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ABSTRACT 
 

The effects of freezing and heat temperature on the rheological behavior and 
structural of buffalo's milk samples were studied. Rheological properties of raw, 
pasteurized, whole and skim milk during freezing period of ۱۲ weeks at (-۲۲ ºC ± ۲) 
were measured in a rotational viscometer at temperature (۳۰˚C).  Differences between 
shear stress values of ascending and descending curves were negligible so, no 
remarkable hysteresis was observed. Obtained shear stress values were found to be 
dependent on type, treatment and fat content of the milk. The maximum obtained of 
shear stress values for pasteurized whole milk and raw whole milk were ۳۰٫۹ and ۳۰٫۷ 
dynes/cm۲ at shear rate ۱۳۱۲ s-۱ for pasteurized whole milk and raw whole milk, 
respectively. The obtained flow curves for the raw skim milk showed almost linear 
relationship between shear stress and shear rate values, which in turn express a 
Newtonian behaviour. Increasing the fat in milk did not greatly influence the obtained 
shear stress values as well as the linear characteristic of the obtained flow curves.  

Pasteurized milk either whole milk or skim milk being frozen at (-۲۲ ºC ± ۲) 
gave the highest viscosity values, compared with that of the other tested raw milk 
samples. Freezing storage for ۱۲ weeks caused an increase in the values of 
consistency coefficient of (k- values) of frozen milk concentrates, while the flow 
behaviour index (n-value) tended to be slightly lower than the unity indicating a 
shifting towards the non-Newtonian behaviour of the milk concentrates.      

Transmission electron micrographs (TEM), of fresh and frozen whole 
concentrated milk obtained from ultrafiltration of whole milk caused changes in size, 
distribution, and average diameter of casein micelles.  The fresh whole concentrated 
milk from UF showed a roughly spherical shape, in various sizes. The appearance of 
frozen whole concentrated milk from UF milk concentrated three times (۳X) also 
exhibited nearly spherical shapes with a wide range of sizes. 
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INTRODUCTION 

 
Dairy industry in Egypt is facing a big problem in maintaining a 

constant supply with fresh buffalo's milk during the summer months due to 
lake of lactation during this period. Use of dried milk as alternative for fresh 
milk needs special technological solutions to make the reconstituted milk 
suitable for processing.  

Freezing is an alternative preservation method, instead of the high 
energy cost drying, also for milk to extend shelf life Hekken et al., (۲۰۰٥).  
The rheological behavior of milk products is important for the texture and 
stability of dairy products, process design, and fundamental research. It is 
complex and strongly dependent on temperature, concentration and physical 
status of the dispersed phases. 
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In freeze concentration, water is separated from liquid food by 
crystallizing ice at low temperatures, followed by a separation step to remove 
ice from the concentrate. Due to the low temperatures of operation, no heat-
induced changes occur, resulting in high-quality products for many liquid 
foods. The application of freeze concentration to the dairy industry has been 
demonstrated in the past (Van Mil and Bouman, ۱۹۹۰). However, only limited 
commercial success has been obtained. It has been claimed that 
reconstituted skim milk previously concentrated by freeze concentration has a 
smoother and creamier product texture than the original skim milk (Chang 
and Hartel, ۱۹۹۷). No scientific evidence for this claim has been published, 
although physical changes in protein structure may cause some organoleptic 
changes. This physical change can be evaluated objectively by comparing 
the viscosities of the natural skim milk and the reconstituted skim milk from 
freeze concentration processes. 

An important consideration in optimizing ice crystal growth in freeze 
concentration processes is the provision of rapid ice crystallization. (Shi et al., 
۱۹۹۰). By varying the appropriate operating conditions, high rates of heat 
transfer can be maintained, resulting in these rapid rates of ice crystal growth 
(Hartel and Espinel, ۱۹۹۳). A better understanding of the flow properties of 
freeze-concentrated skim milk is fundamental to the control of heat and mass 
transfer rates between the ice and the liquid interface, which is necessary for 
design of operations related to the freeze concentration process, in sensory 
analysis and in quality control. 

The possibility of preserving milk by freezing has been of interest to 
food. One of the major obstacles to the successful marketing of frozen milk 
product has been the instability of milk proteins during freezing storage. 
Destabilization of proteins in milk during frozen storage is known to involve 
mainly the casein fraction and to depend on a number of factors including 
time and temperature of storage of milk concentration, lactose crystallization 
and pre freezing heat treatment (Dominic et al., ۱۹۹٦). 

Therefore, the objective of the present investigation was to study the 
effect of frozen storage periods (۱۲ weeks), of buffalo's milk  and 
concentrated whole and skim buffalo's milk (-۲۲ ºC ± ۲) on their rheological 
behavior and changes in their structure.  
 

MATERIALS AND METHODS 
  

Fresh buffalo's milk (٦٫۸٪ fat and ۱٦٫٥٪ total solids) was obtained 
from the herd of Shalakan Farm, Faculty of Agriculture, Ain Shams 
University. Fresh raw milk was divided into two portions; the first portion was 
treated as whole milk, and the second portion was skimmed using a 
laboratory milk fat separator to obtain skim milk. Both fresh whole and skim 
milk were pasteurized at ۷٥°C for ۱٥ sec and homogenized at ۳۰۰۰ lb/in۲ 
.Ultra filtration of both different milk were carried out in a CARBOSEP pilot 
plant unit (type ۲S ۱٥۱ tubular, France) with Zirconium oxide membrane area 
of ٦٫۸ m۲. The inlet and outlet pressures were ٥ and ۳ bar, respectively. Milk 
was concentrated in a batch system to volume concentration factor ۳X. The 
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resultant milk retentate was diluted using milk permeate to obtain 
concentration factor ۲X. 

