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Abstract 

Bread dough sheeting is an important operation in the bread making industry. The 

process involves the passing of a mass of dough between two, or more, rotating rollers. 

The function of sheeting can be: i) to shape the dough, ii) to laminate layers of product 

together or i i i) to develop the gluten network, which gives dough many of its propert ies. 

The model developed, in this thesis, describes the dough sheeting process using a 

continuum mechanics approach, solved using a perturbation technique. The bread 

dough rheology is described using the Criminale-Ericksen-F ilbey (CEF) v iscoelastic 

constitutive equation. It was thought that this approach may model the process better 

than the v iscous models used e lsewhere. The perturbat ion technique, used in solution, 

meant that the model remained computationally swift. The CEF equation was used as it 

is reasonably simple mathemat ically and measuring the required dough properties was 

quite straightforward, although, as was discovered, reproducibly measuring the 

properties of bread dough is never easy, not least because of the history dependent 

nature of bread dough. Some important assumptions made, in this model ,  on the basis 

of literature and preliminary experiments, were that: the process is two-dimens ional ; the 

process is at steady state; the process is unaffected by inert ia, temperature or gravity; 

some parts of the process (conveyor belt speeds, for example) are unimportant; and that 

the dough is incompressible. 

It was found that such a model can be used to predict the exit he ight of the dough, the 

forces and torques experienced by the ro llers, and velocity and pressure profiles in the 

dough. The predictions were qual itatively cons istent with val idat ion data gathered on a 

p ilot plant sheeter, but there were some large quantitative inaccuracies, part icularly with 

the exit height predict ion (as there is with v iscous models). The inaccuracies suggest 

that such an approach to modelling bread dough sheeting misses some important facet 

of the process, possibly the compressibility o f  the dough. That is, a viscoelast ic 

description of the process material wil l  not, alone, lead to a complete model o f  the 

dough sheeting process. 
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1. Introduction and Literature 

Revi ew 

1 . 1 .  The Sheeting Process 

Dough sheeting is a processing step used in the production of baked products, including 

breads, torti l las and pastries. The critical action in sheeting is the pass ing of a mass of 

dough between a rotat ing roIJer and a hard surface (usually another roller). This 

produces a continuous sheet of dough. A photograph and a simpl ified schematic of a 

dough sheeter are given in F igure 1 . 1 .  

Thickness, y 
A. 

Length, x 

c. 
Width, z 

B. 

Figure 1 . 1  Simple Sheeter Photograph and Schematic. A. Dough passing under a roller. The 
rollers are 1 50 mm in diameter. B. Schematic (not to scale), demonstrating: roller position and 
direction of rotation, dough, conveyor belts. C. Coordinate directions. 

Figure 1 .2 demonstrates another more compl icated L-Shaped sheeter geometry. Gorton 

( 1 997) described a sheeter where the upper surface consists of many smaller rol lers; it 

was c laimed that this reduces the "stresses" in sheeting. 
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I n  some circumstances the dough may be sheeted several times either by returning the 

sheet to the sheeter or by passing the sheet through a chain of sheeters. Levine & Drew 

( 1989) gave an overview of some ofthe phys ical equipment associated with sheeting. 

Figure 1 .2 A Complicated L-Shaped Sheeter Geometry, that might be found in a moulder. 
Demonstrates roller positions and direction of rotation. 

1 . 2 .  Simi lar  Processes 

Apart from its use in the baking industry, the sheeting of materials is an important 

industrial unit operation in, for example, polymer processing such as the formation of 

PVC sheets, pulp and paper processing and sheet metal process ing. These fields have 

their own l iterature, with a more established history than dough sheeting. Literature 

from related industrial processes has been included in this review. 

The sheeting of polymeric materials, referred to as calendering within the field, is 

particularly relevant to dough sheeting, as dough is fundamentally a complex tangle of 

protein biopo lymers. An analysis of dough sheeting (Levine & Drew, 1 989) is  based 

substant ially upon a polymer processing textbook by Middleman ( 1 977). Polymer 

calendering does differ, however, from dough sheeting in that it is conducted at elevated 

temperatures, with heated rolls. This means that heat transfer affects the calendering 

operation (Finston, 195 1 ). The elevated temperatures also mean that the pre-rolled 

condition ofthe polymer is a free-flowing liquid, as opposed to a semisolid sheet as in 
dough sheeting. In polymer calendering the process material is usually homogeneous 

and well defmed. This is also different from the situation with dough sheeting. 
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1 . 3 .  Sheeting Purpose 

In the baking industry bread dough is sheeted usual ly for three purposes: Shaping, 

Lamination and Structural Development. 

1.3.1. Shaping 

The primary function of sheeting is to shape the bread dough. That is, the thickness of 

the dough as it exits the sheeter is the important outcome. As well as a deformation in 

terms of height, sheeting also results in a length and width change. F igure 1 . 3 shows an 

example ofthis type of deformation. 

Roller 

Direct ion of Sheeting 
� 

t 

::::::50 mm :::::: 1 00 mm 

Figure 1 .3 Width and Length Deformation due to Sheeting (Looking down upon the sheeter). This 
photograph indicates how the sheet surface can be damaged and the shape of the sheet deformed by 
the sheeting process. It is important to understand the conditions under which undesirable 
deformation occurs. 

1.3.2. Laminating 

Sheeting is also a part of the process by which layers of either d ifferent doughs or 

dough and fat are laminated together, for example in the manufacture of puff pastries. 

In this case an important outcome is the condit ions under which re-circulation occurs. 

Re-circulation can occur in the region prior to the dough entering sheeter (See Figure 

1 .4) 
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. ......... . ...... : ...... ..... :. 

:� � . -
Figure 1 .4 Stylised re-circulation region indicated by the shaded area. 

Morgenstern & Ross ( 1 998) found, experimentally, that a reduction ratio (ratio of inlet 

thickness to the gap between the rollers) of less than 4 resulted in no re-circulat ion when 

dough is sheeted, while for reduction rat ios of more than 8 re-circulat ion was always 

observed. When laminat ing a dough re-circulation must be avo ided, as it destroys the 

layers which the process is designed to form. 

1.3.3. Structural Develo pment 

Sheeting can be used as an alternative, energetical ly efficient, method of dough 

development (Kilborn & T ipples, 1 974). Dough development, which is discussed in 

more detail in section 1.5.3, is the process by which the dough gluten proteins are 

hydrated and form a dough gluten network, which gives bread dough many of its 

properties. I n  short-time bread production processes such as the Chorleywood Bread 

Process and Mechanical Dough Development Process (MDD) (French and Fish, 198 1 ), 

dough is developed during the mixing process, which is costly in terms of energy use .  

Dough can also be developed during a fermentation processing step. In order to 

compare the sheet ing process to the mixing process an understanding of the energy 

expended in sheet ing is required. 

Bread dough contains air bubbles, which can be s ignificant in processing steps 

downstream of the sheet ing operation, for example baking. Sheeting can be used to 

affect the structure and d istribution of the bubbles in a bread dough. 

4 



1 .4 .  Model  P u rpose and Req u i rements 

The purpose of this study was to develop a model which can be used to gain an 

understanding of the sheeting process. In particular, how changes in the sheeter's 

geometry and the process material ' s  properties affect the sheeting system's responses 

were to be examined. Such a model is important for two reasons: flfst, it allows a plant 

operator to predict and compensate for changes that might occur during processing; 

second, it allows a designer to specify both the sheeter geometry and the dough 

properties that are required to give a part icular response . 

There are two approaches, empirical and fundamental, to the development of  a model of 

a system. An empirical model i s  one where historical data, which describes a system's 

responses to part icular sets of condit ions, is used to make a prediction about the 

system's behaviour at an arbitrary set of condit ions . Curve-fitting and regression 

analysis are common tools for developing these types of models. An empirical model 

can be thought of as a method of summarising experimental data, the accuracy ofthe 

summary being dependent on the relative numbers of model parameters and historical 

data points. An empirical model makes no claim to describe what is actually occurring 

in the system under study; it is merely a calculating device for predicting the behaviour 

of the system. A disadvantage is that empirical models are not generally appl icable. 

For example, if the conditions of interest differ from the condit ions with which the 

model was formulated, then the model results may not be valid. 

In this study an attempt was made to model the dough sheet ing process using a 

fundamental model. Some authors (Raghavan et aI. ,  1 996) have modelled the process 

us ing empirical models. These models are of l imited usefulness in understanding the 

system. 

A fundamental model is one where the system is described through the use of 

fundamental relationships, which have been independently val idated to be true for 

various cases. In this case, historical data, of the performance of the particular system 

under study, is only used to validate or confirm the model predictions. The advantage 

of a fundamental model is that it aids in understanding the behaviour of a system-­

rather than merely predict ing the behaviour ofthe system. A fundamental model claims 
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to describe what actually happens in the system, but may be computationally or 

mathemat ical ly difficult to apply to complex problems. Partly this is because in order to 

apply a fundamental model it is necessary to be able to identify and describe al l relevant 

parts ofthe system according to a fundamental theory. This is sometimes difficult, 

particularly for poorly defmed systems, l ike food systems. 

A useful model of the dough sheeting process should model the responses that are 

important to the applications of dough sheeting. The exit height at which the sheet 

leaves the sheeter should be modelled. A model should also identify conditions under 

which re-c irculat ion might occur, that is describe the velocity profile of the process 

material. A model should also be able to estimate the energy expended during sheeting. 

This is valuable in comparing various methods of dough development. It is also useful 

for a model to describe the forces acting on the rollers and other process equipment, as 

this information can be used to specify materials of construction of a sheeting system. 

To successfully model the sheeting system both the process material (dough) and the 

sheeting geometry and conditions need to be investigated. Section 1 . 5 ,  Dough 

Properties, summarises progress that has been made in describing bread dough. Section 

1 . 6, Sheeter Geometry and Conditions, describes common assumptions made about the 

sheeting system and their val idity. F inal ly Sect ion 1 . 7  Model l ing History, describes 

attempts that have been made to model bread dough sheet ing. 

1 .5.  Dough Propert ies 

A model of  dough sheeting obviously needs to take into account the properties of the 

bread dough. In particular the rheological properties - descriptions of how the dough 

deforms - are required. An important difficulty is that dough properties are affected by 

the deformation history of the dough; thus the previous processing steps are significant. 

1.5.1. Composition 

One of the most important factors influencing dough rheology and hence sheeting is 

dough composit ion. When describing dough compositions it is conventional to give 

composit ions as weight percentages relative to the flour component. Thus a dough 

might consist of X kg of flour ( 1 0  kg, for example) and 50 % water (5 kg) .  Usually the 
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dough used for a sheeted bakery product has a water content of 50 % to 70 %. A typical 

wheat flour might consist of76 % starch, 1 0  % protein, 1 2  % moisture, 1 % Iipids and 

trace minerals (mostly phosphorus, potassium, selenium, magnesium and calcium),  

vitamins and acids (US Department of Agriculture, 2002) .  The exact properties are 

dependent upo� the variety of wheat used, field conditions and to a certain extent the 

milling condit ions . Small quantities of salt, yeast, sugar, fats, emulsifiers, and redox 

agents are also added. Wheat select ion and additives are highly dependent upon the 

intended use of the dough. 

