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ABSTRACT
SELP-EEATING AND SELF-IGNITION IN DAIRY POWDERS
By

James Finbarr 0‘’Connor

Self-heating in dairy-based milk powders is a cause of
fires and explosions in processing equipment and storage

facilities in the dairy industry.

Detection of fires in spray-dryers and siloes has not been
successful. Prevention offers the best method of limiting
the occurrence. Thus, it has become essential to predict
the conditions which are conducive to the commencement and

propagation of heating in milk powders.

A numérical model was developed to simulate self-heating
of a sphere of powder. The simulation takes into account
variable environmental and product conditions which
include finite surface and internal resistance to heat
transfer. The model is solved by finite elements. The
solution is accurate and stable. The finite element
technique permits extension of the simulation to other
geometries, including 1layers and irregularly-shaped
particles of milk powder. The model was tested over the
range of parameters and properties 1likely to be
encountered commercially: values of Activation Energy from

40 kJ/kg mole to 100 kJ/kg mole and test temperatures from
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127°C to 380°C were examined for sphere radii of 1.8 cm to

5.1 cn.

The Differential Scanning Calorimeter (DSC) was employed
to provide kinetic data for the simulation. The model was
subsequently validated for predicting the Minimum Ignition
Temperature (MIT) and the Time to Ignition (TtI) of the

milk powder under the test conditions.

In the experiments commercial powders were subjected to a
high-temperature environment in a standard oven. Detailed
time/temperature profiles of the spheres were obtained as
they heated up to either an ignition or a non-ignition
condition. Experimental inaccuracies in the DSC resulted
in simulated MIT values averaging 13% above the

experimental results.

The model was further employed to estimate the MIT/TtI
values using the oven-derived kinetic data. These simulated
time/temperature profiles show excellent correlation with
the experimental data. For instance, for a 2" sphere of
skim-milk powder, the oven predicts an MIT of 161°C,
compared to a predicted MODEL/OVEN value of 159°C, and a
MODEL/DSC value of 179°C; hence the ’‘oven-based’ model

gives the best correlation with the experimental data.

The model allows very precise prediction of the lowest
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ignition temperature. It specifically identifies the
lowest ambient temperature at which ignition occurs. This
is a better combustion indicator than the MIT which is
defined as the average of the ignition and non-ignition

temperatures.

Experimental and simulation results show that the TtI
increases as the sphere radius increases. Also, the TtI
decreases exponentially when the ambient temperature
increases 1linearly. Below the MIT, ignition is not
possible. The model predicts an exponential decrease in
the TtI for a linear decrease in the Activation Energy.
Above an Activation Energy value of 90 kJ/mol, no ignition
is possible under the standard test conditibns. If the
surface heat transfer coefficient is 15 W/m2 K or greater,
‘ignition takes place at approximately 150 mins for a 4"

sphere.

As a result of the findings, a number of specific
practical recommendations are made regarding the

prevention of self-heating and self-ignition in dairy

F W. Bakker-Arx

Major Professoreg/a/?ﬂ
) e B

Approved R.D. von Bernuth #z3/70
Chairperson

powders.




TO : Marion, Aoife and Orla



ACKNOWLEDGEMENTS

The author wishes to express his thanks to the many people
who assisted him in the course of this work. In particular
he would like to thank University College Cork and the
Kellogg Corporation of Battle Creek, Michigan for
affording him the opportunity to undertake this course of
study at Michigan State University. He is particularly
grateful to the members of his advisory committee for
their sustained interest and support over the duration of
the project: Professor Fred Bakker-Arkema who provided
invaluable guidance, friendship and support throughout;
Professor Ian Gray similarly provided inestimable support
from the moment of our first arrival in Lansing. Dr.
Dennis Heldman, who provided the initial impetus for the
program and Professors Eric Grulke and Jim Steffe who
closely followed the progress of the work and provided
support as required.

Oon the research end he is indebted to Professor Chris
Synnott and Mr. Diarmaid MacCarthy of ©UCC's Food
Engineering Department and Dr. Joe Buckley of the Food
Technology Department and to Dr. Thomas Duane, Mr. Liam
O'Donnell and Ms. Aine Curtain for many |useful
discussions; Messrs. John Barrett, Denis Ring and Joseph
O'Mahony who provided valued technical assistance and Ms.
Rita Kelleher for her secretarial help. The support of the
UCC Computer Bureau staff is also acknowledged.

Finally he is extremely grateful to his wife, Marion, for
her unstinting support and assistance over the long hours
of sometimes seemingly endless toil and never-ending miles
that have brought this project to fruition.



List of Tables X
List of Figures xii
1. Introduction 1
1.1 The Cost to Industry 10
1.2 Thermodynamics 12
1.3 'Classical' Ignition Theory 15
1.3.1 Minimum Ignition Temperature 17
1.3.2 The Frank-Kamenetskii Dimensionless 17

Reaction Rate
2. Objectives 20
3. Literature Review 22
3.1 Traditional Fire/Combustion Theory 22
3.1.1 The Semenov Model 22
3.1.2 The Frank-Kamenetskii Model 26
3.1.2.1 Summary of Frank-Kamenetskii 31

Assumptions
3.1.2.2 Use of Frank-Kamenetskii Theory 31
3.1.3 The Validity of the Traditional

Approximations 36
3.1.3.1 The Frank-Kamenetskii Critical Parameter 37
3.1.3.2 Modifications to the Basic F-K Model 40
3.2 Shape and other Factors Influencing

Criticality 43
3.2.1 Varying Thermal Conductivity 46
3.2.2 Reactant Consumption 48
3.3 Self-ignition in Products other than

Milk Powders 50
3.3.1 Self-ignition in Wool 52
3.4 Milk Powder Ignition Data 57
3.4.1 IDF Summary (1987) 62
3.5 Calorimetry and Kinetic Studies 62
3.5.1 Reaction Rates 63
3.5.2 Calorimetry 67
3.5.3 DSC Calculation Procedure 69
3.5.4 DSC Analysis 73
3.5.5 Specific Heat 76
3.5.6 Density 77
3.6 Basic Mathematical Theory 78



L W
e o o o

NN

OoUUULLLLLLLLLNLLLOLLUOVLL LT 0 (S, 8} wn bbb bLbbLbLbLLLLLLLELDLELS

o o
o O

e @ e o o o o o o o o o o s o o o

UOOUOLLLLLOLLOLLLLLLLLAEWDNDN

L] L[] L] L] L] L] L] . L] e L]

NNV NDDODODODNDON [l o

L] L] L[] L[] (] L] . L] L] L] L] L] L[] L[] L[]

N -

- oML WLWWWWWW

NN NNNDN R R

(X

NoOondsWN

(N SN

Finite Elements
Theoretical Simulation of Self-heating/
Spontaneous Ignition

Experimental Introduction
Experimental Parameter Range
Oven Design

Determination of Surface Heat Transfer
Coefficient

Powder Density

Particle Density

Bulk Density

Sample Preparation
Time/Temperature Profiles

The Differential Scanning Calorimeter
DSC Equipment

DSC Cell

Temperature Control

The DT Signal

The DSC Signal

The Mettler Processor
Printer/Plotter

Calibration of the DSC
Determination of Tlag

Sample Preparation and Insertion
Analysis of Substances

Theory : Development of a Finite Element
Model for Self-heating /Self-ignition
Introduction

Mathematical Description of Heat Transfer
Problem

Finite Element Solution

Finite Element Solution for Inert Product
Finite Element Formulation

Finite Element Grid

Element Conduction Matrix

Element Capacitance Matrix

Element Convection Matrix

The Global Matrix Equation

Solution of the Global Equation
Verification of the Heat Transfer Model
Comparable Analytical Model

Sample Problem

Temperature Profiles

Solution for Product with Heat Generation
Inclusion of the Heat Generation Term
The Force Vector Element Matrix

viii

78
79

83
84
86

89
91
91
91
94
96
98
103
103
103
106
106
110
111
111
112
113
114

115
115

116
117
119
120
121
123
123
124
125
125
126
126
127
127
139
139
141



6. Results and Discussion

6.1 Determining Surface Heat Transfer
Coefficient

6.1.1 MIT Data for Avonmore Skim Milk Powder

6.1.1.1 Accuracy of Oven Measurements

6.1.2 The Kinetics of Self-heating

6.1.2.1 Density

6.1.2.2 Thermal Conductivity

6.2 DSC Data

6.2.1 Calorimetric Data for Milk Powders

6.2.2 Calculation / Preparation for Computer
Simulation

6.3 Simulation Results

6.3.1 Detailed Simulation Run

6.3.1.1 Specific Heat

6.3.1.2 Activation Energy and Heat of Combustion

6.3.1.3 Simulated Time/Temperature Profiles

6.4 Simulation / Oven Validation

6.5 DSC / Oven / Simulation Comparison

6.5.1 DSC Accuracy

6.5.2 Conclusions

6.6 Sensitivity Analysis

6.6.1 Effect of Sphere Radius on Combustion /
Ignition

6.6.1.1 Minimum Ignition Temperature

6.6.1.2 Time to Ignition

6.6.2 Effect of Activation Energy on
Combustion / Ignition

6.6.3 Effect of Ambient Temperature on
Combustion / Ignition

6.6.4 Effect of Surface Heat Transfer
Coefficient on Combustion Ignition

7. summary

8. Ssuggestions for Puture Study

APPENDICES

1. Derivation of Element Matrices
2. DSC Programming Procedures

3. Computer Program Listings

4. Bibliography

144

144
148
152
153
156
158
158
159

161
163
164
165
165
166
168
175
178
179
181

182
182
185
188
191

194

199

202

206
215
218
235



M O e LWWR P
[ ] [ ] [ ] L[] [ ] [ ] []
N O RPOUNPORN R

(=) o
L[] . [
N (o W

“ . * o .
w

= = O ® N o (S, 3

-

o

AN o O o0 O (- W)} [+

oy
>N

6.15
6.16
A3.1
A3.2
A3.3
A3.4

LIST OF TABLES

Typical case history of fires in a milk
powder drying plant.

Some major reported milk powder fire events.
MIT data for milk powder cubes.

MIT values for milk powder cubes.

Powder sample radii and associated 'h' values.
Time/temperature data for 4" sphere.

DSC Calibration data.

Analytical and numerical solution for the
aluminium sphere.

Analytical and numerical solution for a
cooling problem.

Time/temperature data for varying convection
conditions. ‘

Time/temperature and 'h' value data for

4" sphere.

Experimentally determined values of the
surface heat transfer coefficient.
Radius/experimental MIT data for

Avonmore skim milk.

Bowes plot data for Avonmore skim milk.
Experimental and derived milk-powder

sample data.

Calorimetric results for skim milk powders.
Kinetic data for milk powder, derived

by traditional and DSC techniques.

Oven and model MIT values compared.
Comparison of MIT ('C) values for different
size spheres using different techniques.
Simulation parameter range.

'Standard' simulation data.

MIT vs sphere radius.

TtI vs sphere radius.

TtI vs Activation Energy.

Simulated ambient temperature vs TtI.

Heat transfer coefficient vs TtI.

Programme MNFN3A.

Subroutine SBFN3A.

Subroutine FAT.

Subroutine FBT.

58
60
96
99
113

128
133
136
145
147

152
154

158
160

162
169

178
181
182
182
187
190
191
196
218
219
225
226



A3.5
A3.6
A3.7
A3.8
A3.9

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine

FCT.
ARRAY.
SIMQ.
DQG32.
GMADD.

A3.10 Subroutine GMPRD.

227
228
229
232
233
234



[y
L ] L]

N =

w

ww
WwN Ll

b bhbbbdbdbbdbdbWW
e o o o o o o o o o
NN WNDE O &

o
. e o o .
> WN = O

OO O wn (8} (3} Ko n

BN WN - (+)) wn

LIST OF FIGURES

Schematic Diagram of Typical Drying Plant.
Heat Generation vs Heat Loss, Stable and
Runaway Reaction Zones.
Determining Kinetic Parameters
with F-K Parameters.
Heat Transfer Models for Self-ignition.
Typical Conical Spray Drier Section Showing
Temperature Range and Powder Deposit Areas.
DSC Enthalpy Range.
DTA and DSC Compared.
Test Oven.
Aluminium Sphere Heat-up Curve.
Pycnometer.
Jolting Volumeter.
Milk Powder Ignition Curves.
Typical DSC Printout.
DSC Cell.
Temperature in the DSC Measuring Cell
as a Function of Time.
T Signal (Primary Signal) as a Function of
time, T, and the Reference Temperature Tr.
n is the Vector Normal to the Sphere Surface.
Finite Element Grid.
Analytic vs Finite Element Solution for
Aluminium Sphere Heat-up.
Analytic vs Finite Element Solution for
Aluminium Sphere Heat-up (Expanded View).
Analytical vs Finite Element Solution for
Apple Cooling.
F.E. Technique used to Model Different
Values of Heat Transfer Coefficient.
4" Aluminium Sphere Heat-up Curve.
3" Sphere Milk Powder Ignition Curve.
2" Sphere Milk Powder Ignition Curve.
1.5" Sphere Milk Powder Ignition Curve.
Bowes Plot
Simulated Temperature Profile for 4" Sphere.
Predicting MIT Using Oven Data.
Oven and Model Profile at Lowest Oven
Ignition Temperature (1.5" sphere).

34
35

59
71
75
88
90
92
93
104
105

105

107
118
121

130

131

135

138
146
149
150
151
155
167
168
171



6.10
6.11

6.12
6.13
6.14
6.15
6.16

Oven and Model Profile at Lowest Oven
Ignition Temperature (4" sphere).
Oven and Model Profile at Lowest Oven
Ignition Temperature (3" sphere).
oven and Model Profile at Lowest Oven
Ignition Temperature (2" sphere).

Predicting MIT Using DSC Data.

Simulated MIT as Radius for Milk Powder.

