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Abstract— As dairy processing plants grew larger and fewer, the plants required to have bigger, more automated and more efficient equipments so as to keep manufacturing costs lower. Due to the complexity of milk specifications and variety of the products demanded by the dairy market, it is very important to understand process variables which influence product quality.

A variety of computer-aided tools have been used to understand the relationships between process variables and product quality in chemical and pharmaceutical industries. Building a milk process simulation model is a fundamental task in developing understanding of the correlations between the process variables and physical properties of the milk in dairy process streams for better product quality.

The purpose of this research was to test the capability of a commercial process simulator the steady-state modelling of dairy processing. The thermo-physical properties of the milk were defined in terms of simple linear polynomial regression functions and a steady-state model of whole milk processing from milk reception to evaporation was built to study the behaviour of thermo-physical properties of the milk.
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I. INTRODUCTION
The milk was easily spoiled by pathogens and active enzymes and the supply of milk to customers was very limited until 19th century [1, 2]. Several heat treatment techniques have been developed to prevent pathogenic and enzymatic activities in the milk when the supply of milk started to become a part of commercial industries. In addition, the quality of milk product has been improved significantly [3]. As dairy processing plants grew larger and fewer, the plants required to have bigger, more automated and more efficient equipments so as to keep manufacturing costs lower.
New Zealand Government ensures that all of milk products follow food standards from the Food Standards Australia New Zealand (FSANZ) for food safety, consistency and quality [4]. FSANZ provides code, consistent to international standard, which guides manufacturers to add or remove milk components for producing nutritionally safe and consistent products.
The New Zealand dairy industry has rapidly increased its capacity in response to the world market demand, contributing approximately 25% of total merchandise expert earning (10 billion NZD in 2008 to 2009) [5]. The important export products were skim and whole milk powders, contributing about 27% and 38% of world trade respectively [5]. Fonterra is the largest dairy company in New Zealand and is responsible for about 30% of the world’s dairy export [5, 6]. 
Milk powder manufacture is a simple process and it is very important process for New Zealand to export the powder products to overseas country. The powder process starts from the milk reception, where raw milk gathered from farm is unloaded. The raw milk is heat-treated in pasteurizer so as to destroy pathogenic organism and also to inhibit enzymatic activities. The heat-treated milk is then separated into skimmed milk and cream during separation. Depending on the quality of milk product required by the customer, the fat and protein contents in the skimmed milk can be adjusted to specific value in standardization process. The standardized milk is evaporated to remove water by vaporization before the milk is processed in spray drier. Due to the complexity of the milk powder specifications and variety of the products demanded by the dairy market, it is very important to understand process variables which influence product quality.
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Figure 1: Schematic process flow diagram of milk powder processing
A variety of computer-aided tools have been used to understand the relationships between process variable and product quality in chemical and pharmaceutical industries. One of the challenges is to investigate the correlations between process variables and physical properties of the milk in dairy process streams. Therefore building a milk process simulation model is a fundamental task in developing understanding of how clusters of each component affect the properties of the milk with given process variables, predicting of how much each component and what distinguished physical properties the milk would have in certain process stream, and providing of better process control for regulating the amounts of each component during milk process for better product quality.
In order to design computer simulation model of the milk, physical properties such as heat capacity, mass density, and thermal conductivity should be determined. Based on these properties, it is possible to determine the rate of heat transfer in pasteurization and other heating process. In addition, optimization and precise control of several processing unit operations such as pump, heater, cooler, dryer, evaporator, etc. can be achieved. 
Chen and Rahman mentioned that the physical properties of the food liquids of importance to evaporation are the mass density, viscosity, thermal conductivity, and specific heat capacity [7, 8]. Only fewer public literatures described the thermo-physical properties of raw milk. Also there were limited time and resources available to examine the properties of raw milk in a pilot plant scale. To figure out this problem, the linear polynomial equations developed by Minim, and Fernandez-Martin were used to define the mass density, specific heat capacity, thermal conductivity, and viscosity properties of the raw milk [9, 10]. The thermo-physical properties of the real raw milk might be slightly different to the properties described by Minim and Fernandez-Martin because their studies were based on the whole milk, skimmed milk and partially skimmed milk. Therefore it was assumed that the thermo-physical properties of the raw milk in this study are the same as the properties of whole milk described by Minim and Fernandez-Martin.
The purpose of this research was to test the capability of a commercial process simulator the steady-state modelling of dairy processing. A process simulation program called VMGSim (Version 6.5, 2012) was used in this research project. VMGSim is commonly used in the field of oil and gas processing and it was used to test whether the simulator can be used for dairy process simulation. The specific objectives of this research were (1) to define the correlation of thermo-physical properties of raw milk to temperature in terms of simple linear polynomial regression functions, (2) construct a steady-state model of whole milk processing from milk reception to evaporation using VMGSim simulator, (3) to develop a seven stages multiple effect evaporator, (4) to validate the model against both literature and industry data
II. EXPERIMENTALS
A. Raw milk characterization