1.5.2. Structure 

When dough is mixed, in a high-speed mixer, a significant amount of air is entrained 

with it . Campbel l et al . ( 1 998) demonstrated that a porosity, the percentage of bulk 

dough volume that is air, of almost 1 0  % occurs during mixing, which has an effect on 

the bread produced. The amount of entrained air directly affects the compressibil ity of  

the dough. This i s  important during the sheeting operation. In general dough-sheeting 

models assume that the dough is incompressible. This is a legacy from models of the 

traditional polymer calendering process where it is reasonable to assume that air is not 

entrained, as the polymer is present as a melt, rather than a mixed bulk, prior to 

sheeting. Levine ( 1 998) suggested that errors of up to 20 % occur when modell ing the 

dough sheet ing process without taking compressibility into account, and attempted to 

account for this by introducing empirical factors into a model which used a power law 

model to describe the bread dough (see Section 1 . 5 . 5 . 5 ) .  

Dough also consists of two phases. Larsson & Eliasson ( 1 996) showed that dough can 

be separated (using ultra-centrifugation) into a prote in phase, the "gluten network", and 

a l iquid phase, consisting of dispersed starch and solubles. At low moisture content 

only the gluten network exists. This suggests that water is first "consumed" through 

hydrat ion of the gluten network. I f  excess water is present, another phase containing 

soluble starches forms. The gluten network provides the viscoelastic properties of the 

dough (Larsson & Eliasson, 1996) . The model by Phan Thein et al. ( 1 997) is one of the 

few dough rheological models that expl icitly account for the presence oftwo aqueous 

phases. 
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1.5.3. Dough Development 

Dough consists of a gluten network that entraps a starch suspension. To obtain the 

hydrated gluten network, water is obviously required, but if development is to occur in a 

reasonable time mechanical work is also required (El iasson & Larsson, 1 993) .  This can 

be achieved by high-speed / short-time mixing (Bloksma, 1 990) .  It is unclear exactly 

why mechanical work is required. Perhaps a shearing action is needed to properly 

entangle the gluten molecules. K ilborn & Tipples ( 1 974) demonstrated that repeated 

sheeting could achieve dough development with less energy input required, thereby 

decreasing manufacturing cost. Morgenstem et al . ( 1 999) confIrmed that less than 25% 

ofthe energy required for traditional mixing was required for development by mult i­

pass sheeting. As development increases, the properties and hence the quality of the 

bread fmally produced changes. 

Dough development also means that the degree of changes in t he properties of the 

dough during a processing step depends upon the previous processing steps to which it 

has been exposed. For example, Kilborn & Preston ( 1 982) showed that there is a 

significant difference, in terms of power requirement, between the first pass through a 

sheeter and subsequent passes. This phenomenon indicates t hat the properties of the 

dough have been changed by the sheeting operation. Completely specifying the 

properties of a partial ly processed dough is therefore very difficult . This will affect the 

accuracy of any model that depends upon property measurements. 

Dough that is prepared at - 8 QC using ice instead of water and then allowed to thaw at 

room temperature, becomes hydrated without mechanical work. This "undeveloped" 

dough shows less resistance to deformation than dough prepared normally (Campos et 

ai . ,  1 997) 

1.5.4. Measurement of Dough Properties 

As discussed above, dough, l ike most food products, is a very complex substance. The 

properties ofthe dough are influenced by the variety of wheat used, the conditions 

under which the wheat is grown, the mixture composition (moisture content, salt, fat, 

et c) and the deformation history ofthe dough (Castell-Perez & Steffe, 1 992) .  As the 

precise effect these parameters have upon the dough are poorly understood, it is very 
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difficult to compare data from different sources, particularly as many of these 

parameters are not reported in the l iterature. This effectively means that data from the 

l iterature is only useful for orders-of-magnitude studies, and any relationship developed 

using a single set of data may not be app licable to other data sets. 

Some experimenters have s impl ified measurements of dough properties by using a 

"model dough" that consists of only flour and water (Phan-Thien et ai. ,  1 997) .  Others 

(Wang & Kokini 1 995a) use "chemical dough" formed from gluten powder and water. 

Barney et aI. ( 1 965) made a flour and water dough and then removed the starch through 

a series of washes and freeze drying operations. 

Obviously, these doughs are different to (and have different properties to) "real" dough 

used in a baking appl icat ion. However, a model dough does allow the study of the 

responses that a particular application (sheeting, for example) has to the idealised 

properties exhibited by the model dough. The ideal ised responses can then be used as a 

guide to determining the responses of the application to the more compl icated properties 

of a real dough. 

Another problem with experimental techniques that are available is the distinction 

between fundamental and empirical instruments. Many instrumental techniques for 

dough date back to the 1 920s. These early techniques include instruments like the 

Farinograph, the Chopin Alveograph and the Extensigraph (Walker & Hazelton, 1 996) .  

These instruments perform arbitrary, proprietary measurements that can be used to 

develop empirical models. Originally these instruments were designed to simulate the 

behaviour of specific processing equipment. The problem is that the complex geometry 

of the instruments and the combinat ion of actions occurring within them make it 

d ifficult or impossible to calculate fundamental properties from the instrumental 

readings (Anderssen et aI. ,  1 997) .  This means that comparison of the measurements 

from d ifferent instruments is unwise and it is d ifficult to gain a general understanding of 

the dough rheology. Furthermore these instruments sometimes test dough under 

conditions different from those found in baking operations (Menj ivar, 1 989) .  As dough 

properties are very dependent upon the measurement conditions, extrapolation from 

testing to practical condit ions is quest ionable. 
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The alternative is to use fundamental rheological instruments (Hibberd & Parker, 1 975 ;  

Zheng, 1 998) .  Some of these that have been used for dough are: slit rheometer 

(Bhattacharya, 1 993 ; Dus & Kokini, 1 990); extenso meter (Morgenstern et aI . ,  1 996) ; 

capil lary rheometer (Sharma et aI . ,  1 993 ; Dus & Kokini, 1 990); rotat ional rheometer 

(Launay & Bure, 1 973 ; Wang & Kokini, 1 995a) .  The results gained from some ofthese 

instruments are discussed in Section 1 . 5 . 5 .  

1.5.5. Constitutive Equations 

In rheo logy, a constitutive equat ion is used to describe how a material behaves when it 

is deformed. Many authors have attempted to describe dough us ing a const itutive 

equation. 

1 . 5. 5. 1 .  General Constitutive Equation 

The general form of the const itutive equat ion  is: cri] = p8ij + 'ti] ( 1 . 1 )  
where p is the pressure [Pal, crij is the total stress tensor [pa] and 'tij is the deviatoric or 

shear stress tensor [pal Some authors use a different sign convent ion with -p instead 

ofp. 8ij is defined as: 
0, J� � �l lo 0 1 

( 1 .2) 

Therefore equation ( l . I) states that when we are referring to a normal stress, i = j (= 1 

for example), the total stress is given by: cr // = P + 't If. For non-diagonal shear stresses 

( i:l; j ) the stress tensor equals the shear stress tensor, crij'= 'tij. 
The shear stress tensor is often written as a function of the rate-of-strain tensor, Yij (S-I) 
which is given by (Ferry, 1 980) : 

Yij = 
2

au 

ax 
av au - + ­
ax ay 
aw au - + ­
ax az 

av au 
- + ­
ax ay 

2
av 

ay 
av aw - + ­
az ay 

aw au - + ­
ax az 
av aw -+­
az ay 

2aw 
az 

( 1 .3 )  
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where: x, y and z are the coordinate directions and u, v and w are the velocity 

components in each direction, respect ively. 

1 . 5. 5. 2. Determining an Appropriate Constitutive Equation 

Constitutive equations are proposed from e ither theoretical consideration of how the 

material deforms or by mathematical convenience. Typically the constitutive equation 

is then written in a form such that the "response" to a particular type of deformation 

(that which occurs in the rheometer) is eas ily studied. For example many rheological 

tests study the response to an oscillatory strain. 

Such "response" based models are good for the analysis of rh eo logical tests, where the 

type of deformation experienced by the sample is strictly control led (that is, in cases 

where what the material is responding to is well defmed); but constitutive equations 

based on a "response" may be unreal istic when applied to a "real" appl ication where 

many ill-defmed deformations may be experienced by the material . 

Some authors (Keentok et aI. ,  2002) have provided "responses" for the deformation of 

dough, which could be used to val idate constitutive equations. 

1 . 5. 5. 3. Newtonian Constitutive Equation 

The Newtonian constitutive equation (for an incompressible fluid) is the simplest fluid 

model. It is: 't!i = -rrY if ( 1 .4) 
where 11 is the viscosity [Pa s] . 

It should be noted that the negat ive sign in equation 1.4 is part of the s ign convention 

used in this thesis . This fol lows the s ign conventions used in B ird et al. ( 1 987), some 

authors use a different sign convention. 

Bread dough has been described as a Newtonian material, but, due to the non-l inearity 

of the rheological behaviour of dough, various values have been reported in the 

l iterature for 11. Literature values of the apparent 11 usually range from 1 04 to 1 06 Pa s, 

although values as low as 3 x 1 02 Pa s have been reported (Bloksma, 1 972) . 
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T] can be obtained using standard rheological instruments. An apparent v iscosity can be 

also be obtained using tradit ional dough measuring instruments, for example a 

Brabender Farinograph (Bloksma, 1 972). 

1 . 5. 5. 4 .  Hookea n  Constitutive Equation 

The Hookean const itutive equation is a simple model of a purely elastic solid: 

( 1 . 5 )  
where G is the modulus of elasticity [Pa] . (Again the negative s ign i s  due to the s ign 

convent ion) . 

The Hookean const itutive equation has not been used to describe dough. 

1 . 5. 5. 5. Power-La w  Constitutive Equation 

A common, simple modification to the Newtonian constitutive equat ion is to introduce a 

function forT], in equation 1 .4 :  

_ 
v: n-l T] - l\.YiJ 

where K, [Pa sn] ,  and n are the consistency index and the flow behaviour index, 

respectively. 

( 1 . 6) 

This is the most widely used relationship in engineering rheology (Tanner, 1 985) 

largely because i t  is simple and works adequately for many materials, including many 

polymers. 

As dough properties vary with composition it is difficult to compare the power-law 

parameters of different authors. Several styles of instrument have been used to 

determine power-law constants, for example the capil lary rheometer (Sharma et aI. ,  

1 993) and the rotational rheometer (Launay & Bure, 1 973). Some values that have been 

reported are l isted in Table l . 1 :  

K [Pa SO] n Author 
3650 0.42 Levine ( 1 998). 

24000-46000 0.23-0.26 Morgenstern et al. ( 1 996). 
2395 0.35 Sharma, et al. ( 1 993) .  
4450 0.35 Levine and Drew ( 1 989) . 

2800-5300 0.32-0.3 7  Launay and Bure (1 973). 

Table 1 . 1  Power-law Constants, reported by different authors. 
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Water content is by far the component with the most inf luence upon rheological 

properties (Faubion & Hoseney, 1 989). Raghavan et aI. ( 1 995) have developed power­

law constitutive equations that include a dependence upon moisture, salt and fat content . 