Simulated Time
Simulated Time
Simulated Time
Temperature.

Simulated Time

to
to
to

to

Ignition vs
Ignition vs
Ignition vs

Ignition vs

Radius.
Activation Energy.
Ambient

'h'=-value.

171

173

173
177
184
186
189

192
195






4. INTRODUCTION

Self-heating and spontaneous ignition are phenomena
usually associated with a number of different situations.
Firstly, in the case of self-ignition of hay-stacks, it
may be linked to the exothermic biodegradation reaction
occurring in the hay (Rothbaum, 1963 ). Alternatively,
spontaneous ignition leading to a dust explosion can be
seen as a natural occurrence in the coal industry, due to
the dusty, inflammable nature of that product. What have
gone largely uncatalogued until recent times are the many

cases of self-ignition which occur in the food industry.

In the food sector, the two conditions already referred to
(i.e. exothermic reaction and/or inflammable product )
exist widely, though perhaps not on the same scale as the
large heat generation due to the biodegradation in a damp
hay stack or the highly inflammable dust clouds in a coal
handling operation. Many foods are produced today in
powder form , or have powder as a byproduct or as a waste
material. In many cases, the chemical interaction of the
powders with oxygen is a low-grade exothermic reaction.
Unless the heat generation is dissipated to the
environment, the product temperature will steadily
increase over time, causing the heat generation term
itself to increase . Either by the mechanism of internal

heat generation or through the external supply of heat



(e.g. a hot surface in contact with the powder or electric
/ friction spark) the food system may proceed to a runaway

thermal reaction, i.e. a fire and / or a dust explosion.

Instances of the 'food-based' spontaneous ignition
incidents have occurred in such diverse areas as the dairy
industry, with a wide variety of milk-based powders being
recognised as potential fire hazards, and the
confectionery trade, where sugar / chocolate based
formulations pose a similar hazard. The cereal / grain
business must also contend with fires caused by this
phenomenon. Some fatalities have resulted from fires in
the transportation and handling of grains in siloes, and

in the unloading of grain cargoes from ships.

The aim of the present study is to determine the
conditions which give rise to potentially serious self-
heating in milk powders (i.e. self-heating of powders
which, either in storage or in the production 1line,

proceed to a self-ignition situation).

The International Dairy Federation (1987) summarised the

danger by stating that all dried dairy products are
iiable to self-ignite under the right conditions.

Self-heating / self-ignition in dairy powders is a major
source of concern to the dairy industry at large. 1In

-2-



Ireland alone, there is an average of one major fire
reported each year. Due to the competitive nature of the
industry there is no doubt that there are a number of
other fires or 'near misses' which go unreported. Typical
damages from such an incident exceed $3 million, when
equipment and building damage are totalled together with
lost production capacity and lost markets (Wyeth, 1980).
Serious injury to personnel in the dairy industry has
fortunately been not been a facet of any of the reported
fires to date. Fatalities have, however, happened in other
branches of the food industry as a result of this
hazardous phenomenon, adding greatly to the final toll of

damages.

Along with the major fires there are also numerous other
smaller fires or occurrences of 'burnt particles' in spray
dryer plants. The figures quoted here for Ireland are also
- typical for the United Kingdom, and for Europe in general.
One company , a market leader in detection and suppression
of the explosions which typically follow a powder fire ,
reported a total of over four thousand dust explosions in
Europe in the last twelve years, quite a number of which
were in the dairy sector (Graviner, 1990). Bartknecht
(1989) observed that there is on average one industrial
explosion for each working day in the industrialised

countries of western Europe.



Milk powder fires are difficult to predict or prevent. The
prediction techniques currently in use are discussed in
detail below, along with their inadequacies. Conventional
fire detection is based on either flame detection ( using
an ionisation chamber ) or smoke detection ( using a
photocell ). In the inherently dusty environment of a
spray dryer or conveyor tunnel, in which strong air
currents are part of the drying operation, such devices
are ineffectual. They are prone to much ‘'nuisance
tripping', thus causing unnecessary equipment downtime and
production losses, which most production schedules can not
tolerate. Confidence 1is poor in such systems and
production personnel view them as an obstacle to
efficient performance rather than a vital production aid.
Corporate policy in some companies thus prefers to suffer
the occasional loss of a dryer installation due a fire
- rather than to absorb the recurring expense of driers
shutting down periodically as a result of over-sensitive
or faulty detection devices. For safety reasons, these
devices err on the side of safety, i.e.,they must be more

rather than less sensitive.

The other detection parameter available is the dryer
ambient temperature. As this temperature is used as an
operational parameter it is not effective to combine this
role with that of fire detection parameter.Thus an
increasing dryer temperature causes the dryer control

-4 -



system initially to increase the rate of product input. A
critical threshold must be delineated to assess when this
increased temperature is the result of a fire, rather than

a routine operational deviation in the heat/mass balance.

The main sensing parameter used in spray dryers , in the
context of fire detection, is the change in chamber
pressure when an explosion occurs. This is used to trigger
a set of vents which are designed to funnel out the
explosive pressure from the chamber to designated areas
outside the dryer, where damage to buildings and/or danger
to personnel are minimised (Bartknecht, 1989).
Fire/explosion suppression may also be triggered by
pressure sensing using either inert gas or steam flushing

of the chamber to smother any incipient fires.

Other techniques with potential applications include the
detection of carbon monoxide, the presence of foul smell,
infra red detection and a regular scorched particle test
(IDF, 1987 ). The aim of the present study is to prevent

the powder entering the fire or explosion phase.

A number of reasons have been identified as the
'immediate' causes of milk powder fires. These include :
(1) Self-heating of deposits, (2) External or friction
heating, (3) Equipment malfunction, and (4) Start-up
-conditions : damp dryer/product, improper heat/mass

-



balance (Synnott et al.,b1986)

The common denominator among these potential causes is
that they involve some form of either excessive heating
(from an internal or external source ) or restricted heat
dissipation. This raises the temperature of the product to
a point where the 'low 1level' exothermic oxidation

reaction proceeds rapidly to a fire situation.

INDUSTRY CONTEXT

A typical case history of self-heating of milk powder has
been described by Beever ( 1984 ). In a U.K. dairy plant
manufacturing a range of milk powders, eight fires were
reported in two and a half years. A schematic diagram of
the plant is shown in Figure 1.1. Table 1.1 summarises the
details of the fire incidents. Damp product features as
an important contributory factor in the instances cited
here. Start-up conditions play an important role as well
since at start-up an imbalance usually exists between
liquid / atomised product entering and the amount of heat
being supplied to the dryer. This leads to the occurrence,
in practically all commercial start-up situations, of
burnt powder particles in the first run of product. These
burnt particles , depending on their size and temperature,
may, in conjunction with other process / environmental
conditions, form the nucleus of a fire which may threaten

-6



the entire powder area from the dryer through to the

storage siloes.

Table 1.1 Typical case history of fires in a milk
powder drying plant, (Beever, 1984).

DATE PRODUCT INCIDENT

8/20/80 22% Fat filled White spheres, (up to
5 cm in diameter) charred
inside, found in sieve.

8/27/80 26% Fat filled Explosion in dryer.

12/20/80 26% Fat filled Burning smell; glowing
patches on walls of dryer.

4/25/81 Skim milk Burning smell; burning
spheres in sieve.

8/21/81 22% Fat filled Fire downstream.

10/6/81 26% Fat filled Charred lumps downstream.

2/23/82 32% Fat filled Fire downstream.

2/24/82 Skim milk Fire.

It is difficult to extract accurate information on
commercial milk powder fires as companies tend to maintain
a veil of silence around such incidents. Fires may also
damage a lot of the evidence although a case history such
as that listed above generally indicates a history of
'near misses' occurring prior to a major disaster. Some
fire insurers now insist on a full record being
maintained of the temperature profile in a dryer,
particularly if a fire / explosion has occurred with a

- -



To Atmosphere

Concentrate !
Cyelone

Air Suply

To
Main Air
Exbaust & Fines

Fines [Exdaust Air
and Fines

Instantizor No.1.

Instantizor No 2.

Fines Collection Prior
to Retwa to Chamber Bagying

Fig. 1.1 : Schematic Diagram of Typical Drying Plant.

-8-



particular product / technology, (Golden Vale, 1984).

In a survey of milk powder plants in Ireland twelve
incidents of fire or explosion were reported over a six-
year period, ( O'Callaghan et al., 1988 ). Table 1.2 lists
some of the major fire incidents reported in the Irish
dairy powder sector in the eighties.

Table 1.2 Some major reported milk powder fire events.

PRODUCT INCIDENT
Infant Marriott-Walker Box Drier chamber destroyed:
Formula Electrical spark suspected.

Smouldering in storage silo : Burnt powder
clump as heat source of (WYETH).

Skim-milk Major, slow burning silo fire (AVONMORE).

Skim-milk Niro dryer fire (NCF).

Fires occur both in the conventional conical type of dryer
as well as the Box-type dryer. The Box-dryer has the
additional risk of the filter bag area where very fine
powder accumulates and where, for personnel safety
reasons, electrical alarm buttons must be located .
Storage siloes are also 1likely to present fire risks to
the producer (Avonmore, 1987). While Table 1.1 does
implicate the wet cleaning procedure ( where fires start
occur on start-up after a CIP cycle ) , companies who

operate a dry-clean procedure (e.g. Wyeth) have also had a

-0



catalogue of fires and 'near misses' for other reasons

(Wyeth, 1982).

1.1 THE COST TO INDUSTRY

The impetus for the present work comes from a strong
demand from the Irish milk powder manufacturers to obtain
a better understanding of the causes of fires in spray
dryers, conveying systems and powder storage siloes. The
phenomenon of self-heating in powders, and the related
problem of dust explosions, constitutes a major hazard in
the dairy industry. This has major implications for
Ireland where dairying is one of the key indigenous
industries. Dairy exports in 1987 were valued at If1.2 X
109 ($1.9 X 109), produced by an industry employing almost
eight thousand people in the manufacturing sector. Over
36% of these exports were in powder, ( An Bord Bainne,
1988 ). Much of this product is manufactured in large
central processing facilities which are similar to modern

plants in the rest of Europe.

With an increasing tendency to amalgamations, there is a
greater dependence on centralised, large-volume
facilities. These facilities are geared for longer running
times and more automated operation. Hence the risk is
increasing and there is a greater urgency to solve the
problem. The European Community's intervention policy

-10-



which gave rise to the so-called 'milk-powder mountain'
means more powder in storage, in bigger siloes, leading to

greater risks of self-heating in the powder stocks.

In Ireland alone, there is, on average, one major 'powder
fire' reported every year. Considering that 1Ireland
currently produces 5.2% of the European Community's milk
quota , the investigative work in the present project has
wide application in the dairy industry across Europe and
worldwide. At current costs, a fire in a spray-drying
chamber amounts typically to $3 million in damages and
lost production (Wyeth,1980). The frequency of such
incidents is similar in the United Kingdom and in mainland

Europe (Institution of Chemical Engineers, 1977 ).

In the United States there is a substantial dairy sector,
- producing over $45 X 102 worth of dairy products per
annum. Spray drying makes a major contribution in this
area with over one thousand plants manufacturing dairy
powders (U.S. Dept. of Commerce, 1990). In Michigan, for
example, some 59 X 106 tons of non-fat dry milk are
produced annually, approximately 6% of the national
production (USDA, 1989). The problem of self-ignition of
milk-powder is thus expected to be a significant one, both

in the State of Michigan and in the U.S. as a whole.

-ll-



3.2 THERMODYNAMICS

A brief summary of the heat balance involved in this form
of thermal runaway reaction is shown in Figure 1.2. Two
heat terms are involved -G : (1) Heat generation within a
sample clump of powder, and (2) L : Heat lost from the

surface of the powder.

If G < L, the reaction is stable, since the generated heat
is capable of being dissipated to the environment. If,
however, G > L, then the heat will build up within the
powder and the reaction proceeds from self-heating to
self-ignition. The work reported in this thesis attempts
to predict the threshold conditions in the balance of heat
generated vs. heat lost. Commercially manufactured powders
are used and the test and model conditions reflect, as far
as possible, the conditions found in the commercial

environments being modelled.

The techniques currently used to identify the commercial
conditions of self-heating are 1laboratory-based and
empirical in nature. The model developed here uses a
specific calculating procedure to follow the temperature
profile in the powder over time until the point of thermal
runawvay is identified. With the programme it should be
possible, with knowledge of the physical/thermal
properties of a particular powder, to accurately predict

-12-



L —>Rate of Heat
Loss

G —>Rate of Heat
Generation

Temperature

Fig. 1.2 Heat Generation vs Heat Loss
Stable and Runaway Reaction Zones.
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the conditions to be avoided. This constitutes a
significant advance over the existing experimental
procedure which uses a ‘'bracketting' estimation of the
Minimum Ignition Temperature (MIT); it is based on a
series of laboratory tests, and thus has a basic in-built
inaccuracy (Synnott et al., 1986). The MIT is classically
taken as the mean of two temperature ranges . Using a
suitable database of food properties, knowledge of product
composition will be enough to allow the predictive model
to operate successfully. While the model is developed for
a spherical particle or a 'clump' of powder, extension to
other geometries ( e.g. 1layers and cylinders ) |is
possible. The main thrust of the study is initially placed
on the thermal conditions and the properties / composition
of the product. The contribution of these factors to the
likely onset of a thermal runaway reaction is assessed

using both experimental data and the simulation.

Several theoretical procedures are presently used in the
literature to model self-heating of powders. To make the
mathematics more amenable to solution, certain simplifying
assumptions are made in the traditional techniques. These
include the assumption of lumped thermal properties and
high thermal conductivity in the so-called Semenov model.
Thé assumption of negligible surface thermal resistance
and zero reactant consumption is incorporated in the
Frank-Kamenetskii model. The program developed in this
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study incorporates in the model all available data on the
product and its environment. Thus, finite surface and
internal resistance to heat transfer are allowed for in
the model. Provision is made for inclusion of thermal /
physical properties and kinetic data of the product and

the particular exothermic reaction taking place.

