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ABSTRACT 

RELAnONSHIP AMONG MILK DENSITY, COMPOSITION, AND TEMPERATURE 

Ayako Ueda 
University of Guelph, 1999 

Advisor: 
Professor A.R. Hill 

Equations for estimating mi& density at 4OC fkom fat, protein, and lactose and 

other solids (LOS) contents were developed based on data coilected over a whole year 

fiom Ontario aud AIberta m.Ïik producers. Density was measured by an Anton Par Mode1 

DMA 45 density metet Although milk density was mainly explained by composition9 

including seasonal factors in equations increased accuracy. "Weight over weight" to 

"weight over volume" conversions of mille components employing the developed 

equations were equivalent to the caiculation with empirical density. The average 

ciifference between estimated and actual w/v values was 0,000 with the standard deviation 

of 0.002. Density of producer rniik at 4, 16, 28, and 40°C was determined, and an 

equation for density estimation at any temperatures between 4 and 40°C was constructed. 

A formula with a cubic term of the temperature exhibited the best density prediction with 

the standard deviation of residuals of 2.3 1 e-4. 
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1. Introduction 

Milk payment systerns for f m  milk vary fiom country to country. Some 

countries determine the price of milk in per unit volume, for example $a, and others in 

per unit weight, such as $/kg (Builetin of the IDF 305, 1995). In a s w e y  conducted by 

the International Dairy Federation (IDF) during the period of l992/1993, 14 countries out 

of 22 indicated that their calcdation of a compositionai price for producer mik  is based 

on a standard rnik pnce, while 12 countries, including Canada, assess the price according 

to the composition critena The composition criteria also ciiffer among countries. Many 

payment schemes started by paying on fat oniy, mainly because this was the only 

parameter which could be easily tested for a large number of samples. However, as 

testing methods have improved, schemes have become sophisticated to encourage 

f m e s  to provide milk for different market needs (Harding, 1995). Mïlk fat is, 

therefore, the most widely used component, determinhg milk price in 21 countnes. 

Eighteen countries adopt crude (total) protein, the amount of protein including non- 

protein-nitrogen (NPN), as a parameter, whereas France and Australia use tnie protein, 

which is protein without NPN, as the value of protein. Other components used for mik 

assessrnent are solids-non-fat, lactose, and milk solids (i3ulleti.n of the IDF 305, 1995). 

At the present tirne, Canadian milk producers are paid according to the amount 

of milk components they produce, namely, fat, protein, and lactose and other solids 

(LOS) (LOS is defïned as total solids - fat - protein). Millc composition is determined by 

infi.ared automated milk analyzers which are caiibrated using reference mik samples. 

Composition of reference milks is detemiined by wet chemistry on a weight over weight 

(w/w) basis at 20°C, while bulk milk is measured at farms in units of volume (hL) at 4OC. 
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Therefore, composition results must be converted fiom weight over weight (w/w) unit at 

20°C to weight over volume (w/v) unit at 4OC- The simplest procedure to achieve this 

conversion is to rnuitiply the w/w results by the density of the miJk at 4°C. Accurate 

estirnation of miik density at 4°C (p4) is, therefore, necessary in this payment system. 

Most jurisdictions use a constant density factor to effect weight/volume conversions. The 

difficulty with this practice is that milk density varies with composition (USDA, 1965; 

walstra, 1984). 

A preliminary survey conducted by Paul Sauvé, Canadian Laboratory Senrices, 

identified Eive different procedures, used by Canadian provinces, to convert w/w vaiues 

to wfv vaiues (Kouaouci et al., 1997). In British Columbia, Alberta, Saskatchewan, and 

New Brunswick, the w/w values are multiplied by t -02969, while Manitoba uses a factor 

of 1.032. These procedures assume that milk density is constant regardless of the 

variation in composition. The province of Quebec is unique arnong the provinces, 

because it includes empirically measured density values in the reference results used to 

calibrate the infiared milk analyzers. The provinces of Ontario, Prince Edward Island, 

and Nova Scotia use caiïbration standards provided by the Laboratory Services Division 

University of Guelph (LSD). In this system reference values for fat, protein and total 

solids are determined on a w/w basis. In fat conversion, the miik density at 20°C varies 

according to the fat content (Table 1.1). Calcdated w/v values at 20°C are then 

converted to w/v at 4OC using the expansivity factor of fat derived fiom a fat content- 

expansion table (Table 1.2). The expansivity derived fiom fat is also applied to protein, 

LOS and or total solids at their respective Levels. 



Table 1-1 : Whole milk density at 20°C used to convert w/w fat content to w/v at 20°C for 
the purpose of milk analyzer calibration in Ontario. 

Density at 20°C used for 
Fat W/W (%) of W/V conversation of 
reference sarnples fat content (@cm3 
0-0-99 1.032 
1-00-1 -99 1.03 1 
2-00-2-99 1,030 
3 -00-3 -99 1.029 
4.00-4-99 1,028 
5.00 and more 1.027 

Table 1.2: Fat content+xpansion factor for conversion of w/v at 20°C results to w/v at 
4°C for the purpose of Ontario millc pncing. 

The expansivity factor is added to value of w/v at 20°C accordhg to its fat content. 

Fat wlw ( O h )  of Expans~ty factor to be 
reference samples added 

0.00-1 -56% 0.00 
1.5 7-3 -79% 0.0 1 
3.80-5.50% 0.02 
5.5 1-6-95% 0.03 
6.96% and more 0.04 

Previous workers, Kouaouci et al, (1997), evaluated the effects of different 

conversion procedures using a set of real mille composition vaiues ranging fiom 2.8 to 

6% fat. They observed a wide range of difference in fat and protein estimates among 

provinces. This study recommended conducting an investigation to define the 

reiationship between Wlk composition and milk density at 4OC. 

Kouaouci et al. (1997) reported the interim project progress based on 276 

Ontario observations and 117 Quebec observations in July 1997. The study showed that 

the average rnik density in Ontario and Quebec is 1.0336, which is higher than 

conversion tàctors currently in use by provinces other than Quebec. This report also 



recornmended a model to predict milk density at 4°C from its components for interim use 

during the t 997/98 dairy year: 

Density = - -0002878 Fat +- -003664 Protein + -0008347 LOS + 1-01 783 KI 

where density is in m i t s  of &m3 and milk components are given in units of g/g percent. 

However, Kouauci et al, stressed that the model above was an interim 

recommendation ody  because their results to that point indicated the need of revision to 

experimental protocol and more observations. For example, analysis of vananance 

(ANOVA) of combined data of Ontario and Quebec miUc showed a significant effect of 

sample source. Equation [l] did not take seasonal effect into account since the data did 

not cover a whole year. Therefore, an additional experiment is needed to collect data 

throughout a year, to investigate seasonal effect, and to construct a mode1 for calcuiating 

milk density at 4*C, at which temperature the volume of d k  is measured at farm. 

Further, the effects of temperature on mik density should be investigated in 

order to develop a model equation for predicthg milk density at various temperatures. 

This will provide adequate information on expansivity of miik as a fimction of 

temperature, 

Objectives of this research were to: 

1. assess seasonal variation in the relationship between mille density and components 

2. develop a model to predict the density of Ontario producer milk at 4OC fiom 

proxirnate analysis values 

3. test the model using rndk fiorn other provinces 

4. use the models to sirnulate the w/w to w/v conversion of composition 

5. develop a model to predict the density of Ontario producer milk as a h c t i o n  of w/w 
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analysis and temperature in the range of 4-40°C 

This project is the 6m Iarge-scaie investigation on the density of Canadian milk. 

Moreover, it should be noted that the provinces fiom which the data on miik density were 

collected, namely Ontario, Quebec, and Alberta, produce about 83% of the national milk 

production ( D a j r  Farmers of Ontario, 1997) (Table 1.3). Therefore, the outcome of this 

thesis can be a good depiction of Canadian milk density. The resdts of this study provide 

an enhancement to the current milk pricing system in Canada 

Table 1 -3 : Production of butterfat by province during dajr yea. of lW6A 997. 

Pmduction 
Province M kg Butterfsit Percentage 
Prince Edward Island 2.287 1-37 
Nova Scotia 
New Brunswick 
Quebec 
Ontario 
Manitoba 
Saskatchewan 
Alberta 
British Colombia 

Canada 167.199 99.99 

Source: Dairy Farmers of Ontario (2997) 



2. Literature Review 

2.1. Definitions of Density and Specific Gravity 

Density of a substance at a specinc temperature is defined as the mass divided 

by die volume at that temperature. It is expressed in kg/m3 in the SI units. According to 

the c.g.s. d t s ,  density measurements are expressed in gram of mass per cubic 

centimetre (gkrn3). However, this absolute density is seldom used. More commonly, 

density is expressed in gram pet millilitre (g/mL) (Lewin. 1972), which is cailed relative 

density. In setting up the standards of m a s  and volume, it was intended that 1 mL should 

equal 1 cm3 exactly, but subsequent measurements showed that 1 cm3 = 0.999973 mL 

(Lewin, 1972). The merence between grams per cubic centimetre and gnuns per 

millilitre is negligible for most purposes. The symbol of density is p, and since density 

closely depends on temperature, it is usually denoted with temperature of samples at 

which the density was measured. For example the density at 20°C is expressed as pzo. 

Another quantity is the specific gravity (sp-gr.) or specific weight, which is the 

density of a substance relative to the density of some other substance chosen as a 

standard, usually water. It is obtained by weighing a given volume of a sample and then 

dividing the weight by the same volume of water at a specinc temperature. Specific 

gravity can be expressed as ppmdun/pvusn and is a dimensionless quantity- When stating 

the sp-gr., it is desirable to state both the sample and water temperatures. Frequently, they 

are the same. The sp.gr. of a sample at 20°C relative to water at 4°C can be written as 

 S.^.:. Specific gravity is equivalent to density if the water temperature is 3.9B°C, 

where its density is 1 .O00 g/mL (999.972 kglm3). 



2.2. Methods of Measuring Density 

The method for density determination can be chosen fiom several options 

depending on the needs for speed and accuracy and availability of equipment. The 

classic methods are hydrometers or lactometers. Hydrometers are hollow glass bodies 

with a broad bottom and a narrow stem. They rely on the prÎnciple that the same body 

displaces equal weights for all Liquids in which it floats. When placed in a uaiform glass 

cyhder filled with the liquid to be tested, the hydrometer sinks. The deeper the 

hydrometer sinks, the lower is the density of the solution (Giese, 1995). The lactometer, 

a form of hydrometer specialiy designed for milk, provides the most rapid method of 

detennining the specific gravity of millc (Vimstone and Dougd, 1960). The lactometer, 

which was most comrnon for miik, is a combination of themorneter and hydrometer 

known as the "Queve~e" lactometer. The value recorded is known as the lactometer 

reading (L-R-). Although it is designed to give a correct reading when used in milk at a 

temperature of 60°F (15.6"C), specific gravity of mik cm be determined in the 

temperature range fkom 50 to 70°F (10.0 to 21. I°C) by adjusting the readings. The 

adjustment is carried out by a d h g  0.1 to the L.R. for each degree that the temperature 

exceeds 60°F, and by subtracting 0.1 nom the L.R. for each degree that the temperature is 

less than 60°F. Specific gravity is then calculated using the following formula (Canada 

Department of Agriculture, 1915): 

(L.R. + 1000)/100 = specific gravity 

The density hydrometer is similar to the lactometer but the scale is calibrated to read 

density at 20°C (68OF) in miik fiom which the Recknagel's effect (see section 2.5.1) has 

been eliminated by wamiing the milk to 40°C and cooiing to 20°C (Vanstone and 
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Dougall, 1960). Hydrometers are suitable for rough determinations- Even with a large 

amount of sample (25-50 mL), the accuracy is not higher than H-00 1 (Lewin, 1972)- 

A more accurate, but less rapid method than lactometers, is the Westphal 

BaIance method (Vanstone and Dougd, 1960). The Westphal Balance consists of a 

beam, one arm of which is graduated and the other is equipped with a counterpoise, A 

pliimmet with a volume of 5 mL is hung Eom the graduated arm and immersed in a 

cyhder of iiquid to be measured (VanStone and DougaiI, 1960). A weight that is equal 

to the weight of 5 mL of the Liquïd should be placed on the other end of the beam to keep 

balance (McKennell, 1960). The specific gravity is determined by the weight needed to 

counterpoise the beam. 

The pycnometer has been one of the most common methods of density 

determination. It ascertains density by measuring the weight of a known volume of 

liquid in a vessel, the volume of which has been calibrated in terms of the weight of pure 

water that the vessel holds (Giese, 1995). Various types of devices have been used for 

measuring a volume so that the ming m d  weighing of the vesse1 are reproducible and 

convenient- The specific gravity bottie is a type of pycnometer. The bottle has a capacity 

of 50 mL and is provided with a perforated weil-fitting stopper so that exactly the same 

volumes of different liguids c m  be weighed (Vanstone and Dougail, 1960). 

The Babcock bottle method, haWig similar mechanisms to that of pycnometers, 

was used to examine the temperature effect on density of milk and fluid rnillc products for 

a large project in the United States (USDA, 1965; Sherbon, 1988). The study used 8% 

Babcock test bottles, each with a capacity of 50 mL, and experimenters read the changes 

in volume of weighed samples at various temperatures in the calibrated part of the neck 



of the bottles. This method was used because lactometers were not available with a range 

sufficient to test cream, rnilk, and skim m i k  

The density of fluid c m  also be determined by measurîng the distance that a 

drop of product f d s  in a density gradient column (Stull et al., 1965; Sherbon, 1988). 

The drop of Iiquid rises or  falls to a position of fioating equilibrium when immersed in a 

vertical medium of immiscible fluid with a continuous graduation of density as a function 

of column height. This method has the advaotage that it requires as Iittle as 0.1 mm3 

sample and attallis a precision of about 5 x lod glmL (Lewin* 1972). 

Meantring density by the density meter has recently become commoa in the 

present study mik density is to be measured by the Anton Par Mode1 DMA 45 digital 

density meter, which has an accuracy of k0.0001 g/cm3 when it is used with a circulating 

thermostat having an accuracy of FO.05"C. The rneasuring principle of the instrument is 

based on the change of the naturai frequency of a hydrogen fiiied hoilow oscillator, when 

filled with different liquids. The mas, and thus the density of the liquid, changes this 

natural frequency due to a gross mass change of oscillator caused by the introduction of 

the liquid. The electronic measurement of the t h e  penod is used to automaticdly 

calculate the density by a built-in arithmetic processor. The hollow oscillator is also 

surrounded by another tube through which water is pumped to maintain the sample in the 

oscillator at the desired temperature. This instrument is calibrated on a daily basis by 

measutiog the density of pure water at 4.0°C and ensuring that the value is within .O001 

&m3 of the theoretical value of 1.0000 g/cm3. 



2.3. Density of Liquid 

The density of water peaks at the temperature of 3.98"C weast, 1984) and 

decreases by approximately 0.03% per OC rise in temperature (Lewin, 1972). Density of 

water in grams per cubic cenhetre (gkm3) and grams per millilitre (g/mL) are s h o w  in 

Table 2.1. 

Table 2.1 : Density in grams per cubic centimetre and grams per millilitre of air-fiee water 
at 1 atm- 

Temperature Density of Density of 
Cc) water water 

Adopted fiom Physical Methods of Chemishy. Pari 4, Lewin (1972) p.62 

In the book of Physical Methods of Chemistq Part 4, Lewin (1972) summarized 

some d e s  for explaining the influence of molecular composition on liquid density: 

density increases with increasing molecular weight, polar molecules have greater density 

than non-polar molecules of similar molecular weight, the braocbg of a carbon chah 

usually produces relatively smail changes in density. 

The molar volume of a cornpouad, defined as molecular weight divided by density, 

also gives insight into the effect of substances on the density. It indicates the nature of 

molecular shapes, packing, and forces. For example, ring formation generally leads to a 



concentration of molar volume, whereas double-bond formation leads to an expansion. 

The transformation of a double bond into a single bond greatly reduces the molar volume 

(Lewin, 1972). 

in mixed systems, density changes with concentration of the components. For two- 

component Liquid systems, a plot of density versus concentration generally gives a 

somewhat curved line. When the concentration is expressed in volume mits (vol.??, 

molarity, or gktre), the plot is more likely to be Iinea. than with weight units. Ifmixing 

OCCLUS at dl concentrations without a change in volume, the relation between density and 

concentration is perfectly linear over the whole range. [n binary Iiquid mixtures, the 

volume change due to d g  depends upon the mixed substances, which have different 

intennolecular forces. Moreover, the molecular packing structure of the mixture is 

dserent fiom that of the pure components (Lewin, 1972). 

2.4. Composition, Structure, and Variability of Milk 

2.4.1. Composition 

Walstra (1984) discusses in his widely used textbook Dairy Chernistry and Physics 

the diverse composition of milk. MiUc is a complex fluid containhg many compounds in 

several States of dispersion. The components include water, fat, protein, lactose, mineral 

substances, organic acids, and miscellaneous other compounds. In mik fat, 

triacylglycerols are the major lipid class accountuig for 97-98% of the total lipid. in 

addition, smaii amounts of several substances such as di- and mono-acylglycerols, free 

cholesterol and cholesterol esters, unesterified fatty acids, and phospholipids are present 

(Christie, 1983). Milk protehs include several kinds of proteins, namely caseins, which 
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are insoluble at pH 4.6, and whey or serum proteins. Caseins represent about 76% of the 

total rnik proteins. MiUc also contains a number of minor proteins such as enzymes. The 

protein content is often caiculated by multiplying total nitrogen by a factor of 6.38. 

However, it should be noted that 4 to 8% of the nitrogen of  milk is present in the form of 

small molecules and is called non-protein-nitmgen (NPN) (Walstra, 1984; Bulletin of 

IDF, 1995; Goff and Hill, 1993; Jenness, 1988). Lactose is a reducing disaccharide 

composed of glucose and galactose, giving a siightiy sweet taste. The mllierals in milk 

are inorganic sdts, partly ionized and partfy present as complex salts. Finally, milk has 

many miscellaneous components, such as vitamins- 

2.4.2. Structure 

Physical structure is as important as composition in determining propertïes of milk. 

Main structural elements are fat giobules, casein miceiies, and serum. Milk fat exists in 

the form of globules surrounded by a membrane caüed milk fat globule membrane 

(MFGM), which maintains the integrïty of the globules and separates them fiom the 

aqueous environment. MFGM, occupying about 2% of the mass of the total fat globules, 

consists rnainly of polar lipids and proteins, and many enzymes (Christie, 1983). It 

prevents floccdation and coalescence of fat globules and protect the fat against enzyme 

action. Milk fat and mik fat globule are not identical because about haif of MFGM is not 

lipid materials and about 0.4% of the fat of milk is found outside the globules (Walstra, 

1984). MiUc minus fat globules is called milk plasma. Casein micelles consist of water, 

casein, salts, and some minor components such as lipase and proteinase. A slight amount 

of casein is found in solution, not in the micelles. 