1 . 5. 5. 6. Carreau- Yasuda Constitutive Equation 

Related to the power-law constitutive equation is the Carreau-Yasuda constitutive 

equat ion. It can be written as: 

--,-TJ -_TJ=-.oo = r + (AY Y In-I)la TJo -TJoo 
( 1 .7) 

where: 110 is the zero shear rate viscosity [Pa s], 1100 is the infmite shear rate [Pa s] , n 
and a are constants and A is a characteristic time, [s] . 

This constitutive equation divides the viscosity into three regions. At low shear rates, TJ 

= 110. At high shear rates, 11 = 1100. Between the two extremes is a power-law region, 

whose location is controlled by a. The Carreau-Yasuda constitutive equation performs 

well for a wide variety of polymer solutions (Bird et ai . ,  1 987) but does not appear to 

have been used for dough. 

1 . 5. 5.7. Voigt-Ke/vin Constitutive Equation 

The Hookean and Newtonian equations can be s imply combined ( in paral lel) to give the 

Voigt-Kelvin model of v is co elast icity: 

( 1 . 8) 

This equation has been used in dough rheology (Launay & Bure, 1 973; Launay, 1990) . 

To introduce non-l inearity, a power-law relat ionship for TJ is used, as in Equation 1 .6. 

A cone and plate viscometer can be used to determine these parameters. Typical values 

are : K = 5000 Pa sn, n = 0.3 and G = 500 Pa (Launay, 1 990). Launay, 1 990 gives the 

power-law parameters a dependency upon moisture content, temperature etc, but the 

value of G is g iven as constant for a flour type. 

1 . 5. 5.8. Maxwell Constitutive Equation 

Another simple viscoelastic equat ion is the Maxwell constitutive equation, which can be 

written as : 

( 1 .9) 
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where 11.1 is the first Maxwell time constant [s] . The Maxwell constitutive equation can 

be thought of as a series combinat ion of the Hookean and Newtonian constitutive 

equations (c.f Voigt-Kelvin constitutive equation). 

The Maxwel l  equation has been applied to dough (Bagley et aI. ,  1 988 ;  Bagley et aI. ,  

1 990) . Typical parameters observed were 11 = 38000 Pa s ,  A\ = 1 5  s .  The equation did 

not perform wel l  when appl ied over a large range of strains (Bagley et aI. ,  1 988). The 

Maxwel l  constitutive equation was also found to be inadequate for modell ing the 

viscoelastic ity of other materials (for example, polymers), which led to the introduction 

of more complex constitutive equations (B ird et aI, 1 987). 

1 . 5. 5.9. Jeffrey's Constitutive Equation 

The Maxwell equation can be refmed by adding additional l inear relationships between 

'tij and Y if (Bird et ai, 1 987) . Once such refmement is the Jeffrey' s  model, which can 

be written as: 

'tij+A\lii=-l1(r ii+A/Yif ) ( 1 . 1 0) 
where ( in this case) Al is the "relaxation time" [s] and A2 is the "retardation time" [s] . 

The Jeffrey's equation does not appear to have been used to describe bread dough. 

1 . 5. 5. 10. Generalised Maxwell Constitutive Equation 

Another method of extending the Maxwell model is The General ised Maxwell Model. 

It is a linear superposit ion of Maxwel l  models: 
<Xl 

'tij = L 'tk,if ( l . I I )  
k=\ 

'tk,ij + Aklk,ij = -l1kYij ( l . 1 2) 

where Ak is the kill Maxwell time constant [s] and llk is the J!t Maxwel l  viscosity [Pa s ] . 

Using measurements of steady shear and oscillatory shear (measured with capil lary and 

parallel plate viscometers, respectively), Wang & Kokini ( 1 995a) were able to apply a 

variant on the general ised Maxwell equation to dough. They modified the general ised 

Maxwell equation to include a dampening function. The values of the general ised 

Maxwell parameters are given in Table 1 .2 .  
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k 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  

A. (s) 1 07 1 06 1 05 1 04 1 03 1 02 1 01 1 00 1 0- 1 1 0-2 1 0-3 1 0-4 

lln 5.5 5.55 1 . 75 1 .5 3 .33 4.49 4.98 9.39 2 . 82 3 1 1 
(Pa s) x 105 x 105 xl 06 x 106 x 105 x 104 x 103 x 102 x 102 xl02 xlOI xlOI 

Table 1 .2 Generalised Maxwell Parameters. 

The dampening function that was added to equation 1 . 1 1 was: 

t ij = [a exp(br ij)+ c exp(dy ij )]f t k,ij k=] 
where a, b, c and d are constants w ith values of: 0 .39, -0.80362, 0 .6 1  and -0.009 

respectively. 

1 . 5. 5. 1 1_ 

Equation 

Criminale-Ericksen-Filbey (CEF) Constitutive 

> 1 2  
0 
0 

( 1 . 1 3) 

An important equation in the study of po lymers is the Criminale-Ericksen-F ilbey (CEF) 

constitutive equation. I t  has been successfully used to model the behaviour of 

viscoelast ic po lymers in condit ions close to steady state (Bird et al. ,  1 987). The CEF 

equation has not been used to model bread dough, but it has been used to model the 

calendering of polymers (Mitsoul is, et aI . ,  1 985). The CEF constitutive equation is 

discussed in more detail in Section 6.2. 

1 . 5. 5. 1 2. Complex Constitutive Equation 

Other constitutive equations have been proposed for dough, some of which are given 

below. Despite the ir realism, these constitutive equations are mathematically too 

complex to be easily used for modeUing applications. 

1.5.5.12.1. Bird-Ca rreau Constitutive Equation 

Dus & Kokini ( 1 990) and Wang & Kokini ( 1 995b) attempted to use the Bird-Carreau 

constitutive equation to model dough rheological properties. The B ird-Carreau equation 

is semi-empirical, with 5 empirically determined constants. Dus & Kokini ( 1 990) used 

a combination of data from sl it and cap illary rheometers to determine the parameters. 

1.5.5.12.2. Phan-Th ien et al. Constitutive Eq uation 

Phan-Thien et al. ( 1 997) proposed a comp hcated constitutive equation for dough, based 

on the assumption that dough consisted of a permanent, elastic, network of polymers 

(the gluten network) and a suspension of particles and loose chains (representing starch 
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and other components) . Each component (elastic network and fluid suspension) makes 

an independent contribution to the constitutive equation. The fluid suspension 

component is similar to the generalised Maxwell constitutive equation. Phan-Thien et 

al. found parameter values using a rotational viscometer. 

1.5.5.12.3. Mo rga n et al. Constitutive Equation 

Morgan et al. ( 1 989) developed a complex model, of protein (soy) doughs, intended to 

be used for extrusion modell ing. Their model began with a "power law" style 

relationship relating viscosity to shear rate, to which corrections for temperature, 

moisture, temperature history and shear history, were added. Mackey & Ofol i  ( 1 990) 

modified this constitutive equation for use with maize dough. The model provides a 

value for T]. This particular model is not necessarily correct for bread dough, but it does 

demonstrate an empirical approach that may be taken in the development of a 

constitutive equation. 

1 .6 .  Sheeter Geometry and Conditions 

Defining the system under study is  an important element of modelling. Figure 1 . 5 

demonstrates the important features of the sheeter geometry: 

y = hi 

y = he 
y=8 
y=O 

y 

I I I , \ \ 
, , , , , 

'R , \ , , , , , 
" ...." .;, U, , -- -

- ... 
, , , , 

, , , , , , 

-+---------,r-------------�----------_r------�X 
X =Xi X=o X =Xe 

Figure 1 .5 Sheeter Geometry (Not to Scale). Where: 

x horizontal coordi nate [m]. y R roller diameter [ m). () 
Iti inlet height'" of dough [ m]. Xi 
he exit height'" of dough [ m]. Xe 
u, tangential, surface speed of the roller [ m  s-II. 

vertical coordinate [ m]. 
height'" between the rollers [m]. 
inlet d istance of dough [m]. 
exit distance of dough [m]. 

'" in this figure "height" is half the "thickness" defined in Figure 1 . 1  (c). 
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1.6. 1. Two Dimensional 

The models presented in this thesis assume that the system is two dimensional, that 

nothing significant happens in the width direction (defined in F igure 1 . 1  (c)) . However, 

when sheeting pel lets, as is done in the production of some cereals, dramatic changes 

occur in the width direction (Levine & Levine, 1 997). Some industrial dough sheeters 

produce sheets less than 0 . 5  m wide. For such a scale of operation effects at the edges 

may become significant, meaning a 2-D model is insufficient. Chong ( 1 968) suggested 

that for PVC sheeting a 3-D model would be required to accurately model the nerve- l ike 

patterns that have been seen on the surface of PVC sheets. Levine et a\. (2002) 

describe a model which successfully describes the width (z) of a sheet (for a power law 

fluid). When the initial w idth of the sheet ( Wo) is much greater than 8 ( Wo > 808) , then 

width effects were not significant. For example, if 8 == 5 mm then width effects are not 

s ignificant for sheets greater than 400 mm wide. 

1.6.2. Limited Region 

Only the region shaded in F igure 1 . 5  is considered in the models presented here. 

This is the region defmed by: 

Xi :::;; X :::;; Xe 
0 :::;; y:::;; h = R + 8 - � R2 - X2 
1.6.3. Plane of Symmetry 

( 1 . 1 4) 

( 1 . 1 5) 

Implicit in the limited region of appl icabil ity is the assumption that a plane of symmetry 

exists in the sheeter, as shown in F igure 1 . 5 .  This impl ies that gravitational effects are 

insignificant in comparison with others and there are no other s ignificant, external 

forces acting upon the system, for example the system is not in motion on an 

accelerating railroad carriage. This assumption can be simply val idated. 

During experimentation (See Chapter 2) a force per w idth of approximately 5000 N m-I 

was observed on the dough. Dough travelled through the sheeter at a rate of about 0. 1 

m S-I and the bread dough was in the sheeter for approximately 1 s .  Therefore the 

pressure due to sheeting (Msheeling, Pa) can be estimated: 

F Msheeting = -- � 50 kPa 
Wtur 

( 1 . 1 6) 
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where, F = downwards force [N] , t = time under sheeter [s] , W = width of sheet [ m] and 

Ur = speed of dough [m S-I ] .  

B y  comparison the pressure due to gravity (Mgravity, Pa) o n  the bread dough (given that 

dough density, p, is approximately 1 200 kg m-3, and 8 is of order 0.005 m) is : 

Mgravity = p8g ::::: O.06 kPa ( 1 . 1 7) 

Therefore, as Mgravity « Msheeling, the gravitational forces are insignificant in the 

problem. 

1. 6.4. Isothermal 

It is assumed that no heat generation or transfer is invo lved in the sheeting process. 

Any changes in temperature in the dough occur so slowly that their time scales are 

insignificant compared with the motion of  the material. The problem is therefore 

isothermal . 

