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Rheology in food research

G. W . W H I T E

Summary

A survey of rheology and its applications in the food industry is presented.
The subject is considered under the headings of psycho-rheology, basic 
concepts in rheology, instrumentation for research, time-dependent materials 
and methods of interpretation (eighty-eight references).

Psycho-rheology

Food rheology can be defined as the study of the deformation and flow of the raw 
materials, the intermediate products and the final products of the food industry. 
Psycho-rheology is concerned with the relationship between consumer preferences and 
rheological properties. Szczesniak & Kleyn (1963) of the General Foods Corporation 
of America, have studied consumer awareness of texture and the terms used to describe 
texture. Word-association tests were conducted with seventy-four different foods, and 
a panel of 100 people. The percentage responses to the various attributes were: texture 
32-1%, flavour 26-7%, colour 16-0%, form or temperature 12-5%, appearance 6-5%, 
aroma 2-1% and others 4*0%. These results suggest that the consumer is highly 
aware of texture. Of sever.ty-seven texture terms used by the panel, twenty-one of

Table 1. Rheological assessments made by consumers (from Szczesniak & Kleyn,
1963)

Term
No. of 

times used Term
No. of 

times used Term
No. of 

times used

Chewy 58 Greasy 30 Soft 78
Creamy 67 Hard 41 Sticky 32
Crisp 219 Juicy 104 Stringy 47
Crunchy 67 Light 37 Tender 31
Dry 117 Moist 34 Texture 58
Flaky 36 Mushy 33 Thick 29
Fluffy 30 Smooth 52 Wet 31

Authors’ address: Lyons Central Laboratories, 149 Hammersmith Road, London, W.14.
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2 G. W . White

them were used more than twenty-five times, and these are shown in Table 1, together 
with the number of times mentioned. Harper (1967) has also given a selection of 
words used to describe texture and consistency, as shown in Table 2.

Table 2. Subjective terms used to describe texture and con
sistency (from Harper, 1967)

Terms used subjectively

Chalky
Crisp
Doughy
Firm
Flabby
Flaky
Fleshy
Floury
Greasy
Hard

Juicy
Lean
Limp
Lumpy
Mushy
Oily
Powdery
Ripe
Rotten
Rubbery

Sandy
Short
Sleepy
Slimy
Slushy
Soft
Springy
Sticky
Syrupy
Tender

Thick
Thin
Tough
Treacly
Viscous
Watery
Waxy
Woody

Food rheology is concerned basically with trying to measure objectively the qualities 
described in Tables 1 and 2. The practical reasons for undertaking such measurements 
are to remove product defects, to maintain product characteristics (quality control), 
to improve products above existing levels and as an aid in new product development.

Having discovered what texture characteristics the consumer was aware of, 
Szczesniak (1963) then made an analysis of the terms used and found that they could 
be classified into: (a) mechanical characteristics; (b) geometrical characteristics; and 
(c) other characteristics, referring mainly to moisture and fat content. The mechanical 
characteristics were divided into five primary parameters (hardness, cohesiveness, 
viscosity, elasticity and adhesiveness) and three secondary parameters (brittleness, 
chewiness and gumminess), as shown in Table 3, which also gives corresponding 
popular terms.

The next step in the investigation of Szczesniak was the objective measurement of 
the primary and secondary parameters of texture. This was done on an instrument 
known as the General Foods Texturometer (Friedman, Whitney & Szczesniak, 1963), 
which was developed from an earlier instrument, the M.I.T. denture tenderometer 
(Proctor, Davison & Brody, 1955, 1956a, b). The basic system of the G.F. texturo
meter is that of a plunger which compresses the sample at a standard rate of forty-two 
‘bites’ per minute, the forces developed being measured by means of a strain gauge; 
for viscosity measurement a rotating paddle and cup are used. It is claimed that with 
the texturometer, all the primary parameters of hardness, cohesiveness, viscosity,
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T a ble  3. S z c z e sn ia k ’s p r im a r y  a n d  s e c o n d a ry  t e x tu r e  c h a ra c te r is tic s  (fro m
S z c z e sn ia k , 1963)

Primary
parameters Secondary parameters Popular terms

Hardness Soft, firm, hard
Cohesiveness Brittleness Crumbly, crunchy, brittle

Chewiness Tender, chewy, tough
Gumminess Short, mealy, pasty, gummy

Viscosity Thin, viscous
Elasticity Plastic, elastic
Adhesiveness Sticky, tacky, gooey

elasticity and adhesiveness can be measured. The secondary parameters of brittleness, 
chewiness and gumminess are calculated from combinations of the primary para
meters. A further refinement planned for the texturometer is the injection of enzymes 
to simulate salivary action during mastication.

Quantitative data have been obtained from taste panels for correlation with the 
objective parameters obtained from the texturometer. Szczesniak, Brandt & Friedman
(1963) used a trained taste panel of nine members to choose and assign quantitative 
scores to several series of food products which would represent equal steps of hardness, 
brittleness, chewiness, gumminess, adhesiveness and viscosity. For example a standard 
rating scale for hardness was set up by assigning panel scores of 1-9 to cream cheese, 
hard-cooked egg white, uncooked frankfurters, yellow cheese, olives, peanuts, carrots, 
peanut brittle and rock candy. Good correlations were found between the panel 
scores and the texturometer readings for all six parameters studied. A description of 
panel techniques using these standard rating scales has been given by Brandt, Skinner 
& Coleman (1963).

It is very important to keep a clear distinction between what is perceived subjec
tively and what is measured objectively. It is often possible to represent the connection 
between the two by means of an equation:

V|/ = £(p", (1)

where v = the psychological magnitude (e.g. a panel score),
0 = the physical magnitude of the stimulus (instrumental measurement), and 
k and n = constants.

The exponent n varies according to the stimulus and usually lies between 0-5 and 2 
(Scott Blair, 1958; Wood, 1967). The naming fallacy occurs when an objective
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measurement is given a subjective name, and it is then assumed that the objective test 
necessarily measures the subjective quantity (Harper, 1967). The great care needed 
in establishing and interpreting correlations between objective and sensory texture 
measurements has been emphasized in a recent publication by Szczesniak (1968). In 
the foreword to a survey by Gordon (1967), Steiner has suggested that further work on 
texture measurement should aim at developing the rheological aspects from the 
theoretical standpoint and relating them to the sensory assessment.

In addition to the publications already cited, a number of general reviews and 
symposia on food rheology are worth mention. These include publications by Scott 
Blair (1948, 1949, 1953, 1954, 1958), the Society of Chemical Industry Symposium 
on Texture in Foods (1958), a book by Matz on Food Texture (1962) and the recent 
Society of Chemical Industry/British Society of Rheology Symposium on Rheology 
and Texture of Foodstuffs (1967).

Basic concepts in rheology

Many books have been written on the fundamentals of rheology; particularly recom
mended are those by Scott Blair (1949, 1969), Eirich (1956-69), Reiner (1960), 
Fenner (1965) and Van Wazer et al. (1966).

Most readers will be familiar with Hooke’s law of elasticity and Newton’s law of 
viscosity. According to Hooke’s law, if a stress (force per unit area) is applied to a body, 
the strain produced (fractional change in volume, length, etc.) is proportional to the 
stress, or:

P = cS, (2 )

where P is the stress (dynes/cm2) and S is the strain (a pure number). The constant c 
may be the bulk modulus, K  (when the specimen is subjected to a uniform pressure), 
Young’s modulus, Y  (when the specimen is stretched uniaxially) or the shear or 
rigidity modulus (when the material is sheared or twisted). Newton’s law of viscosity 
states that the shear rate, $ (sec-1) in a liquid is directly proportional to the shear 
stress, P (force per unit area), or:

P dv
dx

= *)£ (3)

where dvjdx (sec-1) is the velocity gradient or shear rate between two parallel planes 
in the liquid, each of area A, separated by a distance dx, and F is the force (dynes) 
acting on the area A, and responsible for the velocity gradient. The quantity dvjdx can 
also be regarded as the rate of change of shear strain with time, denoted by & ( = dsjdt).

In practice, very few foodstuffs follow such ideal laws, but exhibit intermediate and 
other characteristics. The British Rheologists’ Club has considered the various possible
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types of rheological behaviour, and has drawn up a scheme of classification (British 
Rheologists’ Club, 1942), a simplified version of which is given in Fig. 1. More recently,

Rheological p roperties of materials

Solids Plastics Liquids

Hookean Non-HookeanComPle,e'y P!as! ° *  P l° str *  Bingham f c° \  . Newton,an
recoverable elastic inelastic ^ elastic* inelastic*

( i) ( ii ) (in ) ( iv) ( v )  (v i) (v ii)  (v iii) (ix)

F ig . 1. Classification of rheological properties. P  =  stress (dynes/'cm2) ; S  =  shear rate 
(sec-1); S  =  strain (a pure number; t  =  time (sec). *Upper and lower graphs cannot 
both be straight lines in these cases (see page 6).

some rheological definitions have been given by Reiner & Scott Blair (1967). In Fig. 1, 
two diagrams are given in each case. The upper graph shows how the shear strain 
varies with time when the material is subjected to a constant shear stress (solid curves), 
and how the strain decays on withdrawal of the stress (broken curves). The lower 
graph shows how the shear strain S or its rate of change with time, S', varies with stress 
at a given time.

Some introductory notes on these different types of rheological behaviour are given 
below, followed by some examples of food products that fall in the various categories.

Hookean solids are those which obey equation (2). The deformation is recoverable 
immediately on removal of the stress.

Non-Hookean solids are those where the strain is not proportional to the stress, but the 
deformation is immediately recoverable as before.

J\fon-ideal elastic solids with completely recoverable deformation sometimes occur. 
Here the deformation and recovery show a time lag, and the strain-stress curve may 
have various shapes. The upper curve shows, firstly, an elastic strain, followed by a slow 
deformation.

Plasto-elastic materials show a yield value (critical stress) above which flow begins, and 
also partial recovery of the deformation when the stress is removed. The upper curve 
shows that an initial elastic strain can occur in this case.
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Plasto-inelastic materials also show a yield value, but here there is no recovery after 
stress removal, and no possibility of initial elastic strain.

Bingham materials are those for which the shear rate is zero if the shear stress is less 
than or equal to a yield stress, and for which the shear rate is directly proportional to 
the increase in shear stress above this point. There is no recovery on removal of the 
stress.

Visco-elastic materials show no yield stress, and incomplete recovery when the stress is 
removed. Initial elastic strain may occur here as shown in the upper curve.

Visco-inelastic materials also show no yield value, but here there is no recovery on 
removal of the stress. If the curve is as shown in (b) the material is called a dilatant or 
shear-thickening fluid, and if as in (c) it is called a pseudoplastic or shear-thinning 
fluid.

Newtonian materials obey equation (3). There is no yield value, stress is directly 
proportional to shear rate, and no recovery occurs.

In Fig. 1 for the cases marked with an asterisk (*), the S-t and S-P curves cannot 
both be straight lines, as this is a feature of Bingham and Newtonian materials. A 
72-page report by Burgers & Scott Blair (1949) discusses in great detail the various 
cases given above.

Food products that show solid-like rheological behaviour include bread and some 
confectionery (e.g. boiled sweets), fruit, meat products (e.g. luncheon meat) and 
vegetables; it is probable that many solid food products show Hookean behaviour at 
low deformations. Plastic-like rheological behaviour is shown by concentrated emul
sions, suspensions and foams including molten chocolate, fats, marzipan, mayonnaise 
and whipped creams. Liquid-like rheological behaviour of the Newtonian type is 
shown by water, solutions of inorganic compounds, sugar solutions, some beverages, 
organic solvents and some oils. Viscoelastic-type behaviour is shown by emulsions, 
gels, suspensions and foams including ice cream, melts and wheat flour dough, although 
strictly the last should be described as plasto-visco-elastic.

Instrumentation for research
Many different instruments for making rheological measurements have been described 
in the literature. Reviews on instrumentation for the measurement of food texture have 
recently been made by Gordon (1967, 1969).

Various authors have classified the available instruments in different ways. Scott 
Blair (1958) classified objective methods of texture measurement into: (a) funda
mental, (b) empirical, and (c) imitative methods. Fundamental tests measure well- 
defined properties such as elastic modulus or viscosity, and complex systems can be 
explained by various combinations of these. Empirical tests measure parameters that 
are poorly defined, but which experience shows to be related to texture. Imitative 
tests measure various properties under test conditions similar to those to which the 
food is subjected in practice. In Table 4 are listed some examples of each type of
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T able 4 . T y p e s  o f  rh e o lo g ic a l in s tru m e n t

Fundamental Empirical Imitative

Viscometers
Orifice Bloom gelometer Butter spreaders
Falling ball Cone penetrometer Brabender farinograph
Capillary Brinell hardness test Chopin alveograph
Rotational Consistometers Brabender amylograph
Oscillatory Warner-Bratzler shear apparatus Volodkevich bite tenderometer

Kramer shear press

Mechanical testing apparatus 
Instron UTM

Denture tenderometer 
G.F. texturometer

instrument. Five other methods of classifying rheological instruments have been dis
cussed by Bourne (1966).

The tendency now, in research, is to move away from empirical and purely imitative 
instruments to more fundamental and more versatile instruments, such as the Instron 
Universal Testing Machine (UTM) and the Ferranti-Shirley cone-plate viscometer. 
Haake Rotovisko or Weissenberg Rheogoniometer. The Instron UTM is particularly 
valuable for the more solid-like systems and the latter three, which are rotational 
viscometers, are of great use with liquid-like systems.

It is proposed to give a brief review of some of the apparatus used for routine 
rheological tests on solid, plastic and liquid-like systems, but a fuller description of two 
research-type instruments — the Instron UTM and the Ferranti-Shirley viscometer.

Solid-like systems
One of the most versatile instruments available for the rheological testing of solid

like systems is the Instron UTM (Hindman & Burr, 1949), available as either a floor 
or table model (Plate 1). It consists of two units —the crosshead loading assembly and 
the control console.

In the loading assembly, twin-drive screws move the crosshead upwards or down
wards at a linear rate. Screw action and other types of grips can be fixed to the moving 
crosshead and to a tension cell (electrical strain gauge) in the upper fixed crosshead; 
this allows specimens to be stretched and measurements to be made of the elastic 
modulus, yield point, ultimate stress and ultimate elongation. Similarly, specimens 
can be placed on a compression table, which is in contact with a compression cell and 
the specimens compressed with flat circular plates and other types of plunger; this 
allows measurement of the modulus of axial compression, crushing strength, etc. An
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a d v a n t a g e  o f  t h e  I n s t r o n  U T M  is  t h a t  i t  c a n  b e  f i t t e d  b y  t h e  u s e r  w i t h  a  w i d e  v a r i e t y  

o f  t e s t  p r o b e s  a n d  f i x t u r e s ,  s u c h  a s  c o m p r e s s i o n  d i s c s ,  c o m p r e s s i o n  r o d s  ( f l a t  o r  r o u n d  

e n d e d ) ,  c o n e s ,  n e e d l e s ,  b e n d i n g  j i g s ;  i n  a d d i t i o n ,  t h e  w o r k i n g  p a r t s  f r o m  a n y  t e x t u r e 

m e a s u r i n g  d e v i c e  t h a t  u s e s  a  l i n e a r  m o v e m e n t  c a n  b e  f i t t e d .  O n e  e x a m p l e  o f  t h e  m a n y  

a c c e s s o r i e s  u s e d  w i t h  t h e  I n s t r o n  U T M  i n  o u r  L a b o r a t o r i e s  i s  t h e  d e v i c e ,  a d a p t e d  f r o m  

t h e  e x t e n s o g r a p h ,  f o r  m e a s u r i n g  t h e  b r e a k i n g  s t r e n g t h  o f  S w is s  R o l l s  ( A n o n ,  1 9 6 8 ) .

T h e  c h a r t  g i v e s  a  t r a c e  o f l o a d  a l o n g  t h e  x - a x i s  a n d  d i s t a n c e  ( e x t e n s i o n  o r  c o m p r e s s i o n )  

o r  t i m e  a l o n g j t h e j y - a x i s .  T h e  m a g n i f i c a t i o n  i s  d e f i n e d  b y  t h e  r a t i o :

M  =
C h a r t  s p e e d  

C r o s s h e a d  s p e e d
(4 )

Breaking Fracture occurs here for brittle 
materials

Yield point or crushing 
mit

Ntan a  - modulus of uniaxial
compression

Strain

Area = energy loss per

F ig . 2 . T y p ic a l  s tre s s -s tra in  c u rv e s  o b ta in a b le  o n  th e  I n s t r o n  U n iv e rs a l  T e s tin g  M a c h in e ,  
(a) E x te n s io n ; (b ) c o m p re s s io n ; (c) e n e rg y  o f  r u p tu r e  ( a r e a  u n d e r  c u r v e ) ; (d )  s tress  
r e la x a tio n  a n d  re c o v e ry ; (e) s t r a in  c y c lin g — n o rm a l  c h a r t  r u n ;  (f)  s t r a in  c y c lin g — c h a r t  
re v e rsa l.
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P late  1. I n s t r o n  U n iv e rs a l  T e s tin g  M a c h in e  ( ta b le  m o d e l) , (a) c o n tro l conso le , (b) 
c ro s sh e a d  lo a d in g  a sse m b ly : 1, sc rew  a c tio n  g r ip s ; 2, c ro s sh e a d ; 3, c o m p re ss io n  d isc ; 
4 , c o m p re ss io n  ta b le ;  5, co m p re ss io n  cell.

(Facing p. 8.)
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I f  t h e  c h a r t  a n d  c r o s s h e a d  s p e e d s  a r e  i d e n t i c a l ,  c h a r t  d i s t a n c e  i s  a  d i r e c t  m e a s u r e  o f  

e x t e n s i o n  o r  c o m p r e s s i o n .  C r o s s h e a d  s p e e d s  a r e  v a r i a b l e  f r o m  0 - 0 5  t o  1 0 0  c m / m i n  a n d  

c h a r t  s p e e d s  f r o m  0 -5  t o  1 0 0  c m / m i n ,  s o  t h a t  t h e  e x t e n s i o n  o r  c o m p r e s s i o n  d i s t a n c e  

c a n  b e  m a g n i f i e d  o r  r e d u c e d  o n  t h e  c h a r t  a c c o r d i n g  t o  t h e  s p e e d  o f  t h e  p h e n o m e n a .  

A c c u r a c y  o f  w e i g h i n g  i s  ±  0 - 2 5 %  a n d  t h e  p e n  r e s p o n s e  t i m e  i s  1 s e c  f o r  f u l l  s c a l e  

d e f l e c t i o n .  T h e  t e n s i o n  a n d  c o m p r e s s i o n  c e l l s  o n  t h e  t a b l e  m o d e l  a l l o w  f o r c e s  u p  t o  

1 0 0  k g  t o  b e  m e a s u r e d .  A c c o r d i n g  t o  O l d f i e l d  ( 1 9 5 8 )  t h e  f o r c e s  d e v e l o p e d  b y  t h e  m o l a r s  

i n  e a t i n g  m a y  r e a c h  a b o u t  4 5  k g ,  b u t  D r a k e  ( 1 9 6 7 )  g i v e s  f i g u r e s  o f  5 0 - 8 0  k g  f o r  t h e  

m o l a r s .

M a n y  d i f f e r e n t  t y p e s  o f  c u r v e  c a n  b e  o b t a i n e d  o n  t h e  I n s t r o n  U T M  m a c h i n e ;  a  

f e w  e x a m p l e s  a r e  g i v e n  i n  F i g .  2 .

F i g .  2  ( a )  s h o w s  a  t y p i c a l  s t r e s s - s t r a i n  c u r v e  f o r  e l o n g a t i o n .  T h e  i n i t i a l  s l o p e  o f  t h e  

l i n e  g i v e s  Young's modulus of elasticity, Y, w h i c h  f o r  a  c y l i n d r i c a l  r o d  o r  a  s t r i p  i s  g i v e n  b y :

r  =
m 1 ,

A // /0
( 5 )

w h e r e  F  i s  t h e  a p p l i e d  f o r c e  ( d y n e s ) ,  A 0 t h e  o r i g i n a l  c r o s s - s e c t i o n a l  a r e a  ( c m 2) ,  M t h e  

e x t e n s i o n  ( c m )  a n d  l0 t h e  i n i t i a l  l e n g t h  o f  t h e  s a m p l e .  A t  t h e  yield point, a  r a p i d  i n c r e a s e  

i n  e x t e n s i o n  o c c u r s  a n d  t h e  m a t e r i a l  b e g i n s  t o  f l o w .  T h e  m a x i m u m  s t r e s s  a n d  c o r r e 

s p o n d i n g  s t r a i n  o c c u r  j u s t  b e f o r e  t h e  b r e a k i n g  p o i n t ,  a n d  a r e  c a l l e d  t h e  breaking stress 
a n d  breaking strain, r e s p e c t i v e l y .  T h e  b r e a k i n g  o r  u l t i m a t e  s t r e s s  i s  d e f i n e d  a s  t h e  

m a x i m u m  l o a d  ( d y n e s )  d i v i d e d  b y  t h e  o r i g i n a l  c r o s s - s e c t i o n a l  a r e a .  T h i s  i s  a  m e a s u r e  

o f  t h e  c o h e s i o n  o f  t h e  m a t e r i a l  a n d ,  i n  f o o d  p r o d u c t s ,  t h i s  i s  p r o b a b l y  r e l a t e d  t o  s h o r t 

n e s s ,  a s  j u d g e d  s u b j e c t i v e l y .

F i g .  2 ( b )  s h o w s  a  s t r e s s - s t r a i n  c u r v e  f o r  c o m p r e s s i o n .  T h e  i n i t i a l  s l o p e  d e f i n e s  t h e  

modulus of axial compression, E, w h i c h  f o r  a  u n i f o r m  c y l i n d e r  o f  m a t e r i a l  c o m p r e s s e d  a l o n g  

t h e  a x i s  i s  g i v e n  b y  e q u a t i o n  ( 5 )  w h e r e  A l i s  n o w  t h e  c o m p r e s s i o n .  T h e  y i e l d  p o i n t  u n d e r  

c o m p r e s s i o n  i s  a l s o  k n o w n  a s  t h e  crushing limit. A f t e r  t h i s  a  r e g i o n  o f  f l o w  is  o b t a i n e d  

w h i c h  m a y  b e  c o n s i d e r a b l e  f o r  d u c t i l e  m a t e r i a l s ,  b u t  v e r y  s h o r t  f o r  b r i t t l e  m a t e r i a l s ,  

w h i c h  t e n d  t o  f r a c t u r e  a t  t h e  y i e l d  p o i n t .  T h e  u l t i m a t e  c o m p r e s s i v e  s t r e n g t h  o r  c r u s h i n g  

s t r e n g t h  m a y  b e  d e f i n e d  a s  t h e  l o a d  ( d y n e s )  a t  f a i l u r e  d i v i d e d  b y  t h e  o r i g i n a l  c r o s s -  

s e c t i o n a l  a r e a .  I t  i s ,  h o w e v e r ,  m o r e  a d v i s a b l e  i n  c o m p r e s s i o n  t e s t i n g  t o  c o r r e c t  t h e  

s t r e s s e s  a n d  s t r a i n s  t o  t a k e  a c c o u n t  o f  c h a n g e s  i n  c r o s s - s e c t i o n a l  a r e a .  T r u e  s t r e s s  is  

g i v e n  b y  t h e  l o a d  d i v i d e d  b y  t h e  i n s t a n t a n e o u s  a r e a  o f  t h e  e n d  f a c e s ,  a n d  t r u e  s t r a i n  

b y  l o g  l/l0 ( F e n n e r ,  1 9 6 5 ) .

F i g .  2 ( c )  s h o w s  e l o n g a t i o n  c u r v e s  t a k e n  t o  t h e  p o i n t  o f  r u p t u r e .  T h e  e n e r g y  o f  

r u p t u r e  i s  g i v e n  b y  t h e  w o r k  d o n e  i n  e x t e n s i o n  \F  .hd, w h i c h  i s  a l s o  t h e  a r e a  u n d e r  t h e  

c u r v e .

F i g .  2  ( d )  s h o w s  t h e  e f f e c t  o f  s t r a i n i n g  a  v i s c o - e l a s t i c  m a t e r i a l ,  a n d  t h e n  s t o p p i n g  t h e  

c r o s s h e a d  a t  a  c e r t a i n  p o i n t .  T h e  m a t e r i a l  r e l a x e s  a n d  t h e  s t r e s s  s l o w l y  f a l l s .  S i m i l a r l y
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i f  t h e  s t r a i n  is  d e c r e a s e d  s o  t h a t  t h e  s t r e s s  f a l l s  j u s t  t o  z e r o  o r  a  l o w  v a l u e ,  a n d  t h e  c r o s s 

h e a d  is  a g a i n  s t o p p e d ,  t h e  m a t e r i a l  w i l l  s h o w  s t r e s s  r e c o v e r y .  A n a l y s i s  o f  t h e s e  stress 
r e l a x a t i o n  a n d  stress r e c o v e r y  c u r v e s  i s  u s e f u l  w i t h  m a t e r i a l s  s u c h  a s  d o u g h s .  T h e  

I n s t r o n  U T M ,  h o w e v e r ,  i s  n o t  s u i t a b l e  f o r  s t u d y i n g  strain r e l a x a t i o n  a n d  strain r e c o v e r y .

F i g .  2  (e )  s h o w s  t h e  e f f e c t  o f  c y c l i n g  b e t w e e n  c e r t a i n  c o m p r e s s i o n  l i m i t s  f o r  a  m a t e r i a l  

t h a t  s h o w s  t h e  p h e n o m e n o n  o f  work-softening-, c e r t a i n  c a k e s  s h o w  t h i s  t y p e  o f  p h e n o 

m e n o n ,  a n d  t h e  g e n e r a l  h e i g h t  o f  t h e  c u r v e  i s  a  m e a s u r e  o f  f i r m n e s s .

F i g .  2 ( f )  s h o w s  t h e  e f f e c t  o f  s t r a i n  c y c l i n g  a g a i n ,  b e t w e e n  t w o  e x t e n s i o n  o r  c o m 

p r e s s i o n  l i m i t s ,  b u t  t h i s  t i m e  t h e  c h a r t  i s  m a d e  t o  c y c l e  b a c k w a r d s  a n d  f o r w a r d s  i n  

s y n c h r o n i z a t i o n  w i t h  t h e  c r o s s h e a d .  T h e  r e s u l t i n g  c u r v e  i s  c a l l e d  a  hysteresis loop, a n d  

t h e  a r e a  o f  t h e  l o o p  i s  a  m e a s u r e  o f  t h e  e n e r g y  lo s s  p e r  c y c l e  i n  w o r k i n g  t h e  m a t e r i a l  

( t h e  l o s t  e n e r g y  r e a p p e a r s  a s  h e a t ) . T h i s  t y p e  o f  m e a s u r e m e n t  m a y  b e  o f  i n t e r e s t  a s  a n  

i n d i c a t i o n  o f  t h e  w o r k  e x p e n d e d  d u r i n g  t h e  m i x i n g  o f  l i q u i d s  a n d  s o l id s .

A n o t h e r  t y p e  o f  t e s t  i s  t h e  b e n d i n g  t e s t .  H e r e  t h e  s p e c i m e n  r e s t s  o n  t w o  s u p p o r t s  

a n d  a  c o n c e n t r a t e d  l o a d  i s  a p p l i e d  a t  t h e  c e n t r e  ( t h r e e - p o i n t  l o a d i n g )  o r  t w o  c o n c e n 

t r a t e d  l o a d s  a r e  a r r a n g e d  s y m m e t r i c a l l y  a b o u t  t h e  c e n t r e  ( f o u r - p o i n t  l o a d i n g ) .  T h e  

d e f l e c t i o n  a t  t h e  c e n t r e  f o r  t h r e e - p o i n t  l o a d i n g  i s  g i v e n  b y :

, - Z L  ( 6 )
4 8 / r  4 8 / r

w h e r e  P  ( =  Mg) is  t h e  l o a d  ( d y n e s ) ,  L  i s  t h e  l e n g t h  o f  t h e  b e a m  ( c m ) ,  /  i s  t h e  m o m e n t  

o f  i n e r t i a  o f  t h e  c r o s s - s e c t i o n  a b o u t  t h e  n e u t r a l  a x i s  ( f o r  a  c i r c u l a r  s e c t i o n  /  =  Ar2/4  

a n d  f o r  a  r e c t a n g u l a r  s e c t i o n  /  =  Ab2/ 1 2 , w h e r e  A =  c r o s s - s e c t i o n a l  a r e a ,  r =  r a d i u s  

a n d  b = h e i g h t  o f  b e a m )  a n d  T  i s  Y o u n g ’s m o d u l u s ,  w h i c h  c a n ,  t h e r e f o r e ,  b e  c a l c u 

l a t e d .  I f  t h e  t e s t  p r o c e e d s  t o  t h e  p o i n t  o f  f r a c t u r e ,  t h e  u l t i m a t e  b e n d i n g  s t r e n g t h  o r  

m o d u l u s  o f  r u p t u r e  i n  b e n d i n g ,  f o r  a  r e c t a n g u l a r - s e c t i o n  b e a m  o f  a r e a  A a n d  h e i g h t  h, 
i s  g i v e n  ( B r i t i s h  S t a n d a r d ,  1 3 2 2 ,  1 9 5 6 )  b y :

p  1 -5  MgL  (7 )

Ab

H a r d n e s s  i n  f o o d  p r o d u c t s  i s  a  s u b j e c t i v e  t e r m  u s e d  t o  d e s c r i b e  a  c o n g l o m e r a t i o n  o f  

v a r i o u s  p h y s i c a l  p r o p e r t i e s .  I t  h a s  b e e n  f o u n d ,  h o w e v e r ,  t h a t  i t  c a n  b e  r e l a t e d  t o  t h e  

p e a k  f o r c e  d e v e l o p e d  i n  c o m p r e s s i o n  ( F r i e d m a n  et al., 1 9 6 3 ) .

T h e  a d h e s i o n  b e t w e e n  f o o d  p r o d u c t s  a n d  s o l i d  s u r f a c e s  i s  o f t e n  o f  i n t e r e s t ,  a n d  t h e  

r h e o l o g y  o f  t h i s  p h e n o m e n o n  c a n  a l s o  b e  s t u d i e d  o n  t h e  I n s t r o n  U T M .

M a n y  i n t e r e s t i n g  a p p l i c a t i o n s  o f  t h e  I n s t r o n  U T M  t o  f o o d  h a v e  b e e n  r e p o r t e d  i n  t h e  

l i t e r a t u r e .  B o u r n e ,  M o y e r  &  H a n d  ( 1 9 6 6 )  h a v e  p u b l i s h e d  a  c o m p r e h e n s i v e  p a p e r  o n  

t h e  m e a s u r e m e n t  o f  f o o d  t e x t u r e  w i t h  t h e  I n s t r o n  U T M .  T h e s e  w o r k e r s  h a v e  f i t t e d
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m a n y  p a r t s  t o  t h e  i n s t r u m e n t ,  i n c l u d i n g  f l a t  c o m p r e s s i o n  p l a t e s ,  a  c y l i n d r i c a l  c o m 

p r e s s i o n  b o x ,  a s s o r t e d  n e e d l e s  a n d  p u n c h e s  w i t h  d i f f e r e n t  d i a m e t e r s  a n d  s h a p e s ,  

s i n g l e - n e e d l e  a n d  t h i r t y - n e e d l e  c h e r r y  p i t t e r s ,  t h e  L . E . E . - K r a m e r  s h e a r - p r e s s  c e l l ,  

t h e  M a t u r o m e t e r  a n d  a  t u b e  c u t t e r .  W i t h  t h e s e  d e v i c e s ,  t e x t u r e  t e s t s  w e r e  c a r r i e d  o u t  

o n  c h e r r i e s ,  p o t a t o  c r i s p s ,  r a w  p e a s ,  c a n n e d  s n a p  b e a n s ,  c a n n e d  s l i c e d  a p p l e s ,  r a w  

s w e e t  c o r n  a n d  a p p l e s .  T h e  m o d u l u s  o f  e l a s t i c i t y  o f  i n d i v i d u a l  w h e a t  g r a i n s  h a s  b e e n  

m e a s u r e d  b y  S h e l e f  &  M o h s e n i n  ( 1 9 6 7 )  i n  c o n n e c t i o n  w i t h  m i l l i n g  s t u d i e s .  A  c a p i l l a r y  

r h e o m e t e r  f o r  t h e  I n s t r o n  U T M  h a s  b e e n  d e s i g n e d  b y  S h e r r  &  W i t n a u e r  ( 1 9 6 7 ) ,  a n d  

u s e d  t o  o b t a i n  i n f o r m a t i o n  o n  t h e  f l o w  b e h a v i o u r  o f  l a r d .  C o m p r e s s i o n  a n d  p u n c t u r e  

t e s t s  o n  a p p l e s  h a v e  b e e n  c a r r i e d  o u t  b y  B o u r n e  ( 1 9 6 5 ) ,  w h o  a l s o  s t u d i e d  t h e  r i p e n i n g  

o f  p e a r s  b y  m e a s u r i n g  t h e i r  t e x t u r e  p r o f i l e  o n  t h e  I n s t r o n  U T M ,  w i t h  a  t e c h n i q u e  

s i m i l a r  t o  t h a t  u s e d  i n  t h e  G . F .  T e x t u r o m e t e r  ( B o u r n e ,  1 9 6 8 ) .  C u b e s  c u t  f r o m  a p p l e s  

a n d  p e a r s  h a v e  b e e n  s u b j e c t e d  t o  c y c l i c  c o m p r e s s i o n  a n d  s t r e s s  r e l a x a t i o n  s t u d i e s ,  

a n d  t h e  c y t o l o g i c a l  s i g n i f i c a n c e  o f  t h e  r e s u l t s  d i s c u s s e d  ( S o m e r s ,  1 9 6 5 ) .  T h e  t e n d e r n e s s  

o f  s l i c e s  o f  r o a s t  p o r k  h a s  b e e n  e v a l u a t e d  o n  t h e  I n s t r o n  U T M  b y  K u l w i c h ,  D e c k e r  &  

A l s m e y e r  ( 1 9 6 3 ) ,  a n d  a  t e s t  p r o c e d u r e  f o r  m e a s u r e m e n t  o f  t h e  t e x t u r a l  p r o p e r t i e s  o f  

f r a n k f u r t e r s  h a s  b e e n  e s t a b l i s h e d  b y  S i m o n  et al. ( 1 9 6 5 ) .  T h e  M a t u r o m e t e r  t e s t  u n i t  

h a s  b e e n  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  I n s t r o n  U T M  t o  s t u d y  v i n i n g  p r o c e d u r e s  a n d  

t h e i r  i n f l u e n c e  o n  t h e  q u a l i t y  o f  p e a s  ( C a s i m i r  et al., 1 9 6 7 ) ,  a n d  a n  e x t r u s i o n  t y p e  o f  

t e s t  c e l l  h a s  b e e n  e m p l o y e d  t o  e v a l u a t e  t h e  t e x t u r e  o f  f r e s h  p e a s  ( B o u r n e  &  M o y e r ,  

1 9 6 8 ) .  T h e  f i r m n e s s  o f  w h o l e  p o t a t o e s  h a s  b e e n  i n v e s t i g a t e d  b y  B o u r n e  &  M o n d y

( 1 9 6 7 ) ,  w h i l e  s l i c e s  o f  r a w  p o t a t o e s  h a v e  b e e n  s u b j e c t e d  t o  c y c l i c  e l o n g a t i o n ,  s t r e s s  

r e l a x a t i o n  a n d  b r e a k i n g ,  a n d  c u b e s  t o  c y c l i c  c o m p r e s s i o n  a n d  s t r e s s  r e l a x a t i o n  ( S o m e r s ,  

1 9 6 5 ) ;  t h e  r e s u l t s  w e r e  d i s c u s s e d  i n  r e l a t i o n  t o  c y t o l o g y .

T h e  r h e o l o g y  o f  f i n e l y - d i v i d e d  s o l i d s  ( i . e .  p o w d e r s ) ,  a l t h o u g h  o f  g r e a t  i n t e r e s t  i n  t h e  

f c o d  i n d u s t r y ,  i s  o u t s i d e  t h e  s c o p e  o f  t h e  p r e s e n t  r e v i e w ,  b u t  i t  is  n o t e d  t h a t  a  v a s t  

l i : e r a t u r e  e x i s t s  o n  t h e  f l o w  p r o p e r t i e s  o f  p o w d e r s  ( S t a i r m a n d ,  1 9 6 7 ) .

M g

t
L

F ig. 3. Plunger viscometer.
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Plastic-like systems
O n e  o f  t h e  s i m p l e s t  m e t h o d s  o f  s t u d y i n g  p l a s t i c - l i k e  s y s t e m s  i s  w i t h  a  p l u n g e r  

v i s c o m e t e r  a s  s h o w n  i n  F i g .  3 .  T h i s  h a s  b e e n  u s e d  b y  B r a m h a l l  &  H u t t o n  ( 1 9 6 0 )  t o  

p r e d i c t  t h e  p u m p a b i l i t y  o f  l u b r i c a t i n g  g r e a s e s  t h r o u g h  p i p e s ,  w h e r e  l o w  s h e a r  r a t e s  o f  

0 T - 1 0 0  s e c - 1  u s u a l l y  a p p l y .  I n  t h e  p l u n g e r  v i s c o m e t e r  t h e  s h e a r  s t r e s s  a t  t h e  w a l l  i s :

p  M g.2B
2  jcL Ä ( ä  +  2  B )’

w h i l e  t h e  s h e a r  r a t e  a t  t h e  w a l l  is  :

s  =
3Ä(f)

(2B) 2 ‘

(8 )

(9)

A  p l o t  o f  3 versus P  g iv e s  f o r  B i n g h a m - t y p e  m a t e r i a l s ,  a t  l o w  s h e a r  s t r e s s e s ,  a  s t r a i g h t  

l i n e  w h o s e  i n t e r c e p t  o n  t h e  P  a x i s  g i v e s  t h e  y i e l d  s t r e s s  P , a n d  w h o s e  s l o p e  i s  g i v e n  b y  

( 6 ^ / 2 .ß  rip) w h e r e  d i s  t h e  t h i c k n e s s  o f  t h e  s l i p  l a y e r  a n d  v)p is  t h e  p l a s t i c  v i s c o s i t y .

P e n e t r o m e t e r s  h a v e  b e e n  w i d e l y  u s e d  f o r  t h e  a s s e s s m e n t  o f  t h e  r h e o l o g i c a l  p r o p e r t i e s  

o f  f a t s  a n d  o t h e r  m a t e r i a l s .  U s u a l l y  a  1 5 0 - g  c o n i c a l  p l u n g e r  is  u s e d ,  a n d  t h e  p e n e t r a t i o n  

a f t e r  5  s e c  i s  m e a s u r e d ,  s t a r t i n g  f r o m  s u r f a c e  c o n t a c t .  T h e  y i e l d  s t r e s s  Py c a n  be 
c a l c u l a t e d  f r o m  t h e  e q u a t i o n :

w h e r e  K  — ( 1 / n )  c o s 2 a  c o t  a ,

2  a  =  a p e x  a n g l e  o f  c o n e ,  

mg =  f o r c e  e x e r t e d  b y  c o n e  ( d y n e s ) ,  

h =  d e p t h  o f  p e n e t r a t i o n  ( c m ) ,  a n d

n =  e x p o n e n t ,  w h i c h  h a s  t h e  v a l u e  T 6  f o r  f a t s ,  b u t  v a r i e s  f r o m  o n e  m a t e r i a l  

t o  a n o t h e r .

