines flow rate, Df.4.3= volume weighted mean particle size of fines, 
TS = total solids of concentrate, P = atomisation pressure, D = curtain depth, FS = fines shroud, Nozzle 

distance from centre of curtain = 65 mm (for P I )  and 50 mm for all other experiments, W = deflector 
wings, SC = sieve collector, �g = agglomeration efficiency, �h = efficiency excluding fines from product . .  

The fines to spray mass fl ux ratio (discussed in  § 2 .S )  shown in  Figure 7 . 23 for those 
experiments using small fines and low total sol ids concentrate, a l i near re lationship 
between the fines to spray fl ux ratio and the h effic iency. The two outliers do not 
follow this trend and these data points re late to the experiments where the sieve 
collector was used (04 and 05) .  The two configurations of the sieve col lector either 
blocked the exhaust which reduced the drying air flow rate (04) or was ineffective at 
collecting a sufficient amount of product (05) .  These two outlier data points are 
omitted from further discussions. 
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Figure 7 . 23 :  Mass Flux Ratio vs. h efficiency for small fines and low TS at small scale. 
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Figure 7 .24 shows that D7 (same conditions as D4 without the sieve collector), has the 
same relationship. Experiment D8 repeated the conditions used in D7 (including 
deflector wings) and had a s l ightly increased agglomeration efficiency. The build-up of 
spray on the deflector wings reduced drier running time and decreased air/spray mixing 
meant the w ings were not i deal . The equipment used to perform D7 was found to be the 
optimum design and was used in all further experimentation . 
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Figure 7 .24: Mass flux ratio vs. h efficiency for small fines and low total sol ids 

7.3.4 Stage 4 - Experiment U I  

1 .0 

An ultrasonic nozzle was sourced to reduce the veloci ty of the spray. By el iminating 
the atomising air (see §7 .3 . 1 ) . This  nozzle was found to atomise concentrate at the low 
flow rates required and did not foul or block easi ly during running unl ike the two-fluid 
nozzle. The ultrasonic nozzle required a narrow power range to product an effective 
spray at a particular flow rate. Once this was achieved it was very difficult to collect 
enough powder to perform the required tests for the spray only case (- 200 g) as a low 
yield of only 1 5  g per hour was achieved. The narrow spray pattern when atomising 
concentrate (significantly n arrower than when atomising water) resul ted in few fines 
particles being contacted by the spray droplets and the momentum difference between 
particles and droplets means it is unl ikely that effective agglomeration occurred. In the 
assessment of agglomeration  performance, the droplet s ize of the spray was ignored 
since such a small amount of the spray product could be collected. An agglomeration 
efficiency of 0.002 was obtained and as the figure below demonstrates there was no 
change observed between the fines and agglomerate particle size distributions. 
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Figure 7 .25 :  Comparing weighted PSDs for U I  - ultrasonic nozzle. 

7.4 Forced Agglomeration Yield 

Product yield was - 40 % for the natural agglomeration trials presented earlier, which is  
lower than the 50 % figure suggested by Bhandari et al . ( 1 997) to indicate successful 
drying and below this yield is considered marginal ly successfu l .  Figure 7 . 26 shows 
the yield for the forced agglomeration experiments from both the pre l iminary and 
design improvement experiments. This  demonstrates that experiments with a powder 
curtain generally have yields that are higher than 50% which are also higher than the 
product yields from the spray-only, natural agglomeration experiments. Also, it i s  clear 
that spray drying milk concentrate at lower sol ids concentrations is more successful and 
produces higher yields. 
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Figure 7 .26: Product yield vs .  total sol ids at several concentrate flow rates. 

7.S Forced Agglomeration Results 

The final forced agglomeration experiments study the additional effect of fines to spray 
flux ratio and fines particle size on agglomeration efficiency. These were necessary to 
demonstrate the effect of two important variables on agglomeration efficiency usi ng the 
optimised design . Experiment A I had lower fines to spray mass fl ux ratio than previous 
experiments. Figure 7 .27 shows that it l ies on the same trend l ine as other experiments 
that had low total solids concentrate and small fines size (D4,3 - 30 Ilm). Experiment 
A2 had identical operating conditions to experiment A I ,  but with larger fines (D4,3 -
58 .8  Ilm).  Figure 7 .27 shows that this  gave a higher agglomeration efficiency when 
spraying low total solids concentrate. These resu l ts are compared to the pilot scale 
experimental results in §8 .4. 

Table 7.5: Experimental results for final agglomeration experiments. 
Exp S F Dr,4,3 TS p D FS se w Sg Sh 
Unit (kg h't) (J.lm) (wt O/O)  (bar) (mm) 
A l  2 . 1  0.8 30 42 2.5 30 Yes No No 0.027 0 .098 
A2 2.0 0.8 58 . 8  4 1  2.5 30 Yes No No 0.053 0 .207 

S = concentrate spray flow rate, F = fines flow rate, Df.4.3= volume weighted mean particle size of fines, 
TS = total solids of concentrate, P = atomisation pressure, 0 = curtain depth, FS = fines shroud, N ozzle 
distance from centre of curtain = 50 mm, W = deflector wings, se = sieve collector, �g = agglomeration 

efficiency, �h = efficiency excluding fines from product. 
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Figure 7 .27:  Mass flux ratio vs. h efficiency comparing low TS, small fines with final 
agglomeration experiments (A 1 and A2).  

7.6 Chapter Conclusions 

Thi s  chapter investigated natural (without a fines curtain) and forced agglomeration 
(with a fines curtain) in a modified small scale Niro spray drier. The study of natural 
agglomeration identified a l ink between the particle size and bulk density of the product 
and observed that l ittle natural agglomeration occurred between spray droplets in the 
smal l scale drier. The product yield was found to be unacceptably low (-40%) due to 
adhesion of spray droplets to the drying chamber wal l .  Product yield for the forced 
agglomeration experiments was found to be acceptable (> 50%) due to introduction of 
the fines curtain to collect spray droplets. 

A series of prel iminary experiments found that the agglomeration performance of the 
modified spray drier was lower than expected when del i vering a fines curtain .  A 
subsequent study optimised the equipment design by considering three key issues ; fines 
dispersion, droplet d ispersion and stickiness, and agglomerate breakdown. Deflector 
wings were designed to i mprove the fines curtain shape and reduce fines dispersion in  
the col l ision zone but  were rejected because they reduced run times due to  accumulation 
of deposi ts. A sieve col lector was used to determine that agglomerate breakdown in  the 
cyclone was minimal and was afterwards removed because as powder accumulated on 
the sieves the drying air flow rate decreased. An ul trasonic nozzle was trialled to 
e l iminate droplet d ispersion ; however, i ts spray veloci ty was too low to promote 
coll i sions between droplets and particles. Further experiments then studied 
agglomeration at low fines to spray mass flux ratios and showed that increasing the 
fines size had a positive effect on agglomeration efficiency, ';h . Chapter 8 detai l s  the 
pilot scale study where the agglomeration efficiency is studied as a function of 
operating variables. The results at both scales are then compared and discussed with 
respect the relevant mechanisms of agglomeration. 
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CHAPTER 8 

PILOT SCALE EXPERIMENTS 

Chapter 7 concludes that small scale experiments design improvements enhanced 
agglomeration . It established that agglomeration performance on a small scale is much 
lower than in industry. The reason is  not known but  may relate to  scale or to  the mode 
of operation: the small scale trials had one pass of the fines powder through the spray 
zone whereas industrial scale operates with recycle. Here pi lot scale agglomeration i s  
studied as a function of operating parameters in  both single pass and recyc le operating 
modes. Three stages of pi lot scale investigations were conducted: base case trial s, 
production of fines and the experimental program. The base case trials establ ished the 
operating ranges for the experimental study. Fines were needed for the sensitivity 
analysis conducted in the experimental programs. Each of these i s  discussed in  the 
sections below. 

8.1 Base Case Trials 

The purpose of these base case investigates was to determine the extent of 
agglomeration when operating at standard conditions .  The IFB drier at Fonterra 
Palmerston North was used (see §3 .3 . 1 ) . The drying runs are detailed below and relate 
to the running conditions included in Table 8 . 1 .  The only differences between the runs 
concern the del ivery and col lection of the fines stream. 

1 .  Base Case 1 Recycle fines and col lect product from the drier (see Figure 8. 1 ). 
2 . Base Case 2 Eliminate fines recycle and collect from the cyc lone (to estimate 

fines flow rate ) and the drier (to find the spray only product) ( ee Figure 8 .2) .  
3 . Base Case 3 Del iver fines remotely and collect from the cyclone and drier to 

simulate a one pass agglomeration experiment (see Figure 8. 3) 

In order to conduct BC 3,  a reliable fines metering system was needed.  This  I S  
addressed below, after which the results are discussed. 

Cone 
Run Flow 

Rate 
Units (L hol) 
BC 1 1 3 1  
BC 1 29 2a/b 

BC 3 1 1 4 

Table 8. 1 :  Runn ing conditions for base case trials. 

Cone Inlet Outlet Cone Cone 
Pressure Air Air Temp density Tem� Tem� 

(kPa) 
(

0C) 
(

0C ) 
(

0C) ( kg m°:!) 
1 4 1  1 97 94 68.6 1 207 

1 40 1 97. 1 95 .3 69.7 1 205 

1 4 1  1 97 96.7 69 .8 1 205 

Viscosity 
@ 

1 000 sol 

(mPa s) 
46.5 

49 .5  

54.4 

Total 
Solids 

( % )  
48.0 

48.0 

49.0 
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8. 1 . 1  Calibration o f  Solids Feeder 

Pilot Scale Experiments 

The fines flow rate is a required experimental variable and Figure 8 . 3  shows a solids 
hopper and rotary value (4 vanes), which drops the powder into the blow line to deliver 
fines remotely to the drier. The solids feeder system was calibrated us ing standard skim 
milk powder produced on the IFB drier with a volume weighted mean particle size ,  D4,3, 
of 70.5 )lm. Figure 8.4 shows that the cal ibration for the solids feeder is l inear and 
demonstrates that the current rotary valve can deliver a high powder flow rate. Air 
pulsing (25 p . s . i . )  was used to aid powder flow from the solids hopper to the rotary 
valve, however, at low flows bridging occurred and a mallet was needed to vibrate the 
section before the rotary valve. As fines recycle  rates were - 35 kg h- I , which is at the 
low end of this calibration curve, later work required finer adj ustment at the low end of 
the range and so the rotary valve was al tered as discussed in §8 .3 . 1 .  

400 

350 

� 300 
J: 
Cl 
� 250 
Q.) 
i; ... 
� 200 
0 

ii: 
... 1 50 Q.) 

" 
� 
0 

1 00 c.. 

50 

0 
0 5 1 0  1 5  

Rotary Valve Speed (Hz) 
20 

Figure 8.4: Calibration of solids feeder powder flow rate vs. rotary valve speed. 

8.1 . 2  Product and Fines Properties 

25 

BC I has the drier operating in recycle mode. BC 2a and b have the drier operating i n  
spray only mode where the powder i s  collected both a t  the drier outlet  and the cyclone 
(at a rate of -34 kg h- I ) .  BC3 has the drier operating in single pass mode where fines 
are metered into the drier from a hopper (at a rate of 50 kg h- I which is the lowest 
controllable delivery rate achievable using the 4 vane rotary valve) and col lected at both 
the drier outlet and cyclone. The larger total mass flow of BC 3 in Figure 8.5 is due to 
the addition of fines. Figure 8.6 shows the rate of mass loss from the solids feeder 
hopper as recorded by the load cel l .  This shows that solids are being fed consistently at 
the calibrated rate of - 50 kg h - I (0.0 1 4 1  kg s - I ) .  From these prel iminary trials, a fines 
addition rates of 35 kg h- I was selected as the mid point for the experimental program i n  
§8 .3 ;  2 0  k g  h- I and 5 0  k g  h- I were selected as the low and high levels about the 
midpoint .  The size distributions from BC 2a Cyclone and BC 2b Cyclone (which 
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represent the fines) are included below (Figure 8.7) and have volume weighted mean 
sizes of 53 .5 and 52.6 /lm respectively .  As the fines were needed for l ater 
agglomeration e xperiment and so the above information is crucial for planning the mass 
of fines that need to be produced at each size (see §8 .2) .  The mean particle sizes, 
particle and bulk densities are l isted in Table 8 .3 .  

Table 8 .2 :  Flow rate measurements taken for BCs 1 to 3 .  
Drier Cyclone Total 

Run Rep Mass Time Flow Mass Time Flow Flow 
(kg) (s) (kg h·l ) (kg) (s) ( kg h-I ) (kg h-I ) 

BC 1 1 6.295 300 75 .5 
2 6.245 300 74.9 
3 6.04 300 72.5 
4 6.0 1 5  300 72.2 

Average 73 .8 73 .8 
BC 2a I 2.72 300 32 .6 1 .885 225 30.2 

2 2.885 300 34.6 1 .77 2 1 0  30.3 
3 2 .585 300 3 1 .0 2.025 225 32.4 

Average 43.0 3 1. 0  74.0 
BC 2b I 3 .3 1 5  3 1 5  37 .9 2.595 2 1 0  44.5 

2 2 .495 300 29.9 1 .565 1 80 3 1 .3 
3 2 .5 300 30.0 2 .455 220 40.2 
4 2.075 240 3 1 . 1  

Average 32.6 36.8 69.4 
BC 3 I 5 . 1 6  300 6 1 .9 2.465 1 80 49 .3 

2 4.855 300 58 .3  2 .63 1 80 52 .6 
3 4.56 300 54.7 2.345 1 80 46.9 

Average 58.3 49 .6 1 07.9 
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Figure 8 .5 :  Drier and cyclone mass flow rates for B C  1 to 3 .  
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Run Particle Bulk Particle Bulk 
D4,3 Density Density D4.3 Density Density 

( 100 taps)  ( 1 00 taps) 
Units (Jlm) (g cm-�) (g cm-3) (Jlm) (g cm-�) (g cm-3) 
BC 1 1 28.5 1 .3 3  0.5 1 
BC 2a 97.0 1 .2 6  0.66 53 .5 1 .3 1  0.66 
BC 2b 9 1 .4 1 . 3 0  0.67 52.6 1 .32 0.7 1 
BC 3 1 1 9.0 1 .2 5  0.57 58.4 1 .34 0.70 
SMP 70.5 1 .2 3  0.64 
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8.1 .3 Pilot Plant Droplet Size Estimation 

As discussed in Chapter 4, droplet size was able to be measured by a range of 
commercial laser diffraction devices. The difficulty with spray sizing is to obtain a 
representative population of droplets from the spray, measurement of a pilot/industrial 
scale nozzle is even more difficult as the high droplet veloci ty and spray density means 
measurements may be inaccurate using standard l aser diffraction measurement systems. 
Malvern have a specialty piece of equipment, the Spraytec system, which can measure 
these sprays, however, this can not be used in situ. 