This assumption can be val idated by an examination of  the energy input (E) into the 

dough during sheet ing. Morgenstern et aI. ( 1 999) reported that for a pass through a 

laboratory scale sheeter, a maximum (assuming no energy loss due to inefficient motors 

or friction) of 0 .56 kJ kg-1 was transferred to the dough. The heat capacity of bread 

dough (Cp) is approximately 2 .7  kJ kg-1 K-1 (Rahrnan, 1 995) . I f  all the transferred 

energy was used to heat the dough, and the rollers, the room and the dough are init ial ly 

at the same temperature, then the adiabatic temperature rise in the dough can be 

estimated as : 

E 
/),T = - ::::: O.2 K ( 1 . 1 8) Cp 
This value is an extreme maximum, but it is clear that only a smal l, irrelevant rise in 

temperature should be observed. This is s ignificantly different from polymer 

calendering where temperature rises of 1 00 K, or higher, occur (Mitsoulis et aI . ,  1 985) .  

1.6.5. Steady State and Significant Times 

It is assumed that the system reaches a steady state. Relat ive to the time scale of the 

entire sheeting operat ion the time to reach steady state is very smal l .  In this context 

steady state means that entrance and exit effects due to the [mite length of the sheet can 

be ignored, that is the model assumes that the sheet is continuous or at least very large. 
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I t  is also often assumed that the inertial terms in the momentum balance are 

insignificant. This can be justified using the Reynolds number (Re), which is the ratio 

of inertial forces to viscous forces. Typical values for sheeting: 

pu {, -
Re = _r_ � 6 x  1 0-' « 1  ( 1 . 1 9) 

11 
where: Re = Reynolds number, p � 1 200 kg m-3, Ur � 0. 1 m s-I , {, � 0.005 m, 11 � 1 0000 
Pa s. 

As the Reynolds number is much lower than 1 ,  inertia effects are insignificant if dough 

is considered a Newtonian fluid. Of course dough is not a Newtonian fluid but a 

viscoelast ic material. 

Another dimensionless number, the Deborah number (De), is useful in characterising 

viscoelast ic flows. The Deborah number is interpreted as the ratio of elastic character to 

viscous character ofthe material : as De � co the material will behave more l ike an 

elastic solid; as De � 0 the material behaves like a viscous fluid (Bird et al . ,  1 987). 
A De = ­
t 

( 1 .20) 
where: A is a characterist ic t ime of the material [s] and is usual ly the largest time 

constant associated with the material; t is the characteristic t ime ofthe process [s] , 

perhaps, the length of time the material is under the sheeter, in this case. 

I n  the case of dough, A is difficult to defme. Us ing the data of Bagley et al. ( 1 988) a 

value of 1 5  s is suggested for A, which gives a De of 1 5  (t � 1 s is a reasonable est imate 

of the characteristic time of  the process). As De is greater than 1 ,  it appears that elastic 

forces will dominate over viscous. However, as De is only a single order of magnitude 

greater than 1 ,  viscous forces will still be important. 

1.6.6. Boundary Conditions 

I n  order to properly defme the system under consideration the boundaries need to be 

described. 
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1 . 6. 6. 1 .  No Slip a t  the Roller Surface 

The no slip boundary condition means that at the rol ler surface, y = h, the dough 

velocity is equal to the roller surface linear velocity, ur. 

at y = h, 

at y = h, 

1 . 6. 6. 2. Line of Symmetry 

As mentioned earlier there is a l ine of symmetry at y = O. This means: 

( 1 .2 1 )  

( 1 .22) 

at y = 0, v = 0 ( 1 .23) 

at y = 0, 
8u = 0 ( 1 .24) ay 

1 . 6. 6. 3. Inlet Condition 

At the point of inlet (xi,hi), there is a free surface, at which the total upward stress is 

equal to zero : 

at x = Xi ' Y = hi ' 

1 . 6. 6. 4. 

cr = -p + 't = 0 Y.Y Y.Y 

Outlet Condition 

( 1 .25 )  

At the point of exit (xe,he), there is also a free surface, at which the total upward stress is 

equal to zero . 

at x = Xe , Y = he ' 

1 . 6. 6. 5. 

cr = -p + 't = 0 Y.Y Y.Y 

Conservation of Mass 

( 1 .26) 

At any value ofx the integral of the horizontal velocity component (u) by y, fromy = 0 

to y = h, is equal to a constant. Assuming that the exit velocity profile is flat, and 

obeying the outlet boundary condition, then the constant is equal to uehe (this also 

assumes that the dough is incompress ible). h 
"ix, uehe = f udy 

o 

1 . 7 .  Model l i ng H istory 

( 1 .27) 

Polymer calendering was first rigorously model led by Gaskell ( 1 950). Gaskell used a 
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simple flu id dynamic model of polymer calendering, which included the lubrication 

approximation (assuming that only one direction, x, is s ignificant). The polymer was 

described using both a Newtonian constitutive equation and a B ingham constitutive 

equation. Middleman ( 1 977) and others have revised and extended this model to power 

law fluids . 

Sheet metal rol ling has been model led us ing descriptions of the frict ion coefficient 

between process material and rol ler surface (Lange, 1 985) . 

Levine & Drew ( 1 989) applied the models of Middleman to dough sheeting. A major 

flaw of these models is that they do not accurately predict the thickness of the dough as 

it leaves the sheet ing system. Attempts were made to explain the discrepancy by 

including corrections aris ing from the compressibility of dough, but an unrealistic 

compressib il ity is required, in the model, to produce realist ic sheeting outcomes 

(Levine, 1 998). 

I t has been proposed that a model that describes the bread dough using a viscoelast ic 

constitutive equat ion may produce real ist ic sheeting o utcomes (Morgenstern, et a\. ,  

2000). Finite element techniques have been used in the past to solve models o f  polymer 

calendering (Mitsoulis, et a\ . , 1985; Kiparissides & Vlachopouplos, 1 976). These 

models had difficulties w ith finding so lut ions for very viscoelastic materials. F inite 

element models are also, often, too computational ly complex to solve in real time, for 

example as modifications are made to a plant during operation. 

1 . 8 .  Su mmary of Literatu re 

Dough sheeting is an operation used in the manufacture of many baked products. The 

main purposes ofthe operation are : shaping, laminating and/or dough development . A 

fundamental model of the process could help both the designer and operator to 

determine the response of the sheeting system to changes in sheeter geometry and also 

to changes in process material. 

A description of the dough properties is required for the model. This is difficult 

because bread dough is v iscoelastic and its properties are highly dependent upon 
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compos it ion, particularly water content, and processing history. Many constitutive 

equations (which describe rheological properties) have been proposed for bread dough. 

Those that are accurate are mathemat ically difficult to apply to complex geometries. 

When model l ing the system, it can be assumed that the sheet ing process is two­

dimensional, symmetrical, at steady state and isothermal. Assumptions can also be 

made about the boundaries of the sheeting system, for example no slip at the sheeter 

roller surface. Those models that have been proposed are not accurate for dough 

sheeting. Possibly this is because they ignore viscoelasticity. Those models which do 

include viscoelast icity are computational ly complex and their solutions may not be 

stable for highly viscoelastic materials. 
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2 .  Experi mental  

2 . 1 .  P i l ot P lant Sheeter 

To validate any model of dough sheeting a set of experimental data needs to be 

gathered. I n  this project experimental data were gathered using a pilot plant-scale 

sheeter located at Crop and Food Research L imited, Lincoln. The sheeter was 

manufactured, for the New Zealand Institute of Crop and Food Research L imited, by 

EFl Engineering, Christchurch NZ. F igure 2. 1 is a photograph of the sheeter. 

Figure 2.1 Pilot Plant Sheeter. The rollers have a radius of 1 35 mm. The dough is travelling from 
the left to the right in this picture. 

2 . 2 .  S heeter Layout 

The major components of the sheeter were: i) rollers, ii) inlet and out let conveyor belts, 

iii) motors, iv) torque meter, v) downwards force meter, vi) exit height meter, vii) roller 
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nip gap meter and viii) the data collect ion computer. These components were laid out 

as i l lustrated in Figure 2.2. 

d irection 
of dough 
travel 

inlet 
belt 

force 
meter 

rol ler 

torque 
meter 

outlet 
belt 

exit 
height 
meter 

Figure 2.2 Sheeter Layout (Not to Scale). indicating relative positioning of components. 

2 . 3 .  Com ponent Deta i ls 

2.3. 1. Rollers 

Three different rollers, with radii of 0. 1 3 5  m, 0.075 m and 0 .025 m, were available for 

the sheeter (Figure 2 .3) .  The rollers were made of stainless steel (304 SS) and 

machined by the sheeter manufacturer to a surface equivalent to Brushed F in ish #4. A 

computer control ler controlled the set the rol ler speed and it was found that, over a 

range of2 to 22 rpm, the roller speed was accurate to 0.25 %. 
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Figure 2.3 Rollers (135 mm and 25 mm radius). 

2.3.2. Conveyor Belts 

The inlet and outlet conveyor belt speeds were controlled by a computer and the belts 

were driven independently of the rollers by Crompton Greaves (Mumbai, India), 0 .37 

kW, 3 phase motors. The belt speeds were set as a fraction of the roller speed. I t  was 

found that the belt speeds were accurate to approximately 1 5%. 

2.3.3. Motors 

The rollers were driven by a Baldor, 7 . 5  kW, 3 phase, vector-drive motor (BaIdor 

Electric Company, US) . 

2.3.4. Torque Load Cell 

A Precision Transducers (Auckland, New Zealand), ASB 125 kg, load cell was used to 

measure the torque, T, on the gearbox (coloured blue on Figure 2. 1 )  attached to the shaft 

that turned the lower rol ler. The details of the load cell cal ibrat ion can be found in 

Appendix A. The average torque calibration error was ± 0. 8 N m. 

2.3.5. Downward Force Load Cell 

The downward force load cell measures the total force exerted downwards (F) on  the 

lower roller, as the dough is passed through the sheeter. A Precision Transducers, 

Model LPX, 1 000 kg, load cell was used and was calibrated (Appendix A). Although in 

practice forces of 4000-5000 N are observed in sheeting, only weights equivalent to 

1 500 N were used in the cal ibrat ions. It was assumed that the load cell remained linear 

beyond this range and into the sheeting range. The average cal ibration error was ± 4 N. 
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2.3.6. Exit Height Meter 

The thickness of the sheet, as it left the sheeter, was measured with a wheel attached to 

a rotary encoder. When the dough passed under the wheel the angle, U, was measured 

by the rotary encoder and a d igital output (proportional to the exit height ofthe dough, 

he) was sent to the data collection computer. The wheel was mounted 8 1 0  mm from the 

nip gap. The average calibration error was ± 0.2 mm (Appendix A) . 

2.3. 7. Roller Nip Gap Meter 

The nip gap was measured with a modified set of digital call ipers. This measurement 

was found to be accurate to 0.09%. 

2.3.8. Inlet Height 

The inlet height of the dough was measured and averaged over five po ints with a set of 

digital call ipers. 

2.3. 9. Computer Controller 

The computer controller logged: the time, sheet ing condit ions (roller speed, nip gap) 

and sheeting outcomes (force, torque and exit thickness). The computer logged data at a 

rate proportional to the speed of the rol ler. Approximately 50 data points are gathered 

per revolution ofthe roller. 

The time logged by an earl ier version of the program was found to be h ighly inaccurate 

due to time "lost" while po ll ing digital interfaces. I t  was found that the program used, 

with improved digital interfaces, was accurate to about 1 % over a period of a minute at 

several speeds. 

