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Abstract

A mathematical model of an ice cream single screw extruder was developed by considering the single screw extruder barrel as a series of well mixed stages and employing heat and mass transfer equations. The model was solved using a commercial simulation package to give predictions of product temperature, mechanical dissipation and heat transfer rate. These predictions were found to agree closely with experimental measurements. The process model has the potential to predict local temperature and shear conditions within an ice cream single screw extruder and therefore represents an important first step towards systematic single screw extruder design and performance optimisation and scale-up based on product quality considerations.
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1. Introduction

Freezing of ice cream is performed in a scraped surface heat exchanger, where rotating scraper blades continually remove frozen product from the cooled surface and thus maintain a high heat transfer rate. It is within the scraped surface heat exchanger that much of the product structuring occurs. These product structuring mechanisms include ice crystallisation, aeration and fat de-emulsification. Then the product is fed to a single screw extruder in which further freezing and mixing occurs. The quality of the final product depends to a large degree on how these structuring processes have been carried out. In order to optimise the freezing process for a given product formulation or to maintain a desired product quality on scale-up, it is necessary to know the local conditions inside the heat exchanger and how these change with operating conditions. Since direct measurement of temperature and shear conditions in a single screw extruder barrel is difficult to achieve, a mathematical modelling approach has been applied in this work to predict these quantities. The model for a single screw extruder developed in the sequel of this paper will follow a simmilar approach as has been taken for the scraped surface heat exchanger model (Bongers 2006)
1.1. Why a model

The development of processes within ice cream manufacturing has been progressed by a trial-and-error approach. The processes are allowed to evolve over time. Using this way of working, a huge number of experiments need to be conducted. In addition, before a ‘final’ embodiment of a process, a large number of equipment modifications have to be done and tested. The advantage of the trial-and-error way of working is that little fundamental understanding is needed. Disadvantages are that it takes a lot of resources (people and capital), limited understanding is build and disseminated, while all ice cream manufacturers can do the same. 

The solution is to design the process. In the design phase of a process, all available knowledge has to be harvested and compiled in to a ‘model’. Such a model will be the documentation of available knowledge in an exploitable format; i.e. this model can be used to:

· Identify the knowledge gaps in the product-process interactions and enable focus on these bottlenecks.

· Scale-up in one single step from bench-scale equipment to factory scale-equipment, hence enabling a significant reduction in time-to-market

· Fault diagnosis by comparing the actual working of the process with the desired performance.

· Performance improvement. 

1.2. Model requirements

Before we start the design of any model, the requirements for the model needs to be specified. In order to use the model for scale-up, the accuracy of the model has been specified in Table 1.
	
	
	Max. deviation

	outlet temperature
	[degC]
	0.5

	Rotor torque
	[Nm]
	100

	inlet pressure
	[bar]
	2

	outlet pressure
	[bar]
	2


Table 1 Model requirements 

This implies that for a given ice cream recipe, operating condition and equipment geometry, the predictions of the parameters in Table 1 should be within the stated maximum deviations. 
2. Mathematical model of single screw extruder
The principle of describing a process mathematically is to use the most simple model that fulfils the purpose. 

The predictions of the model can be viewed as a chain of phenomena, in which a rough description of all phenomena provides better predictions than a detailed description of only one phenomenon.

Within the phenomena that can be described, the following are considered within the scope of the model:

Material properties: Compressible fluid having a non-Newtonian rheology

Energy sources: Heat transfer, scraping friction, crystallisation and viscous dissipation

Product formulation specifics: thermal conductivity, ice phase curve, specific heat

The mathematical model was developed by considering the single screw extruder as a series of stages (continuous stirred tank reactor). 
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Figure 1 Model approach

Mass, energy, impulse balances were formulated for each of the stages in the model. 

2.1. Mass balance:
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 between the air phase and the liquid/solids phase, the mass balance can be written for each of the two components:
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2.2. Energy balance:
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In which the energy generating terms mechanical (viscous dissipation and scraping), cooling and crystallisation  are taken into account.  The changes in ice phase volume determine the crystallisation energy.
Dissipation of mechanical energy due to shaft rotation is significant in ice cream single screw extruders, accounting for as much as 50% of the heat removed by the refrigerant [2]. This dissipation was assumed to come from two main sources: viscous dissipation, due to fluid flow around the dasher, and scraping friction between the blades and the barrel wall. Viscous dissipation was calculated using laminar mixing theory [3]: 
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. The viscosity of ice cream was described using a Power Law equation 
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 in which the constants are determined experimentally. The consistency has been modelled using an Arrhenius equation of Temperature and air phase volume.