An implicit method of droplet sizing is  to operate a si ngle spray nozzle within a spray 
drier without any fine powder recycle. The col lected dried droplets can be regarded as 
particles formed without any of the design or operating features that enhance 
agglomeration . This  method is discussed further in §4.6 and was s imilarly used in  the 
small scale study. Table 8.4 includes the shrinkage ratios for droplets dried in the IFB 
drier using the methods of Lin and Chen (2004) and Masters ( 1 979). For BC 2b 
product, the mean particle size was determined by combining the streams from the 
cyclone and the drier. The mean droplet size obtained from this  calculation is  almost 
the same as the standard skim milk powder (SMP) which was used to calibrate the 
solids feeder in §8 .  L l .  From this calculation the mean droplet s ize for the IFB drier can 
be estimated as - 1 00 fl m. Figure 8.8 shows the measured dried droplet distribution for 
BC 2b product and uses the shrinkage ratio calculated using Masters ' approach to 
calculate a droplet size distribution . 
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Figure 8 .8 :  Measured dried droplet & calculated droplet distribution for BC 2b product. 
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8 . 1 .4 Extent of Agglomeration 

Pilot Scale Experiments 

To determine the extent of agglomeration, the outlet streams are compared to the inlet 
streams. This is done differently depen ding on the configuration of the drier. In §6.5 
the h efficiency, (h, is argued to be the best indicator of agglomeration extent. The 
configuration shown in Figure 8.9a) and b) correspond to those in Figure 6.6b) and c) .  
The agglomeration efficiency for Figure 8 .9a) is therefore a comparison of the size 
distributions between streams d and s. The d stream is the powder col lected from the 
drier and the s stream is the spray (on dried droplet basis)  obtained when operating the 
drier under spray only conditions. Under steady tate conditions the flow of the recycle 
stream, c ,  and its size distribution are expected not to change . Section 6.5 shows the 
difference between the distributions ( when weighted to their flow rates) yields a 
measure of the agglomeration . The formulae for the configurations are given by 
equations (6.2 1 )  to (6.24). 

recycle 

c s 

L.....-- d 

f s 

one-pass 

d 

a) pi lot scale agglomeration (BC I )  b) modified i lot scale aoolomeration (BC 3) 

Figure 8 .9 :  Equipment set up for the pilot and modified pilot cale experiments. 

Figure 8 . 1 1  indicates a shift in particle s ize between the fines and agglomerates for the 
pi lot scale recycle experiment (BC I ) ; however this was not observed in the one pass 
trial for BC 3 in Figure 8 . 1 2. It was postulated in Chapter 7 that the agglomerates that 
form when operating a drier under the one-pass design (at either pi lot or small scale) are 
obscured by the fines present in the product and are not detected using the g method for 
the agglomeration efficiency index. To remove some of this obscuration it was 
proposed to remove the influence of the fines by censoring them from the agglomerated 
powder stream to give a better "view" of the agglomerates. This approach is derived 
from the i ndustry situation where the fines are re-circulated in the system and assesses 
the transformation or agglomeration that has occurred from the spray to the product .  
This is referred to as the h efficiency, (h, and is discussed i n  §6.5 .  
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Figure 8. 1 1 : Comparing weighted PSDs  for BC 1 operated in recycle mode. 
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Figure 8. 1 2 : Comparing weighted PSDs for BC 3 operated in one-pass mode. 

Table 8 .5 compares all of the agglomeration indices with the new h efficiency across the 
different processing scales. The small scale and i ndustry scale values are taken from 
Table 6 .2 and Table 7.4.  The h efficiency demonstrates that ISMP A and B C  1 are 
s imilar and D6 and BC 3 are similar. These findings also help us to conclude that the 
experiments carried out at small scale experienced a similar extent of agglomeration as 
observed using the modified pilot scale equipment when operated in one-pass mode, but 
when operated in the recycle mode the pi lot scale drier performed similarly to the 
i ndustrial scale drier. As j ustified (§6.5) the h efficiency is the better indicator of 
agglomeration and wil l  be used in all future comparisons of agglomeration performance. 

Table 8 .5 :  Comparing agglomeration indices with h effic iency. 
Scale 

Reference 
Design 

DoA 
g efficiency 
h efficiency 

AP 

Pilot Scale Small Scale Industry 
BC 1 BC 3 D6 IS MP A 

Recycle One-Pass One-Pass Recycle 
8.28 1 .90 1 .09 1 0.35 

0. 1 55 0.0 1 4  0.0 1 3  0. 1 48 
0.425 0.048 0.058 0.635 
2.25 1 .09 1 .54 0 .84 

*BCs I & 3 refer to the base case pilot plant investigation; 06 is a small scale experiment 
and ISMP A refers to the selected industrial powder 
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8.2 Fines Production 

The more detailed experimental design explained in the next section requires three sizes 
of fine powder and three different flow rates. These are arranged as low medium and 
high about a medium centre point flowrate - 35 kg h- ' and size 53 /Jm.  The 
experimental plan detailed in the next section shows that nearly 300 kg of fines are 
needed. The precise amounts of each size are shown in Table 8 .6 .  It is difficult to 
predict what drying conditions are required to produce the three different sizes. 
Previous experience with the small scale experiments was used as a guide (§5 .2 .3 ) .  
Fines of  various sizes were col lected from the cyclone and the drier. In FP 1 the drier 
was configured in one-pass design (no fines recycle) and in FP 2 the fines were returned 
to the fluid bed to mix with the drier powder. Table 8.7 shows the conditions used to 
produce the fines powder. 

Table 8.6 :  Amount of fines to be produced for agglomeration experiments. 

Size 

(flm) 
30 
30 
50 
70 
70 

Total 

Cone 
Run Flow 

Rate 
Units (L hot) 
FP 1 1 03 
FP2 1 28 

Flow rate Running time 

(kg hot) (h)  
20 1 
50 1 .5 
35 3 
20 I 
50 1 .5 

Amount Mass to 
required produce 

(kg) (kg) 
20 
75 95 
1 05 1 05 
20 
75 95 

295 

Table 8 .7 :  Actual running conditions used to produce fi nes. 

Cone Inlet Outlet Cone Cone Viscosity 

P Air Air Temp density @ TS N 
Temp Temp 1 000 S-I 

(kPa) ( DC) ( DC)  ( DC )  (kg m-:!) (mPa s) % 
220 1 93 96 70 1 209 46.5 48.4 63/20 
1 30 1 96 92 70 1 2 1 8  54.3 50.9 561 1 7  

The mean sizes, particle and bulk densities of the fi ne powders produced are included in 
Table 8.8 and the particle size distributions are included i n  Figure 8 . 1 3 . Although the 
fines produced were larger than the size aimed for, there are sti l l three clear sizes for the 
investigation. The different batches of fines are referred to as smal l ,  medium and l arge 
fines i n  the following sections. 

T bl 8 8  M a e 
. 

I ean Sizes, partlc e an d b  Ik d u f ensltles rom f d mes pro uctlOn. 
Drier Cyclone 

Run Particle Bulk Particle Bulk 
D4,3 Density Density D4,3 Density Density 

( 1 00 taps) ( 100 taps) 
U nits (Jlm) (g cm-3) (g cm-3 ) (Jlm) (g cm-3) (g cm-3) 
FP ] 64.5 1 .25 0.64 35 .3  1 .25 0.64 
FP 2 1 0 1 .4 1 .28 0.57 
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Figure 8. 1 3 : Particle s ize distributions of fines. 

8.3 Agglomeration Experiments 

This section presents a ful l  experimental design about the base case conditions 
presented above. The purpose of these pilot scale experiments was to study the effect of 
spray drying operating parameters on agglomerate properties. The variables selected 
were the operating parameters most l i kely to have an effect on agglomeration 
performance .  The knowledge gained during the small scale study was applied here 
al though some variables are not easy to manipulate on the pilot scale spray drier. 
Unl ike the small scale drier, thi s  plant cannot independently vary the concentrate flow 
rate, droplet size and viscosity of the concentrate. Therefore, altering a si ngle parameter 
may influence several variables. 

8.3. 1 Modification of the Solids Feeder 

For the main agglomeration experiments, fines flow rates of 20, 35 and 50 kg h-' were 
required which were lower than the solids feeder could deliver (Figure 8 .4) .  Because 
fines flow rate was a key aspect of this study, the rotary valve was modified using 
plastic coving to reduce the volume of the vanes and increase the number of vanes to 
produce a continuous flow of powder (see Figure 8 . 1 4) .  The recalibration was carried 
out using powder with a 04.3 particle size of 53.6 Ilm which is c lose to the actual fines 
size of BC 1 .  Figure 8. 1 5  shows the calibration for the modified rotary valve; it was 
assumed to be linear in the same manner as that for the standard rotary valve. Despite 
reducing vane capacity, the valve was stil l  running at the low end of the speed range and 
it was not easy to select a rotary valve speed in between 2 .5 and 5 Hz. The two levels 
that were investigated in the agglomeration experiments were 27 kg h- ' and 52 kg h- ' 

corresponding to these speeds. Therefore the midpoint experiments were modified to 
5 1 .5 kg h- ' as this is similar to the fines flow rate delivered during BC 3. 
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Coving 

Figure 8. 1 4 : Modification of solids feeder rotary valve . 
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Figure 8. 1 5 : Cal ibration curve for the standard and modified rotary valve . 

8.3.2 Experimental Design 

1 5  

Two levels of each operating variable were investigated, a s  shown in the design matrix 
below (Table 8.9) .  One midpoint (labelled M )  experiment was carried out on each day 
to al low for differences between milk batches. It was not possible to do a full factorial 
experimental design due to potential atomisation problems. During atomisation using a 
pressure nozzle, the pressure, concentrate flow rate and nozzle orifice size are al l 
dependent on  one another and it was i mpossible to vary concentrate flow rate 
independently from the other operating parameters. For the same nozzle, a high flow 
rate with low solids at high pressure, results in very fine droplets, but conversely,  a low 
concentrate flow rate with high sol ids at low pressure results in poor atomisation and a 
high moisture product. Instead, a constant flow was investigated on day 1 (Table 8 . 1 0) 
using one n ozzle orifice, then on day 2 the high and low concentrate flows were 
investigated by changing the nozzle orifice size while holding all other variables 
constant (Table 8. 1 1 ) . 
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Table 8 .9 :  Design matri x for agglomeration experiments. 
Variable Controlled Mid High Low Variable 
Concentrate Flow rate (L  h-I) 1 20 1 30 1 1 0 I 
Powder Flow rate (kg h- ' ) 35 50 20 2 
Sol ids Concentration (%) 48 54 42 3 
Particle Size D4,3 (I:! m) 50 70 30 4 

Table 8. 1 0: Experimental design for agglomeration experiments (day 1 ) . 
Cone flow = 1 20 L hol pressure = 1 40 kPa Nozzle = 56/17 

Experiment Total Solids Fines Flow rate Fines Size 
M l a  M M 
M l b  

l a  
I b  
2b 
3b 
4b 
5a 
5b 
6b 
7b 
8b 

M 
L 
L 
L 
L 
L 
H 
H 
H 
H 
H 

M 

L 
H 
L 
H 

L 
H 
L 
H 

M 

L 
L 
H 
H 

H 
H 
L 
L 

Table 8. 1 1 :  Experimental design for agglomeration experiments (day 2) .  
TS = 48% Fines = 50 �m Pressure = 1 40 kPa 

Experiment Nozzle Cone Flow rate Fines Flow rate 
M2 
9a 
9b 
l Oa 
l Ob 

561 1 7  M 
58/ 1 7  L 
581 1 7  L 
551 1 7  
551 1 7  

H 
H 

M 

M 

M 

Difficulties were experienced on day when evaporating high solids milk concentrate 
( - 55 wt%) and holding that concentrate for over an hour. Age thickening resulted 
meaning poor atomisation and l imited pumping. Experiments 7b and 8b were 
completed on day 3 (Table 8 . 1 2) and experiment Sa was also repeated (7a) to determine 
the spray only conditions. During the repeat experiments, - 53 wt% concentrate was 
attained and the holding tank was stirred regularly .  

Table 8. 1 2 : Experimental design for agglomeration experi ments (day 3) .  
Cone now = 1 20 L hot pressure = 140 kPa Nozzle = 56/17 

Experiment Total Solids Fines Flow rate 
7a H 
7b H 
8b H 

L 
H 

Fines Size 

L 
L 
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8.3.3 Experimental Results 

Table 8. 1 3  details  the operating conditions used for each of the pilot scale experiments 
in chronological order. Table 8. 1 4  to Table 8. 1 6  shows the powder flow rates for the 
fines delivered to the top of the drier, and the flow of powder collected from the drier 
and cyclone . These flow rates, and the data included in Table 8. 1 7, al lowed calculation 
of the relevant agglomeration indices, which are presented in Table 8 . 1 8 . 

In order to analyse these results, some spot comparisons are first made, then the 
agglomeration efficiency, �h, is related to the dimension\ess flux  ratios to provide 
mechanistic arguments to the analysis and a comparison to the l i terature. A statistical 
analysis I S  performed to extract the relationships between variables and the 
agglomeration efficiency. 

Run 

Units 
M l a  
M l b  

l a  
I b  
2b 
3b 
4b 
5a 
5b 
6b 
M2 
9a 
9b 
l Oa 
l Ob 
7a 
7b 
8b 

1 62 

Table 8. 1 3 : Operating conditions for agglomeration experiments. ��:: Cone Tair Tair Cone Cone ViS�Sity Total 

Rate P (in) (out) Temp density 
1000 S-I Solids 

1 26 1 40 1 97 9 1  70 1 2 1 2  36.9 50. 1 
1 27 1 40 1 97 87.3 69. 8  1 2 1 2  36 .9  50. 1 
1 22 1 40 1 97 90 69.5 1 1 84 1 1 .5 42.0 
1 23 1 40 1 97 85.6 70 1 1 84 1 1 .5 42.0 

1 2 1 .6 1 40 1 97 . 1 86.3 70.3 1 1 84 1 1 . 5 42.0 
1 22.6 1 40 1 97 86.3 69 .3  1 1 84 1 1 . 5  42.0 
1 22 1 40 1 97 86 70 1 1 84 1 1 . 5  42.0 
1 28 1 40 1 97 92.6 55  1 240 1 66 55 .3  
1 32 1 40 1 97 89.7 54.8 1 240 1 66 55 .3  
1 30 1 40 1 97 88 .8 54. 9  1 240 1 66 55 .3  
1 29 1 40 1 95 88 70. 1 1 208 36 .9  47 . 8  
1 1 5 1 40 1 95 .2  8 9 . 8  69 . 5  1 208 4 4  47.0 
1 1 8 1 40 1 95 .2 88.5 69 .9 1 208 44 47.0 
1 37 1 40 1 95 .2 85.4 69 . 8  1 208 29.7 47.0 
1 37 1 40 1 95 .2 83.9 70. 1 1 208 29.7 47.0 

1 30.5 1 40 1 97 90. 1 55 1 230 92.9 52 .3  
1 33 1 40 1 97 88 .3  55 1 230 92 .9  52 .3  
1 33 1 40 1 97 .8  88 .5  55 1 230 92 .9  52 .3  

Viscosity was measured at 50°C for a l l  samples which was the del ivery temperature of  
concentrate to  the drier. 