The study of self-heating / self-ignition problems has
developed along two streams. Firstly, there is the
empirical approach where pilot-scale, laboratory-based
studies have been used to estimate the likelihood of
various materials igniting under conditions of thermal
stress. This work has mainly been conducted on materials
associated with the building / construction industry.
Public safety and good engineering practice dictate that
only materials which are slow to ignite are certified as
acceptable as building materials. Thus, in the event of a
fire occurring, the structure itself will be able to
withstand the fire temperatures for a certain specified

time before igniting.

Foodstuffs have not been subjected to the same detailed
classification as construction materials in terms of
combustibility. The phenomenon only- manifested itself in
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the food area with the relatively recent development of
large scale central processing and storage facilities. The
problems associated with the storage and shipment of
grains fall into the category of dust explosions ; fatal
incidents involving grain handling continue to be a
hazard, and sometimes a source of fatalities in this
industry. In recent times, the occurrence of powder fires
and explosions, with the attendant danger to both
personnel and plant, has caused the insurers of plants and
the statutory bodies concerned with safety in the work
place to inntroduce new regulations. These seek to
minimise the risk of fires occurring and, if they do
occur, to reduce the danger to personnel ( Irish Dept. of
Labour, 1987 ). The present work is a contribution to the
prevention of these fires. Studies in fire suppression
techniques are also on-going to deal with the outbreaks
which may still occur in spite of predictive work or
detection systems. Developments in explosion venting is a
further aspect of damage-limitation research at the post-
ignition end of this phenomenon (O'Callaghan et al.,

1988).

The development in the study of this thesis has been
based on the two models previously referred to (i.e. the
Frank-Kamenetskii and Semenov models). These have given
rise to a number of 'standard' parameters used to estimate
the possibility of a product / material entering on a
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thermal runaway reaction. Two such parameters are : (1)
Minimum Ignition Temperature and (2) the Dimensionless
Reaction Rate. The definitions of these two parameters
give an indication of the nature of the scientific-cum-
empirical approach normally used in studying

combustibility of powders.

4e3.1 MINIMUM IGNITION TEMPERATURE

Based on oven or hot-plate tests the Minimum Ignition
Temperature (MIT) 1is 'defined' as the average of the
lowest ambient temperature at which a particular size and
shape of sample ignites, and the highest at which it
fails to ignite (Synnott et al.,1986 ). Bowes and Townsend
( 1962 ) suggest that the "high" temperature should
produce at least five non-ignitions to be accepted as the
upper bound. Thus, the MIT is weighted towards defining a

- safe, conservative maximum operating temperature. This is

in keeping with good engineering practise.

The Frank-Kamenetskii parameter, Equation [1.1], has been
described as a ‘'dimensionless reaction rate' and
incorporates the thermal and physical parameters
pertaining to the oxidation / combustion reaction under
study [Thomas,1960 ] . Thus,
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§ = QfEpro2exp(-Ea/RTa) (1.1)
KRT,2

where Q is the heat of reaction per unit volume, f is a
frequency factor, Ep is the activation energy, ro is the
critical sample dimension ( radius of a sphere, half width
of slab, half-side of a cube), R is the universal gas
constant, T, is the ambient temperature, and k is the
thermal conductivity. § represents a threshold condition
for ignition. Computation and interpretation is clearly

dependent on many factors.

Much of the theoretical work on this self-heating predates
the solution techniques available on digital computers. It
has been presented in a form which is not easily available
" or useful to those faced with design or operational
decisions in ensuring the safety aspects of spray drying.
Accordingly, it is well outside the scope of the those
charged with directing the safe operation of a spray
drying plant under varying environmental conditions and
product specifications. The theoretical/empirical body of
work recorded is not amenable to predicting possible
combustion risks of the many food powders which are

dehydrated today in spray drying facilities.

Thus, the available literature is either highly empirical
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in nature or is circumscribed with theory aimed at
legitimising empirical / pilot-scale results. As a result
of the present work, a ‘'user friendly' program is
available which allows firm prediction of the combustion
indices such as MIT and 'Time to Ignition' for a variety
of dairy-based powders. This will assist the food
engineering designer as well as the product formulator:;
and it should result in a major improvement in safety in
the workplace. Simultaneously, this should mean the
elimination of a source of major downtime and equipment

losses.



2. OBJECTIVES

The primary objective of this work is to predict the
conditions under which milk powders undergo self-heating
which proceeds to a thermal runaway reaction, either in
the drying plant, conveying system or in subsequent
storage in siloes or other bulk containers. These
conditions tend to be particular to certain milk powder
products or groups of products (e.g. fat-filled or non-
fat-filled powders). Stated concisely, the study is

directed to achieve the following goals :

(I) Develop a mathematical model to predict the

temperature profile in a spherical product sample

with:

a) Heat generation;

b) A Newtonian boundary condition typical of a spray

dryer:

c) Variable thermal properties.

(II) Develop reaction kinetics' and product property data

to model the combustion / heating term using the

Frank-Kamenetskii and DSC methods.
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(III) Verify the self-heating/runaway reaction model

experimentally.

(IV) Identify the critical combustion parameters or

parameter ranges for commercially-produced milk

powders while in spray dryers and subsequent storage.
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3, LITERATURE REVIEW

The schematic diagram of a body undergoing an Arrhenius
exothermic reaction and simultaneous heat loss from its
surface is shown in Figure 1.2. Essentially if the
convective heat 1loss, L,is greater than the heat
generation term, G, then the system will cool down. If the
reverse holds, i.e. G > L, then the reaction may proceed

to an unstable runaway state (Drysdale,1985).

3.1 TRADITIONAL FIRE / COMBUSTION THEORY

The bulk of the research on the phenomena of self-heating
and self-ignition , experimental and theoretical, is based
on two theoretical developments, those of Semenov (1928)
and Frank-Kamenetskii (1939). Both theories have
limitations arising from simplifying assumptions used to
facilitate the mathematical solutions. The assumptions
may or may not hold depending on the test conditions or
products being tested. The theories and associated

assumptions are outlined below.

3:2.12 THE SEMENOV MODEL

Semenov (1928) sought to predict a critical ambient
temperature, Ta,cr, above which thermal runaway occurs and
below which the system eventually cools down. He equated
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the heat generation term, G, with the heat being lost at

the sample surface, L :

Q
0
[ o)

[3.1]

The temperature is assumed to be uniform at all times
throughout the reacting sample. Heat lost at the surface
depends on the convective heat transfer coefficient. The
heat generation term @6 is according to the general
Arrhenius reaction:

G = Q cjN £ e"Ea/RT [3.2]

where the terms on the right hand side except Cjl are as
previously defined for Equation ([1.1]. Cj is the
concentration of reactant component i , and n the order of

the reaction.

L is equal to the heat loss from the surface and may be

written as:

L=hA(T-=-Tamp ) (3.3)
where h is the surface heat transfer coefficient, A the
surface area, T and Tamp the surface and ambient

temperatures, respectively.

At the critical or threshold point shown in Figure 1.2,



G=1 [3.4]

Thus
Qci" £f eEA/RT = h A (T - Tamp ) (3.5]

As L is tangential to the G curve,

dé = dL (3.6]
dT dT

at the critical temperature. Hence

Ep _QCih f e EA/RT = h a [3.7]
R T2

Dividing [3.5] by [3.7] gives

RT2 / Ep=T - Tamb (3.8]
where now T = Tgr .
Thus:
R Tcr? / Ep = Ter - Tamb (3.9]
Rewriting:
R Tcy? / Ep - Ter + Tamb = O (3.10]

Using the standard solution for quadratic equations the
threshold temperature T., has the following values :

Ter = {1 + (1 =-4T R / Ep )1/2 )
2 R A

=Ep/ 2R ( 1+ (1=-4Tapp R/ E )2,

(3.11]
Equation [3.11) specifies the product temperature above
which a fire situation may occur. This condition exists,
i.e. Equation [3.11] has a 'real' solution provided Ep > 4
Tamb R. A typical milk powder has values of Ep = 40 kJ /
mole and R = 8.34313 J / K mole. This condition gives a
value of Tor < 1199 K, a temperature clearly not exceeded
during powder manufacture and storage. Thus ignition is

theoretically possible. To further evaluate Tcpy, the
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square root term in Equation [3.11] is calculated using a

Binomial series expansion ( Abramowitz et al., 1972):

(1-4TampR/Ep) 1/2 - 1-4TappR - 16Tapp2R2 - 64Tapp> R3

2 Ep 8 Ep2 16 Ep3

[3.12)

From Equation [3.11]

Ter = EA/2R ( 1 - (1 - 4 Tamp R / Ep )1/2)

= Tamb + Tamb2® R + 2 Tamp3 R2 + ...

Ea Ep2 [3.13]

In this technique, it is usual to evaluate the series
expression in [3.13] by using only two terms. Hence the

critical temperature rise above ambient is:

ATer = Ter = Tamb = Tamb® R /Ep (3.14)

The error involved in truncating this series has been
estimated by Simchen (1964) for various combinations of
temperature and the Activation Energy. With Tapp = 500 K
and Ep = 168 kJ / mole, the truncation error is equal to

5.0 $. Semenov's approximation assumed that
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Ter = Tamb (3.15]

whereby

8Tcy = R Tcr? / Ep [3.16]

Equation [3.15] is the more correct version of the
development based on the Semenov theory (Gray et
al.,1967A). Equation [3.14] thus gives the maximum
spontaneous temperature rise that may occur within the

system without ignition of the sample.

The principal limitation of the Semenov theory is the
assumption of negligible internal resistance to heat
transfer which is not valid since the thermal conductivity
of milk powder is in the range 0.04-0.1 W / mK,
(MacCarthy, 1983 ). The Semenov model is best suited to
situations where good convective heat transfer occurs in a
sample undergoing heating. Merzhanov et al. ( 1961) found
the Semenov theory to suit well the case of heating of a

well stirred liquid explosive.

In summary , the BSemenov model is not wvalid for milk
povder studjes.

3:1.2 THE FRANK-KAMENETSKII MODEL
While the Semenov model assumes that convective heat

transfer at the surface is the only barrier to heat
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transfer, the Frank-Kamenetskii (1939) theory assumes that
conductive heat transfer through the sample is the
slowest, and hence is the dominant mode of heat transfer.
This theory gives rise to a number of important parameters
used in categorising combustibility. An unlimited supply

of reactant is assumed for the heat generating reaction.

Frank-Kamenetskii (F-K) assumed an exponential
approximation for the temperature dependence of the

reaction rate, ko:

kp = A e Ep/RT [3.17)

Here A is a lumped pre-exponential term. At the point of
criticality, which is the area of interest , Equation
(3.14] allows the exponent of Equation [3.17] to be

rewritten as :

Ep / RT = Ep / [R ( Tamb + 4T)]
=Ep/ [R Tampb ( 1 + AT/Tamb )]
= (Ep/R Tamb) [ 1-AT/Tamb+AT2/Tamb?)
[3.18]

The last step is accomplished using a Taylor series
expansion of the term 1/(1 + T/Tamp) ( Kreyszig, 1967 ).
Near criticality, T << Tamp? and hence only the first two
terms of [3.18) are significant. Equation [3.17] now takes

the form:



Ep = Ep (1 - AT )

RT R Tamb Tamb

R Tamb R Tamp? [3.19)
Thus
KT = kpamb e Ep/RT pp2 [3.20]

F-K solved the equation for heat conduction with heat

generation
del2 T ., G - 1 oT
k a ot [3.21]
For uniform symmetrical heating, this reduces , for the

unidimensional case, to :

92T + KgT +G = _1_ ¢T

or? ror Xk a ot (3.22]

K is constant depending on the geometry of the sample
under investigation. It has values of 0 for an infinite
slab ( of thickness 2r, ), 1 for an infinite cylinder

(radius ry ) or 2 for a sphere (radius r,) (Kreyszig,1967).

The F-K model assumes at the boundary that the surface



temperature equals the ambient temperature. Thus , for a

sphere:

T = Tamp at r = ro, sphere radius, t>0 (3.23)

Symmetry around the sphere center yields the second

condition:

dT/dr = 0 at r = 0 , t>0 [3.24]

To facilitate the solution process, the temperature and

distance are non-dimensionalised using 6 and z:

® = Ea(T - Tamb)/R Tamb? (3.25]

and

z = r/ro [3.26]

Equation [3.22]) may thus be rewritten in dimensionless

form as :

k RTamb? 020 + K 00 = -Q CijM f exp -Ep ©

ro? Ep 0z2 z oz RTamb 1-€x©

[3.27]
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where ex = RTaph/Ep-.

If ea<<l, [3.27]) may be further approximated by :

026 + K 08 = TIro2EpQfCi" X exp(-Ea/RTapb)exp(8)

0z2 z oz KRT amb?
[3.28]
or del?2 @ = - § exp(8) [3.29]

where

§ = ro2 Ep Q £ CiN e~Ea/RTamb

kK R Tamp? [3.30]

Frank-Kamenetskii assumed high Biot number conditions ,
i.e. Bi > 10 [ Bi = hl/k ] whereby the heat transfer is
limited only by the internal heat transfer rate (i.e. the
thermal conductivity of the sample). Thus the surface

ea i me i .
In a spray dryer producing skim milk powder, for example,
the conditions give the following parameter values h : 14
W/m2, k :0.1 W/ mKand ©rg : 0.05 m, resulting in a
Bi = 7, Thus this fundamental assumption regarding the
heat transfer conditions 1is not satisfied by the
industrial conditions of interest in the present study.