Retentate types (whole ۲۲-۳۳ %TS and skimmed ۱۸-۲۸٪ TS) were 
packaged into PVC cups (۳۰۰ ml) and frozen at -۲۲ ± ۲°C for ۱۲ weeks. The 
samples were taken when fresh and weekly till the end of freezing storage and 
physically analyzed. 

The rheological properties of the milk samples were measured using 
rotational coaxial viscometer (Rheotest II, Medingen, Germany) at 
temperature ۳۰ºC. The rotating double space devise (N) was used with fixed 
cup (S) of the viscometer. Shear stress data were recorded for shear rate 
values between ۲٤۳ to ۱۳۱۲ sec-۱ .The Newtonian viscosity (μ) as well as the 
parameters of non- Newtonian behaviour, (consistency coefficient, k and flow 
behaviour index,  n) were calculated as given by  Dail & Steffe (۱۹۹۰) and 
Toledo (۱۹۹۷): 

τ = μ .  γ                             (۱) 
  and 

τ = κ .  γ n                             (۲) 
Where: 
τ =Shear stress (Dynes/cm ۲),                                     γ = Shear rate (s-۱) 
μ  = Newtonian viscosity value (m Pa.s),     n = Flow behaviour index (-) 
 k = consistency coefficient (Dynes/cm ۲  .s n ).   
 

        Whole milk and UF whole milk were prepared for transmission 
electron microscopy (TEM) by a slight modification of the method reported by 
Ali and Robinson (۱۹۸٥). Two milliliters of samples were mixed with ۲ ml of ٦٪ 
glutaraldehyde in ۰٫۲ M sodium cacodylate-HCl buffer (pH ۷٫۲) and left for ۱ h 
at room temperature. After this initial fixation, the mixture was blended with an 
equal volume of ۲٫٥٪ molten agar at ٦۰º C, spread on a microscope slide, 
allowed to solidify, and sliced into small dices (۱ mm۳) The dices were washed 
with three changes of ۰٫۲ M sodium cacodylate-HCl buffer (pH۷٫۲), and post 
fixation was carried out using ۱٪ (Mol) osmium tetroxide in the same buffer. 
The dices were washed in three changes of deionized water and then 
dehydrated in a graded series of water-ethanol mixtures (٥۰, ۷۰, and ۹۰٪ 
ethanol) followed by two washes with absolute ethanol. Finally, the dices were 
passed through a series of propylene oxide and Araldite mixtures before 
embedding in Araldite. Thin sections (۸۰ nm) were cut using ultramicrotome 
(Leica ultracut UCT). The sections were stained with lead acetate and then 
examined in an electron microscope (JEOL-TEM-۱۰۱۰). 
  Statistical analysis and correlation coefficient were carried out using 
applied SAS (۲۰۰٤).  
 

RESULTS AND DISCUSSION 
        

The rheological characteristics of the tested frozen buffalo’s milk 
samples were discussed from the viewpoint of apparent viscosity values and 
flow parameters, as affected by freezing storage. These parameters are of 
importance for designing, handling and utilization of frozen milk.  
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Table (۱) shows the shear data of whole milk stored for ۱۲ weeks at -۲۲ 
ºC ± ۲. As seen, shear stress values were increased by ۱٥٪ to ٤۷ % at the 
end of frozen storage period of whole milk indicating the occurrence of some 
aggregation in the milk components induced by freezing and frozen storage. 
Pasteurization  of whole milk before freezing did not affect the pattern of flow 
curves even after freezing for ۱۲ weeks (Table۱), indicating a minimum effect 
of pasteurization on the flow behavior of whole milk. Separation of fat content 
from whole milk resulted in ۲۰-۲٥٪ reduction of the shear stress response of 
the skim milk (Table ۱), compared with that of whole milk, at all tested shear 
rates. This means that fat content induced an increase in the viscosity values 
of milk. However, freezing and freezing storage of skim milk did not greatly 
influence the flow curves as did the whole milk, indicating the role of fat in 
aggregation changes of frozen milk. However, pasteurization of skim milk 
resulted in an average of ۱۰٪ increase in the shear stress response indicating 
the role of fat in separation of milk aggregation during the heat treatment. 

Concerning the effect of the heat treatment of milk on its flow behavior 
characteristic, it could be noticed that pasteurized samples showed higher 
shear stress response than those of raw milk samples, especially for 
pasteurized whole milk  than skim milk. The obtained results agree with those 
reported by Marta, et al., (۲۰۱۰), who studied the rheological behaviour of 
commercial sodium caseinate at various temperatures. 

 
Table (۱): Shear stress values (Dynes/cm۲) of frozen milk (-۲۲ºC) during 

storage periods at different shear rates.  
Frozen storage period (weeks) Shear rate 

Sec-۱ Treatments ۱۲ ۱۰ ۸ ٤ ٦ ۲ Fresh 
۷٫۸ ۷٫٦ ۷٫٦ ۷٫۲ ٦٫۷ ٦٫۱ ٥٫۸ ۲٤۳ 

Raw whole milk ۱۰٫٤ ۹٫۹ ۹٫۱ ۹٫۰ ۸٫۱ ۷٫۳ ۷٫۰ ٤۳۷ 
۱۸٫۷ ۱۸٫٦ ۱۸٫٤ ۱۸٫۰ ۱۷٫۷ ۱٦٫۷ ۱٦٫۳ ۷۲۹ 
۳۰٫٦ ۳۰٫٦ ۳۰٫۰ ۲۹٫٥ ۲۹٫٥ ۲۹٫٤ ۲۹٫٤ ۱۳۱۲ 
۹٫٦ ۹٫۱ ۸٫۷ ۸٫۰ ٦٫۹ ٦٫۱ ٥٫٥ ۲٤۳ 