Nozzle 
type 

5 6/ 1 7  
5 6/ 1 7  
56/ 1 7  
56/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 6/ 1 7  
5 8/ 1 7  
5 8/ 1 7  
55/ 1 7  
55/ 1 7  
5 6/ 1 7  
56/ 1 7  
56/ 1 7  
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Table 8. 1 4: Flow rates for agglomeration experiments (day 1 ) . 
Run Rep Drier Cyclone Total Calc Est Load 

Mass Time Flow Mass Time Flow Flow Fines Fines cell 
Units ( kg) (s) ( kg h' ) ( kg) (s)  ( kg h' ) ( kg h' ) (kg h' ) ( kg h' ) (kg h' ) 

M l a  1 4.54 300 54.5 1 .54 240 23 . 1  
2 3 .95 300 47.4 1 .47 300 1 7 .6 
3 4.07 300 48.8 1 .85 300 22.2 

Av 50.2 2 1 .0 7 1 .2 0.0 0 
M l b  I 4.65 300 55 .8 8.9 480 66.8 

2 5 .45 300 65.4 
3 4.39 300 52 .7 4.695 300 56.3 

Av 58.0 6 1 .5 1 1 9 .5 48.3 52 
l a  I 2.74 300 32.9 2.07 300 24.8 

2 2.54 300 30.5 2 .2 300 26.4 
3 2 .53 300 30.4 2 . 1 7  300 26.0 

Av 3 1 .2 25.8 57.0 0.0 0 
l b  I 4. 1 5  300 49 . 8  3.34 300 40. 1 

2 3 .84 300 46. 1 3 .275 300 39.3 
3 3 .63 300 43.6 3.085 300 37.0 

Av 46.5 38.8 85 .3 28 .3 27 29 
2b I 5 .225 300 62.7 3 .72 300 44.6 

2 4.935 300 59.2 3.64 300 43.7 
3 4.99 300 59 .9 3 .5 1 300 42. 1 

Av 60.6 43.5 1 04. 1 47 . 1  52 53 
3b I 3 . 8 1  300 45.7 

2 3 .49 300 4 1 .9 2.74 300 32.9 
3 3 .48 300 4 1 .8 2.75 300 33.0 

Av 43. 1 32.9 76. 1 1 9 . 1 27 25 
4b I 5 .295 300 63.5 3 .05 300 36.6 

2 5 .025 300 60.3 3.085 300 37.0 
3 5 .03 300 60.4 3 .38 300 40.6 

Av 6 1 .4 38. 1 99.5 42 .5  52 46 
5a  I 4.925 300 59. 1 2.26 300 27. 1 

2 4.85 300 58 .2 2. 1 85 300 26.2 
3 4.82 300 57 .8 2.06 300 24.7 

Av 58.4 26.0 84.4 0.0 
5b I 6.095 300 73 . 1 3 .49 300 4 1 .9 

2 5 .435 300 65.2 3 .06 300 36.7 
3 6.095 330 66.5 3. 305 330 36. 1 

Av 68.3 38.2 1 06.5 22. 1 27 20 
The collectIOn pOints are at the dner outlet and cyclone as shown In Figure 8.3 .  Fines flow rates are 

measured from the differential weight at the hopper load cel l .  They are estimated from the rotary valve 
speed and the previous calibration curve in Figure 8. 1 5 .  Fines flow rates for 'b' runs are calculated from 
the difference between the total flow rate of a 'b' run and the total flow rate of the corresponding 'a' run. 
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Table 8. 1 5 :  Flow rates for agglomeration experiments (day 2) .  
Run Rep Drier Cyclone Total Calc Est Load 

Mass Time Flow Mass Time Flow Flow Fines Fines cell 
Units (kg) (s) ( kg h- ) (kg) (s) ( kg h-I) ( kg h-I) ( kg h-I) ( kg h- ) ( kg h- ) 

M2 I 8 .24 300 98.9 3 . 1 1 5 300 37.4 
2 7.23 300 86.8 2.455 300 29.5 
3 7. 1 1 5 300 85.4 2.4 1 300 28.9 

Av 90.3 3 1 .9 1 22 .3 5 1 . 1  52 46 
9a I 4. 1 05 300 49.3 1 .84 300 22. 1 

2 4.005 300 48. 1 1 .545 300 1 8.5 
3 4.085 300 49.0 1 .405 300 1 6.9  

Av 48.8 1 9 .2 67.9 0.0 0 0 
9b I 4.44 300 53 .3 3 .82 300 45.8 

2 4.845 300 58 . 1 3.92 300 47.0 
3 4.9 1 300 58.9 4.095 300 49. 1 

Av 56.8 47.3 1 04. 1 36.2 52 55 
l Oa I 4.87 300 58.4 2.23 300 26.8 

2 4.36 300 52.3 1 .8 1 5  300 2 1 .8 
3 4.33 300 52.0 2.0 1 300 24. 1 

Av 54.2 24.2 78.5 0.0 0 0 
l Ob I 7.8 1 300 93.7 3.03 300 36.4 

2 6.875 300 82.5 2.5 1 5  300 30.2 
3 6.76 300 8 1 . 1  2.6 1 300 3 1 . 3 

Av 85.8 32 .6 1 1 8.4 39 .9 52 44 
The collectIOn POints are at the dner outlet and cyclone as shown In  FIgure 8.3. Fines flow rates are 

measured from the differential weight at the hopper load cel l .  They are esti mated from the rotary valve 
speed and the previous calibration curve in Figure 8. 1 5 .  Fines flow rates for 'b' runs are calculated from 
the difference between the total flow rate of a 'b' run and the total flow rate of the corresponding 'a' run. 

Table 8 . 1 6 : Flow rates for agglomeration experiments (day 3) .  
Run Rep Drier Cyclone Total Calc Est Load 

Mass Time Flow Mass Time Flow Flow Fines Fines cell 
Units ( kg) (5) ( kg h- ) (kg) (5) (kg h- ) ( kg h- ) ( kg h' ) (kg h- ) ( kg h- ) 

7a 1 5 .4 1  300 64.9 1 .785 300 2 1 .4 
2 5 .04 300 60.5 1 .58 300 1 9 .0 
3 5. 1 1 5  300 6 1 .4 1 .485 300 1 7 .8 

Av 62.3 1 9 .4 8 1 .7 0.0 0 0 
7b I 6.59 300 79. 1 2.24 300 26.9 

2 6.22 300 74.6 2. 1 35 300 25.6 
3 6.285 300 75.4 2. 1 85 300 26.2 

Av 76.4 26.2 1 02.6 2 1 .0 27 22 
8b 1 7 .96 300 95.5 2.9 1 5  300 35 .0 

2 7 .09 300 85. 1 2.745 300 32.9 
3 7 .3 1 300 87.7 3.0 1 300 36. 1 

Av 89.4 34.7 1 24. 1 42.5 52 46 
The collectIOn pOints are at the dner outlet and cyclone as shown In FIgure 8.3. Fines flow rates are 

measured from the differential weight at the hopper load cel l .  They are estimated from the rotary valve 
speed and the previous calibration curve in Figure 8. 1 5 . Fines flow rates for 'b' runs are calculated from 
the difference between the total flow rate of a 'b' run and the total flow rate of the corresponding 'a' run. 
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T b1 8 1 7 S ' 
. I a e Ize, partlc e an d b  I k  d u enslty f or agg omeratIOn experIments. 
Drier 

Run Particle Bulk 
D4,3 Density Density D4,3 

( 100 taps) 
Units (Jlm) (g cm-3) (g cm-3) (Jlm) 
M 1 a  85.3 1 .3 1  0.69 56.6 
M 1 b  1 45.2 1 .30 0.63 55.2 

l a  7 1 .3 1 .23 0.66 36.3 
1 b  1 06. 1 1 .32 0.59 4 1 .9 
2b 1 1 3.0 1 .27 0.55 40.8 
3b 1 37.9 1 . 3 1  0.64 48.8 
4b 1 45.2 1 .26 0.6 53 .3 
Sa 1 24.3 1 . 1 4 0.52 68.3 
5b 1 39.8 1 .2 1  0.52 79.7 
6b 1 55 .3 1 . 1 8  0.45 85. 1 

M2b 143.4 1 .30 0.66 5 1 .8 
9a 85. 1 1 .27 0.69 39. 1 
9b 1 49.0 1 .28 0.6 1 6 1 .9 
l Oa 85. 1 1 .32 0.74 39.6 
l Ob 1 55 .3 1 .28 0.65 5 1 .9 
7a 1 05.5 1 .20 0.6 1 52.9 
7b 1 07.5 1 .22 0.58 54.7 
8b 1 1 9 .3 1 .23 0.56 55.3 

M 1 a  85.3 1 .3 1  0.69 56.6 
M 1 b  1 45.2 1 . 30 0.63 55.2 

8.3.4 Extent of Agglomeration - Spot Comparisons 

Cyclone 

Particle Bulk 

Density Density 
( 100 taps) 

(g cm-3) (g cm-3) 
1 .3 1  0.70 
1 .32 0.76 
1 .45 0.70 
1 .3 1  0.7 1 
1 .3 1  0.70 
1 .42 0 .73 
1 .35 0 .73 
1 .26 0.66 
1 .24 0.69 
1 .25 0.67 
1 .3 1  0.74 
1 .29 0.65 
1 .33 0.75 
1 .34 0.72 
1 .36 0.74 
1 .32 0.66 
1 .33 0.68 
1 .37 0 .68 
1 .3 1  0.70 
1 .32 0.76 

Table 8. 1 8  shows that experiment l Ob had the best operating conditions for 
agglomeration with an agglomeration efficiency, (h, of 0. 1 27 .  This  experiment used the 
smal ler nozzle orifice, a medium level of total sol ids,  medium fines size with high fines 
flow rate and high concentrate flow rates. The m ass flow rate weighted particle size 
distributions of the fines, dried droplets and agglomerates, included in Figure 8 . 1 6, 
show that agglomeration occurred. In contrast, experiment 5b had the lowest level of 
agglomeration, (h = 0.008 . This was produced using a medium size orifice, high total 
solids, large fines, low fines flow rate, and a medium concentrate flow rate. The 
weighted particle size distributions in Figure 8. 1 7  show that agglomeration did not 
occur. It is difficult to determine why agglomeration occurred in experiment l Ob and 
not experiment 5b as five variables were changed. However, i t  is significant that 
different levels of agglomeration (moderate and low) can be achieved at pilot scale. 

For the spray-only experiments, Figure 8. 1 8  compares experiments 5a and 7a. Initial ly  
7a was intended to  be a repeat of  5a  (although carried out on  a different day), however 
the solids level of the concentrate was lower than intended, 53% instead of 55%.  
Experiment 5a, with a higher sol ids, produces powders with a larger size. This i s  
postulated to  be  caused by a higher droplet size distribution a t  higher solids 
concentration due to the higher viscosity . 
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Table 8. 1 8 : Key variables and agglomeration efficiency for each experiment. 

Experiment Conc Nozzle Total Fines Fines Size �h Flow Solids Flow 
(L h-I) ( % )  (kg h-1 ) (micron) 

M l b  1 27 56/ 1 7  50 52 64.5  0.062 
I b  1 23 56/ 1 7  42 27 35 .3  0 .04 1 
2b 1 22 56/ 1 7  42 52  35 .3  0. 1 2 1  
3b 1 23 56/ 1 7  42 27 1 0 1 .4 0.029 
4b 1 22 56/ 1 7  42 52 1 0 1 .4 0.057 
5b 1 28 56/ 1 7  55 27 1 0 1 .4 0.008 
6b 1 32 56/ 1 7  55 52 1 0 l .4 0.0 1 9  

M2b 1 29 56/ 1 7  48 52 64.5 0.094 
7b 1 33 56/ 1 7  52  27  35.3 0.032 
8b 1 33 56/ 1 7  52  52  35 .3  0. 1 06 
9b 1 1 3 5 8/ 1 7  47 52  64.5  0. 1 1 0 
l Ob 1 37 55/ 1 7 47 52  64.5  0. 1 27 
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Figure 8. 1 6: Comparing the weighted PSDs for experiment l Ob (high concentrate 
flowrate, medium total solids, high fines flowrate and medium fines size). 
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Figure 8. 1 7 : Comparing the weighted PSDs for experiment 5b (medium concentrate 
flowrate, h igh total solids, low fines flowrate and large fines size) .  
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Figure 8. 1 8 : comparing Sa (55 wt% TS) and 7a (53 wt% TS) (spray only) .  

In the agglomeration experiments some differences can also be observed.  In a spot 
comparison of experiments, 7b and 8b, fines flow rate is the only significant difference 
resulting in a higher agglomeration efficiency, (h = 0. 1 06 for experiment 8b (compared 
with (h = 0.032 for 7b) which has a higher mass flow rate of fines del ivered to the 
coll i sion zone. Experiments 9b and l Ob results differ significantly although only the 
concentrate flow rate was changed, however to achieve this, different nozzles were 
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used. Experiment l Ob has only a slightly higher agglomeration effic iency compared to 
experiment 9b; it i s  difficult to determine if this i s  due to an increase i n  concentrate flow 
rate or a decrease in droplet size due to the smal ler diameter of the nozzle orifice. 

In summary, these spot comparisons are useful to isolate the i nfluence of individual 
variables, but do not provide quantitative relationships. A list of the spot compari sons 
is contained i n  Table 8. 1 9, along with possible explanations for the observed qual itative 
differences. It must be noted that, as only one replicate was performed for each 
experiment, some variabi l ity affects these explanations .  To explore the quantitative 
relationships a statistical analysis is conducted l ater in §8 .3 . 8 .  However, agglomeration 
efficiency is also examined as a function of dimensionless flux  and this leads to a 
discussion of the mechanisms of agglomeration . 

Table 8. 1 9 : Spot comparisons ,  variables and observed effects. 
Experiments Variable Observed Effect of Increasing Variable 

5b l Ob Five variables Difficul t  to determine 
5a 7a Total sol ids Incre ase in dried droplet size 
7b 8b Fines flow rate Increase in agglomeration 

9b l Ob Concentrate flow Increase i n  agglomeration 

8.3.5 Extent of Agglomeration - Dimensionless Flux 

The dimensionless flux or fl ux ratio is a scal ing parameter first developed by Hapgood 
(200 1 )  and Litster et al. (200 I )  in reference to granulation where a spray is directed at a 
moving powder bed: 

'l' = � 
(/ 2AD d 

(8 . 1 ) 

where V i s  the volumetric spray rate of the binder liquid [ m3 s- ' ] ,  Dd is the droplet size 

[ m] and A i s  the area fl ux of powder traversing the spray zone [ m2 s- ' ] .  It is effectively 
the area of droplets divided by the area of the bed surface that sweeps through the spray 
zone. The d imension less spray flux can be used to identify the nucleation regime of the 
system (Hapgood et aI . ,  2003) . Boerefijn and Hounslow (2005 ) found that for 
granulation to occur in a fl uidised bed the fl ux number (FN) needs to be below 3 .5  and 
above 2. The flux number is simi lar in principle to the dimensionless spray fl ux  and 
allows for scale-up of growth rates from batch to continuous granulation : 

(8 .2) 

where Pp denotes the partic le density [ kg m-3] ,  U e  the excess gas velocity [m s- ' ] ,  qb the 
binder spray rate [ kg s- ' ] ,  and Aspray is the spray-on foot print area of the nozzle onto the 
powder bed [ m2] .  

