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Summary

A dynamic viscometer coupled with a microcomputer was used to follow the
changes of rheological properties of rennet gelifying milk during period of time
up to 2000 s with automatic recording of time, stress and strain every O0.5s.
SCOTT-BLAIRnd BURNETT(1958) and DOUILLARIDI973) mathematical models were
used to calculate the gelification time (t gel), final gel rigidity (Goa) and the
constant Tl representing the time between the gelification point and point when
the relative rigidity Gt/Goa reaches 0.1.

From analyzed experiments, it is shown that the relative reciprocal coagulation
time (ratio : tgel at pH 6.6/t gel at pH x) depended linearely on pH of milk
(for the pH range between 6.36 and 6.75) and on amount of added calcium. Coagu-
lation time and constant (Tl) evaluated from the results of phase angle changes
were respectively 7 % shorter and 4 times smaller than the ones evaluated from
the apparent viscosity evolution. The real part (u') of complex viscosity was
changing during coagulation process from 100 to 104 mPas, while storage (G')
modulus was increasing from 10-2 to 104 mPa. Relaxation time for coagulated
milk was 10-! against 102s for original milk. Final apparent viscosity of gels (ua)
was between 1 and 2 X 105 mPas depending on pH and calcium concentration.

Keys words : MHk - Coagulation - Rennet - Viscosity - Rheological behavior -
Calcium - pH.

Résumé

Méthode  rhéométrique informatisée d'étude de la coagulation du lait
par la présure

Un viscosimétre, de type Couette, raccordé a un micro-ordinateur, était utilisé,
en régime harmonique, pour suivre les changements de propriétés rhéologiques
intervenant pendant la gélification du lait, sous l'action de la présure. Les modéles
mathématiques de ScoTT-BLAIRt BURNETT1958) et DOUILLAR{QO973) étaient utilisés
pour déterminer le temps de gélification (t gel), la rigidit¢ finale (Goa) et la
constante (Tl) qui représente I'intcrvalle de temps entre le point de gélification et
le moment ou la rigidité relative (Gt/Goa) atteint la valeur O0,1.

Les expérimentations  réalisées ont mis en évidence des relations linéaires entre
le temps de gélification relative (rapport : tgel a pH 6,6/t gel a pH x) avec le pH
du lait (dans la gamme de pH comprise entre 6,75 et 6,36) et la quantité ajoutée
d'ions calcium (entre 0 et 20 mM de CaCly. Le temps de gélification et la constante
TI>évalués en prenant en considération les variations de l'angle de déphasage étaient
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respectivement environ 7 % plus courts et 4 fois plus faibles que ces mémes valeurs
évaluées en se basant sur les variations de viscosité apparente.

La partie réelle (u') de la viscosité complexe évoluait pendant la gélification
de 100 a 104 mPas alors que le module de rigidité (G') croissait de 10-2 a 10 mPa.
Le temps de relaxation pour le lait gélifié était d'environ 10-! s contre 102s pour
le lait initial. La viscosité apparente finale des laits gélifiés était comprise entre
l et 2 X 105 mPas selon le pH et la concentration en ions Ca ajoutés.

Mots clés : Lait - Coagulation - Présure - Viscosité - Comportement rhéologique .
Calcium - pH.

Introduction

Changes of physical properties of milk during rennetcoagulation have
been studied by manY authors. ScoTT-BLAIRand BURNETT1958 a, 1958 b, 1959,
1963) used an V-tube gelometer to study the viscoelastic properties of
renneted gelifying milk. TARODOELAFUENTEind FRENTZ(1966) and TARODO
DE LA FUENTEer al. (1969) used the thromboelastograph to follow rennet
coagulation of milk and syneresis of renneted milk gels. A torsiometer
and thromboelastograph were used by TUSZYNSKIet al. (1968) and
TUSZYNSKI1971) to study effets of pH, calcium and sulphur-bond inhi.
bitors on the rate of setting of renneted milk. TSOULlet al. (1975) applied
conductimetry and PARKERind DALGLEISHO977 a, b) used the light scattering
method to detect early stages of rennet coagulation of milk. CULIOLIand
SHERMAN1978) used ScoTT-BLAIRand BURNETT(1958 a) V-tube gelometer to

establish the rheological properties of gelifying milk and renneted milk
gels.