While this is so, the F-K theory is the basis of much of



the work done to date in self-ignition studies. The
application of the F-K model is thus further outlined

below.

1) The reaction rate can be described by a single

Arrhenius expression, Equation [3.2].

2) There 1is no reactant consumption: combustion/
degradation reaction is 2zero order in the reactant
concentration. The heat generation is not limited by the
amount of powder or oxygen concentration,i.e. Ci® = 1 or n

= 0 in Equation [3.2].

3) The Biot number is large ( i.e. minimal surface resistance

to heat transfer, h = infinity ).
4) The thermal properties are constant ( e.g. thermal

conductivity, density and specific heat are independent of

temperature ).

3:2.2.2 USE OF FRANK-KAMENETSKII THEORY

The method essentially involves solving the unidimensional

-31-



equation for conduction heat transfer with a heat

generation term making the basic assumptions that :

(1] Surface temperature = ambient temperature.

(2] Temperature is symmetrical about center.

Putting oT/ot = 0 in Equation [3.27] signifies that
steady state conditions have been reached i.e. (heat
generation = heat 1loss). This gives a temperature
distribution ( see Equation [3.29] ) where éop, as defined
in Equation ([3.30], is dependent on values of Ep, R, Q, £,
Ci" and T, , parameters which describe the 'oxidation' /
heating reaction of interest . 'k' is the sample thermal
property for the assumed mode of heat transfer ( thermal
conduction in this model ) and ry is the characteristic
dimension of the system. Values of § greater than the
critical value, 6oy, will cause ignition and a runaway
reaction. The temperature, ©, corresponding to the
critical value écp, is the MIT value. § contains all the
information about the reaction and the reaction
conditions, and can thus be used to investigate how the
various parameters, independently or in combination,
influence each other. This is of particular interest when
studying a combination of factors that cause oy to occur
since this is the ignition threshold circumstance. §op is
also useful to work with because it can be identified
experimentally by the widely used oven and hot-plate
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techniques [ Synnott et al., 1986 ].

Rearranging the definition of 6oy in Equation [3.30]

yields :

0Ta,cr? = EaQfcjle(Ea/RTa, cr)

re, kR [3.31]

Taking natural logarithms :

1n(écr Tza,cr/rzo) = 1n(EpQfCPj/kR)- Ep

R Ta,cr [(3.32)

Defining constants M and N allows Equation [3.32] to be

written as :

In écr T23.cr = M - N [3.33]
rq Ta,cr

where M & N are the intercept and slope, respectively, of

the plot of

1n (8crT2a,cr/r20 ) against 1/T;, cr as shown in

Figure 3.1.
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1n (8cr? Ta,cr?/ro?)

1l / Ta,cr
Fiqure 3.1 Determining Kinetic Parameters with F-K Model.

M is defined as 1n ( B Q£ C§j® / k R ) (Intercept)

and

M is Ep /R (Slope)

The mathematical / graphical technique forms the basis of
most of the research reported to date on cataloguing the

self-ignition properties of powders.

Figure 3.2A summarises the temperature profile assumptions
inherent in the Semenov and F-K models. In contrast to
these models, the temperature profile shown in Figure 3.2B
includes finite surface and internal thermal resistances.
The U.C.C. profile in Figure 3.2B is employed for the
model developed in this study. It is more realistic than
the other profiles as it simulates the actual situation

during the spraydrying and storage of dairy powders. The
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respective Semenov and F-K assumptions have been shown to

be inapplicable to dairy powder ignition.

Gray et al. (1958) studied the applicability of the
reaction rate approximations to their theoretical
solutions for the Semenov and F-K cases. They concluded
that two equations give good approximations to exp(-
Eap/RTamb) in estimating Tcpr for temperatures within the
range 0 < 6 < 2, in the extreme F-K and Semenov cases. The
first was the Frank-Kamenetskii type T"exponential"

approximation whereby

exp (-Ep/RTamb )= exp(-Ea/RTampb)exp(O) (3.34)

where © is a dimensionless temperature ( defined in
Equation ([3.25]). A quadratic approximation is also

possible i.e.

exp(~-Ep/RTamb) = (exp(-Ea/RTampb) } (1+0.726+62)

[3.35)

Gray et al. also considered an approximation where the
heat transfer equation is solved using an "average" or
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lumped internal temperature value, as suggested by Rice et
al. (1935). To determine the ignition-induction time Rice
et al. assumed that the heat lost during an explosion is
negligible compared to the generation of heat in the
chemical reaction. This method calculated induction times
by equating heat generation with heat storage, ignoring
both finite conduction and convection effects, and thus

limiting the general applicability of the analysis.

Ser

Equation ([3.30] defines the Frank-Kamenetskii critical
parameter, the 'dimensionless reaction rate', § or §qp. It
is used to assess the combustibilty of different products.
For a given product type and sample shape / size it
signals whether or not a sample will ignite. Beever (1984)
observed that 6.,y depends mainly on sample geometry and to

a lesser extent on sample material.

Gray et al. (1967) reviewed the different methods used to

determine criticality and expressed éop as :

Scr =( Bi / exp ) ro (S / V) [3.36]

where S and V are the sample surface area and volume
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respectively. In summary:

Scr = Constant x Heat Exchange Factor x Shape Factor

(3.37)

Equations [3.36] and (3.37] summarise the variability of
the §cy factor, on which the theory and MIT estimates are
based. The environmental conditions, product thermal
properties and the physical size and shape of the sample
influence the value of écr which is often taken as a

constant.

Thomas (1957) examined the effect of heat transfer
conditions, i.e. theBiot number, on é§or, and graphically
showed 6oy as a function of Bi. He proposed asymptotic écr
values of 3.32 for a sphere, 2.00 for an infinite cylinder
and 0.88 for a slab, as Bi becomes very large and
approaches infinity. This set of values is equal to those
proposed by Frank-Kamenetskii (1939) for the use of the
criticality factor in samples of standard shape undergoing
symmetric heating / cooling. Walker (1961A), using data
derived from studies of spheres of pie wool, claimed that
§cr is temperature dependent and that these values of
3.32, 2.00 and 0.88 are lower than the values which occur
under normal ambient temperatures. Thomas et al. (1961A)
proposed values for spherical specimens of wood fibre
insulation between 1.7 for smaller samples (ro < 1/8 ")



and 3.2 for larger samples (e.g. ro > 4" ). Other values
have been proposed for different products. For skim milk,
typical values are : 3.46 for a sphere, 0.92 for a layer,
2.64 for a cube and 2.89 for a cylinder ( Beever 1984,

Synnott et al. 1986 ).

Mathematically derived values for 6oy for the sphere,
infinite slab and infinite cylinder have been reported by
a number of workers (e.g. Boddington et al (1971)). The
proposed values for §., were , respectively, 3.322, 0.878
and 2.00. Walker et al. (1975) discussed the effect of
temperature on the écpy values, plotting 6oy values as a
function of Ep / R Tamb,cr - They also recorded the
inherent instability of §cr values when the temperature
rise prior to thermal explosion is relatively compared to
the absolute value of ambient temperature. This
prerequisite is built in to the development of the
critical parameter by Frank-Kamenetskii. Truncating the
Binomial series in Equation [3.14] implies that Ep was
temperature dependent. Using a numerical technique,
Anderson et al. (1974) similarly arrived at values of

3.322 for a sphere and 2.0 for an infinite cylinder.

The 6oy parameter is still a widely-used index of
combustibility. When it is wused in conjunction with
Equation [3.31] and graphs such as Figure 3.1,
extrapolation is possible between different shapes.
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O'Mahony et al. (1986) investigated the effect of sample
shape and size on self-ignition of a fat-filled powder.
They found that extrapolation from results of spherical
samples Ggave very good correlation with experimentally
derived results for layers of material. These latter
results were achieved using 'hot-plate' tests on milk
powder. Extrapolating from results on cubes did not
produce good correlation. This is an important result as
industrial fires frequently begin when layers of powders
form in the dryer, conveying system or silo ( Figure 1.1).
Experimental and theoretical research conducted with
samples of spherical geometry , as for the case in the
work being reported here, thus has important industrial

significance.

3.1.3.2 MODIFICATIONS TO THE BASIC F-K SELF-HEEATING MODEL

Thomas (1958) expanded the Frank-Kamenetskii model to
allow for the effect of Newtonian cooling at the surface.
This boundary condition is similar to that represented in

Figure 3.2B and is stated mathematically as :

h (T-"Tamp ) =k (dT/dr ) , r = rg (3.38]

Using the same development as outlined above to arrive at
Equation [3.19]), Thomas studied the effect of changes in
the parameters h, k and rgo on the value of the Frank-
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Kamenetskii critical parameter, éqor. He concluded that
where thermal resistance at the surface is significant,
the standard values for §cpr (i.e. 0.88,2.0 and 3.3 for the
slab, cylinder and sphere, respectively) may be too high.
When the factor hrg/k is small (i.e. Bi < 0.5 ) it is safe
to assume uniform temperature within the material. This
combines both simplifying assumptions into the one
solution process but one of no practical relevance. A
similar mathematical treatment was proposed by Chambre

(1952).

Thomas (1960) summarised the theoretical approximations
of Frank-Kamenetskii and Semenov. He proposed a quasi-
stationary solution for inert materials and an effective

heat transfer coefficient Beff :

Beff = (bcr X exp) / (1 + k) (3.39]

Values of 6.y were compared for standard shapes as
obtained using three different approximations : 1) Exact
solutions based on an exponential approximation to the
Arrhenius term; 2) Approximations which account for
conduction in inert material; and 3) Approximations using

effective heat transfer coefficient term.

He also considered the validity of the 6oy values defined
using the effective heat transfer coefficient in the
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context of possible reactant 1loss near the critical
condition, and concluded that the values were applicable.
The results obtained were in quite good agreement with

those of Thomas (1958).

Thomas et al. (1961B) applied the Frank-Kamenetskii theory
to a reacting slab one side of which is in perfect thermal
contact with a hot surface and the other side is exposed
to a constant cooler temperature. These conditions closely
simulate the environment in a spray dryer. In particular,
it mirrors the situation where layers or clumps of powder
occur on the hot dryer walls or floors. The standard
approximation for the Arrhenius reaction rate term, as
used in Equation [3.18], was seen to introduce an error
of less than 9% for a value of RTp/Ep equal to 0.04, where
Tp is the temperature of the hot surface. The critical
parameter, §.y, was presented as a function of hrg/k and

the ambient temperature.

Thomas (1972) summarised the basic theoretical techniques
to model the phenomena of self-heating and self-ignition.
The Semenov and Frank-Kamenetskii models are reviewed; a
dimensional analysis approach is used to arrive at the
same results as these models. Ignition temperatures as
derived either experimentally or theoretically are
functions of the material properties, sample shape and
size and the environmental conditions. Nominal or
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effective values of the Activation Energies can be used in
simple models to correlate the experimental results.
Induction times were found to depend on sample size.
Although tests on product samples may show low or
borderline values of heats of combustion, the low values

can become significant under bulk storage conditions.

Thomas (197) also studied, reviewed and described the
theory on self-heating and ignition. He also developed a
number of approximations to extend the F-K theory, in
particular to non-F-K situations. The work is based
however on the two extreme models of Figure 3.2. The
inherent assumptions are erroneous and do not hold when
analysing the problem of self-heating of milk powders. The
approach tends to be empirical, and is unsubstantiated by

laboratory results.

3.2 SHAPE & OTHER FACTORS INFLUENCING CRITICALITY

Boddington et al. (1971) proposed an approximate technique
to determine criticality in bodies of arbitrary shape. The
procedure is tedious for irreqular geometries. They
recommended equivalent sphere radii for shapes studied
under 'Frank-Kamenetskii conditions' (i.e. high Biot
number). For arbitrary Biot number, an empirical approach
is needed. They found that expressing shapes as equivalent
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spheres produces meaningful results. The technique is
applicable to any shape with a center of symmetry such
that the entire surface is visible from the center. The
justification of the derivation of the criticality
criterion is plausible but not rigorous. Gray et
al. (1967B) also studied equivalent spheres and reported
that, under Frank-Kamenetskii conditions, no body has a
lower critical temperature (Tcr ) than a sphere of the

same volume.

Boddington et al. (1981) returned to their 1971 paper and
outlined its application. Under the Semenov condition of
low Bi number, they claimed ignition to be less likely as
the reactant mass size is reduced. This is expected sinces
with a small sample, the heat is dissipated faster from
the center/inner layers of product, minimising the danger
of a hot-spot developing . A maximum error of 5% was
reported for the models used . Where a small range of
sample sizes is used, however, potentially dangerous
extrapolation errors are possible in estimating
criticality. The results of a finite difference solution
of the non-stationary heat transfer problem in a sphere
are also presented. Errors of less than 10% are claimed
when the results were compared with similar steady-state

solutions.

Walker et al. (1975A) used published values of 6o to



extrapolate their results to other shapes. This is a
departure from the method previously outlined by
Walker(1961B) where the same author advised against using
the Frank-Kamenetskii parameter. The conditions modelled
empirically by Walker et al. include infinite surface heat
transfer and a straightforward zero-order reaction. The
calculation of §cr Vvalues depends on establishing
'equivalent spheres' for the shapes for the thermal
conditions prevailing just prior to ignition /
criticality. As the heat transfer term is specific, the
application of the model is limited. An extension of the
'‘arbitrary shape' model was reported by Walker et al.
(1975B) to account for variable surface conditions.
Accuracies to within 3% were calculated for §cr values,
when values were compared to previously calculated values
for standard shapes. The equivalent spheres used for the
various shapes are those calculated for negligible surface

resistance to heat transfer.