I n  a spray drier the configuration is different from the low or high shear granulator of 
Hapgood (200 1 )  and the fluidised bed of Boerefijn and Hounslow (2005) whose work 
was reviewed earlier in §2 .S .  An agglomerating spray drier contains two dispersed 
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partic le streams that intersect. A d imension less flux  can therefore be a ratio of either, 
( i )  the volumetric fl ux of the spray droplets and fines partic les, ( i i )  the number fl ux of 
fines particles and droplets, or ( i i i )  the projected area flux of partic les and droplets. The 
choice of ratio depends on which physical model is adopted. In the fol lowing 
paragraphs the influence of each dimensionless flux ratio is first determined after which 
the results are discussed in relation to the physical processes. 

The volumetric flux ratio is almost equivalent to the mass flux ratio because here the 
spray flow rate is reported on a sol ids basis and its size distribution is measured on a 
'dried droplet' basis .  Therefore, the density of the spray stream can be assumed to be 
equal to that of the fines stream ( see discussion in �6.2 .3) .  Figure 8 . 1 9  shows the 
influence of fines to spray mass fl ux ratio, F :S ,  on the agglomeration efficiency, �h. The 
number flux ratio, FN :SN is calculated from the particle size distribution information 
used to determine the agglomeration efficiency. At the (h size interval there are j" .i fines 
particles per (dry basis) kilogram of feed which includes the spray and the fines. 

PJ f (log DJ.; ) j",; == 3 PJ aJ DJ.; 

(8 .3)  

where Pf = proportion of powder leaving the drier as fines, Pf = particle density of fines, 
uf = shape factor (assuming spherical particles = nI6), and Df= fines size. The quantity 
f(log DJ;;} represents the proportion of fines size distribution represented in the (

h size 
interval, noting that the (h interval is on a log scale of size. Summing over the entire 
distribution gives the total number of fines, F N, and spray, SN, on a dry mass basis . 

S N = I pJ (log �J.; ) 
; Ps a,. Ds.; 

(8 .4) 

(8 .5)  

Figure 8 .20 shows the influence of number fl ux ratio FN:SN on agglomeration 
efficiency, �h . The same approach is used to calculate a projected area ratio FpA:SPA. 
Summing over the distribution gives the total projected area of fines, FpA and the total 
projected area of spray, SPA . Figure 8 .2 1 shows the influence of the projected area flux 
ratio FpA:SPA on the agglomeration efficiency, �h . 

_ " p/; � D':'J (log D,J 
SpA - � 3 ; Ps a, Ds.; 

(8 .6) 

(8 .7) 

Figure 8 . 1 9, 8 .20 and 8 .2 1 al l show that higher dimensionless flux ratios produce more 
agglomeration . These plots also indicate that the effect of fines s ize and total solids 
level where the concentrate and fines flow rates are maintained at their medium level 
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(see Table 8 . 1 0  to Table 8. 1 2) .  Generall y  small fines and low total solids results i n  
more agglomeration, however, the precise i nfluence depends o n  the dimensionless fl ux. 
It  i s  necessary to determine the physical meani ng of the flux ratios and select the ratio 
which most represents the agglomeration process. 
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Figure 8 .2 1 :  h efficiency vs .  FpA :SPA. 

Jones (2005) describes the interaction of droplets and particles in the contact zone at the 
top of the spray drier as a spray sheet contacting a powder c urtain ignoring the effect of 
turbulence. The probabil ity that colli sion wi l l  occur within the i nteraction zone can be 
calculated given the properties of size, velocity and spatial number-flux density. Thi s  
approach identifies that i f  the rate of particles and/or droplets entering the col l ision zone 
increases, then the l ikelihood of a col l ision occurring wil l  also increase . Providing these 
two particles can adhere, the collision wil l  be the first step that wi l l  lead to further 
processes resulting in agglomerate formation. If the mass flow rate of fines entering the 
contact zone is increased the n  a greater proportion of droplets will be captured by fines. 
S imi larly, if fines decrease in size, the spatial number-flux density of fines will increase 
and a greater proportion of droplets will be captured. Jones (2005) takes a simplistic 
l imit  of either droplet or fines dominated inertia, so droplets collect fines or fines collect 
droplets. The argument of Jones is based on the overlapping of swept volumes of 
droplets and particles which suggests that FpA:SPA i s  a suitable dimensionless flux ratio.  

Verdurmen et al . (2004) model led agglomeration in spray dryers using CFD to 
determine particle and droplet trajectories. Their drying sub model predicts droplet size, 
temperature and moisture content; the coll i sion sub model uses the approach of 
Sommerfeld (200 1 ) (based on Abrahamson ( 1 975 ))  to predict the col l i sion probability; 
and the agglomeration sub model determines whether adhesion occurs following 
adhesion and is based on stickiness information of the droplets and particles. The 
col l ision frequency of the particles in the interaction zone is a key i ssue so the 
dimensionless mass fl ux and the ratio of projected areas are relevant for discussion. 

The above discussion of col l i sion mechanism and the selection of the most appropriate 
dimensionless flux ratio ignored whether the colliding particles actually adhere. 
S uccessful adherence relates to the critical Stokes number developed by Ennis ( 1 99 1 )  
and Liu et al . (2000) which i s  a function of the liquid layer thickness, asperity height 
(on the coll iding particles), the viscosity of the liquid and the energy involved in the 
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coll ision (see §2.S) .  If the kinetic energy of the col l ision is able to be absorbed by 
viscous dissipation then adhesion occurs. Some partic les may absorb the coll ision 
energy by deformation and Iveson et al . (200 1 ) use a S tokes deformation number to 
describe the threshold for deformation adherence. This number measures the ratio of 
impact kinetic energy to the plastic energy absorbed per unit strain .  

(8 .8) 

where Vc = col l i sion velocity [ m  so l ] ,  Pp = particle density [ kg m03 ] and Yg = dynamic 
yield stress. Practically, not all variables needed to define the Stokes or S tokes 
deformation numbers are measurable. In thi s experimental study, the two easily 
measured quantities are the size of the droplets and the viscosity of the concentrate ; i t  is 
not possible to directly measure the velocity of the fines and droplets before coll i sion. 
The collision Stokes number shows that smal ler particles agglomerate better. This is 
c learly observed in Figures  8. 1 9  - 8.2 1 . There are several reasons :  as size decreases, 
the number density of fines increases, which means the projected area of collec tion 
increases; large fines have higher inertia and are less l ikely to coalesce given the same 
liquid bridging conditions ;  and drag influences mal ler particles more meaning that 
there is less kinetic energy to dissipate in the liquid bridge between particles. This 
means that for smaller particles the binder layer thickness need not be as large and the 
viscosity of the bridge wil l  not need to be as high as for two larger particles to coalesce. 
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Figure 8 .22: Concentrate viscosity vs .  h efficiency. 
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The effect of viscosity on agglomeration efficiency is plotted in Figure 8 .22 .  I n  these 
experiments, increasing solids concentration reduces the agglomeration efficiency ,  but 
th is is less obvious than the effect caused by fines s ize and fines flow rate. The reason 
for the observed trend that  agglomeration decreases with an increase in viscosity m ay 
relate to the drying environment. A more viscous concentrate wil l  result in l arger 
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droplets at atomisation which have a higher inertia and therefore more energy must be 
di ssipated during col l i sion for adhesion to occur. Also, the higher viscosity droplets 
wi l l  be surface-dry faster and may not adhere to particles in the col l ision zone. Wemer 
(2005) studied surface drying of polymer solutions and showed that the surface of a 
droplet can become dry despite high bulk moisture contents. Therefore the bulk  
properties used to  calculate the S tokes number may not  represent the surface conditions 
that are needed to define whether the particles or droplets are adhesive. 

The stickiness of a surface is material specific and for dairy powders which undergo 
humidification, the onset of stickiness is a rapid process (Chatterjee, 2004; Murti , 2006; 
Zuo, 2004). For the reverse process, the drying of a droplet, the onset of stickiness has 
only been quantified for a few substances (Adhikari et  al. , 2003a, 2003b; Adhikari et al . ,  
2005 ; Truong et al . ,  2005a; van der Hoeven et al . ,  2006). So it is necessary to define an 
indicator of a solution ' s  potential to become sticky or surface dry .  One measure 
examined by We mer (2005),  is the mass transfer Biot number: 

Bi = 
Sh [ Dv ) 

m 
2 D '" 

(8 .9)  

6 1 /2 1 /3 where Sh = 2 + O. Re Sc (Ranz and Marshall ,  1 95 2),  Re = PaUaD/j.l", Se = j.1,/DvPa, 
and Dv and D", = diffusion coefficients of water vapour in air and through the droplet. 

D", can be described as a function of the moisture content and temperature (Luyben ,  
Liou, & Bruin,  1 982) .  Sano and Keey ( 1 982) showed that for skim mi lk, thi s  quantity 
varies by seven orders of magni tude as milk dries from 90% moisture to ful ly dry. Thi s  
means Bim tends towards infinity as drying occurs. The Biot number at the nozzle may 
be an indirect indicator of adhesion ; a higher Biot number indicates a surface that wil l  
more rapidly dry to a non adhesive state. Kentish et al . (2005) reported the correlations 
for the diffusion coeffic ient of water through skim milk powder in the l iterature, 
including the method used by Sano and Keey ( 1 982) which used the binary diffusion 
coefficient of Wij lhuizen et al . ( 1 979) included in equation (8. 1 0). 

D", 
= exp[- 38.9 1 2  + 323.39co, _ 4300co,-Q 445 

x (� _ _ 1_)] 
1 +  1 5 . 84co, 1 .987 T 303 

(8 . 10)  

where w /  = mass fraction of moisture [kg kg- I ] .  This  approach is used for the typical 
total solids concentrations used here ; solution diffusion coefficient changes from 3.9 x 
1 0- 1 0  m2 S- I at 42% total solids, to 2.6 x 1 0- 1 0 m

2 S- I at 55% total solids. A lower 
diffusivity means a higher Biot number; i .e. a maximum total solids for agglomeration. 

Another measure of surface stickiness was used by Verdurmen et al .  (2004) when 
model l ing agglomeration. The approach of Blei and Sommerfeld (2003) is used, three 
types of particles are defined that exist at the top of the spray drier: 

• Surface tension dominated (STD) droplets 
• Viscous forces dominated (VD) droplets 
• Dry (DRY) particles 
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The relative importance of the viscous and surface tension forces defined by calculating 
the Ohnesorge number, Oh

2
, (see Equation (8 . 1 1 ) , when Oh2 < I ,  the viscosity i s  low 

and droplets are STD. 

Oh = -J1-
�(J'PD 

(8 . 1 1  ) 

where Oh = Ohnesorge number, D = drop diameter [m ] ,  p = density of liquid [ kg m-3] ,  f.1 
= viscosity of l iquid [Pa s] and (J = surface tension of liquid [N m- I ] .  

The boundary between V D  droplets and DRY particles is determined b y  the sticky point 
temperature which is above the glass transi tion temperature for lactose containing 
powders (see §2 .4 .3) .  Verdurmen gives the threshold for the V D/DRY transition as 20 
K above the glass transition temperature of lactose from direct measurements and the 
work of Bhandari et al . ( 1 997) .  Above the sticky point temperature the surface of the 
fl uid is viscous and sticky, below this temperature the surface is classed as dry . Murti 
(2006) used the particle gun technique to find the sticky point temperature of skim milk 
powder (similar i n  composi tion to ISMP A) to be 32°C above the glass transition 
temperature of lactose. 

Col lisions can therefore arise between particles in the following manner: 
• STD-STD - occurs just after atomisation and results in a larger pherical droplet 
• VD-STD or DRY-STD 
• VD-VD or VD-DRY 
• between DRY particles 

In agglomeration Verdurmen et al. (2004) state that VD coll isions are the decisive 
events and that form ideal agglomerate structures where the energy of the impact acts to 
deform the droplets which makes them partially penetrate each other to produce loosely 
bonded particles upon drying. Verdurmen et al . considers the successful adhesion of 
two coll iding droplets or particles (VD-VD or VD-DRY coll isions) to depend on the 
penetration depth and the amount of dissipated kinetic energy during the col l ision. 
Rebound will occur if the distance between partic les is greater than the average of the 
two diameters and the relative velocity is greater than zero. Coalescence and 
agglomeration occurs if all of the kinetic energy is dissipated during the col l ision: 
coalescence occurs if penetration is > 50% of the smallest particle diameter and 
agglomeration occurs if the penetration is < 50% of the smal lest particle diameter. The 
Ohnesorge number for the concentrate droplets in these experiments is directly 
proportional to the viscosity given minor differences exist between solution densities 
and droplet sizes across the range. Therefore, the relationship between Oh and 
agglomeration efficiency wil l  be s imilar to that in Figure 8 .22 where a weak dependence 
exists. 

The mass transfer Biot number and the Ohnesorge numbers are both indicators of 
successful adherence but they are not direct measures. More research is required before 
adherence in droplet - particle systems i s  understood and efforts are now being directed 
at surface properties rather than bulk properties (e.g. (Adhikari et aI . ,  2005 ; Wemer, 
2005)) .  
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8.3.6 Extent of Agglomeration - Effect of flow rate 

Pilot Scale Experiments 

The spatial number flux density of droplets and fines is expected to be i mportant i n  
agglomeration processes. Figure 8 .23 shows n o  significant effect of concentrate flow 
rate (for constant fines flow rate) on h efficiency. Although the nozzle orifice was 
changed to achieve the different concentrate flow rates, Figure 8 .24 indicates that the 
dried droplet size distributions were also unchanged. This indicates that despite 
changing nozzles the spray has the same size distributions for all concentrate flow rates .  
Figure 8 .25 includes the effect of fines flow rate (for constant concentrate flow rate) on 
agglomeration efficiency .  Fines flow rate has a significant effect on the h efficiency 
compared to the concentrate flow rate . 
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Figure 8 .23 :  Effect of concentrate flow rate and nozzle type on h efficiency. 
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8.3.7 Extent of Agglomeration - Comparison to Literature 

There is l i ttle information on agglomeration in spray driers in the l i terature to al10w a 
comparison with these experimental results. While there are many recent studies that 
look at the influence of spray drying operating parameters on powder properties 
(Birchal et al . ,  2005; Chegini & Ghobadian, 2005 ; Goula  et al . ,  2004; Huntington, 2004; 
Nijdam & Langrish, 2005),  none of these aim to study agglomeration between fines and 
droplets at the top of the spray drier. 

Verdurmen et al . (2004) modelled agglomeration in a spray drier and found increasing 
droplet viscosity lead to an increased agglomeration rate and a more homogeneous 
agglomeration population with improved powder properties. Their approach used CFD 
model l ing, coll ision probabil i ties as di scussed above and Ohnesorge c riteria to establ ish 
a surface stickiness to produce agglomerates. During the agglomeration process 
droplets undergo time-dependent changes during drying; the property that changes the 
most is the viscosity and this impacts significantly on the col 1 ision mechanism which 
occurs. Verdurmen et al . (2004) also val idated their simulation of agglomeration using 
a pi lot scale drier with a chamber diameter of 4.3 m and - 275 kg h- 1 water evaporation. 
Despite Verdurmen et aI . ' s (2004) prediction and val idation of the effect of droplet 
viscosity being opposite to that observed here, both results may be val id if, i n  
Verdurmen et a l .  (2004)

,
s experiments, the droplets partially dried to become sticky but 

in thi s work the high total solids droplets became surface dry. 