Scraping friction was estimated using an empirically-derived equation based on the thickness of the frozen layer at the wall
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, in which c1 is determined experimentally and Nr is the rotational speed.

Heat transfer to the coolant (through the barrel wall) was calculated by assuming that the product-side wall heat transfer coefficient (htc) was the limiting resistance and therefore the coolant-side htc could be ignored. The product-side htc was estimated using an empirical correlation to Ganzeveld (1992) based on penetration theory: 
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2.3. Mechanical energy balance

The mechanical energy dissipated by the product and the energy used to scrape the product from the frozen layer is generated by rotating the screw. The rotor shaft torque is expressed by:
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2.4. Impulse balance 

For a power-law rheology in in a shallow channel, the one-dimensional flow (resulting from pressure and drag of the screw) can not be solved analytically. How-ever it can be approximated by the two individual components (Flumberfelt et.al. 1969):
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In Li and Hsieh (1994)  correction for the existence of flights as well as curvature was proposed (for Newtonian flow). Incorporating this leads to:
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The pressure in each of the elements is calculated using the mass of the gas in the element and treating the air fraction as an ideal gas. 

The model was implemented in c++ and solved using MATLAB-SIMULINK simulation package [5] to give predictions of product temperature, mechanical dissipation and heat transfer rate.

3. Experimental verification of model

[image: image17.emf]

Validation of model predictions was performed by processing a dairy fat ice cream in a fully instrumented pilot-scale single screw extruder (60-240 kg/hr capacity)*, see Figure 2.
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Figure 2 experimental setup

The product temperature (both inlet as well as outlet) where measured in the pipes, as well as the line pressures. The rotor torque was measured by torque meter mounted in the drive shaft. 

In total four geometries and two reciepes have been used to verify the model. 
	
	Screw geometry

	
	2-start
	3-start
	4-start
	4-start variable geometry

	Thread starts
	2
	3
	4
	4

	Pitch [mm]
	135
	159
	220
	345

	Flight width  [mm]
	12
	12
	10
	12

	Channel depth [mm]
	15
	17
	10
	varies over the length


Table 2 Equipment geometries

For both formulations the powerlaw rheology parameters, ice phase curve and thermal conductivity have been determined by independent experiments. 
The experimental data (of the 8 combination at two different operating conditions) is compared to the model predictions in Table 2.

	
	
	maximum prediction error
	standard deviation
	Model    target

	outlet temperature
	[degC]
	0.6
	0.4
	0.5

	Rotor torque
	[Nm]
	96
	48
	100

	inlet pressure
	[bar]
	3.5
	1.58
	2

	outlet pressure
	[bar]
	1.7
	0.78
	2


Table 3 Validation data
It can be seen that the Model predictions of temperature, pressures and torque compared well with data measured experimentally.

4. Conclusions and future work
The mathematical model developed in this work is capable of predicting both individual rates of heat transfer and energy dissipation and product temperature changes. It therefore has potential to predict local temperature and shear conditions within an ice cream single screw extruder, since shear is closely linked to dissipation. This type of information will enable process optimisation and scale-up to be based on criteria, which are important to product structuring and therefore quality.

5. Nomenclature

Cp

specific heat



J/(kgoC)

D

diameter




m

h

enthalpy




J/kg

K

consistency



[-]

L

length




m

r

gas/liquid ratio



[-]

m

mass




kg

n

power law constant


[-]

Nr

rotational speed



1/s

s

ice crystals content


[-]

T

temperature



oC

Q

total amount of heat flow


J/s

V

volume




m3
v

velocity




m/s

w

mass flow



kg/s

α

heat transfer coeffcient


J/(m2soC)


[image: image16.wmf]g

&



shear rate



1/s

λ

thermal conductivity


J/(ms oC)

ρ

density




kg/m3
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* The experiments have been executed by collegues in our R&D laboratory in Colworth, UK.
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