Although a.D cows' miik contains the basic elements of fat, protein, lactose, and 

other solids, there is considerable variation such as the ratio of constituents or size and 

stability of structurai elements. This rnay be caused by natural variation or changes 

occurring after the handiing or processing of milk (Wstra, 1984). 

Natural variation rnay be caused by the differences in genetic characteristics 

between breeds or between individuals and in physiological conditions such as stage of 

lactation or age of cows and environment, including feeding, clùnate, season, and stress 

Breed variation 

In the short term, the main factor available to the f m e r  to alter milk composition 

is selection of breed. Table 2.2 Lists the composition of milk of various breeds. 

Table 2.2: Typical composition (w/w %) of milk of various breeds. 

Breed Fat Protein Total solïds 
Holstein 3.54 3 -29 12.16 
Ayrshire 3 -95 3 -48 12.77 
Guemsey 4.72 3 -75 14.04 
Jersey 5.13 3 -98 14-42 
Brown Swiss 3.99 3 -64 13-08 

(Goff and Hill, 1993) 

Age of cows 

As cows advance in age, miUc fat percent tends to decline. 

Lactation variation 

Milk fat contents are high soon afler caivhg, decline to the lowest point from 
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the third to seventh month of lactation, and generally increase toward the end of lactation. 

Season 

In Ontario, Canada, maximum annuai fat contents occur during the winter 

months, usually peaking in November or December. Minimum fat contents occur in 

August. Seasonal trends in protein contents follow a sîmiiar trend with some ciifferences. 

The seasonal variation is not as great. The minimum occurç in July, and the maximum 

occurs in October (Goff and Hill, 1993). 

Clirnate 

The principal effects of climatic and regional factors are due to variation in feed 

and stage of lactation (Goff and Hill, 1993). 

Individual cow variation 

Individual cow's milk varies according to the factors above and other factors 

such as inheritance and condition of the cow. in 1966, low and high m i k  fat tests for 

different cows for al1 months in the University of Nebraska dairy herd were as follows: 

Brown Swiss 3.0 to 7.6, Guernsey 3.7 to 7.4, Holstein 2.4 to 9.0, and Jersey 3.1 to 9.1 

(University of Nebraska, 1967). 

Generally, the individual cow's milk varies more than herd milk, and the bulk milk 

involving several herds has less variation than does single herd miUc (Boden, 1942). 

Therefore, handling mdk in large quantities reduces the variations. 

2.5. Factors Affecting Milk Density 

The density of miik is the summary resdt of the densities of its various 

components. It is dependent on the amount of dissolved or suspended matter, changes in 



chernicai composition of the constituents, and variations in physical states of 

components. Thus, mik density is inauenced by various factors such as temperature 

history of samples, biological differences of mille, and processing of milk- Among the 

various constituents, the variation En fat content is known to be the main cause in miik 

density variation (Davies, 1936; Wdstra, 1984). However, according to S herbon (1 988), 

variations in the composition of fat and in the proportions of lactose, proteins, and salts 

may influence the milk demity much less than variations due to the physical state of fat. 

2.5.1. Recknagel's phenomenon 

Increased density of cold stored milk has been known for a long time. Recknagel 

(1883) was the fïrst researcher to determine some of the conditions under which the 

increase in specific gravity occurred (Sharp and Hart, 1936). Thus, this increase in 

density during storage was named Recknagel's phenomenon. He showed that the escape 

of air bubbles was not the factor but attrïbuted the increase to an increase in the hydration 

of the casein at the Low temperatures. However, he did not study skun milk. Toyonaga 

(1 898) related the increase to the solidification of fat and found that the process could be 

repeated by warming and cooling the sample. No increase in specific gravity was 

observed in almond oil emulsified in gum solution, but 4% emulsion of mik fat in gum 

solution showed the same increase on standing at 1 5 " ~  as did whole milk- Richmond 

( 1 920), fiom observation in the variation of the specinc heat of milk on standing, stated 

that most of the rise in density was caused by the solidification of the fat. Sharp and Hart 

(1936) contirmed that the fluctuation of the value of specific gravity was due to the 

variation in physicai states of fat. The Liquid-soiid fat ratio played an important role 



because solid fat has a higher specific gravity than Iiquid fat at the same temperature 

(Hemngton, 1964). Sharp et al. reported signincant differences in specific gravity 

between the samples held 24 hours at 2°C and then warmed to desired temperatures (15 

and 30°C), and the same milk that was held at 45°C for 30 seconds and then cooled to 

those temperatures. They concluded that the fat caused the variations because fat-fkee 

miik showed no such variation and the variation in whole miUc was linearly related to the 

fat content. This study suggested that the specinc gravity used in cdculating the 

composition of millc should be determined when the fat is in a defïnitely known and 

reproducible physical state, which was the Iiquid state. 

Other possible factors causing Recknagel's phenomenon are the degree of 

hydration of the proteins (Davies, 1936; Sherbon, 1988) and change in the casein 

(Vànstone and Dougall, 1960). 

2.5.2. Temperature history 

To avoid Recknagel's phenomenon, mik should be either heated to liqueQ the fat 

or held sufficiently long to allow attainment of maximum density (Boden, 1942). The 

former method, first suggested by Sharp and Hart (1936), is carried out by warmllig milk 

sampies to 40-45OC for one-haif to five minutes to ensure that al1 fat is in Liquid state, 

followed by cooling to the temperature of density measurement (Vanstone and Dougall, 

1960). Later, the British Standards Institution in the specification No. 734 (1955) 

recomrnended to warrn the milk to 40°C for five minutes and measure density at 20°C in 

order to ensure that the m i k  fat is in a reproducible state. Some researchers favoured the 

latter procedure. Yet, they had to determine the sunicient length of holding time needed 
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for accomplishment of stable density. Hilker (1961) investigated the change in the 

specifïc gravity of xnïlk fat with various holding times and found that the samples that 

had been held at a desired temperature (32-50°F or 040°C) more than 4 hours showed 

the maximum vaiues. Whitnah (1957), in hîs study of maximum density, measured 

density after pasteurization and 10 hour suspension of the samples at 3OC. The United 

States Department of Agriculture (USDA) (1965) found that cream samples (18% fat) 

required at least 15 hours to corne to equîlibrium at 40°F (4.4OC). Homogenized cream 

contracted more slowly than non-homogenized samples. Cream was examined because 

the effect of slow crystallization of fat on milk density was most easily observed in high 

fat products where the total contraction is larger than that of whole milk. The research 

also reported that pre-chiiiing in ice water did not shorten the t h e  needed for 

equilibration at 40°E 

As seen in the previous works, controlled temperature history is necessary to secure 

high precision and accuracy with density determination. 

2.5.3. Variance in density of milk fit 

Even accounting for Recknagel's phenornenon and the importance of controllhg 

temperature history of milk samples, variance in density of d k  fat has still been 

observed. Old literature, especially, presented a wide range of miik fat density or specifc 

gravity. For example, The Chemistry of Milk written by Davies, W-L. in 1936 claimed 

that miik fat was not of consistent density and introduced ,the foliowing ranges of specific 

gravity at the stated temperatures found by various researchers (Table 2.3). 



Table 2.3 : Ranges in the specinc gravity ofmillc fat measured at the stated temperature. 

Researcher Specific gravity of mik fat Temperature 
Fryer and Watson O -93 6-0-942 15S1 5S°C 
Koestler 0-9355-0-9448 15.5/1 5S°C 
Bell and Richmond 0,9094-0-9 13 5 100/lOO°F (37.8"C) 
US.  Standard butter-fat not less than 0,905 4O/4O0C 
Rahn 0,8973-0.8986 5O/5O0C 
Allen and Richmond 0.8655-0.8685 100/15S0~' 

' 1O0/15S0C = samples were at 100°C and the water was at 15S°C 
@avies, 1936) 

In the 1940s, the specific gravity of milk fat was already known to Vary slightly due 

to variations in the composition of fat In the United States Jenness et aL (1942) found a 

range of 0.8867 to 0.8910 at 60°C. McDowell (1954) reported a range of 0.8885 to 

0.8916 at 60°C for New Zealand milk fat- 

Riel (1956) observed the specinc gravity of milk fat obtained fiom 29 factories 

across eight provinces of Canada during twelve months of 1953/1954. The range of 

specific gravity at 40°C/250C was 0.9056 to 0.9090 with the average of 0.9072. Tbis 

study fomd signifîcant differences between months and between provinces- Higher 

specific gravity was typical of summer fat compared to wùiter fat, and the variance for 

months was greater than that for provinces. In addition, low but signifïcant correlation 

was reported between specific gravity and each of the properties of Reichert-Meissl value 

and refiactive index, which indicated that the fluctuation in specific gravity of milk fat 

was associated with changes in the fat composition. Bailey's (1945) statement that 

specinc gravity of oils generally increase with lower molecula. weights of their fatty 

acids, supported this claim. 



2.5.4. Effect of processing on milk density 

In 1914 Wiegner noted that reduction in fat globule size had no detectable influence 

upon specific gravity of milk. Trout (1950) aiso claimed that homogenization did not 

change the density of miik. However, Trout, Halloran and Gould (1935) found a sIight 

decrease in the specific gravity of homogenized samples. W&er (1945) examined the 

density of homogenized and sterilized milk, and found that the density increased during a 

penod of two to three days afteï processîng. The density of his processed milk h d y  

reached that o f  original raw milk- Waker attributed this gradua1 inçrease of density to a 

slow solidification of fat in the processed millc samples. The inconsistency in the results 

of various researchers might be due to various temperatures used and different types of 

homogenising valves employed. 

Rutz et al. (1955) found no signincant effect on milk density of one-stage 

homogenization at pressures ranging from 500 to 3500 psi, but a highly significant 

increase in density occurred at pressures between 15 and 300 psi. He used mixed breed 

miik, having fat 4% and TS 13%, that was pasteurized at 62OC for 30 minutes and 

homogenized at 59°C. Processed milk was immediately cooled to 20°C, held 18 hours at 

2"C, and then analytical balance and a bulb deterrnined its density. 

S hoa (1 956) investigated the effect of pasteurisation, homogenization at 3000 lb/in2 

at 14S°F (62.8OC), and sterilization on milk samples with fat contents of 0.05, 3, and 6%. 

Density was measured by the process of displacement imrnediately d e r  warming to 

40°C for five minutes and cooling to 20°C. He found that influences of pasteurization, 

carried out by two methods of wanning to 14S°F for 30 minutes and heating to 161°F 

(71.7OC) for 15 seconds, were very srnail. This study concluded that homogenization 
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slightly increased the density of whole milk but not of skkn miik, and steriiïzation. 95OC 

for an hou, decreased the density of both mïlks. He attributed this decrease in density to 

denaturation of the soluble proteins above 70°C. Short aiso showed that dispersion of the 

fat by homogenization increased the time lag for the physical state of the fat to anain 

equilibrium after a temperature change. 

2.6. Previous Works on Relationship between Milk Density and 

Components 

The relationship between milk density or specific gravity and composition of 

milk, especially fat and solids-non-fat (Sm) content, has been investigated for more than 

a century. The idea that a relation exists between specific gravity, fat and solids in miik 

occurred first to Behrend and Morgen (Behrend and Morgen, 1879; Overman et al., 

1925). Equations were proposed to determine the fat content of milk fiom the specinc 

gravity and total solids content because at that time no simple method for detennination 

of fat in milk was available (Sharp and Hart, 1936). The development of the Babcock 

and Gerber methods for the detennination of fat shifted the use of the equation to the 

detennination of total solids or SNF fkom the fat content and the specific gravity (Sharp 

and Hart, 1936). Richmond's formula for calculation of total solids was widely used in 

England. The formda was expressed as follows: 

Total solids (940) = L/4 + 1 -2 F + 0.14 

where L = Quevenne lactometer reading (L.R.) at 60°F (15.6T) 

F = fat (%) in &. 

This equation was based on milk in which the Recknagel contraction had proceeded to 
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completion and which had been selected throughout a twelve month period during 

l8Wl893  (Boden, 1942). 

ln the United States, the formula of Babcock was commonly used (Babcock, 

1892): 

Total solÏds (%) = (L -+- 0.7 F)/3.8 + F 

Babcock later stated this relation as total solids (%) = W4 + 1.2 F + 0-14, the same as 

Richmond's f o d a -  

In Canada either of the following formula was employed to calculate SNF in 

milk (Canada Department of Agriculture, 1 9 1 5): 

SNF (%) = (fat (%) + L-R at 60°F)/4 FI 

SNF (%) = 0.2 x fat (%) + L.R. at 60°F /4 FI 

A number of equations for describing the relation had to be published because 

the formulae worked weil only when applied to the data fiom which they were derived. 

None of the formulae could be the universal equation. Overman et al. (1 925) examuied 

the accuracy of Babcock's formula with 1 1 58 milk samples h m  individual cows and 

134 random samples fiom mixed miik to find a considerable difference between 

calcuiated and measured total solids values. They claimed that the accuracy of the 

formula increased as the number of cows contributing to the milk was increased- This 

study adjusted Babcock's formula to its mi& samples by changing the intercept. The 

lack of agreement could be due to the ciifference in the method employed to determine the 

value of each factor. 

After progress in the measuring methods of fat and solids, the need for a simple 

accurate method of calcuiating the weight per given volume of m i k  and other dairy 



products was recognised by the industry (Hilker, 1961)- Bearce (19 14) investigated the 

specific volume and expansion values of cream- Sommer (1932) and Fendsen (1950) 

published a formula for calcdating the weight of a gaiion of ice cream mix. Pien and 

Maurice (1938) showed f o d a e  for calcdating weights of a litre of milk, skim milk, 

cream, and condensed milk fiom their components. Hilker (1961) proposed a formula 

that could be applied to aii miUc products. It was expressed by the following equation: 

W =(A+B +C)/ZOO [A 

where W = sp-gr, of mixture 

A = fat (%) x spgr. of fat at given temperature 

B = SNF (%) x factor for SNF 

C = water (%) x sp.gr. of water at a given temperature 

This study detemiined a factor to adjust specific gravity of solids because simple addition 

of density of water x percentage of water and density of solids x percentage of solids did 

not yield the density of the mumire. However, W e r  assumed that the specific gravity of 

solids was not affected by temperature. Wdstra (1984) also suggested that the density of 

milk could be derived by siimmation over ail of its components according to: 

1 /P = E: (m,/p*) 

where m, is the mass fiaction of component x 

p, is apparent density of component x in the mixture 

Usuaily, p, is not the density of the pure substance because a change in volume occurs 

when two cornponents are mixed. They reported pz0 values of 918 for milk fat, 1400 for 

protein, 1780 for lactose, and 1850 for the residual components of milk, when using 

998 -2 kg/m3 for the pzo of water. 



W~th the development in methods of density measurement, many studies have 

measured milk density at various temperatures with various methods. Oguntunde and 

Akintoye (1991) tested the density of cow's miUc and soymilk by a 50-mL pycnometer at 

2S°C. Bakshi and Smith (1984) determined the mik density in the temperature range of 

O to 30°C with vibrational density meter (Mettler DMA 35). Watson and Tittsler (1 96 1) 

measured the density of 101 milk samples in the temperature range of 1 to 10°C by 

pycnometers with a capacity of 46 mL. This study reported that the density was more 

closely correlated with the percentage of SNF than the percentage of fat in milk. 

In Ontario, Canada, Biggs (1978) constructed equations for density prediction of 

Ontario producer miJk based on research conducted during April to July 1978. Density 

was determined with 1 -titre volumetric flasks. Because this work was not published and 

a detailed procedure was not given in the final report to Ontario Ministry of Agriculture, 

Food and Rurd Mairs  (OMAFRA), the exact number of samples used in this study is 

unknown. However, sorne statistical tables indicated that the study measured at least 800 

samples fiom 23 different famis. Developed formulae were as foiiows: 

D = 1 -02641 + 0.001 52 F 191 

D = 1-017008 +0.0011898 TS [Io] 

D = 1.00689 + 0.002827 SNF [il3 

D = 1.007664 + 0.0001653 F + 0.0026703 SNF Cl21 

D = 1.007125 + 0.0001227 F + 0.00327 P + 0.00281 L 1131 

where D = mik density at 4OC, F = fat (%), TS = total solids (%) 

SNF = solids-non-fat (%), P = protein (%), L = lactose (%) 

A limitation of this research is the srnail number of famis and the short tune period. 
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2.6.1. Volume-weight conversion factors project in the United States 

The latest large-scale investigation on detemiuung volume-weight conversion 

factors for milk was carried out in the United States in 1965. Previous conversion 

factors, in which the effects of SNF content and temperatures were ignored, were 

inadequate (USDA, 1965). This research included 8000 samples nom 13 regions and 

lasted for a full year to take geographic location and seasonai effect into account. The 

specific gravity of raw and processed whole mdk, skim miik, and cream were measured 

at four temperatures (40, 50, 68, and 102°F or 4.4, 10, 20, 38.g°C), using the Babcock 

bottie methods (see section 2.2)- Fat, protein, and total solids contents were deterrnined 

by the Babcock test, Mojonaier procedure, and air-drying oven at 100°C, respectively. 

Geograp hical effect 

This investigation fist calculated regional regression equation for each product 

and temperature tested. The equation predicted the pound per gailon value of a fluid milk 

product based on its wlw contents of fat and SM?. The research, secondlyS constructed 

regression equations for each product, using the data fiom all participating regions at 

each temperature. T'en, the magnitude of the effects of sample source was evaluated, 

coniparing the daerences in predicted pound per gallon values between the regional and 

the al1 region equations using identical composition data. For example, in the case of raw 

producer milk at 40°F, m i k  samples were coiiected fiom New York (18), North Texas 

(74), Oklahoma (48), Puget Sound (407), and Wahùigton D.C. (62), where the numbers 

in brackets show the number of samples obtained. The regression coefficients were 

calculated for each region; therefore, five equations were dehed,  and the predicted w/v 

values with average milk composition were compared to that of the equation derived 
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from data of al1 five regions. Predicted weight per gailon value with 4.00% fat and 

8 -95% SNF varied fiom 8.62 1 to 8.627 among regional equations, but the average agreed 

with the predicted value, 8.625, cdculated nom the ail region equation. The study 

attributed small differences arnong regions to differences in personnel, laboratory 

equipment, or laboratory conditions, as well as in the milk itself. The research concluded 

that there appeared to be little or no regional effect on weight per gallon of fluid mik 

products. 