Some of Verdurmen et al . (2004)
,
s findings agree with those reported here; introduction 

of fines ha a strong influence on the extent of agglomeration. They also found that 
altering the drier outlet air humidity did not have an effect on agglomeration. This i s  
expected as  altering the outlet conditions wi l l  affect the final powder moisture content 
and stickiness, but it i s  not l ikely to significantly affect the initial droplet drying 
process. 

8.3.8 Statistical Analysis of Agglomeration Efficiency 

The pi lot scale experiments were designed using a full factorial approach which 
investigated two levels of each of the 3 variables (total solids, fines flow rate, fines size) 
and included two centre points. This makes 1 0  runs (23 + 2 = 1 0) .  The previous section 
discusses the results of these experiments using an engineering approach to look at the 
relationships individual ly and discusses how these findings relate to the relevant 
mechanisms of agglomeration. It i s  also essential to analyse the results obtained 
statistically to understand how the interacting variables influence the response variables, 
in  this case the h agglomeration efficiency. As the scatter plot in  Figure 8 .26 
demonstrates, there does not seem to be any environmental affect or dependency of the 
response variable on the run order of the experiments. 

Figure 8 .27 shows the main effects for each of the variables on the response and 
demonstrates that an increase in fines flow increases agglomeration, small fines size 
increases agglomeration, a decrease in total solids increases agglomeration, but there 
was also a local maximum at 48 wt% total solids. This solids concentration probably 
represents the point of maximum stickiness before droplets become surface dry and 
non-adhesive. 
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Figure 8.26: Scatter plot of h efficiency vs. run order for all pi lot scale experiments. 
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A simple regression analysis gives equation (8. 1 2) which l inks fines flow (FF), fines 
s ize (FS) and total solids (TS) to the h efficiency. The p values indicate that none of 
the variables affect the h efficiency significantly (all are above 0.05) .  The adjusted R2 

value is 1 9.3% and S (pooled standard deviation) is 0.035 . 

h = 0 . 1 59 - 0.000696FS - 0.00 1 76TS + O.000704FF (8. 1 2) 

Better fit is obtained using a response surface analysis, which takes into account 
quadratic terms and i nteractions between variables. Response surface methods (RSM) 
are used to examine the relationship between response variables and a set of quantitative 
experimental variables or factors. A response surface regression was carried out which 
also looked at the interacting effects of most variables. Data analysis using RSM is an 
iterative process starting with the initial operating variables. The non-significant terms 
are then removed, one at a time, until the model only i nc ludes significant terms 
(P<O. l O) . 

The final model wi l l  have a higher adjusted R-squared value and a s mal ler pooled 
standard deviation than the ful l  model ,  indicating that the data fit has i mproved. Two 
different sets of variables are investigated here: total solids, fines size (which have a 
sign ificant effect on the agglomeration efficiency as indicated i n  previous sections), and 
either fines to spray mass flux ratio (F:S )  or the fines to spray projected area ratio (F:S 
PA) are included instead of the individual flow rates. Flow rate can be dropped from 
the analysis as the concentrate flow rate and dried spray droplet size distribution are 
constant in  this factorial design . The final model using F:S has been included in Table 
8 .20 and the model for F :S  PA i s  included in Table 8 .2 1 .  The lower S value and higher 
adjusted R2 indicates that the model using the F :S  ratio best fits the experimental data. 

Table 8 .20: Final model estimated regression coefficients for h using F :S .  
Term Coefficient P 

Constant 0. 1 42 0.0 1 
Fines Size -0.020 0.005 

TS -0. 1 63 0.02 1 
F :S 0.023 0.007 

F:S*F:S -0. 1 44 0.032 
Fines Size*F:S -0.0 1 7  0.0 1 2  

Total Solids*F:S -0.052 0.03 
S = 0.0072 R2 

= 98.8% R2 (adj )  = 96.5% 

Table 8.2 1 :  Final model estimated regression coeffic ients for h using F :S  P A.  
Term 

Constant 
Fines Size 

TS 
F :S  PA 
TS*TS 

Coefficient 
0.098 
0.0 1 7  
-0.023 
0.067 
-0.032 

S = 0.0 1 37 R2 
= 93.0% Rl (adj ) = 87.3% 

P 
o 

0.09 1 
0.0 1 

0.003 
0.055 

As both RSM models have fit the data well, each model was used to generate contour 
plots to help understand the rel ationships between the factors and the response variable, 
the h efficiency. The shape of the contours represents any significant interactions and 
quadratic effects. Figure 8.28 confirms the findings from the previous section and 
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demonstrates the sensitivity of the F:S ratio in  particular h efficiency for other operating 
condition s .  Agglomeration efficiency (h) i s  maximized at medium to high F:S values 
(i. e. 0.24 to 0. 30). Within that range, the effects of fines size and total solids were small 
and of no practical relevance. At high F:S values, agglomeration efficiency is 
maximised for low total solids and low fines size. Maximum agglomeration efficiency 
was not possible for low F:S values. Figure 8 .29 demonstrates the sensitivity of the h 
effic iency to FpA:SPA (F: S PA). Agglomeration efficiency (h) is maximized at high F :S 
PA values. At  low F:S PA ratios there i s  an optimum TS level to ensure agglomeration 
and increasing fines size increases agglomeration . 

This statistical analysis gives a visual picture of the relationships that have been 
identified earl ier. Although it is apparent that there is an optimum level of total solids 
and fines size for a spec ific fines to spray flow ratio .  This leads to a clearer mechanistic 
understanding of the significant issues during agglomeration. It i s  clear that the fl ux of 
droplets and partic les in to the contact zone (both on a mass and projected area basis) is a 
key aspect to ensure agglomeration, second to this i s  the mechani sm of adherence which 
is  where the size and stickiness of col l iding particles becomes important. 
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Figure 8 .28 :  Contour plots of total solids, fines size and fines to spray mass flux  ratio 
(F:S )  vs. h efficiency using model 
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Figure 8.29: Contour plots of total solids, fines s ize and fines to spray projected area 
ratio (F:S PA) vs. h efficiency using model 

8.4 Comparing Small Scale and Pilot Scale Agglomeration 
Experiments 

The pilot scale results are compared to the earlier study on a small scale drier. From 
this discussion, practical tips are suggested for enhancing and control l ing agglomeration 
in commercial spray driers (§9 .2) .  The h efficiency, (h, was previously argued to be the 
best index to describe the extent of agglomeration across all the processing scales. 
Table 8.22 shows that the (" values were significantly higher for the two driers operated 
with fines recycle than for delivery of fines in one-pass mode. Very few conditions 
were different between the operation modes (one-pass and recycle). The total solids of 
milk concentrates, the spraying conditions, and the transport of fines to the top of the 
drier were al l simi lar. Although the internal recirculation inside the drier was unknown 
this was l ikely  to be quite small compared to the forced recirculation/fi nes delivery rates 
and should be identical i rrespective of drier operation . 

The main differences are in the fines, their size, properties and residence time. I n  
recycle mode, fines are l ikel y  to be smaller and they may also have different bu lk  
moisture contents. It is possible that some fines partic les were not completely dried 
whereas fines delivered remotely were manufactured specifical l y  for the purpose and 
dried to below 4% moi sture to ensure acceptable storage conditions. Measurement of 
the moisture contents of in Table 8 .23 demonstrates that there was very little difference 
between the recycled and manufactured fines moisture content levels .  In the recyc ling  
systems the residence time was greater than in the one-pass designs; however the 
difference was not quantifiable and means that the one-pass results cannot be directly 
compared to the recycle resul ts. 
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Table 8.22: Comparing between scales and experimental designs. 
Experimental Design 

Industry (Recycle) 
Pi lot Scale (Recycle) 
Pi lot Scale (One pass) 
Small Scale (One pass) 

h efficiency 
0.545 
0.425 

0.008 - 0 . 1 27 
0.006 - 0.207 

Table 8 .23 :  Comparing moisture content of fines. 
Moisture Content Fines 

Units ( % )  
Recycle (Run 1 )  3 .68  

One Pass (Run 3)  2 .75  
Smal l Fines 2 .44 

Medium Fines 3 .57  
Large Fines 3 .6 1 

Figure 8 . 30 and Figure 8 .3 1 directly compare the one-pass experiments for small scale 
and pilot scale experiments as a function of d imensionless fluxes. The most s ignificant 
finding was that the small scale experiments can be compared to pi lot scale 
agglomeration . The small scale experiments generally have larger agglomeration 
efficiencies than the pilot scale experiments due to the higher fines to spray fl ux ratios 
al though some overlap indicates the same trend was observed. The small scale 
experiments were carried out using spray droplets of 42% TS and small fines s ize (04,3 
= 30 /!m).  The highest data point was carried out with the same processing conditions 
as the other small scale with fines of a medium size (04,3 = 58 .8  /!m) .  This result  on the 
smal l scale was opposite to that observed in the pilot scale experiments, which showed 
the increase the size of the fines decreased the extent of agglomeration . 
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Figure 8 .30: F:S flux ratio vs. h efficiency for pilot and small scale (SS) .  
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Figure 8 . 3 1 :  FpA :SPA flux ratio vs. h efficiency for pilot and small scale (SS). 

While a clear relationship is shown between the dimensionless flux and the extent of 
agglomeration, the level of turbulence in the coll i sion zone wil l  also be important. 
Turbulence in this zone was not measured in these experiments but it is l ikely to be 
i nfluenced most by the atomisation pressure. Above a certain atomisation pressure 
droplet size i s  not changed so the extra energy wil l  be dissipated in  turbulent eddies. 
This wi l l  not necessari ly translate into more col l i sions and more agglomeration however 
as the droplets will also have a lower number concentration due to increased air to 
droplet ratio in the col l i sion zone. The influence of atomisation pressure on turbulence 
wi l l  also l ikely be different for the different scales. This is due to the two fluid nozzle 
producing a flat spray uti l i sed in the smal l scale experiments and a high pressure nozzle 
generating a hollow cone spray in pilot and industri al driers . 
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8.5 Chapter Conclusions 

This chapter discussed the effect of operating parameters on agglomeration efficiency 
on the p ilot scale. Some equipment modification was required to allow delivery of fines 
remotely to the top of the pi lot plant spray drier. The key variables, total solids, 
concentrate and fines flow rate, and fines size were manipulated and the results of this 
study were discussed with respect to the key mechanisms.  A dimensionless flux 
approach was used to explain the experimental results . The fines to spray mass fl ux 
ratio and the projected area flux ratio were found to be the most sui table to represent the 
physical processes during agglomeration. 

Experimental results showed that a higher dimensionless fl ux resulted in more 
agglomeration and as did smal ler fines size and lower sol ids concentrate. Thi s  finding 
was explained by a survey of recent l i terature on coll ision probabi l i ty and coalescence. 
The critical Stokes number explained how viscous dissipation in the l iquid bridge of the 
kinetic energy was cri tical for coalescence to occur. This  high l ights the importance of 
particle size and col l i sion velocity on the outcome of the col l ision as wel l  as the 
importance of stickiness on adherence following the coll ision. 

A statistical analysis of the experimental results used response surface methods to 
confirm the previous observations .  The model which included the F :S  ratio gave a 
better fit to the data than the model using the projected area flux  ratio. The contour 
plots generated from these models enabled a c learer mechanist ic understanding. It is 
clear that the mass and projected area fl ux of droplets and particles through the contact 
zone strongly influences agglomeration.  Practical findings from this research can have 
a sign ificant impact on successful spray drying operation for instant powders . It wi l l  
enable improved operation of spray drying and agglomeration equipment to  improve 
product qual i ty and plant productivity. 
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CH APTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

There is l i ttle understanding of the agglomeration processes that occur in the top of a 
spray drier during instant milk powder production . The complex interaction of 
variables makes i t  difficul t  to predict product properties from the controllable operat ing 
parameters. This  thesis aimed to understand the effect of key droplet and fines 
properties on the extent of agglomeration to allow a mechani stic understanding of the 
process. 

A survey of operators showed that control of instant mi lk powder production to 
influence bulk density i s  highly intuitive. Making prec ise measurements on industrial 
driers is  difficult as there are many interacting and often only semi-controllable 
variables. Fines recycle rates were expected to be i mportant in  control of agglomeration 
processes and were est imated on a specific plant by usin g  the pressure drop measured i n  
the fines return line. Current models under-predict the pressure drop due to solids so a 
cal ibration curve must be generated for each specific drier. Fines recycle rates were 
found to be significantly higher than expected (95 - 1 30 % of production capacity 
compared to 50%). 

Measurement of density and viscosity of milk concentrates showed that data agreed 
w ith existing models. Experimental results showed that the surface tensions of 
concentrated mi lks were within the same range as l i terature values for standard milks 
below 60°C, but were s ignificantly higher for milk at above 60°C. This was l inked to 
the Wilhelmy plate technique which requires time to lower and raise the plate, for the 
solution must drain from the plate and this allows a skin to form. The mechanism that 
causes thi s  is  not known precisely but appears to relate to disulphide cross l inking as 
there is  an increased tendency for skin formation  at high temperatures and 
concentrations. 

The veloc i ty and droplet size of sprays determine the outcome of a col l ision with a fines 
particle in the interaction zone. These properties are difficult to measure and were 
measured using laser diffraction and a high speed camera. Atomisation pressure was 
found to have a larger effect  on droplet size than the fluid flow rate. For the droplet 
veloci ty no relationship between atomisation pressure or fl uid type was seen within the 
error l imits. 

To carry out a small scale study effectively, i t  must l ink to the industrial situation.  A 
small scale agglomerating spray drier was designed to alter droplet and partic le  
properties by delivering a fines particle curtain and spray sheet to  the col l ision zone . An 
agglomeration index determined the extent of agglomeration between the feed (fines 
recycle and spray streams)  and the product stream (the agglomerated powder). I t  was 
found that the presence of fines i n  the product of the one-pass design obscured the 
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agglomerates formed. The agglomeration efficiency, �g, was modified to �h to remove 
obscuration of agglomeration by fines by subtracting them from the agglomerated 
product distribution. Thi s  h efficiency was derived from the industrial situation and 
allows for better comparison between scales. 

An experimental study on the small scale equipment investigated natural and forced 
agglomeration . Little natural agglomeration occurred between spray droplets and a l ink 
between the particle size and bulk density of the product was observed. The product 
yield was found to be unacceptably low (- 40%)  due to adhesion of spray droplets to the 
drying chamber wall ,  however yield increased (> 50%) for forced agglomeration 
experiments due to introduction of the fines curtain to col lect  spray droplets. A series 
of preliminary experiments found that the agglomeration performance of the modified 
spray drier was lower than expected when del ivering a fines curtain .  A subsequent 
study optimised the equipment design by considering three key issues; fines di spersion, 
droplet di spersion and stickiness, and agglomerate breakdown. Final experiments 
studied agglomeration at low fines to spray mass fl ux ratios and showed that increasing 
the fines size had a positive effect on agglomeration efficiency, �h. 