Kmg

Py = W
( 1 0 )

M o t t r a m  ( 1 9 6 1 )  h a s  s h o w n  t h a t  t h e  c o n e  y i e l d  v a l u e  a n d  t h e  y i e l d  s t r e s s  d e r i v e d  

f r o m  f l o w  c u r v e s  a r e  c l o s e l y  r e l a t e d ,  w h i l e  H a i g h t o n  &  M i j n d e r s  ( 1 9 5 9 )  h a v e  u s e d  t h e  

y i e l d  v a l u e  w i t h  c o n s i d e r a b l e  s u c c e s s  t o  c l a s s i f y  f a t s  i n  r e s p e c t  o f  t h e i r  s p r e a d i n g  

p r o p e r t i e s .

T h e  F I R A / N I R D  e x t r u d e r  ( P r e n t i c e ,  1 9 5 4 )  i s  o n e  o f  a  n u m b e r  o f  e x t r u s i o n - t y p e  

i n s t r u m e n t s  u s e d  f o r  m e a s u r i n g  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  p l a s t i c - l i k e  m a t e r i a l s .  

T h e  i n s t r u m e n t  m e a s u r e s  c o n t i n u o u s l y  t h e  f o r c e  r e q u i r e d  t o  e x t r u d e  a  c y l i n d e r  o f
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m a t e r i a l  o f  \  i n .  d i a m e t e r ,  I f  i n .  l o n g  t h r o u g h  a n  o r i f i c e  ( n o r m a l l y  f  i n .  d i a m e t e r ) ,  b y  

m e a n s  o f  a  p l u n g e r  m o v i n g  a t  u n i f o r m  s p e e d .  S p e e d s  o f  0 - 0 1 7 - 0 - 0 6 6  c m / s e c  a r e  a v a i l a b l e  

a n d  f o r c e s  u p  t o  1 2  k g  c a n  b e  r e c o r d e d .

F ig . 4. F I R A /N I R D  a p p a r a tu s  a n d  e x tru s io n  d ia g ra m .

A  t y p i c a l  t r a c e  f r o m  t h i s  m a c h i n e  m i g h t  a p p e a r  a s  i n  F i g .  4 .  W h e n  t h e  t h r u s t  is  

s u f f i c i e n t  t h e  m a t e r i a l  b e g i n s  t o  e x t r u d e  ( p o i n t  A ) . T h e  f o r c e  a t  t h i s  p o i n t  i s  t h e  s u m  o f  

t h e  f o r c e  r e q u i r e d  t o  o v e r c o m e  f r i c t i o n  b e t w e e n  t h e  m a t e r i a l  a n d  t h e  w a l l  o f  t h e  

s a m p l e  c y l i n d e r  a n d  t h e  f o r c e  r e q u i r e d  t o  e x t r u d e  t h e  m a t e r i a l  t h o u g h  t h e  o r i f i c e .  A s  

t h e  m a t e r i a l  i s  e x t r u d e d ,  t h e  f r i c t i o n a l  r e s i s t a n c e  d e c r e a s e s ,  a n d  t h e  f o r c e  f a l l s  t o  a  

m i n i m u m ,  a t  B ,  w h e r e  t h e  r o d  h i t s  a  s t o p .  M e a s u r e m e n t s  m a d e  f r o m  t h e  t r a c e  a r e  o f

E x t r u d e r  f r i c t i o n  =  t a n  0 ( g / c m ) ,  ( 1 1 )

a n d

E x t r u d e r  t h r u s t  =  C B  ( g ) . ( 1 2 )

T h e  y i e l d  f o r c e  i s  i n d i c a t e d  b y  t h e  h e i g h t  o f  t h e  i n i t i a l  p e a k  A D .  T h e  e x t r u d e r  

f r i c t i o n  is  a  m e a s u r e  o f  t h e  s t i c k i n e s s  o f  t h e  s a m p l e ,  a n d  f o r  s l i p p e r y  m a t e r i a l s  s u c h  a s  

j e l l i e s  t h e  f r i c t i o n  i s  p r a c t i c a l l y  z e r o .  T h e  l o g  ( e x t r u d e r  t h r u s t )  f o r  e d i b l e  f a t s  i s  l i n e a r l y  

r e l a t e d  t o  s p r e a d a b i l i t y  s c o r e s  m e a s u r e d  s u b j e c t i v e l y ,  a n d  i n v e r s e l y  r e l a t e d  t o  s u b 

j e c t i v e  e s t i m a t e s  o f  f i r m n e s s .  T h e  a r e a  u n d e r  t h e  c u r v e  i s  a  d i r e c t  m e a s u r e  o f  t h e  w o r k
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d o n e  d u r i n g  e x t r u s i o n .  I r r e g u l a r i t i e s  i n  t h e  t r a c e  a r e  a n  i n d i c a t i o n  o f  i n h o m o g e n e i t y  

o f  t h e  m a t e r i a l .  T h e  e x t r u d e r  h a s  b e e n  u s e d  t o  s t u d y  t h e  p l a s t i c  p r o p e r t i e s  o f  b u t t e r  

a n d  m a r g a r i n e ,  c o m p o u n d  f a t s ,  f o n d a n t ,  j e l l y ,  m a r z i p a n ,  p a s t r y  d o u g h ,  e t c .

M o r e  r e c e n t l y ,  V a s i c  &  d e M a n  ( 1 9 6 7 )  h a v e  d e s c r i b e d  a n  e x t r u s i o n  m o d i f i c a t i o n  o f  

t h e  s h e a r  p r e s s ,  w h i c h  c a n  b e  u s e d  w i t h  l a r d ,  m a r g a r i n e  a n d  s h o r t e n i n g ;  t h i s  c o u l d  b e  

f i t t e d  t o  t h e  I n s t r o n  U T M .  E x t r u s i o n  s p e e d s  o f  0 - 0 4 - 0 - 0 6  c m / s e c  w e r e  u s e d  w i t h  t h e  

r e c o r d e r  s e t  a t  a b o u t  2 5  k g  F S D ,  a n d  o r i f i c e  d i a m e t e r s  w e r e  2 ,  4  a n d  6  m m .  T h e  

e x t r u s i o n  d i a g r a m  o b t a i n e d  h a d  t h e  f o r m  s h o w n  i n  F i g .  5 .

A r e a  X  g iv e s  t h e  w o r k  d o n e  i n  o v e r c o m i n g  f r i c t i o n  b e t w e e n  t h e  s a m p l e  a n d  t h e  d i e  

( b a r r e l ) . A r e a  Z  r e p r e s e n t s  t h e  w o r k  d o n e  o v e r c o m i n g  f r i c t i o n  b e t w e e n  t h e  p l u n g e r  a n d  

t h e  d i e ,  a n d  is  m e a s u r e d  b y  r e p e a t i n g  t h e  s t r o k e  w i t h  a n  e m p t y  d i e .  T h e  r e m a i n i n g  

a r e a  Y  r e p r e s e n t s  t h e  w o r k  d o n e  i n  a c t u a l l y  e x t r u d i n g  t h e  m a t e r i a l .

T h e  e x t r u s i o n  p r e s s u r e  m a y  b e  t a k e n  a s  t h e  a v e r a g e  f o r c e  d u r i n g  t h e  e x t r u s i o n  

d i v i d e d  b y  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  e x t r u s i o n  d i e .  V a s i c  &  d e M a n  ( 1 9 6 7 )  h a v e  

s h o w n  t h a t  t h e  r a t e  o f  d e f o r m a t i o n  a t  t h e  o r i f i c e  f o r  f a t s  m a y  b e  c a l c u l a t e d  f r o m :
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=  2VP(D0 +  d0)

W 2

w h e r e  Vv =  v e l o c i t y  o f  p l u n g e r ,

D 0 =  d i a m e t e r  o f  d i e ,  a n d  

d0 =  d i a m e t e r  o f  o r i f i c e .

T h e s e  w o r k e r s  a l s o  c a l c u l a t e d  t h e  s p e c i f i c  w o r k  o f  e x t r u s i o n  p e r  g r a m ,  w h i c h  t h e y  

f o u n d  t o  b e  l i n e a r l y  r e l a t e d  t o  t h e  r a t e  o f  d e f o r m a t i o n ,  a n d  d e t e r m i n e d  t h e  w o r k  

s o f t e n i n g  b y  m e a s u r i n g  t h e  p e n e t r o m e t e r  y i e l d  v a l u e  b e f o r e  e x t r u s i o n  (j>0) a n d  a f t e r  

e x t r u s i o n  (p w) a n d  b y  u s e  o f  t h e  e x p r e s s i o n :

[p0 — p w) x  1 0 0
W o r k  s o f t e n i n g  ( % )  =  -------------------------------- . ( 1 4 )

P  o

S i m i l a r  w o r k  h a s  b e e n  d e s c r i b e d  b y  S c h e r r  &  W i t n a u e r  ( 1 9 6 7 )  w h o  u s e d  a  c a p i l l a r y  

e x t r u s i o n  r h e o m e t e r  o n  t h e  I n s t r o n  U T M  t o  d e t e r m i n e  t h e  f l o w  c h a r a c t e r i s t i c s  o f  l a r d .

T h e r e  a r e  m a n y  o t h e r  d e s i g n s  o f  p l a s t o m e t e r  ( S c o t t  B l a i r ,  1 9 4 9 ;  E i r i c h ,  1 9 5 6 - 6 7 ;  

V a n  W a z e r  et al., 1 9 6 6 )  w h i c h  c a n n o t  b e  d e s c r i b e d  h e r e ,  b u t  m e n t i o n  m u s t  b e  m a d e  o f  

r o t a t i o n a l  v i s c o m e t e r s ,  w h i c h  a r e  o f t e n  u s e d  w i t h  t h e  m o r e  l i q u i d - l i k e  p l a s t i c  s y s t e m s .  

R o t a t i o n a l  v i s c o m e t e r s  u s e d  i n  r e s e a r c h  i n c l u d e  s e v e r a l  w e l l - k n o w n  t y p e s ,  s u c h  a s  t h e  

F e r r a n t i  p o r t a b l e  v i s c o m e t e r ,  H a a k e  R o t o v i s k o ,  F e r r a n t i - S h i r l e y  c o n e - p l a t e  v i s c o m e t e r  

a n d  t h e  W e i s s e n b e r g  R h e o g o n i o m e t e r .  T h e  f i r s t  o f  t h e s e  is  a  c o n c e n t r i c - c y l i n d e r  

v i s c o m e t e r ,  t h e  H a a k e  i n s t r u m e n t  m a y  b e  o b t a i n e d  w i t h  a  w i d e  v a r i e t y  o f  c u p s  a n d  

r o t o r s  i n c l u d i n g  c o a x i a l  c y l i n d e r  a n d  p l a t e - a n d - c o n e  c o m b i n a t i o n s ,  a n d  t h e  l a s t  t w o  

a r e  e s s e n t i a l l y  c o n e - p l a t e  i n s t r u m e n t s .

C o - a x i a l  c y l i n d e r  v i s c o m e t e r s  a r e  w e l l  s u i t e d  t o  t h e  s t u d y  o f  N e w t o n i a n  l i q u i d s ,  b u t  

w i t h  p l a s t i c  f l u i d s  c o n s i d e r a b l e  m a n i p u l a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  i s  n e c e s s a r y  t o  

o b t a i n  c o r r e c t  s h e a r  r a t e s ,  y i e l d  v a l u e s  a n d  p l a s t i c  v i s c o s i t i e s ,  e s p e c i a l l y  i n  t h o s e  c a s e s  

w h e r e  p a r t i a l  p l u g  f l o w  o c c u r s  i n  t h e  v i s c o m e t e r .  F o r  t h i s  r e a s o n  r e s e a r c h  i n v e s t i g a t o r s  

a r e  t u r n i n g  m o r e  t o  t h e  c o n e - p l a t e  t y p e  v i s c o m e t e r  f o r  t h e  s t u d y  o f  p l a s t i c  a n d  o t h e r  

n o n - N e w t o n i a n  f l u i d s  ( V a n  W a z e r  et al., 1 9 6 6 ) .

T h e  F e r r a n t i - S h i r l e y  c c n e - p l a t e  v i s c o m e t e r  ( M c K e n n e l l ,  1 9 5 4 ,  1 9 5 6 )  c o n s i s t s  o f  a  

s t a t i o n a r y ,  f l a t ,  c i r c u l a r  p l a t e  a n d  a  s l i g h t l y  c o n i c a l  r o t a t i n g  d i s c  d r i v e n  b y  a  v a r i a b l e  

s p e e d  m o t o r  ( F i g .  6 ) .  T h e  i n c l u d e d  a n g l e  b e t w e e n  c o n e  a n d  p l a t e  i s  ( ^ ) °  a n d  t h e  

a p e x  o f  t h e  c o n e  ( u p p e r  e l e m e n t )  j u s t  t o u c h e s  t h e  s u r f a c e  o f  t h e  p l a t e  ( l o w e r  e l e m e n t ) .  

W h e n  t h e  s a m p l e  f l u i d  ( <  0 - 5  m l )  is  s h e a r e d  i n  t h e  c o n e - p l a t e  g a p ,  t h e  t o r q u e  d u e  t o  

t h e  v i s c o u s  d r a g  o n  t h e  c o n e  is  m e a s u r e d  b y  a  d y n a m o m e t e r ,  a n d  c o n v e r t e d  e i t h e r  t o  a  

p o i n t e r  r e a d i n g  o n  a n  e l e c t r i c a l  m e t e r  o r  f e d  t o  a n  X - Y  r e c o r d e r ,  w h i c h  g i v e s  a  p l o t  

o f  t h e  f l o w  c u r v e  [ r e v / m i n  ( Y )  versus t o r q u e  ( X )  ] . T h e  p l a t e  is  p r o v i d e d  u n d e r n e a t h

i H u m f t t n i f W W
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F ig . 6. S e c tio n a l d ia g r a m  o f  th e  F e r r a n t i - S h i r l e y  c o n e -p la te  v is c o m e te r . 1, C o n e  s p in d le ;
2, c o n e ;  3 , d r iv in g  s p in d le ;  4 , to r q u e  s p r in g  ( to rq u e  d y n a m o m e te r ) ;  5 , b r id g e  h o u s in g ;
6 , p o te n t io m e te r  ( to rq u e  d y n a m o m e te r ) ;  7, w ip e r  fo r  p o te n t io m e te r ;  8 , s lip  r in g s ;  9, s lip  
r in g ;  10, p la te ;  11, m ic ro m e te r ;  12, n u t  (fo r ra is in g  p l a t e ) ; 13, sc re w  (fo r ra is in g  p l a t e ) ;
14, d r iv in g  m o to r ;  15, g e a r in g ;  16, th e r m o c o u p le ;  17, w a te r  ja c k e t .

w i t h  a  j a c k e t  t h r o u g h  w h i c h  w a t e r  a t  c o n s t a n t  t e m p e r a t u r e  m a y  b e  c i r c u l a t e d ;  t h e r m o 

c o u p l e s  e m b e d d e d  i n  t h e  p l a t e  a r e  i n  d i r e c t  c o n t a c t  w i t h  t h e  s a m p l e  f l u i d  w h o s e  

t e m p e r a t u r e  m a y  t h e r e f o r e  b e  m e a s u r e d .  T h e  d . c .  m o t o r - g e n e r a t o r  s u p p l i e s  a  v o l t a g e  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r o t a t i o n a l  v e l o c i t y ;  t h i s  v o l t a g e  is  c o m p a r e d  w i t h  a  r e f e r 

e n c e  v o l t a g e  i n  a n  a m p l i f i e r  u n i t ,  a n d  t h e  p o t e n t i a l  d i f f e r e n c e  a f t e r  a m p l i f i c a t i o n  is  

f e d  t o  t h e  m o t o r ,  s o  t h a t  t h e  c o n e  s p e e d  i s  i n d e p e n d e n t  o f  t h e  v i s c o u s  d r a g .  P r e c i s e
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a d j u s t m e n t  o f  t h e  c o n e  w i t h  r e s p e c t  t o  t h e  p l a t e  i s  o b t a i n e d  b y  m e a n s  o f  a  m i c r o m e t e r  

s c r e w ,  a n d  t h e  g a p  c a n  b e  a c c u r a t e l y  a n d  r e p r o d u c i b l y  s e t  t o  w i t h i n  0 - 0 0 0 1  i n .  

N o r m a l l y  t h r e e  c o n e s  a r e  s u p p l i e d  w i t h  t h e  i n s t r u m e n t .

T h e  c o m p l e t e  r a n g e  o f  s p e e d s  a v a i l a b l e  i s  0 - 1 - 1 0 0 0  r e v / m i n ,  c o r r e s p o n d i n g  t o  s h e a r  

r a t e s  o f  a p p r o x i m a t e l y  1 - 2 0 , 0 0 0  s e c - 1 . T h e  m a x i m u m  s h e a r  s t r e s s  m e a s u r a b l e  i s  o f  

t h e  o r d e r  o f  5 6 8 , 0 0 0  d y n e / c m 2, a n d  m a x i m u m  v i s c o s i t y  a p p r o x i m a t e l y  3 2 , 0 0 0  p o i s e s .  

T h e  s p e e d s  m a y  b e  m a n u a l l y  s e l e c t e d  o r  p r o g r a m m e d  i n  v a r i o u s  w a y s .  T u f n o l  i n s u 

l a t e d  c o n e s  a r e  a v a i l a b l e  f o r  u s e  i n  t h e  t e m p e r a t u r e  r a n g e  3 0 - 1 0 0 ° C ,  a n d  a  s p e c i a l  

m e a s u r i n g  u n i t  a n d  c e r a m i c  i n s u l a t e d  c o n e s  f o r  u s e  u p  t o  2 0 0 ° C .

T h e  p r i n c i p a l  a d v a n t a g e s  o f  t h e  F e r r a n t i - S h i r l e y  c o n e - p l a t e  v i s c o m e t e r  a r e  t h a t  i t  

i s  w e l l  s u i t e d  t o  t h e  s t u d y  o f  n o n - N e w t o n i a n  f l u i d s ,  t h e  s h e a r  r a t e  i s  u n i f o r m  t h r o u g h o u t  

t h e  s a m p l e ,  o n l y  a  s m a l l  s a m p l e  is  n e e d e d ,  f i l l i n g ,  c l e a n i n g  a n d  o p e r a t i o n  a r e  e a s y ,  a n d  

t h e  s a m p l e  t e m p e r a t u r e  i s  s t a b l e .  T h e  o u t s t a n d i n g  a d v a n t a g e  is  t h a t  o f  u n i f o r m  s h e a r  

r a t e ,  s o  t h a t  w i t h  p l a s t i c  s y s t e m s  n o  c o m p l i c a t e d  m a n i p u l a t i o n  o f  d a t a  i s  n e e d e d  t o  

o b t a i n  t h e  t r u e  s h e a r  r a t e .

T h e  m a i n  d i s a d v a n t a g e  i s  t h a t  t h e  n o r m a l  c o n e - p l a t e  s y s t e m  is  n o t  s u i t a b l e  f o r  

c o a r s e  s u s p e n s i o n s  w h e r e  t h e  p a r t i c l e  s i z e  e x c e e d s  3 6  a m .  H o w e v e r ,  f l a t - a p e x  c o n e s  i n  

s t a i n l e s s  s t e e l ,  T u f n o l - i n s u l a t e d  o r  c e r a m i c - i n s u l a t e d  a r e  a v a i l a b l e  f o r  c o a r s e r  s u s 

p e n s i o n s .

I t  c a n  b e  s h o w n  ( D i n s d a l e  &  M o o r e ,  1 9 6 2 )  f o r  t h e  c o n e - p l a t e  s y s t e m  t h a t  t h e  s h e a r  

r a t e  i n  t h e  g a p ,  a t  a  d i s t a n c e  r  f r o m  t h e  a x i s ,  i s  g i v e n  b y :

£1
S =  — , ( 1 5 )

a

w h e r e  f l  =  a n g u l a r  v e l o c i t y  ( r a d i a n s / s e c ) ,  a n d  

a  =  c o n e - p l a t e  a n g l e  ( r a d i a n s ) ,  

a n d  t h i s  i s  i n d e p e n d e n t  o f  r.
T h e  s h e a r  s t r e s s ,  t h e r e f o r e ,  i s  a l s o  i n d e p e n d e n t  o f  r, a n d  is  g i v e n  b y :

3  T
P ~ 2nR3 ’

( 1 6 )

w h e r e  T  =  t o t a l  t o r q u e  ( d y n e  c m ) ,  a n d

R =  r a d i u s  o f  c o n e - p l a t e  s y s t e m  ( c m ) .

F o r  N e w t o n i a n  f l u i d s  t h e  v i s c o s i t y :

P  3 T a

J  = 2tæ n '
(17)
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T h e  s h e a r  s t r e s s  o r  v i s c o s i t y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s c a l e  r e a d i n g  o n  t h e  

i n s t r u m e n t .  A  r e c e n t  p a p e r  b y  C h e n g  &  D a v i s  ( 1 9 6 8 )  h a s  e x a m i n e d  t h e  a c c u r a c y  o f  

t h e  c o n e - p l a t e  s y s t e m ,  a n d  p o i n t e d  t o  t h e  n e e d  f o r  c a r e f u l  c a l i b r a t i o n  o f  e a c h  s y s t e m .

F o r  n o n - N e w t o n i a n  m a t e r i a l s ,  i n c l u d i n g  p l a s t i c  s y s t e m s ,  i t  i s  b e t t e r  t o  p l o t  f l o w  

c u r v e s  ( i . e .  s h e a r  r a t e  versus s h e a r  s t r e s s ,  v i s c o s i t y  versus s h e a r  s t r e s s  o r  v i s c o s i t y  versus 
s h e a r  r a t e ) .  M e a s u r e m e n t s  c a n  b e  m a d e  o f  y i e l d  v a l u e ,  p l a s t i c  v i s c o s i t y ,  s h e a r - r a t e  

t h i n n i n g  a n d  o t h e r  a n o m a l o u s  f l o w  p r o p e r t i e s .  I n  t h e  c a s e  o f  p l a s t i c  s y s t e m s ,  v a r i o u s  

t y p e s  o f  f l o w  c u r v e  a r e  p o s s i b l e .

F i g .  l ( v )  s h o w s  s h e a r  r a t e - s h e a r  s t r e s s  c u r v e s  f o r :  ( a )  a  B i n g h a m  p l a s t i c ,  ( b )  a  

d i l a t a n t  m a t e r i a l  w i t h  a  y i e l d  v a l u e ,  a n d  (c )  a  p s e u d o - p l a s t i c  m a t e r i a l  w i t h  a  y i e l d  

v a l u e .  O n l y  w h e n  t h e  s h e a r  s t r e s s  e x c e e d s  t h e  y i e l d  s t r e s s  d o e s  t h e  m a t e r i a l  b e g i n  t o  

f l o w .  A  B i n g h a m  p l a s t i c  i s  o n e  t h a t  f o l l o w s  t h e  l i n e a r  l a w :

$  = - { P -  Py), ( 1 8 )
*)P

w h e r e 'S ’ =  s h e a r  r a t e  ( s e c - 1) ,

tip =  p l a s t i c  v i s c o s i t y  ( p o i s e ) ,

P  =  a p p l i e d  s h e a r  s t r e s s  ( d y n e s / c m 2) ,  a n d  

Py =  y i e l d  s t r e s s  ( d y n e s / c m 2) .

F ig . 7. H y s te re s is  c u rv e s  in  p la s tic  sys tem s.
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M a n y  p l a s t i c  s y s t e m s  s h o w  t i m e - d e p e n d e n t  f l o w  p r o p e r t i e s ,  a n d  s i m p l e  r e v e r s i b l e  

c u r v e s  o f  t h e  a b o v e  t y p e  a r e  i n s u f f i c i e n t  t o  c h a r a c t e r i z e  t h e  m a t e r i a l .  T h i x o t r o p i c  

m a t e r i a l s  b e c o m e  g r a d u a l l y  t h i n n e r  w h e n  s h e a r e d  a n d  t h i c k e n  a g a i n  w h e n  a l l o w e d  t o  

r e s t .  R h e o p e c t i c  m a t e r i a l s  s h o w  t h e  o p p o s i t e  e f f e c t ,  b e c o m i n g  t h i c k e r  w h e n  s h e a r e d ,  

a n d  t h i n n e r  w h e n  a l l o w e d  t o  r e s t .  I n  g e n e r a l ,  s h e a r - t h i c k e n i n g  a n d  s h e a r - t h i n n i n g  

p h e n o m e n a  m a y  b e  c o m p l e t e l y  r e v e r s i b l e ,  p a r t i a l l y  r e v e r s i b l e  o r  i r r e v e r s i b l e .

O n e  m e t h o d  o f  i n v e s t i g a t i n g  s u c h  m a t e r i a l s  i s  t o  d e t e r m i n e  t h e  h y s t e r e s i s  c u r v e  

( F i g .  7 )  b y  i n c r e a s i n g  t h e  s h e a r  r a t e ,  i n  d e f i n i t e  s t e p s  a n d  a t  d e f i n i t e  t i m e  i n t e r v a l s ,  t o  a  

m a x i m u m ,  a n d  t h e n  i n  s t e p s  d o w n  t o  z e r o  a g a i n .

V a r i o u s  t y p e s  o f  h y s t e r e s i s  c u r v e s  a r e  p o s s i b l e  a n d ,  i n  p r i n c i p l e ,  t h e  ‘d o w n  c u r v e ’ 

m a y  b e  o f  t h e  N e w t o n i a n ,  B i n g h a m ,  p s e u d o - p l a s t i c  o r  d i l a t a n t  t y p e .  I n  p r a c t i c e ,  t h e  

B i n g h a m  c a s e  i s  o f t e n  m e t  w i t h ,  a n d  t h e  d o w n  c u r v e  m a y  f o r m :  ( a )  a  c l o s e d  l o o p  ( f a s t  

s t r u c t u r e  r e c o v e r y ) ,  o r  ( b )  a n  o p e n  l o o p  ( s lo w  s t r u c t u r e  r e c o v e r y ) ;  s h o r t e n i n g s  g i v e  

t h e  l a t t e r  t y p e  o f  c u r v e .  W i t h  t h e s e  h y s t e r e s i s  c u r v e s ,  t h e  a r e a  o f  t h e  l o o p  c a n  b e  t a k e n  

a s  a  m e a s u r e  o f  t h i x o t r o p y  ( s e e  n e x t  s e c t i o n )  p r o v i d e d  t h a t  t h e  s h e a r  r a t e  versus t i m e  

h i s t o r y  i s  s t a n d a r d i z e d .  M c K e n n e l l  ( 1 9 6 0 )  h a s  d e s c r i b e d  s e v e r a l  o t h e r  m a t h e m a t i c a l  

m e t h o d s  o f  c h a r a c t e r i z i n g  t h e s e  c u r v e s ,  a n d  a  p a p e r  b y  H e d i g e r  ( 1 9 6 8 )  a l s o  d i s c u s s e s  

t h e  t r e a t m e n t  o f  n o n - N e w t o n i a n  f l o w  d a t a  i n c l u d i n g  h y s t e r e s i s  c u r v e s .

Liquid-like systems
O n e  o f  t h e  s i m p l e s t  m e t h o d s  o f  m e a s u r i n g  v i s c o s i t y  i s  w i t h  a n  o r i f i c e  o r  e f f l u x  

v i s c o m e t e r ,  i n  w h i c h  t h e  t i m e  r e q u i r e d  f o r  a  g i v e n  v o l u m e  o f  l i q u i d  t o  f l o w  o u t  is  

m e a s u r e d .  T h e  k i n e m a t i c  v i s c o s i t y  ( o )  i n  s t o k e s  i s  g i v e n  b y  t h e  e q u a t i o n :

u ( 1 9 )

w h e r e  r\ i s  t h e  v i s c o s i t y  ( p o i s e s ) ,  p t h e  d e n s i t y  ( g / m l ) ,  A a n d  B  a r e  c o n s t a n t s  a n d  t is  

t h e  e f f l u x  t i m e  ( s e c ) . T h e  c o n s t a n t  B  i s  o f t e n  i g n o r e d  i n  t h i s  e x p r e s s i o n .  D a t a  o n  t h e  

c o n s t a n t s  o f  t h e s e  v i s c o m e t e r s  h a v e  b e e n  s u m m a r i z e d  b y  G a r d n e r  &  S w a r d  ( 1 9 6 2 )  a n d  

v a n  W a z e r  et al. ( 1 9 6 6 ) .  T h i s  t y p e  o f  v i s c o m e t e r  i s  w i d e l y  u s e d  i n  i n d u s t r y ,  b u t  i s  n o t  

v e r y  s u i t a b l e  f o r  c o m p l e x ,  n o n - N e w t o n i a n  f l u i d s  b e c a u s e  t h e  f l o w  c o n d i t i o n s  a r e  

i l l - d e f i n e d .

C a p i l l a r y  v i s c o m e t e r s  a r e  m o r e  a c c u r a t e ,  a n d  r e c o m m e n d a t i o n s  f o r  t h e i r  u s e  h a v e  

b e e n  l a i d  d o w n  i n  B r i t i s h  S t a n d a r d  1 8 8  ( 1 9 5 7 ) .  E q u a t i o n  ( 1 9 )  i s  a l s o  a p p l i c a b l e  t o  

c a p i l l a r y - t y p e  v i s c o m e t e r s .  W h e n  t h e  k i n e m a t i c  v i s c o s i t y  i s  g r e a t e r  t h a n  1 0  c S  ( c e n t i -  

s t o k e s )  o r  a  v e r y  l o n g  f l o w  t i m e  i s  o b t a i n e d ,  t h e  k i n e t i c  e n e r g y  c o r r e c t i o n  (Bjt) c a n  b e  

n e g l e c t e d .  C a p i l l a r y  v i s c o m e t e r s  a r e  c a l i b r a t e d  e i t h e r  b y  m e a n s  o f  s t a n d a r d  f l u i d s  

( N e w t o n i a n  o i l s  o r  s o l u t i o n s )  o r  b y  a  s t e p - u p  p r o c e d u r e ,  a s  d e s c r i b e d  i n  B r i t i s h  S t a n 

d a r d  1 8 8  ( 1 9 5 7 ) .  W i t h  s t a n d a r d  f l u i d s ,  c a l i b r a t i o n  i s  e f f e c t e d  b y  m e a s u r i n g  t h e  

f l o w t i m e s  o f  t w o  l i q u i d s ,  o n e  l i q u i d  h a v i n g  a  f l o w  t i m e  t w o  o r  t h r e e  t i m e s  g r e a t e r  t h a n
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t h e  o t h e r .  T h e  c o n s t a n t s  A a n d  B a r e  t h e n  o b t a i n e d  b y  s o l v i n g  t w o  s i m u l t a n e o u s  

e q u a t i o n s  o f  t y p e  ( 1 9 ) .  C a p i l l a r y  v i s c o m e t r y  h a s  b e e n  d i s c u s s e d  b y  O k a  ( 1 9 6 0 ) ,  

M c K e n n e l l  ( 1 9 6 0 ) ,  D i n s d a l e  &  M o o r e  ( 1 9 6 2 )  a n d  v a n  W a z e r  et al. ( 1 9 6 6 ) .  T h e  

e f f e c t s  o n  f l o w  t i m e  o f  t i l t i n g  a n  O s t w a l d  v i s c o m e t e r  h a v e  b e e n  t r e a t e d  b y  L a n g t o n  &  

V a u g h a n  ( 1 9 6 5 ) ,  w h i l e  t h e  u s e  o f  p h o t o h e a d s  f o r  c a p i l l a r y  v i s c o m e t e r s  h a s  b e e n  

d e s c r i b e d  b y  L a w r e n c e  ( 1 9 6 6 ) .  C a p i l l a r y  v i s c o m e t e r s  a r e  m a i n l y  u s e d  w i t h  N e w t o n i a n  

l i q u i d s ,  a l t h o u g h  t h e  t h e o r y  c a n  b e  e x t e n d e d  t o  m a t e r i a l s  f o l l o w i n g  a  B i n g h a m  l a w  

o r  e v e n  a  p o w e r  l a w .

T h e  v i s c o s i t y  o f  N e w t o n i a n  l i q u i d s  c a n  a l s o  b e  d e t e r m i n e d  b y  m e a n s  o f  f a l l i n g  o r  

r o l l i n g  s p h e r e ,  r i s i n g  b u b b l e ,  f a l l i n g  c y l i n d e r ,  p a r a l l e l  p l a t e  c o m p r e s s i o n ,  p a r a l l e l  

p l a t e  s l i d i n g  a n d  v i b r a t i n g  r e e d  v i s c o m e t e r s .  F o r  n o n - N e w t o n i a n  l i q u i d s  i t  i s  b e t t e r  t o  

u s e  a  r o t a t i o n a l  v i s c o m e t e r .  I n  g e n e r a l ,  r o t a t i o n a l  v i s c o m e t e r s  m a y  b e  o f  t h e  r o t a t i n g  

d i s c  t y p e ,  s i n g l e  c y l i n d e r  t y p e ,  c o - a x i a l  c y l i n d e r  t y p e ,  c o n i c y l i n d r i c a l  t y p e ,  c o n e  a n d  

p l a t e  t y p e  o r  o f  t h e  t y p e s  w i t h  o t h e r - s h a p e d  r o t o r s  ( e . g .  p a d d l e  r o t o r s  a s  i n  t h e  S t o r m e r  

v i s c o m e t e r ) . T h e  c o n e - p l a t e  t y p e  i s  b e s t  f o r  n o n - N e w t o n i a n  l i q u i d s ,  b e c a u s e  t h e  s h e a r  

r a t e  i s  u n i f o r m  t h r o u g h o u t  t h e  s a m p l e  a n d  e a s i l y  o b t a i n e d  f r o m  t h e  r o t a t i o n a l  f r e 

q u e n c y  ( r e v / m i n ) .  T h e  s h e a r  r a t e  a n d  s h e a r  s t r e s s  f o r  t h i s  t y p e  o f  v i s c o m e t e r  a r e  g i v e n  

b y  e q u a t i o n s  ( 1 5 )  a n d  ( 1 6 ) ,  r e s p e c t i v e l y .

T h e  f l o w  c u r v e s  o r  r h e o g r a m s  f o r  l i q u i d  s y s t e m s  m a y  h a v e  v a r i o u s  f o r m s  a s  i n  F i g .  1. 

N e w t o n i a n  s y s t e m s  a r e  c h a r a c t e r i z e d  b y  t h e  e q u a t i o n :

w h e r e  q> = 1 / tj = f l u i d i t y  ( i n  r h e ) ,

$ =  s h e a r  r a t e  ( i n  s e c - 1 ) ,  a n d  

P =  s h e a r  s t r e s s  ( i n  d y n e s / c m 2) .

T h e  f l o w  c u r v e  (S versus P ) m a y  b e  a  s t r a i g h t  l i n e  t h r o u g h  t h e  o r i g i n ,  a s  i n  e q u a t i o n  

( 2 0 ) ,  o r  m a y  s h o w  c u r v a t u r e  a s  i n  F i g .  l ( v i i )  a n d  ( v i i i ) .  I f  t h e  c u r v a t u r e  i s  a s  i n  ( b )

T able 5. S u b -c la s s if ic a tio n  o f  a n o m a lo u s  f lu id  flow  c u rv e s

T im e - in d e p e n d e n t

T im e -d e p e n d e n t

R e v e rs ib le I r re v e rs ib le

S h e a r  th in n in g  
S h e a r  th ic k e n in g

P se u d o -p la s t ic
D ila ta n t

T h ix o tro p ic
R h e o p e c tic

P e rm a n e n t  w o rk  so f te n in g  
P e rm a n e n t  w o rk  h a rd e n in g



t h e  s y s t e m  is  c a l l e d  d i l a t a n t  ( s h e a r  t h i c k e n i n g )  a n d  i f  a s  i n  ( c )  t h e  s y s t e m  is  c a l l e d  

p s e u d o p l a s t i c  ( s h e a r  t h i n n i n g ) .

V i s c o - e l a s t i c  a n d  v i s c o - i n e l a s t i c  m a t e r i a l s  d i f f e r  f r o m  e a c h  o t h e r  i n  t h a t  t h e  f o r m e r  

s h o w  r e c o v e r y  w h e n  t h e  s t r e s s  is  r e m o v e d  ( F i g .  1 v i i ) .

A  f u r t h e r  s u b - c l a s s i f i c a t i o n  o f  f l u i d  b e h a v i o u r  i s  s h o w n  i n  T a b l e  5 .  T i m e - i n d e p e n d e n t  

a n d  t i m e - d e p e n d e n t  f l u i d s  a r e  t h o s e  f o r  w h i c h ,  a t  a  g i v e n  s h e a r  r a t e ,  t h e  s h e a r  s t r e s s  i s  

i n d e p e n d e n t  a n d  d e p e n d e n t  r e s p e c t i v e l y  o n  t h e  t i m e  o f  s h e a r i n g .  T i m e - i n d e p e n d e n t  

f l u i d  b e h a v i o u r  i n c l u d e s  p s e u d o - p l a s t i c  a n d  d i l a t a n t  f l o w  c u r v e s ,  e i t h e r  w i t h  a  y i e l d  

s t r e s s  ( i . e .  p l a s t i c  s y s t e m s )  o r  w i t h o u t  a  y i e l d  s t r e s s  ( l i q u i d  s y s t e m s ) .  T i m e - d e p e n d e n t  

f l u i d s  m a y  s h o w  r e v e r s i b l e  o r  i r r e v e r s i b l e  b e h a v i o u r .  R e v e r s i b l e  s h e a r - t h i n n i n g  

b e h a v i o u r  i s  k n o w n  a s  t h i x o t r o p y ,  a n d  r e v e r s i b l e  s h e a r - t h i c k e n i n g  b e h a v i o u r ,  w h i c h  is  

r a r e ,  a s  r h e o p e x y  ( F i g .  8 ) .  T h i x o t r o p y  a n d  d i l a t a n c y  h a v e  b e e n  d i s c u s s e d  b y  B a u e r  &  

C o l l i n s  ( 1 9 6 7 ) .
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Fig. 8. Rheopectic (a) and thixotropic (b) flow curves.

W h e n  i r r e v e r s i b l e  c h a n g e s  ( r h e o d e s t r u c t i o n )  t a k e  p l a c e  o n  s h e a r i n g ,  w e  h a v e  t h e  

p h e n o m e n a  o f  p e r m a n e n t  w o r k  s o f t e n i n g  o r  h a r d e n i n g .  A l l  t h e s e  t y p e s  o f  b e h a v i o u r  

c a n  b e  f o u n d  i n  p l a s t i c  s y s t e m s .

T h e r e  a r e  a  n u m b e r  o f  s p e c i a l  v i s c o s i t y  t e r m s  t h a t  a r e  w i d e l y  u s e d  w i t h  d i l u t e  

s o l u t i o n s ,  a s  f o l l o w s :

T h e  v i s c o s i t y  r a t i o  o r  r e l a t i v e  v i s c o s i t y :

■nv =  — ,
*10

(21)
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w h e r e  v, rio a r e  t h e  v i s c o s i t i e s  o f  s o l u t i o n  a n d  s o l v e n t ,  r e s p e c t i v e l y .  