BACHMA® al. (1978, 1980) used an ultrasonic viscometer to measure milk
clotting activity of proteolytic enzymes. TOKITAer al. (1980, 1981, 1982 a, b, ¢)
used a torsion pendulum apparatus to describe the dynamic mechanical
properties of renneted milk gels. GARNOBr al. (1982) used a curd firmness
tester described by KOWALCHYdad OLSON(1978) to evaluate effects to fat
and protein contents of ultrafiltrated milks on rheological properties of rennet
gels. RAMETet al. (1982) proposed an oscillating vertical sphere set up into
an Instron universal testing machine used as a dynamic rheometer to follow
enzymatic coagulation of milk. GERVAISand VERMEIRE(1983) employed an
improved version of BURNETTand SCOTT-BLAIRI963) torsiometer ta follow
setting of renneted milk in cheese vat. BOHLINet al. (1984) described a dynamic
viscoelastometer used to tollow the evolution of viscoelstic properties of
coagula tin milk.

The afore mentioned methods, if they allow to have a good idea of the
evolution of physical characteristics of renneted rnilks, were carried out
with analog deviees of data collection. Such deviees as plotting tracer
whatever was their sensibility made difficult and approximate establishment
of numbered relationships between the different factors involved in milk
gelation. By using digital data collection and related processing deviees,
it becomes possible to realize and to deal with a large nurnber of rneasure-
ments and SO, to obtain a highly better mathematical description of the
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Fig. 1
Torque evolution during rennet coagulation of mille. Experimental conditions:  rennet Imilk:
protein =1 :300,. temperature 35° C ,.pH 6.68 ,.7.5 mM of added calcium ions.

Evolution du couple pendant la coagulation du lait. Conditions expérimentales : présure/
protéines du lait = 1 : 300,. température 35°C ,.pH 6,68 ,.7,5 mM en ions calcium ajoutés
par litre de lait.

phenomena which is the necessary first step before future automation of
cheese vats.

The aim of this work was ta apply the computerized dynamic viscometer
described in our previous work (KOROLCZUK et al. 1985) ta follow changes
of viscoelastic properties of rennet coagulating milk.

1. Materials and methods

Spray dried, low heat commercial skim milk powder was reconstituted
in distilled waterat room temperature 10 % w/w. Sodium azide (Merck,
GFR) was added(0.02 % w/v) as an antiseptic and calcium chloride (Merck,
GFR) (up ta 15 mM) to increase the level of soluble calcium ions, pH of
this so-reconstituted milk was corrected with 0.5 M NaOH and the milk
was then left for one hour at 35°C, before rennet addition (commercial
powder rennet from Hansen France dissolved in 0.02 % NaNj; Dry matter
content of renneted milk was 9.1 %, protein (N x 6.38) content was 3.41 %
and the proportion of milk protein ta .rennet was 300 : 1.

An oscillatory viscometer - Law Shear - 30 sinus (Contraves, Switzer-
land) connected ta a microcomputer - Apple II plus (Apple Computer
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Evolution of torque as a function of strain during the initial phase of rennet geliiication
of milk. Experimental  conditions : rennetimilk  pro teins = 1 : 300,. temperature 35°C ,.
pH 6.60,.no calcium ions added. To torque ; Xo = strain amplitude ; Xt = strain value for
the torque equal zero and the time equal t.

Evolution du couple en fonction de la vitesse de cisaillement pendant la phase initiale
de la gélification du lait par la présure. Conditions expérimentales présure/protéines  du

lait = 1 : 300,. température 35° C ,.pH 6,60 ,. sans calcium ajouté au lait. To = couple en

volts ; Xo = amplitude de la vitesse de cisaillement en volts,, Xt = valeur de la vitesse
de cisaillement pour le couple égal zéro et le temps égal t.