The thermal conductivity, heat capacity, mass density of the whole milk, skimmed milk, and partially skimmed milk were studied previously by Luis A. Minim et al [9].; the experiments were designed to examine the influence of temperature, water content, and fat content on mass density, heat capacity, and thermal conductivity of the whole milk, partially skimmed milk, and skimmed milk. The followings equations are the simple linear polynomial expressions of thermal conductivity, heat capacity, and density of milk with temperature, water content, and fat content, based on their experiment results;
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 is the mass density, T is the temperature in Kelvin, [image: image11.png]


 is the mass fraction of water, and [image: image13.png]


 is the mass fraction of fat.

Fernandez-Martin investigated the influence of temperature and composition on viscosity of milk and milk concentrates [10]. The following equation is the general expression of dynamic viscosity coefficients with temperature and total solid content, based on the experiment results;
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 is the dynamic viscosity, T is the temperature in Celsius, s is the total solid content (% w/w).
When the temperature, water content, fat content and total solid content in raw milk are defined, it is possible to predict the thermo-physical properties of the raw milk.

In order to set up the amount of each component presents in raw milk for modeling, it was required to define the major components in the raw milk and their proportions. In order to make the complicated milk system into simple one, the minor components were excluded in this study. The major milk components selected in this study were water, oleic acid, n-hexadecanoic acid, lactose, and total proteins. Minerals are relatively in small amounts and they were excluded in this study. Air was included to define steam properties only. Advanced Peng-Robinson of the property package was chosen to build the milk processing model.
The principle components of fat in milk are palmitic acid and oleic acid. The physical properties of palmitic acid could not be found from any literature. In addition, n-hexadecanoic acid in Property package was selected to represent palmitic acid, since they have relatively similar thermo-physical properties. The oleic acid component was chosen from the Property package.
Lactose compound was created with using hypothetical compound functions. Lactose or other carbohydrate components having similar characteristics to lactose were not found in Property package. Therefore it was required to define lactose and its physical properties by using hypothetical compound functions. The following data are the properties used to define lactose properties in VMGSim; the molecular formula C12H22O11, CAS number 63-42-3, molar mass 342.30g/mol, boiling point 668.9°C, and density 1.525g/cm3 [11].
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The total proteins component was created with using hypothetical function and polynomial regression function. The main proteins in milk are caseins and only casein molecules were considered for the total proteins present in raw milk. There are 4 different types of casein molecules, Alpha S1, Alpha S2, Beta, and Kappa [12]. The average molecular mass of the caseins was estimated and used to represent total protein component in the raw milk. The unknown specific heat capacity, mass density, viscosity, and thermal conductivity of the total proteins component were manually set by using the polynomial regression function; the coefficient numbers on the polynomial regression function of each thermo-physical property were manually updated until the thermo-physical property values of raw milk in VMGSim closely matched to the thermo-physical property patterns described by Equation (1), (2), (3), and (4). The temperature range for each physical property was from 275K to 353K.
The raw milk created in VMGSim simulator was set to the following compositions: 87.1% water, 2.202% oleic acid, 1.698% n-hexadecanoic acid, 4.8% lactose, and 4.2% Total proteins. The combination of oleic acid and n-hexadecanoic acid represents 3.9% total fat content in the raw milk. The minerals were excluded in this model due to relatively small in amounts.
B. Building a process model 
The raw milk stored at temperature of 2°C in road tank is unloaded during milk reception. The incoming raw milk is collected and stored in raw milk silo before heat treatment. The assumptions made on this raw milk silo were; (1) heat loss in the raw milk silo is negligible; (2) no separation of raw milk into fat and skimmed milk when the raw milk left for a while; (3) the liquid level in the raw milk silo is constant at certain level and it does not reach to the maximum. In addition, temperature, agitation, and level control systems were not implemented in this study. The raw milk in the raw milk silo is transported to feed tank.
Multi-feed separator was used to represent the feed tank. The purpose of using multi-feed separator instead of using single-feed separator for the feed tank is that reconstitute line could be added to the inlet of the feed tank so as to control the compositions of the milk required prior to pasteurisation. The reconstitute line from raw milk buffer was not included in this model.