The agglomeration study on the pilot scale identified the effect of key variables, total 
sol ids, concentrate and fines flow rate, and fines size on the agglomeration efficiency. 
A dimensionless fl ux approach was used to explain the experimental resul ts when 
concentrate flow rate was kept constant. The fines to spray mass flux ratio  and the 
projected area flux ratio were found to be the most suitable to represent the physical 
processes during agglomeration. Experimental results showed that more agglomeration 
was obtained with higher dimensionless fluxes, smal l fines size and atomising low 
sol ids concentrate. The critical Stokes number highlighted the importance of particle 
size and coll ision velocity on the outcome of the col l ision. The near surface v iscosity is 
generally unknown, but affects the stickiness of droplets as they dry, as well as the 
importance of stickiness on adherence fol lowing the col l ision. A statistical analysis 
established a model for predicting the agglomeration effic iency  based on fines s ize, total 
solids and the fines to spray mass flux ratio. This project has gained insight into the 
agglomeration processes during spray drying and knowledge about how to determine 
the extent of agglomeration . Practical findings from thi s  research can have a significant 
impact on successful spray drying operating for instant powders. 

This  work indicates that there is  an optimum solids concentration for successful 
agglomeration . In this situation the fines/spray impact point must be manipulated to 
ensure droplets of higher viscosity but also acceptable stickiness collide with fine 
particles. As a droplet dries the bulk and surface moisture content wil l  decrease below 
this stickiness c urve until final l y  the surface of the particle exhibits no sticky behaviour 
and droplets are c lassed as dry particles and rebound upon coll i sion with other dry 
particles. Droplets with a higher initial solids concentration than other milk concentrate 
droplets wi l l  dry faster at the surface and wi l l  be less sticky when coll iding w ith fines 
particles. 
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9.2 Practical Tools 

From this work some practical tips for control of agglomeration processes can be 
identified. The results show that the fines to spray fl ux ratio has a s ignificant effect  on 
the extent of agglomeration. Therefore, i t  is essential that this ratio is  controlled d uring 
drier operation.  The del ivery of milk concentrate to the nozzles is quite consistent 
during spray drying and is monitored consistently .  In contrast the mass flow rate of 
fines del ivered to the top of the drier i s  not monitored and often fluctuates. Monitoring 
the fines recycle flow rates is  critical because even delivery of both the spray and fines 
streams can improve the consistency of product properties, e.g. bulk density. 

Increasing the ratio of fines to concentrate is not necessari l y  easy in drier operation 
particu larly if more smaller fines are del ivered. Fines flow rates can be manipulated by 
varying the fluidised bed air flow rates .  Increasing a ir  flow would increase the mass 
flow rate of recycled fines but would also aspirate fines which are larger in size. It may 
be possible to create small fines through enhanced nozzle operation by either altering 
the droplet size distribution (through nozzle performance) or diverting a nozzle away 
from the contact zone ;  however thi s  may have a negative effect on agglomeration within 
the drier. 

9.3 Recommendations 

There are many challenges that remain to be tackled in the area of milk powder 
agglomeration . There is a need to improve industri al awareness that agglomeration can 
be i mproved by moni toring the recycle fines stream . This work produces practical steps 
to be taken industria l ly  to not only  improve bulk density control but also to provide 
more information for researchers. Some cri tical measurements are required to al low 
l inks to be made between operating parameters and product properties: 

• droplet sizes and distributions of industrial sprays 
• measurement and control of fines recycle rates 
• fines particle s izes (and how drier operating influences fines particle size) 
• continuous measurement of vital product properties. 

Experimental studies on a small scale are l imited by the difficulties associated with 
atomisation of viscous  fluids. It i s  a challenge for the current equipment design . This 
thesis has provided an initial experimental study of agglomeration in spray driers which 
can provide the base for other studies. This  includes l inking the quality indicators for 
instant milk powders to agglomerate properties such as size and structure and 
characterisation of surface stickiness of milk concentrate droplets as they dry . 

There is a lack of understanding of the micro-processes that occur during agglomeration 
at the top of spray driers. Directing  research to study each of the micro-processes wi l l  
a l low prediction of optimum operating conditions at smal l ,  p ilot and finally production 
scale .  The final stage is  to close the gap between the understanding key mechanisms 
and translating this i n to a useful tool to improve product qual i ty and plant product iv i ty. 
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APPENDICES 

Appendix A Particle Size Measurement 

Particle size measurements were carried out using either a Malvern Mastersizer S or 
2000. Laser diffraction is commonly used to measure particle size of mi lk powders 
using a gas dispersion system. A Malvern M astersizer (Model 2000, Malvern 
Instruments Limited, Malvern, Worcestershire, UK) was used to measure the particle 
size distributions of the dried milk powder particles and are del ivered to the beam using 
a vibrating feeder (set at - 20% delivery) and dispersed using air (at O. I bar) .  When 
measuring powders 1 0  000 sweeps are used and the obscuration level s were set between 
1 and 5%.  

A Malvern Mastersizer (Model S) was al so used to measure the partic le s ize 
distributions of dried mi lk powder particles (and also droplet s ize of mi lk concentrate 
sprays as outlined in Section 4.6. 3) .  The Mastersizer S has an alternative deli very 
method which uses a free fall feeder comprised of a vibrating chute which del ivers 
powder partic les directly into the path of the laser beam, and thi s  is designed 
specifical ly for agglomerates and ensures the particles flow freely through the l aser 
avoiding any agglomerate breakdown. 

As Figure A. I indicates, the free fal l  feeder is not suitable for measuring standard skim 
milks which have poor f10wabil ity and form clumps before passing through the laser. 
Fine, cohesive powders require some amount of mechanical breakdown prior to deli very 
to the laser beam for measurement such as that achieved in the gas dispers ion system. 
For this reason, a l l  particle size measurements were made using the Mastersizer 2000 
for comparison purposes assuming that the agglomerates were treated identically and 
the small level of breakdown experienced would be identical for al l powders. 

1 2  
-- Instant Skim (S) 

1 0  -- Standard Skim (S) 

-- Standard Skim (2000) 

....... 8 -- Instant Skim (2000) 
� � 
(1) 
E 6 
:::l '0 
> 4 

2 

0 
0.01 0.1 1 0  1 00 1 000 1 0000 

Particle size (micron) 

Figure A. I :  Comparison between the Mal vem Mastersizer S and 2000 
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Mastersizer S 
HAZARD RISK EFFECTS OF HAZARD MANAGEMENT 

OF HAZARD 
Noise Very High Hearing damage Wear earmuffs 
Dust High Breathing problems Wear face mask 
Laser l ight Moderate Damage to eyes 

Scope 
Analysis of particle size measurement for milk powders. 

Reference 
Mastersizer S Manual 

Principle 

A void exposure 

The l ight from a low power hel ium-neon laser is used to form a collimated and 
monochromatic beam of l ight. Sample particles presented to thi s  beam wil l  scatter the 
l ight at low angles. The scattered l ight i s  incident on to a receiver lens. This operates 
as a Fourier transform lens forming the far field diffraction pattern of the scattered light 
at its focal plane. Here the detector, i n  the form of a series of 3 1  concentric annular 
sectors, gathers the scattered l ight over a range of sol id angles of scatter. The range lens 
configuration has the in teresting and useful property that wherever the particle is in the 
analyser beam, its diffraction pattern is stationary and centred on the lens optical axis. 

Safety Precautions 
See Hazard Assessment. 
Wear earmuffs and face mask for dusty samples. 

Procedure 
Use of Free Fall Feeder: For use with samples that wil l  dissolve tn  water e.g. mi lk  
powders, blends ete 

Step Action 
I Remove 300RF lens - disconnect plug, unlock lens and store in case 

Remove "Wet" cel l - unlock cell  and remove from path of laser beam 
2 Mount 1 000 m m  lens, 

at transmitter end of machine, align notches and press loc king lever down 
3 Mount "Dry" cell ,  

lock cel l  into place over 1 000 mm lens connecting hose to vacuum outlet 
4 Position Free Fall Feeder 

so that the sample fal ls  into the cell when the feeder is switched on 
5 Plug the feeder into the vacuum cleaner. 

Plug the power cord from the SSU into the feeder 
Set the vibration speed low - wi l l  adj ust during test 

6 Hardware Setup: 
Range: 1 000, Active Beam Length: 1 0mm, Sample Unit :  MS66 Free Fall 
Feeder Unit 
I nstrument Port: I 

7 Analysis Setup :  
Compressed, Kil l  Data Channels :  Low 0 High 0 , Active Beam Length : 
1 0.00 
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Partic le Density: 1 .500 
8 Presentation Setup: 

System: Standard Dry (3RHA) or can select by code (3RHA: 1 .4500, 
0. 1 000 in 1 .0000) 

9 Select Setup, from top tool bar 
1 0  Select Experiment 

In the "Enable" box select All 
Change the Obscuration for "upper" from 1 00% to 30% and "lower" from 
0% to 5% 
Malvern wi l l  now only accept data with an  obscuration between these l imi ts 
Change "sweeps" from 4000 to a greater figure, e.g. 30 000 

1 1  Document sample and check al i gnment/background 
1 2  Prepare sample and add to hopper. Thoroughly mix at least 1 00g of sample 

and sub sample 5 - l O g adding a small amount of Syloid 
1 3  Measure "Inspect" 

Turn Feeder on . I ncrease vibration slowly until obscuration I S  In the 
orange/green 

1 4  Run al l  prepared sample through hopper. As larger particles are vibrated to 
the top of the Hopper 

1 5  Save and print data 
1 6  Notes :  

Clean dry cel l  after each sample as partic les may adhere to cell  windows 
When finished dry samples change lens, cells and presentation back to setup 
for wet 
Sample Analysis 

1 7  Obscuration Range % Obscuration Graph Colour Notes 
<5 Red Add more sample 
5 - 1 0 Orange Low but usable 
1 0 - 30 Green Ideal 
30 - 50 Orange Usable but try to add more 
dispersant. Possibi l i ty of multiple scattering 
>50 Red Too H igh 

Mastersizer S Manual 
Reportresults to 0.0 1 
Repeatabil ity: should agree within 1 .0 % 
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Appendices 

Method for using fluidisation device for the 
breakdown test 

For agglomerate strength measurement, a fluidisation method exists; thi s  was used as a 
comparative technique. The standard method requires bulk density measurements 

however these require large sample sizes and a total sample size of 1 kg i s  required for 

this method. This  procedure was modified to sui t  th is agglomeration study where small 
samples are produced due to the l imited running time of the small scale drier. Figure 
B . l shows that particle size can also be used infer agglomerate strength and thi s  requires 

much less sample ( l O g). In cases when the sample size of agglomerated powder 
avail able was below 1 kg, only one 1 50 g sample was fluidised for 5 minutes and then 5 
particle size measurements were made llsing the Mastersizer 2000 as explained in 

Appendix A. 
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Figure B . I : Bulk density compared to size vs. fluidi sation time 
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Moisture content 

Appendix C Analysis Methods for Powders 

Moisture content of mi lk powders is  measured using a Karl Fischer Titrator (Metrohn 
KFP Titrino 784, Switzerland). 

Bulk Density 
The bulk density of mi lk powder is measured using a Stav 20003 Stampfvolumeter (1 . 
Engelsmann AG, Ludwigshafen, Germany). The fol lowing procedure was used to 
measure the bulk densities: 

I .  First record the 0 taps mass of a level sample in the cyl inder. 
2 .  when weighing the sample brush the outside of  the cyl inder wi th a brush. 
3 .  place the col lar and top on  the cyl inder and fi l l  powder to the top 
4. place on machine for ] 00 taps 
5 .  remove the top and col lar, level the sample and record the mass. 
6.  BD g cm-3 = weightl99.4. 

Methodfor Determining Particle Density 
A Beckman Air Comparison Pycnometer (Model 930) was used to measure the particle 
density of powders. The particle density is  that of the powder solids and the occl uded 
air within the particles which influences the physical and functional properties of the 
powder. The pycnometer consists of two gas-tight p istons which are connected by a 
differential manometer and uses the principle of Boyle ' s  Law ( � Vl = P2 V2 ) and should 

be carried out at constant temperature. The procedure for measuring particle density 
using the Beckman Pycnometer has been included in Appendix M. Calculation of 
particle density (report to the nearest 0 .0 1  g cm-3) :  

x g cm-3 = Sample Weight ( l O g) / (sample cm3 - blank cm3) 

Procedure 
I .  Ensure sample cup is clean on the top l ip 

(C9. ] )  

2 .  Have both hand wheels  at the anti-clockwise stop position and purge and coupling 
valves are open. 

3 .  Place sample cup into the chamber and ensure the system is  air t ight. 
4. c lose the purge valve 
5 .  rotate the measuring piston clockwise to the starting number (s ide of the machi ne) 
6. close coupling valve 
7. keep the indicator need in  the zero posi tion as both hand wheels are rotated 

clockwise until the reference piston stops 
8 .  After 3 minutes rotate the measuring piston hand wheel unti l  the i ndictor need is  

exactly on zero (use mirror to avoid paral lax) record this  value as cm3 
9. open coupling valve and purge valve until they stop, remove sample cup 

Blank 
Thi s  should be done first and between every 6 samples or every 30 minutes. Perform 
operations 1 to 9 with an empty sample cup, this wi l l  be a negative value (around - 0.35 
cm3) and i s  added to the sample value. Repeat unt i l  two consecutive values agree 
within 0.02 cm3. 
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Calibration 
Place the smallest bal l (5 .58 ± 0.02 cm3) i nto the sample cup and repeat steps 1 to 9 ,  
repeat unt i l  two consecutive values agree within 0.05 cm3 . 

Sample 
Weigh 1 0  g of power i nto the sample cup and follow steps 1 to 9. Make sure no powder 
is on the l ip of the cup as this  wil l  prevent a tight seal . Repeat until two consecutive 
values agree within 0.05 cm3. 
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Appendix D Report on Solids Flow Measurement for Fines 
Returns Systems 

Project Objectives: 
The onl ine continuous flow measurement of pneumatically conveyed solids has become 
increasingly important to achieve increased productivity, i mproved product quality and 
process efficiency. The area of flow measurement is  a technically chal lenging area and 
many variables exist which may affect the response of a solids flow instrument 
including i nhomogeneous distribution of solids over the pipe cross-section, irregular 
velocity profi les, variations in particles s ize, moisture content and deposition on the 
wall of the pipe. There are a number of different measurement principles which can be 
employed when establishing solids flow rates including the inferential approach or 
cross-correlation velocity measurement. Cross correlation refers to that used by some 
laser/microwave electrostatic or acoustic sensors, where an upstream and downstream 
signal is compared to find a velocity. The fol lowing methods have been identified as 
possibi l i ties for measuring the solids flow rate at each stage of the project: 

I .  weighing and col lecting 
2.  pressure drop on a vertical pipe 
3 .  pressure drop on  a bend 
4. acoustic technique 
5 .  optical technique 
6. Electrostatic technique 
7 .  Microwave 

Weighing and Collecting 
The accuracy of this process is l imited by the number of times the measurement is taken 
and is l ikely to vary significantly during processing time. This technique would be 
suitable for the laboratory small  scale experiments and may also be helpful for the pi lot 
scale experiments carried out on the FRC plant. The fines returns l ines could be 
diverted once the system reaches steady state after a step change and the flow volume 
can be reduced by using small cyclones and the fines can be collected for several 
minutes. This  method is quite impractical for the industria l  s ize plants. 