Inc., U.S.A.) through the analog digital converter - LtMAC 4000 (Analog
Deviees, U.S.A.) was used (KOROLCZUK et al. (1985). Hp to 4 000 experimental
readings of time, stress and strain were collected during one experiment
lasting up to 2000 s.

The frequency of the viscometer was set to 0.1 Hz, the amplitude of the
external cylinder movement was =+ 7.5 degrees. We used external cylinder
with diameter of 12 mm and two internal cylinders : 11 mm for viseosities
lower than 1 Pas or 3 mm for viscosities higher than 0.1 Pas. The viscometer
was calibrated with a standard fluid having a viscosity of 5000 mPas at
20° C (VEB MLV, GDR). Duringeoagulation of milk, the temperature was
keptconstant 35 = 0.1° C.

Il. Results and discussion

As it is shown in figure 1, during the first phase of rennet coagulation
process, the stress amplitude was praetically constant. When polymerisation
of easein micelles started, the stress amplitude first increased rapidly, then
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Fig. 3
Rate of strain (+++) and torque (**= ) evolution during the initial period of rennet coagu-
lation of milk. Experimental conditions are the same as in the figure 2. Xo = strain
amplitudge ; To = torque amplitude.

Evolution du gradient de vitesse (+++) et du couple (= ) pendant la période initiale
de la coagulation du lait par la présure. Les conditions expérimentales sont les mémes
que dans la figure 2. Xo = amplitude du gradient de vitesse; To = amplitude du couple.

slowed down. The evolution of stress amplitude in the figure 1 was similar
to that recorded by the thromboelastograph  (TARUDIDELAFUENTEnd FRENTZ,
1966 ; TUSZYNSKd! al., 1968 ; TARUDIDELAFUENTEind ALAIS,1969).

Of course, when using a computerized dynamic viscometer instead of
the thromboelastograph it is possible not only to detect the gelification time
and eventually the final rigidity expressed in arbitrary units, but also to
establish the rheological properties, expressed in physical units, for any
stage of milk gelification. If stress is represented as a function of strain (fig. 2)
then the increase of stress takes form of an evolving ellips. Phase angle (0)
between the stress and the strain could be calculated from the equation

Xt
6 = arc 'Cos-- (1)
Xo
where : Xt - strain value for torque equal to zero,
Xo - maximal strain value.

This relationship allows to calculate the phase angle with quite a good
precision even when using only X, Y recorder. As we used a computer
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Fig. 4
Rate of strain (++-1) and torque (M .) evolution during the final period of rennet coagu-

lation of milk. Experimental conditions are the same as in the figure 2. Xo = rate of strain
amplitude ; Ta = torque am.plitude ; |l = phase angle.

Evolution du gradient de vitesse (++-t) et du couple (1 n.) pendant la période finale
de la coagulation du lait par la présure. Les conditions expérimentales sont les mémes
que dans la figure 2. Xo = amplitude du gradient de vitesse ; Ta = amplitude du couple ,.
Il = angle de déphasage.

which recorded every 0.49 = 0.001 s the values of strain, torque and time
with precision better than 0.2 %, the phase angle was computed directly as
described in our previous work (KOROLCZUK et al, 1985).

As it could be seen in the figures 3 and 4, the used equipment enabled
us to realize 20 acquisitions of strain and torque per each cycle lasting about
10 s. This gives goodenough reproducibility of the evolution of the strain
and the torque as function of time.

The torque plotted as a function of strain (fig. 5 and 6) gives an elliptic
curve, with the phase angle equal to 84° for the milk just mixed with the
rennet to about 20° for renneted milk gel.

Theoretically the strainevolution as a function of time for the used
equipment, is a sinusoidal function
Xt = Xo . sin « )
where: Xt strain as a function of time.
Xo maximal strain value,

a angle measured at the beginning of the cycle.
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Fig. 5
Rate of strain and torque interrelation for the initial period of rennet coagulation of milk
(8.j}6sec. ajter addition of rennet). Experimental conditions are the same as in the figure 2.

Xo = rate of strain amplitude; Xt = rate of strain amplitude for the torque equal zero
and the time equal t ; Ta = torque amplitude.