Pasteurized 
whole milk 

۱۳٫۰ ۱۲٫۷ ۱۲٫۳ ۱۱٫۸ ۱۰٫۸ ۱۰٫٤ ۹٫۸ ٤۳۷ 
۱۸٫۱ ۱۷٫٥ ۱۷٫۰ ۱٥٫٦ ۱٤٫٦ ۱٤٫۱ ۱٤٫۰ ۷۲۹ 
۳۰٫۹ ۳۰٫۷ ۳۰٫۷ ۳۰٫٦ ۳۰٫۲ ۲۸٫۷ ۲۸٫٦ ۱۳۱۲ 
٦٫۲ ٦٫۱ ٥٫۹ ٥٫۹ ٥٫۹ ٥٫۸ ٥٫۸ ۲٤۳ 

Raw skim milk ۹٫۹ ۹٫۹ ۹٫٦ ۹٫۱ ۸٫۷ ۸٫۱ ۷٤ ٫٦۳۷ 
۱٤٫۸ ۱٤٫۷ ۱٤٫٥ ۱۳٫۹ ۱۳٫٦ ۱۳٫۳ ۱۲٫۳ ۷۲۹ 
۲٦٫۹ ۲٥٫۷ ۲٥٫۱ ۲٤٫۷ ۲٤٫٤ ۲٤٫٤ ۲٤٫۲ ۱۳۱۲ 
۷٫٤ ۷٫۲ ۷٫۲ ۷٫۰ ٦٫۹ ٦٫۷ ٦٫٥ ۲٤۳ 

Pasteurized skim 
milk 

۹٫۹ ۹٫۸ ۹٫۷ ۹٫٦ ۹٫۱ ۸٫۸ ۸٫۰ ٤۳۷ 
۱٥٫۱ ۱٤٫٦ ۱٥٫۰ ۱٤٫٦ ۱٤٫۱ ۱٤٫۱ ۱۳٫۹ ۷۲۹ 
۲۷٫٥ ۲۷٫٥ ۲۷٫٥ ۲۷٫٥ ۲۷٫٤ ۲٦٫۹ ۲٦٫۸ ۱۳۱۲ 

 
The shear rate/shear stress data of the tested milk samples were 

subjected to flow pattern analysis according to the power model. (equation 
Nr.۲)  

                                        τ = κ .  γ n                                           
The results of analysis are given in Table (۲). As seen the n-values of 

raw and pasteurized whole milk were very close to the unity (۱٫۰٤ and ۰٫۹۹۳ 
respectively) indicating the Newtonian flow behaviour of raw and pasteurized 
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milk. However, Freezing and feezing storage led to shifting the flow behaviour 
to the non- Newtonian shear thinning pattern, since the n-value decreased to 
۰٫۸۳۰ and ۰٫٦٤۷ for raw and pasteurized whole milk, respectively. Such 
change in flow behaviour could be referred to structural changes and 
aggregation in the milk components during frozen storage. The flow 
behaviour of skim milk, whether raw or pasteurized, was characterized by a 
slight non- Newtonian behaviour before and after freezing storage, since the 
n-values were in the range of ۰٫۸۲ - ۰٫۹۰. It could be suggested that fat 
content greatly contribute to the pattern of flow. According to data in Table 
(۲), the values of consistency coefficient (K-values) increased by 
pasteurization and during frozen storage. Although it appears that fat 
separation resulted in an increase in the dynamic viscosity, the real apparent 
viscosity values, which relate viscosity to both shear rate  γ  and flow 
behaviour index (n) (ηapp = κ .  γ n-۱  ) reveal that the apparent viscosity values 
of skim milk were actually lower than those of whole milk. The obtained data 
on the rheological characteristics of milk could be confirmed with the data 
published in the literature. Most of the workers were carried out using cow's 
milk, and the data on buffalo's milk are rare. Mun et al., (۱۹۹۹) found that the 
viscosity of whole and skim milk was almost constant at a shear rate up to 
۱۰۰۰ s-۱ whitch value close to ۱٫۲ CP and n-value close to the unity. They 
also stated that casein is one of the major components in milk, that affected 
the fluid rheology, with viscosity increase with increasing casein content as 
well as with increasing fat content, as indicated by the difference between 
whole and skim milks, since casein micelles can be bound to fat globules 
readily. 

On other side, Velez-Ruiz and Barbosa-Canovas (۱۹۹۸) mentioned 
that dairy products rich in protein content behave rheologically different than 
those rich in fat. They also found that milk with ۱۷٫۲٪ total solids behaves as 
Newtonian fluid with k- value of ۰٫۰۲ to ۰٫۰۳ dynes.sn/cm۲ and it increased 
slightly upon ٤ weeks cold storage, which agree with the results obtained in 
the present work. In other work, Bienvenue et al., (۲۰۰۳) found that the 
presence of minerals which mount high in milk, resulted in increase in its 
viscosity because of the relationship between minerals and casein 
aggregation. Furthermore, Velez-Ruiz and Barbosa-Canovas (۲۰۰۰) applied 
shear rates of ٥۰۰-۱۰۰۰ s-۱ at room temperature for rheological determination 
of whole and concentrated milk. The flow behaviour index was close to the 
unity with k- value of ۰٫۰۱۸ to ۰٫۰۲۳۳ dynes.sn/cm۲ for total solids of ۱۲٫٥ to 
۱۷٫۲۲٪ indicating the Newtonian behaviour of whole milk. They also stated 
that casein micelles, fat globules, whey proteins, lactose and salts are 
capable of undergoing a variety of changes under the effect of heat. 
Published data of Chang and Hartel (۱۹۹۷) revealed that average dynamic 
viscosity of skim milk (۹٫٥٦٪ solids) was in the range of ۳٫۷ CP  being 
obtained by a capillary tube glass viscometer. In conclusion, the viscosity of 
milk, consistency coefficient and flow behaviour index were correlated as a 
function of total solid and affected either by skimming or heat treatment of 
milk. 
 