Seasonal effect 

Raw producer ndk from three regions was colIected monthly throughout a year, 

so that the diffierences in weight due to season could be analyzed. The number of 

samples obtained from the regions of Puget Sound, Washington, D.C., and North Texas. 

was 407,62, and 74, respectively. The greatest dinerence for any month fiom the testing 

penod average was .O08 pound per gallon and the variation between the month of the 

highest actual weight and the month of lowest actual weight was 0.014 pound per gallon. 

The difference in computed weight per gallon value by the universal equation and actual 

weight per gallon vdue detemiined by the bottle test varied fiom -0.008 to 0.005. The 

researchers, however, concluded that the effect of variations in product composition 

could explain practicdy d l  the monthiy weight differences. 

Supporting this concIusion, Boden (1942) cornmented in his research on the 

estimation of solids in milk, %e risk of confusion would more than counterbalance any 

increase in accuracy". Xe also strongly recommended to investigate milk sampIes 

throughout a year when developing an equation because the seasonal divergences were 

sometimes positive and sometimes negative. 



U niversal equation 

Because the use of a number of different equations was impracticai in computing 

weights of fluid milk products, single equations at 40,50,68, and 102 O F  (4.4, 10,20, and 

39.g°C) were established as universai equations. The basic formula was as follows: 

Specific gravity = 100f specific volume factor 

Specific volume factor = Nsp-gr. of butterfat + B/sp.gr. of SNF + Cfsp-gr. of water 

or CI 41 

Specific gravity = 100/(100 + A x butterfat factor - B x SNF factor) [lsl 

where A = butterfat (w/w %), B = SNF (w/w %), C = water (w/w %) 

Butterfat factor = l/sp.gr. of butterfat -1 

SNF factor = i fsp-gr. of SNF -1 

Specific gravity of butterfat was computed fiom the density values determined by Sharp 

(1928), and that of SNF was calculated fiom a number of skim milk samples in several 

regions at each of four temperatmes. Specific gravity and factors for butterfat and SNF 

detennined by this study are shown in Table 2.4. Although changes in SNF composition 

such as protein and Lactose was kwwn to result in slight changes in specific gravity of 

SNF, the cornmittee agreed that the smali effect resultùig fiom this change would have no 

appreciable eEect on computed weight per gallon of fluid miik products. In the universal 

equation, specific gravity of fluid mille products at 40°F was calculated by the foliowing 

equation: 

Specific Gravity = 100/(100 + 0.03928 F - 0.39221 S m )  [16J 

where F is butterfat content (%), SNF is SNF content (%) 

To show the reliability of al1 region and universal equations, the weight per gallon of each 
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£luid mille product was computed using samples selected at random nom each 

participating region for each group of products. Then, the calcuiated values were 

compared with the actual weight per gallon value detenniried by the bottie method- As a 

result, it was concluded that weights computed by the universal equation differed from 

actual weights slightly more than those computed by the dl region equations. However, 

these differences were minute enough to permit the use of a single universai equation in 

the computation of unit weight of fluid milk products. 

This research indicated that the specific gravity of a fluid milk product depends 

prirnarily upon the proportionate amounts of fat and SNF and temperature at which the 

density is measured. DBerences in specific gravity associated with geographic location, 

breed of cow, and seasons of the year are relatively unimportant. 

Table 2.4: Values of specific gravity for butterfat and SNF, factors for butterfat and SNF. 
and weights per galion of water at dif5erent temperatures. 

Factors were used in equations for specific gravity prediction of fluid mikL. 

SP=W= Butterfat Apparent Pounds per 
Temperature Butterfat factor sp.gr. SNF SNF factor gallon H20 
40°/400F .9622 ,03928 1.6453 -39221 8.3364 
50°/50"F -9541 ,048 11 1.6275 ,38556 8.3341 
68"/68"F -9330 -07181 1.6167 -38146 8.3217 
102°/1020F -9133 ,09493 1 S952 ,373 12 8.2752 

' ~ ~ e c i f i c  gravity of nuid mik at a temperature 
= 1 00/(100 + A x butterfat factor - B x SNF factor) 
where A = % by weight of butterfat in the mixture and B = % by weight of SNF in the 
mixture (USDA, 1965) 



2.7. Effects of Temperature on Density 

Many studies have been conducted to reveal the effect of temperature on milk 

density and to Eind a gened d e  that explains the expansion of milk The themai 

behaviour of milk is complex because the components of rnillc have ciifferent expansion 

characteristics. The major component is water, which has maximum density at 3.98OC 

(Lewin, 1972). However, the changes of volume of miik with temperature is greater than 

that of water (Fleischmann, 1893)- Another heat sensitive component is milk fat_ 

Richmond (1953) said high fat milk had a greater coefocient of thermal expansion than 

low fat milk (Short, 1955). Density of milk fat decreases as the temperature increases, 

and it does not have a maximum density at 4°C (Hilker, 1961), unlike water. Kïlker 

(1961) meanired the specifk gravity of milk fat over the temperature range of 36 to 

165°F (2.2 to 73.9OC) to find that milk fat showed the maximum density at the lowest 

temperature, 36"F, and the minimum at the highest, 165°F. The density of m i k  decreases 

as the temperature is raised to about 40°C (Short, 1955, 1956; Wegener, 1953). Davies 

(1936) claimed that the temperature of maximum density of milk was -û.3"C, but the 

temperature wodd naturaify vary with the content of soluble and fat constituents- 

Whitnah (1957) reported that commercidy pasteurised and homogenised milk had its 

maximum density around -5.2"C and the temperature of maximum density of the water- 

milk mixture approached that of water, 4.0°C, in a linear manner as miik was diluted with 

water. 



2.7.1. Expansmty of milk 

Until the middle 20th century, a table based on the work of Bearce (1 9 14), the 

National Bureau of Standards, was used by millc producers to calculate the price of mik 

and estirnate weight yieids of d a j r  products fiom the volume in gallons and the 

percentage of fat by weight (Watson & Tittsler, 1961). However, the accuracy of the 

table was doubtful due to the separation of fat and the fact that the density at temperatures 

lower than 20°C were obtained by extrapolation fiom the detenninations made in the 

range of 20 to 50°C (Watson & Tittsler, 196 1). 

Severai studies used specific milk composition to investigate milk density over a 

wide range of temperatures. Whittaker et aL (1927) measured the density of skimmed 

milk with 8.96% solids, including 0.7% fat over a temperature range of 5-80°C. 

Wegener (1 953) reported density of pasteurïzed milk in the range of 10 to 75OC; however, 

he did not take the effect of miik composition into account. Thomsen (1953) developed a 

table for cahlating the weight of tnik per galion over the range of 36 to 160°F (2.2 to 

7 1.1 OC). Rutz et al. (1 955) investigated miik density at temperatures between 4 and 49OC 

and found that the coefficient of the change in density between 1849°C was 0.00038, 

which was different fiom that between 4- 1 g°C, 0.000 18. Rutz's findiags suggested that 

the relationship between milk density and temperature was not linear. Short (1955) 

measured the density of raw m i k  between 10°C and 4S°C and reported that the 

temperature coefficient of miik varied with composition. Data obtained fkom whole milk 

of 3% fat and 8.7% SNF and skim milk of 0.02% fat and 8.9% SNF were fitted to 

empincal equations expressed as: 



where D = density (g/mL) and t = temperature ("C). 

The coefficients detennined are presented in Table 2.5. According to this study, the 

relative importance of the hear  term is less and that of the cubic term was greater for 

skim milk than whole miik. This downward deviation fiom linearity as SNF increased 

might indicate a relationshîp berneen extent of hydration and concentration of solids 

(Sherbon, 1988). 

Table 2.5: Estimate of density fkom temperature for whole milk and skim mik.  

Coefficients a, b, c, and d in the equation D - 1 = a + bt + ct? t dl? where D = density 
(g/rnL) and t = temperature CC). 

a b c d 
WhoIe milk 3.50 x IO-' -3.58 x lo4 4.9 x 10" -1.0 x IO-' 
Skim milk 3 -66 x 10" 4-46 x lo4 2.3 x loa -1.6 x IO-' 

(Short, 1955; Sherbon, 1988) 

Watson and Tittsler (1961) detennined the density of raw milk in the range of 1 

to l O°C with 101 samples to cover the temperature range in which mi& was fiequently 

handled. The study constnicted the best-fit equations for predicting density from the fat 

and SNF content and the temperature. The equation containhg dl three parameters 

showed the best accuracy, while SNF was more important to detennine density than fat 

content. The equation is as foiiows: 

D = 1 .O03073 - .O00179 T - -000368 F + .O03744 SNF [i 81 

where D = density (g/cm3), T = temperature (OC), F = fat (%), SNF = SNF (%) 

Densities of fluid mik products at 40, 50, 68, and 102°F (4.4, 10, 20, and 39.8"C) 
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were examined to obtain nifncient data to permit the caiculation of weight per gallon 

value fkom their wlw composition at each temperature (USDA, 1965). However, 

equations to describe the relationship between expansivity of milk products and 

temperatures were not developed (see section 2-6-1). 

Phipps (1969) presented viscosity data for rnilk products with fat contents of O to 

50% and temperatures of 40 to 80°C. This study developed an equation that relates 

viscosity and density to fat percentage and temperature. Bakshi and Smith (1984) 

expanded the work of Phipps', reIating fat, temperature, viscosity, and density in the 

temperature range of O to 30°C, at which mille is handled ofken. Sample density was 

measured with a vibrational densitometer (Mettler DMA 39,  having an accuracy of + 
-001 g/cm3. This study reported that the density of fluid d l k  increased as temperature 

decreased, and that density decreased as fat content increased. 

In Ontario, Biggs (1978) constnicted an equation to estimate the expansivity of 

producer mik  between 4 and 20°C based on 26 miik samples with fat content varying 

fiom 0.04 to 4.6% and SNF content varying fiom 8.3 to 10.2%. The density 

measurement was done using 1-titre volumetric flasks. This study concluded that the 

expansivity of milk between these temperatures was mainly a function of fat content 

explained by the following equation: 

Expansivity 20°C /4"C = 1.00266 + (0.00034 13 6 F) t 191 

where F = fat (%) determined by Mojonnier method 

The number of samples used in this study seems to be small but the province of Ontario 

currently uses this equation in its w/w to w/v conversion of milk components. 



2.8. Thermal Characteristics of Mük Fat 

Classically, specific gravity of fat had been determined at 15°C (60°F) by a 

number of authors- DZerent researchers and even the same author declared different 

values of specific gravity of mille fat, ranging fiom 0.93 to 0.946 (Hilker, 1961). One of 

the reasons for disagreement of specific gravity value of mdk fat is the ciifference in the 

physical state caused by a lag in meltuig and solidification of fat with changes in 

temperature (Sharp and Hart, 1936)(See section 2.5). Sharp and Hart (1936) reported that 

the temperature history of the milk innuenced its specinc gravity if it was measured 

imrnediately on reaching a desired temperature. Since then care has been paid to ensure 

equilibriurn in the state of fat by tempering milk samples at the desired temperature 

(Whitnah, 1957; Watson & Tittder, 1961; Hiker, 1961). The length of holding time 

varied depending on the researchers (see section 2.5.2). 

Miik fat is iiquid above 40°C and usually completely solidified below -40°C 

(Walsda, 1984). At intermediate temperatures it is a mixture of crystals and oïl. Solid fat 

content at a temperature ranges greatly, depending on the temperature history of the 

sarnple. At O°C, solid fat may diner fiom about 45% to 90%. And the temperature at 

which 50% of the fat is solid may be between -5°C and 20°C (Widstra, 1984). 

Solidification and melting of miik fat is more intricate than of most other fats 

because of its compiicated composition. Anhydrous mi& fat (AM.),  fiom which the 

membrane material has been almost completely removed, is a complex mixture of ûiacyl- 

glycerols, composed of more than 60 different fatty acids, with unique chemical and 

thermal properties. Besides the fatty acid composition, the position of residues on the 

triglyceride molecule also affects the melting point (Walstra, 1984). Multiple component 
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fat has various rnelting points accordhg to the distribution of fatty acid among the 

triglyceride molecules. A two-stage dry fiactionation process c m  fkactionate the AMF 

into three fractions: high melting 0, middie melting @MF), and low melting 

(LMF). The HMF (m-p. 42OC) shows a wide melting range similar to a plastic fat. The 

MMF (m.p. 33OC) resembles the original AM',  and the LMF (m-p. 16OC) is liquid at 

room temperature. Soiid fat content curves, obtained by difîerential scanning calorimetry 

@SC), shows that HMF possesses no solids > 42OC, and that MMF has no solids > 37°C 

(Dimick et al-, 1996). 

Crystallization of fat is initiated by the presence of suitable nuclei, and crystal 

growth follows it. Crystal growth is relatively slow in natural fats, much slower than in 

pure triglycerides. Generally the growth rate of crystals depends on the degree of 

supersaturation, on the rate of diffusion of molecules to the crystal surface, and on the 

time needed for a rnolecule to attain a perfect fit into a vacant site on the crystal lattice 

(Murder and Walstra, 1974). A triglyceride molecuie will almost fit the crystal lattice for 

a time before dinushg away again to make way for another molecule, until at last one 

exactly fits the vacant site. Because of the existence of the very great number of different 

though similar triglycerides, the growth is much delayed through this cornpetition 

phenornenon. Cooling rate affects not only the time needed to reach the equilibrium but 

also the amount of solids. Very slow cooling gives less solid fat than rapid cooling to the 

desired temperature. Cooling to a low temperature and then warrning to the final 

temperature gives more solid fat than direct cooling to the final temperature (Walsb:a, 

1984). 

Crystallization of milk fat in globules behaves differently fiom that of fat in 
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bulk. A smaller proportion of the fat solidifies if it is present as smaüer globules, and it 

takes longer to reach equilibrium (Herrington, 1964; Murder and Wdstra, 1974). Even in 

bulk the slowness in reaching maximum cr~stauization has been observed by many 

authors (Herrington, 1964; Mulder, 1947; Phipps, 1957). When a smaii quantity of mi& 

fat is quickly cooled to 2S°C, it takes about one hour to complete 50% of the eventual 

crystaliization. For every SOC lower temperature, crystallization rate is roughiy doubled 

(Murder and Walstra, 1974). When the fat is in globdes, cxystaliization is even slower. 

In this project the density of milk is rneasured 24 hours f i e r  heat treatment to ensure that 

crystallization is complete and each sample has the same density as before treatment- 

2.9. Factors Influencing Fat Globule Size 

Nearly all the milk fat in milk is in separate smalI globdes. The state of fat 

dispersion may innuence crystallization rate and m i k  density. A slow crystdization rate 

was obtained in more finely dispersed fat (Walstra & Beresteyn, 1975). 

General information on fat globule dispersion is best provided by a frequency 

distribution, in which the number of globules, N, is plotted against globule diameter d 

(pn). In whole milk, small globules (c 2 p) comprise about 80% of the total number of 

globules but ody a few percent of the fat. Main globules (2-8 pm) include about 94% of 

the fat. Large globules (> 8 pm) are few in number and represent about 2-3% of the fat 

(Murder and Walstra, 1974). 

Globule size shows considerable variation. The main factors innuencing 

globule size of fiesh & are breed (Brunner, 1974), individual cow, and stage of 

lactation (Wdstra, 1969). For example, Jersey and Guemsey give mik with larger fat 
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globules than cows of Friesian type. 

The globuies can become larger through creaming, flocculation and coalescence 

and smailer through dismption. Agitation, vibration, pumpiag milk through the 

pipelines, and heating milk at high temperatures can cause coalescence or dismption. 

The incorporation of air severely impairs stability. Properties of the milk aiso influence 

the stability of fat globules. Sm& globules are more stable than large ones in almost 

every respect. wth increasing size, collision energy and deformability ùicrease, and 

clumping and disruption can occut Clurnping or coalescence increases considerably with 

fat content. 

Temperature is an important variable. Since solid fat globules cannot be 

disrupted nor c m  they coalesce, cold miik cannot be homogenized. W~th liquid globules, 

dismption and coalescence are possible. In addition, storage at 4°C may weaken the 

membrane, and subsequent increase in temperature may cause local volume changes and 

pressure ciifferences within globules. 

Homogenization causes srnalier fat globules with a large surface area. A product is 

homogenized by forcing it, at a high temperature? through a narrow dit called a 

homogenizing valve. Efficiency of homogenization in terms of globule size is innuenced 

by pressure, type of valve, repeated homogenization, fat content, and temperature during 

homogenization. With increasing fat content, homogenization efficiency decreases, 

particularly at high pressure and low temperature (Goulden & Phipps, 1964). High 

temperature increases the homogenization efficiency. 



3. Materiab and Metho& 

3.1. Relationship between Milk Density and Its Componeats 

3.1.1. Sample collection 

Ontario 

University of Guelph Laboratory Services Division (LSD) CO llects milk samples 

fkom all 7500 Ontario mille producers for payment testing (AFLSC, 1997). Ontario 

samples used in this study consisted of reference samples and samples used for uiftared 

instrument calibration. Reference sarnples were selected nom ali of the producer milk 

samples as follows. A schedule for chemical anaiysis with infrared milk analyzers was 

organized to ensure that a sample fiom every producer was tested once a week. M e r  

proximate anaiysis by the mik analyzer, LSD selected five samples fiom each of the 

three infiared instruments out of the 2000 samples processed each day, and technicians 

analyzed their chemical components mandy .  The resdts, fat (w/w %), protein (w/w 

%), and total solids (w/w %), were converted to the wlv values and used to calibrate milk 

analyzers on a daiiy basis. These five samples were chosen with some selectivity to 

obtain sufficient range of fat content These samples were kept at 4OC for at least twenty- 

four hours and tested for density. Density was measured at 4.0°C using an Anton Par 

Mode1 DMA 45 density meter, which is accurate to k 0.0001 &m3. 

Mik for calibration samples was collected fiom the same eight herds in Ontario 

every other week. These samples were tested for their chemical composition manually 

by LSD and for density. Herd #1 consisted of about 30 Jersey cows with a few cows of 

other breeds, herd #2 about 30 of single breed of Holsteins, herd #3 about 30 Jersey, herd 

#4 about 40 Holsteins plus other breeds, herd #5 about 12 Guemsey, herd #6, #7, and #8 

36 



are single breed of Holsteins with 37,35, and 35 cows, respectively. The number of cows 

was estïmated fiom the amount of milk that the herd usually produced. 