T h e  s p e c i f i c  v i s c o s i t y :

-n -  ■/io
V s p  — -------------  — *lr

■'ll)

( 2 2 )

T h e  l i m i t i n g  v i s c o s i t y  n u m b e r  o r  i n t r i n s i c  v i s c o s i t y :

b ]  =  I i m .

c + 0

( 2 3 )

w h e r e  c i s  t h e  v o l u m e  concentration (g/ml). T h a t  is, the i n t r i n s i c  v i s c o s i t y  i s  t h e  s l o p e  

o f  t h e  i]sp versus c c u r v e  a t  z e r o  c o n c e n t r a t i o n .

A n  e q u a t i o n  m u c h  u s e d  f o r  d e t e r m i n a t i o n  o f  t h e  v i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t  

o f  p o l y m e r s  is  t h e  H o u w i n k  l a w :

[vj] =  aMK ( 2 4 )

T h e  c o n s t a n t  a u s u a l l y  l i e s  b e t w e e n  1 0 4 a n d  1 0 7, a n d  b b e t w e e n  0 - 5  a n d  1 -0 . W h e n  

b =  1 , t h e  e q u a t i o n  i s  k n o w n  a s  t h e  S t a u d i n g e r  l a w .

M a n y  w o r k e r s  h a v e  i n v e s t i g a t e d  t h e  d e p e n d e n c e  o f  v i s c o s i t y  o n  t e m p e r a t u r e  a n d  

c o n c e n t r a t i o n .  I n  m a n y  c a s e s  t h e  t e m p e r a t u r e  d e p e n d e n c e  c a n  b e  r e p r e s e n t e d  b y  t h e  

e q u a t i o n  s u g g e s t e d  b y  A n d r a d e :

A =  Ae EIRT, ( 2 5 )

w h e r e  E  i s  t h e  a c t i v a t i o n  e n e r g y  o f  f l o w ,  a n d  T  t h e  a b s o l u t e  t e m p e r a t u r e .

F o r  m a n y  s y s t e m s ,  o v e r  a  l i m i t e d  t e m p e r a t u r e  r a n g e  a  p l o t  o f  l o g  rj versus I / T  i s  

l i n e a r .  T h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  v i s c o s i t y  f o r  l i q u i d s  i s  o f  t h e  o r d e r  o f  1 - 3 0 %  p e r  

° C ,  s o  t h a t  t e m p e r a t u r e  c o n t r o l  t o  0 - l ° C  o r  b e t t e r  i s  o f t e n  n e c e s s a r y .

T h e  d e p e n d e n c e  o f  v i s c o s i t y  o n  c o n c e n t r a t i o n  (c) i n  t h e  c a s e  o f  s o l u t i o n s ,  e m u l s i o n s  

a n d  s u s p e n s i o n s  is  u s u a l l y  r e p r e s e n t e d  b y  a n  e q u a t i o n  o f  t h e  f o r m :

* p  =  ^  V " -  ( 2 6 )

n =  1 , 2 ,  3 ,  e t c .

A  l a r g e  n u m b e r  o f  s u c h  e q u a t i o n s ,  a n d  a l s o  e q u a t i o n s  o f  o t h e r  t y p e s ,  h a v e  b e e n  

d e v e l o p e d  b y  v a r i o u s  w o r k e r s  f o r  r e l a t i n g  v i s c o s i t y  t o  c o n c e n t r a t i o n  a n d  t h e s e  h a v e  b e e n  

d i s c u s s e d  b y  S c o t t  B l a i r  ( 1 9 4 9 ) ,  F r i s c h  &  S i m h a  ( 1 9 5 6 ) ,  S h e r m a n  ( 1 9 6 8 )  a n d  o t h e r s .
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Time-dependent materials

Time-dependent materials are those which show creep under constant load, or stress 
relaxation at constant extension or compression; such materials exhibit some com
bination of elastic, plastic and viscous behaviour (Fig. 1 iii, iv, and vii). Examples 
include biscuit and bread doughs, cheese, corn and wheat grain, fruits, gels, ice cream 
and potatoes. Special methods have been developed for the experimental analysis of 
these systems; these methods include: (a) creep and recovery experiments, (b) stress 
relaxation and recovery experiments, and (c) oscillatory tests. In a creep experiment, 
a constant stress is applied and the extension, compression, shear or torsion is measured 
as a function of time (Fig. 1). In stress relaxation experiments, a constant strain (e.g. 
extension or compression) is applied and the stress is measured as a function of time 
(Fig. 2d). Recovery curves may be measured by removal of the stress or strain. The
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F i g . 9. Id e a l iz e d  rh e o lo g ic a l e le m e n ts .



2 4 G . W .  W h i te

c a s e  o f  c o n s t a n t  r a t e  o f  d e f o r m a t i o n ,  a s  u s e d  i n  t h e  I n s t r o n  U T M  m a c h i n e ,  h a s  b e e n  

c o n s i d e r e d  b y  A l f r e y  ( 1 9 4 8 ) .

M e c h a n i c a l  m o d e l s  a r e  s o m e t i m e s  u s e d  t o  r e p r e s e n t  c r e e p  a n d  r e l a x a t i o n  c u r v e s .  

F o r  v i s c o - e l a s t i c  m a t e r i a l s  t w o  b a s i c  e l e m e n t s  a r e  u s e d  — t h e  s p r i n g ,  r e p r e s e n t i n g  

e l a s t i c i t y ,  a n d  t h e  d a s h p o t ,  r e p r e s e n t i n g  v i s c o s i t y  ( F i g .  9 ) .  T h e s e  i d e a l i z e d  b o d i e s  

h a v e  r i g o r o u s l y  d e f i n e d  r h e o l o g i c a l  p r o p e r t i e s  ( R e i n e r ,  1 9 6 0 ) .  F o r  t h e  s p r i n g ,  t h e  

s t r e s s  ( P )  a n d  s t r a i n  (.S') a r e  g i v e n  b y  P = ES, w h e r e  E  i s  t h e  e f f e c t i v e  r i g i d i t y  o r  s h e a r  

m o d u l u s ,  a n d  f o r  t h e  d a s h p o t  t h e  s t r e s s  (P) a n d  r a t e  o f  s t r a i n  (S) a r e  g i v e n  b y  P = f]S, 
w h e r e  rj i s  t h e  e f f e c t i v e  v i s c o s i t y .  T h e s e  e l e m e n t s  c a n  b e  c o m b i n e d  i n  p a r a l l e l  t o  g i v e  a  

K e l v i n - V o i g t  b o d y ,  a n d  i n  s e r i e s  t o  g i v e  a  M a x w e l l  b o d y  ( F i g .  9 ) .  I n  t h e  p a r a l l e l  

c o m b i n a t i o n ,  t h e  s t r a i n  i n  e a c h  e l e m e n t  i s  t h e  s a m e ,  b u t  t h e  s t r e s s e s  a r e  a d d i t i v e ,  w h i l e  

i n  t h e  s e r i e s  c o m b i n a t i o n ,  t h e  s t r e s s  i n  e a c h  e l e m e n t  i s  t h e  s a m e ,  b u t  t h e  s t r a i n s  a r e  

a d d i t i v e .

For the Kelvin-Voigt body. T o t a l  s t r e s s :

P  =  -nS +  ES. ( 2 7 )

I f  a  c o n s t a n t  s t r e s s  i s  a p p l i e d  ( a s  i n  a  c r e e p  e x p e r i m e n t )  t h e  s o l u t i o n  o f  e q u a t i o n  ( 2 7 )  i s :

S =  S J l  -  e~tn), ( 2 8 )

w h e r e  S x  i s  t h e  t e r m i n a l  s t r a i n  a n d  t ( =  r\JE) i s  t h e  r e t a r d a t i o n  t i m e  o f  t h e  m a t e r i a l .  

For the Maxwell body. T o t a l  r a t e  o f  s t r a i n :

$  = ( 2 9 )

I f  a  c o n s t a n t  s t r a i n  i s  a p p l i e d ,  S =  0  ( a s  i n  a  s t r e s s  r e l a x a t i o n  e x p e r i m e n t ) ,  a n d  t h e  

s o l u t i o n  o f  e q u a t i o n  ( 2 9 )  i s :

p  =  ( 3 0 )

w h e r e  P 0 i s  t h e  i n i t i a l  s t r e s s  a n d  t ( =  t\jE) is  t h e  r e l a x a t i o n  t i m e  o f  t h e  m a t e r i a l .

I n  p r a c t i c e  m a n y  s u c h  e l e m e n t s  a r e  n e e d e d  t o  r e p r e s e n t  p r a c t i c a l  c r e e p  a n d  r e l a x 

a t i o n  c u r v e s ,  a n d  a d d i t i o n a l  e l e m e n t s  a r e  o f t e n  n e c e s s a r y ,  s u c h  a s  a  S t  V e n a n t  b o d y  

d e p i c t i n g  p l a s t i c  y i e l d  s t r e s s ,  a n d  s h e a r  p i n s ,  r e p r e s e n t i n g  r u p t u r e  a b o v e  a  s p e c i f i c  

s t r e s s .

T h e  m a t h e m a t i c a l  a n a l y s i s  o f  e x p e r i m e n t s  o n  t i m e - d e p e n d e n t  m a t e r i a l s  n o r m a l l y  

a s s u m e s  l i n e a r  v i s c o - e l a s t i c  b e h a v i o u r ,  s o  t h a t  t h e  B o l t z m a n n  s u p e r p o s i t i o n  p r i n c i p l e
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a p p l i e s  ( E i r i c h ,  1 9 5 6 ,  1 9 5 8 ) .  T h i s  a s s u m p t i o n  i s  o n l y  v a l i d  u n d e r  s t r i c t l y  l i m i t e d  t e s t  

c o n d i t i o n s  w h i c h  u s u a l l y  i m p l y  v e r y  s m a l l  s t r a i n s .

Creep tests
D e s c r i p t i o n s  o f  e x p e r i m e n t a l  a p p a r a t u s  f o r  c r e e p  s t u d i e s  h a v e  b e e n  g i v e n  b y  v a r i o u s  

w o r k e r s  ( V a n  H o l d e  &  W i l l i a m s ,  1 9 5 3 ;  F e r r y ,  1 9 5 8 ;  S h a w ,  1 9 6 3 ;  S h a m a  &  S h e r m a n ,  

1 9 6 6 ;  S h e r m a n ,  1 9 6 6 ;  M o r r o w  &  M o h s e n i n ,  1 9 6 6 ;  L e r c h e n t h a l  &  M u l l e r ,  1 9 6 7 ) .  

T h e  m a t h e m a t i c a l  p r o c e d u r e  f o r  t h e  a n a l y s i s  o f  c r e e p  c u r v e s  h a s  b e e n  s e t  o u t  i n  s o m e  

d e t a i l  b y  A l f r e y  ( 1 9 4 8 ) ,  L e a d e r m a n  ( 1 9 5 8 ) ,  S h a m a  &  S h e r m a n  ( 1 9 6 6 )  a n d  S h e r m a n  

( 1 9 6 6 ) .  T h e  c r e e p  c o m p l i a n c e  (J) i s  d e f i n e d  a s  t h e  r a t i o  o f  s t r a i n  t o  s t r e s s  a t  a n y  t i m e  t, 
a n d  c a n  o f t e n  b e  a p p r o x i m a t e d  b y  a  M a x w e l l  b o d y ,  i n  s e r i e s  w i t h  s e v e r a l  K e l v i n -  

V o i g t  b o d i e s ,  s o  t h a t :

n

j = j o + 2 ^ i(i + >  (3i)
i =  1

w h e r e  J 0 ( =  1 /E0) i s  t h e  i n s t a n t a n e o u s  e l a s t i c  c o m p l i a n c e  a n d  J n ( =  t j  v]N) t h e  v i s c o u s  

c o m p l i a n c e  a s s o c i a t e d  w i t h  t h e  M a x w e l l  b o d y ,  a n d  J i{  =  l/Ei)  a n d  t i ( =  rn/Ei) a r e  

t h e  t i m e - d e p e n d e n t  e l a s t i c  c o m p l i a n c e  a n d  r e t a r d a t i o n  t i m e ,  r e s p e c t i v e l y ,  o f  t h e  i t h  

K e l v i n - V o i g t  b o d y .

T h i s  e q u a t i o n  i s  f i t t e d  t o  t h e  c r e e p  c u r v e  b y  a  s e r i e s  o f  g r a p h i c a l  a p p r o x i m a t i o n s  o r  

b y  c o m p u t e r  t e c h n i q u e s ,  a n d  i n  t h i s  w a y  t h e  v a r i o u s  e l a s t i c  m o d u l i  E1} E2, E s, e t c . ,  

a n d  v i s c o s i t i e s  t)13 t,2, t, 3, e t c . ,  n e e d e d  t o  a c c o u n t  f o r  t h e  c r e e p  c u r v e  a r e  d e r i v e d .  

T h e s e  c a n  t h e n  b e  d i s p l a y e d  i n  a  m e c h a n i c a l  m o d e l  r e p r e s e n t i n g  t h e  b e h a v i o u r  o f  t h e  

s t r u c t u r e  ( F i g .  1 0 ) .

S h a m a  &  S h e r m a n  ( 1 9 6 6 )  h a v e  d r a w n  s o m e  c o n c l u s i o n s  o n  t h e  c o n n e c t i o n  b e t w e e n  

t h e  c o m p o n e n t s  o f  t h e i r  m o d e l  f o r  i c e  c r e a m  a n d  t h e  a c t u a l  s t r u c t u r a l  e l e m e n t s  s h o w n  

t o  b e  p r e s e n t ;  i n  t h e  c a s e  o f  w h e a t  f l o u r  d o u g h  i t  i s  n e c e s s a r y  t o  i n t r o d u c e  d a s h p o t s

( D ) ,  s p r i n g s  ( S ) ,  s l i d e r s  ( S L )  a n d  s h e a r  p i n s  ( S P )  t o  a c c o u n t  f o r  t h e  b e h a v i o u r  o f  t h e  

m a t e r i a l ,  a n d  a t  t h e  p r e s e n t  s t a g e  o f  r e s e a r c h  i t  i s  n o t  p o s s i b l e  t o  r e l a t e  t h e  e l e m e n t s  

o f  t h e  r h e o l o g i c a l  m o d e l  t o  t h e  c h e m i c a l  s t r u c t u r e  ( L e r c h e n t h a l  &  M u l l e r ,  1 9 6 7 ) .  

S h a m a  &  S h e r m a n  ( 1 9 6 7 )  h a v e  a l s o  c a r r i e d  o u t  c r e e p  s t u d i e s  o n  c a k e s ,  f i s h ,  m a r g a r i n e ,  

m e a t  a n d  c o o k e d  p o t a t o e s .

Stress relaxation tests
S t r e s s  r e l a x a t i o n  a n d  r e c o v e r y  i n  s o l i d - l i k e  m a t e r i a l s  m a y  b e  s t u d i e d  b y  e x t e n s i o n ,  

u n i a x i a l  c o m p r e s s i o n ,  e t c . ,  a n d  t h e  s t r e s s  d e t e r m i n e d  a s  a  f u n c t i o n  o f  t i m e  a f t e r  s u d d e n  

i m p o s i t i o n  o r  r e m o v a l  o f  s t r a i n ,  o r  a f t e r  c e s s a t i o n  o f  s t e a d y  s t a t e  f l o w .  N o r m a l l y  s t r e s s  

r e l a x a t i o n  i s  s t u d i e d  u n d e r  t h e  l a t t e r  c o n d i t i o n s  o n  t h e  I n s t r o n ,  b u t  i n s t a n t  e x t e n s i o n  

c a n  a l s o  b e  o b t a i n e d  i f  a  l e v e r  t o  s t r e t c h  t h e  s a m p l e  i s  b u i l t  f o r  a t t a c h m e n t  t o  t h e
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F ig . 10. R h e o lo g ic a l m o d e ls  o f  fo o d  p ro d u c ts ,  (a) I c e  c re a m  (S h a m a  &  S h e rm a n , 1 9 6 6 ); 
(b ) w h e a t  f lo u r  d o u g h  (L e rc h e n th a l  &  M u lle r ,  1967).

c r o s s h e a d  ( B a r n e y ,  P o l l o c k  &  B o l z e ,  1 9 6 5 ;  V a n  W a z e r  et al., 1 9 6 6 ) .  A p p a r a t u s  f o r  

s t r e s s  r e l a x a t i o n  s t u d i e s  o n  s o l i d s  h a s  b e e n  r e v i e w e d  b y  F e r r y  ( 1 9 5 8 )  a n d  M o r r o w  

&  M o h s e n i n  ( 1 9 6 6 ) .

S t r e s s  r e l a x a t i o n  i n  l i q u i d s  m a y  b e  s t u d i e d  b y  s h e a r  i n  a  r o t a t i o n a l  v i s c o m e t e r .  

S t r e s s - t i m e  c u r v e s  a r e  g e n e r a l l y  d e t e r m i n e d  a t  z e r o  s h e a r  r a t e  ( c o n s t a n t  s t r a i n )  o r  

f i n i t e  s h e a r  r a t e s  a n d  t h e  m e a s u r e m e n t  m a y  b e  c o n d u c t e d  w i t h  a  c o - a x i a l  c y l i n d e r

v i s c o m e t e r  ( S t a i n s b y  &  W a r d ,  1 9 4 9 )  o r  p r e f e r a b l y  a  c o n e - p l a t e  v i s c o m e t e r  ( M c K e n -  

n e l l ,  1 9 6 0 ) .

I n  p r a c t i c e ,  s t r e s s  r e l a x a t i o n  c u r v e s ,  a t  c o n s t a n t  s t r a i n ,  c a n  o f t e n  b e  r e p r e s e n t e d  b y  a  

g e n e r a l i z e d  M a x w e l l  m o d e l  c o n s i s t i n g  o f  a  n u m b e r  o f  M a x w e l l  b o d i e s  i n  p a r a l l e l ,  s o  

t h a t :
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n

£ = 2 £ l i " ‘,T ( 3 2 )

¿ =  1

w h e r e  Ei a n d  m  ( =  yi /Ei)  a r e  t h e  e l a s t i c  m o d u l u s  a n d  r e l a x a t i o n  t i m e  r e s p e c t i v e l y  

o f  t h e  ¿th M a x w e l l  b o d y .  M o r e  c o m p l i c a t e d  m a t h e m a t i c a l  f u n c t i o n s  h a v e  b e e n  u s e d  b y  

B a r n e y  et al. ( 1 9 6 5 )  i n  t h e i r  s t u d y  o f  s t r e s s  r e l a x a t i o n  i n  w h e a t  g l u t e n .

M o r r o w  &  M o h s e n i n  ( M o r r o w  &  M o h s e n i n ,  1 9 6 6 ;  M o h s e n i n  &  M o r r o w ,  1 9 6 7 )  

h a v e  r e v i e w e d  w o r k  o n  c r e e p  a n d  s t r e s s  r e l a x a t i o n  i n  s e l e c t e d  a g r i c u l t u r a l  p r o d u c t s  

i n c l u d i n g  c e r e a l  g r a i n s ,  f r u i t ,  a n d  v e g e t a b l e s ,  a n d  h a v e  r e p o r t e d  c r e e p  a n d  r e l a x a t i o n  

r e s u l t s  f o r  a p p l e  f r u i t s .

Oscillatory tests
T h e r e  i s  a  g r o w i n g  i n t e r e s t  i n  d y n a m i c  m e t h o d s  o f  r h e o l o g i c a l  t e s t i n g  f o r  v i s c o 

e l a s t i c  m a t e r i a l s .  I n  t h e s e  m e t h o d s  ( L e a d e r m a n ,  1 9 5 8 ;  F e r r y ,  1 9 5 8 ) ,  t h e  b o d y  is  

s u b j e c t e d  t o  a  s h e a r  ( o r  s t r e s s )  v a r y i n g  s i n u s o i d a l l y  w i t h  t i m e ,  a n d  t h e  r e s u l t i n g  s t r e s s  

( o r  s t r a i n )  i s  m e a s u r e d .  T h e  c o m p l e x  m o d u l u s  E — | E  | e' ”  w h e r e  \E\ i s  t h e  a b s o l u t e  

m o d u l u s  o r  r a t i o  o f  p e a k  s t r e s s  t o  p e a k  s t r a i n ,  <p i s  t h e  p h a s e  a n g l e  b e t w e e n  s t r e s s  a n d  

s t r a i n ,  a n d  i =  J  _  1 . T h i s  m o d u l u s  c a n  a l s o  b e  w r i t t e n  a s :

E  =  E' +  * E", (3 3 )

w h e r e  E' ( s t o r a g e  m o d u l u s )  i s  t h e  i n - p h a s e  s t r e s s  c o m p o n e n t  d i v i d e d  b y  t h e  s t r a i n ,  

a n d  E" ( lo s s  m o d u l u s )  i s  t h e  o u t - o f - p h a s e  s t r e s s  c o m p o n e n t  d i v i d e d  b y  t h e  s t r a i n .

A l t e r n a t i v e l y ,  t h e  s t r e s s  m a y  b e  s e p a r a t e d  i n t o  t w o  c o m p o n e n t s ,  o n e  i n  p h a s e  w i t h ,  

a n d  t h e  o t h e r  tt/ 2  o u t  o f  p h a s e  w i t h  t h e  r a t e  o f  s t r a i n .  T h e s e  c o m p o n e n t s  d i v i d e d  b y  

t h e  r a t e  o f  s t r a i n  g i v e  t h e  r e a l  a n d  i m a g i n a r y  p a r t s  o f  a  c o m p l e x  v i s c o s i t y :

7] =  7]' — i 7]". ( 3 4 )

A n  i m p o r t a n t  r e l a t i o n s h i p  is  E" — to ’n'  s o  t h a t :

E  =  E' +  ¿ to y ] ',  ( 3 5 )

E' a n d  V  a r e  t w o  i n d e p e n d e n t  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l ,  s o m e t i m e s  k n o w n ,  

r e s p e c t i v e l y ,  a s  t h e  d y n a m i c  e l a s t i c i t y  a n d  d y n a m i c  v i s c o s i t y .  I t  i s  u s u a l  t o  e x p r e s s  

t h e  r e s u l t s  a s  r e s p o n s e  c u r v e s  o f  E' a n d  E" o r  E' a n d  f  a g a i n s t  l o g  to w h e r e  to i s  t h e  

a n g u l a r  f r e q u e n c y  (2 ^ /).
F e r r y  ( 1 9 5 8 )  a n d  M o h s e n i n  &  M o r r o w  ( 1 9 6 7 )  h a v e  r e v i e w e d  m a n y  o f  t h e  e x p e r i 

m e n t a l  t e c h n i q u e s  f o r  t h e  d y n a m i c  ( s i n u s o i d a l )  t e s t i n g  o f  v i s c o - e l a s t i c  b o d i e s .  T h e s e  

m e t h o d s  i n c l u d e  o s c i l l a t i n g  c y l i n d e r  v i s c o m e t e r s  ( O k a ,  1 9 6 0 )  a n d  a l s o  o s c i l l a t o r y
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c o n e - p l a t e  v i s c o m e t e r s  s u c h  a s  t h e  W e i s s e n b e r g  r h e o g o n i o m e t e r  ( W a l t e r s ,  1 9 6 8 ) .  

T h e  l a t t e r  c a n  n o w  b e  u s e d  i n  c o n j u n c t i o n  w i t h  a  S o l a r t r o n  t r a n s f e r  f u n c t i o n  a n a l y s e r  

t o  g i v e  E' a n d  tj'  d i r e c t l y  i n  d i g i t a l  r e a d - o u t  f o r m .

T h e s e  d y n a m i c  m e t h o d s  h a v e  t h e  a d v a n t a g e  o f  g i v i n g  t w o  p a r a m e t e r s  o n l y ,  r e p r e 

s e n t i n g  t h e  e l a s t i c  a n d  v i s c o u s  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l .  T h e  m e t h o d  h a s  a l r e a d y  

b e e n  a p p l i e d  t o  d o u g h s  b y  s e v e r a l  w o r k e r s  ( S h i m i z u  &  I c h i b a ,  1 9 5 8 ;  T s c h o e g l ,  1 9 6 1 ;  

H i b b e r d  &  W a l l a c e ,  1 9 6 6 ;  H i b b e r d ,  W a l l a c e  &  W y a t t ,  1 9 6 6 ;  H i b b e r d ,  1 9 6 8 )  t o  

s t u d y  t h e  s h o r t - t i m e  r e s p o n s e  c h a r a c t e r i s t i c s ,  a n d  t o  o t h e r  p r o d u c t s  s u c h  a s  a p p l e s ,  

c o r n  a n d  p o t a t o  t i s s u e s  ( M o h s e n i n  &  M o r r o w ,  1 9 6 7 ) .

M ethods of interpretation

S c o t t  B l a i r  (1 9 4 -9 )  h a s  d r a w n  a  u s e f u l  d i s t i n c t i o n  b e t w e e n  t w o  s c h o o l s  o f  r h e o l o g i c a l  

i n t e r p r e t a t i o n :  ( a )  t h e  a n a l y t i c a l  s c h o o l ,  c o n c e r n e d  w i t h  d r a w i n g  c o n c l u s i o n s  a b o u t  

t h e  s t r u c t u r e  o f  m a t e r i a l s  f r o m  r h e o l o g i c a l  m e a s u r e m e n t s ;  a n d  ( b )  t h e  i n t e g r a t i v e  

s c h o o l ,  c o n c e r n e d  w i t h  e m p i r i c a l  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  b e h a v i o u r  o f  m a t e r i a l s  

a s  a  w h o l e .

I n  t h e  a n a l y t i c a l  m e t h o d ,  t h e  r h e o l o g i c a l  m e a s u r e m e n t s  m a d e  o n  c o m p l e x  b o d i e s  a r e  

e x p l a i n e d  b y  a d d i n g  t o g e t h e r  i d e a l i z e d  e l a s t i c ,  p l a s t i c ,  v i s c o u s  a n d  o t h e r  e l e m e n t s ,  i n  

s u c h  a  w a y  a n d  i n  s u c h  n u m b e r s  s o  a s  t o  a c c o u n t  m a t h e m a t i c a l l y  f o r  t h e  o b s e r v e d  

m e a s u r e m e n t s .  T h e  i d e a l i z e d  e l e m e n t s  u s e d  a r e  s p r i n g s ,  s l i d e r s  o r  s p r i n g  c l i p s ,  d a s h -  

p o t s  a n d  s h e a r  p i n s  ( F i g .  9 ) .  T h e s e  e l e m e n t s  c a n  b e  c o m b i n e d  i n  s e r i e s  a n d  p a r a l l e l  i n  a  

l a r g e  n u m b e r  o f  d i f f e r e n t  w a y s ,  a n d  t h e  r h e o l o g i c a l  b e h a v i o u r  o f  e a c h  c o m b i n a t i o n  

c a n  b e  e x p r e s s e d  m a t h e m a t i c a l l y .  T h i s  a p p r o a c h  h a s  b e e n  d i s c u s s e d  i n  s o m e  d e t a i l  b y  

R e i n e r  ( 1 9 6 0 ) .

A n  a d v a n t a g e  o f  t h e  a n a l y t i c a l  a p p r o a c h  i s  t h a t  c o m p l e x  r h e o l o g i c a l  b e h a v i o u r  c a n  

b e  e x p l a i n e d  i n  t e r m s  o f  t h e  i n t e r a c t i o n  o f  a  n u m b e r  o f  s i m p l e  p r o t o t y p e s  ( R e i n e r  &  

S c o t t  B l a i r ,  1 9 6 7 ) .  A  d i s a d v a n t a g e  is  t h a t  i n  o r d e r  t o  e x p l a i n  c r e e p  a n d  r e l a x a t i o n  i n  

r e a l  m a t e r i a l s ,  a  l a r g e  n u m b e r  o f  s p r i n g s ,  d a s h p o t s ,  e t c . ,  m u s t  b e  p o s t u l a t e d .  F u r t h e r 

m o r e ,  h a v i n g  a r r i v e d  a t  a  m a n y  e l e m e n t  m o d e l ,  i t  is  d i f f i c u l t  t o  r e l a t e  t h e  v a r i o u s  

e l a s t i c i t i e s ,  v i s c o s i t i e s ,  e t c . ,  t o  t h e  m o l e c u l a r  e l e m e n t s  o f  s t r u c t u r e  w i t h o u t  a  c o s t l y  

p r o g r a m m e  o f  w o r k .  A l f r e y  &  G u r n e e  ( 1 9 5 6 )  r e m a r k  t h a t  ‘i t  s h o u l d  b e  k e p t  i n  m i n d  

t h a t  t h e s e  m o d e l s  g i v e  a  d e s c r i p t i o n  o n l y  o f  t h e  p h e n o m e n o l o g i c a l  b e h a v i o u r  o f  a  

s a m p l e  a n d ,  i n  g e n e r a l ,  t e l l  n o t h i n g  o f  t h e  d e t a i l e d  m e c h a n i s m s  t h a t  u n d e r l i e  t h i s  

b e h a v i o u r ’.

A p a r t  f r o m  m o d e l  b u i l d i n g ,  R e i n e r  ( 1 9 6 0 )  u s e s  t h e  t e r m  r h e o l o g i c a l  a n a l y s i s  i n  a  

w i d e r  s e n s e  t o  m e a n  t h e  d e r i v a t i o n  o f  i n f o r m a t i o n  a b o u t  m o l e c u l a r  s t r u c t u r e  f r o m  

r h e o l o g i c a l  m e a s u r e m e n t s .

I n  t h e  i n t e g r a t i v e  m e t h o d ,  d a t a  a r e  p l o t t e d  i n  t h e  m o s t  c o n v e n i e n t  w a y  u s i n g ,  w h e r e  

n e c e s s a r y ,  e m p i r i c a l  p o w e r  l a w s  o f  v a r i o u s  d e g r e e s  o f  c o m p l e x i t y .  T h e  s t r e s s - s t r a i n  

r e l a t i o n s h i p  f o r  s o m e  s o l i d s  i s  n o t  l i n e a r ,  b u t  b e c o m e s  s o  w i t h  a  l o g - l o g  p l o t ,  a n d  t h i s  

i m p l i e s  t h a t  s t r e s s  a n d  s t r a i n  a r e  r e l a t e d  b y  a  p o w e r  l a w :
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w h e r e  A a n d  n a r e  c o n s t a n t s .

S i m i l a r l y ,  s o m e  f l u i d  f l o w  c u r v e s  c a n  b e  r e p r e s e n t e d  b y  t h e  O s t w a l d - d e  W a e l e  l a w :

P  =  B(Sy.  ( 3 7 )

A  N e w t o n i a n  s y s t e m  h a s  n =  1, a  p s e u d o p l a s t i c  s y s t e m  n < 1 a n d  a  d i l a t a n t  s y s t e m  

n > 1. I n  t h i s  c a s e  l o g  P versus l o g  S a n d  l o g  r, versus l o g  S a r e  b o t h  l i n e a r .

P l a s t o - e l a s t i c  a n d  p l a s t o - i n e l a s t i c  s u b s t a n c e s  w h e r e  a  p o w e r  l a w  a n d  a  y i e l d  v a l u e  

a p p l y  c a n  o f t e n  b e  r e p r e s e n t e d  b y :

p  -  p y =  c (S y ,  ( 3 8 )

w h e r e  Py is  t h e  y i e l d  s t r e s s  a n d  C, n a r e  c o n s t a n t s .

I n  t h i s  c a s e  l o g  (P — P y) versus l o g  S w i l l  b e  l i n e a r .

A n  i m p o r t a n t  e q u a t i o n ,  w h i c h  is  a  s y n t h e s i s  o f  s i m p l e  p o w e r  l a w s  i s  t h e  N u t t i n g -  

S c o t t  B l a i r  e q u a t i o n ,  w h i c h  i s :

v  =  P &s - Hk,  ( 3 9 )

w h i c h  r e l a t e s  y  ( a  m a t e r i a l  c o n s t a n t )  t o  s t r e s s  ( P ) ,  s t r a i n  (S) a n d  t i m e  (t). T h e  m e a n i n g  

o f  y  i n  t h i s  e m p i r i c a l  e q u a t i o n  c a n  b e  i l l u s t r a t e d  b y  c o n s i d e r i n g  Elastic solids, f o r  

w h i c h  \y =  PS-H° =  E, w h e r e  E =  m o d u l u s  o f  e l a s t i c i t y ,  Viscous fluids, f o r  w h i c h  

V =  PS-H1 =  7), w h e r e  v) =  c o e f f i c i e n t  o f  v i s c o s i t y .

M/ is  a  m e a s u r e  o f  i n t e n s i t y  o f  f i r m n e s s  ( S c o t t  B l a i r ,  1 9 4 9 ) ,  a n d  c a n  b e  r e g a r d e d  a s  a  

q u a s i - p r o p e r t y  c h a r a c t e r i s t i c  o f  c o m p l e x  m a t e r i a l s  w h o s e  b e h a v i o u r  i s  i n t e r m e d i a t e  

b e t w e e n  t h a t  o f  t h e  H o o k e a n  s o l i d  a n d  t h e  N e w t o n i a n  l i q u i d .  T h e  c o n s t a n t  p  c a n  b e  

>  o r  <  1 , b u t  k i s  u s u a l l y  <  1.

T h e r e  a r e  v a r i o u s  w a y s  o f  u s i n g  t h e  e q u a t i o n .  I f  o n e  o f  t h e  t h r e e  v a r i a b l e s ,  P ,  S 
o r  t i s  c o n s t a n t ,  l o g - l o g  p l o t s  o f  t h e  o t h e r  t w o  s h o u l d  b e  l i n e a r .  T h u s  i n  c r e e p  e x p e r i 

m e n t s ,  l i n e a r  r e l a t i o n s h i p s  h a v e  b e e n  o b t a i n e d  b e t w e e n  l o g  S a n d  l o g  t f o r  s u c h  

p r o d u c t s  a s  a p p l e ,  b r e a d ,  b u t t e r ,  c a k e ,  c h e e s e ,  m e a t ,  p o t a t o ,  e t c .  ( S c o t t  B l a i r  &  C o p p e n ,  

1 9 4 1 ) .

T h e  N u t t i n g - S c o t t  B l a i r  e q u a t i o n  u n d o u b t e d l y  a p p l i e s  i n  c e r t a i n  c a s e s ,  b u t  i t  m u s t  

b e  a d m i t t e d  t h a t  f o r  m a n y  m a t e r i a l s  i t  i s  i n a d e q u a t e .

A p a r t  f r o m  t h e  s i m p l e  p o w e r  l a w ,  m a n y  o t h e r  e q u a t i o n s  h a v e  b e e n  p r o p o s e d  f o r  t h e  

r e l a t i o n s h i p  b e t w e e n  s h e a r  s t r e s s  a n d  s h e a r  r a t e  i n  f l u i d  f l o w .  D i s c u s s i o n s  o f  m a n y  o f  

t h e s e  m o r e  c o m p l e x  r e l a t i o n s h i p s  m a y  b e  f o u n d  i n  S k e l l a n d  ( 1 9 6 7 ) ,  S h e r m a n  ( 1 9 6 8 )  

a n d  H e d i g e r  ( 1 9 6 8 ) .

I n  c o n c l u s i o n  w e  m i g h t  s a y  t h a t  t h e  u l t i m a t e  i d e a l  i n  r h e o l o g i c a l  i n t e r p r e t a t i o n  i s  t o
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d e v e l o p  t h e o r i e s ,  b a s e d  o n  m o l e c u l a r  s t r u c t u r e  a n d  c h e m i c a l  i n t e r a c t i o n ,  t h a t  w i l l  

f u l l y  a c c o u n t  f o r  t h e  o b s e r v e d  d a t a .
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Effect of chilling shrinkage of pig carcasses 
on yield of Wiltshire bacon

T .  J .  R .  C O O P E R

Summary

T w e n t y  p i g  c a r c a s s e s  w e r e  t a k e n  f r e s h  f r o m  t h e  s l a u g h t e r l i n e  a n d  s p l i t  

i n t o  t w o  s i d e s .  O n e - h a l f  o f  e a c h  p i g  w a s  q u i c k - c h i l l e d  a n d  t h e  o t h e r  

r a p i d l y  c h i l l e d .  T r i m m i n g ,  b r i n e  i n j e c t i o n  a n d  c u r i n g  w e r e  c l o s e l y  c o n t r o l l e d  

a n d  w e i g h t s  a t  v a r i o u s  s t a g e s  o f  p r o c e s s i n g  w e r e  a c c u r a t e l y  m e a s u r e d .

O v e r a l l ,  t h e r e  w a s  n o  d i f f e r e n c e  i n  t h e  f i n a l  w e i g h t  o f  b a c o n  p r o d u c e d  b y  t h e  

t w o  c h i l l i n g  s y s t e m s .  T h e r e  w a s  s o m e  v a r i a t i o n  i n  t h e  c u r i n g  w e i g h t  lo s s  o f  

d i f f e r e n t  p i g s ,  p H  a p p e a r i n g  t o  b e  a  f a c t o r .

Introduction

I t  i s  w e l l  k n o w n  t h a t  t h e  w e i g h t  lo s s  o f  f r e s h l y  s l a u g h t e r e d  a n i m a l s  d u r i n g  c h i l l i n g  

is  d e p e n d e n t  o n  t h e  t i m e  a t  w h i c h  c h i l l i n g  c o m m e n c e s  a n d  o n  t h e  c h i l l i n g  r a t e .  T h e  

s h r i n k a g e  o f  p i g  c a r c a s s e s  w h i c h  a r e  c h i l l e d  i n  1 4  h r  m a y  v a r y  f r o m  1 t o  2 %  a c c o r d i n g  

t o  t h e  c h i l l i n g  c o n d i t i o n s .  T h e  s a v i n g  i n  w e i g h t  lo s s  a c h i e v e d  b y  r a p i d  c h i l l i n g  i s  o f  

c o n s i d e r a b l e  e c o n o m i c  a d v a n t a g e ,  w h e r e  c a r c a s s e s  a r e  t o  b e  s o l d  a s  f r e s h  p o r k  ( C o o p e r ,  

1 9 6 7 ,  1 9 6 8 ) .

J u l ,  N i e l s e n  &  P e t e r s e n  ( 1 9 5 9 )  f o u n d  t h a t  a  r e d u c t i o n  i n  c h i l l i n g  s h r i n k a g e  w a s  

o f f s e t  b y  g r e a t e r  l o s s e s  d u r i n g  t r i m m i n g  a n d  t a n k  c u r i n g ,  a n d  t h a t  t h e  o v e r a l l  y i e l d  o f  

W i l t s h i r e  b a c o n  a t  s h i p m e n t  w a s  i n d e p e n d e n t  o f  t h e  c h i l l i n g  lo s s .  T h e i r  r e s u l t s  a r e  

s u m m a r i z e d  i n  T a b l e  1.