Pressure Drop on a Vertical Pipe 
Pressure drop as a measurement technique requires two pressure sensing devices 
positioned along a large vertical section of pipe. The pressure difference between these 
two measurements can be relating to the flow of sol ids through the pipe. This system is 
inexpensive and may cost less than $ 1 000. The disadvantages far outweigh the benefits 
of this system;  the pressure drop is l ikely to be affected by particle deposition and may 
be inaccurate for the dilute flows such as fines returns. This  method would require in­
situ cal ibration and correlation of the signal to flow rate. A large pipe section would 
need to be used for decent accuracy (friction can be a problem), the system would be 
subject to wear, and the probes are intrusive, interfere with the flow and are unlikely to 
cause problems for CIP processes . 
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Pressure Drop on a Bend 
S imi lar to pressure drop on a vertical pipe, thi s  measurement technique is cheap as it 
only requires two pressure sensors. Problems associated with this method are s imilar to 
those above regarding CIP, i ts i ntrusive nature and calibration would need to be in-situ. 
However pressure drop also depends on what form the flow is  on the bend (roping may 
need to be dispersed before the pressure sensors) and friction can affect the pressure 
drop (although not as much as for a vertical pressure drop). 

Acoustic Technique 
This technique works on the basis of transmitting and receIving two different noise 
signals and relates the information directly to the velocity and concentration of the 
partic les moving in  a gaseous medium. An advantage of thi s  device is i t  has already 
been designed and is i n  use at Un i lever and is CIP capable, the method of cal ibration is  
straightforward and has been developed with th is  type of flow in mind. There is a 
possibi l ity it may be affected by moisture and temperature. Cost - $30 - 40,000. 

Optical Technique 
A l ight sensor is used correlate the obscuration of l ight from a source to the solids flow 
rate. It requires that both windows are kept c lean and wil l  therefore be affected by 
solids deposition on the pipe wall s  and require airflow to keep these windows clean. 
The advantage of this technique is that it i s  not real ly affected by chemical composition 
or moisture and a product already exists (Teledyne l ight hawk) i n  the market and while 
it is cheap i t  i s  l ikely to be compl icated to i nstal l .  The main disadvantage of this 
technique is  that i t  may not be appropriate for low solids concentrations (dil ute flows), 
and can be affected by particle size. 

Electrostatic Technique 
The movement of particulate materials in pipel ines generates an electrostatic charge 
when the powder comes into contact with the surface. Often these techniques use an 
intrus ive probe but a ring can be used that wi l l  not intrude into the flow. This  
mea urement technique takes advantage of the charge each particle carries from 
interacting with the system and converts thi s  charge to a current. An advantage of this 
system is that a device is  readily available however the leakage of charge from particles 
to the insulating material may be affected by moisture and humidity and is l ikely to be 
great ly affected by deposition of product on the wal ls. It is also affected by particle 
size, velocity, dielectric permittiv i ty, chemical composi tion, temperature the pipeline 
material and the wall roughness. This product costs around $20,000 from PCME. 

Microwave Technique 
A transmitting injects low power microwave energy into the flow filed and a receiving 
device deflects the signal back. The return signal can relate to the concentration of 
sol ids. Velocity measurements are only possible with an intrus ive device. Multiple 
devices are required to cover the entire cross sectional area of the pipe. The 
disadvantages of this technique are that it i s  affected by deposit ion and by roping. As 
the output depends on the dielectric constant for the material i s  very sensi tive to 
changes in chemical composition and moisture .  Another consideration is that 
deposition on the wal l s  of the pipe may be cooked and foul and contaminate the 
product. This  technique can also cause wear of p ipe materials if microwave energy i s  
absorbed.  
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Weigh & AP AP on a Electro- Micro-
Technique 

Collece Vertical Bend Acoustic Optical static Pipe wave 

Affected by: 
Moi sture Y Y Y 

Chemical y y 
Compostion 

Ropi ng Y Y Y 
Deposition Y Y Y Y Y Y 

Intrusive Y Y y5 y2 

Problems for y y y y 
Dilute flow 
ClP Issues Y Y Y Y 

Insta l l ation y 
only 

Install ation & y y y 
Calibration 

M i nor y 
Development 

M ajor y y 
Development 

< $20 000 Y Y Y y3 

$20 - 50 000 y4 Y 

> $50 000 

Trial led in  y y y 
Dairy Industry 

IRL 

Supplier 
Massey 

Teledyne PCM E  
M i l l itronic 

s 
I Impractical for Industnal plants may be sUitable for laboratory scale or pi lot scale tnals. 

2 A section of plastic would be the insulating material to collect charge. 3Mil l i tronics price 
4Massey/IRL price 

5Transceiver inserted i nto wall of pipe 
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Appendix E Modelling Fines Flow 

Appendices 

Following on from equation (3.4) in the main body of this report, the difference 
between the total pressure drop and that due to air is approximately the loss due to 
presence of solids, where LJPT = total pressure drop [ Pal .  

MT = Ms + Mg (0. 1 ) 

The loss due to solids can be described by two components :  

Ms = MIS + �JUS (0.2 )  

where Mf� i s  the pressure loss due to friction of the sol ids i n  the pipe [ Pal and I1P/llIs i s  
the pressure drop due t o  hold-up [ Pa l .  The first term is  described b y  the Fann ing 
equation, 

J" P" U � (1 - c)L (0.3) 
M = --'---'---'----Is 2D 
where JP i s  particles friction coefficient [ - ] ,  Pp i s  the density of  sol id particle [ kg m-3 ] ,  Up 
i s  the velocity of sol id particles [ m  s- ' ] ,  G i s  voidage in transporting l ine [ - ] ,  L i s  length 
between two pressure transducers, and D is inside diameter of the pipe [m ] .  The 
pressure due to hold up of solids is the mass of the sol ids i n  the pipe at any given time 
multipl ied by acceleration, to give a force over the cross-sectional area of the pipe 

M " Lg (0.4) 
/).p = --'---hus U A 

" 
where Mp is the mass flow rate of solid [ kg s- ' ] ,  g = acceleration due to gravity [ m  S-2 ] 
and A is the cross sectional area of the pipe [m2] .  The voidage, or air volume fraction, i n  
the pipe can be s impl ified b y  equation (0 .5)  for dilute flows only 

Vg M " 
(0.5)  

c = "" 1 - ---'--
Vg + Vs U p Ap" 

where Pg < Pp, Vg is the volume of the gas [ m3] ,  and v.� is the volume of the sol id  [ m3] .  
The particle friction coeffic ienth) has been simplified by Lech (200 1 )  from the proposed 
relationship by Yang, et a l .  ( 1 980); Lech (200 1 )  obtains a friction coefficient d irectly 
proportional to the sol id volume fraction. The total pressure drop due to solids i n  
vertical transport of solids i s  then equation (0 .7) .  

Jp = 0.0 1 08 + 0.066(1 - c) 

M = 
M pU fJ gL (�

+ _I_) 
s A 2Dg U�  

(0.6) 

(0 .7) 

This can then be used i n  analysis of the experimental l y  observed pressure drop as a 
function of powder addition rate. 
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Appendix F Pressure Recordings for Fines Flow Estimation 
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Appendix G Blower Performance Curve 
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Appendix H Method for Paar Viscometer 

Procedure for using the Paar Physica MC l operating with US200 software (v2.30): 

2 1 8  

1 . Open US200 
2 .  Open the work book extremelin .ctx 
3. Sett ings - 6 samples, 1 0  points over 6 s, interval 60 s 
4. Options - Start diagnostic - turn on viscometer - remote 
5 .  Options - measuring device - setup - select measuring system 

a. ZI DIN (double gap) for low solids 
b. 23 . 1 DIN (25 mm) for high solids 

6.  File - datapool - new - start button - enter sample name 
7 .  samples: 

a. place in water bath at measurement temperature 
b.  pour in  sample to j ust cover internal cyl inder for double gap, and up 

to the l ine for the high sol ids cylinder 
c .  insert measurement cyl inder i nto viscometer 

8. press save on software, one sample takes 6 minutes 
9. after measurement c lean out the measuring cyl inder with water 
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Appendix I Method for Surface Tension Measurement of Milk 
Concentrates 

HAZARD RISK EFFECTS OF HAZARD MANAGEMENT OF 
HAZARD 

Chromic Moderate risk Severe B urns Wear ni trile gloves and 
Acid  goggles when handling 
Ethanol Low risk Flammable, irritant Wear gloves, goggles 
Acetone Moderate risk Irritant to eyes and skin, Wear gloves, goggles, 

flammable keep away from igni tion 
sources 

Isopropanol Low Risk Irritant, flammable Wear gloves, goggles 
Boil i ng Low Risk B urns U se tongs when handling 
water sample vessels 

Scope 
To measure the surface tension of l iquids, principal ly mi lk concentrates of varying 
sol ids contents and temperature. 

Reference 
Kriiss  Tensiometer K 1 2  Manual 

Quality Control 
Before carrying out a measurement, the system must be cal ibrated following the 
calibration instructions. The val idity of the calibration can be measured using a mass to 
i mitate surface tension. The final check is carried out using water (RO or Tap) at 20DC 
a reading of greater than 7 1 .5 mN m- I should be achievable and a l i terature val ue of 
72.7 mN m- I is desirable. The cal ibration should be calibrated only after the balance 
has been levelled correctly .  

Sample Preparation 
The sample vessels and plates/ring used should be thoroughly c leaned before any 
measurement. Ful l  detai ls  on various c leaning and handl ing procedures can found in 
the surface tension manual and the c leaning procedures included further in these 
instructions. The general procedure fol lowed for handling is included below : 

Important handling information 
I .  When handling ring/plate never touch the surface, to remove from storage 

container, gently invert and pul l  off base so that the plate rests i n  the felt-l ined l id. 
2. Hold the ring/plate by the shaft and clean before use as explained below. 
3 .  To  store the ring/plate, guide the shaft careful ly  into the wooden storage box and 

gently let it fall into place. Never force the ring/plate and always clean before 
storage. 

4. If the ring/plate is  suspected to be damaged, consult the m anual and c lean ing 
instructions for confirmation. 

5 .  I f  incorrect resul ts are obtained, first consider cleaning the sample vessels with 
Chromic Acid as the most common cause i s  sample contamination .  
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Platinum Device (Plate/Ring) Clean ing Procedure 
1 .  Before use, c lean with RO water and flame to red hot. 
2. Wait for the device to cool before use or storage. 
3 .  After use with a n  aqueous solution, simply rin se with R O  water thoroughly before 

c leaning and flaming. 
4. After use with milk solutions rinse thoroughly  with hot water to remove e xcess 

milk .  Follow by rinsing with RO water, then isopropanol to remove any proteins 
from the surface, followed by acetone before ri nsing with RO water and flaming to 
red hot. 

5 .  The ring/plate should NOT be flamed i f  any mi l k  res idue remains on  the platinum 
surface. The device should be rinsed carefully with chromic acid for several 
minutes before a final rinse of RO water, repeat if necessary . Once the surface 
appears c lean the plate/ring can be flamed to red hot and stored. 

6. If the platinum surface becomes contaminated by fl aming of mi lk  residue onto the 
surface the plate/ring can be careful ly pl aced in a beaker of chromic acid for - 2hrs 
before rinsing with RO water and flaming to red hot. This  wil l  remove the 
contaminant from the platinum surface and wi l l  not damage the surface properties. 

7. The device should be cleaned between each measurement to maintain constant 
surface conditions. 

Sample Vessel Cleaning Procedure 
After use in aqueous solutions the glass sample vessel can be cleaned by ri ns ing with 
water, then acetone and flaming. However it is important that the sample vessel i s  very 
clean and should be handled wearing gloves to avoid contaminating w ith oi l  or other 
substances. For work with milk products it is recommended that the fol lowing steps be 
taken before use: 
I .  Completely  i mmerse vessel in Chromic Acid for 3 minutes. 
2. Rinse with Mi l l iQ water into another beaker. 
3. Boil in a SOOmL beaker of water for 3 minutes 
4. Flame using a B unsen burner 
5 .  Place in  a sealed plastic container face down. 
6. Alternatively plastic vessels can be used, to test the suitabil i ty of a plastic vessel ,  

simply leave water in the vessel for ten minutes before measurement and if  within 
the acceptable l imits, the vessel is suitable for use . 

7 .  Size of the sample vessel is important in  maintaining the appropriate tem perature 
during the measurements, water or another heat transfer l iquid can be used to 
surround a smaller container to avoid too much heat loss. 

Procedure 
l .  Turn on K 1 2  Tensiometer and water bath, set water bath to -2°C above desired 

sample temperature. 

2. Start stirrer usi ng H button. 
3 .  Remove plate/ring from storage container, c lean and i nsert into suspension (balance 

= locked) .  
4. Release balance lock to activate K 1 2  device, ensure platform is above the lower 

l imit .  
5.  Place c lean sample vessel inside the thermostat vessel .  
6. If the sample does not form a skin, 30 - 40 mL of sample can be gently poured into 

the vessel .  
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7. Press (9) for setup and (4) Temperature to check the temperature inside the 
thermostat vessel .  This  should hold at the required temperature, the sample 
temperature can then be checked. 

8. Once the vessel temperature and sample temperature are equal to the measurement 
temperature the procedure can start. 

9 .  Select ring or plate measurement, select surface tension measurement, select single 
or series of measurements. 

1 0. After inputting the required details raise the vessel so the l iquid surface sits 3 to 4 
mm below the plate/ring. 

1 1 . Stop the stirrer. 
1 2 . Start measurement. 
1 3 . Samples that undergo skin formation need to be poured into the vessel once already 

at the desired measurement temperature and measurement should be started as soon 
as possible. There wil l  always be some delay as the system prints and the platinum 
device is i nserted i nto the sample. - 2 or 3 minutes. 

1 4. For a series of measurements the sample temperature should be recorded with a 
thermometer before and after. 

1 5 . A new, c lean sample vessel should be used for each measurement and the plate 
should be cleaned after each measurement and cooled to ambient temperature 
before carrying out a subsequent measurement. 
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Appendix J Repeatability Surface Tension Measurements 
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Figure 1 . 1 : Variabil ity of surface tension measurements 



Appendix K Influences to Plate measurements 

The Wilhelmy plate method could be influenced by three major factors : 

Appendices 

The wetting properties of the plate changes (because of sample or the plate itself) 
The shape of the plate changes 
The viscosity of the sample 

Changing of wetting properties 
The theory of Wilhelm y  requires complete wetting of the plate with l iquid which can be 
prevented by two effects. The surface free energy of  the plate can be reduced if the 
surface of the plate is altered (perhaps by improper c leaning) and the contact angle of 
the sample will change. The sample itself could prevent spreading too if cationic 
surfactants are used as a sample. Cationic surfactants have a hydrophilic end and a 
hydrophobic head like other surfactants. They bui ld  a layer around the plate and 
orientate with i ts  hydrophobic head outside causing a hydrophobic layer around plate 
and prevent spreading as shown in Figure K. l .  

eontact angle 
g � O  

Figure K .  1 :  How cationic surfactants prevent spreading 

Changes in the shape of the plate 
It is possible for the plate to change shape either through damage or over time; this i s  
shown in Figure K.2 below. There i .  a liquid volume below the plate and the plate w i l l  
get buoyancy because of this and the surface tension force i s  reduced. 