From May 1997 to March 1999, the University of Guelph tested 866 reference 

samples and 3 13 calibration samples. The data set containing the result of reference m i k  

is defined as "Ontario random data set" and the data regarding calibration miik is referred 

as "Ontario non-random data set", 

Quebec 

Programme d'Analyse des Troupeaux Laitiers Du Quebec (PATLQ) transferred 

its results on the mille composition and density tests to the University of Guelph. The 

P A n Q  prepared the calibration milk samples in order to caiibrate milk analyzers 

following the procedure below. Nine miJk samples were coliected twice a month. 

Generally, the same producers were used each month. The samples were divided into 

two aliquots, and dichromate preservative was added to one of the sub-samples. Density 

and total solids were determined on the fiesh sub-sample. Fat and protein were 

determined on the preserved sub-sample. Density was measured at 4.0°C using an Anton 

Par Mode1 DMA 55 density meter, which is accurate to + 0.0001 &m3. This data set 

was named "Quebec non-random". In addition, the data of 30 random samples, which 

were collected in a similar way to Ontario reference milk, were tramferred to the 

University of Guelph and cdled "Quebec random" data set. 

Alberta 

Between March 1998 and February 1999, eight Alberta samples were coliected 

once or twice a month. The 102 results were named "Alberta randomy' data set. These 

samples were randomly seIected fiom aU Alberta milk producers by cornputer random 
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number selection pnor to testing, except one or two samples in each set which the lab 

specificaily picked because of their high fat content. Fat, protein, and LOS contents were 

detennined at the Central Milk Testhg Laboratory in Alberta, and then the samples were 

sent to the University of Guelph for density determination. These samples were packed 

in a box with an ice pack and tlansferred by overnight courier service. The samples were 

taken out of the box and kept at 4OC until required for density rneasurement. Aiberta 

random data were analyzed together with Ontario random data and the combuied data set 

was called ccOntaiio-ALberta random" data set. 

Ontario-Alberta random data set was used to develop an equation for density 

prediction of producer milk. Seasonal effects were assessed with Ontario and Quebec 

non-random samples. Table 3.1 is a summary of samples collected by data set and 

month- 

Et should be noted that ai l  miik samples coiiected in this project were herd milk, 

which is a mixture of individuai cow's milk. 



Table 3.1 : Period of data coliection and the number of samples tested for random and 
non-random data, 

(a) Ontario random data (Reference) and non-random data Kalibration) . ' 

IL- 

(c) Quebec non- 

I 

(b) Alberta random data 

ndom data (Calibration) 

Month 

N=102 

-.. 

8 

P B ,  "c y m Y, 

8 

=u 

8 

Li z = - c  

8 

% 
a 

14 

" g p g S q  
" =-,-=.. 

8 

g g g 0 " g g O g g S L Q  

8 1 0  

T 

c. 

8 8 8 16 



3.1.2. Density measurement 

Density measurements were made using an Anton Par Mode1 DMA 45 digital 

density meter. For density rneasurement at 4,0°C, milk samples were cooled and held at 

4°C for at least twenty-four hours to obtaùi maximum density. These sarnples were then 

transferred to a 4.0°C circulating water bath, accurate to +O.l°C. The samples remained 

in the water bath for the duration of testing. This circulating water bath was aiso used as 

the source of water to pump through the density meter to ensure tbat the sample being 

tested was maintained at 4.0°C during measurement- Although the density meter requires 

the use of a circuiating water bath with an accuracy of +O.OS°C to yield the accuracy of 

k0.0001 g/cm3, daily reproducibility test with distilled water showed that the instrument 

is accurate and precise to 10.0001 g/cm3 (section 2.2). Five-mL syringes were used to 

inject the samples into the osciliahg tube of the density meter, preventing air fiom 

entering the sample. Density measurement was done in duplicate. Calibration samples 

and Alberta samples followed the same procedure stated above. To investigate the 

temperature effect, milk density was determined at the temperature of 4.0, 16.0,28.0, and 

40.0°C by the same density meter. The density meter was calibrated for the measurement 

at each temperature. 

The Quebec laboratory (PA-CZQ) determined the density of all Quebec samples, 

using the same instrument and procedure. Agreement of density measurement between 

the Ontario and Quebec laboratories was confïrmed by testing samples from the same 

source. During the period of May to Jdy 1997, the previous workers investigated 96 

mik samples. In March 1999, eight additional Ontario calibration samples, packed in a 

box with cooling agents, were shipped to the PAnQ by courkr service and the two 
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laboratones determined theü density on the same date. 

Reproducibility of density deteminations between the Quebec and Ontario 

laboratones was excellent. Table 3.2 shows the statisticd sumrnary. 

Table 3.2: Inter-laboratory cornparisons of miik density determination (g/crn3) of PATLQ 
(Quebec) and University of Guelph (Ontario). 

Difference From 
PATLQ U. of G, Awmged ~ensity' 
T = ~ c  ~ 5 4 " ~  Mean P m Q  U of G 

Mean 1.0334 1.0334 1-0334 0,0000 0.0000 
Minimum 1,0313 1.0314 1.0314 -0,0002 -0.0002 
Maximum 1.03 59 1 -0360 1.0360 0.0002 0-0002 
Range 0.0046 0.0046 0.0046 0,0004 0.0004 
STD 0.0008 0.0008 0-0008 0,000 1 0-000 1 

STD of Differences as % of range 1.3953 
Observations 1 04 

 iffe fer en ce between a density value deternllned fiom a laboratory and the average 
density of the two laboratories. 

3.1.3. Controlling the temperature history of the samples 

The effect of temperature history on milk density was examined to determine the 

timing of measuring density d e r  heating because al1 Ontario reference samples are 

heated to 40°C during the process of chemical composition analysis. 

The change in density after heat treatment at 40°C and storage at temperatures of 

4, 1 6,28,  and 40°C as a fimction of time was examined by the folIowing procedure. Five 

samples were selected fiom the raw producer milk samples. These samples were not heat 

treated because theu chemical compositions were not determïned. (Although aii bulk 

tank samples are delivered to the Iaboratory, not all samples are required to be tested.) 



After behg held at a desired temperature for 20 minutes, the fint sample density was 

determined at that temperature and then placed in a 40°C (+l°C) circulating water bath. 

This first density measurement was done only for 4°C. M e r  20 minutes, the sample was 

transferred to the original water bath for 20 minutes to ensure that it had been cooled to 

the temperature of measurement. The sample's density was then measured at the 

temperature, and the sample was maintained at the temperature. Density of the second 

sample was tested ten minutes later than the fïrst sample. This pattern continued for the 

third, fouah, and nfth samples. Mer one hou had eIapsed since the meamremeut of the 

fist sample, density measurements were talcen again. Sample one was meanired tùst, 

followed by sample two ten minutes later and sample three after an additional ten 

minutes, and so on, Density of samples was measured O, 1,2, 3,4,  and 6 hours after the 

heat treatments. After measuring the 6-hour sample, al1 sampfes were held in the water 

bath at the desired temperature, where they remained for 18 hours. Density 

measurements were then taken for the £inai tirne starting with sample number one and 

then sample two, three, four, and five foUowing in ten-minute intervals. The whole 

experiment was repeated three times. 

3.1.4. Analysis of composition 

Al1 Ontario reference samples were heated and kept at 40°C for five rninutes 

before being tested for composition to Liquee the rnillc fat and un@ the structure. The 

samples were then immediately cooled to 20°C and used for measuring fat, protein, and 

total solids content, 

The fat content was measured by the Mojonnier rnethod. In this method the fat 
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content of a pre-weighed 10-mL milk sampie was dissolved in ethyl ether with a repeated 

extraction procedure aided by the presence of ammonium hydroxide and ethyl alcohoi. 

Following the evaporation of orgaoic solvents, the total fat was pravimetricaliy related to 

the original sampie weight and the r e d t  was reported as percent fat on a w/w basis. 

The percentage of protein was determined by the [DF-macro Kjeldahl rnethod 

using the Gerhard system, with a 1.0g sample. This method was a means of determinhg 

the total nitrogen content fiom both organic and inorganic substances. A weighed 

amount of the sample was digested with concentrated sulphuric acid and potassium 

sulphate in the presence of copper (II) sulphate as a catalyst to convert the bound nitrogen 

in the organic matter of the sample into ammonium sulphate. Ammonium sulphate was 

M e r  treated with a sodium hydroxide solution to liberate ammonia which is distilled 

and absorbed in an ample amount of bork acid solution which in turn was titrated with 

standardized acid. Percent nitrogen was then obtained by titration of this solution with an 

acid solution, and by calculation. The nitrogen content value was multiplied by the 

conversion factor of 6.38 to obtain the protein content in raw rnilk. This is based on an 

assumption of 15.67% average N in mdk proteins (Jenness, 1988). 

Determination of total solids followed the oven rnethod. A milk sarnpie was 

placed in an aluminium dish then weighed. This sample was then transferred into a steam 

bath and heated for 15 minutes. The sample was then placed into an oven at 100-102°C 

and kept there for three hours. After heating, the sample was cooled in a desiccator and 

its weight was measured. LOS content was calculated by the following formula: 

LOS (%) = total soiids (%) - fat (%) - protein (%) Po l  

Detailed procedures c m  be found in Centrai Milk Tesring Laboratoty Operations Manual 



( 1 992) and AnaIyticd Procedures for Milk AnuZys rS (1 99 1). 

Composition analyses were pedormed at one of Ontario, Alberta, or Quebec 

Iaboratories. Reproducibility between these laboratories is confirmed by regular inter-lab 

agreement tests conducted by Canadian laboratory services (CLS) Ottawa (CLS, L998), 

within the framework of the Canadian Laboratory Accreditation Program. 

3.1.5. Statistical analysis 

Collected data were analysed as an anaiysis of covariance and as a combined model 

of multiple regression and one way classification using SAS software version 6.12 (SAS 

Institute, Cary, NC, 275 13, USA). The data set contained date. density (&m3), and 

protein, fat, and LOS contents (%). 

3.2. The effect of Temperature on Milk Density 

3.2.1. Experimental design 

The experiment was designed as a complete random design of four treaûnents, 

4.0, 16.0, 28.0, and 40.0°C, with nine replications. Twenty-two samples were tested in 

each replication. A replication of a treatment was conducted within a day. 

3.2.2. Sample preparation and composition determination 

Samples were selected fiom Ontario producer m i k  samples. Samples for this 

experiment were first subjected to the reguiar analysis for payrnent purpose by the 

infiared mi& analyzer, the System 4000 MillcoScan (Foss Electric, Denmark). System 

4000 results were not suitable for our purpose because the insaurnent is calibrated in w/v 
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units. The res idd  portion of the sample, not used by the Systems 4000 instniment, was 

analyzed by the MÏUcoScan FT 120 (Fourier Transform Mared)(Foss Electric, Denmark) 

to obtain results on a w/w bais, Twenty-two samples were collected wiîh some selection 

to obtain a wide fat range- Chernical compositions of fat, protein, total solids, and LOS 

were measured immediately, while the samples were still at 40°C. 

Milk sample analytical procedures followed the steps bebw. A sample under a 

vibration pipette was pumped to a heat exchanger and heated to 40°C. M e r  passing the 

heat exchanger, the sample was homogenized through the built-in two step homogenizer 

with a pressure of 200 bar. Then, liquid sample passed through the ïniine filter and into 

the cuvette, where the interferorneter measurements took place, and the Fourier 

transformed end results obtained- 

This composition determination relies on the specific absorbhg chemical group 

existing in fat, protein, and lactose. Determination of fat uses absorption of carbonyl 

groups (C = O) in triglycendes at 5.7 p m  (Fat A) or that of carbon-hydrogen (CH) at 3.4 

to 3.5 p m  (Fat B). Absorption of amide groups (CONTI) at 6.5 pm is suitable for protein 

determination. Lactose content c m  be determined by absorption of hydroxyl groups 

(OH) at 9.6 Pm. Total solids content is calculated as the surn of the fat, protein, and 

lactose plus a mineral content or determined through the absorption of hydroxyl groups 

of water molecules at 4.3 pm. 

Fourier transform infi.ared (Fm) is a recent technique which leads to a means of 

measuring fat, protein, and lactose in milk without the need for local calibration. If this 

technique develops success£Sly, inFared instruments throughout the world may be 

calibrated with the same basic milk samples and improved agreement in test results 

45 



between different countrïes of the world may be achieved (Harding, 1995). 

Several tests ensured the accuracy of composition determination on a daily basis. 

A pilot test checked agreement between the measurement of sarnples and a control- At 

fust a control sample, the first sample of a batch of 2.0% UHT homogenized mille, was 

defined and the data stored. Everyday a pilot test measured one sample fiom the 

remaining 2.0% milk batch and checked the agreement of its results to that of the control. 

When a new batch of 2.0% UHT control milk was introduced, a new control sample was 

dehed. A repeatability check was also conducted ahead of daily measurement. A 

reference sample, which had k e n  poured fiom a carton of 2.0% homogenized milk in 

good condition, was measured for its composition 11 h e s  to evaluate repeatability- The 

first measurement did not cou* so in total 10 measurements were computed for the 

standard deviations. The purging efficiency check examined the residual volume of the 

previous sample in the total volume of the cell after a single pumping sequence of sample 

dirough the cell- Two hundred mL of whole m i k  and 200 mL of water with 0.1% S-6060 

Zero Liquid Concentrate solution added were taken and poured into 11 sample beakers 

each. The 22 consecutive analyses of water and miIk proceeded using the sequence 

water, water, rnilk, milk, water, water, and so on. MiikoScan FT 120 calculated the 

purging efficiency using the foilowing formula. The purging efficiency should be greater 

than 99% for ordinary milk (Foss Electric, 1996)- 

water to product (sum Ml - sum W2)* 100/(sm M2 - sum W2) Pl1 

product to water (sum W 1 - sum M2)* 100/(sum W2 - sum M2) [22] 

where Ml = fïrst milk reading, M2 = second milk reading, 

W 1 = £ira water reading, and W2 = second water reading 



Agreement between compositions determined by FT 120 and by chernical methods was 

also confirmed by meas-g tbree sets of Ontario non-randorn samples with the two 

rnethods. 

FT 120 had excellent repeatabiiity and accuracy. The pilot test was in high 

agreement. The repeatabiiity test also depicted good precision of this instrument (Table 

3.3). Table 3.4 gives the satisfactory resdts on the purging efficiency. Composition 

determination with FT 120 sutnciently matched the resuits denved fiom wet chemistry 

(Table 3.5)- 

Table 3.3 : Repeatability of composition determination by FT 120. 

Fat Protein Total solids 
Mean of daily means1 2.013 3 -224 10.900 
Mean of drily s'MD2 6.667e-3 1 -243 e-2 1 -962e-2 
STD of daüy STD~ 1 -3 72e-3 6.206e-3 5.489e-3 

l~aIculated by averaging the means of daily determination of 10 reference milk. 
2 Computed by averaging the standard deviations of daily determination of reference miik. 
3~tandard deviation of the standard deviations of daily detennination of reference milk. 

Table 3 -4: Purging efficiency test of FT 120- 

Fat Protein Total solids 
Water to Product 99-92 99-83 99.68 

99.88 99.38 99.69 
Average 99.00 99.61 99.68 

Fat Protein Total solids 
Product to Water 99-74 99.48 99.56 

99.59 98.63 99.08 
Average 99.67 99.06 99.32 



Table 3.5: DEerence in determined miik composition between FT 120 and wet 
chemistry. 

The value determhed by FT 120 minus the value fiom wet chemistry 

Fat Protein Total soïids 
Average 0.0425 0.0196 0.1638 
STD 0-0 180 0-0241 0-0359 
Min 0.01 -0.03 -0.2 1 
Max 0-07 0.06 0.085 

3.3. Model Development 

Since the pnces of milk are based on milk fat, protein, and LOS, these were the 

primary factors used in the models. Interactions among fat, protein, and LOS variables 

and temporal and geographical factors were also included in the model. To calculate the 

temporal factor, each month was assigned a number, and each of those numbers 

constituted a level: that is, twelve levels were defïned in total. The geographical factors 

represented the difference between provinces. This full model is expressed as follows: 

Densityqk = htercept + P i  Fuk + & Puk+ B3 Lij& p4 Fqk *Fqk+ Bs Fijii*Pijic + Ps 

Fok*Luk + B7 Pok*Pijk + B8 Puk*Luk+ pPs Lijk*Lok + Fgk*PQj*Luk + Ti + Sj + Eijk 

123 1 

for i= 1, 2 j  = 1 ,..., 12 k =  1 ,,,.., n 

where density is in units of @rn3 at 4OC 

F is the fat ( w h  %), P is the protein (w/w %), L is the LOS (w/w %) 

T is the provincial factor, S is the seasonal factor 

The symbol * represents an interaction arnong factors 

E is the error 

The model included the foiiowing assumptions: 
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1. Regression variables did not interact, 

2- Values were rneasured without error. 

3. Errors were uncorrelated and followed ~ ( 0 ~ ~ 8 ) ) .  

Ail density values were rneasured with duplicates to minimize errors- 

Because temporal and geographical factors were inconvenient for the practicd use 

of a formula, a simple multiple regression model, not including temporal and 

geographical factors, was constnicted and evaiuated. A simple regression model with 

fixed intercept of 1.0000 was also examuied hypothesizing that, when milk including 

zero percent of fat, protein, and LOS, the intercept of a formula for density estimation 

corresponded to the density of water (at 4.0°C). Simplified models were developed fiom 

full models above by removing non-sipifÎcant @ > 0.05) regression variables. 

An outlier in the regression setting is a point that lies far fiom the fitted lhe and 

produces a large residual. The outliers can heavily influence the position of the Ieast- 

square line. In order to find a best-fit equation that descnbes the main body of the 

observations, outliers should be defined and elimïnated. After fittïng models to data, 

observations with residuals larger than three STDR (STD of residuals) were defied as 

outliers and eliminated. Regression results with and without outliers were compared in 

tems of Analysis of variance (ANOVA) statistics and the averages and the standard 

deviations of residuals. Then, the regression equation for each model was constnicted 

without outliers. 

3.3.1. Parameters used in the evaluation of models 

The most important parameters indicating adequacy of a model are the Mean 



square of error (MSE) and the standard deviation of residuais (STDR). The MSE is the 

estimate of the variation of response (2). The estimated o is shown as 'root-MSE7, 

which is Literdy the rooted value of MSE. The method of least squares, which SAS 

employs in deciding the estimates of coefficients, was originaiLy designed to construct a 

regression line that has the minhum MSE. Therefore, the value of root-MSE, is a good 

indicator to compare which model fits better to the data The standard deviation of 

residuals is closely related to root-MSE. Squared standard deviation of residuals is the 

sum of residuals divided by total degrees of fieedom, which is calculated by subtractïng 

one fiom the number of total observation- MSE is the sum of residuais divided by 

degrees of fieedom of error. The standard deviation of residuds c m  also describe how 

well the model fits the data, yet root-MSE is a better indicator since the degrees of 

freedom of the errors is employed in order to make it an unbiased estimator of o. 