Wake et al. (1976) produced results based on the use of a
variational method by Wake et al. (1973) for which they
claimed accuracies to within 0.1% for Class A geometries
(i.e. infinite slab, infinite cylinder, sphere). The
accuracy is with respect to the figqures such as those of
Thomas (1958), whose results were questioned by Walker et
al. (1961B). When compared with the results of a finite
element treatment (Anderson et al., 1974), the accuracy at
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'‘finite' Biot numbers falls to 24%. Confidence is shown by
these authors only for conditions of infinite Biot number.
No experimental results were furnished to support the

model.

An approximate method of estimating the influence of the
ambient temperature on the criticality factor, écr, has
been proposed by Walker et al. (1977) for all values of
the Biot number, for regular and irregular shapes. For
class A geometries, the method of Walker (1961A,B) was
employed, without reference to the doubts the author casts
on this method in the original publications. The results
are close to those produced by the method of Simchen
(1964) for values of Ep / RTapmp < 0.1. The work of Walker
et al.(1975B) was used to extend the method to bodies of

arbitrary shape.

3:2.1 VARYING THERMAL CONDUCTIVITY

Walker et al. (1978) referred to the theoretical
development of Carrie et al. (1959) and the work of
Boddington et al.(1971) to investigate the effect of
varying thermal conductivity on the onset of criticality
in reactions of zero order. An exponential temperature
dependence was assumed for the thermal conductivity
parameter. They concluded that both positive and negative
temperature coefficients of thermal conductivity can give
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rise to ignition. A negative exponential coefficient of
thermal conductivity accelerates criticality; a positive
coefficient retards it. Where the coefficient is greater
than or equal to that of the chemical reaction rate (i.e.
that of the heat generation term), thermal explosion does
not occur. The same procedure was followed by Walker
(1980) to assess the effect of an assumed 1linear
dependence of thermal conductivity on temperature. He used
a numerical technique to estimate § as a ratio of the
conductivity coefficient and the exponential coefficient
of chemical reactivity. The ratio defined $or and #cp, the
dimensionless central temperature rise. The results are in
good agreement with Walker et al. (1978) but both studies
are only relevant for the Dirichlet or Frank-Kamenetskii

boundary condition shown in Fig. 3.2A.

MacCarthy (1983) proposes the Maxwell-Euchen model as the
best suited for estimating the thermal conductivity of
milk powders. An effective thermal conductivity, ke, is

proposed :

ke = Kair 1 - fy( 1 -b{kgo1/Kair} )
l1+fy (b-1)

where, kajr = thermal conductivity of air
fy = volume fraction of solid
ksol = thermal conductivity of solid component

[3.40



b = 3Kajir/( 2kajr + ksol )

Using a guarded hot-plate method, thermal conductivity
values in the range 0.036-0.109 W/mK are reported for skim
milk powder samples. This is the range of values accepted

and used in the present model.

3:2.2 REACTANT CONSUMPTION

The standard assumption used in ignition studies is that
the reaction is not limited by availability of reactant
present. In the case of industrial scale self-heating
reactions this assumption is reasonable since there is
always ample suply of both powder and oxygen available for
the reaction to proceed. In practically all the
theoretical studies previously conducted, the assumption
of zero-order reaction is basic to the solution / analysis
procedure. Some researchers have tried to include
consideration of a non-zero order reaction, in particular
with regard to analysing laboratory ignition tests, where
the reduced scale of the tests implies that the reaction
is not independent of concentration. Non-zero-order
reactions result in additional complexity in the
mathematical treatment. While depletion of reactant is
significant after ignition and may cause the reaction to
slow down or stop, the situation prior to criticality is
approximately zero-order, even with the relatively small
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samples used in laboratory tests. This zero-order
assumption takes on a new dimension, however, when
predicting MIT from tests on mg scale samples in the

Differential Scanning Calorimeter.

For the Frank-Kamenetskii boundary conditions, Tyler et
al. (1965) calculated values of the §cpy parameter and times
to ignition for the cylinder and sphere for zero, first
and second order reactions for different values of
temperature rise. Thus, for a given set of conditions,écr
has the standard value of 3.322 for a sphere, whereas it
varies from 3.405 to 5.309 as the order of reaction

increases to first and second order, respectively.

Boddington et al.(1977) made a comparison between the
Semenov and Frank-Kamenetskii treatments for self-
ignition, with and without reactant consumption. They used
a quadratic approximation to the Arrhenius term to obtain
an approximate analytical solution. When reactant
consumption was taken into account, the main difference in
assessing criticality was an absence of a major jump or
step function in temperatures at criticality. Essentially,
the Boddington et al. paper is concerned with extreme
conditions given the inherent strong simplifying
assumptions made. Thus further work needs to be done to
extend the theory to real industrial situations. The
intermediate / finite conditions shown as Figure 3.2B
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above as the focus of the present work is an attempt to

advance the theory in this direction.

In summary, the major limitations on the Frank-Kamenetskii
treatment include the restriction on the heat transfer
model and the question of reactant consumption. Limiting
the heat transfer to situations of high convection at the
surface is an unrealistic condition, both for the test
set-up in the experimental conditions described below and
in many industrial situations. The role of reactant
consumption is not as critical, as the bulk of the powder
reacts during the ignition phase. Hence, the course of the
reaction up to ignition is not effectively limited by the
concentration of the reactant. Frank-Kamenetskii's
assumption of a zero-order reaction may thus be taken as a

good working assumption up to ignition, the phase of the

reaction of interest in the present study.

Powder fires or fires resulting from spontaneous ignition
are not unique to the dairy industry. Studies of the
phenomenon have been conducted in other materials as well.
Products studied include wool, cotton, grains, insulation,
coffee, iron filings , wood, sawdust, coal, fishmeal and
tobacco. A brief summary of the various studies has been
reviewed by Bishop (1981).
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Thomas et al. (1961A) used the traditional self-heating
self-ignition theory to analyze the results of Mitchell
(1951) concerning the thermal behaviour of wood fibre
insulating board. They concluded that the simple model,
based on a single Arrhenius rate reaction, extrapolates
well to other temperature and size ranges. They cautioned
that both self-heating and self-ignition tests need to be
conducted on a sample in order to derive the best overall

picture from small scale tests.

In studies on smouldering sawdust, Palmer (1957) found
that there is a minimum layer depth below which
smouldering self-extinguishes. As the air velocity
increases over a wood pile, the minimum depth decreases
considerably due to the increased rate of burning at the
surface. Particle size also affects the minimum depth,

causing it to increase with increased particle size.

Synnott et al. (1984) published data on the MIT values of
self-raising wheat flour, with a moisture content of
11.7%, using the standard hot-plate method. Results varied
from an MIT of 311°C for 5 mm layers to 265°C for 20 mm
and 238°C for 40 mm. The authors concluded that the "Bowes
fitting equation", Equation [3.33])], fits the results
well. They also noted that best results are obtained for
samples with a diameter-to-depth ratio greater than 2.5:1.
Extrapolation to smaller layer depths gives rise to
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problems since the smaller layers tend to buckle and crack

under heat.

Drysdale (1980) published a detailed review on smouldering
combustion. Products discussed include sawdust, cellulose
and polyurethane, polyisocyanurate and phenol formaldehyde
foams. The transition from smouldering to flaming
combustion is discussed. In haystacks, for example, the
initial self-heating is due to the action of thermophilic
bacteria. Chemical oxidation in a stack can raise the
material to smouldering temperatures after which
combustion may occur (Rothbaum, 1963). Drysdale stated
that for a material to smoulder, it must form a rigid

char; such is the case with dairy powders.

3.3.1 SELF-IGNITION IN WOOL

When wool is oiled by certain textile treating oils or
contaminated by mutton tallow, an exothermic reaction may
occur with atmospheric oxygen possibly 1leading to
spontaneous ignition. This may occur even in dry sterile
conditions due to the oxidation of the fat ( Walker et

al., 1965A ).

Walker (1961A) studied of the heat balance in spontaneous
ignition at the point of criticality. He proposed
solutions to the ‘'simpler' heat transfer problems as
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depicted in Fig. 3.2A (i.e. either =zero internal or
surface thermal resistance), for regular geometries. He
introduced a parameter 'y' which he defined as the rise in
temperature needed to double the reaction rate under the
conditions of the experiment, as an alternative to
assessing the role of activation energy. The technique is
based on Carrie et al. (1959); the results are independent
of Arrhenius or other dependence of the reaction rate.
Walker contradicted the commonly accepted view that éop is
constant and his calculated values show &§cr to increase
with temperature. Thus for a sphere, §cr increased from
3.32 for RTamp/Ep of 0.0 to 4.46 at RTapp/Ep of 0.2. His
technique avoids the use of the approximation made in
Equation [ 3.19 ] which is basic to the Frank-Kamenetskii
approach and which the author claims enforced an
unaccountable temperature dependence on both Ep and Kkpapmb,
Equation [3.20). He allows for a variable thermal
conductivity by using an ‘'average' value for the
parameter. He also uses a temperature intermediate between
central and ambient temperature as the 'average ' body
temperature. A ©positive temperature coefficient of
reaction was needed for spontaneous ignition to occur. The
greatest source of error in the theory, as in the Frank-
Kamenetskii theory, is the assumption of a zero order
reaction and the inaccuracy inherent in using the
‘average' temperature. The author estimated the
relationship between the critical size and the surface
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temperature in piles of pie wool where the surface
temperature is equal to the ambient temperature. Walker
(1961B) developed the theory to include the case of a
variable surface heat transfer coefficient. He claimed
that this technique is an improvement on the traditional
developments of the Frank-Kamenetskii / Semenov theories
as calculation of the complex § parameter is not
required. Neither do the constants in the Arrhenius
expression of the reaction rate need to be determined. The
method instead depends on the experimental determination
of the reaction rate and the nature of the reaction's
temperature dependence. The model of Thomas (1958) is only
valid near absolute zero temperature. The author did not
assert great confidence in his own model either, however,
since the surface heat transfer coefficient can not be
accurately determined for the model and the model
equations are not stable for variations in the coefficient
value. The model is further limited to reactions of zero

order.

Walker et al. (1965A) reported results that show that wool
is more 1likely to ignite than hay or fibre insulating
board. They studied wool, packed into spherical flasks,
placed in a constant temperature bath at temperatures
between 90°C and 110°C, in an oxygen atmosphere, for times
varying from 1 hr to 200 hrs. They proposed a simple heat
generation equation
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G =2.4 X 10-6 (20.008T / t0.282) (3.41]

where G is rate of heat generation (cal/sec g), at
temperature T (°C) after time t(sec). The equation does
not include the Activation Energy, unlike many of the
Frank-Kamenetskii based theories. The equation was used to
calculate the heat generation in cylinders of clean and
greasy wool in a dry air atmosphere (Walker et al., 1967),
at temperatures between 95°C and 160°C, based on the
center temperature rise. Experimental results showed
centerpoint temperatures at ignition of 160°C for clean
wool and between 143-147°C for greasy wool. Further
experiments were conducted on similar wool samples by
Walker et al. (1968) with the cylinders suspended in a
heated oven. When the wool samples were predried ( by air
@ 80°C for 8 hours ), they were found to ignite a few
degrees higher than similar samples dried in nitrogen in
an oil bath and then exposed to a forced flow of dry air.
Thus the efficiency of the drying peocedure affected the
MIT as is also the case with milk powders. Thus damp
powders are much more 1likely to ignite than correctly
dried powder (Synnott et al., 1986). Conventional reaction
kinetics can not describe the reaction between dry pie
wool and oxygen as it includes a complex reaction
involving the oxidation of an olefin. Walker et al. (1982)
uses a single temperature coefficient for the reaction
rate and reaction time in constructing a plot of



equivalent reaction rate at 0°C versus equivalent time at

o°C.

Walker et al. (1965B) examines the particular problems of
applying ignition theory to porous solids. Knowledge of
the kinetic data is a prequisite for such a study. Due to
varying temperatures across a reacting sample, reaction
rates also varie. Using a calculation developed previously
( Walker et al., 1965A), the reaction rate values were
determined using 'mean' temperature values, taken from
experimental time / centerpoint temperature profiles of
cylindrical piles of acetone extracted dry wool. The 'k'
values are found to decrease with time at constant
temperatures. The authors conclude that the normal
understanding of order of reaction and of Activation
Energy does not apply to the reaction between dry wool and
oxygen. Problems associated with a)the heterogenous nature
of the gas/solid reaction, and b)the speed of the main
(explosive) reaction, place the reaction in a different
category from the conventional solid state reaction and

associated theory.

An equation is reported by Walker et al.(1969) for
calculation of the ignition temperature of porous solids,
with the surface temperature close to ambient. While this
restricts the general application of the model, it does
have the advantage of not directly involving reaction rate
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in the equation. The effects of sample size and bulk
density on the ignition temperature of a cylindrical pile
of scoured wool are determined experimentally . The
authors dismiss as unlikely the zero order nature of the
exothermic reaction of solids with air, in spite of some
results obtained by other investigators (e.g. Thomas et

al., 1961A).

3.4 MILK POWDER IGNITION DATA

Due to the growing interest in curtailing dust fire /
explosion phenomena in the dairy industry, a catalogue of
milk powder ignition data has been built up in recent
years. Duane et al. (1981) published the results of a
study on various milk powders including whole and skim
milk, whey powders, and powders containing 22-30% tallow
or 26% coconut. The powder sample were suspended in wire
mesh cubes and heated until ignition ( or non-ignition)
occurred. The Minimum Ignition Temperatures (MITs) were
thus determined for the samples (see Table 3.1). Sample
size, packing density and particle size were varied to
assess the effects on the MIT values. The authors
conclude that fat-filled powders are not inherently more

likely to ignite than conventional powders.
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Table 3.1 MIT data for milk powder cubes
(Duane et al.,1981).