Table (۲): Flow parameters of frozen milk during storage at -۲۲°C± ۲. 
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Frozen storage period (weeks) 
Flow 
paramet
ers 

Treatments 

۱۲ ۱۰ ۸ ٤ ٦ ۲ Fresh   
۰٫۰۹۰ ۰٫۰۷٤ ۰٫۰٦۷ ۰٫۰٤۸ ۰٫۰٤٥ ۰٫۰۲۲ ۰٫۰۱٦ K Raw whole 

milk ۰٫۸۳۰ ۰٫۸٥۰ ۰٫۸٥٤ ۰.۸۹۲ ۰.۹۲٤ ۱.۰۰ ۱.۰٤ n 
۰٫۹۷۱۷ ۰٫۹۷۰۸ ۰٫۹٥۸۰ ۰٫۹٥۱۲ ۰٫۹٤٥٤ ۰٫۹٤٤۰ ۰٫۹۳۹۳ R۲ 
۰٫۲٦۱ ۰٫۱۷۰ ۰٫۱٥٥ ۰٫۱۳۷ ۰٫۰٥۷ ۰٫۰۳۷ ۰٫۰۲۲ K asteurized 

hole milk ۰.٦٤۷ ۰.۷۱۳ ۰.۷۲۳ ۰. ۷۳۳ ۰.۸٥۹ ۰.۹۲۰ ۰٫۹۹۳ n 
۰٫۹۹۰۲ ۰٫۹۸٥۰ ۰٫۹۸۳۷ ۰٫۹۸۱٤ ۰٫۹۸۱۱ ۰٫۹۷٦۸ ۰٫۹۷۲۲ R۲ 
۰٫۰٦۷ ۰٫۰٥۸ ۰٫۰٥۰ ۰٫۰٤۹ ۰٫۰٤۹ ۰٫۰٤۸ ۰٫۰٤۰ K Raw skim 

milk ۰. ۸۲۰ ۰. ۸۳۳ ۰٫۸٤٦ ۰. ۸٥٤ ۰. ۸٦۷ ۰. ۸٦۷ ۰. ۹۰۰ n 
۰٫۹۹۸۸ ۰٫۹۹۷۹ ۰٫۹۹۷۸ ۰٫۹۹٦۲ ۰٫۹۸۷٦ ۰٫۹۷۹۳ ۰٫۹٦۱۲ R۲ 
۰٫۰۹٤ ۰٫۰۹۰ ۰٫۰۸۳ ۰٫۰۷٥ ۰٫۰٦۸ ۰٫۰٦۳ ۰٫۰٤۷ K steurized 

im milk ۰. ۷٥۷ ۰. ۷۷٥ ۰. ۷۸٤ ۰. ۸۱۱ ۰. ۸۲۰ ۰. ۸۲۹ ۰. ۸۷۱ n 
۰٫۹۷٥۲ ۰٫۹۷٥۰ ۰٫۹۷۷۳ ۰٫۹۷۷۱ ۰٫۹٦٦٥ ۰٫۹٦۳۰ ۰٫۹٥۰۷ R۲ 

n = flow behavior index (-); K = consistency index dyne. sn /cm۲;  R۲ = correlation 
coefficient 

 
  Figure   ۱ show the dynamic viscosity of milk samples. As seen, the 

average viscosity value of whole milk was ۲٫۱٤ CP, and this value increased 
to ۲٫٦ CP after ۱۲ week of frozen storage. Viscosity values of whole milk were 
slightly affected by the applied shear rate, indicating the Newtoniaty of whole 
milk, even after۱۲ week of feezing storage. Dynamic viscosity of whole milk 
was not remarkably influenced by pasteurization, since the average viscosity 
of pasteurized milk was ۲٫۱۹ CP and it increased to ۲٫۸۹ CP after۱۲ week of 
feezing storage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. ۱: Relationship between average dynamic viscosity and frozen 

storage at -۲۲°C± ۲.  
 
Despite the linear relationship between the shear stress and shear rate, 

plots of dynamic viscosities versus shear rate were slightly shear thinning. 
According to Wayne and Shoemaker (۱۹۸۸), the reason for such behaviour 
could be referred to the presence of small yield stress (ιº -values) making the 
dynamic viscosity shear dependent to some extent. As expected, separation 
of fat resulted in a remarkable decrease in the dynamic viscosity, which 
reached a value of ۱٫۹۱CP indicating that the fat content plays an important 
role in the viscosity of milk. However, viscosity of skim milk was increased to 
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۲٫۱۸ CP at the end of frozen storage. Pasteurization of skim milk led to an 
۱۱٪ increase in the dynamic viscosity value. 