By looking at the distribution of residuais, especiaIly its skewness and kurtosis, 

researchee can asses if the model c o ~ s  the assumption that errors are uncorrelated 

and follow a normal distribution of ~(0,d). The residuais are often plotted in the 

vertical direction against the corresponding values of the predicted response in the 

horizontal direction to assess the assumption of homogeneity of error variance. If it goes 

according to plan, the pattern of this plot wili be an umtructured horizontal band centred 

at zero. A fan pattern indicates that the error variance increases with the predicted 

response. The residuals are also often plotted against independent variables. If the model 

is adequate, horizontal scattered bands wiil result. A curved pattern shows that the 

relation between y and x has a quadratic (2) or cubic (x3) structure. 



4. Results and Discussion 

4.1. Deciding the Timing for Deasity Measurement 

Change in density as a b c t i o n  of tempering time &er heating to 40°C and cooling 

to 4°C was determîned as the ciifference fkom the initial density- The difference was 

greatest when the density was measured immediately after heating and cooling (Figure 

4.1). Table 4.1 gives the statistic summary of the ciifference in density. The mean and the 

standard deviation of discrepancy in density became smder during the holding at 4.0°C. 

After the samples had been held 24 hours, there was very Little or no ciifference in density 

compared to the density before heating. Therefore, milk samples were stored at 4°C for 

24 hours prïor to density measurement, to ensure maximum density during the whole 

experiment. 

At temperatures of 16,28, and 40°C, the rate of density change was calculated as a 

function of holding time at the specifïed temperature. For example, if the density value 

of sampie A at a holding time of one hour was 1.0333, and that at two hours holding was 

1.0335, the difference between these values, 0.0002, was reported as a change in density 

at 2-hours holding point. The change was greatest between the holding time of the fist 

hour and hour zero (Table 4.1). The ciifferences in density became smali after the 

samples were held at that temperature for at least an houri Mïik samples spoiled after the 

temperature was maintained for 5 hours at 40°C, and 6 hours at temperatures of B ° C  and 

16°C. Therefore, density measurements at 16, 28, and 40°C were made after the 

temperature had remained constant for an hour, and before 5 hours had passed. 



Table 4.1 : Statisticai summary of  difference in density after heating to 40°C and cooling 
to the desired temperature as a fimction of tirne. 

(a) 4OC 
O hour 1 hour 2 hours 3 hours 4 hours 6 hours 24 hours 

Mean - 6  l e  -2-8e-4 -L.8e-4 -1 -4e-4 -1 - le-4 -9.3e-5 -4-7e-5 
Maximum 4-Se-4 -2-0e-4 -5.0e-5 0.0000 5-0e-5 5-0e-5 1 Se-4 
Minimum -8-0e-4 -4-0e-4 -3 .Oe-4 -3 Be-4 -2-0e-4 -2,Oe-4 -1 S e 4  
Range Me-4 2-0e-4 2.5e-4 3.0e-4 2Se-4 2-5e-4 3-0e-4 
STD 9.4e-5 52e-5 8.4e-5 $.Se-5 7.0e-5 7.0e-5 7.4e-5 

(b) 16°C 
T h e  1 hour 2hours 3 hours 4hours 6 hours 
Mean 1 -3e4 8.3e-5 1 e-5 3.3e-5 2.0e-5 
Maximum 4-Oe-4 2-0e-4 I .Oe4 2-0e4 1 .Oe4 
Minimum -5.0e-5 0,0000 - I .Oe-4 -5-0e-5 -5.0e-5 
Range 4-Se4 2-0e-4 2.Oe-4 2-Se4 1 Se-4 
STD 1-le-4 4.9e-5 6.2e-5 6-Se-5 4-0e-5 

(c) 28°C 
T i e  1 hour 2hours 3 hours 4hours 6hours 
Mean 1 -6e4 6.7e-5 4.0e-5 3 -7e-5 2 -7e-5 
Maximum 4.0e-4 2.5e-4 2-0e-4 2-0e4 2.0e-4 
Minimum -2.0e-4 -1.Oe-4 -1.0e-4 0,0000 - 1 -0e-4 
Range 6-0e-4 3 Se-4 3.0e-4 2-0e-4 3.0e-4 
STD 1 -7e-4 9.8e-5 8.9e-5 5 Se-5 7Se-5 

(d) 40°C 
Time 1 hour 2 hours 3 hours 4hours 6 hours 
Mean 3 - l e 4  1 -8e-4 8.8e-5 6.7e-5 8-7e-5 
Maximum 9.5e-4 5.0e-4 3.0e-4 3 -0e-4 2.5e-4 
Minimum - 1 -0e-4 0.0000 -5,Oe-5 - 1 -0e-4 - 1 -0e-4 
Range 1 .Ose-3 5.0e-4 3 Se-4 4.0e-4 3 Se-4 
STD 3.le-4 1 S e 4  9.0e-5 9 -6e-5 9-9e-5 



Figure 4.1 : Dinerence in density after heatïng to 40°C and cooling to 4OC as a fùnction of 
time. 

10 15 20 

Time in Hours 

Each point represents one observation (N = 15). 



4.2. Relationship between Deasity and Milk Composition at 4OC 

4.2.1. Statistical summaries of data sets 

Statistical characteristics of Ontario-Alberta random, Ontario random, Alberta 

random, Ontario non-random, and Quebec non-random data sets are summarised in Table 

4.2. Random and non-random data sets showed similar variability, except Quebec non- 

random data, which had reiatively low minimum density (1.0280) relative to other data 

sets. 

Plots of relationship among density, fat, protein, and LOS for Ontario-Alberta 

random are presented in Figure 4.2 through Figure 4.4. Density was most clearly 

correlated with protein. The relationship between fat and density was less clear, but there 

appeared to be some positive correlation. Density seemed to be independent of LOS 

content. It should be noted that high fat milk tended to be high in protein. Although fat 

has a lower density than water, multiple regression may assign a positive coefficient to 

the fat variable because of this interaction. 



Table 4.2: Statistical summary of average, standard deviation, minimum, and maximum 
of density and composition for each data se t  

Ontario-Aiberta random N = 968 
Variable AVE S'ID Minimum Maximum 
Density 1-0337 8-730e4 1.03 12 1.0364 

Fat 3,884 5 -644e-1 2.095 5,720 
Protein 3.3 18 2.622e-1 2.084 4.253 

LOS 5.573 2.416e-1 3.537 7,482 

Alberta random N = 102 
Variable Mean STD Minimum Maximum 
Density 1-0337 8-703e4 1.03 19 1.0364 

Fat 3.721 5523e-1 2-155 5-039 
Protein 3 -309 2.585e-1 2.908 4,079 
LOS 5.486 1 -549e-1 5.026 6,487 

Ontario random N = 866 
Variable Mean STD Minimum Maximum 
Density 1 -0337 8 -734e-4 1 .O3 12 1 .O364 

Fat 3 -904 5 -629e- 1 2.095 5,720 
Pro tein 3-3 19 2.627e- 1 2.084 4.253 
LOS 5.583 2.473e- 1 3.537 7,482 

Ontario Non-raadom N=313 
Variable Mean STD Minimum Maximum 
Density 1.0340 9.667e-4 1.03 19 1 -0367 

Fat 4.158 5.985e-1 2.795 5.990 
Protein 3 -403 3.321e-1 2.930 4.330 
LOS 5.502 7.682e-2 5.217 5-660 

Quebec Non-random N = 420 
Variable Mean STD Minimm Maximum 
Density 1 -0339 1.347e-3 1.0280 1 .O3 68 

Fat 4.084 5 -499e- 1 1.872 5.815 
Protein 3.373 2.927e- 1 2.497 4.07 1 
LOS 5.5 17 1.910e-1 3 -752 5.775 



Figure 4.2: Plots of relationship (a) density versus fat (b) density versus protein for 
Ontario-Alberta random data, 

(a) observations 
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Figure 4.3 : P fots of relationship (a) density versus LOS (b) fat versu protein for Ontano- 
Alberta randorn data, 

(a) . observations 
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Figure 4.4: Plots of relationship (a) fat versus LOS (b) protein vernis LOS for Ontario- 
Alberta random data 
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4.2.2. Developing a formula to predict milk density h m  composition 

Models listed in Table 4.3 were evaiuated to obtain the bea equation explahhg 

the relationship between mille density and composition. 

Table 4.3 : A list of the models examined in the mode1 selection. 

Data set 1 Code 

ON & AB random 1 Rl 

ON & AB random R2 

ON & AB random 1 R3 

ON & AB random 1 R4 

ON & AB random I R 5  
ON & AB random R6 

PQ non-random QI 

PQ non-random 4 2  

PQ non-random 43 

PQ non-random l Q4 

ON non-random 1 O1 
I 

ON non-random 1 0 2  

ON non-random 1 O3 

ON non-random 1 O4 

Biggs (1978) 

- 

Model 
Predicted density = al1 composition variables & interactions 
+ season + region 
Predicted density = all composition variables & interactions 
f season 
Predicted density = al1 composition variables & interactions 
(open intercept) 
Predicted density = 1 + di composition variables & 
interactions (fixed intercept) - - 
Predicted &mity = reduced composition variables & 
interactions + season 
Predicted density = reduced composition variables & 
interactions (open intercept) 
Predicted density = al1 composition variables & interactions 
+ season 
Predicted density = d l  composition variables & interactions 
Predicted density = reduced composition variables & 
interactions + season 
Predicted density = reduced composition variables & 
interactions 
Predicted density = al1 composition variables & interactions 
+ season 
Predicted density = ail composition variables & interactions 
Predicted density = reduced composition variables & 
interactions + season 
Predicted density = reduced composition variables & 
interactions 
Predicted density = 1 00/(100 t -03928Fat - -3 922 1 (Protein 
+ LOS)) 
Predicted density = 1.007664 + 0.0001653Fat + 0.0026703 
SNF 

where ON = Ontario, AB = Alberta, PQ = Quebec, US = an equation for estimation of 
milk density at 4.4OC constnicted by USDA in 1965, and Biggs = an equation 
based on Ontario milk developed by D.A. Biggs in 1978. 



Regession resuits of fûli models with and without outliers c m  be compared in 

Table 4.4 and 4.7- Since deleting outliers decreased the estimation of error variance, 

root-MSE and STDR, and made the distributions of residuals doser to the Normal 

distribution, data without outliers were used in M e r  investigation- ANOVA statistics 

and estimated coefficients for models fitted to the data without outliers are summarized in 

Table 4.5,4-6,4.8, and 4-9, In Ontario-Alberta random data set, estimated error variance 

became larger when a mode1 was forced to take a pre-detennined intercept. Therefore, 

oniy models with an open intercept were used for data sets of Quebec non-randorn and 

Ontario non-random- 

The provincial factor was not significant @ > 0.05) in Ontarîo-Alberta random 

data set. The results of F-test (Table 4-10) dso indicate that model RI and EU are 

identical, which means that the provincial factors can be ignored without losing precision. 

The seasonai factors were significant @ c 0.05) in al1 data sets (Table 4.10, 4.1 1, 

and 4.12). Howeve- the difference in estunated error variance between the simple 

regression and the model with seasonai factors was small. 

The results of F-tests in Table 4.10 through Table 4.12 indicate that merences 

between full and reduced models were not signincant (p > O.OS), except between 0 1  and 

03. However, the ciifference in root-MSE and STDR between 0 1  and 0 3  was very 

small. Therefore, the reduced equation (03) was employed in M e r  investigation. 

Reduced models with seasonal factors showed slightly Lower root-MSE than simple 

regressions. However, the simplicity obtained by omitting seasonal factors may justify 

slightly reduced precision. At least four significant digits are used in the coefficients to 

maintain the same accuracy in terms of root-MSE and STDR as the parameter estimates 



that SAS provided. Equations constructed from models R5 (3.85e-4), R6 (4.65e-4), 4 3  

( 1 -5 le+, 44 (2.15e4), 0 3  (2.lOe-4), and 0 4  (2.54e-4) were used in fùrther andysis as 

best-fit equations for the correspondhg data set A number in the bracket is the standard 

deviation of residuals of the equation. 

Coefficients of variances seem to be related to the theoretical contribution of the 

constituents to density The coefficients of simple effects of protein fat, and LOS have 

the largest value foilowed by an interaction between protein and fat. The simple effect of 

protein seems to have a Iarger impact on density than fat. The density of each component 

appears to explain the ciifference in the magnitude of influence to m .  density. Protein is 

more influentid to density than fat because ciifference in density between water and fat is 

much smaller than that between water and protein (section 2.6). Opposed to the fact that 

protein has the srnailest density arnong SNF (section 2.6), protein has larger coefficients 

than LOS, which is probably due to the smail variation in the LOS content. Plots of 

density and cornponents confirm these tendencies (Figure 4.2, 4.3, and 4.4). Protein 

positively correlated with density most clearly among components. Fat content also had 

a positive correlation with density, although the relation was not as clear as that between 

fat and density. Density varied regardless of LOS contents, and the variation in LOS 

contents was small. 



Table 4.4: Cornparison of ANOVA statistics and the characteristics of residuals before 
and after eliminating outliers in mode1 RI, R3, and R4. 

R1 includes seasonal and regional factors and regression variables. R3 and R4 are simple 
multiple regressions with open intercept (R3) and fixed intercept (R4). 

" 

C 

;* ~ v e & e  of residuals -3 -005e-15 -1 -208e-15 
STDR 4.256e-4 3.853e-4 

1 5 

1 1 Max/Min of residuals 1 
I 1 

1.25e-3 / -2.22e-3 1 1.08e-3 / -1-14e-3 1 

# of outlies (%) 
SSE 
MSE 

t 

Fuli observations 
O 

3 -826e-4 
1.8e-7 

Error DF 
RootMSE 

Skewness 
Kurtosis 

1 1 MSE 1 2.5e-7 1 2.2e-7 1 
1 

Without outiiers 
24 (1,14%) 
3-1 00e-4 

1 Se-7 

# of outliers (%) 1 O 
SSE 5.1 50e-4 

2090 
4.278e-4 

-0.5371 
1.5246 

18 (0.85%) 
4.53 5e-4 

1 1 MaxlMin of residuals 1 1 -27e-3 / - 1 -96e-3 1 1 Me-3 / -1.39e-3 1 

2066 
3 -874e-4 

-0.2144 
0.21 18 

O 

Li. 

W 

Error DF 
Root MSE 
R-square 
Average of residuals 
STDR 

-0.2888 
-0.2485 

I 

O 

1 Max/Min of residuals 
I 1 

1 -34e-3 / -2.1 Se-3 f 1 -3 1 e-3 / - 1.42e-3 1 

2102 
4.950e-4 
0.6800 

-2.797e-15 
4-938e-4 

Skewness 
Kurîosis 

% 
CI 

E! 

2084 
4-665e-4 
0.7077 

-1.363e-15 
4.654e-4 

-0.48 19 
0.4926 

14 (0.66%) 
4.7 17e-4 
2.3e-7 
2089 

4.752e-4 

I 

S kewness 
Kurîosis 

# of outiiers (%) 
SSE 
MSE 
Error DF 
Root MSE 

1 

' R-square 

O 
5.184e-4 
2.Se-7 
2103 

4-965e-4 

Average of residuals 
STDR 

-0.4753 
0.5087 

-0.2563 
-0.2324 

0.6779 
-2.060e-8 
4.954e-4 

0.6967 
-1 S08e-8 
4.742e-4 



Table 4-5: Summary of ANOVA statistics and parameter estimates of fidl models for the 
combined random data sets of Ontario and Alberta- 

R1 includes seasonai and regiond factors md regression variables. 
R2 has seasonal factors and regression variables, 
R3and R4 are simple regressions with open and fked intercepts, respectively. 

1 1 Mode1 R1 1 Mode1 R2 1 Model R3 1 Mode1 R4 
SSE 
MSE 

1 Type AB 
Il 1 1 1 

1 - 1 -7565e-6 1 1 

Root MSE 
R-Square 
STDR 
Intercept 
FAT 
PROT 
LOS 

3,100e-4 
1 Se-7 

3.100e-4 
I .Se-7 

3.874e-4 
0.7996 
3 -85e-4 
0.83 133 

4.3 649e-2 
6.1365e-2 
3 -473 6e-2 

4.53 Se-4 1 4-7 17e-4 
2.2e-7 2-3e-7 

4-66Se-4 
0.7077 
4.65e-4 
0.84959 

3.763 6e-2 
5-5 120e-2 
3 -2 1 70e-2 

I 

3.873e-4 
0-7996 
3 -8Se-4 
0.83 123 

4.3 674e-2 
6.1 3 89e-2 
3.4753e-2 

4,752e-4 
0.6967 
4-74e-4 
1 .O000 

-2.8590e-5 
1 -3648e-2 
5.0730e-3 

2.8037e-6 
- 1 -0660e-2 
-7.3 327e-3 
-6.3 949e-4 
-9.2 123e-3 
1 -58 10e-5 
2 ,0699e-3 

7.1566e-6 
- 1 -23 59e-2 
-8.4688e-3 
-8.1489e-4 
- 1.0204e-2 
1.3 847e-4 
2.3 890e-3 

F*F 
F*P 
F*L 
P*P 
P*L 
L*L 
F*P*L 

2-6 155e-6 
-4.2573e-4 
-4.8 19 le-4 
-2.5068e-4 
-2.1325e-3 
1.1 136e-4 
2.06 17e-4 

7.1900e-6 
- 1.23 53e-2 
-8 A643 e-3 
-8.1457e-4 
- 1 -0200e-2 
1.3854e-4 
2.3 879e-3 



Table 4.6: Summary of ANOVA statistics and parameter estimates of reduced models RS 
and R6. 

R5 contains seasonal factors and regression variables, 
R6 involves only regression valuables. 

1 MSE 
m 1 

1 1 Se-7 1 2.2e-7 1 

Mode1 Rd 
4.53 S e 4  SSE 

Mode1 RS 
3.101e-4 

2086 
4.663e-4 
0-7077 
4.65e-4 

Figure 4.12 
0.84692 

I I 

L * 

FAT 
PROT 
LOS 

Error DF 
Root MSE 
R-Square 
STDR 
Plots location 
Intercept 

1 2068 
3 -872e-4 
0,7996 
3 Me-4 

0.83 109 
4.371 1e-2 
6.1422e-2 
3,4779e-2 

3 -8 196e-2 
5S653e-2 
3 -2744e-2 



Table 4.7: Cornparison of ANOVA statistics and the characteristics of residuals before 
and after eliminating outliers fiom Quebec non-random data and fiom Ontario non- 
random data. 