2 .4 .  Data Analys is 

The data collected during sheeting was analysed using Microsoft Excel 9 .0 .38 1 (2000) . 

A graph was produced for each run displaying the torque, force and exit thickness as a 

function of t ime. The data on this graph extended from before the dough reached the 

rollers, until after the dough has left the rollers. A selection was made of the data to 

give a data set "while dough was sheeted". As the selected data covered the time while 
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a large quantity of dough was sheeted, the data could be averaged to give estimates of 

steady state values . F igure 2.4 shows the output for an example sheeting run. 

The conditions and outcomes for the example run were: 

Sheeting Conditions 

1 35 mm Nip Gap :  3.6 mm 
E ic: short mix* Inlet Hei ht : 74 mm 

Maximum Torque: 1 57 N m 
Average Torque: 95 N m 

Average Exit Height : 16.34 mm 

Sheeting Outcomes 

Maximum Force: 3087 N 
Average Force: 2225 N 

Table 2. 1 Summary of Sheeter Output Example ( '" see Section 2.6.3.2) 

1 80 

E 1 60 E 
u) 1 40 I/) Cl> c 1 20 � 
.� .s::. 1 00 .... ... 0 80 

E 
z 60 Cl> ::l 40 2' 0 .... 20 

0 
0 5 1 0  1 5  20 25 

Time, s 

3500 

3000 

2500 

2000 z� Cl> (.) L-
1 500 (l, 
1000 

500 

0 
30 

Figure 2.4 Example of Sheeter Output. The dark-hued points are the points selected for analysis. 
Red squares are the downward force, N; blue diamonds are the torque, N m; and green triangles 
are the exit thickness, mm. 

2 .5 .  S ign ificant Geometric Factors 

2.5. 1. A im 

A factorial experiment was conducted to determine which ofthe sheeting system's 

geometric properties had a s ignificant effect on the measured sheeting outcomes (force, 

torque and exit height). The conclusions from this were used to guide a more complete 

investigat ion of the s ignificant factors. 

27 



2.5.2. Method 

The seven factors examined were: nip gap, roller diameter, reduction ratio, dough type, 

rol ler speed, and inlet and outlet conveyor belt speeds. The reduction ratio is the ratio 

of the inlet thickness of the dough to the nip gap. The levels used for each are given in 

Table 2.2 .  The experiment used a fractional factorial 27-3 design (Montgomery, 1 997) . 

There were s ixteen experimental runs, each duplicated, in a semi-random order (the 

roller diameter factor was not randomised due to the t ime required to switch between 

rol lers). Table 2 .3 ,  indicates the levels ofthe factors for each experimental run. 

Factor - + 
N ip Gap [mm] 3 6 

Roller Diameter [mm] 1 50 270 
Reduction Ratio - 5 1 0  

Dough Type - I 1 1  
Rol ler Speed [rpm] 6 1 2  

Inlet Conveyor Speed * 50% 70% 
Outlet Conveyor Speed * 80% 1 00% 

* as a % of the surface roller speed. 

Table 2.2 Levels for Significance Experiment 

� 0 tn 0 0 
� 0 - � - c ;>< '"0 2.. (i) c 0 2- :::.. '"0 Z (i) (i) (i) .... 0.. (JQ - ....... ...... :1 .  8' '"0 ::r 3 C/J C/J .... 0 ;;0 ...., C/J 3 3 .... CJ '"0 '"0 '"0 (i) P:l '< (i) (i) (i) (i) (i) 0.. P:l ...... '"0 ...... (i) (i) (i) :l 0.. 0l o ·  (i) ...... '"0 (i) .... 0.. 0.. 0.. 

1 5 - 1 - 1 - 1 + 1 - 1 - 1 - 1 

2 1 + 1 - 1 - 1 + 1 + 1 - 1 + 1 
3 6 - 1 + 1 - 1 + 1 + 1 + 1 - 1 
4 2 + 1 + 1 - 1 + 1 - 1 + 1  + 1 
5 4 - 1 - 1 + 1 + 1 + 1 + 1 + 1 
6 7 + 1 - 1 + 1 + 1 - 1 + 1 - 1 
7 3 - 1 + 1 + 1 + 1 - 1 - 1 + 1 
8 8 + 1 + 1 + 1 + 1 + 1 - 1 - 1 
9 1 3  - 1 - 1 - 1 - 1 - 1 + 1 + 1 
1 0  1 1  + 1 - 1 - 1 - 1 + 1  + 1  - 1 
1 1  1 4  - 1 + 1 - 1 - 1 + 1  - 1 + 1 
1 2  1 2  + 1 + 1 - 1 - 1 - 1 - 1 - 1 

1 3  9 - 1 - 1 + 1 - 1 + 1 - 1 - 1 
1 4  1 5  + 1 - 1 + 1 - 1 - 1 - 1 + 1 
1 5  1 0  - 1 + 1 + 1 - 1 - 1 + 1  - 1 
1 6  1 6  + 1 + 1 + 1 - 1 + 1 + 1 + 1 

Table 2.3 Order of experimental runs for Significance Experiment 
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2.5.3. Dough Recipe 

The two types of dough used, type I and type I I ,  had very different properties. Type I 

was viscoelastic and was similar to a production dough, although for ease of use it 

contained neither yeast nor fat .  Type I I  dough was less elastic and behaved more l ike 

the ideal ised doughs used in developing some models (Levine and Drew, 1 989). The 

recipes for the doughs are shown in Table 2.4 . 

Type I dough was mixed at a speed of300 rpm in an ECS 35 mixer (manufactured by 

ECS Engineering, Christchurch, New Zealand) for 1 50 s. Type I I  dough was mixed for 

90 s at speed 3 in a Hobart mixer (manufactured by the Hobart Manufacturing Co.  Ltd). 

Both doughs were formed to a uniform thickness of 1 5  mm, by gently sheeting at a low 

reduction ratio, in a consistent manner before the sheeting experiments were begun. See 

Section 2 .6 .4 for details of the sheeting procedure (noting that in these preliminary 

experiments the complete mixed dough was sheeted, it was not divided into two 

batches). 

Epic Flour* 
Iced Water at � 2 DC 

Salt 

6 .000 kg 
3 . 1 20 kg 
0. 1 08 kg 

Epic Flour 
Hot Water at � 92 DC 

Salt 
Oil 

Cream of Tartar 

1 . 840 kg 
2.600 kg 
1 . 520 kg 
0 .052 kg 
0.040 kg 

Table 2.4 Dough Recipes for Significance Experiment. "" Manufactured by Champion Flour MiUs, 
Christchurch, New Zealand. 

2.5.4. Results 

The averages of the duplicate responses in each experiment are presented in Table 2 . 5 .  

Table 2 . 6  to  Table 2 . 8  are summaries ofthe analyses of  the response var iables, i n  the 

form of regression equat ions, made up of the most significant factors. The regression 

equations take the form of 

(2. 1 )  

where �D is the average response, �i is the coefficient for factor i, and Xi is a coded 

variable that is equal to -1 when the factor is at its low value and + 1 when at its high 

value . 
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A factor was considered "significant" if it accounted for 5% or more of the observed 

variation in the response. 

Experiment Torque [N m] Force [N] Exit Thickness 
[mm] 

1 39. 1 9  2805 7 .40 
2 34. 5 1  2382 1 1 . 84 
3 57.49 40 1 8  9.67 
4 6 1 . 80 3509 14.44 
5 23 .52 1 802 5 . 3 1 
6 1 7 . 74 775 7 .98 
7 20. 1 5  1 279 4 .49 
8 22.73 9 1 1 8 .97 
9 30. 5 1 2649 6. 1 6  
1 0  25 .50 2 1 84 9. 59 
1 1  38.24 3466 7 .26 
1 2  1 6 .56 1 372 9.05 
1 3  1 0.97 1 089 4 .78 
1 4  7.33 483 6. 1 0  
1 5  6 .74 652 3 .22 
1 6  4.62 24 1 6.3 1 

Table 2.5 Responses for Significance Experiment 

Exit Thickness 

Exit Thickness [mm] = 7 .66 + 1 .62[XNiPGap ]- 1 .77[XDOUghType ] (2.2) 

+ 1 . 1  o[ X Ra/iDiameter ] 
Factor Variation Accounted For 

Nip Gap 34 % 
Dough Type 40 % 

Roll Diameter 1 6  % ��--�----------------90 % (RL = 0. 89) 
Table 2.6 E xit  Thickness Response Equation 

Force on the Roller 

Force [N] = 1 8 5 1 - 369[xNipGap ]- 947 [xDoughTyp. ]+ 334[xRo/iDiameter ] 
Factor Variation Accounted For 

Nip Gap 1 0  % 
Dough Type 68 % 

Roll Diameter 8 % ��--�----------------86 % (RL = 0. 87) 
Table 2.7 Force on the Roller Response Equation 

(2.3) 
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Torque 

Torque [N m] = 26. 1 0  - 1 1 .88[xDoughTYP. ] +  8. 54 [XRolLDiameter ] 
Factor Variation Accounted For 

Dough Type 52 % 
Roll Diameter 27 % �----�------------------

79 % (R.! = 0.82) 

Table 2.8 Torque Response Equation 

(2.4) 

An alternative to looking at the response of the exit thickness is to look at the response 

of the deformation ratio .  The deformat ion ratio is given by: 

Deformation Ratio = Inlet Thickness / Exit Thickness (2.5) 

If the deformation ratio is equal to 1 ,  then the inlet and exit thicknesses of the dough are 

identical. This might occur for very elastic dough, which springs back into its original 

shape after passing between the rol lers. At the other extreme, if the deformation ratio is 

equal to the reduction ratio, then the dough is inelastic and does not spring back after 

leaving the rollers. (Although in many models of the sheeting process this does not 

occur even for a completely inelast ic Newtonian fluid. This is because of the way the 

exit condit ion is determined, see Section 1 . 6 .6 .4 or Middleman, 1 977). 

Defo rmation Ratio 

Deformation Ratio [mm] = 4.67 + 1 .  52[XRedct/tiOnRaIiJ 

+ 1 .20[xDoughType ]- 0.53[XRoIlDiameter ] 

- 0 .63[XRollerspeed ] + 0. 58[XNipGap IXRollerspeed ] 

Factor Variation Accounted For 
Reduction Ratio 43 % 

Dough Type 27 % 
Roll Diameter 5 % 
Roller Speed 7 % 

Nip Gap . Roller Speed 6 % �----�--------------------
88 % (R.! 

= 0. 87) 

Table 2.9 Deformation Ratio Response Equation 

2.5.5. Discussion 

(2.6) 

For the response variables exit th ickness, force on the roller and torque, the most 

influent ial parameter is the dough type. This means that the properties of the dough 

play a larger part in determining the behaviour of the material during sheeting than any 
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of the geometric factors. As expected the less elastic dough (type 1 1) ,  had a higher 

deformation ratio than the more elast ic (type I )  dough; the less elastic a dough the more 

it is deformed by the sheet ing process. The type 1 1  dough also resulted in less force on 

the roller and less torque. 

The roller d iameter was also important for all responses, although not of equal 

importance for each. The results indicate that increasing roll diameter results in an 

increase of exit thickness, force, and torque. This suggests that large rollers are in some 

ways not as efficient as small rollers. However, it was noticed that with a small roller 

the dough was more likely to tear or have surface deformit ies. This type of response 

was not measured in these experiments, but is very important in a practical application 

of sheeting. 