The heaters and pipe segment units were used to represent pasteurisation and holding process, respectively (Fig. 1). The HTST pasteurisation process was simulated by heating the milk at temperature of 74°C. The pasteurizer had 3 heat transfer sections and it was required to divide each heat transfer section into heating and cooling section for energy balance. The output temperature of the first, second, and third heat transfer sections were set to 13.1°C, 71°C, and 74°C, respectively. The heated milk from the heating sections of the pasteurizer was required to pass through holding tube. In addition, pipe segment unit was used to represent the holding tube without having specific holding time. The holding time is dependent on the specification of holding tube diameter and length. Pump was added after feed tank to provide sufficient pressure for passing through the pasteuriser. The temperature loss in the holding tube was assumed to be very low and the amount of loss was set to 0.1°C.
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The pasteurized milk undergoes separation process before cooling. One of the difficulties in modelling milk process was that there was no appropriate centrifugal separator unit available in any of the process simulation programs. Therefore, the component splitter unit in VMGSim simulator was used to represent the centrifugal separator having separation process at 16°C (Fig. 2) Due to the difficulty of separating specific amount of fats from the milk with component splitter, all of fat components were removed from the milk by defining the overhead/feed value equals to 1. Therefore, the skimmed milk generated after the component splitter had 0% fat. It is impossible to fully separate into cream and skimmed milk. Therefore cream adjustment line was generated and combined with the skimmed milk line after separation (Fig. 2). The cream adjustment line does not exist in real milk process operation. The optimal value of the oleic acid, n-Hexadecanoic acid and water proportions was chosen until composition in the processed milk was closely set to the composition requirement for the whole milk. The whole milk contains 87.5% water, 3.9% fat, 3.4% protein, and 4.8% lactose. Since the compositions of the skimmed milk were set to the whole milk via cream adjustment line, cream, lactose, and vitamins were not added to the skimmed milk during standardization process.
After separation, the skimmed milk was chilled. The heat energy of the skimmed milk in the first and second cooling sections of the pasteurizer was removed and used to heat up the raw milk in the first and second heating sections of the pasteurizer. The skimmed milk in the third cooling section was chilled with cooling water. The outlet temperature of the first, second, and third cooling sections of the pasteurizer were 16.1°C, 5.1°C, and 2.9°C, respectively.
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During the milk standardisation process, chilled skimmed milk in skim silo is transported to standardising silo and the amount of compositions is adjusted to specific value depending on the product quality required by customers. Since cream adjustment line after milk separation already set the milk components to the whole milk compositions, nothing was added during standardisation process.
The temperature in the milk was gradually increased from 2.9°C to 85°C through 8 preheaters (Fig. 3). The energy required to heat up the milk in the first to seventh preheaters is generated by the steam which is passed from the interconnected calandria of the evaporator. The energy required to heat up the milk in the eighth preheater comes from the vapour generated in the separator of the 7th evaporator. 
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The milk from the preheaters is passed through the calandria of the first evaporator and heat transfer takes place. The energy required to heat the milk in the first calandria is generated from the steam in the cooling section of the first calandria. In order to balance out the energy utilisation in the calandria and the interconnected preheater, the calandria was divided into heating section and cooling section. The outlet stream after the heating section of the calandria was specified to the temperature of 59.3°C and vapour fraction of 0.2. The energy duty in the cooler was specified to the same value required to heat up the milk in the heater. The heated milk after first calandria formed two phase vapour-liquid mixer. This vapour was removed through separator and was used to heat up the next calandria of evaporator. The concentrated milk lost significant amount of pressure during evaporation therefore it was required to increase the pressure before going into the second evaporator. The pressure was increased to 198kPa. Similar to the previous method, the vapour was removed from the vapour-liquid mixture of milk in the second separator and the vapour was used to heat up the milk in the third calandria. The modelling of third, fourth, and fifth evaporators was done by using the same method.
