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Summaxy

The Mackey test has been considered from the point of
view of its suitability as a general method for assessing the
spontancous heating and ignition hazards of materials which
are subject to atmospheric oxidation. An experimental study
has shown that there is an optimm packing density for self-
heating in specimens of olled fibre in the lMackey tester.

The Mackey test can be used to show whether spontaneous
heating can occur in a given material, and it may give an
indication of' the possibility of spontancous ignition under
practical conditions. But, if the test is to be used for
classification of materials in order of their liability to
gpontaneous ignition, it may be nccessary to determine the
optimum test conditions for each material, Further experimen—
tal work is required to show if this extension of the test is
practicable,

Introduction

With many materials which are copable of spontaneous heating and ignition
the process is initiated by the reaction of. the material with oxygen at
ordinary atmospheric temperatures. The heat evolved in this oxidation
causes an increase.in the tempcrature of the material with a conseguent
acceleration of the reaction, In this way the temperature of the material
may rise t0 the point of ignition; but, if the loss of heat to the surroundings
is too high for this to occur, the temperature will rise to-a maximum value
lower than the ignition point and then fall as the oxidation approaches

- completion,

A laboratory method is nceded which will be generally applicable for
assessing the hazard associated with the storage of materials of this kind.
In the course of studies on such maiterials different workers have used
calorimetric methods, measurements of oxygen absorption, and small-scale
reproduction of ,the heating accelerated by an elevated ambient temperature.
The Mackey test(l,z)is of this last type and wes devised .specifically for
agsessing the sEo?tancous heating hazard of oils used in the textiles industry:
althoupgh niackey 2)found it of value for the examination of other materials,
It has been widely used as a standard test for many years.

In the Mackey test a weighed gquantity of the oil is spread on a weighed
quantity of cotton sliver and cnclosed in a charber whose walls are maintained
at a oonstant temperature of 100°C and through which air circulates by natural
convection. The occurrence of self-hcating is obscrved by means of a
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thermometer inserted. in the speciren, If the temperature exceeds 200°C in
two hours or lesc the 011 is regarded as unsafe

The criterion by d?lch oils are classified as safe or unsafe in the
standard Mackey test '20) is based on practical experience with oils of knowm -
properties and it is applicable only for the normal uze of oils in textile
processing. It canmot be relied on as a gulde %o tne belaviour of oxidigable
oils in, for example, bales of oiled textile weste clionmed for long periods, or
in oiled textile material exposed %o unusually high amhicnt temperatures,

The risk of unexpected self-heating or igition in CTF'WﬂBtaﬂrEq such as these
is especially great when the presgnce of an antioxidantid, 4, 22-21} op
dilution with a mineral oil (3, d“has mereased the induction pericd in the
oxidation of a hazardous oil sufficiently for ihe oil %o pass ithe standard
test, because the mmte of oxidation and heating following such increasad
induoticn periods is usuvally almost as great as for the untreated oil.

By continuing a test to cover the whole oxidation and heating proncss
the Mackey test can be used to assess ths behavicur of oils under a wider
variety of conditions than in textile processing. The test oan also be used
for obsewrving the liability fio spontancous heating and ignition both of |, .
oxidisable oils suppcirted on materials other than cotton, and of any oxidisable
gsolid material., Bu%, beyond the fact that materials which self-heat in the
Mackey %test may be expectied to do so elscwhere, it is not <lear at present how
the rasults. of tesgts are to be interpreted in terms of the relative hazard under
‘practical conditiong, copecially as it is usually not certain that the tests
‘have been carried out under the optimum test conditions for each material,

It is not expected that a single criterion for relative hazard would be
possible, but, given optimum test conditions, materials could be classified:
initially in order of the maximum temperaturcs they attained, . The materials
giving maximum temperaturcs in any chosen range of values could -then be
compared in order of the times taken to reach the maximum; due attention being
given to the occurrence of induction periods in the reactions responsible for
heating.