I ncreasing the nip gap decreased the downward force and, obviously, increased the exit 

thickness. The nip gap was not particularly important for the torque and deformation 

ratio responses. 

The deformation ratio increased as the reduction ratio increased, as expected. The 

reduction ratio can be thought of as a measure of the target change in the sheet 

thickness. S imilarly the deformation ratio represents the actual change in sheet 

thickness. The deformat ion ratio decreased as the rol ler speed increased. This is also 

expected as it is well known (Bird et ai. ,  1 987) that many materials exhibit a larger 

elastic recoil when rapidly deformed than when slowly deformed. I n  this case as the 

roller speed increased, the t ime during which the dough was held between the rollers 

decreased and therefore the more rapidly the dough was deformed. 

This experiment also demonstrated that the two conveyor belt speeds, inlet and outlet, 

were not of significance. This means that the conveyor belts could be ignored in a 

sheeting model and in subsequent experiments. 

2.5.6. Summary of Factorial Experiment 

This factorial experiment was conducted to determine which of the studied factors were 

most important to the sheeting system responses exit thickness, roller force and torque. 
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I t  was found that the dough type and the two geometric parameters nip gap and roller 

diameter were the most important, accounting for up to 90% ofthe observed variabil ity. 

The factors reduction ratio and roller speed were also important for the response 

deformation ratio, which is derived from the exit thickness. 

A dough sheeting model and further experiments had, therefore, to include the factors: 

dough properties, rol ler diameter, nip gap, reduction ratio and rol ler speed. The belt 

speeds could be ignored for the responses studied. 

2 . 6 .  Val idation Data Experiment 

2.6. 1. A im 

A set of data encompassing a wide range ofsheet ing conditions was required to validate 

a model of the sheeting process. 

2.6.2. Method 

On the basis of the preliminary experiment described in Section 2.5 the factors 

considered in this experiment were: 

Factor 
Dough Recipe 

Roller Radius 
Nip Gap 

Roller Speed 
Reduction Ratio 

[mm] 
[mm] 
[rpm] 

Table 2. 1 0  Factors for Validation Experiment 

Ran e of Valu es 
Epic: short mix, Epic: long mix, and 
Halo. 
1 35 , 75, 25 . 

1 . 5 , 2, 2 .8, 3 .6 .  

6 ,  1 1 , 1 9, 35 . 

2, 3, 4, 5, 6, 7, 8, 9, 1 0. 

The experiments were conducted in as random a manner as possible over a period of 

several months. The major difficulty, prevent ing a fully random design, was the rollers; 

owing to the length of t ime required it was not practical to change the rollers between 

each experimental run. In order to minimise variabil ity due to the long period of 

experimentation the flour used for all experiments was from the same batch, and the 

flour was keep in a dark refrigerated room. The flour was brought to room temperature 

before mixing. 
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2.6.3. Dough Recipe 

Bread dough usually is composed of flour, water, salt, sugar, fats, yeast and other 

ingredients. Such a dough is d ifficult to characterise and is very complex rheologically, 

particularly as the fermentation of the yeast causes the properties to change over t ime. 

For the purposes ofthis study a bread dough made only from flour, water and salt was 

used. This much more stable material al lowed the behaviour of the sheeter to be studied 

with a dough-like material. 

2. 6. 3. 1 .  Flour Composition 

The flours used in these experiments were Epic Bakers Flour and Halo Flour, both 

milled by Champion Flour Mills. The flours were tested using a 1 25 g MDD dough 

developer (French and Fish, 1 95 1 )  to determine the optimum amount of water to add 

(built by Crop and Food Research, Ltd). The optimum dough is one that will produce a 

large volume loafwith good texture and quality scores. The optimum dough is also 

dependent upon processing condit ions; too much water and the dough will be too sticky 

to process well, too little water and the dough is too elastic. The optimum water 

addition for the Epic flour was 63%, and for the Halo: 54.5 %. Other flour properties 

are shown in Table 2 . 1 1 : 

Moisture Content 
Protein Content* 

Optimum Water for development 
Optimum Work Input 

Epic Flou r  
13 .9  % 
1 1 . 1  % 
63 % 

1 0. 5  W h kg-1 

Halo Flour 
14 .3 % 
8 .6 % 
54. 5 % 

6. 1 W h kg-1 

Table 2.1 1 Flour Properties (% given are as a mass of flour basis). it Protein Content was 
measured with a 1 4% moisture basis. 

2. 6. 3. 2. Epic Dough 

Initially a dough with a composit ion (given in Table 2 . 1 2) based on the MDD 

measurements was mixed in an ECS35 dough. The percentages of the non-flour 

components are on a flour basis (Table 2 . 1 2) .  

Table 2. 1 2  Initial E pic Recipe 

Water at 5 DC 63 % 
Salt 2 % 

In Figure 2 . 5  is a picture of dough in the ECS 35  mixer. About 1 5  kg of dough was 

made in each batch. 
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Figure 2.5 Picture of ECS 35 mixer. Arrow indicates direction of blade motion. 

The dough with a 63 % water content, determined to be optimum based upon the flour 

composit ion, was too unwieldy to sheet in the very wide range of conditions that were 

needed for these experiments. The dough was too sticky to sheet at high reduction 

rat ios . Thus a drier recipe was used, the composition of which is shown in Table 2 . 1 3 .  

Water at 5 QC 54.5 % 
Salt 2 % 

Table 2. 1 3  Second Epic Dougb Recipe 

The optimum sheeting time to reach dough development was then determined by 

examin ing the mixing curve of an over-developed dough, prepared in the ECS 35 mixer. 

On a mixing curve the "consistency" ofthe dough (which is proportional to the 

viscoisty) increases until a plateau is reached. On the plateau the dough is fully 

developed. If the dough is over-worked the consistency wil l reduce again. The point at 

which the mixing curve reaches the plateau is the optimum t ime for mixing and for this 

dough it was determined to be 1 3 5  s, with a work input of 1 6  W h kg-I . This is d ifferent 

from the optimum work indicated by the 1 25 g MDD mixer, a result typical of the 

d ifficult ies in scal ing dough processing conditions. This dough is referred to later as 

Epic: short mix. Some experiments were also conducted with the same recipe mixed to 

1 50 s, corresponding to a work input of 1 7  W h kg -I, which is referred to as Epic: long 

mix. Together, the two dough types could be used to demonstrate the sensit ivity of 

responses to a small change in processing conditions upstream ofthe sheet ing operation. 

The final Epic recipe is shown in Table 2 . 14 .  
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Flour 9 kg 
Water at 5 QC 4.905 kg 

Salt 0. 1 80 kg 
1 4.085 kg mixed 1 35 s ( 1 6  W h kg-I ) or 

1 50 s ( 1 7  W h kg-I ) .  

Table 2 . 14  Final Epic Dough Recipe 

2. 6. 3. 3. Halo Dough 

The recipe used for the Halo dough is shown in Table 2. 1 5 . 

Flour 9 kg 
Water at 5 QC 4.905 kg 

Salt 0. 1 80 kg 

Table 2. 1 5  Halo Dough Recipe 

14 .085 kg mixed 95 s (9. 5  W h kg-i ) .  

I t was found that the optimum mixing time was 95 s, with a work input of9.5 W h kg-I . 

2.6.4. Sheeting Procedure 

After the dough was mixed it was allowed to rest for about 1 0  minutes, before the 

dough mass was cut in half  and sheeting began on the fust half. Prior to each sheeting 

pass the weight, width and height ofthe dough were recorded. During a sheeting pass 

the torque, downward force, exit thickness and nip gap he ight were recorded by the 

computer as described above. The piece of dough was sheeted 1 0  times, which took 

about half an hour, before being discarded. The second half of the dough was then 

sheeted in the same manner. Between each sheeting run the dough was transferred to 

the inlet s ide of the sheeter by reversing the roller direction and conveyor belt, and 

increasing the nip gap to be much greater than the thickness of the sheet. Once on the 

inlet side of the sheeter the dough was cut and layered to (approximately) produce the 

des ired inlet thickness for the next sheeting run. 

The fol lowing graph (F igure 2 .6) shows the response deformation ratio vs the time since 

the dough was mixed. For this example the reduction ratio was 9, the dough used was 

Epic: short mix, the nip gap was 2 mm, and the roller speed was 6 rpm. This 

demonstrates that the deformation ratio was constant at around 5 .  Therefore the time 

for which the dough had been standing had little effect on the measured response of the 

sheeting system. Thus it is val id to compare the flfSt half of a dough mixture, sheeted 

from 1 0  min after sheeting, to the second half ofthe dough mixture, sheeted from 

approximately 40 min. 
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Figure 2.6 Deformation Ratio vs Time Since Mixing 
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The next graph (F igure 2 .7) shows the deformation ratio as a function of sheeting passes 

(again the reduction ratio was 9, the dough Epic: short mix, the nip gap 2 mm, and the 

roller speed 6 rpm) . 
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Figure 2.7 Deformation Ratio vs Pass Number 

In F igure 2 .7 ,  after the fIrst sheeting pass, where the deformation ratio is about 5, the 

deformation ratio is constant at around 4. This means that the sheeting procedure, 
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which assumes the dough is identical for 1 0  sheeting passes, is val id - ifthe first data 

point is ignored. I n  the subsequent analysis the data point collected for the first sheeting 

pass was ignored and only the data from passes 2 to 1 0  were used. 

2.6.5. Results and Discussion 

Representative data from the sheeting runs have been plotted in the figures below. I n  

these figures the reduction ratio (the ratio of  inlet height to nip gap) i s  the independent 

variable, plotted on the x-axis. The reason for this is that the attainment of a particular 

reduction in dough thickness is the main reason for using a sheeter. 

2. 6. 5. 1 .  Effect of Nip Gap 

2.6.5. 1 .1. Deformati o n  Ratio 
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Figure 2.8 Deformation Ratio, Effect of nip gap: Blue diamonds are a 2 mm nip gap, red squares 
are a 2.8 mm nip gap and green triangles are for a 3.6 mm nip gap. Other conditions are: Epic 
short mix dough; 135 mm radius rollers; 1 9  rpm roller speed. 

1 0  

I t  was found that as the nip gap increased, the deformation ratio also increased. That is, 

the dough became more deformed. This does not mean that a piece of dough 20 mm 

thick, for example, will be more deformed by a 5 mm nip gap than a 2 mm gap. I nstead 

this observation suggests that a piece of dough 10  times bigger, for example, than the 

nip gap w il l  be deformed more (relative to its init ial height) as the nip gap increases in 

s ize, if the initial height ofthe dough is also increased proportionally to the increase in 
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mp gap (that is, if the reduction rat io is held constant). This effect was independent of 

the dough mixture and the roller rad ius. However, as can be seen in F igure 2 .8, it is 

d ifficult to separate the results for a 2 . 8  mm nip gap from the results for a 3.6 mm gap. 

It is also d ifficult to separate the variation due to nip gap at low reduction ratios. 