Figure K.2 :  Changes in plate shape 
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Viscosity of Samples 
If the viscosity of the l iquid is high a fil m  of l iquid wi l l  stick to the plate causing an 
increased load on the force measuring system which wi l l  be directly calculated i nto a 
increased surface tension. The fi lm of l iquid flows back into the sample vessel over 
time and the surface ten sion decreases to the actual value (see Figure K.3) .  Due to this 
effect it i s  best to wait until an equilibrium value is  reachcd especial l y  for samples with 
a high viscosity. 
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Appendix L Calculation of Evaporation Rates 

The rate of evaporation from the milk samples may affect the rate of skin formation and 
therefore the final surface tension value. The evaporation rate was establ ished by using 
a heat transfer correlation for a horizontal flat surface to infer a mass transfer 
coefficient. The evaporation rate was found by using equation (L. I )  below: 

(L. I )  

where w = rate of evaporation [kg so l ] ,  kH = mass transfer coefficient [ kg m-2s- ' ] ,  A = 
area of surface [ m2] ,  Hsurjace = humidity of surface [kg/kg] , Hair = humidity of the air 
[ kg/kg] .  The relationship between the mass and heat transfer coefficient is 
approximated: 

h 
k z ­

H C p 

(L.2) 

where h = heat transfer coefficient [W/m2 K] ,  Cp = specific heat capacity [J kg- ' K" ' ] .  
The heat capacity of humid air i s  given by: 

C p = C p,air + C p ,steam Hair (L.3) 

where Cp,(lir = the specific heat capacity of air [J kg- ' K- ' ] ,  Cp,steam = the specific heat 
capaci ty of steam [J kg- ' K- ' ] .  The heat transfer coefficient is obtained from the Nusselt 
number for natural convection from a flat horizontal surface (Perry and Green, 1 997) as 
fol lows: 

hD 0 15 Nu = - = O.54( Gr Pr) .-
A 

(L.4) 

where D = diameter of vessel [m ] ,  }, = thermal conductivity [ W  m- I K" ' ] ' Gr = Grashof 
number, Pr = Prandlt number. The dimensionless group used to define natural 
convection is the Grashof number, it is the ratio of buoyancy to viscous forces: 

(L.5) 

where fJ = coeffic ient of thermal expansion = l iT, P = density of air [ kg m-3 ] ,  11 (1  = I Tp ­
To I where Tp = surface temperature [ QC]  and To = ambient air temperature [ cC ] ,  L = 
diameter of vessel [m ]  and ;"1 = v iscosity of air [ Pa s] . 

The Prandlt number defines the ratio of momentum and thermal diffusivities: 

Pr = f.1
C p 

A 
(L.6) 
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To determine the evaporation rates, the air humidity and temperature was recorded i n  
the chamber o f  the tensiometer at four different sample temperatures i n  four positions, 
directly above the sample, near the top of the chamber, to one side of the chamber and 
outside in  the ambient a ir. This  was done to estimate the evaporation rates experienced 
when conducting surface tension measurements, during this time the chamber doors are 
closed but are open when placing the sample. This means the humidity in the chamber 
is  not constant during the experiment which makes it difficult to estimate a driving force 
from which to calculate evaporation. 

Figure L. I uses a driv ing force of �H, where �H = Hsurface - Hambient and shows the 
relationship between the rate of evaporation at the surface and the temperature of the 
sample being measured .  The evaporation rate from the sample surface appears to be 
constant over a range of sample temperatures. Skin formation is significantly affected 
by temperature; therefore the formation of a skin does not depend on the rate on the 
evaporation from the surface .  Skin formation is a temperature dependent phenomenon 
where a milk chemistry effect causes a high rate of skin formation above 60°C. 
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Appendix M Drier Selection Criteria 

Five criteria were used to evaluate the suitabil ity of the available spray drying chambers 
for the agglomeration experiments. A spray drier chamber was considered necessary to 
contain the experiments and to enable the control of the same parameters that are 
important i n  an i ndustrial s ituation .  Four small scale spray dry ing units were available, 
two at Massey Universi ty and two at Fonterra Palmerston North. These driers only  
allow for spraying so  the key modification required was to  enable the supply of powder 
in to the drying chamber for contact with the spray. The selection process has been 
included in Table M. I and the criteria have been explained below : 

Availabil ity refers to whether the drier was readily accessible 
Modification refers to the ease of adjusting the drier to allow fines delivery 
Concentrate refers to proxim ity to freshly produced mi lk concentrate 
Test access refers to proximity to the required apparatus to perform tests 
Init ial setup refers to the amount of time required to make the drier operational 

Table M .  1 :  Drier Selection Criteria 

Criteria Massey (old) Massey Fonterra Fonterra 
(new) (old) (new ) 

Avail abi l ity hard moderate easy moderate 
Modification hard hard hard moderate 

Concentrate access hard hard easy easy 
Test access hard hard easy easy 
Initial set up hard hard hard easy 

This suggests the most appropriate drier was the new Fonterra chamber. While it was 
only moderately avai lable it was the easiest to modify due to l arge sight glasses. It i s  
located in  the pilot plant a t  Fonterra Palmerston North with easy access to concentrate 
and i n  close proximity to the tests required to be carried out. The only disadvantage of 
the old Fonterra chamber is the set up required. It needed new seals and had not been 
used for some time whereas the new Fonterra chamber was rel atively new . The main 
reaso� the Massey spray driers were not selected was due to concentrate and tests 
access, also these driers have small sight glasses which would have made modifications 
difficult .  
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Appendix N Prediction of (T -T g)critical 

It is important that powder collected in the cyclone of the small scale drier experiments 
avoid sintering. To assure this, the critical T - T g i s  calculated using Equation (2 . 1 8) 
from Palzer (2005) and the values from Murti (2006) .  Bronlund ( 1 997) measured the 
surface tension of saturated lactose syrups between 1 7  and 40°C and fitted a l i near 
relationship to this  data. This l inear relationship was extrapolated to the outlet air 
temperature of the drier (67 .S°C) and surface tension was estimated to be 0.063 1 N m- I . 
The minimum (T - T g)critical was calculated using the smallest D4.3 dried droplet or fines 
particle size and the longest contact time and the maximum (T - Tg)critical value was 
calculated using the l argest D4.3 dried droplet or fines particle size and the shortest 
contact time. The mean (T - Tg)critical value is therefore 8 .8°C. 

Table N. l :  Values used to calculate (T - Tg)critical 
Variable Description Minimum Maximum 

R particle radius 0.0000065 0.000029 
a part icle diameter 0.0000 1 3  0.000058 
Ft app l ied force 0 0 

llg dynamic viscosity at gl ass transit ion I E+ 1 2  I E+ 1 2  
C WLF constant for SMP Foster (2002) - 1 4. 8  - 1 4. 8  
B WLF constant for SMP Foster (2002) 25 .3  25 .3  

X/a Palzer (2005) 0 . 1 0. 1 
Y surface tension sat lactose 67.5°C 0.063 0.063 
t t ime 1 200 600 

T-Tg 7.3 1 0.3 
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Appendix 0 Chute dimensions 
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Appendix Q Small Scale Calculations 
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An agglomeration experiment involves the coll i s ion of droplets and fines in the 
col l i sion zone at the top of the spray drier. In the smal l  scale equipment typically l A  kg 

h-
' 

of spray droplets and I kg h-
' 

of fines particles are del ivered to the col lision zone. 

Thi s  section generally  uses the lowest mass flow rates, small fines size and low sol ids 
concentration experiments to calculate: 

I .  the concentration of droplets and fines 
H .  the number o f  particles and droplets i n  the col l ision zone 

H I .  the proposed trajectory of the agglomerates 

IV.  the l ikelihood of coalescence following droplet-particle coll ision. 

Number concentration of fines and droplets in the collision zone 

To calculate the number of fines particles and droplets in the coll ision zone, the 
concentration of droplets and particles must be calculated. This can be determined by 

calculating first the nu mber concentration of fi nes, N f '  and droplets, N d '  which are 

included in Table R. l .  This concentration i s  multiplied by the vol ume of the col l i sion 
zone to give the number of particles or droplets avai lable for coll i sion : 

Table R . I :  Concentration of droplets and fines 
Droplets Fines 

1 .4 kg/h = 9.6 x 1 O"/m3 I kg/h = 1 .9 x 1 0'°/ m3 
Industry = 4.8 x 1 0 10/ m3 

Fines ( I  kg/h) 

1 o./ �  
0.0 1 m �V---- Spray ( l A  kg/h) 

0.03 m 

Number of particles in col l ision zone = 335 420 

Number of droolets i n  col l i sion zone = 1 7  287 520 

Figure R I :  Number of fines particles and spray droplets in the coll ision zone 

(R I )  

(R2) 
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Trajectory of agglomerates 

A momentum balance can be used to determine the proposed product trajectory from 
the mass and velocity of the fines and spray prior to a coll i sion i n  the contact zone. Thi s  
is  represented in the schematic in  Figure R .2  where a ,  b and c can be calcu lated 
fol lowing the equations below: 

Where a i s  the momentum of the spray, b is the momentum of the 
fines and c is the resultant momentum. 

b� 
Figure R. 2 :  Calculating the resul tant momentum from the spray and fines properties 

Mall!! = M  .. + M J  

C Uag!: = M agg 

Table R.2 Comparing spray velocities for the two-flu id  nozzle 
Inputs Units Low case Low case High case High case 

with air no air with air no air 

Ms k" h· 1  
I:> 1 .4 1 .4 2 2 

Vd m s  
· 1  

7 .2  7 .2  7 .2  7 .2  

MarITI k" h· 1 I:> 0.36 0 0.66 0 

Va 
· 1  

30 0 50 0 m s  

Mr kg h· 1 I I 2 2 

Vr 
· 1  

2 .5  2.5 4 4 m s  

a 0.006 0.003 0.0 1 3  0.004 
b 0.00 1 0.00 1 0.002 0.002 
c 0.006 0.003 0.0 1 3  0.005 

Magg kg h· 1 2 .4 2 .4 4.0 4.0 

Vagg m s  
· 1  

8 .8  4.3 1 2.0 4. 1 

e 0 6.8 1 3 .9 9 .6 29. 1  
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These calculations show that the curtain particles are removed by the spray droplets and 
any product is  directed in a s imilar trajectory towards the opposite wall due to the small 
angle of the product stream. It i s  possible that some of the agglomerates formed may 
deposit on the chamber wal l .  The calculations also show that if the atomisation air 
could be removed from the system the spray would have less of an effect on 
agglomerate trajectory and the velocity of agglomerates would be reduced. 

Critical Stokes 

Ennis, et a l .  ( 1 99 1 )  and Liu,  et al (2000) have investigated col l i sions between two 
spherical particles with wetted surfaces and the forces involved. Fol lowing successfu l  
droplet-particle impact i t  i s  essential to establish what conditions are required for 
coalescence to occur. If it i s  assumed that all of the kinetic energy of the col l i sion i s  
dissipated in  the pendular l iquid bridge formed between particles the minimum velocity 
required for particles to rebound (or maximum velocity required for particle capture to 
occur) can be determined. Practical ly ,  both capi l lary and viscous dissipation 
mechanisms can occur simul taneously however viscous dissipation is dominant. The 
critical Stokes number for rebound is found using equation (2.27) :  

St ' = 8puo r = ( I + �) ln(�J 
9 J1 e ha 

(2 .27) 

where Sty = viscous Stokes '  number, p = granule density [g  cm-3 ] ,  £ la = in i tial relative 
granule col l is ional velocity [cm s-' ] ,  r = particle or granule radius [ flm ] ,  f.1 = binder 
viscosity [ Pa s ] ,  e = coefficient of restitution [-] , 8 = thickness of the l iquid fil m  on 
granule surface [m] ,  and ha = height of granule surface asperities [ m ] . 

This parameter can be used to establish the maximum velocity for a given binder 
viscosity and vice versa. In this case, the completely wetted spherical particles are 
considered an extreme case, and the coeffic ient of restitution is  taken as 1 so particles 
are assumed to be rigid and perfectly el astic . This  approach has many l imitations 
(elastic, non porous wet particles, viscous effects not as large, breakage and 
consol idation) but is  a good first step to understand the conditions that promote 
agglomeration. 

The conditions for experiment P6 have been used as an example. First assume one drop 
hits a particle and covers the entire surface. The drop and particle are s imilar in size 
(D4.3 .p = 30 f..I.m ,  D4.3 .d = 20 f..I.m) however have different densities. If it i s  assumed the 
particle is spherical it wil l  have a surface area = 4m2 and the drop wil l  have a volume = 
4/3 nr3 . These two values can be used to find the thickness of the l iquid l ayer assuming 
the droplet completely covers the l iquid surface and does not have time to i nfiltrate the 
surface. 

(R.8 )  

where Ap = particle surface area [m2] ,  Vd = volume of  droplet [m3 ] and 8 = thickness of 
the l iquid l ayer [m ] .  
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Observations of fines particle i ndicates that ha the asperity height ranges from 1 to 5 
micron however for the 30 flm particles investigated here they average - 2.5 flm . The 
viscosity of the binder layer is taken as the in itial fl uid vi scosi ty prior to atomisation; 
th is is measured to be 0.0 1 47 Pa s at 50°C . The maximum velocity is  predicted to be 
1 . 5 m S- I before rebound wi l l  occur, in this experiment the velocity of expected product 
of droplet-particle col l i sion - 8 .8  m s- I . It is possible that the coll ision between wetted 
particles exceeded this l imit .  

I ncreasing the number of droplets to 4 per particle increases the droplet volume and 
therefore the thickness of the l iquid layer i ncreases the maximum veloc i ty to 3 .9  m s- I 

before rebound occurs . However this maximum relative velocity depends on the 
properties of the coll iding particles and the liquid layer and cannot be predicted for the 
di stribution of different conditions that exist in reality. 

If partic le velocity is 8.8 m S- I (calculated fol lowing the ini tial droplet-particle col li sion) 
a l imiting viscosity can be established for one droplet of 0.0844 Pa s for capture to 
occur and 0 .0333 Pa s for 4 droplets. Thi s  viscosity is s imi lar to that measured for 47% 
total sol ids milk concentrate. It should be noted that the l imit ing viscosity is affected 
significantly by ha which can only be roughly estimated. 
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Appendix R Agglomerate Morphology of Selected Pilot Scale 
Experiments 

Agglomerate morphology can be assessed visually using microscopy techniques. The 
pilot scale experiments were characterised using both scanning electron microscopy 

(SEM) and stereoscope. Figure R. l compares the stereoscope and SEM images for Run 
I and show that the stereoscope images effectively show the agglomerate structures 

formed more clearly than the SEMs. Images of Run 3 drier are compared in Figure R.2;  
both techniques demonstrate that not as many particles are present in the agglomerates 

compared to Run I .  

b) Run I SEM 

Figure R. I :  Comparing stereoscope and SEM images for Run 1 
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b) Run 3 drier SEM 
Figure R .2 :  Comparing stereoscope and SEM images for Run 3 drier 
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