S o m e  d e s i g n e r s  a n d  o p e r a t o r s  o f  p i g  c h i l l i n g  e q u i p m e n t ,  w h i l e  a c c e p t i n g  t h a t  

r a p i d l y  c h i l l e d  c a r c a s s e s  i n c u r  g r e a t e r  c u r i n g  lo s s e s ,  b e l i e v e  t h a t  i n  p r a c t i c e  t h e r e  is  

s t i l l  s o m e  i m p r o v e m e n t  i n  y i e l d .  T h e  e x t e n t  o f  t h e  d i f f e r e n c e  i n  y i e l d  is ,  h o w e v e r ,  

e x t r e m e l y  v a g u e  a n d  t h e r e  a r e  m o r e  p r e d o m i n a n t  f a c t o r s  s u c h  a s  b u t c h e r y  s t a n d a r d ,  

p u m p i n g  g a i n ,  a n d  r a t i o  o f  f a t  t o  l e a n .  T h i s  p a p e r  g i v e s  t h e  r e s u l t s  o f  t e s t s  d e s i g n e d  

t o  i n v e s t i g a t e  f u r t h e r  t h e  e f f e c t  o f  c h i l l i n g  s h r i n k a g e  o n  W i l t s h i r e  b a c o n  y i e l d ,  b y  

e l i m i n a t i n g  a n y  i n h e r e n t  d i f f e r e n c e s  i n  c a r c a s s e s  a n d  w i t h  b u t c h e r i n g  a n d  p u m p i n g  

s t r i c t l y  c o n t r o l l e d .

A u th o rs ’ a d d re s s  : U ls te r  C u re r s ’ A sso c ia tio n , 2 G re e n w o o d  A v e n u e , B e lfas t 4 , N o r th e r n  I r e la n d .
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T a b l e  1. C h illin g  s h r in k a g e  a n d  b a c o n  y ie ld — d e r iv e d  
fro m  d a t a  o f  J u l  et al. (1959)

T .  J .  R .  C ooper

C h illin g
T e s t  N o . s h r in k a g e  (% )

B a c o n  
y ie ld  (% )*

1 1-74 82-13
2-58 82-14

2 2-07 82-03
3-46 81-86

3 1-32 87-31
1-90 87-31

4  1-54 86-74
2-11 86-81

Chilling conditions

* B a c o n  w e ig h t

W e ig h t h o t  d re s se d  ca rc a ss

E x p e r i m e n t a l

x  100.

T w o  G r a d e  A  c a r c a s s e s  ( i . e .  w i t h  m a x i m u m  b a c k - f a t  t h i c k n e s s e s  o f  2 6 ,  2 6  a n d  4 6  m m  

a t  t h e  l o i n ,  m i d - b a c k  a n d  s h o u l d e r ,  r e s p e c t i v e l y )  w e r e  s e l e c t e d  f o r  e a c h  t e s t .  T h e  w e i g h t  

r a n g e  o f  t h e  c a r c a s s e s  w a s  1 2 0 - 1 4 5  l b .  T h e  h e a d s  w e r e  r e m o v e d ,  t h e  s i d e s  w r a p p e d  

i n  p o l y t h e n e  a n d  t r a n s p o r t e d  t o  t h e  l a b o r a t o r y .  T h e  t i m e  i n t e r v a l  f r o m  s l a u g h t e r  t o  

t h e  b e g i n n i n g  o f  t h e  t e s t  w a s  a b o u t  1 \  h r .  E a c h  s i d e  o f  t h e  c a r c a s s  w a s  w e i g h e d  t o  t h e  

n e a r e s t  5  g  ( a b o u t  0 - 0 2 % )  b e f o r e  c h i l l i n g .  T h e  s i d e s  w e r e  a l l o c a t e d  a n d  c h i l l e d  a s  

s h o w n  i n  T a b l e  2 .

T a b l e  2 . A r r a n g e m e n t  o f  c a rcasses  a n d  c h illin g  c o n d it io n s

R a p id  c h ill Q u ic k  ch ill

C a rc a ss  N o . 1 R ig h t  s id e  (1 R ) L e ft s id e  (1L )

C a rc a ss  N o . 2 L e ft s id e  (2L ) R ig h t  s id e  (2 R )

A ir  te m p e r a tu r e  (°C ) - 7 °  (ch ill)
4° (e q u a liz e )

4

A irsp e e d  (m /sec) 2 (ch ill) 
i  (e q u a liz e )

14

C h il lin g  t im e  (h r) 1* (ch ill)
2 2 J  (e q u a liz e )

24

A  to ta l  o f  te n  te s ts  ( tw e n ty  p ig s) w as c a r r ie d  o u t.

Butchering
T h e  c a r c a s s e s  w e r e  r e m o v e d  f r o m  t h e  c h i l l r o o m s  a n d  w e i g h e d .  T h e y  w e r e  t r i m m e d  

i n  a c c o r d a n c e  w i t h  s t a n d a r d  p r a c t i c e  f o r  W i l t s h i r e  b a c o n  p r o d u c t i o n  a n d  r e - w e i g h e d .
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Pumping
T h e  s i d e s  w e r e  p u m p e d  w i t h  i n j e c t i o n  b r i n e  o f  t h e  f o l l o w i n g  a n a l y s i s :  ( %  w / v )

N a C l  2 7 - 0 ;  N a N O s 1 - 5 ;  N a N O a 0 - 0 5 .

T w e n t y - f i v e  ‘s t i t c h e s ’ w e r e  u s e d  t o  g i v e  a s  n e a r  a s  p o s s i b l e  t o  7 - 5 %  w e i g h t  g a i n  t a k e n  

a s  a  p e r c e n t a g e  o f  t h e  t r i m m e d  s i d e .  S u r p l u s  b r i n e  w a s  c a r e f u l l y  d r a i n e d  o f f  a n d  t h e  

s i d e s  w e i g h e d  a g a i n .  O n e  h u n d r e d  a n d  s e v e n t y  g r a m s  o f  d r y  s a l t  w a s  s t u f f e d  i n t o  t h e  

‘p o c k e t ’ o f  e a c h  s i d e .

Tanking
F i v e  h u n d r e d  g r a m s  o f  d r y  s a l t  w a s  r u b b e d  i n t o  e a c h  o f  t h e  f o u r  s i d e s  w h i c h  w e r e  

s t a c k e d  o n  t o p  o f  e a c h  o t h e r ,  m e a t  s i d e  u p ,  i n  a  s m a l l  c u r i n g  t a n k .  T h e  a v e r a g e  c h e m i c a l  

c o m p o s i t i o n  o f  t h e  c u r i n g  b r i n e  w a s  a s  f o l l o w s :  ( %  w / v )  N a C l  2 6 - 5 ;  N a N 0 3 T 5 ;  

N a N O a 0 - 0 5 .

T h e  s i d e s  w e r e  i m m e r s e d  f o r  4  d a y s .

Maturation
T h e  b a c o n  w a s  r e m o v e d  f r o m  t h e  c u r i n g  t a n k ,  s u r p l u s  b r i n e  d r a i n e d  f r o m  t h e  r i b  

c a g e  a n d  b e l l y  f o l d s ,  a n d  w e i g h e d .  T h e  s i d e s  w e r e  s t a c k e d  o n  t o p  o f  o n e  a n o t h e r ,  s k i n  

s i d e  u p ,  f o r  7  d a y s  a t  4 ° C  a n d  8 0 - 8 5 %  r e l a t i v e  h u m i d i t y .  W e i g h i n g  o f  e a c h  s i d e  

w a s  c a r r i e d  o u t  e v e r y  d a y  a n d  t h e  r e l a t i v e  p o s i t i o n  o f  t h e  s i d e s  r e a r r a n g e d  i n  t h e  

s t a c k ,  t o  m i n i m i z e  t h e  e f f e c t  o f  s t a c k  p r e s s u r e  o n  d r a i n a g e .

T h e  p H  o f  e a c h  b a c o n  s i d e  ( e x c e p t  t e s t  N o .  1 ) w a s  r e c o r d e d  a f t e r  t a n k i n g  o u t .  S a l t  

r e a d i n g s  w e r e  t a k e n  a f t e r  7 d a y s  m a t u r a t i o n ,  u s i n g  a  R a d i o m e t e r  s a l t  m e t e r .

R esults

T h e  p e r c e n t a g e  c h i l l i n g  s h r i n k a g e ,  t r i m m e d  w e i g h t ,  p u m p i n g  g a i n ,  c u r i n g  lo s s  a n d  

b a c o n  w e i g h t  f o r  t h e  t w o  c h i l l i n g  m e t h o d s  a r e  g i v e n  i n  T a b l e  3 .  T h e  c h i l l i n g  s h r i n k a g e  

a n d  b a c o n  w e i g h t  p e r c e n t a g e s  a r e  b a s e d  o n  t h e  w e i g h t  o f  t h e  s i d e s  b e f o r e  c h i l l i n g .  

T h e  p e r c e n t a g e  t r i m m e d  w e i g h t  i s  r e l a t e d  t o  t h e  w e i g h t  o f  t h e  c h i l l e d  u n t r i m m e d  s i d e .  

T h e  p u m p i n g  g a i n  a n d  c u r i n g  lo s s  a r e  c a l c u l a t e d  a s  a  p e r c e n t a g e  o f  t h e  t r i m m e d  

w e i g h t .

I t  i s  s e e n  f r o m  T a b l e  3  t h a t  a l t h o u g h  t h e r e  w e r e  s o m e  v a r i a t i o n s  i n  t h e  b u t c h e r i n g  

( %  t r i m m e d  w e i g h t )  a n d  i n  t h e  p u m p i n g  g a i n s ,  t h e  a v e r a g e  p e r c e n t a g e s  f o r  b o t h  

c h i l l i n g  m e t h o d s  w e r e  t h e  s a m e .  T h e  r a p i d l y  c h i l l e d  s i d e s  h a d  a  l o w e r  c h i l l i n g  s h r i n k a g e ,  

b u t  a  g r e a t e r  c u r i n g  lo s s .  T h e  d i f f e r e n c e s  i n  c u r i n g  lo s s  a t  d i f f e r e n t  s t a g e s  o f  m a t u r a t i o n  

a r e  s h o w n  i n  F i g .  1. T h e  d i f f e r e n c e  r e m a i n e d  c o n s t a n t  a f t e r  t h e  f i r s t  f e w  d a y s  o u t  

o f  t a n k .

T h e  s a l t  d i s t r i b u t i o n  f i g u r e s  a r e  g i v e n  i n  T a b l e  4 ,  s h o w i n g  t h a t  t h e r e  w a s  n o  d i f f e r 

e n c e  i n  t h e  f i n a l  ‘c u r e ’ w i t h  b o t h  c h i l l i n g  s y s t e m s .
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F ig . 1. W e ig h t losses a t  v a r io u s  s tag es  d u r in g  m a tu r a t io n  fo r ra p id ly  c h il le d  ( 
a n d  q u ic k  c h il le d  (- - -) sides.

T a b l e  3. P e rc e n ta g e  c h il lin g  sh r in k a g e , t r im m e d  w e ig h t, p u m p in g  g a in , c u r in g  loss a n d  b a c o n  
w e ig h t fo r r a p id ly  c h il le d  (R )  a n d  q u ic k  c h il le d  (Q J  carcasses

T e s t  N o .
C h il lin g

sh r in k a g e
T r im m e d

w e ig h t
P u m p in g

g a in
C u r in g

loss
B a c o n  w e ig h t (a f te r  
4  d a y s  m a tu r a t io n )

R Q . R Q . R a R Q . R Q .

1 1-28 2-01 89-39 89-84 7-35 7-25 4-70 3-97 90-61 90-95
2 0-95 1-77 98-31 89-73 7-57 7-26 3-66 2-88 91-99 92-02
3 1-28 2-28 90-06 89-62 6-95 7-57 3-64 2-79 91-28 91-72
4 1-05 1-96 89-89 90-10 7-64 7-79 4-55 4-11 91-71 91-59
5 M l 1-66 90-58 90-56 6-94 6-93 3-32 2-34 92-51 93-47
6 1-26 1-53 89-99 89-86 7-73 7-99 4-37 3-22 91-83 92-71
7 0-99 1-55 90-49 90-02 7-97 7-39 3-50 3-26 93-47 92-31
8 1-16 1-55 89-09 89-51 7-69 7-44 3-59 3-22 91-69 91-68
9 1 0 0 1-51 91-82 91-47 7-59 7-38 4-09 4-09 94-02 93-21

10 0-94 1-47 90-87 91-21 7-51 7-54 4-46 4-33 92-8 4 92-6 9

A v e ra g e 1-10 1-73 90-15 90-19 7-49 7-46 3-99 3-42 92-20 92-23
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Table 4. Salt distribution

P e rc e n ta g e  s a l t  (a v e ra g e  o f  t e n  tests)

S a m p lin g  p o in t R a p id  c h ill Q u ic k  c h ill

G a m m o n  c u sh io n 3-9 4-1
G a m m o n  a r e a  a r o u n d  b o n e 4-2 4-2
B elo w  o y s te rb o n e 4-0 3-9
M ir ro r 4-6 4-5
U n d e r  s ix th  r ib 4-3 4-6
U n d e r  th i r d  r ib 4-2 3-8
A b o v e  s h o u ld e r  p o c k e t 4-5 4-7
H o c k  jo in t 3-8 4-0
N e c k 4-6 4-4

A v e ra g e 4-2 4-2

F ig. 2. Relationship between curing ( x ) and chilling (O) weight losses, and bacon pH.
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T h e  a v e r a g e  p H  o f  t h e  b a c o n ,  t h e  c h i l l i n g  s h r i n k a g e  a n d  c u r i n g  lo s s  a f t e r  4  d a y s  

m a t u r a t i o n  a r e  p l o t t e d  i n  F i g .  2 .  E a c h  p o i n t  r e f e r s  t o  t h e  a v e r a g e  lo s s  o f  r i g h t -  a n d  

l e f t - h a n d  s i d e s  o f  t h e  s a m e  p i g .  T h e  t w o  p o i n t s  f o r  e a c h  t e s t ,  i . e .  f o r  s i d e s  1 L ,  1 R  a n d  

2 L ,  2 R  a r e  j o i n e d .  T h e  c h i l l i n g  lo s s e s  o f  d i f f e r e n t  p i g s  w e r e  o f  t h e  s a m e  o r d e r  f o r  e a c h  

t e s t ,  b u t  t h e r e  w e r e  l a r g e  d i f f e r e n c e s  i n  c u r i n g  lo s s  b e t w e e n  i n d i v i d u a l  p i g s .

D iscussion
T h e r e  a r e  t w o  p o s s i b l e  i n t e r p r e t a t i o n s  o f  t h e  r e s u l t s  f o r  c h i l l i n g  a n d  c u r i n g  w e i g h t  lo s s  

a n d  o v e r a l l  y i e l d .

F i r s t l y ,  t h e  c h i l l i n g  s h r i n k a g e  a n d  c u r i n g  lo s s  c a n  b e  c o m p a r e d  d i r e c t l y .  A f t e r  4  

d a y s  m a t u r a t i o n  f o r  a  s a v i n g  i n  c h i l l i n g  s h r i n k a g e  o f  0 - 6 3 %  t h e r e  w a s  a n  a d d i t i o n a l  

c u r i n g  lo s s  o f  0 - 5 7 %  ( s e e  T a b l e  3 ) .  T h e r e f o r e ,  n e g l e c t i n g  t h e  e f f e c t  o f  s l i g h t  d i f f e r e n c e s  

i n  p u m p i n g  g a i n  a n d  t r i m m i n g  lo s s  o f  s i d e s  t r e a t e d  b y  t h e  t w o  c h i l l i n g  s y s t e m s ,  t h e

Days after slaughter

Fig. 3. Total chilling and curing losses at various stages of processing rapidly chilled 
(--------- ) and quickly chilled (-----) sides.
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o v e r a l l  g a i n  i n  y i e l d  a c h i e v e d  b y  r a p i d  c h i l l i n g  c o u ld  b e  c a l c u l a t e d  a s  0 - 0 6 % .  T h e  

o v e r a l l  d i f f e r e n c e s  a r e  i l l u s t r a t e d  i n  F ig .  3 , w h e r e  t h e  t o t a l  c h i l l i n g  a n d  c u r i n g  lo sse s  

f o r  b o t h  c h i l l i n g  m e t h o d s  a r e  c o m p a r e d  f o r  t h e  w h o l e  p r o c e s s .

T h e r e  is  a  s e c o n d  m e t h o d  o f  c o m p a r i n g  y i e ld s .  I t  is  s t a n d a r d  p r a c t i c e  t o  e s t i m a t e  

b a c o n  y i e l d  o n  a  p r o d u c t i o n  b a s i s  b y  t h e  f o l lo w in g  f o r m u l a :

j W e i g h t  o f  b a c o n  a t  s h i p m e n t

%  y i e l d  =  1 0 0  l  W e i g h t  h o t  c a r c a s s e s  i n c l u d i n g  . , „
, , , , , ,  — S h r i n k a g e  a l l o w a n c e

| h e a d  a n d  b a c k b o n e

T h e  t e c h n i q u e  u s e d  f o r  t h i s  e x p e r i m e n t  m a k e s  i t  i m p o s s i b l e  t o  a r r i v e  a t  a n  a b s o l u t e  

b a c o n  y i e l d ,  s i n c e  r i g h t -  a n d  l e f t - h a n d  s id e s  o f  e a c h  p i g  w e r e  s e p a r a t e d  a n d  c h i l l e d  

u n d e r  d i f f e r e n t  c o n d i t i o n s .  O n e  c a n  c o m p a r e  t h e  p e r c e n t a g e  b a c o n  w e i g h t s  f o r  t h e  

tw o  c h i l l i n g  t r e a t m e n t s  u s i n g  t h e  o r i g i n a l  h o t  w e i g h t  o f  t h e  s id e s .  T h e r e f o r e ,  f o r  t h e  

o v e r a l l  p e r c e n t a g e  w e i g h t  o f  b a c o n ,  t a k i n g  i n t o  a c c o u n t  a c t u a l  d i f f e r e n c e s  i n  p u m p i n g  

g a i n  a n d  t r i m m i n g  lo s se s ,  t h e  s id e s  w i t h  t h e  h i g h e r  c h i l l i n g  s h r i n k a g e  a ls o  s h o w e d  a  

h i g h e r  y i e l d  o f  a b o u t  0 - 0 3 % .

F r o m  t h e  t w o  m e t h o d s  o f  c o m p a r i n g  y i e ld s ,  t h e  d i f f e r e n c e s  b e t w e e n  r a p i d  a n d  q u i c k  

c h i l l i n g  o n  b a c o n  y i e ld  a r e  +  0 -0 6  a n d  — 0 - 0 3 % .  T h e s e  a r e  o f  so  l i t t l e  s i g n i f i c a n c e  

t h a t  i t  m a y  b e  c o n c l u d e d  t h a t  o n  a v e r a g e  t h e  te s t s  s h o w e d  n o  i m p r o v e m e n t  i n  b a c o n  

y i e l d  w i t h  r a p i d  c h i l l i n g .

I t  h a s  b e e n  w e l l  e s t a b l i s h e d  t h a t  p H  m a r k e d l y  a f f e c ts  t h e  w a t e r  h o l d i n g  c a p a c i t y  

o f  m e a t s .  D a t a  p u b l i s h e d  b y  W i s m e r - P e d e r s e n  (1 9 5 9 )  s u g g e s t e d  a  r e l a t i o n s h i p  b e t w e e n  

p H  a n d  c u r i n g  lo ss . F r o m  t h e  r e s u l t s  s h o w n  i n  F ig .  2  p H  h a s  a  c o n s i d e r a b l e  i n f l u e n c e  

o n  b a c o n  y i e l d .  T h i s  w a s  f o u n d  i n  e i g h t  o u t  o f  n i n e  te s t s ,  w h e r e  l o w e r  w e i g h t  lo s se s  

w e r e  r e c o r d e d  f o r  t h e  h i g h e r  p H  b a c o n ,  a n d  t h i s  m e r i t s  f u r t h e r  i n v e s t i g a t i o n
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Q uantitative identification  o f  m eat species after heating

M A R Y  M A T T E Y ,  * A .  L .  P A R S O N S f  a n d  R .  A .  L A W R I E f

Summary

A  m e t h o d ,  b a s e d  o n  l a s e r  d e n s i t o m e t r y  o f  s t a r c h  g e l  e l e c t r o p h o r e t o g r a m s  

of p r o t e i n s  e x t r a c t a b l e  i n  8 m u r e a ,  is  d e s c r i b e d  f o r  t h e  q u a n t i t a t i v e  

i d e n t i f i c a t i o n  o f  o x  a n d  r a b b i t  i n  m i x t u r e s  o f  m e a t  f r o m  t h e s e  s p e c ie s  h e a t e d  

a t  1 2 0 ° C  f o r  3 - 6  m i n .  I t  is  s u g g e s t e d  t h a t  t h e  m e t h o d  c o u l d  b e  d e v e l o p e d  

f o r  t h e  a n a l y s i s  o f  u n k n o w n  m i x t u r e s  o f  p r o t e i n s  h e a t e d  f o r  a s  l o n g  a s  

2 0 - 2 5  m i n  a t  s u c h  t e m p e r a t u r e s .

Introduction

T h e  t e c h n i q u e  o f  se ro lo g y "  c a n  q u a n t i t a t i v e l y  a s se s s  s p e c if i c  p r o t e i n s  p r e s e n t  i n  a  

m i x t u r e — p r o v i d e d  t h e  m a t e r i a l  h a s  n o t  b e e n  h e a t e d .  M a n y  m e a t  p r o d u c t s ,  h o w e v e r ,  

a r e  s u b j e c t e d  t o  v a r y i n g  d e g r e e s  o f  h e a t  t o  m a k e  t h e m  s a fe  m i c r o b i o lo g i c a l ly  d u r i n g  

s t o r a g e .  S u c h  h e a t  t r e a t m e n t  is  g e n e r a l l y  s u f f i c ie n t l y  s e v e r e  t o  m a k e  im p o s s i b l e  s e r o 

l o g i c a l  d e t e c t i o n  o f  t h e  p r o t e i n s  p r e s e n t .  N e v e r t h e l e s s ,  t h e  h e a t e d  p r o t e i n s  m a y  s t i l l  

r e t a i n  a  m e a s u r e  o f  t h e i r  o r i g i n a l  s p e c ie s  c h a r a c t e r i s t i c s .  T h i s  c a n  b e  m e a s u r e d  b y  

i n d i r e c t  h a e m a g g l u t i n a t i o n  ( K o t t e r ,  H e r m a n n  &  C o r s ic o ,  1 9 6 6 ) .  B e c a u s e  t h e  l a t t e r  

t e c h n i q u e  is  t im e - c o n s u m i n g ,  r e q u i r e s  s k i l l e d  v e t e r i n a r y  p e r s o n n e l  a n d  is  n o t  s a t i s 

f a c t o r i l y  q u a n t i t a t i v e ,  a n  a t t e m p t  h a s  b e e n  m a d e  t o  d e v is e  a n  a l t e r n a t i v e  m e t h o d  

b a s e d  o n  s t a r c h  g e l  e le c t r o p h o r e s i s  ( S m i th i e s ,  1 9 5 9 ) .

M u e l l e r  &  P e r r y  (1 9 6 2 )  s h o w e d  t h a t  t h e  w a t e r - i n s o l u b l e  p r o t e i n s  o f  m u s c le  c o u l d  b e  

s e p a r a t e d  b y  e l e c t r o p h o r e s i s  o n  s t a r c h  g e l  i n  t h e  p r e s e n c e  o f  8 m u r e a .  N e e l i n  &  R o s e

(1 9 6 4 )  u s e d  t h i s  t e c h n i q u e  to  f o l lo w  c h a n g e s  i n  t h e  m y o f i b r i l l a r  p r o t e i n s  o f  c h i c k e n  

d u r i n g  c o n d i t i o n i n g ;  a n d  C a r m i c h a e l  &  L a w r i e  ( 1 9 6 7 )  e m p l o y e d  i t  t o  s t u d y  a g e  

c h a n g e s  i n  t h e  c o n n e c t i v e  t i s s u e  p r o t e i n s  o f  m u s c le .  I t  s e e m e d  f e a s ib l e  t h a t  m e a t  

p r o t e i n s ,  w h i c h  h a d  b e c o m e  i n s o l u b l e  b e c a u s e  o f  h e a t  a p p l i e d  d u r i n g  p r o c e s s i n g ,  

m i g h t  r e s p o n d  t o  t h i s  r e a g e n t  ( S t e e l e ,  1 9 6 7 ) .  W e  h a v e  s u b s e q u e n t l y  n o t e d  t h a t  a  s i m i l a r  

a p p r o a c h  h a s  r e c e n t l y  b e e n  a p p l i e d  t o  t h e  q u a l i t a t i v e  d e t e c t i o n  o f  n o n - m e a t  p r o t e i n s  i n
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t h e  p r e s e n c e  o f  m e a t  ( O l s m a n ,  1 9 6 7 ) ,  a n d  t o  d i s t i n g u i s h  f i s h  s p e c ie s  ( A n o n . ,  1 9 6 8 ) ,  

a f t e r  h e a t i n g .

I t  a ls o  a p p e a r e d  t h a t  t h e  a p p l i c a t i o n  o f  l a s e r  d e n s i t o m e t r y  t o  p r o t e i n  c o m p o n e n t s  

w h i c h  s e p a r a t e d  d u r i n g  e l e c t r o p h o r e s i s  u n d e r  t h e s e  c o n d i t i o n s  w o u l d  p e r m i t  t h e i r  

q u a n t i t a t i v e  a s s e s s m e n t  ( P a r s o n s  e t  a l . ,  1 9 6 9 ) .  S u c h  a  t e c h n i q u e  c o u l d  b e  u s e f u l ly  

a p p l i e d  t o  u n k n o w n  m i x t u r e s  o f  h e a t e d  m e a t s  t o  d e t e r m i n e  t h e  n a t u r e  a n d  a m o u n t s  

o f  t h e  c o m p o n e n t  s p e c ie s .

42 Alary M attey, A . L. Parsons and R . A . Lawne

M aterials and m ethods
G e n e r a l  p r o c e d u r e

F r e s h  s a m p le s  o f  t h e  1. d o r s i  m u s c le s  o f  o x ,  s h e e p  a n d  p i g ,  a n d  o f  h o r s e m e a t  w e r e  

o b t a i n e d  f r o m  a  l o c a l  s l a u g h t e r h o u s e .  R a b b i t s  w e r e  k i l l e d  i n  t h e  l a b o r a t o r y  b y  d e 

c a p i t a t i o n ,  a f t e r  i n j e c t i o n  o f  s u f f i c ie n t  m y a n e s i n  t o  c a u s e  r e l a x a t i o n .  T h e  1. d o r s i  

m u s c le s  w e r e  d i s s e c te d  o u t  i m m e d i a t e l y  p o s t - m o r t e m  a n d  s t o r e d  f o r  4  d a y s  a t  2 ° G .  

S a m p le s  o f  e q u a l  w e i g h t  f r o m  e a c h  s p e c ie s  w e r e  c u t  i n t o  s m a l l  p ie c e s  a n d  s p r e a d  t h i n l y  

i n  e v a p o r a t i n g  d i s h e s  t o  p e r m i t  e f f e c t iv e  h e a t  e x c h a n g e .  T h e s e  w e r e  t h e n  p l a c e d  i n  a  

h o t - a i r  i n c u b a t o r  a n d  r e m o v e d  a f t e r  e x p o s u r e  t o  1 2 0 ° C  f o r  v a r y i n g  t im e s .  ( T h e  

t e m p e r a t u r e  o f  t h e  m e a t  w a s  c h e c k e d  b y  a  t h e r m o c o u p l e  l o c a t e d  a p p r o x i m a t e l y  i n  t h e  

c e n t r e  o f  t h e  s a m p le . )  M i x t u r e s  o f  1. d o r s i  m u s c le s  o f  r a b b i t  a n d  o x w e r e  m a d e  i n  v a r y i n g  

p r o p o r t i o n s ,  b u t  a l l  o f  e q u a l  w e i g h t ,  a n d  t r e a t e d  a s  a b o v e  f o r  6  m in .

E x t r a c t i o n  o f  m u s c le  p r o t e in s

A f t e r  h e a t i n g ,  a l l  s a m p le s  w e r e  h o m o g e n i z e d  f o r  2  m i n  i n  3 v o l u m e s  o f  i c e - c o l d  

8 m u r e a  ( b u f f e r e d  a t  p H  7 -5  i n  0 -0 1  m s o d i u m  b a r b i t o n e ) .  H o m o g e n a t e s  w e r e  l e f t  f o r  

2 4  h r  a t  0 ° C  w i t h  o c c a s i o n a l  s h a k i n g  a n d  t h e n  c e n t r i f u g e d  a t  3 5 ,0 0 0  g  f o r  4 5  m i n .  T h e  

s u p e r n a t a n t s  w e r e  d e c a n t e d  i n t o  s m a l l  s p e c im e n  t u b e s  a n d  r e t a i n e d  f o r  e l e c t r o p h o r e s i s ,  

n o  s a m p le  b e i n g  s t o r e d  f o r  l o n g e r  t h a n  2 4  h r  a t  0 ° C .

S ta r c h  g e l  e le c tr o p h o r e s is

S u i t a b l e  c o n d i t i o n s  f o r  s t a r c h  g e l  e l e c t r o p h o r e s i s  o f  s p a r i n g l y  s o l u b l e  p r o t e i n s  h a v e  

b e e n  p r e v io u s ly  d e s c r i b e d  ( P a r s o n s  e t  a l . ,  1 9 6 9 ) .  A  v e r t i c a l  a p p a r a t u s  ( S m i th i e s ,  1 9 5 9 )  

w a s  e m p l o y e d ,  w i t h  t h e  f o l lo w in g  n o n - d i s c o n t i n u o u s  b u f f e r  s y s te m :  i n n e r  a n d  o u t e r  

g e l  b u f f e r ,  0 -0 1  m s o d i u m  b a r b i t o n e - 5  m M  H G 1 , p H  7 -5 , a t  0 ° C ;  u p p e r  a n d  l o w e r  t r a y  

b u f f e r ,  0 T  m  s o d i u m  b o r a t e ,  p H  7 -5 ,  a t  0 ° C .  G e ls  c o n t a i n e d  1 6 %  s t a r c h  ( f r o m  C o n 

n a u g h t  M e d i c a l  R e s e a r c h  L a b o r a t o r i e s ,  T o r o n t o ,  O n t a r i o ,  C a n a d a )  a n d  u r e a  a t  a  

m o l a r i t y  o f  8 ,  t h e  l a t t e r  b e i n g  n e c e s s a r y  t o  p r e v e n t  p o l y m e r i z a t i o n  o f  t h e  p r o t e i n s  u n d e r  

s t u d y  ( M u e l l e r  &  P e r r y ,  1 9 6 2 ) .  E l e c t r o p h o r e s i s  w a s  c a r r i e d  o u t  a t  2 2 0  V  f o r  4  h r ,  

2 5 - 3 0  m A ,  i n  a  c o l d r o o m  m a i n t a i n e d  a t  0 ° C .  A f t e r  b e in g  c a r e f u l l y  s l i c e d ,  t h e  g e ls  w e r e  

s t a i n e d  w i t h  a  s o l u t io n  c o m p r i s i n g  1 %  N a p h t h a l e n e  B la c k  1 0 B  a n d  2 %  N i g r o s i n e  f o r  

2  m i n .  T h e  u p p e r  h a lv e s  o f  t h e  g e ls  w e r e  c l e a r e d  o f  b a c k g r o u n d  s t a i n  w i t h  a  s o l u t i o n  o f
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m e t h a n o l - a c e t i c  a c i d - w a t e r  (5  : 1 : 4  b y  v o l u m e )  a n d  p h o t o g r a p h e d ;  t h e  c o m p l e 

m e n t a r y  l o w e r  h a lv e s  w e r e  c l e a r e d  w i t h  1 0 %  a c e t i c  a c i d  t o  p r o v i d e  a  t r a n s l u c e n t  

b a c k g r o u n d ,  s u i t a b l e  f o r  s u b s e q u e n t  l a s e r  d e n s i to m e t r y .

D e n s i t o m e t r y

T h i s  w a s  c a r r i e d  o u t  i n  a  s i m i l a r  m a n n e r  t o  t h a t  a l r e a d y  r e p o r t e d  ( P a r s o n s  e t  a l . ,

1 9 6 9 )  u s i n g  a  t r a n s m i s s io n - t y p e  d e n s i t o m e t e r  w i t h  a  G 3  h e l i u m  g a s  l a s e r  a s  a  l i g h t  

s o u r c e .  T h e  g e l  b e i n g  s c a n n e d  w a s  c o n t a i n e d  b e t w e e n  t w o  g la s s  s l id e s  o n  a  m e c h a n i c a l l y  

d r i v e n  t r a n s v e r s e ,  m o v i n g  a t  15 m m / m i n .  L i g h t  t r a n s m i t t e d  t h r o u g h  t h e  g e l  w a s  

r e c e iv e d  b y  a n  E e l  s e l e n i u m  p h o t o c e l l  c o n n e c t e d  t o  a  S e r v o s c r i b e  p o t e n t i o m e t r i c  

r e c o r d e r .  T h e  l a s e r  d e n s i t o m e t r y  w a s  c o n f in e d  t o  t h e  a n o d i c  c o m p o n e n t s  w h i c h  w e r e  

m o r e  c l e a r l y  d e f in e d  t h a n  t h e  c a t h o d i c  c o m p o n e n t s .  T h e  l a t t e r  w e r e  p o o r l y  r e s o l v e d ;  

m o r e o v e r  t h e i r  s e p a r a t i o n  d e p e n d e d  o n  e le c t r o - "  s m o s is  r a t h e r  t h a n  m a i n l y  o n  c h a r g e  

e f fe c ts  ( N e e l i n ,  1 9 6 3 ) .

Results

E l e c t r o p h o r e t o g r a m s  o b t a i n e d  f r o m  e x t r a c t s  o f f  d o r s i  m u s c le s  o f  o x ,  s h e e p ,  p ig ,  r a b b i t  

a n d  f r o m  h o r s e m e a t ,  a f t e r  h e a t i n g  a t  1 2 0 ° C  f o r  3  o r  6  m in ,  a r e  s h o w n  i n  P l a t e  1 A . I t  

w i l l  b e  c l e a r  t h a t ,  e v e n  a f t e r  6  m i n  a t  1 2 0 ° G , s p e c ie s  d i f f e r e n c e s  w e r e  s t i l l  d e t e c t a b l e .  

A f t e r  p e r io d s  b e y o n d  a b o u t  2 4  m i n  h e a t i n g  a t  1 2 0 ° C  t h e r e  w e r e  m o r e  o r  le s s  s e v e r e  

c h a n g e s  i n  t h e  e l e c t r o p h o r e t i c  p a t t e r n  o f  t h e  m u s c le  e x t r a c t s .

I n  P l a t e  IB  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o b t a i n e d  f r o m  e x t r a c t s  o f  1.d o r s i  m u s c le s  o f  

r a b b i t  a n d  o x ,  a f t e r  h e a t i n g  to  1 2 0 ° G  f o r  3 m i n ,  a r e  s h o w n .  P l a t e  l B ( a ) ,  ( b ) ,  ( c ) ,  (d )  a n d

(e )  r e p r e s e n t s  t h e  r e s p e c t iv e  p a t t e r n s  f o r  1 0 0 %  r a b b i t ,  5 0 %  r a b b i t / 5 0 %  o x ,  2 5 %  r a b b i t /  

7 5 %  o x ,  9 0 %  r a b b i t / 1 0 %  o x  a n d  1 0 0 %  o x .  I t  w i l l  b e  o b s e r v e d  f r o m  P l a t e  I B ,  t h a t  t h e  

e l e c t r o p h o r e t o g r a m s  s h o w  f o u r  m a j o r  c o m p o n e n t s  m i g r a t i n g  t o w a r d s  t h e  a n o d e .  

T h e s e  a r e  r e f e r r e d  to ,  i n  o r d e r  o f  i n c r e a s i n g  m o b i l i t y ,  a s  ‘A ’, ‘B ’, ‘C ’ a n d  ‘D ’. I t  is  c l e a r  

t h a t  t h e  r e l a t i v e  q u a n t i t y  o f  c o m p o n e n t  ‘B ’ i n  t h e  e x t r a c t  f r o m  1 0 0 %  r a b b i t  is  v e r y  

s m a l l ;  a n d  t h a t  t h e r e  a r e  m i n o r  c o m p o n e n t s  o n  e i t h e r  s id e  o f  ‘A ’. T h e  m a j o r  

d i f f e r e n c e s  b e t w e e n  o x  a n d  r a b b i t  i n v o lv e  c o m p o n e n t s  ‘B ’ a n d  ‘C ’. A s  o n e  p r o c e e d s  

f r o m  e x t r a c t s  p r e p a r e d  f r o m  1 0 0 %  r a b b i t  t o  t h o s e  f r o m  1 0 0 %  o x :  ( a )  t h e  r e l a t i v e  

c o n c e n t r a t e  o f  ‘B ’ in c r e a s e s  c o n s i d e r a b l y  a n d  i ts  m e a n  d i s t a n c e  f r o m  t h e  o r i g i n  d e 

c r e a s e s ;  a n d  (b )  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f ‘C ’ d e c r e a s e s ,  b e c o m e s  le s s  d i f f u s e  a n d  i ts  

m e a n  d i s t a n c e  f r o m  t h e  o r i g i n  d e c r e a s e s  s l i g h t ly .  I n  o r d e r  t o  e x p lo i t  t h e  d i f f e r e n c e s  

r e p r e s e n t e d  b y  t h e s e  t r e n d s  w i t h  a  v i e w  t o  e s t a b l i s h i n g  a  q u a n t i t a t i v e  m e t h o d  f o r  

d e t e c t i n g  t h e  c o m p o s i t i o n  o f  u n k n o w n  m i x t u r e s  o f  m e a t  s p e c ie s ,  t h e  e l e c t r o p h o r e t o 

g r a m s  w e r e  c la r i f i e d  a n d  s c a n n e d  b y  l a s e r .  F a c s im i l e s  o f  t h e  l a s e r  d e n s i t o m e t e r  t r a c e s  

o b t a i n e d  f r o m  t h e  e l e c t r o p h o r e t o g r a m s  i n  P l a t e  I B  a r e  s h o w n  i n  F ig .  1 ( a ) ,  ( b ) ,  ( c ) ,  (d )  

a n d  ( e ) .  T h e  r e l a t i v e  b a n d  a r e a s  o f  ‘B ’ a n d  ‘C ’ w e r e  d e t e r m i n e d  f r o m  t h e i r  m a x i m u m
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O r ig in  Origin

Mobility

F ig . I .  Densitometer tracings (by laser beam) o f starch gel electrophoretograms in 8 m 
urea o f proteins extractable from mixtures o f rabbit and ox 1. dorsi muscles after heating 
at 120°C for 3 min. (a) 100% rabbit, (b) 50% rabbit/50% ox, (c) 25% rabbit/75% ox,
(d) 10% rabbit/90% ox, and (e) 100% ox.
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Plate 1A. Starch gel electrophoretograms of proteins extractable by 8 M urea from 1. dorsi 
muscles of various species after heating at 120°C for: (a) 3 min and (b) 6 min.
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Plate IB. Starch gel electrophoretograms of proteins extractable by 8 m urea from mixtures 
of 1. dorsi muscles of rabbit and ox after heating at 120°C for 3 min. (a) 100% rabbit, 
(b) 50% rabbit'50% ox, (c) 25% rabbit/75% ox, (d) 10% rabbit/90% ox, and (e) 
100% ox.