Table (۳) show the shear data, i.e. the relationship between applied 
shear rates and obtained shear stress response, for the tested milk 
concentrates. For concentrated skim milk samples, the maximum shear 
stress response reached about ۳۰ dynes/cm۲ for fresh ۲X concentrated, and 
٤۹ dynes/cm۲ for ۳X concentrates, respectively. The flow curves showed an 
almost linear relationship indicating the less deviation of the flow pattern from 
Newtonian behavior. According to Chang and Hartel (۱۹۹۷), as well as the 
Mun et al., (۱۹۹۹), the flow behavior of ۳۰٪ concentrated skim milk exhibited 
a slight non- Newtonian behavior of pseudo plastic type. Wayne and 
shoemaker (۱۹۸۸) gave a shear stress magnitude of ۱۷ dynes/cm۲ (at ٥۰۰ s-۱) 
for ۲۰٪ concentrated skim milk, which agree with results given in Table (۳) of 
the present work. Velez- Ruiz and Barbosa- canovas (۱۹۹۸) as well as 
Bienvenue et al., (۲۰۰۳) referred such change in course of flow curves of 
concentrated milk to the removal of water, which causes an increase in 
volume fraction of dispersed particles and increase the micelle-micelle 
interactions as the distance between the micelles becomes smaller. 
Increasing the storage time of frozen concentrated skim milk led to an 
increase in the shear stress response of the concentrated milk at all shear 
rates. The increase reached an average of ۲٫۲٪ and ۸٪ for ۲X and ۳X 
concentrated skim milk, respectively. As seen in Table (۳), the shear stress 
values at maximum shear rate (۱۳۱۲ s-۱) reached ۳٤ and ٥۱ dynes/cm۲ for ۲X 
and ۳X buffalo's skim milk, respectively. According to Mun et al., (۱۹۹۹) there 
are other physicochemical changes taking place during storage time that are 
affecting the rheological behaviour of concentrated skim milk such as micellar 
aggregation, association of casein micelles with fat globules and whey protein 
change causing such change in the rheological properties of concentrated 
skim milk. The flow curves of concentrated whole milk were substantially 
different from those of concentrated skim milk. As seen in Fig (۳), the course 
of the flow curves is cleary non –linear and the magnitute of shear stress 
values is much higher. Also, the differences in the shear stress values 
between ۳X and ۲X concentrated whole milk are very clear. The shear stress 
values of ۳X concentrated whole milk increased above those of ۲X 
concentrated skim milk by an average of ۲۳ folds, while those of ۲X 
concentrated whole milk were, in average, ۱٫٦۸ folds those of ۲X 
concentrated skim milk. The whole milk concentrates behaved as non-
Newtanion fluid. According to Velez- Ruiz and Barbosa-canovas (۲۰۰۰), the 
non-Newtanion behaviour of concentrated whole milk could be refered to 
decrease in the solubility of milk components, an increase in particle 
interactions, precipitation of denaturated whey proteins and aggregation of 
small particles. Additionaly, the fat globules in the milk concentrates are 
surrounded by a membrane which is thicker in the concentrated milk than in 
the fresh milk changes in the physical state of milk associated with 
processing are invariably reflected on the casein micelle surface whole milk 
during concentration. During frozen storage, the shear stress values of 
concentrated in contarary to concentrated skim milk were slightly increased 
by a ratio of ۲-۳٪. The storage- induced increase in magnitude of shear stress 
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values may be due to rearrangement of the three-dimensional structure, 
resulting in increased number and strength of bonds between casein micelles 
and irreversible aggregation of the particles during frozen storage of 
concentrated milks.  

According to Mun et al., (۱۹۹۹), the shear thinning behaviour of 
concentrated milk could be refered to alignment of asymmetric dispersed 
molecules with the shear planes by increasing shear rate so that frictional 
resistance is reduced. 
 
Table (۳): Shear stress values (Dynes/cm۲) of frozen buffalo's whole 

and skim concentrated milk during storage at different 
shear rates.  

Frozen storage period (weeks) Shear 
rate 
Sec-۱ 

Treatments ۱۲ ۱۰ ۸ ٤ ٦ ۲ Fresh 

۳۳٤٫۳ ۳۲۷٫٥ ۳۲٥٫۱ ۳۱۸٫۹ ۳۱۷٫۳ ۳۱٦٫۱ ۳۱۲٫۷ ۲٤۳ 
Whole milk 
(۲X) 

٤۷۹٫۰ ٤۷۹٫۳ ٤۷۷٫۱ ٤۷٤ ٥٫٦۷۲٫۸ ٤۷۱٫۲ ٤٦٦٫۹ ٤۳۷ 
٦۳٥٫۳ ٦۳۲٫۸ ٦۳۰٦ ٫٤۲٦٫۳ ٦۲٤٫۸ ٦۲۲٫۳ ٦۱۸٫۰ ۷۲۹ 
۷۹۲٫۰ ۷۹۱٫۳ ۷۸۹٫٥ ۷۸٦٫۱ ۷۸۳٫۹ ۷۸۲٫۷ ۷۷۹٫۰ ۱۳۱۲ 
٥۷۸٥ ٫٤۷۷٫۸ ٥۷٥٫۰ ٥۷۲٫۳ ٥٦۷٥٦٤٫ ٫٦۲ ٥٥۹٫۹ ۲٤۳ 

Whole milk 
(۳X) 

۷٥۷٫۱ ۷٥۷٫۷ ۷٥٥٫۲ ۷٥٤٫۰ ۷٥۱٫٥ ۷٤۹٫۰ ۷٤۱٤ ٫٦۳۷ 
۹۲۳٫۳ ۹۱۹٫۹ ۹۱۹٫۹ ۹۱٤٫۹ ۹۰۹٫۷ ۹۰۷٫٥ ۹۰۲٫۳ ۷۲۹ 
۱۱۳٥٫۳ ۱۱۳٤٫۳ ۱۱۳۳٫۷ ۱۱۳۰٫۹ ۱۱۲۹٫٤ ۱۱۲٥٫٤ ۱۱۱۳٫٦ ۱۳۱۲ 
۱۰٫۲۰ ۹٫۹٥ ۹٫۷۰ ۹٫۰٥ ۸٫٤۷ ۷٫۸۸ ۷٫۱۱ ۲٤۳ 

Skim milk 
(۲X) 

۱۳٫٤۷ ۱۳٫۲۳ ۱۲٫۹۲ ۱۲٫٤۲ ۱۱٫۹۹ ۱۱٫٤۰ ۱۰٫۳۲ ٤۳۷ 
۲۰٫۱٥ ۱۹٫٥٦ ۱۹٫۱۳ ۱۸٫٤۸ ۱۷٫۸۹ ۱٦٫۸۱ ۱٥٫۸۲ ۷۲۹ 
۳۳٫٦٥ ۳۲٫۹٤ ۳۲٫۱۷ ۳۱٫٤٦ ۳۰٫۸۷ ۳۰٫٤۷ ۲۹٫۸۸ ۱۳۱۲ 
۱۲٫٤۲ ۱۲٫۰۸ ۱۱٫٤٦ ۱۱٫۲٥ ۱۰٫۹۷ ۱۰٫٥۷ ۱۰٫۳۲ ۲٤۳ 