Q 1 includes seasonal factors and regession variables. 
42 is a simple multiple regressioa 
0 1 includes seasonal factors and regression variables. 
0 2  is a simple multiple regression. 

1 1 Full 1 Without I 1 Full 1 W~thout 
1 1 observations 1 outiiers 1 1 observations 1 outiiers 
I I L 1 1 1 

# of outiiers (%) 1 1 O O 1 10(1.46%) - 

SSE 
MSE 
Error DF 
Root MSE 

Average of resid 

Max residud 

===l S kewness 
Kurtosis 1 
# of outliers (%) O 9 (2.14%) O 7 (1.01%) 
SSE 4.300e-5 1.894e-5 5.290e-5 4.370e-5 
MSE 1 -le-7 Se-8 8e-8 7e-8 
Error DF 409 400 676 669 

R-square 0.9733 0.9 175 0.9303 
Average of resid 1.20Oe-15 2.70746 = - 1.77e-16 -8.07e-16 
STDR 3.2Oe-4 2.1 5e-4 2.54e-4 

I 

Max residuai 1 1 1.5 1e-3 1 6.41 e-4 1 1 8.06e-4 1 7.33e-4 
1 1 

Min residual 1 1 -1.57e-3 1 -6.18e-4 1 1 -1.64e-3 1 -7.41e-4 
S kewness -0.2990 

3 -7752 
-0.574 
3.150 

-0.3012 
-02375 

0.0268 
-0.163 



Table 4.8: Summary of ANOVA statistics and parameter estimates of fidi and reduced 
models for Quebec non-random data. 

Q 1 includes seasond factors and ai i  regression variables. 
42 is a simple regression. 
4 3  is a sirnplined mode1 developed fiom QI. 
44 is a reduced regression model, 

SSE 
MSE 
DF error 
Root MSE 
R-Square 
STDR 
Plots 
htercept 
FAT 
PROT 

Mode1 Q1 
9.22e-6 

2e-8 
386 

1 S e 4  
0-9868 
t SOe-4 

1 LOS 
I 1 1 1 

Mode1 44 
1 -896e-5 

Se-8 
402 

2-2e-4 

ModelQ2 
1 -894e-5 

5e-8 
400 

2.2e-4 

0-91363 
1 -879 le-3 
2 -3 604e-2 

Mode1 4 3  
9.27e-6 

2-8 
387 

1 .Se4 

1.8293e-2 1 3 -0830e-2 1 2.278 1 e-2 

Season 
1 -3025e-4 

-1 -8962e-5 
-4.2427e-5 

1 

Season 
I 

0-9733 
2.15e-4 

0.945 1 O 
-1.1677e-3 
1.621 le-2 

2.3058e-2 

1 
2 

1 -2304e-4 
-2.2672e-5 

0,9867 1 

1.5 le-4 

0.95505 
-8 S207e-3 
1.1618e-2 

3 1 -4.3 729e-5 

0-9733 
2.1 5e-4 

Figure 4.5 
0-96838 

-6.8242e-3 
9.6244e-3 



Table 4.9: Summary of ANOVA statistics and parameter estimates of fidi and reduced 
models for Ontario non-random data. 

0 1 includes seasonal factors and ali regression variables- 
02  is a simple regression with open intercept- 
0 3  is a simpiined model developed fiom 01. 
0 4  is a reduced regression model. 

1 1 Mode1 01  1 Mode1 0 2  1 Mode1 0 3  1 Mode1 04 1 
1 SSE 

m I I I 

1 2.952e-5 1 4.3 70e-5 1 2,997e-5 4.3 7 1 e-5 1 

1 LOS 
I 1 I 

1 5-0408e-2 1 1-1 696e- 1 1 4.353 8e-2 1.1629e-1 1 

MSE 
DF error 
Root MSE 
R-Square 
STDR 
Intercept 
FAT 
PROT , 

Se-8 
655 

2-1 e-4 
0.9528 

7e-8 
670 

2.6e-4 

I 

7e-8 

2.09e-4 
0,86546 

-6.4777e-4 
1,4846e-2 

Se-8 

0-93 03 
2-1 Oe-4 
0.89996 

-3 -0695e-3 
3.4153e-3 

2.54e-4 
0,48708 

8 -4458e-2 
1,2320e-1 

2.54e-4 
0.48892 

8 -4456e-2 
1.2329e-1 , 

669 
2-6e-4 

0-952 1 

659 
2-1 e-4 

0-9303 



Table 4.10: Summary of the F-test Comparing models fiom Ontario-Alberta random. 

RI includes seasonal and regionai factors- R2 has seasonal factors, 
R3 and R4 are simple regressions with open and fïxed intercepts, respectively- 
RS is a reduced model developed fiom R2. 
R6 is a reduced simple regression derived fiom R3, 

Cornparisons Conditions F-values Pr>F 
R3 vs. R4 Full observations 13-88 2-00e4 
R3 vs. R4 Wïthout outliers 16-73 3.11e-16 
RI vs. R.2 Wïthout outliers O 1 
R3 vs. RI and R2 W~thout outliers 53-13 7.30e-156 
RS vs. R2 wthout outliers 0-67 0.41 
R6 vs. R3 W~thout outEers O 1 

Table 4.1 1 : Summary of the F-test. C o m p a ~ g  fidl and reduced models based on Quebec 
non-random. 

Q 1 includes seasonal factors. 42 is a full model of simple regressioa. 
4 3  is a reduced model of Q 1. 44 is a reduced simple regression. 

Cornparisons Conditions F-values Pr>F 
Q 1 vs. 4 2  W~thout outliers 29.07 6.86e-52 
4 3  vs. 4 4  Without outliers 26.97 4.29e-5 1 
Q l  vs- 4 3  W~thout outliers 2.09 0-15 
42 vs, 4 4  Without outliers 0.2 1 0.8 1 

Table 4.12: Summary of the F-test. Comparing full and reduced models based on Ontario 
non-random. 

0 1 includes seasonal factors- 0 2  is a fdl model of simple regression. 
0 3  is a reduced model developed fiom 0 1 .  04 is a reduced simple regression. 

Cornparisons Conditions F-values Pr>F 
0 1  vs. 0 2  wthout outliers 22.47 3 S6e-47 
0 3  vs. 04 wthout outliers -27.47 2.3 8e-47 
0 1  vs. 0 3  Mthout outliers 2.50 0.042 
02 vs. 04 Wïthout outliers 0.15 0.696 



4.23. Compnring Quebec equations and Ontario-Alberta equations 

To calibrate milk analyzers as a part of m i k  pricing system, the province of 

Quebec converts the w/w composition of caiibration sarnpies to w/v values by 

multiplying corresponding empirical density (see section 1). The current system is 

represented by the equations denved nom Quebec non-mndom data (section 4.2.2). To 

assess the impact of applying the Ontario-Alberta equation to Quebec milk, models 4 4  

and R6 were applied to Quebec non-random data set. Quebec random data were also 

used to evaluate how accurate the density estimation was with 4 4  and R6. In Quebec 

non-random, ten outliers, which were detected when the mode1 Q1 was applied to the 

data set in section 4.2.2, were deleted fiom the data and the remaining part was used 

throughout the calculation- 

Table 4.13 gives the statistical summary of predicted density and residuals for 

Quebec non-random and Quebec random. Plots of residuals versus predicted density and 

predicted density versus observed density are shown in Figure 4.5 and 4.6. 44 had the 

best fit to Quebec non-random data, showiag smdl error variation and no bias. However, 

when 44 was fitted to Quebec random, it depicted some bias. The majority of the 

residuals of 44 were positive, centring at 2.0e-4, and 4 4  tended to overestunate the 

density of Quebec random data. This disagreement may imply inadequacy of using only 

a few herds to establish the relationship between density and composition. 

R6 did not fit well to Quebec non-random since residuals formed a slanted belt, 

instead of a horizontal band Density was overestimated at low density (1 -03 0- 1 -03 3) and 

underestimated at high density (1.034-1.036). The distributions of residuals of R6 had 

high skewness and kurtosis due to an extreme outlier that was not eliminated by the f is t  



screening. When the extreme was ornitted, the skewness and kurtosis of residuai 

distribution appeared to be dose to the Normal distributions. 

Representing the Ontario and Alberta producer dk, R6 rnay have low bias and 

high variability. On the other hand, Quebec non-randorn data are more Eely  to have 

high bias and Iow varïability since they were coilected fiom the same herd repeatedly It 

can be considered that R6 explains less at low and high density because the population 

group of Quebec non-random is slightly different kom that of Ontario-AIberta randorn. 

In Quebec random, unlike 44, the residual plots of R6 gave a horizontal band that 

centred at zero. The predicted vernis observed density plot indicated that R6 was 

unbiased, showing balanced plots around the Line y = x, although the regression Line made 

it difncult to fmd this tendency. R6 had Iarger variance than 44. This unbiased 

prediction of R6 was supported by the fact that the average of predicted density of R6 had 

the closest value to the average of observed density. 

Using reference milk coIiected fiom a few herds repeatedly rnay be r isky since 

non-random data are likely to be biased. M e n  an equation developed fiom non-random 

data is applied to miik collected randomly, the equation rnay overestimate or 

underestimate the density because non-random samples rnay not be adequate 

representatives of the population of miik. The non-random data rnay have the mean far 

fkom the mean of the real population, or an equation developed fiom non-random data 

rnay have little flexibility due to its smaii variability. 



Table 4.13: Statisticai summary of predicted density and residuals computed fiom the 
Quebec non-randorn and Quebec random data sets by use of equations 4 4  and R6. 

4 4  is a simple regression developed nom Quebec non-random. 
R6 is a simple regression based on O N 4  random. 

PQ non-random PQ random 
Equations 44 R6 44  R6 
Predicted density 1-0339 1,0337 1-0329 1-0330 
average ' 
Predicted density STD 129e-3 8.86e-4 8.838e-4 6,169e-4 
Average of residuals -2-703e-6 1.986e-4 1-813e-4 5.988e-5 
STDR 2- 1 30e-4 5-495e-4 2-474e-4 4,866e-4 
Skewness -0.334 -2-029 -0.210 -0.24 1 
Kurtosis 0.321 14-97 1 1.390 -0.792 
S kewness(omit extreme) -0-592 
Kurtosis(omit extremel 2253 

Average density of Quebec non-random sample is 1.0339 with the -dard deviation of 
1.3 15e-3, and Quebec random has an average density of 1.033 1 with the standard 
deviations 8 -998e-4. 





Figure 4.6: 44 and R6 fitted to Quebec random. Plots of (a) 44 residuals versus predicted density (b) 44 predicted density versus 
observed density (c) R6 residuals versus predicted density (d) R6 predicted density versus observed density, 

(8 )  44 ohscrvaiions 
8.OE-O4 1 

-6,OE-04 1 O I 
1,030 1,031 1.032 1,033 1,034 1,035 

4 w Predicted density 

I ,OE-03 
(c) R6 observations 

1 .O3 15 1,0320 1,0325 1,0330 1,0335 1,0340 1,0345 

Predicted density 

abscrvniions 

1,031 1,032 1,032 1,033 1,033 1,034 1,034 
O bserved density 

0 observations 

1,03 10 1,0320 1,0330 1,0340 
O bserved density 

44 is a simple regression developed from Quebec non-random. R6 is a simple regression derived from Ontario-Alberta random. 



4.2.4. Fitting Ontario-Alberta equatioas to Ontario non-rnndom data set 

in order to evaluate flexibillty of Ontario-Aiberta equation, formuiae R5 and R6 

(see section 4.2.2) were fitted to Ontario non-random data set- Ten outliers that were 

defmed in the andysis of mode1 04 were omitted fiom Ontario non-random data set, 

Table 4-14 gives the average of predicted density and STDR. Equations R5 and R6 were 

adequate in explainhg the relation between density and components of Ontario non- 

random samples- Predicted density of RS and R6 matched to onginai density with srnail 

STDR. Residual versus predicted density plot and predicted density versus observed 

density plot for R6 (Figure 4.7) depicted a good fit of the formulae by presenting weii- 

scattered horizontai band- 

Table 4.14: The average of predicted density and the standard deviation of residuals 
(STDR) for Ontario non-random data set aoalyzed by equations of R5 and R6. 

M R6 
Averaged predicted density 1 .O338 1.0338 
STDR 4.120e-4 4.3 16e-4 



Figure 4.7: Plots of (a) residuals versus predicted density (b) predicted density versus 
observed density of equation R6 fitted to Ontario non-random data set. 

is a simple regression derived fiom Ontario-Alberta random data set. 

(a) . observations 

1.032 1.033 1.034 1.035 1.036 1 .O3 7 
Predicted density 

(b) . observations 

1 .O32 1.033 1 .O34 1 .O35 1 .O36 1 .O37 
Observed density 



43.5. Seasonaïity of m i k  

In each data set of Ontario and Quebec non-random, monthly averages of 

observed density and compositions were computed. Figure 4.8 and 4.10 depict the 

average of observed density as a fiinction of time- In both Quebec and Ontario, the 

change in density foliowed a certain pattern. Summer milk (from May to August) tended 

to have lower density, while winter milk (fkom Novernber to March) possessed higher 

values. The variation between the month of the highest actual density and the month of 

the lowest actual density was 1.09e-3 in Quebec and 1.08e-3 in Ontario. 

Monthly change in mi& composition followed a similar trend to that of density. 

Figure 4.9 (Ontario) and Figure 4.1 1 (Quebec) give the average of each component, fat, 

protein, and LOS, as a function of t h e  of year. It can be clearly seen in Ontario milk that 

change in fat content resembled a mountain shape that had its sides in summer and peaks 

in the fall. The protein content had the same pattern as that of fat, whereas LOS showed 

no specific structure throughout the year. Fat, protein, and LOS contents of Quebec milk 

exhibited a similar tendency to Ontario. It can be concluded that seasonal change in miik 

density is strongly related to changes in the amount of components. Fa11 milk, which is 

high in fat and protein, is Iikely to show high density and summer milk with low 

percentages of fat and protein tends to have Iow density- 

Secondy, equations developed in section 4.2.2 were hvestigated to see how weU 

they explain the seasonai fluctuation of density and components. Predicted density was 

computed with 0 3  and 0 4  for Ontario and with 4 3  and 44 for Quebec, using the 

monthly average compositions. The values of predicted density are plotted in Figure 4.8 

and Figure 4.10 together with the monthly average of empuical density. Formulae with 



and without seasonai factors were compared to evaluate how much seasonal factors 

contributed to ïmprove the accuracy of density prediction. 

4 3  predicted the density of Quebec mik accurately throughout two years. Figure 

4.10 indicates that predicted density of Q3 foilows almost the same cuve  as that of 

o b s e ~ e d  density- Simple regression 44 had a tendency to overestimate in summer and 

underestimate in winter, yet the merence between the average of observed density and 

predicted density was smaii with a maximum and minimum of 239e-4 and -3.33e-4, 

respective1 y. 

In Ontario non-random, 0 3  gave larger residuds than Q3 with the Quebec data 

The difference between monthly density and predicted density in 0 3  and 0 4  had a 

maximum and minimum of 8 S7e-5 and -3 -34e-4,3 -06e-4 and 409e-4,  respectively. 04  

tended to overestimate density of summer milk and underestimate that of fall and winter 

milk. However, the ciifferences were small. Figure 4.8 indicates that 0 4  explained the 

seasonal fluctuation of density to some extent as the plots of predicted density of 04  

followed a similar curved pattern to that of actuai density. 

Equations with seasonal factors explained the seasonal fluctuation in density 

slightly better than did those without seasonal factors. This significance of seasonal 

effect may imply the presence of some factors that cannot be explained by the amount of 

milk constituents. The factor may be ciifferences in chernical composition of fat 

tt-iglycerides and casein in the protein fiaction. 

Selection of the optimum equation must balance the value of precision lost by 

simplification and the need for accuracy. An example of a practical conclusion regarding 

seasonal differences of raw milk can be seen in a study by the USDA (1965). The 



researchers investigated the seasonaiity of mixed breed mille in three regions using 

similar calculations and cornparisons to those carrïed out in the previous paragraphs- The 

study reported that the variation between the month of  the highest actual weight and the 

month of the lowest actual weight in my one of the three regions was 0.014 pounds per 

gallon, which agrees with 0.0017 glcm3. This investigation also found that the computed 

weight per gaiion minus actual had the highest value of +0.005 pounds per gallon and the 

lowest of -0.008 pounds per gallon, which correspond to 6.0e-4 &m3 and -9.6e-4 &m3, 

respectively- Aithough there were some monthly differences in density prediction, the 

USDA conctuded that the inauence of season was much less important than variations in 

composition and that the seasonal factors were negligible- 

As Boden (1942) pointed out (section 2-6-l), the seasonai divergences were 

sometimes positive and sometimes negative. The sum of these differences should be near 

zero over a year. Taking the fact that simple regressions explained the monthly density 

differences adequately, it may be concluded that monthly compositional change in m i k  is 

the most important factor in density prediction. In addition, for the purpose of density 

estimation in payment system, overestimatïon in winter and underestimation in summer 

may cancel out the effect of season on milk price. 



Figure 4.8: Monthly average of observed density and predicted density cdculated fkom 
the average composition of the month in Ontario non-randorn mille analyzed by equations 
0 3  and 04. 
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Figure 4.9: Monthiy ditferences in average composition in Ontario non-random mille. 
(a) Fat (b) Protein (c) LOS 
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Figure 4.10: Monthly average of observed density and predicted density caicuiated from 
the average composition of the month in Quebec non-random milk analyzed by equations 
4 3  and 44- 
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Figure 4.11 : Monthly merences in average composition in Quebec non-random mdk. 
(a) Fat @) Protein (c) LOS 

( a )  F a t  + a v e r a g e  F a t  (% ) 
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4.2.6. Fitting various modeis to combined random data set of Ontario and Alberta 

-Since the Ontario-Alberta data set was considered representative of producer 

milk in Ontario and Alberta, various equations were fitted to this data set for evaluating 

the reliability of the formulae. This data set was 'cieaned' by omitting 24 outliers that 

had been detected when mode1 R1 had been fitted to the data set (section 4-2.2). 

Equations of R6, 44, US, and Biggs were evaluated- The average and the standard 

deviation of predicted density and residuals are summarized in Table 4.15, The piots of 

residuals versus predicted de* or observed density and predicted density versus 

observed density are depicted in Figure 4-12 and 4.13. None of the fomulae except R6 

seemed to be adequate in describing Ontario-Alberta data set. Al1 of their residuals had 

very large standard deviations, and some residuals had extreme positive values- 

The reason why equations derived fiom different milk sources did not fit weil to 

Ontario-Alberta random may be attributed to the following point. The data sets fkom 

which the equations had been developed may have high bias such as a different mean 

values fiom that of Ontario-Alberta random data. As a consequence, those formulae may 

be valid ody within the original data set and are hadequate with other sources of milk. 