The purpose of using the recycle process, in which flow stream is returned to an earlier stage, is to provide sufficient time to evaporate water in the milk so that the final milk concentrate contained less water. In this study only recycle stream was added but the stream was not connected to the evaporator due to steady state modelling. In dynamic modelling, it is possible to connect the recycle stream to the evaporator unit and control the water content in the concentrate milk product.
The milk was gradually evaporated until the water content of concentrate product was set to 55.1%. The mass density, specific heat capacity, thermal conductivity and viscosity of the pseudo-milk concentrate were measured. Also the thermo-physical properties of the pseudo-milk concentrate in response to temperature change from 275K to 353K were measured.
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Based on the condition that the whole milk contains 55.1% water after separation, the temperature, mass fractions of water, oleic acid, n-hexadecanoic acid, lactose, and total proteins were obtained from concentrate product stream in VMGSim. The fat content was estimated by combining the mass fractions of oleic acid and n-hexadecanoic acid together. The total solids content was evaluated by adding the mass fractions of lactose and total proteins. The predicted mass density, specific heat capacity, thermal conductivity, and viscosity of the milk were calculated by using the linear polynomial equations developed by Minim and Fernandez-Martin. The thermo-physical properties of the milk were predicted within the temperature range from 275K to 353K.
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Figure 7: Recycle stream back to calandria
The VMGSim modelling results were also compared with the expected viscosity after evaporation process and the typical temperature conditions. The expected viscosity, mass density and temperature data were obtained from the literature.
The data required to validate the VMGSim model against were obtained from respective process flow diagram from milk powder processing plant in New Zealand. The key process operation variable data such as temperature, pressure, flow rate, etc. were identified and the process variables in the VMGSim model were updated. The thermo-physical properties of the whole milk after evaporation process were obtained from the concentrate product stream in VMGSim.
III. RESULTS AND DISCUSSION
A. Thermo-physical properties 
The thermo-physical properties of the raw milk and whole milk, predicted from VMGSim model, were compared with the literature results 
1) Raw milk 
Fig. 8 shows the comparison graph of the specific heat capacity between Raw-milk A and Raw-milk B in response to the temperature change from 275K to 353K. It was observed that the specific heat capacity of the Raw-milk B without having total proteins content had negative linear relationship. In order to calibrate the negative trend and fit to the positive trend of the Raw-milk A, the coefficients of the polynomial function were manually updated and the best result was chosen. The result indicates that the specific heat capacity in the raw milk increases as the temperature increases. This normally happens with temperature increase because the specific heat capacity is defined as the energy needed to increase by the temperature of 1°C in one unit mass. The Raw-milk B, which is pseudo-raw milk in VMGSim, had a positive exponential pattern in response to the temperature change. At temperature of 310K, the pattern started to follow the Raw-milk A trend. The specific heat capacity difference between Raw-milk A and Raw-milk B over temperature was varying from 0.004kJ/kmol·K to 1.300kJ/kmol·K.
Fig. 9 provides the graph showing the comparison of thermal conductivity between Raw-milk A and Raw-milk B in response to temperature change from 275K to 353K. The thermal conductivities of both Raw-milk A and B have very similar trend in response to the temperature change from 275K to 353K. The thermal conductivity difference between Raw-milk A and Raw-milk B over temperature was varying from 0.003 W/m·K to 0.017 W/m·K.
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Figure 9: Specific heat capacity of raw milk
The comparison graph of mass density between Raw-milk A and Raw-milk B in response to the temperature change from 275K to 353K is shown in Fig. 10. The mass densities of both Raw-milk A and Raw-milk B showed a negative relationship in respect to temperature increase. The Raw-milk B showed a curve pattern. The mass density is the relation between the mass of a given sample and its volume. When the temperature increases the volume of the sample expands due to Charles’s law, which describes as “the volume of a given mass of an ideal gas is directly proportional to its temperature on the absolute temperature scale if pressure and the amount of gas remain constant; that is, the volume of the gas increases or decreases by the same factor as its temperature” [13]. Therefore, the mass density should decrease in respect to the temperature increase. The mass density difference between Raw-milk A and Raw-milk B over temperature was varying from 0.157kg/m3 to 3.943kg/m3. 
[image: image20.jpg]Thermal Conductivity (W/mK)