F inal ly, at lower roller speeds these effects were less pronounced. F igure 2.9 

demonstrates the observed effect of variation in nip gap upon the deformation ratio at a 

low roller speed (6 rpm). 
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Figure 2.9 Deformation Ratio, Effect of nip gap: Blue diamonds are a 2 mm nip gap, red squares 
are a 2.8 mm nip gap and green triangles are for a 3.6 mm nip gap. Other conditions are: Epic 
short mix dough; 1 35 mm radius rollers; 6 rpm roller speed. 

2 . 6 . 5 . 1 . 2 .  Exit Ratio 

• 

10 

The exit ratio is the exit height divided by the nip gap, whereas the deformation rat io is 

the inlet height divided by the exit height. Some authors prefer to plot the exit ratio as a 

function of reduction ratio, instead of deformation ratio .  F igure 2 . 1 0  demonstrates exit 

ratio for the same case as F igure 2 .8 .  The relationship between deformation ratio and 

reduction ratio is close to being l inear, while the relat ionship between exit ratio and 

reduction ratio is logarithmic. For this reason, the deformation ratio may be more 

convenient to work with than the exit ratio. 
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Figure 2.10 Exit Ratio, Effect of nip gap: Blue diamonds are a 2 mm nip gap, red squares are a 2.8 
mm nip gap and green triangles are for a 3.6 mm nip gap. Other conditions are: Epic short mix 
dough; 135 mm radius rollers; 19 rpm roller speed. 

The exit ratio is the exit height divided by the nip gap, whereas the deformation rat io is 

the inlet height divided by the exit height. Some authors prefer to plot the exit ratio as a 

function of reduction ratio, instead of deformation ratio .  F igure 2 . 1 0  demonstrates exit 

ratio for the same case as F igure 2 .8 .  The relat ionship between deformation ratio and 

reduction ratio is close to being linear, while the relat ionship between exit rat io and 

reduction ratio is logarithmic. For this reason, the deformation ratio may be more 

convenient to work with than the exit ratio . 

2 . 6 . 5 . 1 . 3 .  Fo rce on the Rol ler  

The force exerted on the roller, for various nip gaps is  given in F igure 2. 1 1 . I t  is hard to 

determine what the effect of nip gap is on the downward force. It appears that at low 

reduction ratios (3 to 5)  as nip gap increases the force on the rollers decreases. 
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Figure 2. 1 1  Force upon the roller, N m-I (per Width of roller), Effect of nip gap:  Blue diamonds are 

a 2 mm nip gap, red squares are a 2.8 mm nip gap and green triangles are for a 3.6 mm nip gap. 
Other conditions are: Epic short mix dough; 135 mm radius rollers; 19 rpm roller speed. 

2 . 6 . 5 . 1 .4.  To rque 

As for the downward force (Figure 2. 1 1 ), F igure 2 . 1 2  shows that there is no clear 

Figure 2 . 12  Torque, N m m-I (per Width of roller), Effect of nip gap: Blue diamonds are a 2 mm 

nip gap, red squares are a 2.8 mm nip gap and green triangles are for a 3.6 mm nip gap. Other 

conditions are: Epic short mix dough; 135 mm radius rollers; 19 rpm roller speed. 
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The behaviour in F igure 2. 1 2  is consistent with the preliminary experiments, where only 

dough type and roller diameter had a significant influence upon the torque measured. 

2. 6. 5. 2. Effect of Roller Speed 

2.6.5.2.1. Deformatio n Ratio 
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Figure 2.13 Deformation Ratio, Effect of Roller Speed: Blue d iamonds are for a roller speed of 1 9  
rpm, red squares for 1 1  rpm and green triangles for 6 rpm. Otber conditions are: Epic sbort mix 
dougb; 135 mm radius rollers; 2mm nip gap. 

10 

As the roller speed increases, the deformation ratio decreases (Figure 2. 1 3) .  That is, the 

shorter the sheeting time, the less the dough is permanently deformed. This seems 

intuitive and is consistent with the results of the preliminary experiment. 
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2.6.5.2.2. Exit Rat io 
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Figure 2.1 4 Exit Ratio, Effect of  Roller Speed: Blue diamonds are for a roller speed of  1 9  rpm, red 
squares for 1 1  rpm and green triangles for 6 rpm. Other conditions are: Epic short mix dough; 135 
mm radius rollers; 2mm nip gap. 

The exit ratio, like the deformation ratio, demonstrates that the shorter the t ime the 

dough is under the sheeter, then the less it is deformed. That is the higher speed ( 1 9 

rpm) case has a greater exit ratio than the low speed (6 rpm) case. 

2.6.5.2.3. Force on the Roller 

Figure 2 . 1 5  shows that the roller speed does not seem to strongly influence the force 

measured. This is consistent with the earl ier preliminary experiments, where only nip 

gap, rol ler diameter and dough type were significant factors for determining the force 

upon the roller. 
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Figure 2.15 Force upon the roller, N m-l (per Width of roller), E ffect of Roller Speed: Blue 
diamonds are for a roller speed of 19 rpm, red squares for 1 1  rpm and green triangles for 6 rpm. 
Other conditions are: Epic short mix dough; 1 35 mm radius rollers; 2mm nip gap. 

2.6.5.2.4. Torque 

500 .. 6 rpm I 
450 

- 1 9  rpm • 1 1  rpm III • 
� , • E 400 • • 
E 350 • • .. .. Z • .. • • • .. 

.r:. 300 .. • .. .. • - • .. '0 .. • 
§ 250 • • • '- .. .. 8. 200 .. • • • Cl) 1 50 

• ::l •• • er .. '- • • • 0 1 00 .. .. • l- ••• 
50 .. 

0 
2 3 4 5 6 7 8 9 

Reduction Ratio 

1 0  

Figure 2.16 Torque, N m m-l (per Width of roller), Effect of Roller Speed: Blue diamonds are for a 
roller speed of 1 9  rpm, red squares for 1 1  rpm and green triangles for 6 rpm. Other conditions 
are: Epic short mix dough; 1 35 mm radius rollers; 2mm nip gap. 
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At small reduction ratios it appears that a slower rol ler speed results in a greater torque 

(F igure 2 . 1 6) .  No trend is c lear at high reduction ratios. There is a lot of scatter in the 

torque results. 

2. 6. 5. 3. Effect of Roller Diameter 

2.6.5.3. 1 .  Deformation Ratio 
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Figure 2 . 17  Deformation Ratio, E ffect o f  Roller Diameter: Blue diamonds are for a roller diameter 
of 1 35 mm, red squares for 75 mm. Other conditions are: Epic short mix dough; 19 rpm roller 
speed; 2mm nip gap. 

It was found that for the same nip gap, dough type and roller speed [rpm] the smaller 

roller results in a higher deformation ratio (F igure 2 . 1 7). 

The surface speed of the roller [m. s·l ] can be calculated by: 

2JrRN 
u = --r 60 

(2.7) 

(where : R is the roller radius [m] and N is the rol ler speed [rpmD and the dimens ionless 

geometry ratio, c, is defmed (where 8 is the nip gap [mD as: 

(2.8) 

It was found that if the sheeting system is scaled to preserve both the roller's surface 

speed and the geometry ratio, E, then the response ofthe deformation ratio also scales. 
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This is i l lustrated in Figure 2 . 1 8 . Such a scal ing relationship would be useful in scal ing 

between production and laboratory scale systems. 
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Figure 2 . 18  Deformation Ratio, Effect of Roller Diameter (Constant geometry ratio and surface 
speed): Blue diamonds are for a roller diameter of 135 mm, red squares for 75 mm. Other 
conditions are : Epic short mix dough; surface roller speed 0. 15 m S-I ; geometry ratio 0. 16. 

2.6.5.3.2. Exit Ratio 

2.4 - 1 35 mm . 75 mm 

2.2 

2 0 :0:; 
� 1 .8 0::: • ... , • • 
'x 1 .6 • W • • 

1 .4 • 

1 .2 

2 3 4 

• • • 

5 6 

• 
• 

Reduction Ratio 

• 

• 
• 

• • 
• 

• 
• 

• • 

7 8 9 

1 0  

1 0  

Figure 2 . 1 9  E xit  Ratio, E ffect o f  Roller Diameter (Constant geometry ratio and surface speed): B lue 
diamonds are for a roller diameter of 135 mm, red squares for 75 mm. Other conditions are: Epic 
short mix dough; surface roller speed 0. 1 5  m S-I ; geometry ratio 0. 1 6. 
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The exit ratio scales in the same manner as the deformation ratio .  This is shown in 

Figure 2 . 1 9. 

2.6.5.3.3. Force o n  the Rol ler 
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Figure 2.20 Force upon the roller, N m-I (per Width of roller), Effect of Roller Diameter: Blue 
diamonds are for a roller diameter of 1 35 mm, red squares for 75 mm. Other conditions are: Epic 
short mix dough; 1 9  rpm roller speed; 2 mm nip gap . 
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Figure 2.2 1 Force upon the roller, N m-I (per Width of roller), Effect of Roller Diameter (Constant 
geometry ratio and surface speed):  Blue diamonds are for a roller diameter of 1 35 mm, red squares 
for 75 mm. Other conditions are: Epic short mix dough; surface roller speed 0. 1 5  m S-I ; geometry 
ratio 0. 1 6. 
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At low reduction ratios the rol ler diameter does not effect the force upon the rollers 

(F igure 2.20). At high reduction ratios it appears that an increase in roller d iameter 

results in an increase in the force upon the roller. As with the deformation ratio, the 

force on the roller appears to scale with the surface roller speed and the geometry ratio .  

This is illustrated in Figure 2 .2 1 .  

2 . 6. 5 . 3.4.  Torq ue 
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Figure 2.22 Torque, N m m-I ( per Width of roller), Effect of Roller Diameter: Blue diamonds are 
for a roller diameter of 135 mm, red squares for 75 mm. Other conditions are: Epic short mix 
dough; 1 9  rpm roller speed; 2 mm nip gap. 

The smaller the roller diameter, the smaller the torque that is measured. This is 

consistent with the preliminary experiments . This relationship does not scale l ike the 

deformation ratio. 

2. 6. 5. 4. Effect of Dough Properties 

2.6.5.4.1. Deformation Rati o 

In Figure 2.23 it can be seen that the less e lastic dough made from Halo dough 

deformed more, which is expected. The Epic: short mix and Epic: long mix dough 

cannot be eas ily d istinguished. 

1 0  
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Figure 2.23 Deformation Ratio, EtTect of Dough Type: Blue diamonds are for Epic: Short Mix, red 

squares for Epic: Long Mix, and green triangles for Halo dough. Other conditions are :  19 rpm 

roller speed; 2mm nip gap; and 75 mm roller diameter. 

2 . 6 . 5 . 4 . 2 .  Exit Ratio 
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Figure 2.24 Exit Ratio, E ffect of Dough Type: Blue diamonds are for Epic : Short Mix, red squares 

for Epic: Long Mix, and green triangles for Halo dough. Other conditions are: 19 rpm roller 

speed; 2mm nip gap; and 75 mm roller diameter. 
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F igure 2 .24 demonstrates that the exit ratio is consistent with the deformat ion ratio, that 

is the less elast ic Halo dough has a smaller exit ratio than the two epic doughs, which 

are quite similar to each other. 