Rapport entre le gradient de vitesse et le couple pendant la phase initiale de la coagulation
du lait par la présure (&96 sec. apres l'addition de la présure).

If Xo is plotted against angle (a) as in the figure 7 then the calculated values
for each angle should give two straight parallel lines to the central line
representing strain equal to zero. As it could be seen in figure 7 reasonably
good linearity is obtained for the angle range between about 0.5 and 2.5
radians which corresponds to the rate of strain range between half and the
maximum value. Practically the maximal rate of strain for each cycle can be
estimated for a = n/2, as an average of Xo values situated in the angle range
between 1-2 radians. The coefficient of variation in this case was about
02 %.

The same approach was used to check the « linearity » of the torque
evolution. As it is shown in the figure 8, at the very beginning of the rennet
coagulation process, the milk behaved as an almost purely newtonian body.
On the other hand, the renneted milk gel behaved quite differently. The
stress is a non-linear function of the rate of strain. From the record of
twenty values of strain and torque per each cycle it is possible to fit the
results into a mathematical model representing the evolution of stress as
a function of strain and time (fig. 9). But for the continuation of this study
the maximum of the torque amplitude was choosen as the value calculated
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Fig. 6
Rate of strain and torque interrelation for the final period of rennet coagulation of milk
(2530-2.(50%ec. after addition of rennet). Experimental conditions are the same as in the

figure 2. Xo = rate of strain amplitude; Xt = rate of strain amplitude for ,the torque
equal zero and the time equal t; Ta = torque amplitude.

Relations entre le gradient de vitesse et le couple pendant la phase finale de la coagula-
tion du lait par la présure (2530"2600) sec. apres [l'addition de la présure. Les conditions

expérimentales  sont les mémes que dans la figure 2. Xo = amplitude du gradient de
vitesse; Xt = amplitude du gradient de vitesse pour le couple égal zéro et le temps égal t ;
Ta = amplitude du couple.

for the angle equal ta :J#2, through the linear interpolation method, from the
results situated within the angle range between 1 and 2 radians and that,
separately for each half of sinusoidal cycle. Finally the calculated torque
amplitude (Ta) for each cycle was the sum of the two {(halves .» of the
absolute values of the torque amplitude for the first and the second half
of each sinusoidal cycle. This gave one average value of torque amplitude
every 10 seconds. As the stress is proportional ta the torque amplitude and
as the rate of strain is a function of frequency, sa bath of these values as
well as the phase angle could be easily calculated from the data recorded
during each experiment. From the knowledge of the torque amplitude (To),
rate of strain (D) and the phase angle (6) all viscoelastic functions could be
calculated. Our analysis was limited ta three basic functions

- complex viscosity (n") ;

- real part of complex viscosity {n') ;

- storage or elasticity modulus (G').
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Linearized rate of strain amplitude as a [unction. of angle measured from the beginning
of each sinusoidal  half-cycle. Xo = rate of strain amplitude for the angle equal 90°.

Gradient de vitesse linéarisée en fonction de l'angle mesuré du début de chaque demi-cycle
sinusoidal.

During the enzymatic phase of rennet coagulation process, the evolution
of each viscoelastic function is very slow and hardly detectible. When coagu-
lation starts, the logarithms of complex viscosity, real part of complex
viscosity, phase angle and storage modulus seemed to be inversely propor-
tional to the time (fig. 10).

T
log F = log Foo- - 3
t
where: F - the value of a viscoelastic function for the time t,
Foo- hypothetical value of viscoelastic function for the time = oo,
T - time to reach 10 % of F.

The gelification time calculated from the evolution of each viscoelastic
function to the initial value is not the same. In the example given in the
figure 10, the gelification time estimated from the changes of phase angle
was about 100 s shorter than the one evaluated from complex viscosity
evolution. It seemed also that evolution of phase angle was much faster
than changes of complex viscosity. The constant representing the time at
which a viscoelastic function reached 10 % of its hypothetical final value,
was about 10 times higher for the complex viscosity (32220 s) than for the
phase angle (3268 s). That leads to, in practical application, the phase
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Linearizea  torque amplitude as a function of angle measured from the beglnning of each
sinusoidal  half-cycle, for the initial period of rennet coagulation of milk (8-96 sec., aiter
addition  of rennet). Experimental conditions  are the same as in the figure 2. Ta =
torque amplitude  for the angle equal 90°.