(Facing p .  44)
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T a ble  1. Data on bands ‘B’ and ‘C’ from densitometer tracings of starch gel electrophoretograms of  
mixtures o f rabbit and ox heated at 120°C for 3 min

Band ‘B’ Band ‘C’

Composition Maximum  
of heated height 
mixture (cm)

M axi
mum
width
(cm)

Mean 
distance 

from origin 
(cm)

Maximum
height

(cm)

M axi
mum
width
(cm)

Mean 
distance 

from origin
(cm)

100% rabbit 9-8 1-2 10-9 14-4 4-1 13-6 61-5

50% rabbit/ 
50% ox

9-4 2-0 10-0 10-4 4-0 13-0 25-5

25% rabbit/ 
75% ox

9-5 2-8 10-3 9-8 3-9 13-6 17-2

10% rabbit/ 
90% ox

11-3 3-0 10-8 10-9 3-3 14-0 13-1

100% ox 10-0 3-1 9-8 10-3 2-7 11-9 9-7

Area G (distance B + C ) ) 
Àrea B X 2

F ig . 2. The relationship between the percentage composition o f mixtures o f rabbit and 
ox heated at 120°C for 3 min and the logarithm of the 5 value derived from laser densito
metry o f corresponding electrophoretograms.
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w i d t h  a n d  h e i g h t ,  a n d  f r o m  t h e i r  r e l a t i v e  m o b i l i t y  ( T a b l e  1 ). A  s o - c a l l e d  s p e c ie s  i n d e x  

( S )  w a s  c a l c u l a t e d  a s  f o l lo w s :

A r e a  ‘C ’ ( M e a n  d i s t a n c e  ‘B ’ f r o m  o r i g i n  +  m e a n  d i s t a n c e  ‘C ’ f r o m  o r i g i n ) .  

A r e a  !B ’ 2

T h e s e  v a lu e s  a r e  a ls o  g i v e n  i n  T a b l e  1. W h e n  t h e  l o g a r i t h m  o f  S w a s  p l o t t e d  a g a i n s t  

t h e  c o m p o s i t i o n  (F ig .  2 )  a  l i n e a r  r e l a t i o n s h i p  w a s  o b t a i n e d .

D iscussion

I t  w a s  s o m e w h a t  s u r p r i s i n g  t o  o b s e r v e  t h a t  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o f  p r o t e i n s  

c h a r a c t e r i s t i c  o f  o x ,  s h e e p ,  p o r k  a n d  h o r s e  m u s c le s  r e t a i n e d  t h e i r  d i s t i n c t i v e  f e a t u r e s  

a f t e r  e x p o s u r e  o f  t h e  s a m p le s  t o  1 2 0 ° C  f o r  3 - 6  m i n .  I t  w o u l d  a p p e a r  t h a t  w h i l e  8  m  u r e a  

is  s u f f i c ie n t ly  p o w e r f u l  t o  d is s o lv e  p r o t e i n s  w h i c h  h a v e  lo s t  t h e i r  n a t i v e  s o l u b i l i t y  o n  

h e a t i n g ,  i t  d o e s  n o t  b r e a k  t h e  c o v a l e n t  l in k s  i n  t h e  p o l y p e p t i d e  c h a i n s  b y  w h i c h  t h e  

s p e c ie s  s p e c i f i c i t y  is  d e t e r m i n e d .  T h a t  s o m e  m e a s u r e  o f  s p e c i f i c i t y  is  r e t a i n e d  u p  t o  

2 0 - 2 5  m i n  h e a t i n g  a t  1 2 0 ° C  p r o v i d e s  a  u s e f u l  w o r k i n g  m a r g i n  w h e n  d e a l i n g  w i t h  m e a t s  

w h i c h  h a v e  b e e n  h e a t e d  f o r  a n  u n k n o w n  p e r i o d  a t  t e m p e r a t u r e s  o f  t h i s  o r d e r .

I t  w a s  a ls o  u n e x p e c t e d  to  f i n d  t h a t  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o f  m i x t u r e s  o f  o x  

a n d  r a b b i t  m u s c le s  h e a t e d  t o  1 2 0 ° C  f o r  3 m i n  w e r e  q u a l i t a t i v e l y  i d e n t i f i a b l e ;  a n d  t h a t  

w h e n  th e s e  p a t t e r n s  w e r e  s c a n n e d  b y  l a s e r ,  a  r e l a t i o n s h i p  c o u ld  b e  d e v i s e d  b e t w e e n  

t h e m  a n d  t h e  q u a n t i t a t i v e  c o m p o s i t i o n  o f  t h e  c o r r e s p o n d i n g  m ix t u r e s .  T h e r e  is  n o  r e a s o n  

t o  s u p p o s e  t h a t  t h e  p r e s e n t  a p p r o a c h  w o u l d  n o t  b e  e q u a l l y  s u c c e s s f u l  w h e n  a p p l i e d  t o  

o t h e r  m u s c le s  o f  m e a t  p r o t e i n s  a f t e r  t h e  a p p r o p r i a t e  e l e c t r o p h o r e t i c  c h a r a c t e r i s t i c s  h a d  

b e e n  e s t a b l i s h e d  w i t h  k n o w n  m ix t u r e s .
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Summary

T h e  h e a t  r e l e a s e d  i n  b i o c h e m ic a l  r e a c t i o n s  i m m e d i a t e l y  a f t e r  s l a u g h t e r  

a p p a r e n t l y  r a i s e s  t h e  c a r c a s s  t e m p e r a t u r e  i n i t i a l l y  b y  a  d e g r e e  o r  t w o  C e n t i g r a d e .

N o  f u r t h e r  s i g n i f i c a n t  h e a t  is p r o d u c e d  i n  s m a l l  s a m p le s ,  k e p t  u n d e r  n e a r -  

a d i a b a t i c  c o n d i t i o n s  a t  v a r i o u s  a m b i e n t  t e m p e r a t u r e s ,  u n t i l  b a c t e r i a l  n u m b e r s  

r e a c h  10 9/g .  T r e a t m e n t  o f  s a m p le s  w i t h  a n t i b i o t i c s  a n d  r e s t r i c t i o n  o f  o x y g e n  

s u p p l y  r e d u c e  h e a t  p r o d u c t i o n .  T h e  r e le a s e  o f  h e a t  b y  a  p u t r i d  c a r c a s s  is  u n 

l ik e ly  t o  a f f e c t  t h e  t e m p e r a t u r e  o f  a d j a c e n t  m e a t  s i g n i f i c a n t l y ,  a n d  i n  n o  

c i r c u m s t a n c e s  c o u ld  f r o z e n  m e a t  t h a t  is  n o t  p u t r i d  p r o d u c e  s u f f i c ie n t  h e a t  to  

t h a w  i ts e l f .

Introduction

T h e  p r i m a r y  r e a s o n  f o r  t h i s  i n v e s t i g a t i o n  w a s  t h e  a l l e g a t i o n  t h a t ,  o c c a s io n a l ly ,  f r o z e n  

m e a t  c a r g o e s  a r r i v i n g  a t  B r i t i s h  p o r t s  w e r e  f o u n d  to  b e  d a m a g e d  to  s o m e  e x t e n t ,  

p o s s ib ly  d u e  t o  s p o n t a n e o u s  h e a t i n g  i n  o n e  o r  m o r e  c a r c a s s e s  ( T h e  T i m e s , 1 9 3 9 ) .  I n  

c o m m o n  w i t h  o t h e r  o r g a n i c  m a t e r i a l s ,  i t  is  w e l l  k n o w n  t h a t  s u c h  h e a t i n g  w i l l  t a k e  

p l a c e  u n d e r  s u i t a b l e  c o n d i t i o n s  d u e  t o  b o t h  b a c t e r i a l  a n d  c h e m i c a l  a c t i o n .  D a t a  a r e  

a v a i l a b l e  f o r  s u c h  s u b s t a n c e s  a s  w o o l  ( R o t h b a u m ,  1 9 6 1 ;  W a l k e r  &  H a r r i s o n ,  1 9 6 0 ) ,  

f is h  ( K i d d ,  1 9 5 2 ;  R e a y ,  1 9 5 5 )  a n d  s t r a w  ( D o d d ,  1 9 3 3 )  b u t  l i t t l e  i n f o r m a t i o n  a p p e a r s  

t o  h a v e  b e e n  p u b l i s h e d  f o r  m e a t  ( B r o o k s  &  S m i t h ,  1 9 3 3 ) .  T h e  p r e s e n t  i n v e s t i g a t i o n  

c o n s i d e r s  t h e  h e a t  d e v e l o p e d ,  u n d e r  c o n t r o l l e d  c o n d i t i o n s ,  w h e n  m e a t  is  a l l o w e d  to  

p u t r e f y  a t  v a r i o u s  a m b i e n t  t e m p e r a t u r e s  w i t h i n  t h e  r a n g e  — 1° t o  3 0 ° C .

P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  w h e n  a  s a m p l e  o f  1 0 0 - 1 5 0  g  o f  f r e s h  b e e f ,  

l o c a l ly  p u r c h a s e d ,  w a s  c o n f in e d  u n d e r  n e a r - a d i a b a t i c  c o n d i t i o n s  a t  a n  a m b i e n t  

t e m p e r a t u r e  o f  a b o u t  2 0 ° G ,  a  r i s e  i n  t e m p e r a t u r e  o f  3 - 4 ° C  o c c u r r e d  d u r i n g  t h e  f i r s t  

2 4  h r .  D u r i n g  t h e  n e x t  2 4  h r  t h e  t e m p e r a t u r e  c o m m e n c e d  to  f a l l  — o n l y  s l i g h t l y  a t  

f i r s t  b u t  m o r e  r a p i d l y  t o w a r d s  t h e  e n d  o f  t h e  p e r i o d  a n d  t h i s  f a l l  c o n t i n u e d  u n t i l  

a m b i e n t  t e m p e r a t u r e  w a s  r e a c h e d  a f t e r  7 - 1 0  d a y s .  O n  e x a m i n a t i o n  a t  t h e  e n d  o f  t h e  

e x p e r i m e n t  t h e  s a m p l e  w a s  c o m p l e t e l y  p u t r i d .

F o r  t h e  p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  t h e  h e a t  e v o lv e d  p e r  h o u r  p e r  u n i t  m a s s  is  

d e f in e d  a s  t h e  h e a t  o f  p u t r e f a c t i o n ,

Author’s address: Agricultural Research Council, Meat Research Institute, Langford, Bristol BS18 
7DY.
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Raw m aterials

I n i t i a l  e x p e r i m e n t s  w e r e  o n  m e a t  o f  u n a u t h e n t i c a t e d  h i s to r y .  T h e  l a t e r  e x p e r i m e n t s  

u s e d  f r e s h ly  s l a u g h t e r e d  m e a t  w h i c h  w o u l d  h a v e  b e e n  i n  f u l l  r i g o r  b y  t h e  t i m e  i t  w a s  

u s e d .  N o  a t t e m p t  w a s  m a d e  t o  c o n t r o l  b i o c h e m i c a l  v a r i a b i l i t y .

F ig . 1. Sectional diagram of the differential calorimeter. A, Heater coils; B, sample 
holder; C, sample; D , thermistors; E, bath heater; F, control thermometer; G, stirrer; 
H , ebonite plugs; K , thermos flasks; L, lagging.

Apparatus

F ig .  1 r e p r e s e n t s  t h e  d i f f e r e n t i a l  c a l o r i m e t e r  c o n s i s t in g  o f  tw o  t h e r m o s  f la s k s  o f  a b o u t  

1 5 0 0  c m 3 c a p a c i t y ,  i m m e r s e d  to  w i t h i n  J  i n .  o f  t h e i r  o p e n  e n d s  i n  a  w e l l  i n s u l a t e d  

w a t e r  b a t h  w h o s e  t e m p e r a t u r e  w a s  t h e r m o s t a t i c a l l y  c o n t r o l l e d  t o  T  0 T ° C .  T h e  f la s k s  

w e r e  f i t t e d  w i t h  l a r g e  e b o n i t e  p l u g s  t o  w h i c h  w e r e  a t t a c h e d  c o p p e r  h e a t i n g  c o ils  o f  

a p p r o x i m a t e l y  10  o h m  r e s i s t a n c e  e a c h .  T h e  s a m p le  h o l d e r ,  w h i c h  c o u l d  b e  f i t t e d  to  

e i t h e r  f la s k ,  i n s i d e  t h e  c o i l ,  c o n s i s t e d  o f  a  s t a in l e s s  s t e e l  g a u z e  c y l i n d e r ,  15  c m  lo n g  

a n d  5  c m  d i a m e t e r ,  a n d  c lo s e d  a t  i t s  l o w e r  e n d  b y  a  s t a in l e s s  s te e l  p l u g .

T h e  s a m p le s  i n v e s t i g a t e d  w e r e  t a k e n  f r o m  f r e s h  l e a n  b e e f ,  d i c e d  so  a s  t o  p r e s e n t  a  

l a r g e  s u r f a c e  a r e a ,  a n d  w e i g h in g  a b o u t  1 0 0  g . I n  t h e  i n i t i a l  e x p e r i m e n t s  n o  s p e c ia l  

a r r a n g e m e n t s  w e r e  m a d e  t o  p r e v e n t  e n t r y  o f  a i r  i n t o  t h e  f la s k s  a l t h o u g h  i n  l a t e r  w o r k  

t h e  f la s k s  w e r e  s e a l e d ,  a s  f a r  a s  p o s s ib le ,  w i t h  p l a s t i c in e .  T h e  t e m p e r a t u r e s  o f  t h e  t w o  

f la s k s  w e r e  c o n t i n u o u s l y  m o n i t o r e d  b y  t h e r m i s t o r s  c o n n e c t e d  to  a  t w o  c h a n n e l  i n s t r u 

m e n t  r e c o r d i n g  h o u r l y  t e m p e r a t u r e s  t o  0 - l ° C  a n d ,  b y  e s t i m a t i o n  to  0 - 0 2 5 ° C .

T h e  a p p a r a t u s  w a s  e r e c t e d  i n  a  s m a l l  r o o m  w h o s e  t e m p e r a t u r e  c o u l d  b e  t h e r m o s t a t i 

c a l l y  c o n t r o l l e d  t o  ±  0 - 5 ° C  a n d  t h e  b a t h  t h e r m o s t a t  w a s  s e t  a t  a  t e m p e r a t u r e  j u s t  i n
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e x c e s s  o f  t h a t  o f  t h e  r o o m .  H e a t  lo s s e s  f r o m  t h e  f la s k s  w e r e  r e d u c e d  t o  a  m i n i m u m  b y  

s u i t a b l e  i n s u l a t i o n  a n d  e v a l u a t e d  b y  a  p r e l i m i n a r y  c a l i b r a t i o n .

Theory

L e t  0L =  t e m p e r a t u r e  o f  f la s k  A  c o n t a i n i n g  t h e  s a m p l e  a t  a n y  t im e .  

02 =  t e m p e r a t u r e  o f  c o n t r o l  f la s k  B  a t  t h e  s a m e  t im e .

9 =  te m p e r a tu r e  o f  su r ro u n d in g s ,

Ojl >  02 >  0.

H

W b w 2

M

d r , d z

d

T h e n

h o u r  o f  e i t h e r  f la s k .  A s s u m e  t h a t  H  is  t h e  s a m e  f o r  b o t h .

d i  =  W ^  =  M d - H { 0 1 -  0 ),

d *  =  =  -  f f ( e ,  -  o ) ,

a n d
¿ 0 ,  d  09

W lJ t ~  W *~dt = M d - H { * i  ~  e2),

o r d  =
. do  i . d  0»

w '- a  -  w ‘n + ^
I M .

w h i c h  is  t h e  w o r k i n g  e q u a t i o n .

I n  m o s t  c a s e s  t h e  t e m p e r a t u r e  o f  f la s k  B  r e m a i n e d  c o n s t a n t  a n d  t h e  s e c o n d  t e r m  i n  

t h e  n u m e r a t o r  c o u l d  b e  n e g l e c t e d  [ ( d 0 2j d t ) -*■ 0 ] .

Calibration and determ ination o f constants

( a )  H e a t  c a p a c i t i e s  a n d  W 2

W i t h  t h e  a p p a r a t u s  e m p t y ,  a  c u r r e n t  o f  3 0 0  m A  w a s  p a s s e d  t h r o u g h  t h e  h e a t i n g  

c o il s  o f  A  f o r  a p p r o x i m a t e l y  1 h r  g i v i n g  a  t e m p e r a t u r e  r i s e  o f  5 - 6 ° C .  T h e  c u r r e n t  w a s  

t h e n  c u t  o f f  a n d  t h e  f l a s k  a l l o w e d  t o  c o o l  f o r  a  f u r t h e r  3  h r .  T h e  t e m p e r a t u r e s  o f  b o t h  

f la s k s  w e r e  t a k e n  e v e r y  5  m i n  a n d  a  l a r g e  s c a le  h e a t i n g  a n d  c o o l i n g  c u r v e  f o r  t h e  f l a s k  

A  w a s  p l o t t e d ,  t h e  t e m p e r a t u r e  o f  B  r e m a i n i n g  c o n s t a n t  t h r o u g h o u t .
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F r o m  t h e  c o o l in g  c u r v e  a n  a u x i l i a r y  p l o t  w a s  d r a w n  g i v in g  t h e  r a t e  o f  f a l l  o f  t e m p e r a 

t u r e  d u e  t o  h e a t  lo s se s  a t  a n y  t e m p e r a t u r e .  T h e  c la s s ic a l  c o r r e c t i o n s  w e r e  t h e n  a p p l i e d  

t o  t h e  h e a t i n g  c u r v e  a n d  t h e  l i n e a r  p l o t  so  o b t a i n e d  g a v e  t h e  c o r r e c t e d  r a t e  o f  h e a t i n g ,  

W f i d Q  \ d t ) ,  d u e  t o  t h e  c u r r e n t .

T h e n  i f  I  =  c u r r e n t  a n d  =  r e s i s t a n c e  o f  h e a t i n g  c o i l :

d  0 P R 1
W ,-  =  — x.

f r o m  w h i c h ,  k n o w i n g  / ,  a n d  d 0 1 d t ,  W 1 is  f o u n d .

T h e  e x p e r i m e n t  w a s  r e p e a t e d  f o r  t h e  f la s k  B  g i v in g  t h e  v a l u e  o f  W 2-

T h e  r e s i s t a n c e s  o f  t h e  c o ils  w e r e  a c c u r a t e l y  d e t e r m i n e d  b y  a  U n i v e r s a l  B r id g e .

T h e  m e a n  o f  a  n u m b e r  o f  e x p e r i m e n t s  g a v e  W 1 = 1 3 5  c a l / ° C  a n d  W 2 =  1 1 2  c a l / ° C  

L a t e r ,  o w i n g  to  m o d i f i c a t i o n s  t o  t h e  a p p a r a t u s ,  a  l a r g e r  v a l u e  o f  W 1 =  1 9 0  c a l / ° C  

w a s  u s e d .

(b )  D e t e r m i n a t i o n  o f  H

F r o m  t h e  c o o l i n g  c u r v e  v a lu e s  o f  t h e  r a t e  o f  t e m p e r a t u r e  f a l l ,  d Q / d t ,  w e r e  o b t a i n e d  

g r a p h i c a l l y  f o r  a  s e r ie s  o f  p o i n t s  c o r r e s p o n d i n g  to  e x c e s s  t e m p e r a t u r e  0 1.

T h e  l i n e a r  p l o t  o f  d Q j d t  a g a i n s t  0 1 g a v e  t h e  v a l u e  o f  H  f r o m :

H  =
e 1

H  w a s  f o u n d  t o  b e  t h e  s a m e  f o r  b o t h  f la s k s ,  w i t h i n  ± 2 % ,  a n d  t h e  v a l u e  H  =  6 2  

c a l / h r / ° C  e x c e s s  w a s  u s e d  i n  a l l  e x p e r i m e n t s .

(c )  S p e c i f i c  h e a t  o f  b e e f  m u s c le

T o  t e s t  t h e  a c c u r a c y  o f  t h e  m e t h o d  a n  a u x i l i a r y  e x p e r i m e n t  w a s  p e r f o r m e d  w i t h  

f l a s k  A  l o a d e d  w i t h  1 0 0  g  o f  l e a n  d i c e d  b e e f .  T h e  e f f e c t iv e  h e a t  c a p a c i t y  W \  w a s  

d e t e r m i n e d  a s  i n  ( a )  u n d e r  t h e  s a m e  c o n d i t i o n s  a n d  f r o m  t h e  d i f f e r e n c e  i n  h e a t  c a p 

a c i t ie s ,  l o a d e d  a n d  e m p t y ,  t h e  s p e c if i c  h e a t  o f  l e a n  b e e f  w a s  c a l c u l a t e d .  T h e  r e s u l t ,  

0 -8 5  c a l / g ,  a g r e e d  w i t h  t h e  p u b l i s h e d  d a t a  ( A w b e r r y  &  G r i f f i th s ,  1 9 3 3 ) .

Determ ination o f heat o f putrefaction, Ç)

I n  o r d e r  t o  o b t a i n  c o m p a r a b l e  r e s u l t s ,  l e a n  b e e f  f r o m  r u m p  p u r c h a s e d  lo c a l ly ,  w a s  u s e d  

t h r o u g h o u t  t h e  i n i t i a l  i n v e s t i g a t i o n .  T h e  b e e f  w a s  d i c e d  i n t o  p ie c e s  o f  a p p r o x i m a t e  

v o l u m e  1 c m 3 a n d ,  a f t e r  w e i g h in g ,  w a s  a l l o w e d  t o  c o m e  t o  r o o m  t e m p e r a t u r e .  I t  w a s  

t h e n  l o a d e d  i n t o  t h e  s a m p le  h o l d e r  i n  f la s k  A .

I n  t h e  c o u r s e  o f  t h r e e  t o  f o u r  h o u r s  t h e  w h o l e  a p p a r a t u s  h a d  r e a c h e d  a m b i e n t
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t e m p e r a t u r e .  R e a d i n g s  o f  t h e  t e m p e r a t u r e s  o f  b o t h  f la s k s  w e r e  r e c o r d e d  e v e r y  h o u r  a n d  

r o o m  t e m p e r a t u r e  a t  le s s  f r e q u e n t  i n t e r v a l s .  G r a p h s  o f  t e m p e r a t u r e  a g a i n s t  t i m e  w e r e  

p l o t t e d  f o r  t h e  w h o l e  p e r i o d  o f  t h e  e x p e r i m e n t  f r o m  w h i c h  ( d d j d t )  a n d  ( d d j d t )  e x 

p r e s s e d  i n  ° C / h r  w e r e  o b t a i n e d .  T h e  v a lu e s  o f  0X -  02 a t  5 - h o u r l y  i n t e r v a l s  w e r e  

o b t a i n e d  f r o m  t h e  r e c o r d e r  c h a r t  a n d  Q_ e v a l u a t e d  f r o m  t h e  w o r k i n g  e q u a t i o n .  T a b l e  

1 g iv e s  a n  a b b r e v i a t e d  s p e c im e n  s e t  o f  r e s u l t s  f o r  a n  i n i t i a l  t e m p e r a t u r e  o f  2 5  °C .

T a ble  1. Evaluation o f heat o f putrefaction for lean  beef at 25°C

T im e
from
s ta r t
(hr)

d f t j d t

(°C /h r)
d%2/d t
(°C /hr)

9 i
(°C)

0 2
(°C)

01 ®2
(°C)

¿6 ,

W l ~dt

(cal/h r)

d% 2 

W ' ~ *  
(cal/h r)

H  x

(0 i  -  9 3) 
(cal/h r)

Total
h e a t

(cal/h r)

a
(cal/g  /

h r)

15* +  0-10 -  0-04 25-75 25-6 0-15 +  21 -  4 9 26 0-28
25 +  0-36 -  0-02 28-10 25-25 2-85 +  77 -  2 176 251 2-70
35 +  0-09 -  0-03 29-95 25-1 4-85 +  19 -  2 300 317 3-41
45 -  0-09 -  0-04 29-77 24-9 4-87 -  19 -  4 302 279 2-98
55 -  0-05 +  0-02 29-20 25-20 4-00 -  11 -  2 248 235 2-53
65 -  0-08 0 28-60 25-25 3-35 -  17 0 208 191 2-06
75 -  0-08 0 27-75 25-25 2-50 -  17 0 152 135 1-45
85 -  0-04 0 27-10 25-3 1-80 -  8 0 112 104 1-10
95 -  0-03 0 26-75 25-3 1-45 -  6 0 90 84 0-90

105 -  0-02 0 26-52 25-3 1-22 -  4 0 76 72 0-77
115 -  0-02 0 26-25 25-25 1-00 -  4 0 62 58 0-62
125 0 0 26-15 25-3 0-85 0 0 53 53 0-57
135 -  0-02 0 25-95 25-3 0-65 -  4 0 40 36 0-38

Mass of sample =  93 g.
Specific heat =  0-85 cal/g/°C.
W i =  135 +  93 x 0-85 =  214 cal/°C.
w * =  112 cal/°C.
H =  62 cal/hr/°C excess temperature.

* Results prior to 15 hr are insignificant.

S i m i l a r  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  0 ° ,  1 0 °  a n d  2 0 ° C  a n d  t h e  r e s u l t s  a r e  i l l u s 

t r a t e d  g r a p h i c a l l y  i n  F ig .  2 . T h e  s c a le s  a t  0 ° C  a r e  d i f f e r e n t  f r o m  t h o s e  a t  o t h e r  t e m 

p e r a t u r e s .

I n  a l l  o f  t h e  f o r e g o i n g  e x p e r i m e n t s  t h e  s a m p le s  e x a m i n e d  w e r e  f r o m  m e a t  p u r 

c h a s e d  l o c a l ly  a n d ,  a l t h o u g h  n o r m a l  l a b o r a t o r y  c le a n l in e s s  w a s  o b s e r v e d ,  n o  a t t e m p t  

w a s  m a d e  a t  a s e p t i c  m a n i p u l a t i o n .  F u r t h e r ,  i n  t h e  e a r l i e r  e x p e r i m e n t s  t h e  f la s k  c o n 

t a i n i n g  t h e  s a m p l e  w a s  n o t  s p e c ia l l y  s e a le d  to  p r e v e n t  a c c e s s  o f  a i r  f r o m  t h e  s u r r o u n d 

in g s .  F ig .  2  s h o w s  t h a t  t h e  m a x i m u m  r a t e  o f  h e a t  e v o lu t i o n  o c c u r s  a t  t im e s  v a r y i n g  

f r o m  3 0  h r  i n  t h e  c a s e  o f  a m b i e n t  t e m p e r a t u r e  2 5 ° C  t o  13 d a y s  a t  a m b i e n t  t e m p e r a t u r e
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F i g . 2. Heat of putrefaction at ambient temperatures, 0°C (# ) , 10°C ( x ) ,  20°C ( ^ )  
and 25°C ( O ) .  Time measured in days for 0°C and hours for 10°, 20° and 25°C.

0 ° C .  I t  is  a ls o  n o t i c e a b l e  t h a t ,  a f t e r  t h i s  m a x i m u m  h a s  b e e n  r e a c h e d ,  s o m e  k i n d  o f  

d i s c o n t i n u i t y  o r  ‘h u m p ’ o c c u r s  w h e r e  t h e  v a l u e  o f  d  f a l l s  o n l y  s l i g h t l y  b e f o r e  t h e  

g e n e r a l  d e c r e a s e  w i t h  t i m e  t a k e s  p l a c e .  A f t e r  t h i s  d i s c o n t i n u i t y  t h e  v a l u e  o f  d  f a l l s  

r a p i d l y  i n  t h e  c a s e  o f  2 5 °  a n d  2 0 °  C  b u t  o n l y  s lo w ly  a t  1 0 °  a n d  0 ° C .

Effects o f bacteria and access o f oxygen

I n  o r d e r  t o  a t t e m p t  a n  e x p l a n a t i o n  f o r  t h e  h u m p  o b s e r v e d  i n  t h e  h e a t  e v o l u t i o n  c u r v e s ,  

a  s e r ie s  o f  e x p e r i m e n t s  w a s  u n d e r t a k e n  a t  t h e  s a m e  a m b i e n t  t e m p e r a t u r e ,  2 5  °G .

I n i t i a l l y  a  s a m p le  f r o m  t h e  r u m p  o f  a  f r e s h ly  s l a u g h t e r e d  a n i m a l  w a s  r e m o v e d  

a s e p t i c a l l y  a n d  i n j e c t e d  w i t h  a n  a n t i b i o t i c ,  c h l o r t e t r a c y c l i n e ,  t o  g iv e  a  f i n a l  c o n c e n t r a 

t i o n  o f  2  p p m .  T h i s  w a s  m in c e d  a n d  l o a d e d  i n t o  t h e  g a u z e  c y l i n d e r  u n d e r  a s e p t i c  

c o n d i t i o n s  a t  2 5 ° C .  N o  h e a t i n g  w a s  o b s e r v e d  d u r i n g  t h e  1 s t w e e k ;  a n d  o n l y  a  v e r y  

l i t t l e  a f t e r  3  w e e k s ,  t h e  m a x i m u m  r a t e  o f  h e a t i n g  b e i n g  le s s  t h a n  0 -2  c a l / g / h r ,  a s  

c o m p a r e d  w i t h  3 -4  c a l / g / h r  w i t h  n o r m a l  m i c r o b i a l  c o n t a m i n a t i o n  ( s e e  T a b l e  1 a n d  

F i g .  1 ) . O n  e x a m i n a t i o n  a f t e r  3 w e e k s  i t  w a s  f o u n d  t h a t  a l t h o u g h  y e a s t s  a n d  m o u ld s
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h a d  g r o w n  u p o n  t h e  o u t e r  s u r f a c e  o f  t h e  m e a t  i n  c o n t a c t  w i t h  t h e  w a l ls  o f  t h e  c y l i n d e r ,  

t h e  i n t e r i o r  h a d  r e m a i n e d  i n  f r e s h  c o n d i t i o n ,  n o  m i c r o - o r g a n i s m s  b e i n g  d e t e c t e d  i n  a  

d i r e c t  s m e a r .

S in c e  i t  a p p e a r e d  l ik e ly  t h a t  t h e  s p o n t a n e o u s  h e a t i n g  o b s e r v e d  i n  t h e  f i r s t  e x p e r i 

m e n t s  w a s  m a i n l y  t h e  r e s u l t  o f  b a c t e r i a l  a c t i v i t y ,  f u r t h e r  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  

a t  2 5 ° C  v a r y i n g  t h e  m i c r o b i o lo g i c a l  c o n d i t i o n s  a n d  a ls o  t h e  a c c e s s  o f  o x y g e n .

T h e  a p p a r a t u s  w a s  m o d i f i e d  so  t h a t  t h e  f la s k  c o n t a i n i n g  t h e  s a m p le  c o u ld  b e  s e a le d  

a n d  a  v a lv e  p r o v i d e d  t o  e n a b l e  a  f e w  m l  o f  t h e  a i r  i n s i d e  t o  b e  w i t h d r a w n  f o r  g a s  

a n a ly s i s .  B a c t e r i a l  c o u n t s  w e r e  m a d e  a t  t h e  e n d  o f  t h e s e  e x p e r i m e n t s  a n d  l a t e r  a  f u r t h e r  

m o d i f i c a t i o n  w a s  m a d e  so  t h a t  s m a l l  s p e c im e n s  ( 1 - 2  g )  c o u ld  b e  r e m o v e d  f r o m  t h e  

b u l k  a t  r e g u l a r  i n t e r v a l s  f o r  b a c t e r i a l  e x a m i n a t i o n .

T h e  r e s u l t s  o f  s ix  e x p e r i m e n t s  a r e  s u m m a r i s e d  i n  T a b l e  2  b u t  t h e  f o l lo w in g  o b s e r v a 

t io n s  s e e m  w o r t h y  o f  n o t e .

( a )  E x p e r i m e n t s  A ,  B  a n d  C  w e r e  m a d e  u s i n g  1 0 0 - g  s a m p le s  f r o m  t h e  s a m e  a n i m a l ,  

p r e p a r e d  u n d e r  a s e p t i c  c o n d i t i o n s  a n d  k e p t  i n  r e f r i g e r a t i o n  u n t i l  r e q u i r e d .  T h e  s a m p le  

f la s k  w a s  s e a le d  i n  a l l  t h r e e  e x p e r i m e n t s  a n d  g a s  s a m p le s  e x t r a c t e d  a s  i n d i c a t e d .  

E x p e r i m e n t  A  w a s  a l l o w e d  to  r u n  f o r  t h e  f u l l  7 d a y s  w h i l e  B  a n d  C  w e r e  s t o p p e d  a f t e r  

3  a n d  4  d a y s ,  r e s p e c t iv e l y ,  b a c t e r i a l  c o u n t s  b e i n g  m a d e  a t  t h e  e n d  o f  e a c h .  I t  w a s  a n t i c i 

p a t e d  t h a t  B  a n d  C  w o u l d  b e h a v e  i n  m u c h  t h e  s a m e  w a y  a s  A  a n d  t h a t  t h e  b a c t e r i a l  

c o u n t s  a f t e r  3 , 4  a n d  7 d a y s  m i g h t  t h r o w  l i g h t  o n  t h e  s h a p e  o f  t h e  ( ¿ c u r v e s .  H o w e v e r ,  

(¿m ax i n  B  a n d  C  w a s  le s s  t h a n  i n  A ,  w h i l s t  b a c t e r i a l  c o u n t s  s h o w e d  t h a t  t h e  p o p u l a t i o n  

a f t e r  4—7 d a y s  w a s  a  d e c i m a l  o r d e r  o f  m a g n i t u d e  g r e a t e r  t h a n  a f t e r  3  d a y s .  A t  t h e  s a m e  

t i m e  g a s  s a m p l i n g  r e v e a l e d  v a r i a t i o n s  i n  t h e  r a t e  o f  i n c r e a s e  i n  c a r b o n  d i o x i d e  a n d  

c o r r e s p o n d i n g  d e c r e a s e  i n  o x y g e n .  I t  w a s ,  t h e r e f o r e ,  c o n c l u d e d  t h a t  t h e  d i s c r e p a n c i e s  

m a y  h a v e  b e e n  d u e  t o  v a r i a b i l i t y  i n  a i r  l e a k a g e  i n t o  t h e  f la s k  c o n s e q u e n t  u p o n  i n 

c o m p l e t e  s e a l in g .

(b )  E x p e r i m e n t  D  w a s  u n d e r t a k e n  to  o b t a i n  g a s  s a m p le s  a t  m o r e  f r e q u e n t  i n t e r v a l s  

( 1 2 - h o u r l y ) .  T h e  r e s u l t s  o f  t h e  g a s  a n a l y s i s  s h o w e d  a n  i n c r e a s e  i n  t h e  C 0 2 c o n t e n t  t o  

1 4 %  a f t e r  2 4  h r  a n d  t o  2 0 %  a f t e r  3 6  h r ,  r e m a i n i n g  m o r e  o r  le s s  c o n s t a n t  a t  t h i s  v a l u e  

t o  t h e  e n d  o f  t h e  e x p e r i m e n t .  T h e s e  f i g u r e s  c o r r e s p o n d  r o u g h l y  t o  0 -4  a n d  0 -5  g  C O 2/  

1 0 0  g  m e a t .  I f  i t  b e  a s s u m e d  t h a t  t h e  h e a t  o f  c o m b u s t i o n  f o r  C 0 2 p r o d u c t i o n  is  r o u g h l y  

1 3 0  k - c a l / M  C 0 2 p r o v i d e d  t h a t  o x y g e n  is  p r e s e n t  ( R o t h b a u m  &  S t o n e ,  1 9 6 1 )  t h e  

a b o v e  d a t a  w o u l d  c o r r e s p o n d  to  a  c a l c u l a t e d  h e a t  p r o d u c t i o n  o f  T 2  x  1 0 ~ 4 c a l / g / s e c  

w h i c h  a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  v a l u e  o f  ( ¿ o b t a i n e d  2 4  h r  f r o m  t h e  s t a r t .  I t  is  

a ls o  i n t e r e s t i n g  t o  n o t e  t h a t  a l t h o u g h  t h e  m a x i m u m  r a t e  o f  h e a t  p r o d u c t i o n  o c c u r r e d  

a f t e r  2 5  h r  t h e  C 0 2 c o n t e n t  d i d  n o t  r e a c h  a  m a x i m u m  u n t i l  4 8  h r .

(c )  E x p e r i m e n t  E  w a s  a  r e p e a t  o f  t h e  o r i g i n a l  e x p e r i m e n t  u n d e r  n o n - s t e r i l e  a n d  

u n s e a l e d  c o n d i t i o n s  a n d  g a v e  a p p r o x i m a t e l y  t h e  s a m e  v a l u e  o f  (¿m ax a s  b e f o r e .

(d )  E x p e r i m e n t  F  w a s  d e v i s e d  w i t h  a  v i e w  to  t a k i n g  b a c t e r i a l  c o u n t s  a t  m o r e  f r e q u e n t  

i n t e r v a l s .  T h e  s a m p l e  w a s  p r e p a r e d  f r o m  f r e s h  b e e f  u n d e r  a s e p t i c  c o n d i t i o n s .  D u r i n g  

t h e  h e a t i n g  p r o c e s s  s m a l l  s a m p le s  o f  1 - 2  g  w e r e  e x t r a c t e d  b y  s t e r i l e  f o r c e p s  a t  d a i l y
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T a ble  2. Effect of aseptie handling and air-tightness on heat production of meat

Experiment

A B C D  E F

Mass of sample (g) 100 100 100 99-3 94-6 100
Age pm and origin 4 days; 15 days; 22 days; 1 day; Unknown 4 days;

M .R .I.* M .R .I.* M .R .I.* M .R .I.* M .R .I.*
Refrigeration (R or NR) R R R N R Unknown (R) R
Manipulation (aseptic, A, A A A NA NA A

or not NA) 
Sealing (S or NS) S S S S NS NS
Duration of experiment (days) 7 3 4 7 4 7
Gas sampling (%) c o 2 n 2 c o 2 n 2 c o 2  N a c o 2 n 2

o 2 o 2 o 2 o 2

Initial 0 78 — — —
22

After 24 hr — 0-8 81-4 6-1 8-3 14-1 81-8
17-8 10-9 5-1

After 36 hr — — — 17-3 78-3
3-4

After 48 hr — 16-3 76- 23-7 75-9 20-9 75-4 None None
7 -1 0-4 3-7 taken taken

After 72 hr 15 77 17-0 77-9 25-1 73-1 19-3 76-7
8 5-1 1-8 4-0

After 96 hr 12 78 — — 20-2 74-5
10 5-3

Maximum temperature 2-6 1-84 2-0 2-82 4-80 2-90
difference (°C)

Time to maximum (hrs) 55 48 30 27 33 90
Maximum value of Q  (cal/g/hr) 1-7 1-2 1-5 1-98 4-80 2-90
Time to Q,max (hr)
Bacterial count at end (per g)

40 45 25 25 30 90

25°C ¡■2 x 1 0 s 2-15 xIO 8 3-4x10» None None See
3 7 ° C — 7-0 x 10s 3-0x10» taken taken Table 3

* Slaughtered in Meat Research Institute licensed abattoir.

i n t e r v a l s .  I t  w a s  o b s e r v e d  t h a t  t h e  v a l u e  o f  (¿m ax, a l t h o u g h  e v e n t u a l l y  t h e  s a m e  a s  i n  

p r e v io u s  e x p e r i m e n t s  u n d e r  a s e p t i c  c o n d i t i o n s ,  d i d  n o t  o c c u r  u n t i l  9 0  h r  f r o m  t h e  

s t a r t .  I t  is  p r o b a b l e  t h a t  t h e  e x t r a c t i o n  o f  s m a l l  s a m p le s  i n t e r f e r e d  w i t h  t h e  g e n e r a l  
t e m p e r a t u r e  r i s e  u s u a l l y  o b s e r v e d .