POWDER MIT
30% Tallow 187°C
22% Tallow 188°C
Skim milk 182°C

Buttermilk powder tested soon after manufacture had an MIT
of 170°C, whereas a similar sample, tested after
protracted storage had a higher MIT value of 177°C. This
conclusion is important in pinpointing critical stages in
the powder production cycle. Beever (1984) used the
standard technique as outlined in section 3.1.2.2 to
determine values of MIT for cubes of milk powder with
sides of 50, 75 and 100 mm. Taking a value of 2.64 for Ser
for a cube and 0.92 and 3.46 for a layer and sphere,
respectively, the author used the results to determine the
critical layer and sphere sizes for the powders tested.
Ignition in dust layers is clearly a problem in spray
dryers as there is a tendency for layers of dust/powder to
build up on the dryer walls or in the crevices or corners.
The regions where this problem may occur are indicated in
Fig. 3.3,. This is more likely to happen with damp or
'sticky' powder or on a damp surface. When such clumps
form, they often break loose and give rise to the so-
called ‘'snowball' effect (Synnott et al., 1986). The
ability to predict a critical sphere diameter is thus of
value in determining the likelihood of this effect giving
rise to an ignition situation. The results in Table 3.2
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Fig 3.3 : Typical Conical Spray Drier Section
Showing Temperature Ranges and
Powder deposit Areas.
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were obtained by Beever (1984) using cubes with sides of

75 mm.

Table 3.2 MIT values for milk powder cubes (Beever,1984).

POWDER MIT

Skim milk 156.0°C
Skim + 22% Coconut oil 147.5°C
Skim + 30% Tallow 149.5°C

Skim + 30% Tallow + 10% Soya 148.0°C

The difference between the skim and the fat-filled powders
is about the same as that noted by Duane et al. (1981).
The MIT values given by Beever(1984) tend to be lower than
the corresponding values of Duane (1981). O'Mahony et al.
(1988) determined the MITs of a 30% tallow fat-filled milk
powder for various shapes including cubes, spheres,
- cylinders and layers. They investigated how the standard
equation, Equation [ 3.33 ], is wused to predict
criticality results for the main regular geometries based
on tests conducted with one shape. Their conclusion was
that extrapolation from spherical test results gives the
best correlation with experimental tests performed on
layers on a hotplate. Estimating critical dimensions such
as safe silo sizes is thus best done using spherical test
samples. The simulation model developed in the present
study also considers spheres. For the powder tested by

O'Mahony et al. MIT values varied from 131°C for a 51 mm
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sphere (radius) to 206°C for a 5 mm layer of powder. In
general, increasing the sample size gives a decreasing
value of the MIT as the ability to dissipate the heat
decreases as the thermal resistance increases. This is
what is expected intuitively. It is also predicted by the

approximate model of Boddington et al. (1981).

Synnott et al. (1986) studied fat-filled powders to
quantify the effect of fat percentage on the MIT. Results
show that the MIT tends to decrease with an increase in
fat percentage. Unsaturated fats are more prone to
oxidation than saturated fats. By checking the level of
unsaturation in a number of commercially manufactured fat-
filled powders - 26% coconut, 26% palm kernel, 33% lard
and 44% butterfat - it was found that the MIT decreases
with an increasing total of unsaturation. Differential
Thermal Analysis curves were obtained for a number of fat-
filled powders to identify the main 'thermal' reactions
involved in heating/combustion. Using a cross-flow oven,
it was found that the MIT decreases with an increas in the
air velocity. Prompted by a minor industrial fire, caustic
soda was added to a powder formula to simulate
contamination of dryer feedstock with CIP (Cleaning in
Place) detergent. The MIT was found to be reduced
considerably (e.g. from 176.5°C to 160.5°C in one sample).
Amounts of less than 1% added caustic were sufficient to
decrease the MIT significantly. Rewetting of powder,
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another common occurrence industrially, was also found to

give a dangerous reduction in the MIT value.

3:4.1 IDF SUMMARY (1987)

The International Dairy Federation Expert Group on spray
drying of milk powder summarised the self-ignition risk as
follows (IDF, 1987):
1) All dried dairy powders can proceed to self-
ignition.
2) Powder sample dimension has a substantial
influence on ignition; the MIT decreases by
15K as the sample radius doubles.
3) The milk powder fat content does not
significantly affect combustibility.
4) The smaller the powder particle size, the
greater the fire risk.
5) The low-temperature crystallisation of lactose
can sometimes lower the MIT value of the powder.
6) With a sample critical dimension up to 50 mm
the MIT is above 130°C; larger clumps or
layers ( up to 150 mm) can self-ignite at 80-

90°C.

3.5 CALORIMETRY AND KINETIC STUDIES

One of the key factors in determining whether an oxidation
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reaction of the type under study proceeds to combustion or
explosion is the rate of heat generation. Equation [3.2],
repeated below, summarises the key terms in the heat

generation phenomenon :

G = Q cijM £ e"Ea/RT (3.2)

The value of each of the variables plays a significant
role in determining whether or not the exothermic
oxidation reaction will proceed to a hazardous ignition or
explosion. To accurately model the reaction, each of the
terms must either be determined experimentally or
otherwise derived from the 1literature. Typically,
simplifying assumptions are made about the main energy
generating reaction to allow the mathematical analysis to
proceed. Alternatively, composite values of variables are

employed.

3:3.1 REACTION RATES

Walker et al. (1977) conducted experiments, involving the
controlled release of electric heat, to evaluate a
calorimeter equation which allows the calculation of the
reaction rate from time / temperature profiles of the
centerpoint of a sphere of wool with a perfect thermal
contact with the ambient( i.e. negligible surface thermal
resistance). The thermal conductivity and specific heat
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were determined experimentally and modified to take
account of the experimental conditions for the ignition
tests. When the wool was heated at a constant rate, the
heat generation rate was evaluated to within 7%. Tested at
diminishing reaction rates, however, the accuracy
decreased as the time index increased. Greater time
dependence led to larger error in the reaction rate
calculation, increasing from about 10% for a relatively
low dependence to 30% when time played a more important

role in the rate of reaction.

An eigenfunction transform method was proposed by Walker
et al.(1978C) to handle a reaction rate which diminishes
as a power function of time, for a self-heating sphere
with the Dirichlet boundary condition. This allowed a
reaction rate to be calculated from an observed central
temperature rise. For reaction rates up to 0.3 the error
in the heat output calculations was of the order of 10%.
At a rate of 0.7 the error increased to 40%. The model did
offer an improvement when dealing with two simultaneous
but independent reactions occurring in the test material.
Walker's preoccupation with centerpoint profiles and
calculations loses some significance with the milk powder
samples under study as the sphere center may not always be

the center of ignition.

Walker et al: (1978B) used a finite difference technique
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to calculate the central temperature rise in a reacting
sphere where the rate increases as an exponential function
of temperature and decreases as a power function of time.
The calorimeter equation of Walker et al. (1977) was
evaluated under the influence of a temperature
coefficient, with the surface temperature maintained at
ambient. Heat generation was written in terms of an
equation which does not include Ep, the Activation Energy.

Thus, using standard notation,

z = Ka[2]KpT [t)Kc [3.42]
where
2 = Reaction rate;
Ka, Kp and Ko = Reaction rate constants;
t = temperature;
T = time (8).
Allowance is made in the model calculations for the fact
that the exothermic reaction has progressed a finite
amount prior to commencement of the simulation
calculations. They note the statement of Hinshelwood in
1929 that a marked deviation from linearity in a semilog
plot of reaction rate against the reciprocal of
temperature is evidence that the reaction under
investigation is made up of at least two concurrent
reactions. The rate of oxygen uptake is possibly a better
indicator of the reaction rate than the rate of heat
generation. Walker et al. (1983) use the equation again to

-65=



calculate the central temperature rises in reacting

spheres (with the surfaces maintained at ambient).

The conventional rate laws are based on a fraction of
reactant remaining and include an Activation Energy term.
These laws do not account for the oxidation by two (or
more) simultaneous reactions. A simple temperature
coefficient of reaction is a more useful and accurate
concept. Inaccuracies in assigning values to Ep and the
pre-exponential factor in the Arrhenius equation give rise
to an error-compensating effect. Varying degrees of
success and failure are quoted where workers use Equation
[3.42] to model self-heating reactions. The authors show
how both temperature coefficient and rate constants can be
derived from calculated centerpoint temperature profiles.
The same profiles can be used to assess the effect of time
and temperature on the reaction rate of reactions which
fall off with time and increase in rate with increased

temperature.

An approximate analytical model has been proposed by
Boddington et al. (1980) to describe an exothermic
reaction in a reacting sphere with the surface at ambient
temperature and with a diminishing reaction rate. Finite
differences were used together with a time-varying value
of the § parameter to predict time / temperature profiles,
times to ignition and other criticality data; the standard
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Frank-Kamenetskii assumptions were made along with the
time dependence of the reaction rate. The results include
a useful family of curves illustrating the various
possibilities of the critical and non-critical conditions

for the F-K heat transfer model.

3:3.2 CALORIMETRY

The Differential Scanning Calorimeter (DSC) is used to
monitor energy changes in systems undergoing a thermal
process ( Moshenin, 1980 ). Its widest application is in
determining specific heat and it has been employed in
cataloguing many food products in this regard. It has
also found application in trying to determine other
thermal properties of foodstuffs. Thus, Lovric et al.
(1987) employ the DSC to determine factors such as heats
of melting and fusion as well as specific heat for a
number of liquid and semi-liquid foodstuffs. Quinn et al.
(1980) use the DSC to assess changes in heat stability of
meat protein during processing of meat into sausage
batter. A Calvet type of heat flow calorimeter was used
by Raemy et al. (1982A) to determine the specific heat of
coffee and chicory in order to understand the exothermic,
self-heating reactions of these products. The heat
absorotion was measured simultaneously in an empty sample
cell and in a cell with product, as both samples underwent
the same temperature rise. In general, the specific heat
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increased as temperature increased. The results reported
are mainly for dry products; the authors suggest that
small moisture differences have a considerable influence
on the measured specific heat ( Cp ) values. A heating
rate of 1°C/min was used to the detect exothermic
reactions ( due to roasting and carbonisation of the

samples).

Further tests also identified exothermic peaks in the
heating of wheat and whole rice. Raemy et al. (1982B)
catalogue the Reaction Enthalpies and threshold
temperatures for a number of cereals such as wheat, maize
and rice using Differential Thermal Analysis. As the
samples were heated in sealed pans at a controlled rate (1
‘C/min ), from ambient up to 270°C, they underwent
exothermic reactions. The enthaply of these reactions are

shown to be closely related to the carbohydrate content.

Raemy et al. (1983) outline the use of Differential Thermal
Analysis (DTA) and a Calvet type Heat Flow Calorimeter in
determining the exothermic behaviour of selected
carbohydrates. While the Calvet technique does not permit
detailed analysis of the individual decomposition
reactions, it does provide a useful record of the overall
process taking place when carbohydrates are heated. The
behaviour of food components is studied by Raemy et
al. (1985A) using both DSC and DTA. To simulate industrial
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conditions such as freezing and roasting , for example,
the instruments had to be operated outside their normal
operating range. In an extension to this work, Raemy et
al. (1985B) reports on the use of high pressure DTA tests
to assess self-ignition properties of food powders. Raemy
et al.(1985C) adapts thermal analysis techniques to study

the dust explosion phenomenon

3:5.3 DSC CALCULATION PROCEDURE

The standard generalised rate of reaction is (Widmann,

1982)

da sdt = k(l-a)P [3.43)
where
da/dt = rate of reaction, s-1
k = reaction rate constant, s-1
a = degree of conversion or fraction reacted
(a=0at t =0 )

n = order of reaction

The Arrhenius equation relates the reaction rate constant

to temperature as :

k = kg exp ( -Ep/RT ) [3.44)

where ko is the pre-exponential factor, and Ep, R and T
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are as previously defined.

Thus,

da/dt = kg e“EA/RT  (1-q)N [3.45)
Each incremental reactant component, da, produces a
corresponding enthalpy change dH (i.e. the fractional

incremental degree of conversion is the same as the

fractional change in enthalpy ) :

da = dH / AHroTAL (3.46)

Taking a time derivative :

da = dH . 1 (3.47)
dt dt MHroTAL

Thus, the rate of reaction is directly proportional to the
DSC signal (i.e. power input). Equation [3.46] may be

written as:

a = Mpprr / AHTOTAL [3.48)
Thus, the degree of conversion is proportional to the
associated enthalpy change. If AHy is the remainder of the

enthalpy curve, (Figure 3.4),
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Fig. 3.4 DSC Enthalpy Curve.



1 - a = 8Hy / AHpoTAL [3.49]
Rewriting [3.45] in terms of enthalpy yields :

dH . 1 = ko e"E-A/RT | AH,. D  [3.50]

dt SroTAL AHTOTAL

Taking natural logarithms gives :

1n H' = 1n Kg = Ep + n 1n AHp [(3.51]

AHroTAL RT 8dToTAL

where H' = dH/dt.

The DSC records H' and T throughout the experiment, and
performs the integrations AH, and AHporTal as instructed by
the preset program at the conclusion of the run. Three
unknowns are calculated from the H vs T curve ( i.e. Ko,
Ep and n ). A multiple linear-regression analysis is
performed to calculate the unknowns. They are printed out
with confidence 1limits computed on the basis of 95%

probability (see Figure 4.6).
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3.5.4 DS8C ANALYSIS

Differential Scanning Calorimetry is a technique whereby
the physical and chemical properties of a sample may be
examined when subjected to a defined temperature program.
The temperature program ensures that the sample is
measured at a constant temperature (isothermal program) or
with a linearly-increasing temperature (dynamic program).
A graph of the enthalpy change vs. temperature/time may

then be examined.

Physical transitions may include fusion, re-
crystallisation, evaporation, sublimation, condensation,
solid-solid transition, glass transition. Chemical
transitions include thermally induced decomposition,
oxidative decomposition, polymerisation, polycondensation
and specific heat (Widmann, 1982). Thus, significant
information about a sample can be determined by

Differential Scanning Calorimetry.