Very little systemaiic work has been found, in the literature, on the

. effect of wvarying the conditions of the test, such ag the size and packing
density of the specimen and the amount of ventilatign, although the importance
of these factors is generally apprecoiated. Kehren Sinoted the effect of
departure from the standard dimensions og the apparatus on fhe results of the
standard test. Clogston and Nuckolls Jand Thompson 8, 25}used a larger
apparatus and specimen and obtained a degree of self-heating with olive oil and
lard oil on cotton wool which showed that these oils might, in certain
ocircumstances, bc hazardous; although they are usually classed as safe by the
standard test. The 90551b111ty of 1gn1tlon occurrlng with olive oil was,
however, demonstrated in Mackey's original tests(@)with specimens of the-
standard size but with prolonged heating. Thus, samples of olive oil on
cotton self-heated to maximum temperaturcs of 235° to 241°C 4in times be tween

5 hr 25 min"and 5 hr 15 min,

The importance of the size of the speclﬂen in tegts for spontaneous
ignition, carried out at constant a? }cnt temperature, has bzen shown in a
striking manner by Mitchell's tests‘\“/on wood fibreboard., The lowest ambient
temperature at which & one-inch cube of the fibreboard heated spont neouuly
to ignition was 396CF (2020C); and ignition occurred in 18 min; but Heating .
to ignition occurred with an ambient temperature as low as 228°F (100°C) when
the specimen consisted of a solid octagonal prism' of the fibreboard 22 inchaes
between opposite faces, although the time required was 96 hr 40 min,

The reproducibility of results in the Mackey test }s adequate only for
a broad classification of oils., _ For ex&mple Mackey ‘“/obtained. maxinmm
temperatures varying between 194- and 284°C in eight tests on cottonsecd bil,
the maxima being attained in times varying from 1 hpy 15 min to 1 hr 45 min;
while some samples of olive 011 and olelne did not- exceed 104°C in 1 hr 30 min.
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Garner and Ieach(lo)claim thnt more recproducible results are obtained if the
oil is incorporated into the cotton with the aid of hand cards, thus giving
a more uniform distribution of the o0il than is possible by the normal method
of hand mixing; but the use of cards, with oleines especially, would appear
to ‘enfail a risk of confamination by iron scaps sufficicnt fto affect the mite
of heating {see below). Chambard and DurandEHAymecll recormend that the
thermometer should be contained in a copper tube to overcome the effects of
uneven heating in the specimoen.

A considerable amount of attention has been given to the effect of factors
such as traces of metallic soaps and salts on the behaviour of textile oils
in the tcst (sece, for example, refs. 4, 6, 12-18); because of the marked
acceleration of the heating produced by iron soaps in particular different
werkers havo upporitcd the specimen in, for example, a cylinder of platinum
wire gauze g paper %, a spiral of lead free glass gl or in a bag made of
cotton gauze

In order to determine to what extent the principle of the Mackey test
can be applicd generally for assessing spontancous heating and ignition
hazards 'an investigation is being made of the effect of physical variables on
the bchaviour of materials in the hackey tester. The system chosen for study
is a drying oil dispersed on a vegetable fibre,. since it is one in vhich
heating is conveniently rapid and in which the concentration of oxidisable
material can ve adjusted readily. In the work described in this note the
effect of the packing density of the specimen at constant volume has been
studied,

The dockey Tester

In Mackey's original test L the oiled cotton was packed into a cylinder
of iron wire gauze and placed in an ordinary water-Jacketed oven kept at the
boil; thc thermome ter in the °p001neq projcoted through the roof of the oven.
Uackeyke later designed a zpecial apparatus for the test which is shown
diagrammatically in Fig, 1., A chirney system was fitted to provide for the
circulation of air through the onclosure containing the specimen, wheroas,
in the original test, the air supnly derended on the ventilators normally
fitted to laboratory ovens, This form of the apparntus has been in gecneral
use¢ until comparatively recently but, in this country, the stan%ar? test for
textile oils vwhich is prescribed by the Pire Offices' Committee 0 employs
a more claborate form known as Firth's 1934 Modification.  This modified fomm
is provided with a stecam-Jacketed chirmey and interior baffleb, and the specimen,
packed in a bag made of cotton gauze and supported by a wire carrier, is
inserted through an opening only 1.5 inches in diameter. This form was used in
the work described below, cxcept that the specimen was contained in a cylinder
of stainless stecl gauzc, : - ' : =

Experimental

A scarch was made for a fine fibre on which thc drying 0il could be
distributed easily without causing matting and which would give a uniform and
stable packing within a wide range of densities, - Of the f{ibres tested
(cotton wool, Jjute, flax, and Sansevieria sp.) jute was found to have the
desired propcrtles. The variety used was Daisce jute {(Corchorus aYitorius).
The fibre was cut by hand into lengths of about 1 cm mixed, and stored in tins.