T h e  r e s u l t s  o f  t h e  b a c t e r i a l  c o u n t s  i n  c o n j u n c t i o n  w i t h  t h e  r a t e  o f  h e a t  d e v e l o p m e n t  

a r e  s h o w n  i n  T a b l e  3  a n d  F ig .  3 .



S p o n ta n e o u s  h e a t i n g  i n  m e a t  

T a ble  3. Bacterial growth and heat output at 25°C

55

Time from 
start 
(hr)

Q_ (cal/g/sec 
x 104)

Bacterial 
count (/g)

Heat output 
(cal/sec/cell 

X 1014)

0 ------- 4-36 x 103 —

26 1-2 2-42 x 108 50-0
47 3-5 8-72 x 10» 4-0
71 4-4 2-08 x 1010 2-1
90 5-0 2-0 x 1010 2-5
95 4-2 1-93 x 1010 2-1

120 2-5 2-82 x 1010 0-9
140 1-3 3-98 x 1010 0-4
160 0-7 9-33 x 1010 0-07

Time ( hr from start)

Fig. 3. Bacterial growth and heat output at 25°G. log bacterial count; heat output.
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T h e  i d e n t i t y  o f  t h e  m a i n  g r o u p s  o f  b a c t e r i a  p r e s e n t  a t  t h e  v a r io u s  s t a g e s  w a s  e s t a b 

l i s h e d .  D u r i n g  t h e  f i r s t  4  d a y s  o n e  o r g a n i s m  F la v o b a c t e r  s p p .  p r e d o m i n a t e d  a l m o s t  t o  

t h e  e x c lu s io n  o f  o t h e r  s p e c ie s .  T h i s  p e r i o d  c o r r e s p o n d s  t o  t h a t  o f  m a x i m u m  h e a t  

p r o d u c t i o n .  A t  t h e  e n d  o f  t h e  e x p e r i m e n t  t h e  f l o r a  c o n s i s t e d  m a i n l y  o f  P r o t e u s  s p p .  

w h i c h  h a d  o v e r g r o w n  t h e  F la v o b a c te r ,  t o g e t h e r  w i t h  s o m e  a e r o b i c  s p o r i n g  r o d s ,  B a c i l l u s  

s p p .  T h e  g r o w t h  o f  t h e  P r o t e u s  d u r i n g  t h e  l a s t  3 d a y s  w o u l d  a p p e a r  t o  b e  s i m u l t a n e o u s  

w i t h  t h e  d e c r e a s e  i n  t h e  v a l u e  o f  ( ¿ .

D iscussion

C o n s i d e r i n g  t h e  r e s u l t s  a s  a  w h o l e  i t  is  e v i d e n t  t h a t  s p o n t a n e o u s  h e a t i n g  i n  m e a t  is  

a lm o s t  w h o l l y  b a c t e r i a l  i n  o r i g in  a n d  t h a t  t h e  m a x i m u m  r a t e  o f  h e a t  p r o d u c t i o n  v a r ie s  

b e t w e e n  1-3 a n d  9 -5  x  1 0 -4 c a l / g / s e c  a c c o r d i n g  t o  t h e  o r i g in  o f  t h e  m e a t  a n d  t h e  

p h y s i c a l  c o n d i t i o n s  u n d e r  w h i c h  i t  is  k e p t .

T h e  p r i n c i p a l  f a c t o r s  w h i c h  a f f e c t  h e a t  p r o d u c t i o n  a r e  :

( a )  A m b i e n t  t e m p e r a tu r e

I n  g e n e r a l  (¿m ax in c r e a s e s  a n d  t h e  t i m e  t o  t h i s  m a x i m u m  d e c r e a s e s  a s  t h e  a m b i e n t  

t e m p e r a t u r e  r i s e s .

( b )  T i m e  f r o m  i n i t i a l  c o n d i t i o n s

T h e  v a l u e  o f  ( ¿ f o r  a l l  a m b i e n t  t e m p e r a t u r e s  a b o v e  a b o u t  1 0 ° C  in c r e a s e s  f a i r l y  r a p i d l y  

t o  i t s  m a x i m u m  v a l u e  a n d  t h e n ,  a f t e r  a  s l i g h t  f a l l ,  t h e r e  a p p e a r s  t o  b e  a  s h o r t  p e r i o d  

w h e n  i t  t e n d s  t o  r e m a i n  f a i r l y  c o n s t a n t  b e f o r e  t h e  g e n e r a l  f a l l  t o  p r a c t i c a l l y  z e r o  w i t h  

a d v a n c e d  p u t r e f a c t i o n .

(c )  D e g r e e  o f  c o n t a m i n a t i o n

I f  a l l  r e a s o n a b l e  p r e c a u t i o n s  a r e  t a k e n  to  a v o id  c o n t a m i n a t i o n ,  t h e  v a l u e  o f  (¿max 

m a y  b e  r e d u c e d  to  a b o u t  o n e - h a l f  o f  t h e  v a l u e  o b t a i n e d  w h e n  s u c h  p r e c a u t i o n s  a r e  

n o t  t a k e n .

(d )  O x y g e n  a v a i l a b i l i t y

A l t h o u g h  t h e  m e t h o d  d i d  n o t  p e r m i t  o b s e r v a t i o n  u n d e r  v a r y i n g  c o n d i t i o n s  o f  a e r a 

t i o n ,  g a s  s a m p l i n g  s h o w e d  t h a t  t h e  l i m i t a t i o n  o f  o x y g e n  s u p p l y  d e c r e a s e s  t h e  v a l u e  

o f  (¿m ax a n d  t h a t  t h e  C O a c o n t e n t  i n  t h e  c lo s e d  f la s k  r is e s  t o  a b o u t  2 0 %  i n  a  t im e  e q u a l  

t o  o r  g r e a t e r  t h a n  t h a t  i n  w h i c h  ( ¿ a t t a i n s  i t s  m a x i m u m  v a lu e .

(e ) A g e  o f  s a m p le

A l t h o u g h  i n  t h e  e a r l i e r  e x p e r i m e n t s  t h e r e  w a s  n o  m e a n s  o f  e s t im a t i n g  t h e  t i m e  a f t e r  

s l a u g h t e r ,  i n  a l l  c a s e s  r i g o r  a n d  p H  f a l l  w e r e  c e r t a i n l y  c o m p l e t e d  b y  t h e  t im e  t h e  

e x p e r i m e n t s  w e r e  s e t  u p .  I t ,  t h e r e f o r e ,  f o l lo w s  t h a t  a n y  h e a t  p r o d u c t i o n  a r i s i n g  f r o m  

t h e  b r e a k d o w n  o f  g ly c o g e n  to  l a c t i c  a c i d  a n d  o t h e r  b i o c h e m i c a l  r e a c t i o n s ,  c a l c u l a t e d
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t o  a m o u n t  t o  2 - 3  c a l / g  d u r i n g  t h e  f i r s t  f e w  h o u r s  a f t e r  d e a t h ,  h a d  c e a s e d  ( B e n d a l l ,  

p r i v a t e  c o m m u n i c a t i o n  1 9 6 9 ) .  A l t h o u g h  v a r i a t i o n s  i n  t h e  i n i t i a l  p H  m i g h t  a f f e c t  t h e  

r a t e  o f  p u t r e f a c t i o n ,  n o  s i g n i f i c a n t  v a r i a b i l i t y  i n  p a t t e r n  o f  h e a t  p r o d u c t i o n  w a s  o b 

s e r v e d  w i t h  m e a t  h a n d l e d  a s  d e s c r i b e d .

T h e r e  a p p e a r  t o  b e  f e w  d a t a  w i t h  w h i c h  t h e  p r e s e n t  r e s u l t s  m a y  b e  c o m p a r e d .  

R e f e r r i n g  t o  T a b l e  3 a n d  F ig .  3  t h e  h e a t  o u t p u t  p e r  c e l l ,  a t  2 5 ° C ,  o f  t h e  F la v o b a c t e r  

a p p e a r s  t o  b e  g r e a t e s t  a f t e r  2 4  h r  h a v i n g  a  v a l u e  5 0  x  1 0 ~ 14 c a l / c e l l / s e c  f a l l i n g  to  

2 x  1 0 -14 c a l / c e l l / s e c  a f t e r  4  d a y s .  T h e r e  is  t h e n  a  r a p i d  f a l l  a s  t h e  P r o t e u s  p o p u l a t i o n  

i n c r e a s e s ,  t o  0 -9  x  1 0 ~ 14 c a l / c e l l / s e c  a f t e r  7 d a y s .  T h e s e  r e s u l t s  m a y  b e  c o m p a r e d  

w i t h  t h o s e  o f  B a y n e - J o n e s  &  R h e e s  (1 9 2 9 )  f o r  E s c h e r i c h i a  c o l i  s u s p e n s io n s  a t  3 7 ° C  w h i c h  

give a  m a x i m a l  h e a t  o u t p u t  o f  2 0 0  x  1 0 " 14 c a l / c e l l / s e c  f o r  t h e  l o g  p h a s e  o f  g r o w t h  

f a l l i n g  t o  a b o u t  2 0  x  1 0 -14 c a l / s e c / c e l l  d u r i n g  t h e  s t a t i o n a r y  p h a s e .

C a r b o n  d i o x id e  d e t e r m i n a t i o n s  o f  W a l k e r  &  W in s lo w  (1 9 3 2 )  f o r  E .  c o l i  a t  3 7 ° C  

g iv e  v a lu e s  o f  a b o u t  T 4  x  1 0 -16  g / c e l l / s e c  f a l l i n g  to  0 - 0 4  x  1 0 ~ 16 g / c e l l / s e c .  U s in g  a  

v a l u e  o f  1 3 0  k -c a l /M  C O a f o r  t h e  h e a t  o f  c o m b u s t i o n  o f  C 0 2 th e s e  f ig u r e s  c o r r e s p o n d  to  

41  x  1 0 ~ 14 c a l / c e l l / s e c  f o r  t h e  l o g  p h a s e  a n d  T 2  x  1 0 ~ 14 f o r  t h e  s t a t i o n a r y  p h a s e  w h i c h  

g iv e  c lo s e  a g r e e m e n t  w i t h  t h e  p r e s e n t  r e s u l t s .

I t  is  r e c o r d e d  t h a t  h a d d o c k  m u s c le  k e p t  a t  0 ° C  w i t h o u t  b e i n g  a l l o w e d  t o  p u t r e f y  

p r o d u c e s  u p  to  3  c a l / g / 2 4  h r  ( K i d d ,  1 9 5 2 ;  R e a y ,  1 9 5 5 )  a s  a g a i n s t  12  c a l / g / 2 4  h r  f o r  

b e e f  m u s c le  a t  t h e  s a m e  t e m p e r a t u r e  i n  t h e  p r e s e n t  r e p o r t .  B r o o k s  &  S m i t h  (1 9 3 3 )  s t a t e  

t h a t  t h e  u p t a k e  o f  o x y g e n  i n  o x  m u s c le  a t  0 ° C  is  12  [ d / g / h r  f a l l i n g  t o  4  ¡ d / g /h r  a f t e r  1 

m o n t h .  W h i l e  n o  f i g u r e s  a r e  a v a i l a b l e  i n  t h i s  r e p o r t  f o r  o x y g e n  u p t a k e  a t  0 ° C  i t  is  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  o x y g e n  c o n t e n t  o f  t h e  s e a le d  f la s k  f e ll  b y  1 5 %  i n  2 4  h r  

c o r r e s p o n d i n g  t o  a b o u t  1 0 0  ¡ d / g /h r  a t  2 5 ° C .  T h e s e  r e s u l t s  w o u l d  a p p e a r  c o n s i s t e n t  

w i t h  t h e  f i g u r e s  o b t a i n e d  i n  t h e  d e t e r m i n a t i o n  o f  o x y g e n  c o n s u m p t i o n  b y  b e e f  m u s c le  

b y  T a y l o r  ( u n p u b l i s h e d  r e s u l t s  1 9 6 7 ) ,  b u t  l i t t l e  is  k n o w n  a b o u t  o x y g e n  c o n s u m p t i o n ,  

a n d  w h a t  is  b e i n g  o x i d i s e d  i n  p o s t - r i g o r  m e a t ,  s u c h  a s  w a s  u s e d  i n  t h e s e  e x p e r i m e n t s .

R o t h b a u m  &  S t o n e  (1 9 6 1 )  r e p o r t  t h a t  h e a t  o u t p u t  a n d  c a r b o n  d i o x id e  p r o d u c t i o n  

i n  w e t  s l ip e  w o o l  a f t e r  2 4  h r  a t  2 6 ° C  w e r e  a s  f o l lo w s :

C 0 2, 1 8 -5  x  1 0 -8 g / s e c / g ;  h e a t  o u t p u t ,  11 x  1CU4 c a l / g / s e c ;  h e a t  o u t p u t / c e l l ,  

1 4 0  x  1 0 " 14 c a l / c e l l / s e c .

T h e  c o r r e s p o n d i n g  f i g u r e s  f o r  b e e f  m u s c le  w o u l d  a p p e a r  t o  b e  a b o u t  o n e - t h i r d  o f  

t h e  a b o v e :  6  x  1 0 ~ 8 g / s e c / g ,  T 2  x  1 0 " 4 c a l / g / s e c  a n d  5 0  x  1 0 ~ 14 c a l / c e l l / s e c .

Possible effects o f spontaneous heating in m eat

P r e l i m i n a r y  c o n s i d e r a t i o n  h a s  b e e n  g i v e n  t o  t h e  c o n d i t i o n s  u n d e r  w h i c h  h e a t  g e n e r 

a t e d  b y  a  c o n t a m i n a t e d  c a r c a s s  i n  a  f r o z e n  c a r g o  c a n  a c c u m u l a t e  so  t h a t  t h e  t e m p e r a 

t u r e  r e m a i n s  s u f f i c ie n t ly  h i g h  l o n g  e n o u g h  f o r  l o c a l  p u t r e f a c t i o n  to  o c c u r .

F o r  t h e  p u r p o s e s  o f  t h i s  a r g u m e n t  i t  is  a s s u m e d  t h a t  t h e  c a r g o  is  c lo s e  p a c k e d  a n d  

t h a t  t h e r e  a r e  n o  i n t e r i o r  a i r  s p a c e s .
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T h e  t e m p e r a t u r e  0 a t  a n y  g i v e n  d i s t a n c e  f r o m  t h e  c o n t a m i n a t e d  c a r c a s s  m u s t  

d e p e n d  u p o n  t h e  v a l u e  o f  Q ,, t h e  s u r f a c e  a r e a  o f  t h e  c a r c a s s ,  i t s  s p e c i f i c  h e a t  a n d  

t h e r m a l  c o n d u c t i v i t y .

I f  a n  i d e a l  s p h e r i c a l  c a r c a s s  o f  r a d i u s  r 1 a n d  t e m p e r a t u r e  0X b e  i n t r o d u c e d  i n a d 

v e r t e n t l y  i n t o  a  b u l k  c a r g o  a t  a  t e m p e r a t u r e  02( 0, >  0 2) t h e n ,  u s i n g  t h e  c o n d u c t i v i t y  

e q u a t i o n  f o r  s p h e r i c a l  s y m m e t r y ,  t h e  t e m p e r a t u r e  a t  a n y  g i v e n  d i s t a n c e  r  f r o m  t h e  

c e n t r e  o f  t h e  c a r c a s s  a t  t i m e  t  is  g i v e n  b y  t h e  d i f f e r e n t i a l  e q u a t i o n :

w h e r e  p 

s

K

a e

T t

a 2 o 2 a e  ? s  a e

S r2 +  r  Dr K  7>t

d e n s i ty ,  

s p e c if ic  h e a t ,

t h e r m a l  c o n d u c t i v i t y ,  a n d

r a t e  o f  c h a n g e  o f  t e m p e r a t u r e  d u e  t o  t h e  h e a t  g e n e r a t e d  b y  p u t r e f a c t i o n  Q :

T h e  s o l u t io n  o f  t h i s  e q u a t i o n  is  a l m o s t  c e r t a i n l y  p o s s ib le  b y  a n a l o g u e  c o m p u t a t i o n  

b u t  i t  i s  d o u b t f u l  w h e t h e r  s u f f i c ie n t  d a t a  h a v e  b e e n  o b t a i n e d  t o  f ix  b o u n d a r y  c o n d i t i o n s .  

T h e  a d d i t i o n a l  c o m p l i c a t i o n s  o f  t h e  v a r i a t i o n  i n  s p e c if ic  h e a t  a n d  t h e r m a l  c o n d u c t i v i t y  

w o u l d  a ls o  h a v e  to  b e  i n c l u d e d  i n  a n y  c o m p u t e r  s o l u t io n .

I t  s e e m e d  w o r t h w h i l e ,  h o w e v e r ,  t o  c o n s i d e r  a  s t e a d y  s t a t e  e q u a t i o n  w h i c h  m i g h t ,  

a t  l e a s t ,  g iv e  s o m e  i d e a  a s  t o  h o w  t h e  t e m p e r a t u r e  o f  t h e  b u l k  w o u l d  b e  a f f e c t e d  a s 

s u m i n g  a  c o n s t a n t  v a l u e  o f  t h e  s p e c if i c  h e a t  ( s  =  0 -8 5  c a l / g )  a n d  o f  t h e r m a l  c o n d u c t 

i v i t y  ( K  =  T O  x 1 0 -3  c a l / c m 2 ° C / c m )  ( L e n t z ,  1 9 6 1 ) .  I t  is  r e a s o n a b l e  t o  a r g u e  t h a t  t h e  

t e m p e r a t u r e s  o b t a i n e d  b y  c o n s i d e r i n g  t h e  e f fe c ts  o f  c h a n g e s  i n  Q, b y  a  s e r ie s  o f  s t e a d y  

s t a t e  ‘s t e p s ’ s h o u l d  n o t  b e  g r e a t l y  d i f f e r e n t  f r o m  t h o s e  g i v e n  b y  t h e  c o n t i n u o u s  c h a n g e  

i n  C t a s  f o u n d  e x p e r i m e n t a l l y ,  e s p e c i a l l y  a s  t e m p e r a t u r e  c h a n g e s  a r e  s m a l l  a n d  t im e s  

c o m p a r a t i v e l y  l a r g e .
I n  a n y  c a s e  i t  is  p r o b a b l e  t h a t  t h e  t e m p e r a t u r e s  g i v e n  b y  s t e a d y  s t a t e  c o n d i t i o n s  

w i l l  b e  i n  e x c e s s  o f  t h o s e  w h i c h  a c t u a l l y  o c c u r .  I n  F ig .  4 ,  l e t  t h e  c o n t a m i n a t e d  c a r c a s s  

r a d i u s  r x , t e m p e r a t u r e  9X b e  g e n e r a t i n g  h e a t  a t  a  r a t e  ( ¿ c a l / g / s e c  w h i c h  is  t r a n s m i t t e d  

b y  t h e r m a l  c o n d u c t i v i t y  t o  t h e  b u l k  a t  a  t e m p e r a t u r e  60.

T h e n ,  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s ,  t h e  h e a t  H ,  t r a n s m i t t e d  a c r o s s  a  s p h e r i c a l  s h e l l  

o f  r a d i u s  r  a n d  t h ic k n e s s  d r  is  g i v e n  b y ;

H  =
d e

— 4 jn 2K  —  c a l / s e c ,  
d r (1)

w h e r e  K  =  t h e r m a l  c o n d u c t i v i t y .
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00

F ig . 4.

W r i t i n g  t h i s  a s  d r j r 2 =  — (4  n l C / H )  d  0 a n d  i n t e g r a t i n g  b e t w e e n  t h e  l im i t s  r x a n d  

r 2, 0X a n d  e 2 :

^2 

0 i’

r r 2 - 4 *  K
9

r r i H

o r H  =
4 k K ( Q 2 -  0 l j r 1r 2

r  2 -  h
(2)

B u t  t h i s  m u s t  b e  e q u a l  t o  t h e  h e a t  o f  p u t r e f a c t i o n  d e v e l o p e d  b y  t h e  c a r c a s s :

=  P

w h e r e  p =  d e n s i ty

A n d  i f  £), b e  a s s u m e d  c o n s t a n t ,  f r o m  e q u a t i o n s  (2 )  a n d  (3 ) 

w e  h a v e :

Qj 2 p ( / 2 -  h )

(3)

01 — 02 —
3 K n

(4)

g i v in g  t h e  t e m p e r a t u r e  92 a t  a  d i s t a n c e  o f  ( r 2 — r x) f r o m  t h e  s u r f a c e  o f  t h e  c a r c a s s  u n d e r  

s t e a d y  s t a t e  c o n d i t i o n s .

T h e  t e m p e r a t u r e  u s u a l l y  a s s o c i a t e d  w i t h  t h e  t h a w i n g  p o i n t  o f  f r o z e n  m e a t  i s  — 1 °G . 

I t  m a y  b e  a s s u m e d ,  t h e r e f o r e ,  t h a t  a l l  t h e  h e a t  a r r i v i n g  a t  t h e  s u r f a c e  w h o s e  t e m p e r a 

t u r e  is  — 1 ° C  w i l l  b e  u s e d  i n  t h a w i n g  ( R i e d e l ,  1 9 5 7 ) .

A s s u m in g  t h a t  t h e  c a r c a s s ,  o f  r a d i u s  2 0  c m ,  is  i n i t i a l l y  a t  2 0 ° C  a n d  t h a t  t h e  m a x i 

m u m  v a l u e  o f  Q , a t  t h i s  t e m p e r a t u r e  is  2 -8  c a l / g / h r  t h e n  t h e  d i s t a n c e  o f  t h e  — 1 °G
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s u r f a c e  is g i v e n  b y :

21  =
2 -8  x  2 0 2 x  1 

3 6 0 0  x  3  x  1 0 - 3 i -  %

g i v in g :

— =  0 '8  a n d  r 2 =  2 5  c m ,

i .e .  t h a w i n g  w o u l d  e x t e n d  t o  5  c m  f r o m  t h e  s u r f a c e  o f  t h e  c a r c a s s .  S o m e  i d e a  m a y  n o w  

b e  o b t a i n e d  a s  t o  t h e  r a t e  a t  w h i c h  t h a w i n g  t a k e s  p l a c e .

I f  t h e  c a r c a s s  c o n t i n u e d  to  e m i t  h e a t  a t  ( ¿ c a l / g / s e c  t h e n  t h e  h e a t  a r r i v i n g  a t  t h e  

4
r 2 s u r f a c e / s e c  =  -w®pi), a n d  i f i a l l  t h i s  h e a t  is  u s e d  i n  t h a w i n g  a t h i n  l a y e r  o f  th ic k n e s s

3

d t h e n  l a t e n t  h e a t  a b s o r b e d  =  4  nr2d?L w h e r e  L =  e f f e c t iv e  l a t e n t  h e a t  ~  5 0  c a l / g

4
H e n c e :  4nr\d?L  = - n r J p Q ,

3

o r  d  —
r \ d

K L '

a n d  s u b s t i t u t i n g  g iv e s  =  6 -7  x  1 0 ~ 5 c m /s e c  =  0 - 2 4  c m / h r .  o r  p e r h a p s  1 c m  in  

a p p r o x i m a t e l y  4  h r  i f  ( ¿ w e r e  m a i n t a i n e d  a t  2 -8  c a l / g / h r .

I n  p r a c t i c e  t h i s  w i l l  b e  c o n s i d e r a b l y  le s s  a s  t h e  m a x i m u m  r a t e  o f  h e a t  d e v e l o p m e n t  

is  o n l y  m a i n t a i n e d  f o r  a  s h o r t  t im e .

T h e  e x p e r i m e n t a l  g r a p h s  o f  F ig .  2  s h o w  t h a t  t h e  v a l u e  o f  d  f i se s  t o  a  m a x i m u m  

o f  2 -8  c a l / g / h r  a f t e r  3 0  h r .  I t  t h e n  d e c r e a s e s  p r o g r e s s iv e ly  w i t h  t im e  f a l l i n g  t o  a b o u t  

0 '4  c a l / g / h r  a f t e r  2 1 0  h r .  T h i s  s t e a d y  d e c r e a s e  i n  t h e  v a l u e  o f  ( ¿ m u s t  a f f e c t  t h e  d i s t a n c e  

a t  w h i c h  t h a w i n g  t a k e s  p l a c e  ( r 2 -  r x ) ,  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  c a r c a s s  ( 01) 

a n d  t h e  r a t e  o f  t h a w i n g .

T h e  o n l y  s im p le  e q u a t i o n  b e tw e e n  d  a n d  t h e  t e m p e r a t u r e s  a n d  d i s t a n c e s  i n v o lv e d  

is  t h e  s t e a d y  r a t e  e q u a t i o n  (4 )  a l r e a d y  q u o t e d .

T h i s  e q u a t i o n  in v o lv e s  t h r e e  v a r i a b l e s :  

d  =  a  f u n c t i o n  o f  t im e ,

8X =  s u r f a c e  t e m p e r a t u r e  o f  t h e  c o n t a m i n a t e d  c a r c a s s ,  a n d  

r 2 =  r a d i u s  o f  — 1 ° C  s u r f a c e .

R e w r i t i n g  e q u a t i o n  (4 )

3 K  
d = Z T

ri P

-  0.
(5 )

t h e  f i r s t  t e r m  o n  r i g h t - h a n d  s id e  ? > K jr J  p m a y  b e  c o n s i d e r e d  c o n s t a n t  a s  n e i t h e r  K  n o r  

P w i l l  v a r y  g r e a t l y .
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H e n c e  a s  Q , d e c r e a s e s  w i t h  t im e  t h e  v a l u e  o f  t h e  p r o d u c t :

9 i ~  9.

r ,  -  u
r 2,

m u s t  a ls o  d e c r e a s e .  I t  s e e m s  r e a s o n a b l e  t o  s u p p o s e  t h a t  a f t e r  a  c o n s i d e r a b l e  t i m e  t h e  

v a lu e  o f  d  w i l l  b e  t o o  s m a l l  t o  g iv e  r i s e  t o  a n y  t h a w i n g  a t  a l l ,  i n  w h i c h  c a s e  ( r 2 — r ,  ) 

a n d  ( 9X — 02) w i l l  t e n d  t o w a r d s  z e r o  a n d  r 2 w i l l  b e  e q u a l  t o  r x (2 0  c m ) .

S in c e  i n  t h e  s t e a d y  s t a t e  t h e  h e a t  c o n d u c t e d  p e r  u n i t  t i m e  is  d i r e c t l y  a s  t h e  t e m p e r a 

t u r e  g r a d i e n t  ( 0 !  — 0 2) / ( r 2 — jq ) ,  a n  a p p r o x i m a t e  i d e a  o f  t h e  w a y  i n  w h i c h  t h e  s u r f a c e  

t e m p e r a t u r e  o f  t h e  c o n t a m i n a t e d  c a r c a s s  w i l l  f a l l  m a y  b e  o b t a i n e d  b y  a s s o c i a t i n g  m e a n  

v a lu e s  o f  ( ¿ o v e r  s t e p s  o f  2 0  h r  w i t h  a  l i n e a r  d e c r e a s e  i n  t h e  t h a w i n g  l i m i t  a s  g i v e n  b y  

r 2. T a b l e  4  s h o w s  h o w  t h e  s u r f a c e  t e m p e r a t u r e  m a y  b e  e x p e c t e d  t o  f a l l  m a k i n g  t h e  

a b o v e  a s s u m p t io n s .  F ig .  5  s h o w s  t h e  r e l a t i o n  b e t w e e n  r 2 t h e  t h a w i n g  l i m i t  a n d  8X 

t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  c a r c a s s ,  a l l  w i t h  r e s p e c t  t o  t im e .

T able  4. Temperature o f surface of contaminated carcass (0) 
for values o f Q_ every 20 hr

Tim e from 
start (hr)

Q. (cal/g/hr) 
from Fig. 2

/0 !  -  e * y 2
\  r 2 ~  r l  /

?2
(cm)

0i 02
(°G)

9i
(°C)

30 2-8 104 25 21 20
50 2-4 89 24-5 16-3 15-3
70 2-0 74 24 12-4 11-4
90 1-8 63 23-5 9-4 8-4

110 1-5 56 23 7-35 6-35
130 1-2 45 22-5 5-0 4-0
150 1-0 37 22 3-35 2-35
170 0-8 30 21-5 2-1 1-1
190 0-6 22 21 1-05 0-05
210 0-4 15 20-5 0-37 - 0 - 6

Using equation (5) the value of the constant term: 3 K /r l?  =  37.

W h i l e  n o  g r e a t  a c c u r a c y  is  c l a i m e d  f o r  t h e  f i g u r e s  i n  T a b l e  4 ,  t h e y  d o  s u g g e s t  t h a t ,  

e v e n  i n  t h e  r e l a t i v e l y  e x a g g e r a t e d  c a s e  c o n s i d e r e d ,  s p o n t a n e o u s  h e a t i n g  d u e  t o  a n  

i s o l a t e d  c o n t a m i n a t e d  c a r c a s s  is  u n l i k e l y  t o  a f f e c t  t h e  b u l k  a s  a  w h o l e  a n d  t h a t  a n y  

t h a w i n g  d u e  t o  t h i s  h e a t i n g  w i l l  b e  c o n f in e d  t o  a  s m a l l  v o l u m e  i n  t h e  i m m e d i a t e  

v i c i n i t y  o f  t h e  c a r c a s s .
F u r t h e r ,  i t  w o u l d  s e e m  t h a t ,  a f t e r  a  p e r i o d  o f  2  w e e k s  t h e  c o n t a m i n a t e d  c a r c a s s  

i t s e l f  m u s t  b e g i n  t o  f r e e z e  a s  t h e  t r a n s f e r  o f  h e a t  g r a d u a l l y  b r i n g s  i t  t o  t h e  t e m p e r a t u r e  

o f  i t s  s u r r o u n d i n g s .
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Fig. 5. Graph showing relation between £), the heat of putrefaction for an ideal carcass 
at 20°C, the limiting thawing radius and the surface temperature of carcass, the tempera
ture o f the bulk being — 8°C. • ,  Q_ (cal/g/hr) ; Qj, surface temperature; x ,  limiting 
thawing distance.

Conclusions
(1 )  T h e  s p o n t a n e o u s  h e a t  p r o d u c t i o n  o f  m e a t ,  a l t h o u g h  m e a s u r a b l e ,  is  n e g l i g i b l e  f o r  

p r a c t i c a l  p u r p o s e s .

(2 )  H e a t  p r o d u c t i o n  i n  m e a t  a t  2 5 - 3 0 ° C  is  s ix  t im e s  a s  g r e a t  a s  a t  0 ° C ,  t h e  c o r r e s 

p o n d i n g  t e m p e r a t u r e  r i s e  i n  s m a l l  s a m p le s  r e a c h i n g  a b o u t  5 °  a n d  1 ° C , r e s p e c t iv e l y .

(3 )  S i g n i f i c a n t  h e a t  p r o d u c t i o n  o n l y  o c c u r s  w h e n  t h e  m e a t  h a s  r e a c h e d  a n  a d v a n c e d  

s t a t e  o f  p u t r e f a c t i o n  ( 1 0 9 b a c t e r i a / g )  a n d  is  l a r g e l y  a c c o u n t e d  f o r  b y  b a c t e r i a l  r e s p i r a 

t i o n .  T h e  v a lu e s  o b t a i n e d  a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  p r e v io u s  d e t e r m i n a t i o n s  o f  

b a c t e r i a l  r e s p i r a t i o n  a n d  h e a t  p r o d u c t i o n .

(4 )  T h e  c h a r a c t e r i s t i c  s h a p e  o f  t h e  h e a t  p r o d u c t i o n  c u r v e  c a n  b e  a s s o c i a t e d  w i t h  

c h a n g e s  i n  b a c t e r i a l  f l o r a  a s  p u t r e f a c t i o n  p r o c e e d s .  H o w e v e r ,  h e a t  p r o d u c t i o n  c a n  b e  

a lm o s t  e n t i r e l y  s u p p r e s s e d  o v e r  a  p e r i o d  o f  6  w e e k s  b y  t r e a t m e n t  w i t h  c h l o r t e t r a -  

c y c l in e .  I t  is  a ls o  r e d u c e d  i f  t h e  s u p p l y  o f  o x y g e n  is  r e s t r i c t e d .

(5 )  I t  is  d i f f i c u l t  t o  e n v is a g e  c i r c u m s t a n c e s  i n  w h i c h ,  e v e n  i n  a n  a d v a n c e d  s t a t e  o f  

p u t r e f a c t i o n ,  s u c h  h e a t  f r o m  a  l i m i t e d  n u m b e r  o f  c a r c a s e s  c o u ld  a f f e c t  t h e  b u l k  o f  a  

c a r g o  to  a n y  s i g n i f i c a n t  e x t e n t ,  p r o v i d e d  t h a t  n o r m a l  r e f r i g e r a t i o n  c o n d i t i o n s  a r e  

m a i n t a i n e d .

(6 )  M e a t  w h i c h  h a s  b e e n  c o r r e c t l y  f r o z e n  w i l l  n o t ,  o f  i t s e l f ,  e v o lv e  h e a t  a n d  g iv e  

r i s e  t o  p u t r e f a c t i o n .  A n y  s u c h  s p o i l a g e  w h i c h  is  o b s e r v e d  w h e n  a  c a r g o  is  u n l o a d e d



m u s t  h a v e  b e e n  d u e  t o  t h e  p r e s e n c e  o f  a  c a r c a s s  c o n t a m i n a t e d  i n i t i a l l y  o r  t o  s o m e  

f a u l t  i n  t h e  r e f r i g e r a t i o n .
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A rheological in vestigation  o f  th e  role o f  w ater in  
w h eat flo u r  doughs

T .  W E B B ,  P .  W .  H E A P S ,  P .  W .  R U S S E L L  E G G I T T  

and J .  B . M .  C O P P O C K

Sum mary
D o u g h s  o f  w h e a t  f l o u r ,  s a l t  a n d  w a t e r  h a v e  b e e n  m ix e d  t o  v a r i o u s  l e v e ls  

o f  w o r k  i n p u t  a n d  w a t e r  c o n t e n t .  R h e o l o g i c a l  t e s t s  h a v e  s h o w n  t h a t  a b o v e  

a  p a r t i c u l a r  w a t e r  c o n t e n t  t h e  d o u g h  s y s te m  is  u n a f f e c t e d  b y  f u r t h e r  

a d d i t i o n  o f  w a t e r .  I t  is  p r o p o s e d  t h a t  t h e  w a t e r  i n  d o u g h  is  h e l d  w i t h  v a r i o u s  

d e g r e e s  o f  s t r e n g t h  a n d  t h a t  t h e  d i s t r i b u t i o n  o f  w a t e r  is  d e p e n d e n t  u p o n  

t h e  m e c h a n i c a l  w o r k  i n p u t .

Introduction
F o r  c e n t u r i e s  b a k e r s  h a v e  a p p r e c i a t e d  t h a t  t h e  l e v e l  o f  w a t e r  r e q u i r e d  t o  p r o d u c e  a  

d o u g h  w i t h  a  c o n s i s t e n c y  s u i t a b l e  f o r  b r e a d  m a k i n g  v a r i e d  f r o m  f l o u r  t o  f l o u r .  H o w e v e r ,  

i t  is  u n l i k e l y  t h a t  t h e  e a r l y  b a k e r s  p r e c i s e ly  r e c o g n i z e d  t h e  c o n n e c t i o n  w h i c h  e x is ts  

b e t w e e n  t h i s  l e v e l  o f  w a t e r  a n d  t h e  b a k i n g  q u a l i t y  o f  t h e  f l o u r .  I n  1 8 2 1 , A c c u m  r e c o g 

n i z e d  t h a t  a  f l o u r  w a s  m a d e  i n t o  a  d o u g h  ‘w i t h  t h e  r e q u i s i t e  q u a n t i t y  o f  w a t e r  w h i c h  

v a r ie s  a c c o r d i n g  t o  t h e  q u a l i t y  o f  t h e  f l o u r ’ ( A c c u m ,  1 8 2 1 ) .  T h e  f i r s t  s i m p le  m e c h a n i c a l  

a p p a r a t u s  f o r  t e s t i n g  w a s h e d - o u t  g l u t e n  o r  k n e a d e d  d o u g h  t o  i n d i c a t e  t h e  b a k i n g  

s t r e n g t h  o f  a  f l o u r  w a s  n o t  d e s c r i b e d  u n t i l  1 8 8 6  ( J a g o ,  1 8 8 6 ) .  B r a b e n d e r  ( 1 9 6 5 )  h a s  

g i v e n  a  l u c i d  r e v i e w  o f  t h e  e v o l u t i o n  o f  s u c h  t y p e s  o f  a p p a r a t u s  t o  t h e  p r e s e n t  t i m e .

T h e  d o u g h  t e s t i n g  i n s t r u m e n t s  i n  c o m m o n  u s e  t o d a y  r e q u i r e  e i t h e r  d o u g h s  o f  

c o n s t a n t  c o n s i s t e n c y  o r  d o u g h s  w h o s e  t o t a l  w a t e r  c o n t e n t  is  c o n s t a n t .  T h i s  is  a c c e p t a b l e  

f o r  t h e  r o u t i n e  d e t e r m i n a t i o n  o f  f l o u r  q u a l i t y  i n  w h i c h  c o m p a r a t i v e  r e s u l t s  a r e  s u f f i c ie n t  

f o r  t h e  g u i d a n c e  o f  t h e  b a k e r .  H o w e v e r ,  i n  u s i n g  t h e s e  i n s t r u m e n t s  f o r  r e s e a r c h  p u r 

p o s e s  a n  u n d e r s t a n d i n g  o f  t h e  f u n d a m e n t a l  r o l e  o f  w a t e r  i n  d o u g h  w o u l d  f a c i l i t a t e  a  

d e c i s io n  b e t w e e n  u s i n g  c o n s t a n t  w a t e r  c o n t e n t  o r  c o n s t a n t  c o n s i s t e n c y  a s  t h e  b a s i s  f o r  

e x p e r i m e n t a l  p r o c e d u r e .