Using Differential Scanning Calorimetry, the temperature
of the sample is compared with the temperature of an inert
sample (air in this case). The temperature changes which
occur during the physical or chemical changes are detected
by a differential method. The advantage of the DSC
technique over thermal analysis is that the temperature
of the sample, Tg, is recorded in thermal analysis as a
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function of time, and a heating or cooling curve is
recorded; small temperature changes occurring in the
sample are generally detected by this method. With DSC the
detection thermocouples measure differences between the
sample temperature (Tg) and the reference temperature
(Ty). Where these differences are small they can be
detected with an appropriate voltage amplification device.
It also allows the use of very small samples (mgs). Graphs

of the two techniques are shown in Figure 3.5.

The essential difference between the two curves in Figure
3.5 is that in TA no enthalpic transition is monitored,
while in the DSC analysis exothermic and endothermic
changes occur. Since no other temperature changes take
place in the sample undergoing Thermal Analysis, no
deviation from the linear temperature is detected in the
" sample temperature. However, in the DSC deviations occur
at the programmed initial reaction temperature, Tj, due to
the temperature changes caused by the exothermic or
endothermic reaction. These changes are computed with
respect to Tg, the final temperature,and the temperature
of the sample returns to that of the system. From the DSC
graph the difference in temperature (Tg - T,) is recorded
as a function of the system temperature, T. At Tj, the
curve deviates from the horizontal position to form a
maximum or minimum peak, depending on the enthalpic
change.

-74~



DSC

DTA
L 3
- Exothermic
= b :
! Ti Endothermic
- \/
° Tf
Ty Tt
Temp/Time Temp(Time

Fig. 3.5 DTA and DSC Compared.
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The completion of the reaction temperature, Tg, does not
occur at the curve maximum or minimum but rather at the
high-temperature side of the peak. The exact position
depends upon the instrument arrangement. Thus, in the
differential method, small temperature changes can be
detected ; also the peak area is proportional to the
enthalpic change and the sample mass. The size, shape and
position of the peaks yield different information about
the sample, and can be used for qualitative identification
of the sample material. Also, as the area under the curve
is proportional to the heat change, the technique is
useful for the semi-quantitative or, in some cases,
quantitive determination of the heat of reaction. Thus, as
the heat of reaction is proportional to the amount of
reacting substance, DSC can be used to evaluate
quantitavely the amount of substance present if the heat
of reaction is known. Hence, the technique finds extensive
use in the qualitative and semiquantitive identification
of organic and inorganic compounds such as metals,
minerals, fats, oils etc. Quantitatively, it can be used
for the determination of a reactive component in a
mixture, or the heat of reaction in physical and chemical

changes (Raemy et al., 1983).

3.95.5 SPECIFVIC HEAT

To determine specific heat values for the milk powder
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samples, the predictive equation developed by Heldman et
al. (1981) is wused in conjunction with the detailed
compositional data. This equation allows a composite

specific heat value, Cp, to be determined from :

Cp = 1.424 Xc + 1.549 Xp + 1.675 X

+ 0.837 Xp + 4.187 Xy [ 3.52 )

where X refers to the mass fraction of the various
components of the material i.e. C : Carbohydrate; P :
Protein; F: Fat; A : Ash; M : Moisture. The numerical
coefficients are the respective specific heats of these
components, 1.675 kJ/kg K being the specific heat of the
solid fat phase.

3.5,6 DENSITY

Milk powder density plays an important role in this
analysis. This is calculated using the compositional data
by adding together the component densities as follows

(Heldman et al., 1981):

L= XM +Xp + XoNF
P PM PF PSNF ([ 3.52 )

The subscripts are as previously defined. SNF 1is the
Solids Non Fat component. Carr (1976) quotes a value of
610 kg/m3 for milk powder density.
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The Finite Element method is generally associated with
topics of civil engineering analysis and design, since its
original application was in the area of structures. Davies
(1980) traces the first attempts to develop the analogy
between discrete elements (such as bars and beams) and the
corresponding sections of continuous solids to Hrenikoff
(1941) and McHenry (1943). Clough (1960) was the first to
introduce the actual term 'finite element' to this form of
analysis. In the mid-60's the Finite Element analysis was
extended to dynamic problems. Extension to non-structural
studies followed including the transient heat conduction
problems (Wilson et al., 1966). As outlined in more detail
below, Anderson et al. (1974) and Misra et al. (1979) have
also looked at problems of heat transfer. Segerlind (1984)
gives a comprehensive treatment of the general Finite
Elememt application, including the problem of convective

heat transfer.
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c MU ON OF 8 - 8

IGNITION

Wake et al. (1973) outlined a variational technique to
solve a non-linear eigenvalue problem, (e.g. the steady-
state thermal ignition problem). The method allows
calculation of a theoretical critical parameter analogous

to the Frank-Kamenetskii critical parameter, §cr.

A theoretical study for a first order reaction occurring
due to assymetric heating of a slab was published by Tyler
et al. (1981). They used a finite difference technique to
predict the temperature and reactant concentration as
functions of time and location. The exposed slab face was
subjected to Newtonian cooling and the slab's
properties,including the thermal conductivity and specific
heat, were assumed independent of temperature. Kordylewski
(1980) studied a complex reaction for a porous body in
whch the heat generation is first order with respect to
both the porous solid fuel and oxygen concentration. He
concluded that the critical parameter, §cr, depends on the
ratio of the Lewis number (Le) to the dimensionless
adiabatic temperature rise. The Lewis number is defined as
the ratio of the Prandtl number for heat transfer to the

Schmidt number for diffusion :

Le = Pr / Sc , (3.54)
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where Pr = kinematic viscosity / thermal diffusivity and

Sc = kinematic viscosity / diffusion coefficient.

Shouman et al.(1975) studied the onset of thermal ignition
in a reactive slab with unsymmetric boundary temperatures
(i.e. one side heating, the other side cooling) under
steady state state conditions. They concluded that the standard
§ parameter was of little use in analysing the unsymmetric
case. Boddington et al. (1981) developed an approximate,
analytical solution for spherical reactants in a non-
isothermal steady state using the standard Dirichlet
boundary condition. To account for the effects of self-
heating on the reaction rate parameters, they defined a

correction factor, v:

v = Q R A exp(-Ep/R Tamp)/ (K+1)k(dT/Ar) p=ro [3.55]

where the variables follow standard notation as defined
previously. The presence of the exponential term means a
numerical solution must be found. A quintic approximation
was proposed whereby exp(-Ep/RTamp) Wwas replaced by a
fifth order polynomial in ©, the F-K dimensionless
temperature excess (cf. Equation [3.25)])). Alternatively, a
second order reversion was used to approximate an infinite
series solution to the heat balance equation at
criticality. The resultant surface temperature profile was
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used to evaluate v. For the case of an arbitrary Biot
number, the approximating equations were recast to express
Bi in terms of §, the F-K parameter. Though the model is
mainly structured in terms of the traditional central
temperature excess, the prediction of a varying maximum
temperature position is also possible. Accuracy to within
2% is claimed when results are compared with known exact
solutions. The authors proposed an extension of the
quintic approximation to the temperature dependence of
thermal conductivity, depicted as an exponential by Wake

(1980) .

A finite element approach to the problem of spontaneous
ignition in a theoretical reactive solid has been
presented by Anderson et al. (1974). Their study centers
around determining values of the Frank-Kamenetskii
critical parameter, &6, for general shapes of samples
undergoing a zero-order exothermic reaction. Boundary
conditions are of the Dirichlet type, with one example of
a finite surface heat transfer coefficient also covered
(the case of a cylinder in steady state) . The discretised
finite element equations were established using the
Galerkin's method which were solved by an incremental
procedure. Sample properties were assumed invariant with
respect to temperature changes. In solving the transient
problem, theoretical values of material properties were
used to demonstrate the scope of the model for determining
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§cr for a sphere. Assumed 'lumped' values of kinetic data
were used throughout. Details of the shape functions
employed and some of the model parameter values are not
given in the publication. Working with an ambient
temperature of 500K, thermal and reaction parameters were
chosen to give values of é of 2,4,8,16 and 40,
respectively. The resultant induction times were
calculated for a sphere. §cop was found to be 3.32, the
value below which ignition does not occur. Taking
different values of §, sphere temperature profiles were
plotted at various ambient temperatures. The profiles show
that as 6§ increases the nucleus of ignition moves away
from the sphere center. The sphere modelling work assumes
F-K boundary conditions. No experimental verification of

the simulation was attempted here.
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4.0 EXPERIMENTAL INTRODUCTION

The primary tool developed in the course of this work is
the mathematical model to be used for sensitivity studies
on self-heating and self-ignition of commercial milk
powders. A laboratory phase was essential to the project
for two reasons. Firstly, the model, as it is designed,
needs seed data from classical oven tests or from DSC
studies to initiate the simulation process. Information on

the experimental conditions is also needed for the model.

Secondly, the time / temperature profiles produced by the
model need experimental verification. While an elementary
version of the Finite Element model can be verified (using
an analytic solution for the simple case of heat transfer
with an inert sample material), no analytic benchmark
exists for the case of a product undergoing an exothermic
reaction. Thus, an experimental verification is necessary

for the model.

The oven test to decide Minimum Ignition Temperatures for
different samples / sample sizes often involves lengthy
test runs, particularly to identify the 'lowest non-
ignition' temperature ( sometimes over 2000 mins ). The
Differential Scanning Calorimeter offers a faster and
potentially more accurate technique to obtain the
essential kinetic parameters necessary to run the
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modelling program. In the experimental phase of the work

milk powder samples are analysed using the DSC.

4.1 EXPERIMENTAL PARAMETER RANGE

The range of experimental parameters used in this phase of

the study was decided by two principal factors :

1) The conditions likely to be encountered in industrial

milk-powder drying or storage facilities.

2)The capability of the experimental apparatus to recreate

and monitor accurately the industrial conditions.

As with all laboratory-based studies, scale-up factors
pose problems. In this study one such problem manifests
itself clearly. This is the type of limitation imposed on
conclusions drawn from experimental results due to the
necessarily limited size of a powder sample which can be
studied in a test oven. Reference has already been made to
the significance of the reactant consumption in
understanding self-heating and exothermic reactions ( cf.
Section 3.2.2 ). As the reactant is consumed, 1less
reacting matter is available to continue the 'runaway
reaction'.Thus, the reaction may not in fact reach an
ignition situation. This may also happen industrially when
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the subcritical self-heating occurs in an isolated clump
of powder, resulting in a charred mass in the dryer
chamber with no attendant fire or explosion. In this case,
oven tests are very close to the real situation.
Experimental results appear less effective, however, when
trying to extrapolate results to industrial situations
where, once a reaction enters the self-heating spiral, it
will have a ready supply of reactant (i.e. powder and
oxygen) to sustain the reaction until critical ignition

occurs.

The traditional theory of Frank-Kamenetskii views the
system as one of wunlimited supply of reactant. An
advantage of the simulation in this study over the
experimental work is that it may be extended, rather than
extrapolated, to mirror large-scale industrial conditions.
While not immediately accounting for reactant consumption,
this latter condition becomes prominent in the post-
ignition situation when reactant consumption increases
dramatically with exponentially increasing temperature. In
the present study, where the intention is to avoid
criticality, conditions up to jignition are the primary

consideration both in the modelling stage and in the
experimental stage.

As the present work 1is concerned with simulating
industrial conditions, the experimental temperature range
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is 1limited to the typical temperature range found in
conventional spray-drying situations. The range of
temperatures is shown in Figure 3.3 for a typical conical
spray dryer (Duane et al. 1981). The temperature ranges
from 40°C at the product inlet, the atomiser, to 200°C at
the hot air inlet. The dryer surface temperature varies
from 80°C up to 100°C. If a further source of heat
develops (e.g. external surface welding, radiation from a
spot lamp, etc.), the surface temperature may increase
significantly. As the diagram also shows, product deposits
may accumulate in angles or corners in the dryer chamber,
inhibiting heat dissipation and giving rise to increased
critical dimension, and, as will be shown later, increased
risk of self-ignition. Thus, the oven temperature range
investigated is between 127°C and 380°C, encompassing the

span of temperatures encountered in a commercial dryer.

4.2 OVEN DESIGN

The oven employed to conduct the heating / ignition
experiments is a modified Townson & Mercer convection
oven. Additional heating capacity was built into the oven
by including extra heating elements. The fan speed in the
oven 1is controlled wusing a 0-240 V, 2A variable
alternating-current transformer to power the fan. This
allows variation of air speed and hence the surface heat
transfer coefficient. The original oven thermostat was
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replaced ( to provide accurate control of the oven
temperature )with a Honeywell CL-40 three-term controller
capable of maintaining the temperature within $1°C over a
temperature range of 0 - 300°C; it employs a J-type
Copper/Constantan thermocouple. The controller includes a
powver compensation circuit which maintains a constant
power output in case the line voltage changes from -15% to
+10% (which are the typical supply variation extremes
within the 1laboratory). Steady temperature is achieved
rapidly (within 10 minutes from start-up) and reliably

using a controller.