Skim milk 
(۳X) 

۱۹٫۰۷ ۱۸٫٦٦ ۱۸٫۲۳ ۱۸٫۱۷ ۱۷٫۷٤ ۱۷٫۳۰ ۱۷٫۰۳ ٤۳۷ 
۲۹٫۹۷ ۲۹٫٤۲ ۲۸٫٥۸ ۲۸٫۱۸ ۲۷٫۷۸ ۲۷٫٥۳ ۲۷٫۱۳ ۷۲۹ 
٥۱٫۱٥ ٤۰٫۸۳ ٥۰٫٤۳ ٤۹٫۹۷ ٤۹٫٤۱ ٤۹٫۱٤ ٦۸٫۷۳ ۱۳۱۲ 

 
To predict the type of the flow model dominating the flow behavior of 

the tested frozen concentrated whole and skim milk, the shear rate/shear 
stress data were evaluated according to the Newtonian (equation۱) as well as 
the Oswald (Power law, equation ۲), and the obtained results are given in 
Table ۱, for the tested concentrated whole and skim milk during freezing 
period of ۱۲ weeks at (-۲۲ ºC ± ۲), respectively. In table ۱, the flow 
parameters, consistency coefficient (K-value) and the flow behaviour index 
(n) were given as the result of the statistical analysis according to the applied 
flow models (eq.۱ and eq.۲) using SAS statistical program. The R۲-value was 
given to determine the best-fit model.  

Table (٤) gives the calculated flow parameters for skim and whole 
concentrated milk, respectively. As seen, the flow behavior index (n- value) of 
fresh concentrated skim milk were in the range of ۰٫۸٥٤ to ۰٫۹۲ indicating the 
slight deviation of the concentrated skim milk from the ideal Newtonian 
behavior (n= ۱).    On other side, the values for consistency coefficient (k- 
value) were in the range of ۰٫۰٦ Dynes. Sn/ cm۲, indicating the low 
consistency of the concentrated skim milk. Calculations for yield stress (ιº), 
i.e. the force required to initiate flow, of concentrated skim milk showed the 
presence of a negligible ιº  value of ۰٫۱ to ۰٫۱٥ dynes/ cm۲. Apparent viscosity 
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values calculated at shear rate of ٤۳۷٫٤ S-۱ were very close to those of 
dynamic viscosity measured at the same shear rate, indicating the slight 
deviation of the flow behavior from the Newtonian one. 

However, freezing storage of concentrated skim milk for ۱۲ weeks 
caused a substantial change in the flow parameters of concentrated skim 
milk. The flow behavior index (n-value) changed to the non-Newtonian side 
(۰٫۷۱٥ and ۰٫۸٤۳ for ۲X and ۳X, respectively ), and the consistency coefficient 
(k- values) increased by an average of ۲٤۰٪, indicating that the concentrate 
become more viscous at the end of frozen storage . Furthermore, the yield 
stress values  increased by an average of ٦۰۰٪ and reached remarkable 
values of ۰٫٥۱۲ to ۱٫۱۳ dynes / cm۲.  

The flow parameters of the concentrated whole milk were totally 
different from those of concentrated skim milk. The flow behavior index (n-
value) were ۰٫٥٤ and ۰٫٤۰٦ for ۲X and ۳X, respectively, indicating the full 
non- Newtoniaty of the concentrated whole milk. Also , the consistency 
values (k- values) exceeded those of concentrated skim milk by ۲۷۰ to ۱۰۰۰-
folds and reached ۱٦٫٦۱ and ٦۱٫٤٥ dynes.sn/ cm۲, for  ۲X and ۳X 
,respectively. Also, increasing the concentration degree from ۲X to ۳X caused 
an increase in k-value by ٤-folds. The concentrates possessed a remarkable 
yield stress value of ۱۰۲٫٥۳ and ۱٦٥٫۹۰ dynes/ cm۲ indicating the paste 
character of the concentrated whole milk.  Furthermore, the obtained 
apparent viscosity values were clearly different than those obtained by 
dynamic instrumental measurements. However, freezing storage of the 
concentrated whole milks resulted in low change in their flow parameters. 

The obtained results agree with those reported in the literature. 
Hallstrom and Tragardh  (۱۹۸۸)  as well as Chang and Hartel (۱۹۹۷), who 
stated that the flow behavior index of concentrated skim milk decreased with 
increasing concentration and yield stress was equal to zero (۰ to ۰٫٤) at all 
concentration up to ٤۰٪ TS. Also, they reported n-value of ۰٫۹۳ for ٤۰٪ 
concentration. They described the non- Newtonian behavior of concentrated 
skim milk by protein concentration and hydration due to a compression of a 
"hairy" outer layer of the micelles making the concentrate close to the 
beginning of gross instability and gelation. On other side, Velez-Ruiz and 
Barbosa- Canovas (۱۹۹۸) reported an n- value of ۰٫٥٤ and k-value of ۲۰٫۹ for 
٤۸٫٦٪ concentrated whole milk, which agree with n and k value given in the 
present work. They also observed a decrease in flow behavior index and an 
increase in the consistency coefficient with storage time of concentrated 
whole milk. They explained the increase in consistency of concentrated whole 
milk as the sum of the interaction effects caused by each of the individual 
milk particles suspended in a medium with less water content. Furthermore, 
Mun et al., (۱۹۹۹) explained the role of casein in the fluid rheology and 
indicated that viscosity increased with increasing volume fraction of casein in 
the fluid matrix. The particles come together; they adhere to each other, 
forming aggregates. The force is required to shear and possibly to break the 
aggregates. In other work, Velez-Ruiz and Barbosa- Canovas (۲۰۰۰) found 
that the consistency values of concentrated whole milk increased with 
increasing TS, being more noticeable at levels of ۲۲٫۸٪ and higher. 
Bienvenue et al., (۲۰۰۳) explained the mechanism of age thickening in 
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concentrated milk by the loss of the tertiary and quaternary structure of the 
spherical casein micelles during storage. It could be noticed that the 
presence of fat beside casein, as it the case with concentrated whole milk, 
makes the problem of aggregation and lactose crystallization more 
complicated  resulting in non-Newtonian flow behavior with high consistency 
values and remarkable yield stress values, which needs special consideration 
in mechanical handling and thermal processing of these milk concentrates.  
 