Supporting the result in section 4.2.3, this resdt indicates the problem in using a formula 

based on a few herds or an equation developed in a meren t  country to establish the 

relationship between density and composition. 



Table 4.15: Statistical summary of predicted density and residuals for the combined data 
set of Ontario and Aiberta random computed by the fofiowing equations. 

R6 = a simple regression developed fiom Ontario-Aiberta random. 
44 = a simple regression driven firom Quebec non-random. 
US = an equation constructed by the study of USDA in 1965 (See section 2-6.1). 
Biggs = a formula developed by DA- Biggs in 1978 fkom Ontario producer mille. 

Equations R6 44 US BiggsL 
Predicted average 1.0337 1 -033 8 1-0338 1.0320 - 

Predicted STD 7.242e-4 1.1 93e-3 1 -227e-3 9-954e-4 
Residual average 4-826e-5 -9.806e-5 -6,292e-5 1 -660e-3 
STDR 4-63 7e-4 9.282e-4 9.556e-4 7-659e-4 
Skewness -0.30 1 4-63 7 0-717 0.472 
Kurtosis -0.197 47,994 9.658 5.717 

Combined data set Ontario and Aiberta random has the average deosity of 1.0337 with 
the standard deviation of 8.730e-4, 
'~alculated by an equation containing fat and SNE 
Density = 1.007664 + 0.0001653 Fat(%) + 0.0026703 Sm(%) 
where SNI?(%) = protein(%) + LOS(%) 







4.2.7. Cornparisons among equations and current systems 

Effects of various weight/volurne conversion procedures were evaluated using 

three sets of milk composition and corresponding density values. The fat, protein, and 

LOS values in the selected composition ranged nom 2.2 to 5.0%, 3.0 to 4.0%, and 5-3 to 

5.8%, respectively. These values are real data selected fiom reference miks examined at 

The Alberta Central Milk Testing Centre for their composition and at the University of 

Guelph for their density. Simuiated conversions were conducted usiag equations of R6, 

44  (section 4.2.2), US (section 4.22 and 2.6.1), and a Biggs equation developed by D.A. 

Biggs (1978) using Ontario producer rnilk (section 2.6). Current conversion systems in 

the province of Ontario, Alberta, and Quebec were also simulated and compared with the 

result of the equations above. Equation 44 represented the current Quebec conversion 

procedure. See section 1 for details about w/v computing policies in provinces. 

Multiplication of reference w/w values with the corresponding empincal density at 4.0°C 

gave actuai w/v vaiues. Chemicai reference values (w/w), actuai w/v vaiues, and w/v 

estimates by equations are given in Table 4.16, 4.1 8, and 4.20, for fat, protein, and LOS, 

respectively. Table 4.17 and Figure 4.14 depict the dinerences of w/v estimates from 

actual w/v values. Table 4.19 and Figure 4.15 present the differences for protein 

estimates and Table 4.21 and Figure 4.16 give those for the LOS estimates. 

For the conversion of fat and protein, R6, 44, US demonstrated the most accurate 

estimations. The values of estimated w/v minus actual w/v remained very close to zero 

regardless of the fat and protein content. Among the three modeis, US estimates tended 

to be slightly higher than actual w/v values, showing maximum and minimum differences 

of 0.005 and -0.001, respectively. In contrast, R6 was more Likely to have a negative 



discrepancy fiom the real w/v and had a maximum merence of 0.001 and a minimum of 

4.004. 44 estimates were weIi balanced on both positive and negative sides and the 

ciifference had the highest and fowest values of 0.002 and -0.002. 

Biggs, current ON, and current AB estimates always produced lower results than 

real w/v values. Paaicularly, current AB, which siinply multiplies wlw contents by a 

constant factor of 1 -02969, showed the Iowest estimates and the discrepancy fiom actual 

W/V increased as the fat and protein content increased, This Ioss of accuracy in high fat 

and protein contents samples of the current Alberta system reveals the limitation of using 

a constant factor. Aithough it is based on a combined factor of density at 20°C and 

expansivity which makes up the density ciifference between 20°C and CC, the current 

Ontario systern was less accurate at high levels of fat and protein. Biggs w/v predictions 

were constantiy lower than actual density by 0.005 - 0.0 1 %. Even though it used fat and 

SNF content for predicting density, the Biggs f o d a  was hadequate, possibly due to 

srnall sample size and short-term experiment LOS estimation depicted the same 

tendency as that of fat and protein except that current ON and AB did not show a 

decrease in accuracy even at high LOS content. Variances between predicted and actual 

w/v in LOS were larger than those in fat and protein. 

Since formulae of R6, 44, and US showed good conversion of w/v mi& 

components, a conversion procedure based on regression of empirical density on w/w 

milk composition is probably the most accurate. Reliability of wlv conversion of 

components can increase by switching the current systems in Ontario and Alberta to the 

one employing an equation that estimates milk density fiom components. 

Secondly, the same w/v conversion was simulated with the Ontario-Alberta 



random data set to compare equations R6, 44, and US. A statisticd surnrnary of 

dserences between computed wfv values and real w/v for fat, protein, and LOS is given 

in Table 4.22. In the previous simulation with selected data sets, 44 appeared to have the 

mon accurate conversion. However, when the equations were apptied to the whole data 

set of Ontario-Alberta random, R6 conversion was the most precise and accurate (Table 

4-22), having the smallest standard deviation (0.002). 44 and US also depicted a 

sufficient conversion, but they contained some extremes, as indicated by a large 

minimum and maximum (-0.052-and 0.013 in 44 and -0.035 and 0.044 in US). 



Table 4.16: Weightlweight (wlw) reference fat converted to weightlvolume (w/v). 

Comparing the conversion by use of constnicted equations, observed density, and current 
system in ON and AB. Red wfv = empiricai densîty x reference fat- 

Refe rence 
Fat w/w 

2.155 
2282 
2-88 1 
2.969 
3.216 
3 -3 67 
3 -506 
3.608 
3 -722 
3 -945 
4.111 
4.264 
4.603 
4,726 
4.900 
5-039 
AVE 
STD 

Real 
w/v 

2-227 
2-3 58 
2,975 
3 -069 
3.3 22 
3.479 
3 -62 1 
3 -727 
3.847 
4.076 
4-250 
4.409 
4,760 
4.890 
5-078 
5.222 
3.832 
0.9 14 

4 4  
(Current PQ) 

2229 
2359 
2.975 
3 -O68 
3 -3 22 
3,477 
3 -620 
3,728 
3.845 
4.074 
4.248 
4,408 
4,762 
4.890 
5,077 
5-220 
3.83 1 
0-9 14 

Biggs 
2.222 
2.3 53 
2,969 
3 .O6 1 
3.3 16 
3,471 
3.614 
3 -72 1 
3 -839 
4.068 
4241 
4.40 1 
4.753 
4.88 1 
5,067 
5.210 
3 -824 
0-9 13 

Current 
ON 

2230 
2360 
2,977 
3 .O68 
3.3 19 
3 -475 
3.618 
3-723 
3 -840 
4.075 
4.246 
4.403 
4.752 
4.878 
5.057 
5.195 
3,826 
0.907 

Table 4.17: Fat differences: converted w/v values minus actual w/v values. 
Reference 

Fat W/W 

2-155 
2-282 
2-88 1 
2.969 
3.216 
3 -3 67 
3-506 
3.608 
3 -722 
3.945 
4.111 
4.264 
4.603 
4.726 
4.900 
5.039 
AW 
S m  
MIN 

MAX 

4 4  
(Current PQ) 

0.00 1 
0-00 1 
0.000 

-0-00 1 
0.000 

-0.002 
-0.00 1 
0.00 1 

-0,002 
-0,002 
-0.002 
0,000 
0-002 
0.000 

-0.00 1 
-0,002 
-0.00 1 
0.00 1 

-0.002 
0,002 

Biggs 
-0,005 
-0.005 
-0.006 
-0,008 
-0 -007 
-0.008 
-0.007 
-0.006 
-0,009 
-0.008 
-0.008 
-0.008 
-0.006 
-0.009 
-0.0 12 
-0.012 
-0,008 
0.002 

-0-0 12 
-0.005 

Current 
ON Current AB 

Current 
AB 

2.2 19 
2350 
2.967 
3 -057 
3.3 11 
3 -467 
3.610 
3-715 
3.833 
4.062 
4233 
4.39 1 
4,740 
4.866 
5.045 
5.189 
3.816 
0-907 



Table 4.18: Weight/weight (wfw) reference protein converted to weight/volume (w/v). 

Comparing the conversion by w of constructed equations, observed density, and current 
system in ON and AB. Real w/v = empirïcal density x reference protein. 

Refereoce 
Protein wlw 

2.995 
3 -056 
3 -096 
3-162 
3 -204 
3 -27 1 
3.337 
3 -42 

3 -482 
3.5 19 

3 -59 
3 -663 
3 -703 
3.807 

3 -93 
4.079 
AVE 
STD 

Real density 
w/v 

3 -092 
3-157 
3.199 
3 -269 
3.3 13 
3382 
3 -45 1 
3,536 
3 -599 
3 -63 8 
3.712 
3 -790 
3 -832 
3 -94 1 
4.072 
4227 
3 -576 
0.337 

Q4 
(Current PQ) 

3 -093 
3,156 
3-197 
3267 
3.3 11 
3381 
3,450 
3,535 
3,600 
3 -639 
3,714 
3 ,790 
3.833 
3 -942 
4.070 
4226 
3.575 
0,338 

Biggs 
3,086 
3,150 
3,192 
3261 
3 304 
3375 
3.444 
3 -529 
3,594 
3 -633 
3 -707 
3,783 
3,825 
3,934 
4.062 
4217 
3 -569 
0.3 3 7 

Current 
AB 

3 -084 
3,147 
3.188 
3 -256 
3 -299 
3368 
3 -436 
3 -522 
3 -585 
3,623 
3,697 
3 -772 
3.8 13 
3 -920 
4-047 
4.200 
3 -560 
0.333 

Table 4.19: Protein differences: converted w/v values minus actual w/v values- 
Reference 4 4  

Protein w/w R6 (Curmnt PQ) USDA Biggs Current ON Current AB 
2.995 0.000 0.000 0.000 -0.006 -0 .O03 -0.008 
3 .O56 -0.00 1 -0.00 1 0.000 -0.006 -0.005 -0.0 10 
3 .O96 -0,002 -0.002 -0.00 1 -0.007 O .O04 -0.0 1 1 
3.162 -0.002 -0.002 -0.00 1 -0,008 -0.008 -0.0 13 
3 -204 -0.003 -0.002 -0.00 1 -0,009 -0.009 -0.0 14 
3.27 1 -0-002 -0.00 1 0-00 1 -0.007 0-00 1 -0-0 14 
3.337 -0.002 -0.00 1 0.00 1 -0.007 0.000 -0.0 15 

3 -42 -0.00 1 -0.00 1 0.000 -0-007 0,000 -0.0 14 
3 -482 0.000 0.00 1 0.002 -0.005 0.000 -0-0 14 
3.519 0.000 0.00 1 0.002 -0.005 0.000 -0.0 14 

3.59 0.000 0.002 0.003 -0-005 -0.002 -0.0 15 
3 -663 -0.00 1 O.000 0.002 -0.007 -0.005 -0.0 18 
3 -703 -0.00 1 0.00 1 0.003 -0.006 -0.005 -0.0 19 
3 -807 -0 .O0 1 0.002 0.005 -0.007 -0.007 -0.02 1 

3 -93 -0.004 -0.002 0.00 1 -0.010 -0.012 -0.025 
4.079 -0.003 -0.002 0.00 1 -0.0 10 -0.014 -0.027 
AVE -0.00 1 0.000 0.00 1 -0.007 -0.004 -0.0 16 
STD 0.00 1 0.00 1 0.002 0.002 0.005 0.005 
MIN -0.004 -0.002 -0.00 1 -0-0 1 O -0.0 14 -0.027 

MAX 0,000 0.002 0,005 -0.005 0.004 -0.008 



Table 4.20: Weightlweight (wlw) reference LOS converted to weightkolume (wlv). 

Cornparhg the conversion by use of constnicted equations, observed density, and current 
system in ON and AB- Real w/v = empiricai density x reference LOS, 
Reference 4 4  Current Current 
LOS w/w Real wh. R6 (Cumnt PQ) USDA Biggs ON AB 

5.342 5,516 5.516 5,516 5.516 5,504 5.5 12 5.50 1 
5-390 5,567 5.565 5,564 5-566 5.555 5,562 5.550 
5.4 10 5.593 5.593 5.594 5.595 5.585 5.585 5.571 
5.43 1 5.613 5.611 5.612 5.613 5,600 5,604 5.592 
5.46 1 5,643 5.639 5.640 5.642 5.63 1 5.636 5 -623 
5.468 5,652 5.648 5,649 5.651 5.639 5,643 5-630 
5 -480 5,666 5.664 5.665 5.668 5.656 5.657 5.643 
5.503 5.688 5.688 5,691 5,691 5.674 5.676 5.666 
5-522 5,714 5.712 5,715 5-718 5,705 5-70 1 5.686 
5.534 5,719 5.719 5.721 5-722 5,706 5.709 5.698 
5.553 5,740 5.736 5.738 5.740 5-729 5.732 5.718 
5.607 5.794 5-796 5.800 5.804 5,787 5-786 5.773 
5.737 5.937 5.932 5,938 5-945 5.926 5.920 5-907 
5-819 6,015 6.011 6.015 6.022 6.006 6.005 5.992 
AW 5,704 5.702 5,704 5-707 5.693 5.695 5.682 
STD 0.132 0.131 0.133 0,135 O. 133 0.130 0.130 

Table 4.2 1 : LOS differences: converted w/v values minus actuai w/v values. 
Reference 
LOS wfw 

5.342 
5.390 
5.410 
5.43 1 
5.46 1 
5.468 
5.480 
5.503 
5.522 
5.534 
5.553 
5.607 
5.737 
5.819 
AVE 
STD 
MIN 

MAX 

4 4  
(Current PQ) 

0.000 
-0,003 
0.00 1 

-0.00 1 
-0.003 
-0,003 
0.000 
0.003 
0.00 1 
0.002 

-0.002 
0.005 
0.002 
0.000 
0.000 
0.002 

-0.003 
0.005 

Biggs 
-0.0 1 1 
-0.0 12 
-0.008 
-0.0 14 
-0.012 
-0.0 13 
-0.0 10 
-3.0 14 
-0.0 10 
-0.0 13 
-0.0 1 1 
-0.007 
-0-0 11 
-0.009 
-0.0 1 1 
0,002 

-0.0 14 
-0,007 

Current 
ON 

-0.004 
-0.005 
-0.007 
-0.0 1 O 
-0.006 
-0,009 
-0.009 
-0.0 12 
-0.0 13 
-0.0 10 
-0,008 
-0,009 
-0-0 17 
-0.0 1 O 
-0,009 
0,003 

-0.0 17 
-0-004 

Current 
AB 

-0.0 15 
-0.0 17 
-0.022 
-0.02 t 
-0.020 
-0-022 
-0.023 
-0.022 
-0.028 
-0.02 1 
-0,022 
-0.02 1 
-0,029 
-0.023 
-0.022 
0.004 

-0.029 
-0.0 1 5 



Figure 4.14: Simulation of Fat weight/volume conversion. 

DEerence is calcuiated by subtracthg real w/v fiom estimated wlv values. Comparing 
density computed by equations developed in this study compared to that calculated by 
other studies and current conversion system. 

Difference in Fat w/v conversion 

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 5.2 

Reference Fat (%) 



Figure 4.1 5: Simulation of Protein weight/volume conversion. 

Difference is calculated by subtracting reaI wfv from estimated wlv values. Comparing 
density computed by equations developed in this study compared to that caicdated by 
other studies and current conversion system. 

Dinerence in Protein wlv conversion 

2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 

Reference Protein ( O h )  



Figure 4.16: Simulation of LOS weight/volurne conversion. 

Difference is calculated by subtracting reai w/v fiom estimated vrlv values. Comparing 
density computed by equations developed in this study compared to that calculated by 
other studies and curent conversion system- 

Difference in LOS w/v conversion 

- - * - - Current -.- Current 

5.30 5.35 5.40 5.45 5-50 5.55 5-00 5.65 5.70 5-75 5.80 5.85 

Reference LOS (%) 



Table 4.22: Cornparison of various equations in w/v conversion of Ontario-Alberta 
random data set- 

Statisticai summary of ciifference, which are dehed as converted w/v minus real wfv 
values- Red w/v = empiricd density x composition (%). 

Current Current 
Equation R6 4 4  US Biggs ON AB 

AVE 0.000 0.000 0.003 -0.006 -0-005 -0.0 16 
STD 0-002 0.004 0,005 0.003 0,006 0-005 Fat MIN -0,006 -0.052 -0.035 -0.032 -0,035 -0.035 
MAX 0.007 0.0 1 3 0.024 0.007 0,010 -0.006 
AVE 0,000 0,000 0.003 -0.005 -0.004 -0.014 

Protein STD 0-002 0.003 0.004 0.003 0-005 0.004 
MIIN -0.004 -0.041 -0.027 -0.025 -0.01 6 -0-029 
MAX 0.007 0.009 0.023 0.005 0.018 -0.005 

LOS 
STD 0,003 0.005 0.006 0.004 0-004 0.005 
MIN -0,007 -0.045 -0,029 -0,026 -0-022 -0.03 8 
MAX 0.009 0.0 13 0.044 0.0 12 0-005 -0.009 



4.3. Temperature Effixt 

4.3.1. Statistical summaries 

Statistical summaries of milk density and the composition for temperatures of 4, 

16, 28, and 40°C are s h o w  Ui Table 4.23. Fat, protein, and LOS contents had a mean 

around 3 -9-40%, 3.4%, and 5.53%, respectively- Figure 4.17 gives plots of density and 

temperature. 