S in c e  w a t e r  c o n s t i t u t e s  a b o u t  4 2 %  o f  t h e  t o t a l  w e i g h t  o f  a  c o m m e r c i a l  d o u g h  i t  is  

u n l ik e l y  t h a t  i t  is  p r e s e n t  s i m p ly  a s  a  d i l u e n t .  A  c o n s i d e r a b l e  a m o u n t  o f  e v id e n c e  h a s  

a p p e a r e d  i n  t h e  l i t e r a t u r e  t o  s u p p o r t  t h i s  v ie w .  F o r  e x a m p l e ,  O l c o t t  &  M e c h a m  (1 9 4 7 )  

s h o w e d  t h a t  t h e  w e t t i n g  o f  f l o u r  c a u s e s  b i n d i n g  o f  a  p r o p o r t i o n  o f  t h e  f l o u r  l i p i d ,  

s u b s e q u e n t  k n e a d i n g  i n t o  a  d o u g h  c a u s i n g  a d d i t i o n a l  l i p i d  t o  b e  b o u n d .  B lo k s m a  &  

H l y n k a  (1 9 6 4 )  h a v e  p o i n t e d  o u t  t h a t  w a t e r  is  u n i q u e  i n  t h a t  i t  f o r m s  a  d o u g h  w i t h  

w h e a t  f l o u r  a n d  h a v e  s u g g e s t e d  t h a t  a  p o s s ib l e  s t r u c t u r a l  r o l e  o f  w a t e r  i n  d o u g h  m i g h t
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b e  i t s  i n v o l v e m e n t  i n  t h e  c r o s s - l in k a g e s  b e t w e e n  p r o t e i n  m o le c u le s .  S u c h  a  s y s te m  

i m p l i e s  t h e  p a r t i c i p a t i o n  o f  h y d r o g e n  b o n d s  i n  t h e  g l u t e n  s t r u c t u r e .  T h e  m o r e  r e c e n t  

s t u d i e s  o f  T k a c h u k  &  H l y n k a  (1 9 6 8 )  i n v o lv i n g  h e a v y  w a t e r  h a v e  s h o w n  t h a t  h y d r o g e n  

b o n d s  a r e  i n v o lv e d  i n  t h e  s t r e n g t h  a n d ,  t h e r e f o r e ,  t h e  s t r u c t u r e  o f  d o u g h .  B o t h  H l y n k a

(1 9 5 9 )  a n d  L a r s e n  (1 9 6 4 )  h a v e  i n t r o d u c e d  t h e  c o n c e p t  o f  f r e e  a n d  b o u n d  w a t e r  i n  

c o n s i d e r i n g  t h e  r e l a t i o n s h i p s  b e t w e e n  w a t e r  a n d  t h e  i n d i v i d u a l  c o m p o n e n t s  o f  f l o u r :  

b o u n d  w a t e r  b e i n g  c o n c e r n e d  w i t h  t h e  s t r u c t u r e  o f  d o u g h  b y  h y d r a t i o n  o f  t h e  p r o t e i n  

a n d  a b s o r p t i o n  b y  t h e  s t a r c h ; f r e e  w a t e r  b e i n g  r e s p o n s i b l e  f o r  t h e  m o b i l i t y  o f  t h e  s y s te m .

R e c e n t l y ,  Z e n t n e r  (1 9 6 8 )  h a s  a t t e m p t e d  t o  a c c o u n t  f o r  t h e  e f f e c t  o f  a s c o r b i c  a c i d  

u p o n  t h e  c o n s i s t e n c y  o f  d o u g h  i n  t e r m s  o f  t h e  d i s p l a c e m e n t  o f  b o u n d  w a t e r .  T r a c e y  

( 1 9 6 6 ) ,  i n  c o n s i d e r i n g  t h e  b a s i s  o f  i m p r o v e r  a c t i o n  i n  f l o u r  d o u g h s ,  h a s  s u g g e s t e d  t h a t  

t h e  e f f e c t  o f  a d d i t i v e s  o n  t h e  p h y s i c a l  p r o p e r t i e s  o f  d o u g h  m i g h t  b e  d u e  t o  t h e i r  e f f e c t  

u p o n  t h e  l i q u i d  p h a s e  ( i n c l u d i n g  s o l u b l e  c o m p o n e n t s )  a n d  n o t  u p o n  t h e  i n s o l u b le  

d o u g h  p r o t e i n s  a s  s u c h .

S in c e  w a t e r  a p p e a r s  t o  b e  a n  i m p o r t a n t  s t r u c t u r a l  f a c t o r  i n  t h e  f o r m a t i o n  o f  d o u g h  

i t  is  t o  b e  e x p e c t e d  t h a t  t h e  s t r u c t u r a l  c h a n g e s  a s s o c i a t e d  w i t h  d o u g h  d e v e l o p m e n t  

m i g h t  i n v o lv e  c h a n g e s  i n  w a t e r  r e l a t i o n s h i p s  a ls o .  H o w e v e r ,  B u s h u k  &  H l y n k a  ( 1 9 6 4 ) ,  

i n  a  s t u d y  o f  w a t e r  a s  a  c o n s t i t u e n t  o f  d o u g h ,  h a v e  c o n c l u d e d  t h a t  ‘t h e r e  is  n o  e v id e n c e  

to  s u g g e s t  t h a t  t h e  f l o u r  c o m p o n e n t s  c h a n g e  i n  t h e i r  h y d r a t i o n  p r o p e r t i e s ’ d u r i n g  

d o u g h  d e v e l o p m e n t .  M o r e  r e c e n t l y  i n  a  s i m i l a r  s t u d y  B u s h u k  (1 9 6 6 )  h a s  s t a t e d  t h a t  

f u r t h e r  w o r k  is  r e q u i r e d  t o  r e l a t e  c h a n g e s  w h i c h  o c c u r  i n  w a t e r  b i n d i n g  c a p a c i t y ,  a s  

i n d i c a t e d  b y  f a r i n o g r a p h  c o n s i s t e n c y ,  w i t h  s t r u c t u r a l  c h a n g e s  i n  t h e  g l u t e n  d u r i n g  

d o u g h  d e v e l o p m e n t .

S e v e r a l  d i f f e r e n t  m e t h o d s  f o r  t h e  d e t e r m i n a t i o n  o f  f r e e  a n d  b o u n d  w a t e r  i n  d o u g h s  

a r e  t o  b e  f o u n d  i n  t h e  l i t e r a t u r e :  t h e s e  i n c l u d e  m e t h o d s  b a s e d  o n  c r y o s c o p ic  ( V a i l  &  

B a i le y ,  1 9 4 0 )  a n d  r e f r a c t o m e t r i c  ( K u h l m a n n  &  G o lo s s o w a ,  1 9 3 6 )  m e t h o d s ,  m e a s u r e 

m e n t s  o f  t h e  a l k a l i n e  w a t e r  r e t e n t i o n  c a p a c i t y  ( Y a m a z a k i ,  1 9 5 3 )  a n d  d o u g h  m o b i l i t y  

( H l y n k a ,  1 9 5 9 ) .

T h e  a p p r o a c h  m a d e  i n  t h e  p r e s e n t  s t u d y  w a s  to  d e f in e  d o u g h  a r b i t r a r i l y ,  t h o u g h  

r e a l i s t i c a l l y ,  a s  a n y  m i x t u r e  o f  f l o u r ,  s a l t  a n d  w a t e r  h a v i n g  a  f i n i t e  e x t e n s i b i l i t y .  I t  w a s  

t h e n  p o s s ib le  t o  d e t e r m i n e ,  b y  e x t r a p o l a t i o n ,  t h e  l e v e l  o f  w a t e r  j u s t  r e q u i r e d  to  p e r m i t  

t h e  f o r m a t i o n  o f  a  d o u g h  o f  z e r o  e x t e n s i b i l i t y .  T h i s  l e v e l  o f  w a t e r  is  t e r m e d  t h e  h y d r a 

t i o n  c a p a c i t y  o f  t h e  f l o u r .  W a t e r  i n  e x c e s s  o f  t h e  h y d r a t i o n  c a p a c i t y ,  r e f e r r e d  to  a s  f r e e  

w a t e r ,  is  t h e n  c lo s e ly  r e l a t e d  t o  t h e  s u b s e q u e n t  e x t e n s i b i l i t y  o f  t h e  d o u g h .

M aterials and m ethods

A  s t r o n g  b r e a d  f l o u r  w a s  u s e d  w h i c h  h a d  b e e n  m i l l e d  f r o m  8 0 %  M a n i t o b a n  a n d  2 0 %  

H a r d  w i n t e r s  w h e a t s  w i t h o u t  b l e a c h i n g ,  t r e a t m e n t  o r  t h e  a d d i t i o n  o f  s o l id  i m p r o v i n g  

a g e n t s .  I t s  p r o t e i n  c o n t e n t  w a s  1 2 * 8 % , m o i s t u r e  1 3 - 7 %  a n d  s t a r c h  d a m a g e  ( b y  t h e  

S t e w a r t  m e t h o d )  5 - 4 % .
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D o u g h s  c o n t a i n i n g  2 %  s a l t  a n d  a  r a n g e  o f  a d d e d  w a t e r  f r o m  4 8  t o  6 6 % ,  b a s e d  o n  

t h e  w e i g h t  o f  f l o u r ,  w e r e  m i x e d  a t  3 0 °  +  1 ° C  i n  a  s t a in l e s s  s t e e l - c l a d  f a r i n o g r a p h  b o w l  

a t t a c h e d  t o  a  m o d i f i e d  B r a b e n d e r  d o - c o r d e r .  A  d o u g h  c o n s i s t e n c y  w h i c h  p e r m i t t e d :  

( a )  e a s e  a n d  r e p r o d u c i b i l i t y  o f  h a n d l i n g ,  a n d  (b )  t h e  d e s i r e d  r a t e  o f  w o r k  i n p u t  t o  b e  

m a i n t a i n e d  w a s  t h e  f a c t o r  g o v e r n i n g  t h e  l e v e l  o f  w o r k  i n t r o d u c e d  d u r i n g  m ix i n g .

D o u g h s  w e r e  m ix e d  o n  a  c o n s t a n t  d o u g h  w e i g h t  b a s i s  ( 4 7 0  g )  a t  a  c o n s t a n t  r a t e  o f  

w o r k  i n p u t  o f  e i t h e r  0 -2  o r  0 -4  H P  m i n / l b / m i n  (0 -3 3  o r  0 -6 7  k W /k g )  a n d  t h e  l e v e ls  o f  

w o r k  i n t r o d u c e d  w e r e  v a r i e d  u p  to  3 -6  H P  m i n / l b  ( 1 0 0  W - h r / k g ) .  A f t e r  m ix i n g ,  t h e  

d o u g h s  w e r e  d i v i d e d  i n t o  t h r e e  1 5 0 - g  p ie c e s ,  m o u l d e d  a n d  a l l o w e d  to  r e s t  f o r  4 5  m i n  i n  

t h e  h u m i d i f i e d  c a b i n e t s  o f  t h e  B r a b e n d e r  e x t e n s o g r a p h  a t  3 0 ° C .  E a c h  t e s t - p i e c e  w a s  

t h e n  s t r e t c h e d  t o  a  p r e d e t e r m i n e d  e x t e n s i o n  o n  t h e  e x t e n s o g r a p h  a n d  t h e  w e i g h t  o f  

d o u g h  p a r t i c i p a t i n g  i n  t h e  t e s t  d e t e r m i n e d  a s  d e s c r i b e d  p r e v io u s ly  ( H e a p s ,  R u s s e l l  

E g g i t t  &  C o p p o c k ,  1 9 6 5 ) .  T h e  l o a d - e x t e n s i o n  c u r v e s  w e r e  i n t e g r a t e d  a f t e r  c o r r e c t i o n  

f o r  i n s t r u m e n t  c o n s t a n t s ,  t o  g iv e  a  n u m b e r  o f  t o t a l  s t r e s s  w o r k  v a lu e s  w h i c h  i n  t u r n  

w e r e  d i v i d e d  b y  t h e  w e i g h t  o f  d o u g h  s a m p l e  t a k i n g  p a r t  i n  t h e  t e s t .

B a k in g  t e s t s  w e r e  c a r r i e d  o u t  o n  s e l e c te d  d o u g h s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  r e l a t i v e  

s ig n i f i c a n c e  o f  t h e  e x t e n s i b i l i t i e s  a n d  s t r e s s  w o r k  v a lu e s  d e t e r m i n e d  a s  d e s c r i b e d  i n  t h e  

p r e c e d i n g  p a r a g r a p h .  A n  a d d i t i o n  o f  2 T 4 %  y e a s t  (6  l b / s k )  w a s  m a d e  t o  t h e  a b o v e  

d o u g h  f o r m u l a e  t o  g iv e  d o u g h s  s u i t a b l e  f o r  t h e  b a k i n g  t e s ts .

w R esults
& r-r

R keo lo g ica l tests

T h e  t o t a l  s t r e s s  w o r k  v a lu e s  ( W t o t ,10) c o n s i d e r e d  h e r e  a r e  t h o s e  o b t a i n i n g  a t  1 0  c m  

e x te n s i o n  a n d  t h e  v a lu e s  o f  m a x i m u m  e x t e n s i b i l i t y  [ E max) a r e  t a k e n  t o  b e  t h o s e  w h i c h  

c o r r e s p o n d  t o  t h e  m a x i m u m  f o r c e  o b s e r v e d  o n  t h e  e x t e n s o g r a p h .  T a b l e  1 s u m m a r i z e s  

t h e  r e s u l t s  o f  t h e  r h e o l o g i c a l  te s ts .

F ig s .  1 a n d  2  a r e  t y p i c a l  o f  t h e  d e p e n d e n c e  u p o n  m e c h a n i c a l  w o r k  i n p u t  o f  t o t a l  

s t r e s s  w o r k  a n d  m a x i m u m  e x te n s i b i l i t y ,  r e s p e c t iv e l y .

B a k in g  tests

E x p e r i m e n t a l  d e t a i l s  o f  t h e  b a k i n g  te s t s  a r e  c o n t a i n e d  i n  T a b l e  2  t o g e t h e r  w i t h  t h e  

l o a f  s p e c i f i c  v o l u m e s  o b t a i n e d .

T h e  lo a v e s  f e l l  i n t o  t h r e e  c a t e g o r i e s  a s  f o l lo w s  w h e n  j u d g e d  w i t h  r e s p e c t  t o  c r u m b  

s t r u c t u r e :

Category Dough Nos.

Good 1, 2, 4, 7 and 9
Fair 5, 10, 11 and 12
Poor 3, 6 and 8

F ig .  3 s h o w s  a  t y p i c a l  m e m b e r  o f  e a c h  c la s s .
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T able 1. The variation of total stress work and maximum extensibility with percentage 
added water and level o f mechanical work input at two constant rates o f work input

Added 
water (%)

48

52

56

58

62

Rate of work input (HP m in/lb/m in)
Level of 

work input 
(HP min/lb)

0-2 0-4

W'TOT.io X 10-* 
(erg/g)

•'-'max
(cm)

f^TOT.io X 10-3
(erg/g)

Ema.x
(cm)

0-1 145 17-9 141 19-3
0-6 150 16-5 177 15-2
M 168 14-6 179 11-3
1-6 180 10-6 185 9-8
2-1 178 10-4 195 8-9
2-6 190 9-9 214 8-0
3-1 192 9-1 200 7-9
3-6 184 8-3 199 7-7
0-1 88 22-8 93 24-4
0-6 101 19-7 106 19.2
1-1 118 18-2 116 15-1
1-6 131 13-1 133 11-4
2-1 140 11-0 141 10-0
2-6 146 8-6 150 9-0
3-1 142 9-5 146 8-4
3-6 139 8-5 145 8 0
0-1 58 28-5 59 27-0
0-6 71 21-5 75 20-6
M 80 19-0 89 17-6
1-6 92 16-0 97 15-7
2-1 98 12-3 104 11-6
2-6 98 11-3 105 10-2
3-1 97 10-3 104 10-3
3-6 86 9-7 103 8-8
0 1 54 28-7 50 31T
0-6 63 24-8 62 21-8
1-1 68 20-3 75 18-7
1-6 86 16-3 86 14-0
2-1 90 13-8 96 12-3
2-6 91 12-0 98 11-9
3-1 81 9-3 88 9-4
3-6 78 7-2 89 10-0
0-1 36 35-1 31 33-6
0-6 47 27-0 41 26-6
H 51 23-6 53 21-3
1-6 64 17-6 66 16-0
2-1 67 14-3 — ___ -
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Added 
water (%)

Level of 
work input 

(HP min/lb)

Rate of work input (HP min/lb/min)

0-2 0-4

IFto i.io x 10-3 
(erg/g)

-E'max
(cm)

IFtot.io x 10~3 
(erg/g)

-Emax
(cm)

66 0-1 23 40-1 — —
0-6 30 31T — —
1-1 41 22-5 — —
1-6 45 18-3 — —
2-1 48 16-1 — —

F ig . 1. The development of dough with mechanical work input (56% added water; rate 
of work input =  0-2 HP min/lb/min). The vertical lines represent the estimated deviations 
in the values of total stress work.



70 T . Webb et al.

F ig. 2. The dependence of maximum extensibility upon level o f work input (56% added 
water; rate of work input =  0-2 HP min/lb/min). The vertical lines represent the estimated 
deviations in the values of maximum extensibility.

T able 2. The physical properties of selected doughs together with the specific volumes of the corres
ponding loaves

Dough
No.

Added 
water (%)

Level of 
work input 
(HP min/ 

lb)

Rate of 
work input 
(HP m in/ 
lb/min)

W  TOT,10
x i o - 3*
(erg/g)

-Emax
(cm)

Specific
volume
(ml/g)

1 66-0 1-4 0-2 44 20-8 3-80 ±  0-00
2 58-3 1-0 0-2 70 20-8 3-69 ±  0-04
3 50-4 0-2 0-2 110 20-8 2-48 ±  0-03
4 61-5 1-0 0-4 55 22-0 3-66 ± 0 -1 3
5 56-8 0-6 0-4 70 22-0 3-20 ±  0-13
6 51-5 0 ’2 0-4 100 22-0 2-42 ±  0-04
7 64-0 1-0 0-2 45 24-0 3-72 ±  0-20
8 53-3 0-2 0-2 80 24-0 2'67 ±  0-03
9 62-0 0-6 0-4 42 26-8 3-56 ±  0-03

10 56-5 0-2 0-4 60 26-8 2-92 ±  0-08
11 57-0 0-2 0-2 55 28-0 2-85 ±  0-03
12 54-1 0-6 0-4 90 20-0 2-85 ±  0-10

* The values o f total stress work were obtained, where necessary, by interpolation between adjacent 
levels o f added water.
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F ig . 3. T he crumb structure o f a typical member of each category of loaf produced in  the 
baking test, (a) Dough No. 2, (b) dough No. 5, and (c) dough No. 8.

D iscussion

R h e o l o g ic a l  t e s ts

R e f e r e n c e  t o  T a b l e  1 s h o w s  t h a t  t h e  d e p e n d e n c e  o f  W t o t ,10 a n d  u p o n  t h e

l e v e l  o f  w o r k  i n p u t  is  q u a l i t a t i v e l y  u n a f f e c t e d  b y  c h a n g e s  i n  t h e  a m o u n t  o f  a d d e d  w a t e r ,  

o v e r  t h e  w i d e  r a n g e  o f  w a t e r  a d d i t i o n s  s t u d i e d .  T h i s  is  t r u e  a t  b o t h  r a t e s  o f  w o r k  i n p u t  

u s e d .  F o r  e x a m p l e ,  t h e  l e v e l  o f  w o r k  i n p u t  r e q u i r e d  t o  p r o d u c e  m a x i m u m  d o u g h  

d e v e l o p m e n t  ( X  i n  F ig .  1) d o e s  n o t  v a r y  w i t h  t h e  l e v e l  o f  a d d e d  w a t e r .  H o w e v e r ,  

F ig s .  4  a n d  6 *  s h o w  t h a t  t h e  a b s o l u t e  v a lu e s  o f  W  t o t , w  a n d  E max a t  a n y  g i v e n  l e v e l  

o f  w o r k  i n p u t  a r e  o b s e r v e d  t o  v a r y  w i t h  t h e  l e v e l  o f  a d d e d  w a t e r :  t h e  c h a n g e s  b e i n g  

c o n s i s t e n t  w i t h  t h e  c o n c e p t  o f  w a t e r  a c t i n g  a s  a  d i l u e n t  o r  l u b r i c a n t .  T h e  e x p o n e n t i a l  

d e p e n d e n c e  o f  W  t o t ,10 u p o n  t o t a l  w a t e r  c o n t e n t  o f  t h e  d o u g h  is  i l l u s t r a t e d  i n  F i g .  5 .

I n  F ig .  6 ( a ) ,  f o r  t h e  s a k e  o f  c l a r i t y ,  o n l y  t h e  p a i r  o f  i n t e r s e c t i n g  l in e s  r e p r e s e n t i n g  

w o r k  i n p u t  l e v e l s  o f  z e r o  a n d  0 -2  H P  m i n / l b  a r e  s t u d i e d .  T h i s  p a i r  is  t y p i c a l  o f  t h e  

c h a n g e s  t a k i n g  p l a c e  o v e r  a  w i d e r  r a n g e  o f  w o r k  le v e ls .  I n  t h e  u p p e r  r e g i o n  o f  t o t a l  

w a t e r  c o n t e n t ,  i t  is  c l e a r  t h a t  a s  d o u g h  w a t e r  c o n t e n t  d e c r e a s e s ,  t h e  v a lu e s  o f  E max 

a t  d i e  t w o  le v e ls  o f  w o r k  i n p u t  c o n v e r g e .  I t  is  t h o u g h t  t h a t  t h i s  e f f e c t  m i g h t  b e  e x p l a i n e d  

i n  t e r m s  o f  t w o  o p p o s i n g  c h a r a c t e r i s t i c s  o f  d o u g h  d e v e l o p m e n t  w h i c h  r e s u l t  f r o m  t h e  

i n t r o d u c t i o n  o f  m e c h a n i c a l  w o r k .  F i r s t ,  a s  s t a t e d  i n  a n  e a r l i e r  p a p e r  ( H e a p s  e t  a l . ,  1 9 6 7 ) ,  

d o u g h  d e v e l o p m e n t  i n v o lv e s  a  t i g h t e n i n g  o f  t h e  s t r u c t u r e  w i t h  a  c o n s e q u e n t  d e c r e a s e  

i n  e x t e n s i b i l i t y .  S e c o n d ly ,  a ls o  r e s u l t i n g  f r o m  t h e  t i g h t e n i n g  e f f e c t  t h e r e  o c c u r s  a  r e l e a s e  

o f  w a t e r  f r o m  t h e  d o u g h  s t r u c t u r e  ( i .e .  a  n e t  i n c r e a s e  i n  f r e e  w a t e r )  w h i c h  t e n d s  t o

* The total water content o f the dough used in the graphs is the sum o f the added water and the 
moisture content o f the flour.
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F ig . 4. The dependence o f W  t o t .io upon total water content for doughs of various levels of 
work input. 1, 0-0 H P min/lb; 2, 0-7 HP min/lb; and 3, 2-3 H P min/lb. Rate of work 
input =  0-2 H P min/lb/min. The vertical lines represent the estimated deviations in the 
values of W  t o t .io-

increase the extensibility. Above the point of intersection of the two lines it appears that 
the resultant of these two effects is a tightening of the dough structure, although with 
smaller total water contents the resulting effect becomes less.

At the point of intersection therefore it is thought that a balance of the opposing 
effects exists, i.e. that the decrease in E max brought about by the various types of cross- 
linking is exactly counteracted by the lubrication of the system by the water freed in 
the development process.

Below the point of intersection it appears that the effect of the release of water 
outweighs the tightening of the structure and to an increasing degree as the total water 
content is reduced. Thus, for a given total water content, doughs of higher levels of 
work input contain more free water which leads, in the present case, to the observed 
spread of intercepts on the abscissa.

At levels of work input above maximum dough development, where dough break
down probably occurs (Heaps et al., 1967), it is considered that due to the difficulty in 
reproducible dough handling, the extrapolated lines are not sufficiently reliable for 
inclusion here.

At the higher rate of work input (Fig. 6 b) the above arguments are applicable but to
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F ig . 5 . Showing the exponential dependence of W t o t .lo upon total water content for 
doughs o f various levels o f work input. 1, 0-0 H P min/lb; 2, 0-7 H P min/lb; and 3, 2-3 
H P min/lb. Rate of work input =  0-2 H P min/lb/min. The vertical lines represent the esti
mated deviations in  the values o f  log, ( I T t o t .io x  10~3).

a greater extent owing to :hc increased net tightening reported in detail earlier (Heaps 
& Webb, unpublished work 1968). This leads to an alteration in the position of the 
point of intersection of any pair of lines compared with the corresponding lines at the 
lower rate and thus in the spread of intercepts on the abscissa.

Thus the observed dependence of hydration capacity upon the level and rate of 
work input necessitates cualification of the definition given earlier, as follows: the 
absolute hydration capacity of a flour is that level of water at which the dough, having 
had no mechanical work introduced into it, just attains zero extensibility.

The difference between the intercepts of the zero work input lines on the abscissa 
of Fig. 6 (a) and (b) (36 and 34%, respectively) is considered to be no more than 
experimental error magnified by the relatively large extrapolations. Thus for the flour 
under consideration the absolute hydration capacity is about 35%. For a similar flour 
Davies (1968), has observed that this water content marked the conclusion of gradual 
changes in the binding of lipids with increasing total water content from an initial 
value of 2 0 %.
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1

F ig . 6 . Regression o f maximum extensibility on total water content for doughs o f various 
levels o f work input. 1, TO H P m in/lb; 2, 0-2 H P min/lb; 3, 0-7 H P min/lb; 4, 1-6 HP  
min/lb; and 5, 2-3 H P min/lb. (a) Rate of work input =  0-2 H P min/lb/min; and (b) rate 
o f work input =  0-4 H P min/lb/min. T he vertical lines represent the estimated deviations 
in the values of maximum extensibility.

That the spread of intercepts resulting from mechanical development is real has been 
demonstrated by the introduction of mechanical work, at a rate of 0-2 HP min/lb/min,



The role o f  water in wheat flour doughs 75

into a mixture of flour, 30% added water and 2% salt (both based on the weight of 
flour). The total water content of the mixture was 33% which, as can be seen from 
Fig. 6 (a), was somewhat below the hydration capacity of the flour. During the early 
stages of mixing the contents of the farinograph bowl were observed to ride on the blades 
as small, crumbly pieces of moist flour. After about 7 min the mixture appeared to 
take on the form of a dough and manual examination indicated a slight, finite extensi
bility. Thus the introduction of mechanical work increased the amount of free water 
and permitted the formation of a dough.

From these observations it is postulated that there exist in dough three forms of water:
(a) free water, (b) lightly bound water, and (c) firmly bound water. It is possible that 
water of type (b) includes that which is physically held in the interstices of the structure 
and which may form the major part of the water released during mechanical dough 
development.

Baking tests
In an earlier paper (Heaps et al., 1965), it was suggested that for the production of 

an optimum loaf a dough should possess a maximum extensibility within the range
20-28 cm. For a particular Em^x within this range the present baking tests indicate 
that W  tot.xq and loaf specific volume are inversely related and that in respect of the 
crumb structure loaves of good specific volume were the most acceptable.

In conclusion the present work shows that above the hydration capacity the level of 
water used in doughs for rheological investigation is not critical providing that it 
permits reproducible handling of the dough. However, in the case of baking tests the 
permissible levels of water fall within a relatively narrow range which is determined 
by the optimum range of maximum extensibilities.
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Interaction o f monoglycerides in different physical states with 
amylose and their anti-firming effects in bread

N. KROG and B. NYBO JENSEN

Summary

Saturated monoglycerides were prepared in six different physical states: 
aqueous gels, at pH 6 -8  and pH 7-3; a hydrate, aqueous and freeze- 
dried; a spray-crystallized powder; and a mono-/diglyceride emulsion. Their 
anti-firming effects in Danish white bread differed greatly, and were found to 
be related to their ability to form insoluble complex with amylose. The 
results show the need for hydration of monoglycerides prior to their use. The 
alpha-crystalline gel (pH 6 -8 ) gave the highest complexing index with amylose 
and also the best anti-firming effect in bread.

Introduction

Reports concerning staling or firmness of bread have mainly been published in the
U.S.A. or the United Kingdom, and few have been published from the Continent. 
This is probably due to the fact that the consumption of white bread is still small on 
the Continent compared with that in the U.S.A. and the United Kingdom. Another 
factor is that on the Continent most white bread continues to be manufactured and 
consumed within 24 hr. This situation is slowly changing and, therefore, the whole 
staling problem is becoming more critical for producers and consumers. An up-to-date 
knowledge of the various factors that promote or inhibit the staling process in the 
Continental types of bread is, therefore, of great importance.

For many years it has been known (Schoch & French, 1947) that monoglycerides 
(GMS) have anti-firming effects in wheat bread, and several papers on this subject 
have been published (e.g. Strandine e t  a l . ,  1951; Ofelt e t  a l . ,  1958a, b; Jongh, 1961). 
According to Schoch (1965) the effect of GMS in bread is due to its ability to form 
insoluble inclusion compounds with the amylose part of the starch. Thus GMS 
prevents the formation of an amylose gel and subsequent rétrogradation, with the 
result that the bread has a softer crumb.

Some years ago Kovats & Lasztity (1961) described the effects of some surface-active 
agents on the elastic and plastic properties of bread crumb. Recently, Seibel e t  a l .  (1968) 
have described the influence of saturated and unsaturated mono-/diglycerides on the 
rheological properties of dough and on the texture, flavour and firmness of a typical

Authors’ address: Grindstedvaerket, The Laboratories, 38 Edwin Rahrs Vej, D K -8220 Brabrand, 
Denmark.
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German type of white bread. In this paper effects of saturated monoglycerides on the 
firmness of Danish white bread are described. Special attention is focused on methods 
for incorporating the monoglycerides into the dough.

Wren (1968) has recently reviewed the importance of the physical state of the fat- 
derived emulsifiers and has found that in most cases a-crystallinity in the mono
glycerides gives the best antifirming effect in bread. a-Crystallinity is also found to be 
important in securing the best effect of emulsifier mixtures in cakes (Woottonei al., 1967). 
Since it is generally accepted that the main function of monoglycerides in products 
containing starch is the formation of water-insoluble complexes between amylose and 
monoglycerides, it is of interest to study what influence the physical state of the mono
glycerides has on the reaction with starch components. This is also studied in the present 
work, and the results are discussed in relation to the anti-firming effects of the mono
glyceride preparations in white bread.

Materials and methods
Distilled monoglycerides

The distilled monoglycerides (DGMS) used in these experiments were in the form 
of a commercial product (Dimodan P, produced by Aktieselskabet Grindstedvaerket, 
Denmark) made from fully hydrogenated lard.

Total monoglyceride content 95-0%
Free fatty acid content 04%
Free glycerol content 0-5%
Melting point 69°C
Iodine value (WijY method) 0-5

Mono- ¡diglycerides
This was a commercial product (Homodan HM, produced by Aktieselskabet 

Grindstedvaerket, Denmark) made from fully hydrogenated lard. The product was 
soap-free.

Total monoglyceride content 45-0%
Free fatty acid content 1 -0 %
Free glycerol content 1-5%
Melting point 60°C
Iodine value 0-8

Monogfyceride preparations
Preparation 1. DGMS-gel, pH  6 -8 . A dispersion of 15% DGMS in water was made by 
mixing 15 parts of DGMS with 85 parts of water and heating to 60°C until a trans
lucent homogeneous, liquid dispersion was formed. The pH was 6 -8 . Before use, the 
DGMS dispersion was cooled to room temperature, when it formed a gel.
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Preparation 2. DGMS-gel, pH  7-3. A 15% dispersion was made as described above but 
with the addition of 0-3% potassium stearate. The pH of this dispersion was 7-3. 
Before use, it was cooled to room temperature, when it formed a semi-translucent gel. 
Because of its higher pH this gel retained its a-crystallinity during storage for at least 
one week.
Preparation 3. DGMS-hydrate. Twenty-five parts of DGMS were mixed with 74 parts 
of water and heated to 60°C until the DGMS was dispersed, then 1 part of propionic 
acid was added and the mixture was cooled under agitation to room temperature. 
The pH of the hydrate was 3-0.
Preparation 4. DGMS freeze-dried hydrate powder. A portion of the DGMS-hydrate was 
freeze dried, yielding a white free-flowing powder.
Preparation 5. DGMS powder, spray crystallized. Melted DGMS was spray crystallized to 
give a particle size of less than 75 a.
Preparation 6 . Mono-/diglyceride emulsion. Twenty-five parts of mono-/diglycerides in 
powder form were mixed with 75 parts of boiling water and then cooled to room 
temperature under continuous agitation.

X-ray diffraction
A  Philips model PW 1080 Generator,, with a Cu X-ray tube, was used in conjunc

tion with a Nonius Guinier-de Wolff Camera, model 1.

Determination of monoglyceride-starch complex
The ‘amylose’ used for these experiments was ‘Starch soluble G.R.’ obtained from 

E. Merck AG, Darmstadt, Germany. Pure amylopectin was obtained from Avebe, 
Veendam, Holland.

Clear solutions of these starch components were made by the procedure described 
by Schoch (1964) and mixed with a chosen amount of monoglyceride preparation 
corresponding to 0T-1% monoglycerides, calculated on the starch content. After 
reaction at the chosen temperature and time, the mixture was centrifuged (35 000 g) 
and filtered. Five millilitres of the clear filtrate were diluted to 25 ml with distilled 
water and 1 ml of this solution was used for the determination of residual amylose 
content using a method described by Gilbert & Spragg (1964). This method measures 
the blue colour of the iodine-amylose complex in a spectrophotometer at 680 nm. The 
degree of complex formation is defined as follows:

. Absorbance of control — Absorbance of sample
Complexing index = ---------------- —---- ------------------- -----------——  x 100.

Absorbance of control

The correlation between ‘complexing index’ and the weight of dried precipitated 
complex is shown in Fig. 1. The dried complex was examined by X-ray diffraction, 
and the following spacings were found: 1 2 - 0  A (weak), 6-80 A (medium) and 441 A
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F ig . 1. R e la tio n s h ip  b e tw e e n  c o m p le x in g  in d e x  a n d  w e ig h t o f  d r ie d  a m y lo s e -m o n o -  
g ly c e r id e  c o m p le x .

(strong intensity). These are in agreement with the values reported by Zobel (1964) 
for the V-pattern given by amylose precipitated with linear alcohols or higher fatty 
acids.

B r e a d

The following recipe for Continental white bread was used:
Wheat flour (Danish, 10-6% protein) 2 0 0 0  g
Sugar 30 g
Yeast 90 g
Lard 2 1  g
Salt 30 g
Water 1140 g
Ascorbic acid (present at 60 ppm 

in the flour) 0 - 1 2

Each monoglyceride preparation was used at a rate corresponding to 0-5% mono
glyceride, calculated on the flour weight; the water content was adjusted to be equal 
in all experiments.
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The baking procedure was as follows:
Mixing: 15 min in first gear on an ‘Artofex’ mixer
Proving times: 2 x 10 min at 25°C
Fermentation: 40 min at 31°C
Scaling weight: 700 g
Oven temperature: 22Q°C
Baking: 36 min (in open-top tins)
Moulding: by hand

After baking, the loaves were kept at 22°C for 1, 2, 4 and 6  days sealed in polythene 
bags.

Measurement of bread firmness
A Panimeter constructed by the Institute for Cereals, Flour and Bread T.N.O., 

Wageningen, Holland was used. This instrument is constructed as a lever with a 
movable weight opposite the compression unit, which compresses a cylindrical bread 
sample of diameter 50 mm and height 28 mm. The sample stands between a stationary 
plate and a plate connected to the lever. The weight moves at a rate of about 0-6 
cm/sec, and is stopped at a chosen value between 50 and 1000 g. Compression is regis
tered automatically in the form of a curve by a recording system. The total com
pressibility of the bread is read in Panimeter Units (PU), and 1000 PU correspond to 
18 mm compression. When comparing PU-values obtained with different weights 
it is necessary to convert them into the same basic weights, and in this case 600 g was 
chosen.

Results and discussion

Crystal forms of the monoglyceride preparations
X-ray data for the monoglyceride preparations are shown in Table 1. Both of the 

DGMS-gels gave a strong diffraction line at approximately 4T A, which proves the 
a-crystalline state of the DGMS molecules; neither gave long spacings (only spacings 
up to approximately 30 A could be detected with the camera used). It is known (Lars- 
son, 1967) that the gel is a liquid crystalline mesomorphic phase of the lamellar type. 
A phase diagram for DGMS has also been published (Krog & Larsson, 1968).

The DGMS-hydrate gave a diffraction pattern which, according to the nomen
clature for the polymorphic forms of glycerides (Larsson, 1966), indicates a (3-crystalline 
form. The hydrate is a coagel, i.e. a suspension of [¿-crystals (Larsson, 1967) which 
probably have a polar surface structure (Larsson, 1968).

The freeze-dried DGMS-hydrate powder and the spray-crystallized DGMS powder 
were both in the stable (¿-crystalline form. When being used, the mono-/diglyceride 
emulsion was predominantly in a-form, but it was transformed to ¡¿-form during 
storage for 1 - 2  weeks.
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T a b l e  1. X-ray data for the monoglyceride preparations

Material Spacings (Â)
Crystal

form

1. DGMS-gel, pH  6-8 14-8 w-4 -13s a -
(liquid

crystalline)
2. DGMS-gel, pH  7-3 4 - l l s  a -

(liquid
crystalline)

3. DGMS-hydrate 24'8 w-16-1 m-11-9 m - 7-4fts-4-29w-4-06w- p-
3-91 w -  3-86w - 3-81w-3-70w

4. DGMS-hydrate powder,
freeze-dried 23-9 w-15-8 m-12-0 w—7 • 8 6 w -7 • -5 ts -4  ■ 41 w -4 • 2 9m -4 • 0 6 w p-

3-95w- 3-86w - 3-74w-3-68w-2-43w
5. DGM S powder

spray-crystallized 24-6 w-16-4 m-12-3 w -8-20w -4-55i-4-32w -4-l lw -  p-
3-97w- 3-86w -  3-76w-2-43w

6. Mono-/diglyceride
emulsion 23-5 w-15-4 m - 4• 55\v-4-09s-3-&5w a -

Intensity: s =  strong, m =  medium, w =  weak.

Amylose-complexing effect of monoglycerides
The formation of amylose complexes was studied at temperatures of 31° and 60 °C, 

and with reaction times of 40 and 60 min, respectively. The temperatures were chosen 
because of their relevance to dough fermentation and baking. The reaction time of 
60 min at 60°C was chosen because preliminary experiments had shown that this 
allowed equilibrium to be obtained.

From the values of complexing index shown in Fig. 2(a), it can be seen that the 
DGMS-gels gave much stronger reaction with amylose than any of the other prepara
tions. This is attributable to the high degree of translational freedom of monogly
ceride molecules within gels. The different behaviours of the DGMS-gel, pH 6 -8 , and 
the DGMS-gel, pH 7*3, is surprising and not immediately explicable.

Both DGMS-hydrate and spray-crystallized powder, both of which were ¡3-crystall
ine, showed only inferior effects at 31°C. The mono-/diglyceride emulsion was also 
rather ineffective at 31°C, even though it was in a-crystalline state. However, it 
should be remembered that the monoglycerides, which are the most hydrophilic 
glycerides in this mixture, will be bound on the surfaces between the water and the 
other glycerides and also might be unavailable for amylose-complexing. In this con
nection it can be mentioned that the complexing effect of the DGMS-hydrate was 
greatly reduced when lard was added in a ratio of 1 : 1 .
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F ig . 2. The ability of the various monoglyceride preparations to form complex with amylose 
at 3PC  (a) and at 60°C T) O, DGMS-gel, pH 6-8; • ,  DGMS-gel, pH 7-3; ■, DGMS- 
hydrate; □ , DGMS-hydrate powder; DGMS powder; A,mono-/diglyceride emulsion.

Fig. 2(b) shows the amylose complexing effects at 60°C. It can at once be seen that 
at 60°G the DGMS-hydrate is about as effective as the gels. Furthermore, the differ
ence between the two gel types is much smaller at 60°C than at 31°C. The effects of 
the DGMS powder and the mono-/diglyceride emulsion have also been increased 
somewhat in comparison with the results at 31°C.