0.700

0.600

e
o
=
5]

0.400

0.300

+ Raw-milkA

0.200

® Raw-milk B

0.100

0.000

270

280

290

300

310 320
Temperature (K)

330

340

350

360





Figure 10: Thermal conductivity of raw milk
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Figure 11: Mass density of raw milk
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Figure 12: viscosity of raw milk
The comparison graph of viscosity between Raw-milk A and Raw-milk B in response to the temperature change from 275K to 353K is shown in Fig. 11. Both Raw-milk A and Raw-milk B had a negative curved pattern. There could be a slight variation between the viscosities of Raw-milk A and Raw-milk B due to change of mass density and specific heat capacity of them. The viscosity difference between Raw-milk A and Raw-milk B over temperature was varying from 0.026cp to 0.248cp.
2) Whole milk after evaporation
Fig. 12 shows the comparison graph of specific heat capacity between Whole-milk A and Whole-milk B in response to temperature change from 275K to 353K. The results clearly show that the specific heat capacity trend of Whole-milk A was approximately 35kJ/kmol·K lower than that of Whole-milk B. The specific heat capacity trend of both Whole-milk A and Whole-milk B had a positive relationship with temperature increase. The specific heat capacity difference between Whole-milk A and Whole-milk B over temperature was varying from 33.623kJ/kmol·K to 39.833kJ/kmol·K.
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Figure 13:  specific heat capacity of whole milk
Fig. 13 shows the comparison graph of thermal conductivity between Whole-milk A and Whole-milk B in response to temperature change from 275K to 353K. There was a small gap in between the thermal conductivity trend of Whole-milk A and Whole-milk B at the beginning and the gap started to decrease in response to temperature increase from 275K. At 353K both thermal conductivity trends reached close to 0.5W/m·K. The thermal conductivity difference between Whole-milk A and Whole-milk B over temperature was varying from 0.003W/m·K to 0.065W/m·K.
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Figure 14: Thermal conductivity of whole milk
Fig. 14 shows the comparison graph of mass density between Whole-milk A and Whole-milk B in response to the temperature change from 275K to 353K. There was a huge gap between the mass density trends of Whole-milk A and Whole-milk B, about 90kg/m3 when the temperature was increased from 275K to 353K. The trends showed a negative relationship with temperature decrease. The mass density difference between Whole-milk A and Whole-milk B over temperature was varying from 87.125kg/m3 to 93.682kg/m3.
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Figure 15: Mass density of whole milk
Fig. 15 shows the comparison graph of viscosity between Whole-milk A and Whole-milk B in response to the temperature change from 275K to 353K. The viscosity trends of both Whole-milk A and Whole-milk B showed a negative curved relationship with temperature increase. The viscosity difference between Whole-milk A and Whole-milk B over temperature was varying from 1.358cp to 12.906cp.
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Figure 16: Viscosity of whole milk