Table 4.23: Statistical summary of miJk compositions and density determined at each 
temperature of 4, 16,28, and 40°C. 
Temperature = 4°C 

Variable N Mean STD Minimum Maximum 
Density 396 1.034 1 7.167e-4 1.032 1 1-0364 

Fat 396 4.02 4.96e- 1 2.64 5.95 
Protein 396 3 -44 2.23e- 1 3 .O3 4.2 1 
LOS 396 5.54 9.97e-2 5.15 5.76 

Temperature = 16OC 
Variable N Mean STD Minimum Maximum 
Density 396 1 -0304 6.525e-4 1.0280 1.0322 

Fat 396 3 -95 4-46e- 1 2.68 5-41 
Protein 396 3 -40 1 Me-1 3 -04 4-07 
LOS 396 5.53 1 -03e-1 5-10 5.71 

Temperature = 28°C 
Variable N Mean STD Minimum Maximum 
Density 396 1 .O265 6.730e-4 1 .O24 1 1 -0282 

Fat 396 3 -92 4,42e- 1 2.75 5.58 
Protein 396 3.39 2.18e- 1 3 .O 1 4.5 1 

LOS 396 5.52 1-16e-1 5.09 5.77 
Temperature = 40°C 
Vanable N Mean STD Minimum Maximum 
Density 396 1 .O21 8 6.273e-4 1 .O20 1 1 -0234 
Fat 396 4.00 4.73e-1 2.71 5-88 
Pro teh 396 3 -40 2-45e-1 2.96 4.33 
LOS 396 5.53 8.77e-2 5.26 5-76 



Figure 4.1 7: Plot of density versus temperature, 

. observations 

20 30 
Temperature (C) 

Density was determined at 4, 16,28, and 40°C (N = 396 for each temperature). 



4.3.2. Developing models 

An equation that predicts milk density at any temperatures between 4 and 40°C 

was developed. The primary factors of compositional anaiysis, fat, protein, and LOS and 

their interactions were used in the fÜU rnodel, as weil as the temperature at which the 

sample density had been measured. Because Short (1955) indicated the importance of 

cubic terms of temperature in skim milk, cubic, quadratic, and iinear terms of temperature 

were evaluated. TabEe 4.24 gives the list of the models examined- 

Table 4.24: The models used in examining temperature efEect. 

1 Code 1 Models 1 
( ,, ( Predicted density = a cubic term of temperature + aU composition variables 1 

1 L 

Observations with residuals larger than three STDR were defmed as outliers and 

eliminated. Regression results aith and without outlies were compared in terms of 

& interactions 
Predicted density = a quadratic term of temperature + dl composition 

I L  

T3 

T4 

T5 

ANOVA statistics in Table 4.25. The F-test (Table 4.27) indicated that the Tl, T2, and 

variables & interactions 
Predicted density = a linear term of temperature + al l  composition 
variables & interactions 
Predicted density = a cubic term of temperature + reduced composition 
variables & interactions 
Predicted density = a quadratic term of temperature + reduced composition 
variables & interactions 

T3 were significantly @ < 0.05) different fkom each other. Looking at the the STDR and 

root-MSE, those values in Tl and T2 were closer to each other than to the result of T3. 

This tendency may imply that T2 loses accuracy by reducing the term of temperature 

fkom cubic to quadratic, but the loss is even larger when the mode1 is simplined fiom 

quadratic to hem.  In addition, plots of residual versus predicted density of T3 (Figure 
99 



4.18(c)), had a curved structure, which indicated that the model needed to uiclude higher 

tems of temperature. The same curve was also detected in plots of residuals against 

temperature of T3 (Figure 4.18(d)). No evident pattern was observed in Tl and T2 

(Figure 4.1 8). Therefore, reduced models (T4, T5) were developed only fiom T 1 and T2. 

The resuits of the F-test indicated that the reduced models were equivalent to the full 

models in terms of precision of density prediction (Table 4.27). ANOVA statistics and 

estimated parameters for Tl, T2, T4, and T5 are summarized in Table 4.26. 

The difference in accuracy between T4 and T5 was Sgnificant (Table 4-27), but 

seemed to be srnail, In Table 428, which shows the STDR caiculated for total 

observations (without outliers) and for each temperature, the STDR values of T5 were 

similar to those of T4. The difference in STDR between T4 and T5 was largest at 16"C, 

which indicated that the cubic model had some advantage in expiainhg the relationship 

between density and composition at this temperature. Four significant digits were used 

for developed models to ensure the same accuracy as the calculation in SAS results. 



Table 4.25: Cornparison of ANOVA statistics and the characteristics of residuals before 
and after eliminating outliers in mode1 Tl, T2, and T3. 

Tl includes a cubic term of  temperature and regression variables. 
T2 has a quaciratic term of temperature and regression variables. 
T3 contains a linea. term of temperature and regression variables. 

1 1 1 Full observations 1 Without outliers 1 
1 1 

1 

# of outliers (%) 
SSE 

CI 

O 

& 
4 
v 

/ Root MSE 
1 1 

2.853e-4 1 2-49 1 e 4  1 

O 
1 -163e-4 

MSE 
Error DF 

1 t 

1 ~veiaee of  residuals 
1 1 

-3.409e- I 6 1 -5.200e- 16 1 

36 (2.3%) 
8.225e-5 

Root MSE 
R-square 
Average of residuais 
STDR 

1 Max/Mu1 of residuals 1 1.34e-3 / - t .67e-3 1 6.83e-4 1 -6.83e-4 1 

7.0e-8 
1570 

6.0e-8 
1541 

MSE 

I 

5.0e-8 
1534 

1 

8.0e-8 

1 M m  of residuals 1 
I 1 

1 -09e-3 / -2.00e-3 1.Ole-3 / -1-14e-3 1 

2,722e-4 
0.9966 

-9.412e-f 6 
2-7 L 1 e-4 

Error DF 1 1571 

' 
O 

C 

4 l u  
1 Skewness 

1 1 

-0.3 63 8 -0.245 1 1 

r 2.3 16e-4 
0,9975 

-3.557e-16 
2-306e-4 

6.57e-4 / -6.75e-4 
-0.0423 
-0.0749 

1 

30 (1.9%) 
9S64e-5 

Max/Min of residuals 
Skewness 
Kurtosis 
# of outiiers (%) 
SSE 

1 1 Kurtosis 
I I 

0.2211 -0.4104 1 

1.29e-3 / -1-61e-3 
-0.2372 
3.2106 

O 
1 -279e-4 

Skewness 
Kurtosis 
# of outliers (%) 
SSE 
MSE 
Error DF 
Root MSE 
R-square 
Average of residuais 

-0.1857 
2.6535 

O 
2.6 14e-4 

1 -7e-7 
1572 

4.078e-4 
0.9923 

-6.877e-16 

-0.0 123 
-0.1388 
S (0.3%) 
2-47 1 e 4  

1.6e-7 
1567 

3.971e-4 
0.9926 

-8,789e-16 
STDR I 4.060e-4 3 -960e-4 





Table 4.26: Summary of ANOVA statistics and parameter estimates of fidi and reduced 
models of cubic and quadratic models. 

T 1 hcludes a cubic term of temperature and regression variables. 
T2 has a quadratic term of temperature and regression variables. 
T3 contains a linear term of temperature and regression variabies- 
Reduced mode1 T4 is constructed fiom Tt, and reduced mode1 T5 is derived fiom T2- 
Thirty-six outiiers were eliminated fkom data in the investigation of Tl and T4 and 30 
were omitted in T2 and TS. 

SSE 
MSE 
Error DF 
Root MSE 

LOS 

* 

FAT 
PROT 

Model TI 
8 -225e-5 

5 -0e-8 
1534 

2.3 16e-4 

I 1 

-6.7821e-3 
5-5892e-3 

Model TS 
9.625e-5 
6-0e-8 
1546 

2.495e-4 

Mode1 T2 
9.564e-5 
6.0e-8 
1541 

Model T4 
8 -23 9e-5 

5-0e-8 
1537 

-9.7 152e-3 
3.21 53e-3 

2.49 1 e-4 1 2.3 1 5 e 4  

-4-3 046e-3 1 -2.9369e-3 
5.5689e-3 2.8970e-3 



Table 4.27: Summary of the F-test. Comparing modek with cubic, quadratic, and linear 
tems of temperature using data sets without outiiers. 

Tl includes a cubic term of temperature and regression variables. 
T2 has a quadratic term of temperature and regression variables. 
T3 contains a linear tenn of temperature and regression variables. 
Reduced model T4 is constnicted fiom Tl, and reduced model T5 is derived fkom T2. 

Cornparisons Conditions F-values Pr>F 
Tl vs, T2 Wïthout outIiers 3 5.68 2- 12e-46 
T2 vs- T3 wthout outliers 93 -86 6-80e-295 
Tl  vs. T3 Wlthout outliers 93-17 OcOOO 
Tl vs- T4 Without outliers 0.870 0.456 
T2 vs. TS W~thout outli*ers 1 -976 0.08 1 
T4 vs, T5 Without outIiers 28.73 1.62e-46 

Table 4.28: Standard deviations of residuals (STDR) calculated by the reduced cubic 
equation (T4) and the reduced quadratic formula (T5) for total observations and for each 
temperature, 

Data set used Mode1 T4 Mode1 TS DBerence T5-T4 
Ail temperatures 2.308e-4 2.490e-4 1 -82e-5 
4°C 2.8 14e-4 2,849e-4 3 SOe-6 
16°C 1.93 8e-4 2.075e-4 1 -3 7e-5 
28°C 1 -8 12e-4 1 -824e-4 1.20e-6 
40°C 2.548e-4 2.582e-4 3.40e-6 

pp --- - -- - 

36 data were omitted En T4 and 30 eliminated in TS. 



4.3.3. Comparing equations h m  pmvious works 

Formulae for estimating density of whote mik constnicted in previous studies 

were tested for their universality employing empirical data coliected in this study. Table 

4.29 gives the list of equations examined by king fitted to the data set s h o w  in the 

middle column. Data set was '%lemeci" by removing 36 outliers that had been defined 

when mode1 T4 was fitted to the fbil observations. Table 4.29 also presents the average 

of predicted density and the STDR 

USDA's equaion at 40°F (4.4OC) and at 102°F (39.g°C) and Watson and 

Tittsler's formula calculated at 4OC appeared to fit to the corresponding data set to some 

extent. Both formdae had as small STDR as that of T4, which indicated that the error 

variance of the two equations were as smali as that of T4. However, Figure 4.19 and 4.20 

depict that USDA's and Watson's formdae overestimate most densities and that the 

residuals became larger as predicted density increased. This disagreement among 

equations may be due to the discrepancy in the technique employed for determining 

density or composition. As an illustration, Goff and Hili (1993) pointed out that for raw 

miik, the Babcock method produces slightiy higher results (0.021% fat) than does the 

Mojonnier fat determination. In addition, USDA (1965) pointed out that specific 

gravities detemllned by the Watson lactometer were slightiy lower than those detemiined 

by the Babcock bottie method. The ciifference in determined specinc gravity of mixed 

breed producer mille between the two methods was 0.00056 at the maximum and 0.00035 

in average. In order to evaiuate the vaiidity of equations developed in the past, M e r  

investigation will be needed to examine the agreement of various processes used in 

density determination and composition measmement- 



Table 4.29: Summary of the average of predicted density and the standard deviation of 
residuds (STDR) calculated by fitting equations developed in the past to the data set 
collected in this study. 

The 

Source Equations Data set average 
of STDR 

predicted 
.r 

'~pecinc gravity of milk (40°F /40°F) 
USDA(1965) = 100/(100 + 0.03928 x Fat(%) - Densiw 1.0347 

at 4°C 
3 AlOe-4 

0.39221 x SM?(%)) . .. 
'~pecinc gravity of milk (102°F/1020F) Demity 

USDA(1965) = 100/(100 + 0.09493 x Fat(%)-0.3 73 12 at 400C 1.0224 3-15e-4 
x SNF(%N 

Watson & Density (g/cm3) = 1.003073 - 0.000179 
Tittsler x Temp("C) - 0.000368 x Fat(%) + 1 -0344 2.47e-4 

Density 
at 4°C (1961) 0.003744 x Sm(%) temperatures 

between 1 and 10°C 

4 Density = ,9750 -. 00032761' + Density 1 .O340 2.82e-4 
Equation T4 -000002682~~ - .00000007 1 8 0 ~ ~  - at 4°C 

-004305F + -005569P + .001677L + 
.0003444F*P + -000448 1F"L - Density 

at 4OoC 
1 .O2 18 2.55e-4 

.0005949P*P - -00 1372L'L 

1 The average of observed density at 4°C and 40°C is 1 -0341 and 1 -02 18, respectively. 

'~onverted to density at 40°F (4.4"C) by multiplying the value by the density of water at 
3 -98OC = 1 -0000 (Weast, l983), assuming the difference between the density of water at 
3 -98°C and 4.4"C is smaii. 

3~onverted to density at 1 02°F (39.8"C) by multiplying the value by the density of water 
at 40°C = 0.99224 (Weast, 1983), assumiog the ciifference between density of water at 
39.8OC and 40°C is negligible- 

4 Where T is temperature (OC), F is the fat (%), P is the protein (%), and L is the LOS (%). 





Figure 4.20: Plots of residuals versus predicted density of equation (a) T4 and (b) US fitted to the data at 40°C. 

(a) . observations 
8,OE-O4 5.OE-04 

(b) observations 

- - 
1,020 1 ,O2 1 1,022 1,023 1,024 1,020 1 ,O2 1 1,022 1,023 1,024 1,025 1,026 

Predicteâ density Predicted density 

T4 is a simplified equation including a cubic term of temperature. 
US: Density at 40°C = 1 OO/O.W?N x (1 00 t 0.09493 x Fat (%) - 0.373 12 x SNF (%)). 



5. Conclusions 

Herd miik in Ontario and Alberta was examined for its density at 4.0°C and 

composition over a whole year. Quebec parricipated in this study by sending data of 

random samples and non-random samples that were used for calibrating infiared milk 

composition analyzers. Density measurement was done following 24 hour holding of 

samples at 4°C. 

Best-fit equations for miik density estimation fiom fat, protein, and LOS 

contents were developed by the Least squares method for Ontario-Alberta random, 

Quebec non-random, and Ontario non-random data. The Ontario-Alberta data showed no 

significant Werence between provinces. Since seasonai factors were signincant in ali of 

the three data sets, two types of formuiae were constructed for each data set. One 

adjusted its intercept according to the month of the year by using seasonal factors and the 

other ignored seasonal fluctuation by containing only regression variables. 

Examination of seasonal fluctuation of milk density showed that changes in 

density are strongly related to changes in the amount of components. Fat, protein, and 

LOS compositions were the moa important elements in density estimation. Particularly, 

for the purpose of milk pricing, an equation without seasonal factors can be used since 

overestirnation of density in summer and underestimation in winter cancel out throughout 

a year. 

Equations developed fiom Ontario-Alberta random and Quebec non-random were 

compared by fitting them to data sets of Quebec non-randorn and Quebec random. The 

Quebec non-random formula (44) was siightly biased in density prediction of Quebec 

random data. Its estimates had larger values than actual density but the variance was 
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small. The Ontario-Alberta equation did not fit weil to Quebec non-random data 

since they tended to over or underestimate density when the milk had high or low density. 

However, R6 fitted to the Quebec random data set with slightiy large variance but low 

bias. The average of predicted density of R6 had closer value to the mean of observed 

density than did 44. Biased prediction of 44 may indicate the risk of using iimited 

nurnbers of herds in density prediction. 

None of the equations constnrcted fkom other sources of samples, Quebec non- 

random, USDA (1965), and Biggs (1978), explained the relation between density and 

composition of Ontario-Alberta random data, This limitation in the use of equations may 

attnbute to Merent methods employed in rneasurement, short period of experiment, or 

smali numbers of herds used- 

Simulation in w/v conversions of fat, protein, and LOS demonstrated that 

experïmentally detemiined equations produced very close estimations to actual w/v 

values. A conversion system with a constant conversion factor seemed to be d a i r  

because its underestimation of w/v values increased as the rnilk had higher fat or protein 

content. 

As a summary of the nrst part, the current Ontario and Alberta milk pricing 

system can be enhanced by employing equation R6 for density estimation. Among the 

developed equations, R6 is the most appropriate since it is a good representative of 

Ontario and Aiberta herd mi&. More than 950 randomly chosen sarnples contributed to 

the equation. Since the sample collection lasted more than a year, seasonal variation of 

milk density can be explained by this simple regcession, avoiding complexity of seasonal 

factors. Most importandy, R6 demonstrated excellent performance in w/v conversion of 



W/W composition for Ontario-Alberta random data- The equation R6 is expressed as: 

Density = 0.8549 + 0.03820 F + 0.05565 P + 0-03274 L - 0.01080 F*P - 0-00743 1 F*L - 

0.0006358 P*P - 0-0093 14 P*L + 0.002095 F*P*L ~241 

where F is the fat content (%), P is the protein (%), and L is the LOS (Yo) 

To obtain a Canadian universal equation for density estimation, equation R6 

should be tested for the data fiom other provinces although Ontario produces a 

considerable percentage of Canadian milk. Randomiy chosen m i k  samples should be 

used in that investigation to avoid bias. 

Although the equation R6 is adequate for density estimation, there is a signifïcant 

effect of season on milk deosity. Seasonai factors determined in this study are not 

applicable to other countries particularly those in Southem Hemkphere. Since seasonal 

changes in milk density are strongly influenced by changes in feeding practice, climate of 

the region is a key element in the seasonai effect. In future work, seasonal factors 

detemiined according to the climatic zone may help construct a universal equation that 

can be applied to al1 milk in the world. 

In the second section, formulae were constructed for density estimation of 

producer milk at any temperatures between 4.0 and 40.0°C. Density measurements at 

temperatures of 16.0, 28.0, and 40.0°C were carried out after one to four hours of 

tempering at the desired temperature. Density at 4.0°C was measured after holding the 

samples at 4.0°C for 24 hours. Milk density could be explained by regression variables 

of fat, protein, LOS, interactions of the three variables, and temperature. The term of 

temperature shouid be at least quadratic. An equation with a cubic term showed slightly 

better fit than that with a quadratic term. Equations regarding temperature-milk density 
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relationship developed by other studies depicted srnail error variance when fitted to the 

data collected by this study, but they had some bias in their prediction. The developed 

equation (T4) is presented as follows: 

Density = 0.9750 - 0.0003276 T + 0.000002682 T~ - 0.00000007180 T~ - 0.004305 F + 

0.005569 P + 0.001677 L + 0-0003444 F*P + 0.0004481 F*L - 0.0005949 P*P - 

0.001372 L*L P l  

where T is the temperature (OC), F is the fat content (%), P is the protein (%), and 

L is the LOS (%) 

This equation enables researchers to estimate the density of raw milk with any 

composition at temperatures between 4-0 and 40.0°C. It is also useful for calculating the 

expansivity of a mik sample. 

Since this study used o d y  raw milk samples, fùrther research to develop 

equations for density estimation of fluid miik products nich as skim milk, low fat milks, 

processed whoIe milk, and creams wouid be usefid to the dairy industry. 
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