Amplitude  du couple linéarisée en fonction de l'angle mesuré du début de chaque demi-
cycle sinusoidal, pour la période initiale de la coagulation du lait par la présure (8-96 sec.
aprés l'addition de la présure. Les conditions expérimentales  sont les mémes que dans
la figure 2. Ta = amplitude du couple pour [l'angle égale 90°.

angle evolution would be a better gelification detector than the complex
viscosity evolution.

If equation (3) well describes the first parts of evolution of viscoelastic
behavior of renneted milk gels, it is not the case for the last parts. The
upper part of the « S curve » described byequation (3) did not agree with
visual observations and direct measurements.

The last phase of rennet gelification of milk is better represented by
the two mathematical models successively proposed by ScoTT-BLAIR and
BURNETT (1958) and pouiLLaArRD (1973) particularly the last one

Foo-F t-t gel
log - = - @)
F Tl

where: t gel = gelification time.

As shown by figure 11 describing apparent viscosity evolution in function
of time at pH 6.64. This model was used for the treatment of the data
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Linearizea torque amplitude as a [unctiori of angle measured from the beginning of each
sinusoidal hali-cycle, for the final period of rennet coagulation of milk (2530-2600 s aiter
addition of rennet). Experimental  conditions are the same as in the figure 2. To =
torque amplitude for the angle equal 90°.

Amplitude du couple linéarisé en fonction de l'angle mesuré du début de chaque demi-
cycle sinusoidal, pour la période finale de la coagulation du lait par la présure (2530-
2600 sec. apres l'addition de la présure). Les conditions expérimentales sont les mémes

que dans la figure 2. To = amplitude du couple pour [l'angle égal 90".

related to the effect of pH variation and calcium addition because it was
more simple to apply than the one previously proposed by the same authors

F T,
log 5)
Foo t-t gel
where : T is a constant representing the duration of time between the

coagulation time and the time when F reaches 90 %.

Neither of these two models represents the whole process of rennet
coagulation of rnilk (ScoTT-BLAIRand OOSTHUIZENL961 ; ScoTT-BLAIRand
BURNETT,1963 ; PARKERand DALGLEISHL977a,b), but they describe quite
well the evolution of rheological properties of gelifying milk (TOKITAet al.,
1980, 1981, 1982a,b,c ; QVIST, 1982 ; GERVAISsnd VERMEIRE,]983) i.e. the
formation and hardening of milk gels.

Mathematical treatment of all our experimental results as these repre-
sented in figure 11 shows that this good adjustment is only right when
F/Foois in the 0.1-0.8 range. Outside this range, both models diverged but
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Relations between the logarithm of complex viscosity (lla), real part of complex viscosity
(n"), elasticity modulus (G'), phase angle () and the reciprocal time.

Relations entre le logarithme de la viscosité apparente (na), la partie réelle de la
viscosité complexe (n'), le module d'élasticité (G'), l'angle de déphasage (ll) et l'inverse
du temps.

there are simple relationships between the used parameters

- gelification time estimated from equation (5) represents 1.42 times
gelification time estimated from equation (4) ;

- Foe estimated fromequation (4) does represent only 84 % of Fce
estimated fram equation (5) ;

- TI is equal to 21.9 Ta

Above mentioned relationships can be used when results calculated by
the two models are compared.
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Apparent viscosity (Ua) evolution during rennet coagulation of milk and the representation
of this process by the two mathematical models given in equation (4) and (5).

Evolution de la viscosité apparente (ua) pendant la coagulation du lait et la représenta-
tion de ce processus par les deux modéles mathématiques  donnés dans les équations

A et (5.

Fig. 12

Correlation  between pH and
the relative reciprocal coagula-
tion lime. The coagulation time
at pH 6.6 was taken for unity :
66 = results of Fox (1969) ;
AA = vresults obtained in this

6.4 6.6 work.