The comparison results from Figure 4-5, 4-6, 4-7, and 4-8 showed that the thermo-physical properties of the VMGSim milk model in response to the temperature change are very different to the properties estimated by using polynomial regression equations obtained from literature. Re-calibration of the mass density equation, Equation 3-1, in the evaporation part will not solve out the specific heat capacity, thermal conductivity and viscosity problem. Therefore, Equation (1), (2), (3), and (4) should be revised when dealing with the evaporation system, so as to obtain better correlation of the thermo-physical properties of the milk to the temperature for evaporation part.
B. Validation of VMGSim model 
The mass density, specific heat capacity, thermal conductivity, and viscosity of the evaporated pseudo-whole-milk in response to the temperature change in VMGSim model were collected and the results are denoted as “Proposed model” for validation with industry data. The mass density, specific heat capacity, thermal conductivity, and viscosity of the evaporated pseudo-whole-milk in response to the temperature change in updated VMGSim model were collected and the results are denoted as “Industry” for validation.
1) With Literature data
The thermo-physical properties of the concentrated whole milk after evaporation were obtained from the concentrate product stream in VMGSim.
Table 1 shows the results and the comparison with the expected values from the literature. Morison and Hartell mentioned that typical operating conditions for falling film evaporators in the dairy industry [14]. The range of operating temperature is between 45°C and 70°C. In VMGSim modelling it was assumed that heat loss during heat transfer in the evaporator is negligible and there is a uniform heat distribution per area in the evaporator. At 70°C proteins in the product start to become thermally degraded. The range of the viscosity of liquids processed in evaporators is normally between 0.7 cp and 10 cp. The density of the feed and product is normally between 1000 kg·m-3 to 1250 kg·m-3. The operating temperature drop is normally between 2°C to 8°C. The information about specific heat capacity, and thermal conductivity in terms of practical aspect could not be found from literature. According to the Table 4-1, the VMGSim model provides very good results for temperature, mass density and viscosity in 1st to 7th calandria, compared to the operating conditions mentioned by Morison and Hartell.

2) With Industry data
Fig. 16 shows the comparison graph of specific heat capacity between Proposed model and Industry in response to temperature chang6e from 275K to 353K. The specific heat capacity trend of both Proposed model and Industry showed an increase response over temperature from 275K to 353K. Both Proposed model and Industry had as an exponential pattern. The specific heat capacity difference between Proposed model and Industry over temperature was varying from 0.902cp to 1.365cp.
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Figure 17: Specific heat capacity values from the proposed model and industrial data
Fig. 17 shows the comparison graph of thermal conductivity between Proposed model and Industry in response to temperature change from 275K to 353K. The thermal conductivity trend of both Proposed model and Industry showed an increase response over temperature from 275K to 353K and the gradient at each temperature interval decreased. The thermal conductivity difference between Proposed model and Industry over temperature was varying from about 0.003W/m·K to 0.005W/m·K.
[image: image28.jpg]Thermal Conductivity {W/mK)

0.510

0.500

o
IS
o
S

0.480

0.470

0.460

0.450

0.440

270

280

290

300

310 320
Temperature (K)