The drying oil used was a commercial sample of linseed oil which was
found, bv steam distillation, to contain about 10 per cent of white spirit,
The characteristics of the oil were determined and were as follows:

As used For 100% oil-
Todine velue 158 169
Saponification wvalue . 1735 - S 192

Preé fatty acid (as oleic acid) 1,89 2.1
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The self-heating tests were carried out on a mixture of equal weights
of 0il and fibre- the weights being apnropriate to the desired packing density.
The weighed quantity of oil wos poured over the fibre in a porcelain dish and
mixed by alternate hand kmeading and teasing out; rubber gloves were worn
for this purpose.. In a series of tests to be described in a later report it
was found that the loss of oil on the gloves and dish was 0,20 * 0,02 g. ~

The oiled fibre was supnorted in the tester in a cylinder of stainless
steel gauze 3.0 cm in diameter and 10.0 em long. During the packing of the
fibre, one end of the cylinder was closed with a rubber bung which had a glass
rod projecting for 2 em from the centre in order to form a hole in the centre
of the specimen for the thermometer, The fibre was finally teascd out ond
packed into the cylinder a little at a time with the aid of a glass rod and
as uniformly as possible. The length of the packing was always 6,5 om,

The sne01men was not prepared until the temperature in the Mackey tester
hed reached 98° - 99°C, The time taken for the mixing and insertion of tue

specimen was about geven minutes,

From three to five tests werec carried out at each packing density. . In all
cases the temperature in the ocentre of the specimen was recorded until the
maximm wes passed and cooling was in progress.

Resulis

The way in.which the specimen temperature varied throughout a test is
shown in Fig, 2 for two typical examples at different packing densities, and
for which the difference in maximum temperature was large.

Charring of the interion of the specimens was pronounced in those in
which temperatures of about 240°C and above were indicated. It was then
mainly confined to the portlon of the specimen below the thermometer, but was
more extensive in specimens in which temperatures approaching 260°C were
indicated. Darkenlng of' the specimen was first noticeable in specimens which
reached about 150°C, In general the distribution of discoloration and
charring in the spécimens after the tests showed that the maximur tempercture
indicated by the thermometer at the centre was less then the maximum temperature
reached elsewhere in the specimen.

The mean observed maximum temperatures for each packing density, and the
mean time taken to reach the maximum from, the moment of insertion of the specimen
in the tester, are given in Table 1, with standard deviations, and arc plotted
againgt the packing densities of the specimens in Fig, 3.

Table 1 ~ Results of Mackey tests

Packing | n Maximom Tine to Time to | Time from inflexion
densigy temperature | maximum 85°C to maximum
°c mins mins ming
0,131 3 133 t 13 g0t o9 1642 ¥ 3.2 48+ 5
0.174 | 5 177 £ 14 {108t 8 22,5 * 0.8 54 % g
0,218 | 5 | 241 *15 105+ 7 268 T1.4] a7t o
0.262 | 3 %4t 4 |16t 8 33.4 Y 3.5 56 % o
0.503 3 262 18 |129 % 7 34,0 11,01 . 57t 3
0.549 | 3 248 T 24 1148 11 35,7 X 2.5 7t 13

ol

n = number of tests
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It is evident from Fig, 3 that there is an optimum packing density of
about 0.28 g/em® for the ocecurrence of the highest observed maximum
temperaturc, It is reagonable to suppose that the highest actual maximm
tenperatures would also ogeur at this packing density.

The time taken to reach the mximum tempera’ure {(®ig.3) increases
regularly as the packing density of the specimen is increased.

& characteristic of the rise in temperature of the specimen after
insertion in the tester was an irxflexion in the temper aturq/t*ne curve
be tween 970 and 99°C (Tlgo?) which was close to the steady temperature of
about 98°C reached in the interior of the tester when a specimen wos absent,
This indicated that the reaction responsible for self-heating did not occur
at an effective rate until shortly before the inflexion. This delay is a
normal feature of the heating of oiled fibres in the Mackey tester and is
usually enhanced by the, occurrence of an induction period in the oxidation
process, The presence(gﬁ moisture may result in a pause in the tempernture
rise near 100°C; Rosin showed that it could be entirely responsible for
such a pause in the seclf-heating of browvn coal semi-coke., A separate test
carried out with linseed oil on oven-d&*led jute confirmed that a delay in the
heating occurred in the tests described in this note, which was rot due to
the prescnce of moisture. The inflexicn occurred at mean times which increascd
from 43 to_77 minutes as the packing density was increased frcm 0,131 to
0.349 g/am,

In view of the delay in self- heatlng it is possible fto examine the cffect
of packing dgnslty on the heating time in ftwo stages. For this purpose the
mean time token for the temperature to reach 85°C for cach value of the packing
density has been taken as characteristic of the heating of the specimen by the
water jacket (at 100°C) alone before the reaction buging; and the mean time

_interval between the inflexion and the maximum temperature, for each value of
the packing density, has been taken as characteristic of the self-heating
stage in the specimen. These quantities are given with standard deviations
in Table I, and are plotted against packing density in Fig, 4.