Table (٤): Flow parameters of frozen buffalo whole and skim 

concentrated milk during storage at -۲۲ ºC ± ۲. 
Frozen storage period (weeks) Flow 

parameters Treatment 

۱۲ ۱۰ ۸ ٤ ٦ ۲ Fresh   
۲۰٫٤ ۱۹٫۰٤ ۱۸٫٦۱ ۱۸٫۰ ۱۷٫۳۲ ۱۷٫۱٥ ۱٦٫٦۱ K 

Whole milk 
(۲X) 

۰٫٥۱٥ ۰٫٥۲٥ ۰٫٥۲۸ ۰٫٥۳٥ ۰٫٥۳۷ ۰٫٥۳۸ ۰٫٥٤۲ n 
۱۲٥٫۸۹ ۱۲۰٫۲٥ ۱۱۸٫۲۷ ۱۱۳٫٦٤ ۱۱۲٫۳٦ ۱۱۱٫٥۱ ۱۰۹٫۰ ιº 
۱۰٦٫۸٦ ۱۰٥٫۹۹ ۱۰٥٫٥۰ ۱۰٦٫٤۸ ۱۰۳٫۷۱ ۱۰۳٫۳۲ ۱۰۲٫٥۳ η app 
٦٥٫۷۰ ٦٥٫۸٦٤٫ ٦٤٫٥٥ ٦۰۷ ٦۲٫٤۳ ٦۱٦ ٫٦٥۱٫٤٥ K 

Whole milk 
(۳X) 

۰٫۳۹۹ ۰٫۳۹۸ ۰٫٤۰۱ ۰٫٤۰۲ ۰٫٤۰٥ ۰٫٤۰٦ ۰٫٤۰٦ n 
۲۹٦٫۹٤ ۲۹۷٫۲۲ ۲۹۳٫۷۷ ۲۹۲٫۱۷ ۲۸۷٫٥۷ ۲۸٥٫۰۳ ۲۸۳٫٤۲ ιº 
۱٦۹٫۳۸ ۱٦۹٫۳٦ ۱٦۹٫۰٦ ۱٦۸٫۸۱ ۱٦۷٫٥۲ ۱٦٦٫٤٤ ۱٦٥٫۹۰ η app 
۰٫۱۸۹ ۰٫۱۸٤ ۰٫۱۷۷ ۰٫۱٤٥ ۰٫۱۱۸ ۰٫۰۹۳ ۰٫۰٦۲٥ K 

Skim milk 
(۲X) 

۰٫۷۱٥ ۰٫۷۱٦ ۰٫۷۱۷ ۰٫۷٤۲ ۰٫۷٦۸ ۰٫۷۹۹ ۰٫۸٥٤ n 
۱٫۱۳ ۱٫۱۰ ۱٫۰۷ ۰٫۸۳۷ ۰٫٦٤٥ ۰٫۲٥۱ ۰٫۱٥۲ ιº 
۳٫۳٤ ۳٫۲٥ ۳٫۱۷ ۳٫۰۲ ۲٫۸۸ ۲٫۷٤ ۲.٥۷ η app 
۰٫۱۱۸ ۰٫۱۰۷ ۰٫۰۸۹ ۰٫۰۸۷ ۰٫۰۸ ۰٫۰٦۹ ۰٫۰٦٤٦ K 

Skim milk 
(۳X) 

۰٫۸٤۳ ۰٫۸٥٤ ۰٫۸۷۹ ۰٫۸۸۲ ۰٫۸۹۱ ۰٫۹۱۱ ۰٫۹۲ n 
۰٫٥۱۲ ۰٫٤۱۱ ۰٫۲۷۱ ۰٫۲٥٦ ۰٫۲۰۸ ۰٫۱۳۱ ۰٫۱۰۲ ιº 
٤٫٤ ٤٫٥٤۲ ٤٫۳۱ ٤٫۲٤٫ ٥۱۲ ٤٫۰۲ ۳٫۹۷ η app 

n = flow behavior index (-); K = consistency index dyne. sn /cm۲; ιº = yield stress 
(dynes/cm ۲ ), ηapp = Apparent viscosity (CPn) ( mpa.  sn/cm۲)      
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Fig. ۲: Changes in yield stress values of frozen skim concentrated milk 

during storage at -۲۲ ºC ± ۲. 
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Fig. ۳: Changes in yield stress values of frozen whole concentrated milk 

during storage at -۲۲ ºC ± ۲. 
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Fig. ٤: Changes in apparent viscosity (η app) value of frozen skim 

concentrated milk during storage at -۲۲ ºC ± ۲.   
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Fig.٥: Changes in apparent viscosity (η app) values of frozen whole 

concentrated milk during storage at -۲۲ ºC ± ۲. 
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Fig. ٦: TEM micrographs of raw whole milk at fresh (A), concentrated 

whole milk (۳X) at fresh (C) and whole milk (B),  frozen whole 
concentrated milk (D) after  ۱۲  weeks  of storage at -۲۲ ºC ± ۲  