The reason why the DGMS-hydrate shows the same effect as the DGMS-gel at 
60°C is quite clear; at this temperature it is transformed from the ^-crystalline hydrate 
to a dispersion with the same liquid crystalline state as the gel. Actually, it could be 
expected that the spray-crystallized powder would give an effect corresponding to 
those of the gel hydrate form if a complete dispersion were obtained under the experi
mental conditions. However, particularly at higher concentrations, the effect was 
relatively low. This might be owing to the fact that the reaction time was not long 
enough to ensure a state of equilibrium. Reaction times of more than 1 hr were not
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examined as it was assumed that materials requiring more than 1 hr reaction time 
have no practical interest.

It is very interesting that the freeze-dried hydrate powder, which was included among 
the samples examined at 60°C, gave approximately the same effect as the hydrates. 
From this it may be concluded that the structure of the freeze-dried hydrate powder 
and that of the spray-crystallized DGMS powder are entirely different. The reason for 
this may be that the specific hydrophilic surface of the (3-crystals in a hydrate is main
tained after the freeze-drying process. During the experiments it was also found that 
the freeze-dried product, when heated to 60°C in water, did form a liquid crystalline 
gel much faster than the spray crystallized DGMS powder.

Rate of monoglyceride-amylose complex formation
Some experiments were made to study the rates at which monoglyceride prepara

tions formed complexes with amylose at 60°C. The concentration of DGMS was kept

F ig . 3. The rate of complex formation at 60°C. O, DGMS- gel, pH 6-8; • ,  DGMS- 
hydrate; A , DGMS powder.
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constant (5 mg/g amylose). After cooling to 20°C the complexing index was deter
mined. It can be seen (Fig. 3) that the a-crystalline gel forms complexes at a greater 
rate than the [3-crystalline hydrate, which again reacts at a much greater rate than the 
non-hydrated powder.

Studies on Amylopectin
Addition of the various preparations to amylopectin solutions gave no visible pre

cipitation, and no decrease in the colour (measured at 455 nm) of the iodine-amylo- 
pectin complex. Thus no evidence of interaction between monoglycerides and amylo
pectin was obtained.

Anti-firming effect in bread
Fig. 4 shows the effects of the various preparations in bread kept at about 22°G.

F ig . 4 . Anti-firming effect of the monoglyceride preparations in white bread. O , DGMS- 
gel, pH 6-8; • ,  DGMS-gel, pH 7-3; ■ , DGMS-hydrate; □ , DGMS-hydrate powder; 

DGMS powder; 'A, mono-/diglyceride emulsion; x , control.
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The experiments lasted for about 1 year, for which reason the curves represent average 
values of results obtained at different times. In a number of experiments the bread was 
kept at 5°C for 1-3 days. As would be expected these experiments gave results similar 
to those shown in Fig. 4, except that all the values measured were lower, because the 
staling process takes place more quickly at this low temperature.

The greatest anti-firming effect was obtained with DGMS-gel, pH 6 -8 ; DGMS-gel, 
pH 7-3, gave a slightly lower effect. Both the DGMS-hydrate and the freeze-dried 
DGMS-hydrate gave good effects, whereas the spray-crystallized DGMS powder and 
the mono-/diglyceride emulsion gave very poor effects.

It can be seen that the monoglyceride preparations that gave the highest com- 
plexing index with amylose also gave the best anti-firming effect, whereas the prepara
tions (spray-crystallized DGMS powder and mono-/diglyceride emulsion) that gave a 
low amylose complexing index also gave a poor anti-firming effect in bread. This 
supports Schoch’s (1965) theory.

The results confirm those given by Wren (1968) that the physical state of the mono
glycerides, before they are added to the dough, is of the greatest importance for 
obtaining the optimum effect in bread. The best results were obtained when the 
monoglycerides were added in the form of an aqueous, liquid-crystalline gel. The reason 
for this is probably that monoglycerides in this form can complex with amylose at an 
earlier state during the bread-making process. According to the values for complexing 
index, shown in Fig. 2(a), the DGMS-gel, pH 6 -8 , can complex amylose as early as the 
dough mixing and fermentation stages; this is not possible to the same degree for the 
other preparations.

Although the [1-crystalline DGMS-hydrate cannot complex amylose at tempera
tures below about 56°C, it gave a good anti-firming effect. Presumably this is due to its 
high amylose complexing ability at temperatures above 56°C (cf. Fig. 2b), which are 
reached during baking.

The same is presumably true of the freeze-dried DGMS-hydrate powder, but not 
of the non-hydrated spray-crystallized DGMS powder.
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The use of Thiabendazole for the post-harvest 
treatment of bananas

DIANA M. BAILEY,* D. F. CUTTS,t L. DONEGAN,*
C. A. PHILLIPS^ and R. POPE*

Sum m ary
Studies were carried out to assess the efficacy of thiabendazole (TBZ 
or [2-(4-thiazolyl) benzimidazole]) in controlling fungal rot damage of 
bananas in the Windward Islands. A dipping treatment proved to be more 
effective, especially in the reduction of rot in the banana cushions, than 
application of the fungicide by spraying, but both methods of application 
resulted in a very satisfactory control of fungal rots. Chemical analysis of the 
treated bananas showed that regardless of mode of application and location 
on the hand the residue levels were well below the limits permitted by 
American standards.

Introduction
The condition of bananas known as stem rot, stem-end rot, collar rot, finger-dropping 
or stalk rot arises from infection of the fruit by one or more of a large group of micro
organisms. Serious problems have arisen through high incidence of these rots in 
bananas shipped from the Windward Islands to the United Kingdom, especially in 
fruit packed in cartons (Phillips & Spector, 1969). The damage is manifest in decay of 
the stalk joining the individual banana finger to the cushion, which may be sufficiently 
severe to cause the individual fingers to become detached: even when this does not 
occur, extensive brown to black discoloration of the skin, spreading down the fruit 
from the cushion, takes place. These effects, together with visible fungal growth on the 
cushion and sometimes on the skin, detract from the appearance of the fruit to such an 
extent that it becomes completely unsaleable, even though the edible pulp may remain 
virtually undamaged.

Lesions of this type are associated with a wide variety of fungal species: some of the 
principal species involved are Gloeosporium musarum (Cooke et Massee), Botryodiplodia 
theobromae (Pat.) and Thielaviopsis paradoxa (de Seynes) von Hohn, but many others are 
involved, especially as secondary infections (Wardlaw, 1961; Simmons, 1966).

* Tropical Products Institute, Ministry of Overseas Development, 56-62 Gray’s Inn Road, London, 
W.C.l.

f  Geest Industries Limited, Spalding, Lincolnshire.
% Windward Islands Banana Research Scheme, P.O. Box 115, Castries, St Lucia, West Indies.

89



90 Diana M . Bailey et al.

The recent discovery of the fungicidal properties of [2-(4-thiazolyl)benzimidazole] 
TBZ coupled with its low mammalian toxicity (Staron & Allard, 1964; Robinson, 
Phares & Graessle, 1964) prompted a series of investigations into the use of TBZ in the 
control of fungal rots on fruit. Several reports exist of its successful use in the fungicidal 
treatment of citrus fruits (Crivelli, 1966; Primo Yufera & Hernandez Gimenez, 1966; 
Harding & Schade, 1967; Eldon Brown, McCornack and Smoot, 1967; Eldon Brown 
& Wilson, 1967; McCornack & Eldon Brown, 1967; Harding, 1967, 1968; Eldon 
Brown, 1968); reduction of Penicillium and Gloeosporium spp. infections on stored apples 
(Pierson, 1966, Edney, 1968) and control of T. paradoxa infections in pineapple (Fros- 
sard, 1968).

Burden (1967) reduced Colletotrichum musae infections causing ‘crown rot’ in bananas 
in Queensland by using dips containing up to 800 ppm of TBZ. Similarly Scott & 
Roberts (1967) showed that dips containing 140 ppm of TBZ were effective in control
ling damage caused by G. musarum in bananas in New South Wales. Detailed experi
ments in which bananas were artificially inoculated with G. musarum are reported by 
Cuille & Bur-Ravault (1968). They showed that dipping or spraying of the infected 
fruit, prior to storage, with TBZ at levels up to 3000 ppm (using lactic acid as a solu
bilizing agent) substantially reduced the development of the inocula. Higher levels of 
application delayed ripening of the fruit. Conditions for practical application of TBZ 
are described in detail by Beaudoin, Champion & Mallesard (1969). Collar rot was 
effectively controlled using a dip containing 140 ppm of TBZ in trials in South Africa 
(Swarts, Jacobs & Nel, 1969).

The use of TBZ as a fungicidal treatment for bananas has recently been approved 
in the United States (Anon, 1968). The American regulations permit maximum 
residue levels of 3 ppm on the peel and 0-4 ppm on the edible pulp. It should be noted 
that TBZ is used primarily in medicine as an anthelmintic.

It was therefore considered that a large scale investigation into fungicidal control 
on bananas by TBZ would be worth while in order to establish possible codes of practice 
for its use in the Windward Islands. The experiment includes chemical analysis of 
residues as well as quality assessment on fruit either dipped or sprayed with TBZ.

Experimental
Six shipments of bananas were involved: each shipment comprised 600 cartons of fruit 
arising from the treatments listed below.

Treatment
Hands of freshly harvested bananas in St Lucia were washed in running water to 

remove latex exuding from the cut cushion. The wet hands were then treated with the 
fungicide either by dipping or spraying.
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Dipping. Two hands of the wet fruit were dipped simultaneously for about 3 sec in 
8  gal of the TBZ suspension, drained and packed into cartons while still wet. The 
suspension contained 400 ppm of TBZ prepared by diluting a 40% TBZ wettable 
powder formulation with water. The dip liquor was discarded after fruits for 100 
cartons had been treated. Two hundred cartons (approximately 1200 hands or 20,000 
fingers) were treated in this manner on the same day.

Spraying. A similar quantity of wet fruit was sprayed with 200 ppm TBZ suspension 
using a garden hand sprayer. The hands were laid on a padded dripping stand with 
their concave sides upwards exposing fully the cushion and pedicel. As with dipping, 
the fruit was boxed after spraying while still wet.

Controls. Approximately 1200 hands of washed bananas were redipped in water and 
drained.

Packaging and ripening
All the treated and control hands were packed in cartons (3 x 200/shipment). 

Each carton consisted of two sections each accommodating three or four hands weighing 
about 13 lb. The cartons were then shipped and the temperature of the hold lowered 
to 12-5°C (55°F) as quickly as possible. The voyage lasted approximately 12 days and 
the bananas reached the ripening rooms in the United Kingdom 2 days later.

By varying the temperature of the ripening rooms the bananas may be made to 
ripen in as little as 4 days or held back for as long as 8 days. All the experimental ban
anas were ripened for 8  days, this being the longest time that bananas are ever normally 
held in a ripening room: significant stem rot infections if present are very obvious by 
the 8 th day. Identical treatments were applied to five further weekly shipments.

Quality assessment
On the 8 th day all the cartons were removed from the ripening rooms and repre

sentative samples of the three treatments were selected at random. Bananas from these 
cartons were first examined visually for fungal damage etc. They were re-examined a 
second time 4 days later to simulate their condition on reaching the consumer within 
1-5 days after removal from the ripening rooms. The degree of the stem rot occurring 
on each ‘hand’ of bananas in the experimental cartons was rated either as zero (indicat
ing perfect condition) or from 1 to 4 indicating progressively increasing degrees of 
fungal attack, the highest score indicating that disintegration of the hand occurred 
when it was lifted, the individual fingers breaking off under their own weight. These 
assessments were made on the cushion, the finger stalks and the skins of each hand, 
respectively.
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Chemical analysis
The method employed to estimate the TBZ residues was supplied privately by Merck, 

Sharp & Dohme Ltd and is specifically detailed for the analysis of bananas.
It involves extraction of the TBZ from the macerated fruit with ethyl acetate and 

examination of the extract in a spectrofluorimeter after purification via a series of 
consecutive partitions of the compound between the ethyl acetate and acid or buffered 
aqueous phases. TBZ contents are calculated by comparison of the readings with those 
obtained from known standards subjected to identical procedures. The method has the 
great advantage of being highly sensitive; a solution containing OT ng/ml TBZ gives a 
transmission reading of about eight transmission units at the maximum sensitivity 
setting which corresponds in the method to about OT ppm TBZ in the fruit.

Banana fingers were sampled from both inner and outer layers of a hand. Also to 
obtain a wider spread of results mixed half bananas were analysed, i.e. two bananas 
from the same bulk sample were cut transversely into halves, one half from each was 
peeled, the peels combined, macerated and an aliquot ( 1 0  g) analysed and the pulps 
treated similarly.

This method has the disadvantage that repeatability in spectrofluorimetry is poorer 
than that in ultraviolet or visible region spectrophotometry. Samples of untreated 
banana pulp and peel dosed with known amounts of TBZ in the laboratory (0T00 and 
TOO ppm respectively) gave recoveries by this method ranging from 8 8  to 110%.

Other methods for estimating TBZ are a colorimetric procedure which involves 
reduction with zinc (Szalkowski & Kanora, 1965) or measurement of the ultraviolet 
absorption. These procedures are less sensitive than the spectrofluorimetric method.

Results
Qiiality assessment

For the statistical analysis, the unit was the sum of the scores on all the hands in the 
carton section expressed as a percentage of the highest possible score if all the hands 
were scored as 4. Considerable differences were found between assessments at the first 
inspection of the various shipments, due to seasonal and other uncontrolled factors 
which are not the subject of study.

The variability was greater within a consignment if the mean percentage score 
was near 50% than if it was smaller or greater. This is analogous to a binomial distri
bution, and the empirical result s = 39-7 y /  PCI — 1-53 was obtained, and used in all 
¿-tests.

Cushions
On average the improvement due to TBZ treatment is about 30% (Table 1), and is 

greater at the second inspection than at the first. Between spray and dip treatments 
there is an average difference of about 6 % at the first inspection and about 1 1 % at 
the second inspection in favour of dipping (Table 2).
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T a b l e  1. Percentage fungal rot score

Cushions Finger-stalks Skins
No. of
carton Mean of Mean of Mean of Mean of Mean of Mean of

Shipments sections first second first second first second
inspected inspection inspection inspection inspection inspection inspection

Control
1 30 43 65 25 50 19 24
2 32 38 61 21 41 15 29
3 32 46 75 22 55 7 17
5 32 35 62 18 39 7 15
6 32 47 66 15 44 8 22

Spray
1 20 10 29 15 22 14 21
2 32 18 43 17 34 12 22
3 32 27 49 14 29 7 15
5 32 14 26 6 17 5 9
6 32 18 29 9 15 3 7

Dip
1 30 8 19 13 17 14 16
2 30 11 28 13 26 9 21
3 32 22 40 14 24 12 18
5 32 3 12 2 6 1 1
6 32 13 21 5 7 3 3

Averages of five
shipments

Control 158 42 66 20 46 11 21
Spray 148 17 35 12 24 8 15
Dip 156 11 24 9 16 8 12

Shipment 4 was not examined.

Finger stalks
The average improvement is nearly 18% and greater at the second inspection than 

the first. Between the two treatments the differences are much smaller (Table 3). 
Dipping has an average advantage of 3% over spraying, at the first inspection, rising 
to 8 % at the second inspection. The incidence of fungal rot in both treated categories 
is considerably lower in the last two consignments, while chemical analyses show that 
the TBZ residues in the dipped fruit in these shipments are higher than in earlier 
consignments.
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T a b l e  2. P e rc e n ta g e  fu n g a l r o t  ¿-tests o f  d if fe re n c e s  in  m e a n s  b e tw e e n  u n t r e a te d ,
s p ra y e d  a n d  d ip p e d  b a n a n a s

Comparison Shipments

Cushions

First inspection Second inspection 4 days later

Difference t Significance Difference t Significance

Control-spray 1 33 7-2 *** 36 6-9 ***
2 20 4-9 *** 18 3-9 ***
3 20 4-5 *** 26 5-8 ***
5 22 5-6 *** 36 7-9 ***
6 29 6-8 *** 37 8-2 ***

Control-dip 1 35 8-6 *** 46 9-9 ***
2 27 6-8 *** 33 7-1 ***
3 24 5-7 *** 35 7-8 ***
5 32 9-0 *** 50 11-3 ***
6 34 8-1 *** 45 10-0 ***

Spray-dip 1 2 0-7 10 2-2 *
2 7 2-2 * 15 3-4 **
3 5 1-3 9 2-0 *
5 10 4-3 *** 14 3-9
6 5 1-5 8 2-0 *

Averages
Control-spray 25 13-0 *** 31 14-7 ***
Control-dip 30 16-8 *** 42 20-4 ***
Spray-dip 6 4-0 *** 11 5-8 ***

Shipment 4 was not examined. 
* Over 95% significance point. 

** Over 99% significance point. 
*** Over 99-9% significance point.

Skins
Treatment by spraying with TBZ on the average makes an improvement of about 

4%, and by dipping about 6 %, again considerably better at the second assessment than 
at the first (Table 4).

It is noticeable that the TBZ treatments have a continuing effect, so that the average 
improvement observed at the second inspection is significantly greater than at the first 
(Table 5).

Chemical analysis
The residues found are listed in Table 6  correct to the nearest significant digit; the
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T a b l e  3. P e rc e n ta g e  fu n g a l r o t  /-te s ts  o f  d if fe re n c e  in  m e a n s  b e tw e e n  u n t r e a te d
s p ra y e d  a n d  d ip p e d  b a n a n a s

Finger stalks

Comparison Shipments First inspection Second inspection 4 days later

Difference t Significance Difference t Significance

Control-spray 1 10 2-4 * 28 5-6 ***
2 4 1-3 6 1-5
3 9 2-5 * 26 5-8 ***
5 12 4-3 *** 23 5-6 ***
6 7 2-4 * 29 6-9 ***

Control-dip 1 12 3-4 ** 33 7-5 ***
2 8 2-3 * 15 3-4 **
3 8 2-4 * 31 7-0 ***
5 16 6-0 *** 33 8-7 ***
6 11 4-1 *** 37 9-3 ***

Spray-dip 1 2 1-0 5 1-3
2 3 M 8 2-0
3 0 0-1 5 1-3
5 4 2-2 * 10 3-7 ***
6 4 1-9 8 3-0 **

Averages
Control-spray 8 5-6 *** 22 11-3 ***
Control-dip 11 7-7 *** 30 15-7 ***
Spray-dip 3 2-1 * 8 4-6 ***

Shipment 4 was not examined. 
* Over 95% significance point. 

** Over 99% significance point. 
*** Over 99-9% significance point.

table is subdivided according to the variables concerned, e.g. treatment, outer or inner 
location on the hand and part of the fruit analysed. For ease of comparison the results 
for treated bananas only are summarized in Table 7 as averages for the different series 
involved, together with overall averages for the two treatments.

Analysis of inner and outer bananas were made as there could be a possibility that 
the inner layer of bananas on a hand received a larger dose of TBZ than the outer layer 
during spraying, since it shielded the latter to some extent, and the inner layer on 
dipped hands could also have accumulated some ‘run off’ from the outer layer.
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T a b l e  4 . P e rc e n ta g e  fu n g a l r o t  ¿-tests o f  d if fe re n c e s  in  m e a n s
b e tw e e n  u n tr e a te d ,  s p ra y e d  a n d  d ip p e d  b a n a n a s

Comparison Shipments

Skins

First inspection Second inspection 4 days later

Difference t Significance Difference t Significance

Control-spray 1 5 1-4 3 0-7
2 2 0-8 7 1-7
3 0 0-1 2 0-6
5 2 M 6 2-1 *
6 5 2-5 * 14 4-6 ***

Control-dip 1 5 1-6 8 2-2 *
2 7 2-0 8 2-0 *
3 - 5 2-0 * 0 0-1
5 6 4-1 *** 13 5-8 ***
6 5 2-7 ** 19 6-5 ***

Spray-dip 1 0 0-0 5 1-2
2 3 1-2 2 0-4
3 - 5 2-1 * -2 0-7
5 4 3-3 ** 8 4-1 ***
6 0 0-2 4 2-3

Averages
Control-spray 3 2-5 * 6 4-1 ***
Control-dip 3 3-0 ** 10 6-4 ***
Spray-dip 0 0-4 3 2-3 *

Shipment 4 was not examined. 
* Over 95% significance point. 

** Over 99% significance point. 
*** Over 99-9% significance point.

T a b l e  5 . Average percentage rates of development 
of fungal rot in the 4 days between inspections

Cushions Stalks Skins

Control 24 26 10
Spray 18 12 7
Dip 13 7 4
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T a b l e  6 . T h ia b e n d a z o le  c o n te n t  (p p m )

Control Dipped Sprayed

Outer Inner Outer Inner Outer Inner

Pulp Skin Pulp Skin Pulp Skin Pulp Skin Pulp Skin Pulp Skin

Shipment 3 
0-01 0-04 0-01 0-05 0-04 0-7 0-04 0-7 0-04 0-4 0-04 0-4

— 0-9 0-04 0-3 0-06 0-4 0-03 0-4

H l
0-03 0-7 0-04 0-6 H
0-02 0-7 0-04 06

Shipment 4 
0-01 0-08 0-01 0-11 0-02 0-4 0-03 0-5 0-02 07 0-03 07

0-03 0-5 0-02 0-5 0-03 1-0 0-05 1-0
tO-02 0'4 0-02 0-5 0-02 07 0-03 0-9

H 003 0-6 0-03 06 0-03 0-6 0-04 1-0 H
io-04 0-5 0-04 07 0-06 1-6 0-03 07

Shipment 5 
0-03 0-06 0-03 0-3 0-07 0-8 0-04 1-7 0-03 0-9 0-03 0-6
— 0-05 — 0-08 0-09 1-2 0-07 1-2 0-06 08 0-08 08

f0-04 1-0 0-11 1-3 O il 1-3 — —
H 0-03 1-0 0-03 1-0 0-05 08 0-04 0-5 H

i.0-07 1-0 0-08 H 0-05 0-6 0-03 07
Shipment 6 

0-03 0-14 0-03 0-2 0-04 0-6 0-06 M 0-03 0-4 0-03 0-5
0-05 0-8 0-04 M 0-03 0-4 0-03 0-8

r0-ll 1-2 0'06 M 0-06 04 0-05 0-5
H 0-16 1-3 0-12 M 0-05 0-6 0-07 M H

[o-07 0-7 0-07 0-8 0-03 03 0-04 03

Shipments 1 and 2 not examined
H =  Results obtained from mixed half bananas.
Lowest content found in (treated) pulp 0-02 ppm. Highest content found in (treated) pulp 0T6 ppm 

(shipment 6, outer layer). Lowest content found in the skin 0-3 ppm. Highest content found in the skin 
1-7 ppm (shipment 5, inner layer).

C o n c l u s i o n s

The treatment of hands of bananas with TBZ substantially reduced the damage 
caused by fungal rot. The fungi causing the rotting are currently under investigation, 
but so far the work is only preliminary and the results will be published elsewhere.

The residues found in all the bananas examined are well below the tolerance levels 
laid down by the FDA (i.e. 3-0 ppm on the skin, 0-4 ppm in the pulp). The more
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T a b l e  7. Average thiabendazole content (ppm)

Diana M . Bailey et al.

Average TBZ content (ppm)

Shipment Dipped Sprayed

Pulp Skin Pulp Skin

3 Outer 0-03 0-8 0-04 0-5
Inner 0-04 0-5 0-04 0-4

4 Outer 0-03 0-5 0-05 0-9
Inner 0-03 0-6 0-04 0-9

5 Outer 0-06 1-0 0-06 0-9
Inner 0-07 1-2 0-04 O'7

6 Outer 0-09 0-9 0-04 0-4
Inner 0-05 1-0 0-04 0-6

Overall Outer 0-05 0-8 0-05 0-7
average Inner 0-05 0-8 0-04 0-7

important of these levels is that found in the pulp, since the skin is not normally eaten, 
but the skin analysis provides a useful guide to the efficacy of the application. On 
average about 94% of the TBZ applied by either treatment is retained by the skin, the 
actual amount varying from 90 to 96%. The residues found in dipped bananas were 
marginally higher than those on sprayed bananas, but the overall difference was very 
slight. In the quality assessment the dipping treatment was found to be more effective 
than spraying. The possible cause of this difference may be that there was a more 
even distribution of penetration of the hands of those dipped than those sprayed.

The residue levels appear to have but little dependence upon the location of the 
fruit between outer or inner positions in the hand; three out of the four shipments 
examined showed only marginally higher residues on the skins of inner layer bananas 
from dipped fruit compared with the corresponding outer layer samples indicating 
no significant accumulation due to run off. In sprayed fruit also, there was no con
sistent difference in residue levels to indicate shielding of the inner layer.

The residues in dipped bananas from shipments 5 and 6 appeared to be considerably 
higher (by a factor of about two in some cases) than those found in shipments 3 and 4, 
indicating some change in the process or strength of the dip liquor. Likewise the residues 
on sprayed bananas from the fourth and fifth shipments were higher than those from 
the third and sixth.

The values for ‘apparent’ TBZ found in the untreated bananas showed some 
increase with time and it is thought that the samples may have been contaminated 
either at the origin of the trials or during transit. The results obtained were not corrected 
for the ‘apparent’ value as the first analyses showed these to be practically negligible.
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This paper demonstrates that under the conditions pertaining in the banana trade 
from the Eastern Caribbean to the United Kingdom, the use of TBZ at levels which 
would be tolerated under American legislation is highly effective in controlling stem 
rot and further suggests that dipping may be a more efficacious method of application 
than spraying, even though residues are similar in both types of treatment.
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Book R eview

Quality and Stability in Frozen Foods. ‘Time—Temperature Tolerance5 and 
its Significance. Ed. by W. B. V an Arsdel, M. J. Copley and R. L. O lsen.
New York and London: Wiley-Interscience, 1969. Pp. 384 + xv. £9  7s.

This book illustrates how parochial technology is: how limited to the circumstances 
and requirements of the industry in the area within which it originates. Here the 
requirements are those of the merchandizing of frozen foods; their storage and trans
port, their display and sale, and their performance in the kitchen and on the table. 
The critical theme is the evaluation of deterioration invoking such principles as ‘just 
noticeable’ or ‘just perceptible’ difference (JND or JPD) or ‘just perceptible change’ 
(JNC), which are the nearest that can be got to the objective evaluation of subjective 
sensations. The whole book, in fact, is based on a massive research operation on the 
Temperature-Time Tolerance of frozen foods mounted by the United States Depart
ment of Agriculture, the editors themselves having been responsible for the conduct of 
this operation. The various authors, however, are drawn from a wider spectrum, two 
of them, F. Bramsnaes and Mogens Jul reporting experiences of the applications of the 
JND method to fish and meat, respectively, in Denmark.

The price is, of course, astronomic, but quality and stability are assured by printing 
on paper with pH 6-5 or higher. This, we are told on a fly-leaf, ‘will contribute to its 
longevity’. This is followed by a mysterious countdown from 10 to 1—does this mean 
that it is expected to have a lunar as well as a terrestrial distribution?

E. C. Bate-Smith
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U.S.A.: Noyes Development Corporation, 1969. Pp. 353. $35.
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Proceedings of the Second Conference for Feed Manufacturers 1968. Ed. by
H enry Swan and D yfed Lewis.
London: Churchill. Pp. 192.

Proceedings of the Third Conference for Feed Manufacturers 1969. Ed. by
H enry Swan and D yfed Lewis.
London: Churchill. Pp. 168.

Sugar Technology Reviews. Vol. 1. No. 1. December 1969. Ed. by G. H. Jenkins. 
Amsterdam: Elsevier. Pp. 83. Dfl. 72.00 plus Dfl. 4.50 postage or equivalent (U.S. 
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A major reference work

The Chemical Biology oi Fishes
with a key to the literature

R. Malcolm Love
Torry Research Station
Aberdeen, Scotland ^
January 1970, xvi +  548 pp., 140s. ( $ f . 0 0 )  

SBN 12.455850.X

This is a major reference work which brings 
together all the known factors which 
influence the composition of fish tissues, 
and identifies the chemical differences 
which distinguish one fish from another. The 
result is a biology of fish as seen through 
the medium of chemical analysis, with 
practical suggestions for a more physio
logical approach to the chemical study of 
fish.
The book is divided into three sections 
describing the dynamic aspects of fish 
chemistry. It gives complete bibliographical 
indexes to the levels of 250 chemical sub
stances in different tissues of over a 
thousand species of fish. The entries are 
classified by chemical substance and by 
the names of the fish.

Contents 
Part I
Towards a valid sampling technique.
The life cycle.
Differences between and within species. 
The influence of the environment. 
Depletion.

Part II
Index of chemical substances.

After describing techniques for sampling 
fish tissues, the author deals with intrinsic 
factors such as growth, maturity and 
habitual activity. He then discusses the 
many effects of the environment such as 
salinity, temperature and depth, as well as 
fishermen’s lore on factors affecting the 
‘condition’ of the fish. The book ends with 
a chapter on the effects of starvation.
This work is designed to meet a wide range 
of needs and should prove invaluable to 
marine biologists, biochemists, food tech
nologists, nutritionists and those concerned 
with processing raw materials. They will 
find it a welcome reference to methods of 
analysis on fish tissues and a comprehen
sive study of chemical information in its 
biological and physiological context.

Part III
Index of fish names.
Appendix A: Family relationships of fish 
genera.
Appendix B: Common names of fish and 
their Latin equivalents.
Bibliography and author index.
Subject index.
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No more quality control problems.
The results you get with Vitacure speak fo r themselves.
An end to uneven curing and lost meat. Every time.
A perpetual safeguard to your reputation. W ithout any of the 
comeback about uneven curing you run the risk of getting with 
your own curing agent. The secret of its success is in its 
manufacturing process. Tried and rigorously tested and 
developed in our new factory and laboratories. Try a sample of 
Vitacure fo r yourself. Try it now. Put it to the test. See if 
it doesn't live up to everything we’ve said about it. Just fill 
in the coupon and post it off today.
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Food Science and Technology Abstracts
The scientific and technical aspects of the processing of foods are 
covered by this new monthly journal that was launched by the 
INTERNATIONAL FOOD INFORMATION SERVICE with 
Voi. 1, 1969. Books, patents and 1000 primary journals are 
searched to provide about 1000 abstracts each month. Computer- 
assisted techniques give rapid publication and readable indexes 
(subject and author, both monthly and annual). Price £75 ($195) 
per annual volume, by surface mail. Airmail rates on application.

Dairy Science Abstracts
Continues to provide a unique coverage of the world’s literature 
on milk production and processing, the physiology and bio
chemistry of lactation and the microbiology and chemistry of milk 
and milk products. Annual subscription 315s ($41.50). Reduced 
rate to subscribers in countries that contribute to Commonwealth 
Agricultural Bureaux, 160s\

Enquiries a n d  o r d e r s  to
Comm onwealth Agricultural Bureaux, Farnham R oyal, Slough, Bucks, England
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T h e  J o u r n a l  o f  G en era l M icrob io logy  publishes original work on algae, bacteria, 
microfungi, protozoa and other micro-organisms with particular emphasis on 
general studies of these forms and their activities. The journal is published 
by Cambridge University Press for the Society for General Microbiology and 
the Proceedings of the Society are published in appropriate issues.

T h e  J o u r n a l o f  G en era l M icrob io logy  is published fifteen times a year. Annual 
subscription ¿ 3 0  net. Please write for a specimen copy.
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HANDBOOK OF ANALYTICAL TOXICOLOGY

Edited by Irving Sunshine PhD. 1970. 976 pages. About £14.
This comprehensive Handbook will prove extremely useful to toxicologists 
and to those who must obtain or interpret analytical toxicological data— 
physicians, pharmacologists, scientists in the food and drug industries, 
governmental agencies, and industrial hygienists. In addition, its data will 
aid scientists who analyse for the presence of drugs, economic poisons, 
environmental hazards and pollutants in biological specimens.
Methods for the detection of specified compounds are presented in 
alphabetically arranged tables. These tables describe the essential unit 
operations of published methods and give pertinent literature references, 
toxicological data, chemical and physical properties. Both groups of 
tables include melting point, ultraviolet, infrared, fluorimetric, paper, 
thin-layer, and gas chromatographic data. Other comprehensive 
tables of sequentially arranged properties can be used to quickly identify 
unknown’ substances.

CONTENTS
General and Specific Methods of Analysis. List of Synonyms with Cross 
References. Concentration and Effects of Air Pollution on Man and Plants. 
Health Hazards following Exposure to industrial Chemicals. Analytical 
Toxicological Application of Fluorimetry. Atomic Absorption. Microdiffusion. 
Automated Techniques. Direct Air Sampling. Detector Tubes.

HANDBOOK OF CHEMISTRY AND PHYSICS
Edited by Robert C. Weast PhD. Fiftieth Edition, 1969. 2384 pages. £12 10s. 
This edition features major improvements throughout its contents. All 
data in the 600-page table, ‘Physical Constants of Organic Compounds’, 
have been updated; new columns of UV absorption and Sadtler references 
to IR, UV, and NMR information have been added. The ‘Table of Isotopes’ 
has been expanded from 88 to 297 pages, with new columns added. More 
than ever, this remarkable Handbook effectively answers most of the data 
requirements of large numbers of scientists.

HANDBOOK OF FOOD ADDITIVES
Edited by Thomas E. Furia. 1968. 780 pages, 67 illustrations. £14 10s.
This new up-to-date sourcebook on the properties and uses of direct food 
additives will be of value to the practising technologist and as a classroom 
or laboratory reference. The author deals with direct food ingredients 
derived from basic foodstuffs and synthetic processes, and investigates the 
technical properties of currently approved additives for their acute and 
chronic effects on health.
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An essential a id  to m ea t in spection . . .

PRACTICAL MEAT INSPECTION
Andrew Wilson, m.r.c.v.s., d.v.s.m., 1968. 204 pages, 80 illustrations (12 colour)

40s.
This book is based on a course of lectures on meat inspection and is intended for all those 
interested in the practical aspects of the subject, particularly veterinary students, trainee 
public health inspectors and trainee meat inspectors. While the sections dealing with physiology 
and anatomy have been deliberately made somewhat elementary they do provide all the 
information required by meat inspectors, while veterinary students, and to a lesser degree, 
public health inspectors, learn these subjects as a separate part of their course. Both text and 
illustrations have been designed to emphasize all the important facts which students should 
remember, excluding irrelevant material: the result is a concise textbook which will be found 
ideal both as a basis for courses in meat inspection and as a compact reference book for revision 
before examinations.

C ontents

1 Slaughter of Animals
2 Physiology
3 Anatomy
4 Sex Characteristics and Estimation of Age
5 Abnormal and General Pathological Conditions
6  Judgement and Specific Diseases
7 Parasites and Parasitic Diseases
8 Affections of Specific Parts and Tumours
9 Diseases of Poultry and Rabbits

10 Food Poisoning from Meat
11 Meat Preservation and Meat Products
12 Butchers’ Joints 

Appendix -  Legislation 
Index

’. . .  It is written in the form of a “super” note-book with the text compacted in to a most 
useful fashion. It is ideal for use as notes when following a course or revising for an examination. 
The student will not need to endorse much of the book with many of his own notes as all has 
been prepared in this book. Typical of the author’s sensible approach is the section covering 
comparative anatomy. For example, the various livers are clearly drawn to show the differing 
features of each, and under each drawing there are short precise notes listing the differences. 
This is a book that does not attempt to teach practical inspection. As the author stresses: “It 
is an essentially practical subject which cannot be learned from books alone.” But it is an 
essential aid to all students of the subject.’ M eat Trades Journal.

BLACKWELL SCIENTIFIC PUBLICATIONS LTD 
Oxford and Edinburgh
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understanding that they have not been, and will 
not be, published elsewhere in whole, or in part, 
without the Editor’s permission. Papers accepted 
become the copyright of the Journal.

Typescripts (two complete copies) should be 
sent to the Editor, Mr W. B. Adam, George and 
Dragon Cottage, Chipping Campden, Glos. 
Papers should be typewritten on one side of the 
paper only, with a 1£ inch margin, and the lines 
should be double-spaced. In addition to the title 
of the paper there should be a ‘running title’ (for 
page headings) of not more than 45 letters 
(including spaces). The paper should bear the 
name of the author(s) and of the laboratory or 
research institute where the work has been carried 
out. The full postal address of the principal 
author should be given as a footnote. (The 
proofs will be sent to this author and address 
unless otherwise indicated.) The Editor reserves 
the right to make literary corrections.

Arrangement. Papers should normally be 
divided into: (a) Summary, brief, self-contained 
and embodying the main conclusions; (b) Intro
duction; (c) Materials and methods; (d) Results, 
as concise as possible (both tables and figures 
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(e) Discussion and conclusions; (f) Acknowledg
ments; (g) References.
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author’s work should be included; exhaustive 
lists should be avoided. References should be 
made by giving the author’s surname, with the 
year of publication in parentheses. When reference 
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after the year of publication, e.g. Smith et al. 
(1958a). All references should be brought together 
at the end of the paper in alphabetical order. 
References to articles and papers should mention
(a) name(s) of the author (s); (b) year of publica
tion in parentheses; (c) title of journal, under
lined, abbreviated according to the World List o f 
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(d) volume number; number of first page of 
article. References to books and monographs 
should include (a) name(s) and initials of author(s) 
or editor(s); year of publication in parentheses;
(b) title, underlined; (c) edition; (d) page referred 
to; (e) publisher; (f) place.
Standard usage. The Concise Oxford English 
Dictionary is used as a reference for all spelling

and hyphenation. Verbs which contain the suffix 
ize (isej and their derivatives should be spelt with 
the z. Statistics and measurements should always 
be given in figures, Le. 10 min, 20 hr, 5 ml, 
except where the number begins the sentence. 
When the number does not refer to a unit of 
measurement, it is spelt out except where the 
number is greater than one hundred.

Abbreviations. Abbreviations for some of the 
commoner units are given below. The abbrevia
tion for the plural of a unit is the same as that for 
the singular unless confusion is likely to arise.

gram(s) g second (s) sec
kilogram (s) kg cubic millimetre (s) mm*
milligram(s) millimetre (3) mm

(io-*g) mg centimetre(s) cm
microgram (s) litre(s) 1

( 1 0 - 0 g) Mg millilitre(s) ml
nanogram(s) pound (s) lb
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hour(s) hr milliequivalent mEq
minute(s) min Rf values Rj?

Figures. In the text these should be given Arabic 
numbers, e.g. Fig. 3. They should be marked on 
the backs with the name(s) of the author(s) and 
the title of the paper. Where there is any possible 
doubt as to the orientation of a figure the top 
should be marked with an arrow. Each figure 
must bear a reference number corresponding to 
a similar number in the text. Photographs and 
photomicrographs should be unmounted glossy 
prints and should not be retouched. Line dia
grams should be on separate sheets; they should 
be drawn with black Indian ink on white paper 
and should be about four times the area of the 
final reproduction. Lines and lettering should 
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tion to one-half or one-third. Letters and numbers 
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possible, the originals of line diagrams, prepared 
as described above, should be submitted and not 
photographs. The legends of all the figures should 
be typed together on a single sheet o f paper 
headed ‘Legends to Figures’.

Tables. There should be as few tables as possible 
and these should include only essential data; the 
data should not be crowded together. The main 
heading should be in capitals with an Arabic 
number, e.g. TABLE 2. Each table must have a 
caption in small letters. Vertical lines should not 
be used.

Page proofs will be submitted to the contributors 
for minor corrections and should be returned to 
the Editor within 3 days. Major alterations to the 
text cannot be accepted.

Offprints. Fifty offprints will be issued free with 
each paper but additional copies may be purchased 
if ordered on the printed card which will be sent 
to the senior author with the proofs.
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