The linear increase of thg timc taken to reach 85 C, o8 the packing
density increases to 0.26 g/em” (Fig.4), rmst be relnted to the increase in
thermal capacity of the specimen, nnd suggests that the rate of heat transfer
through the specimen does not vary greatly in this range of densities, The
sudden decrease in the rate of incrcase of the time at densities above
0.26 g/cmd, however, can be explained only by an increase in the mte of heat
transfer, '

Below a density of Q.26 g,/cm'3 the time interval between the inflexion
and the maximum temperature is almest independent of thc packing density, but
it incrcases rapidly when the density exceeds 0.30 g/cm® (Fig.4).

Both of the sudden changes in the above time/density rclctlonshlps occur
at densitics near the optimum for self-heating, i.c. 0.28 g/cw (Fig.3).
It is suggested that the increase in the heat transfer at these densities is
due to a tendency for the voids in the specimen to become filled with oil
instead of air. The decrease in raximm tenmperature at densities above
0.28 g/om”, and the increased interval between the inflexion and the maximum
may then be duc to increased hent losses or to reduced oxygen supply, or to
both factors.

Digcussion

It has been found that an optirmum packing density exists for the
spontaneous heating of specimens of Jjute impregnated with linsced oll in the
Mackey test, It may be inferred that optima will exist similarly for other
oiled fibres; but -they will not necessarily occur at the same densities, and
the optimum for a given oil and fibre mny depend on the proportion of oil
present,
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The relatively abrupt change in the rate of heat transfer, which was
indicated above certain densities, may be a factor which contributes to the
existence of an optimum densgity for self-heating only in mixtures of solifs
and liquids such as oiled fibres, The postulated restriction of oxygen
supply, however, is a factor which, alone, could reault in an optimum donsity
for self-heating in all oxidisable meterials., But it would have to be
determined by experiment whether the densities necessary for this restriction
to be operative would be attained, by the normal mcthods of packing the
specimen, with oxidisable materinls in granular fomm, With a given granular
material the range of possible packing densitics (often only about I 10% of
the mean) is smaller than for fibrous materinls and, therefore, the main
factor controlling the degree of heating in o specimen of given volume may
bo the particle size rather than the packing density,

There is no doubt that the principle of the Mackey test, used either in
‘the form of the present tester or some modification of it, is capable of
showing whether spontaneous heating can occur in a given material, Further,
if the size of the specimen used in the fest is increased sufficiently, i% my
always be possible to reproduce igniticn in a material which is capahle of
spontaneous ignition., But it is evident from the results so far cbiained
that, if the fest iz to be used for anyiting but the broadssi classification
of raterials in order of their tendency o spontaneous ignition, it wiil be
necessary to carry cut a series of replicated tests to determine the optimum
conditions for heating in each material. Since the different factcrs
requiring adjusiment are probably nct iudependent, the number of tests to he
‘carried cut may be too numerous fo meke a classification by this method worth-
while. . However, the experimental evidence ati present available is inadequate
for this to be decided,
It is probable that a classification of materials liable to spontanenus
heating and ignition, urder optimun conditions in a test of this kind, would
indicate their relative hazerd under practical conditions, This, it is felt,
is sufficient to warrant carrying the investigation further. It must,
however, be emphasized tha% the optimum conditions found for the differont
materials under test could not be cxpeeted tc indicate more then qualitatvively
the nature of thz optimum conditions for spontaneous ignition to occur in
practice; the main pbstacle to such a correlation is the change of scale.

Conclusions

Prom the rcsults of an investigation of the ceffcct of packing denzity
on the heating of oiled fibre in the Mackey testcr and a consideration of
~ published work on the Mackey test, the following conclusions have bcen drawn:

1, An optimum packing density exists for seclf-heating in a specimen
of . oiled fibre of given dimensions.,

2., The standard Mackey test employing temperature and time limits,
is applicable only for comparison of the spontancous heating and
ignition hazards 'of textile oils subjected $o noxmal use.

3., The test can be made more generally useful by following the whole
course of the heating; continuing the test for scveral hours,
if necessary, in order to allow for induction periods in the
reactions responsible for heating.

4. . The test may possibly be used to classify materials, which are
. .Subject to atmospheric oxidation, in order of their spontaneous
“ . heating and ignition hazard; provided they arc compared under
the optimum test conditions for cach material, Further
experimental work is required to determine whether this is, in
fact, practicable.
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