 
During the study of microphotographs of all treatments by Transmission 

Electron Microscopy (TEM), it was observed that the fat in raw whole milk 
(Fig. ٦ A) had spherical shapes with a wide range of diameters. The milk fat 
naturally occurs as MFG. The presence of the milk fat globule membrane 
(MFGM) limits the impact of de-destabilization phenomena, such as 
flocculation, coalescence and creaming while protecting the milk fat from 
lipolysis. The MFGM surrounds the polar fat globule with a trilayer structure 
through association with the triglycerides in the liquid portion of the fat 
(Keenan & Mather, ۲۰۰۲). After freezing of buffalo’s whole milk for a period of 
۱۲ weeks at (-۲۲ ºC ± ۲), an increase in the broken fat globules membrane 
was observed (Fig ٦ B). When milk is processed, changes occur in the 
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MFGM beginning with a ۲۰٪ loss of polar lipids during initial cooling. 
Additional processing increases the loss of phospholipids and results in a 
loss of the triple layer membrane, and in the production of lipid-protein 
vesicles and fat droplets surrounded by a monolayer membrane (Waninge et 
al., ۲۰۰٤). Transmission electron micrographs (TEM), of fresh and frozen 
whole concentrated milk obtained from UF whole milk concentrates are 
shown in Figure (٦  C &D). Ultrafiltration of whole milk caused changes in 
size, distribution, and average diameter of casein micelles.  The fresh whole 
concentrated milk from UF showed a roughly spherical shape, in various 
sizes, as expected (Figure ٦ C). The appearance of frozen whole 
concentrated milk from UF milk concentrated three times (۳X) also exhibited 
nearly spherical shapes with a wide range of sizes (Figure ٦ D). In highly 
concentrated UF concentrate, the casein micelles are interacting over short 
distances and this can influence the size distribution of the micelles. In UF 
concentrate fixed by glutaraldehyde, only the size and not the surface 
structures nor the core of casein micelles could be observed.  TEM 
micrographs revealed that MFG in (Fig. ٦ D) ranged in size from ٥۰۰ nm and 
that they were embedded in what appeared to be an aggregated protein 
matrix. The aggregated particles in the background material are believed to 
be artifacts formed during specimen preparation. Some MFG were irregularly 
shaped, whereas others were spherically shaped. Some of the MFG were 
well-defined with whole, intact membranes, whereas others exhibited 
ruptured and incomplete membrane layers. Srilaorkul et al., (۱۹۹۱). 
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 الخواص الانسیابیة والتركیبیة للبن الجاموسى المركز المجمد
 بو النجاأمحمد  یوسف و محمد عبد الله الحوفى    -زكریا محمد رزق حسن 

 مصر -القاھرة -شبرا الخیمة  -امعة عین شمسج -كلیة الزراعة -قسم علوم الاغذیة
 
 

ل��بن الكام��ل والف��رز لك��ل م��ن الیھ��دف ھ��ذا البح��ث ال��ى دراس��ة بع��ض الخ��واص الریولوجی��ة 
ت���م تق���دیر الخ���واص الریولوجی���ة لھ���ذه العین���ات بإس���تخدام جھ���از تق���دیر اللزوج���ة  .المركزوالمجم���د 

 .م º ۳۰لكل ثانیة وعلى درجة ح�رارة   ۱۳۱۲الى  ۲٤۳الاسطوانى الدورانى عند معدلات قص من 
وھ�ى ق�یم (والھ�ابط  ولقد أوضحت النت�ائج الریولوجی�ة أن الف�روق ب�ین ق�یم الإجھ�اد  لمنحن�ى الص�اعد

 .لیست ذات تأثیر معنوى)  معبرة عن مقدار الإنھیار التركیبى نتیجة للقص
كما أظھرت النتائج أن قیم الإجھاد تعتمد على نوع اللبن و المعاملة الحراریة ومحتوى الدھن 

  ۷.۳۰ و    ۹.۳۰للبن الكامل المبستر واللبن الكام�ل الخ�ام كان�ت  ) إنزلاق(ووجد أن أعلى قیم قص 
 . ۲سم/داین

المتحص�ل علیھ�ا م�ن الل�بن الف�رز الخ�ام لھ�ا علاق��ة ) الت�دفق(كم�ا وج�د أن منحنی�ات الس�ریان 
خطی��ة لمع��دلات الق��ص والإجھ��اد، ل��ذلك یمك��ن الق��ول ب��أن الل��بن الف��رز الخ��ام یس��لك س��لوك الس��وائل 

 . النیوتینیة قبل عملیة التجمید
ادة ملحوظ�ة ف�ى ق�یم معام�ل أسبوع ال�ى زی� ۱۲أدى تخزین عینات اللبن المركز المجمد لمدة 

ممای�دل عل�ى ح��دوث تغی�ر ف�ى الس��لوك ) ع��ن الوح�دة( كم�ا أن ق�یم معام��ل الس�لوك انخفض�ت الق�وام، 
 .القوامى للبن المركز تجاه السلوك اللانیوتونى

جس�یمات الك�ازین  ومتوس�ط قط�راظھر المیكرسكوب الالكترونى تغیرات ف�ي حج�م وتوزی�ع 
 كما اظھر تقریبا اشكال كروی�ة ف�ي. فى كل من اللبن الطازج واللبن الكامل المركز بالترشیح الفوقى

وأض��اف أن ظھ��ور الل��بن . مختل��ف الأحج��ام لل��بن الط��ازج  كام��ل الدس��م المرك��زة  بالترش��یح الف��وقى
 .جموعة واسعة من الأحجامالمجمد والمركز بتركیز ثلاث مرات  یاخذ الشكل الكروى مع م

 
 قام بتحكیم البحث
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