330

340

350

360

+ Proposed
model

= Industry





Figure 18: Thermal conductivity values from the proposed model and industrial data
Fig. 18 shows the comparison graph of mass density between Proposed model and Industry in response to the temperature change from 275K to 353K. The mass density trend of both Proposed model and Industry showed a decrease response over temperature from 275K to 353K and the gradient at each temperature interval increased. The mass density difference between Proposed model and Industry over temperature was varying from 4.549kg/m3 to 4.593kg/m3.
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Figure 19: Viscosity values from the proposed model and industrial data
Fig. 19 shows the comparison graph of viscosity between Proposed model and Industry in response to the temperature change from 275K to 353K. The viscosity trend of both Proposed model and Industry showed that the viscosity decreased exponentially in response to the temperature increase from 275K to 353K. The gap between the two trend lines started to decrease over temperature and collapsed at 340K. The viscosity difference between Proposed model and Industry over temperature was varying from 0.115cp to 1.274cp.
The comparison results from Fig. 16-19 showed that the VMGSim work has a capability to simulate the whole milk processing from milk reception to evaporation. To build an accurate model based on industry data, additional information should be obtained.
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Figure 20: Mass density values from the proposed model and industrial data
CONCLUSIONS
The main conclusion from this study is that steady state modeling of dairy process can be simulated using a commercial process simulator.

A significant observation from this study is that thermo-physical properties of whole milk model after evaporation in response to temperature change were very different to the properties estimated by using polynomial regression equations obtained from literature. A laboratory research should be conducted to investigate the relationship between the thermo-physical properties of the whole milk after evaporation and temperature.

The following conclusions were drawn from this project:

a) Steady-state model of whole milk processing from milk reception to evaporation can be simulated using a commercial process simulator.

b) Simple linear polynomial regression functions can be used to define the correlation of thermo-physical properties of milk in commercial process simulator

c) Seven stages multiple-effect evaporator can be developed to build a steady sate model in a commercial process simulator

d) The thermo-physical properties of whole milk model in a commercial process simulator after evaporation in response to temperature change were very different to the properties estimated by using polynomial regression equations obtained from literature. 
The validation of the whole milk processing model against both literature and industry data showed that commercial process simulator has a capability to simulate the whole milk processing from milk reception to evaporation.
To improve whole milk processing model and to enhance its capability the following recommendation are made in terms of required laboratory experimental data:
a) Investigate the relationship between the thermo-physical properties of raw milk and temperature.
b) Investigate the relationship between the thermo-physical properties of whole milk and temperature
c) Investigate the relationship between the thermo-physical properties of the whole milk after evaporation and temperature.
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Figure � SEQ Figure \* ARABIC �2�: Component Splitter and cream adjustment line
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Figure � SEQ Figure \* ARABIC �3�: Heating sections of pasteurizer and holding tube
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Figure � SEQ Figure \* ARABIC �4�: Eight preheaters heating up milk prior to evaporation
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Figure � SEQ Figure \* ARABIC �5�: Heat transfer from steam in calandria of first evaporator and condensate toward condensate receiver
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Figure � SEQ Figure \* ARABIC �6�: Heating of milk in calandria of first evaporator with heat energy obtained from steam








Table  1. Comparison of temperature, mass density and viscosity of Whole-milk A and Literature.


　�
1st Calandria�
2nd Calandria�
3rd Calandria�
4th Calandria�
5th Calandria�
6th Calandria�
7th Calandria�
Literature�
�
Temperature (°C)�
59.3�
57.6�
55.9�
54.2�
52.5�
50.8�
49.1�
45~70�
�
Mass Density (kg/m3)�
1033�
1045�
1059�
1074�
1092�
1112�
1137�
1000~1250�
�
Viscosity (cp)�
0.84�
0.98�
1.2�
1.5�
1.97�
2.69�
4.09�
0.7~10�
�
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