Corrélation  entre pH et linverse vrelative du temps de coagulation. Le temps de
coagulation & pH 6.6 était pris pour umne unité. 66 = résultats de Fox (1969) ; AA =
résultats obtenus dans ce travail.
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Fig. 13

Correlation between the amount of added calcium ions and the relative reciprocal gelili-
cation time. The geliiication time for the milk without calcium added was taken for unity .
®® = vresults of TARODO DE LA FUENTE and FRENTZ (1966) ; e = vresults of SCOTT-BLAIR
and BURNETT (1958) ; li = results obtained in this work.

Corrélation entre la quantité du calcium ajoutée et l'inverse vrelative du temps de
gélification. Le temps (z gélification du lait sans calcium ajouté était pris pour une unité .
®* = ypésultats de TARODO DE LA FUENTE et FRENTZ (1966) ; o = résultats de SCOTT-BLAIR
et BURNETT (1958) ; ... = résultats obtenus dans ce travail.

Among the numerous physical, chemical and technological parameters
which influence the rheological properties of rennet milk gels, pH and
concentration of calcium ions were chosen because these two parameters
play a key role in rennet coagulation of milk. There was linear correlation
between pH of milk samples and relative reciprocal gelification time (fig.
12). Of course, theoretically, pH coagulation time dependence forms a
Gauss type curve, but for a limited pH range it could be replaced by a
hyperbolic relationship, as shown in the figure 12. The gelification time
(t gel) at pH 6.6 was taken as unity in order to be able to compare our
results to those described in the literature. As shown in figure 12, gel is
divided by 2 at pH 6.27 and is twice longer at pH 6.75. These results are
in good agreement with the data published by Fox (1969).

For quite a large range of added ionie calcium ions concentration
(0-15 mM) there was linear relationship between the relative reciprocal
gelification time and the concentration of Ca ions (fig. 13). In this case the
gelification time of milk with no calcium added was chosen for unity. To
shorten twice the coagulation time at constant pH, temperature and
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Relations  between. the gelification time and constant Tl from the equation (4) calculated

on the base of the results of evolution of viscosity or phase angle during rennet coagula-
tion of milk,

Relations  entre le temps de gélification et la constante Tl de l'équation (4) calculée sur
la base des résultats de ['évolution de la viscosité et de l'angle de déphasage pendant la
coagulation  du lait par la présure.

rennet/rnilk  ratio, the addition of about 3.8 mM Ca/l was required. The
results obtained by other authors correspond well with ours (ScoTT-BLAIRnd
BURNETT]958 ; TARODOELAFUENTEnd FRENTZ,1966).

There were approximately linear relationships between the gelification
time and Tl calculated from the results representing the evolution of
complex viscosity or phase angle (fig. 14). In average, the gelification time
established from the phase angle changes is about 7 % shorter than the
one calculated from the results of viscosity. Tl estimated from phase angle
evolution was about 4 times lower than the one calculated from viscosity
evolution. This indicates that the evolution of phase angle is rnuch faster than
the evolution of viscosity. From this observation, it can be concluded that
during rennet coagulation of milk, elasticity increase is faster and more
important than the increase of viscosity.

Maximum complex viscosity estimated through equation (5) was about
1.3 Pas for the rnilk notenriched in calcium and 2.0 to 24Pas for the
milk added with 7.5 mM of calcium ions. For the pH range 6.68-6.36, the
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maximum viscosity increased from 2 to 2.4 Pas with the decrease of pH
level. Both effects show that free calcium ions play an important role in
the formation of gel structure, what is already well known. The level of
final viscosity of analyzed samples was in about the same range than the one
observed by TOKITAnd co-workers (1980, 1981, 1982) and by BORLINer al
(1984).

It can be concluded that pH and calcium concentration influence strongly
the gelification time, the rate of hardening of rennet milk gels and final
level of aggregation of casein micelles. It seems that by using computerized
dynamic rheometer it would be possible to estimate the importance of
other physical, chemical and technological parameters of gelification of
milk and maybe to establish the mathematical model of evolution of
viscoelastic functions which would represent the whole process of rennet
coagulation of milk better than other existing models.
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