Figure 4.1 shows the basic layout of the test oven. The
test sphere is suspended in the oven, as shown, with
thermocouples used to monitor and record the temperature
within the sphere and in the oven itself. The J-type
thermocouples give a measurement accuracy of better than
$1°C. The thermocouple voltage is measured on a Prema 5000
DMM/Scanner digital multimeter; the time / temperature
information is communicated to an Apple computer via an
IEEE-488 interface card. Alternatively, a Philips multi-
point recorder is used to record the system temperature. A
shrouded thermocouple is employed to measure the ambient
temperature in the oven. This is necessary to minimise

possible errors due to radiation.
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A relatively simple but effective experiment was used to
determine the effective surface heat transfer coefficient
for given conditions in the oven. Figure 4.2 shows a
typical time / temperature plot for an aluminium sphere.
The sphere was suspended in the air stream and, using
thermocouples, the centerpoint temperature was recorded.
As aluminium is an excellent conductor of heat, the major
source of thermal resistance within the sphere is located
at the surface due to the prevailing boundary condition.
Quantification of the boundary condition is required for
the simulation. An equation for heat transfer in a sphere
with negligible internal but finite surface resistance to
heat transfer is used (Wong, 1977):

T - Tamb = e~ (3h/RpC)t

Tinit = Tamb (4.1]

where Tjpnjt is the initial temperature of the sphere and
the other variables are as previously defined. All
parameter values are known except the heat transfer
coefficient, h, and the temperature / time data , T and ¢t,
respectively. The value of 'h' is calculated at points
taken at reqular intervals along the curve, allowing for

the initial, short time lag across the sphere radius. The
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Fig. 4.2 4" Aluminium Sphere Heat-up Curve.
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average 'h' value is calculated from these values. For a
given fan-speed and sphere size, 'h' values do not vary
greatly over the span of the heat-up curve. Details of the

calculations are shown in Section 6.1.

4.2.2 POWDER DENSITY

4.2.2.1 PARTICLE DENSITY

A Beckman Model 930 Air Comparison Pycnometer was used to
establish the particle density of the powder samples. A
sketch of this is shown in Fig. 4.3. The pycnometer
consists of two chambers, a reference chamber and a sample
chamber. The powder is initially weighed and the

difference in volume due to the powder is noted. A simple

calculation then gives the particle density.

4.2.2.2 Bulk Density

A jolting volumeter was employed to measure the apparent
or bulk density of the powder samples. This apparatus
consists of a platform mounted on a shaft supported in a
vertical position by a sleeve around the shaft, which in
turn rests on a cam wheel (see Figure 4.4). The powder
sample is placed on the platform in a graduated cylinder.



swp

—

Differenual

Pressure R;‘I:g:n
Indicawr

I Startng
T Tare Number
Semple [¢—d— o
C
| (in cc)

Fig. 4.3 Pycnometer.
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Fig. 4.4: Jolting Volumeter.
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The cam is rotated by a constant-speed motor at 250 rpm.
Oon each revolution the platform is gradually raised and
dropped through a distance of 3 +/- 0.1 mm; 1250
revolutions are allowed before the volume of the sample is
measured. Knowing the weight of the powder, the apparent

density can be calculated ( Foley et al., 1974).

4.3 SAMPLE PREPARATION

The dairy-powder samples used in the experimental phase
were commercially-produced powders (i.e. manufactured
under industrial conditions in a commercial milk powder

plant).

To ensure uniform heat transfer conditions across all

samples the sample bulk density is carefully controlled

for the ignition tests. The powder bulk density is
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measured using the Jjolting volumeter as previously
outlined. Steel mesh spheres are constructed to hold the
powder in the convection oven. Knowing the exact radius of
the sphere, the correct weight of powder is determined to
ensure the sample is at the correct bulk density prior to
beginning the heat transfer experiment. This calculated
weight of powder is measured out and put into the sphere,
tapping the sphere until the full weight of powder is

enclosed in the sphere.

The samples were subjected to a convective air-stream in
the stainless steel mesh spheres. The spheres were
constructed from a No. 30 gauge mesh to the required
dimensions. As the steel mesh is of high thermal
conductivity, it is assumed to present no significant
thermal resistance to the transfer of heat from the powder
surface to the ambient air stream. Actual dimensions of
the spheres are recorded for use in the calculations. The
nominally 4" sphere has an actual measured diameter of
3.974", the 3" sphere an actual diameter of 3.166", etc.
Table 4.1 lists the nominal and actual diameter and also

shows the calculated 'h' values.
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Table 4.1 Powder sample radii and associated 'h' values.

Nominal Diameter Actual Diameter erived 'h'v
(inches) (inches) W/m2K
4 3.974 19.21
3 3.166 20.12
2 2.148 21.26
1.5 1.688 21.78

4.4 TIME / TEMPERATURE PROPILES

To determine the combustion parameters, the traditional
oven procedure was employed. Using a thermocouple located
at the sphere center, the time / temperature profile was
recorded for a number of different spheres. For each
sphere the oven temperature was varied to find the lowest
temperature at which a sample of particular radius
ignited, and the highest temperature at which the sample
failed to ignite. The initial temperature used in the
oven is chosen on the high side of the assumed MIT. Known
kinetic data, derived either from DSC tests or from oven
tests on similar powder samples, may be used in the model
to determine approximate MIT values around which to base
the experimental design. This makes a significant
reduction in actual experimental work. Typically three or
four oven runs are required before a non-ignition
temperature is encountered. For example, Figure 4.5 shows

three curves for a 4" sphere; 138.9°C is the lowest
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ignition temperature and 137.27°C is the highest non-
ignition temperature. The time / temperature data for

these curves are listed in Table 4.2.

In the case of the highest non-ignition temperature, the
experiment was allowed to continue for 2000 mins ( > 33
hours) before discontinuing the recording. In the IDF
Bulletin (IDF, 1987), 24 hours (i.e. 1440 mins) is the
upper time limit recommended. In the case of the other two
ignition curves, the sample is seen to proceed to a
runaway exothermic reaction (self-ignition), reaching a
temperature peak, after which the sample temperature
decreases due to the finite 1limitation of reactant

material. The recording ceases at this point.

The MIT for the powder in Figure 4.5 is 138.08°C,

obtained by taking an average of 138.9°C and 137.27°C.

AL 8 NG CALOR

A thermo-analytical technique was employed to identify the
kinetic data characterising the exothermic reaction in the
self-heating milk-powder samples. A Differential Scanning
Calorimeter (DSC) was used in this phase of the study. The

particular model was the Mettler DSC 20 .
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Table 4.2 Time/Temperature data for 4" sphere.

Amb.137°C Amb.139°C Amb.143°C

Time Temp. Temp., Temp.
(mins) (°C) (*C) (°C)

2 20.15 20.51 19.64

6 17.85 18.30 17.91
10 18.15 18.50 18.47
14 19.75 19.62 20.22
18 22.82 22.09 23.38
22 26.94 25.79 27.61
26 31.49 30.16 32.42
30 36.00 34.71 37.22
34 40.21 41.02 43.82
38 44.02 42.94 45.88
42 47.57 46.58 49.80
46 51.09 50.08 53.78
50 54.74 53.73 57.88
54 58.28 57.53 61.84
58 61.59 61.13 65.46
62 64.59 64.40 68.63
66 67.26 67.28 71.34
70 69.57 69.75 73.63
74 71.57 71.85 75.56
78 73.30 73.65 77.19
82 74.79 75.17 78.59
86 76.07 76.49 79.80
90 77.20 77.62 80.84
94 78.20 78.59 81.78
98 79.09 79.44 82.63
102 79.89 80.20 83.40
106 80.62 80.88 84.14
110 81.31 81.51 85.16
114 81.95 82.10 85.81
118 82.57 82.66 86.44
122 83.19 83.20 87.02
126 83.80 83.74 87.59
130 84.41 84.29 88.17
134 85.03 84.84 88.77
138 85.65 85.40 89.43
142 86.29 86.00 90.17
146 86.95 86.61 90.99
150 87.64 87.29 91.88
154 88.34 88.00 92.86
158 89.07 88.77 94.47
162 89.83 90.03 95.62
166 90.62 90.92 96.85
170 91.43 91.89 98.11

=99~



262
266
270
274
278
282
286
290
294
298
302
306
310
314
318
322
326
330
334
338
342
346

92.29

93.18

94.08

95.04

96.00

96.98

97.99

99.00
100.03
101.07
102.09
103.11
104.13
105.14
106.12
107.10
108.05
108.99
109.90
110.80
111.67
112.52
113.38
114.20
115.00
115.77
116.53
117.26
117.98
118.67
119.33
119.97
120.58
121.19
121.77
122.33
122.90
123.44
123.99
124.54
125.07
125.60
126.14
126.68

Amb.139°C

Temp.
(°C)

92.90

93.97

95.07

96.21

97.38

98.57

99.77
100.99
102.19
103.41
104.61
105.79
106.98
108.14
109.27
110.39
111.48
112.55
113.58
114.59
115.57
116.52
117.44
118.34
119.21
120.06
120.88
121.68
122.48
123.27
124.45
125.23
126.02
126.83
127.65
128.48
129.32
130.16
130.99
131.41
132.23
133.02
133.78
134.52
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Amb.143°C

Temp.
(*C)

99.42
100.77
102.14
103.52
104.93
106.34
107.75
109.17
110.57
111.93
113.27
114.58
115.86
117.10
118.31
119.50
120.66
121.80
122.93
124.04
125.16
126.28
127.42
128.58
129.75
130.93
132.13
133.29
134.39
135.47
136.50
137.51
138.52
139.54
140.60
141.68
142.81
143.98
145.21
145.85
147.16
148.54
149.99
151.52



Table 4.2 (cont'd)

Amb.137°C Amb.139°C Amb.143°C
Time Temp. Temp., Temp,
(mins) (°C) (°C) (°C)
350 127.22 135.24 153.12
354 127.76 135.59 153.96
358 128.30 136.30 155.71
362 128.82 137.00 157.56
366 129.33 137.73 159.57
370 129.85 138.45 161.78
374 130.33 139.19 164.32
378 130.80 139.19 164.32
382 131.27 139.95 167.32
386 131.72 140.73 170.91
390 132.15 141.51 175.06
394 132.58 142.32 179.67
398 133.00 143.15 184.55
402 133.39 144.01 189.51
406 133.79 144.90 194.59
410 134.19 145.83 199.93
414 134.57 146.78 205.62
418 134.97 147.29 211.73
422 135.36 148.31 218.27
426 135.76 149.93 225.16
430 136.16 151.09 232.28
434 136.55 152.31 239.51
438 136.95 153.62 246.72
442 137.35 154.99 253.70
446 137.74 156.49 259.99
450 138.14 158.12 265.20
454 138.54 159.93 269.37
458 138.94 161.98 272.65
462 139.33 164.34 275.34
466 139.74 167.05 278.73
470 140.15 170.06 280.88
474 140.97 173.29 283.17
478 141.38 176.67 285.91
482 141.80 180.13 289.39
486 142.22 183.62 293.71
490 142.65 187.15 298.82
494 143.07 190.81 304.69
498 143.50 194.80 311.12
502 143.94 198.80 318.01
506 144.38 203.32 325.49
510 144.83 208.30 333.76
514 145.29 213.78 342.78
518 145.52 219.80 352.58
522 146.10 226.27 363.32

-101-



In the DSC, a sample is heated at a controlled rate. The
heat input is controlled to allow the sample temperature
to increase linearly. By monitoring the heating rate and
temperature, the progress of the reaction is recorded as
shown in Fig. 4.6. This printout has four different
sections. The first section consists of a listing of the
setup program specifying the parameters to be used in the
experimental and analytical part of the test. This is
followed by the plot of enthalpy versus temperature
recorded during the run The main exothermic reaction of
interest occurs between 220°C and 440°C. The program sets
these temperatures as limits of integration to quantify
the scale of this exothermic peak. The DSC processor
reproduces this portion of the curve as shown. Finally it
prints the results of the integration and the kinetic

- parameters based on the regression analysis performed.

The chief derived parameters are the following:

order of reaction, n;

Activation Energy, Ej:;

frequency factor, £;

heat of combustion, Q.
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4.5.3 DSC EQUIPMENT

The three main components of the equipment are :
1) The DSC measuring Cell: Mettler DSC20
2)DSC TA 3000 Processor

3)Swiss Matrix Printer

4.5.3.1 DSC Cell

The DSC Cell is outlined in Figure 4.7 showing the the two
cells, probes and the relevant temperatures and heat

flows.

4.5.3,2 TEMPERATURE CONTROL

In heat flow calorimetry it is necessary that the
reference temperature T, follows a predetermined linear
temperature program with heating rate T'. In reality this
is possible only with an empty reference pan since a
sample will likely show first-order transitions . In the
case of a dynamic temperature program, the reference
temperature necessarily lags behind the furnace
temperature Tc as no heat flow, Q'y, to the reference side
can take place without a temperature difference To-T,. The
lag is compensated in the TA3000 by means of a temperature
advance as is shown in Figure 4.8. The measurement is
terminated when the furnace temperature, T, reaches the
preset final temperature. The DSC curve is only recorded
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Fig. 4.8 Temperature in the DSC Measuring Cell
as a Function of Time.
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with respect to a reference temperature, T,, which is

lower by the amount of the advance.

4.5.3.3 THE AT BIGNAL

The thermo-elements attached to the DSC sensor determine
the temperature difference AT = Tg - Ty and produce a

graph (see Figure 4.9).

4:3.,3.4 THE DSC SIGNAL

The diagram of the test cell in Figure 4.7 shows that the
heat flow to the sample , H', is equal to the difference
between the two heat flows Q'g and Q'y , where:

Q'g = Heat flow to sample pan, and

Q'y = Heat flow to the reference.

Thus, heat flow to the sample is equal to :

Hl = le - er [4.2]

According to the thermal analogue of Ohm's Law Q'= (T; -
T1) / Renh (i.e. the heat flow is proportional to the
driving force, AT, and inversely proportional to the
thermal resistance R¢p). Applying this concept to the DSC
cell gives:
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Fig. 4.9 AT Signal (Primary Signal) as a Function of
Time, t, and the Reference Temperature, Tr.
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Hl

Q's = Q'y = Te~Tg = Tc-Tr [(4.3]

Rth Rtnh

For reasons of symmetry, Tc and Rty have the same value

for the sample and the reference. Thus:

H' = Ts - Tr [4'4]
The temperature difference , AT = Tg - Ty, is measured by
the sensor thermocouples. From the thermocouple equation,
AU = T.S, it follows that:
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