2.6.5.4.3. Fo rce on the Roller 
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Figure 2.25 Force upon the roller, N m-I (per Width of roller), Effect of Dough Type: Blue 
diamonds are for Epic: Short Mix, red squares for E pic: Long Mix, and green triangles for Halo 
dough. Other conditions are: 19 rpm roller speed; 2mm nip gap; and 75 mm roller diameter, 

1 0  

There is not much difference for the measured force upon the roller, at low reduction 

ratios, between the different dough types .  At higher reduction ratios, the Halo dough 

exerts the least force upon the roller during sheeting. This is consistent with the earlier 

experiments. 

2.6.5.4.4. Torq ue 

There is no clear relationship between the dough properties and the observed torque, as 

shown in Figure 2 .26. This is inconsistent with the preliminary experiment where 

dough type was an important factor in determin ing the torque. This is, perhaps, 

indicat ive of the difficulties in measuring the torque. It appears that the Epic: short mix 

dough may result in a smaller torque measurement, although it is not clear why this 

should be. 

50 



500 I • Epic : Short Mix • Halo I 
450 

• Epic : Long Mix 

'7 
E 400 

E 
350 Z .r: 300 -'C � 250 

L- • 
Cl) 200 c.. • 
Cl) 1 50 • • •• • • ::J • • c- • • • • • • L- w/> • • • • 0 1 00 • \ • • •• • • • • � • • • • • 

50 • • • • • • 
0 

2 3 4 5 6 7 8 9 

Reduction Ratio 

Figure 2 .26 Torque, N m m-I (per Width of roller), Effect of Dough Type: Blue diamonds are for 
Epic: Short Mix, red squares for Epic : Long Mix, and green triangles for Halo dough. Other 
conditions are: 19 rpm roller speed; 2mm nip gap; and 75 mm roller diameter. 

2.6.6. Summary 

The val idation data experiment indicates some ofthe behaviours that ought to be 

represented in a model of a sheeting system. These include: • an increase in the relat ive deformation of the sheet with increasing nip gap. 

1 0  

• a decrease in deformat ion with increasing rol ler speed and with increasing roller 

diameter. • a similar deformation for sheet ing systems built to the same geometry ratio 

operating at the same roller surface speed. 

• an increase in force and torque on the rollers when roller d iameter increases. 

• less elastic doughs are more eas ily deformed and exert less force upon the 

rollers. 

There is scatter in the validation data, which makes it difficult to interpret fully. 
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3 .  Doug h Rheology 

Rbeological properties o f  dough are required in formulating a model o f  dough sheeting. 

3 . 1 . Steady State Shear Stress Measu rements 

Rbeological properties can be measured with either a steady state system, or a dynamic 

system. A steady state measurement is typically performed by applying a shear stress to 

the test material and measuring the resultant forces and torques on the system, this data 

can be used to plot various vis co metric functions, for example: "t 
l1(Y) = -� 

Yxy 
(3 . 1 )  

(3 .2) 

(3 .3) 

where: "tij [pa] and Y ij [S-I ] are the shear stress and strain rate respectively; Y = Iy xy l  [S- I ] ;  

and 11 [Pa s], \}i l  [Pa S2] and '1'2 [Pa S2] are the viscometric functions: viscosity, the fIrst 

normal stress coefficient and the second normal stress coefficient, respectively. There 

are often instrumental difficulties in determin ing \}il and '1'2 using steady shear stress 

measurements. 

In a paral lel p late viscometer, a disk is rotated above another disk, with the test sample 

sandwiched between the two disks, as il lustrated in Figure 3 . 1 .  

Upper disk. 

Test sample. 

Lower disk. 

Figure 3.1 Parallel Plate Viscometer, wbere: Cl [rad S-I )  is tbe constant angular velocity of tbe 
upper disk; H [m)  is tbe distance between tbe disks; R [m) is tbe radius of tbe disks; T [N m) is tbe 
torque required to maintain tbe rotation; F [N)  is tbe force required to maintain tbe separation 
between tbe disks; and 1tyy = p + 'tyy (pa l is tbe downwards pressure distribution across one of tbe 
disks. 

52 



From B ird, et al. ( 1 987) : 

. Rn 
h h '  Y R = - = s ear rate at t e nm. 

H 

( F )  d in --
\f' ( . ) - \f' ( . ) - �_

1 
2 + 21tR2 

J YR 2 YR - 21tR2 y� d ln{YR ) 

(3 .4) 

(3
.
5) 

(3 .6) 

(3
.
7) 

and pa is the atmospheric pressure [Pal The parameters of a constitutive equation, and 

the suitabil ity of a particular constitut ive equation, can be determined by fitting the 

constitutive equation's predictions to the observed behaviour of the material. 

3 . 2 .  Dynamic Meas u rements 

It is, sometimes, not convenient to measure the steady stress behaviour of a material, 

particularly if the material ' s  properties, such as the physical structure, change while 

undergo ing a stress, which may mean that it is impossible to reach a steady state. In 

such cases it is more suitable to perform dynamic measurements, if possible. 

Dynamic measurements are performed by studying the response of the test material to 

an osc illatory strain of frequency co [Hz] where: 

Y ij (I) = Y ij,O exp{iCO!) : . Y ij (I) = iroy ij (I) 
(3 . 8) 

(3.9) 

It is then assumed that if the strain is oscil latory, the stress is also oscillatory within the 

l inear v iscoelastic region; hence : 

cr ij (I) = irocr{l) (3 . 1 0) 

A new parameter, the complex modulus, G* [Pa] is then defmed such that: 

crij {I) = G* Yij {l) (3 . 1 1 )  

G* = G'+iG" (3 . 1 2) 

where G' is the shear storage modulus [Pa] and G" the shear loss modulus [Pal 
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Two other parameters 11 ' [Pa s] and 11 " [Pa s] are also used in the l iterature to describe 

the response to oscillatory deformation. These are merely alternative notations that are 

simply related to the elements ofthe complex modulus (Barnes et aI. ,  1 989) : 

G" 11' = ­co 
11  G' 11 = ­co 

(3 . 1 3)  

(3 . 1 4) 

For the parallel plate viscometer described in Figure 3 . 1 ,  B ird, et aI. ( 1 987) give the 

fo llowing equations: 

Y = Yo exp(ico t) 

' ( )  
2HT . 1] OJ = - 4 0 S In a 

7rR. (1)Y 0 
2HT 

1]" ((1)) = - 0 cos a 
JrR 4  (1)Yo 

a = tan -I (GII ) = tan -I (!tJ 
G' 1]" 

(3 . 1 5) 

(3. 1 6) 

(3. 1 7) 

(3. 1 8) 

Again, these data can be used to determine the parameters of a constitutive equation. 

3 . 3 .  The Cox-Merz ru le a n d  Lau n 's ru le 

I t  is convenient to have some method of  converting between the more easily performed 

dynamic measurements and the more difficult steady state measurements .  One such 

rule is the Cox-Merz rule, which relates the (steady state) measured apparent viscosity, 

116,) , to the (dynamically measured) complex viscosity, 11 * (co) (Bird et aI . ,  1 987) : 

(3. 1 9) 

A similar empiricism, relating '1'1 (y) , to 11' (CO) and 11" (CO) , is Laun's rule (Bird et al. ,  

1 987) : 

(3 .20) 

'1'2, is d ifficult to evaluate from dynamic measurements, but usually a su itable est imate 

can be obtained by the empirical relationship (Bird et aI. ,  1 987): 

(3.2 1 )  
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3 .4 .  Dough Rheology Measu rements 

3.4. 1. Materials 

Measurements were performed on three types of dough. The doughs were made to the 

same recipes as those given in Section 2. 6 .3, except scaled to use 50  g of flour, and 

mixed in a 50 g MDD mixer to the same work input as the earlier doughs. Dough 

samples were kept in sealed containers before testing, in order to prevent drying out. A 

sub-sample of approximately 1 0 9 was used for each measurement. 

3. 4. 2. Rheometer 

A controlled stress Rheometrics Scientific SR-5000 rheometer running RSI Orchestrator 

V643 software was used to determine dough properties. A paral lel plate configuration 

was used. The upper plate was 40 mm in diameter. The gap between the two plates 

was 4 mm. Both plates had their surfaces covered in fine-grain sandpaper, in order to 

prevent slip . The instrument and sample were kept at 25 QC during test ing and the 

system was kept under a sealed cup to prevent drying out. The sample was allowed to 

relax for 1 20 s after being placed in the instrument, before testing began. 

3.4.3. Stress Sweep 

A stress sweep was performed for each dough type, shown in Figure 3 .2 .  The Halo 

dough behaved differently from the other two dough types; it was less viscous . The 

two Epic dough mixtures were not as d istinguishable from each other: the longer mixed 

Epic dough was less viscous. The data shown in Figure 3 .2  are consistent with the idea 

that dough is a shear thinning mater ial. It is the steep, negative, l inear slope that is 

observed for al l the dough types, for strain rates greater than about 0.0002 S-I, which 

indicates that the dough behaves as a pseudoplastic, or shear thinning, material - in 

these condit ions. At low strain rate rates (less than 0.0002 S-I) all dough types 

displayed a Newtonian plateau of viscos ity (:::::2 x 1 05 Pa s for Halo and ::::: 1 06 Pa s for 

Epic). The sl ight inflect ion in slope at the high strain rate (greater than 0. 1 S-I) may be 

an artefact ofthe instrument rather than a result of the dough properties. 
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Figure 3.2 Stress Sweep, where: the red triangles are Epic Dough mixed for 1 7  W h kg-I ; the green 
diamonds are Epic Dough mixed for 16 W h kg-I ; and the blue squares are Halo Dough mixed for 
9.5 W h kg-I . (Filled and open symbols represent replications). 

The steady state behaviour at high strain rates (as might be more realist ic in a sheeting 

appl ication) was not measurable. This was because the stress controlled rheometer used 

was not capable of applying a great enough stress to produce higher strain rates. Thus, 

high frequency measurements were then taken, which may be used to approximate high 

strain rate measurements (if the Cox-Merz rule is valid). 

As mentioned in Section 1 . 5 .4 dough properties are strongly influenced by the amount 

of water used in the dough rec ipe . F igure 3 .3  demonstrates that the more water added to 

Epic dough mixed for 1 6  W h kg-1 the less viscous the dough. This is s ignificant 

because the Halo dough (least viscous) was made according to a recipe (with regard to 

water content) l ike that which might be used in industry, while the Epic doughs were 

mixed with less water than would be normal. Figure 3 .3 shows that when the Epic 

dough is mixed with 60 % water (more like an industrially useful dough), then it has a 

similar apparent viscosity to the Halo dough. This suggests that industrial ly useful 

doughs are l ikely to be very similar rheological ly, because the standard methods for 

determining dough recipes are designed to produce doughs which will process similarly. 

This may be a problem in applying rheological models to dough processing. 
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Figure 3.3 Stress Sweep, for Epic Dough mixed for 16 W h kg-
1 

where: the red triangles are 50 % 
water; the green diamonds are 55 % water; and the blue squares is 60 % water; for comparison the 
black crosses are Halo dough mixed for 9.5 W b kg-I, with 55 % water. 

3. 4.4. Frequency Sweep 

Frequency sweeps for the materials were conducted at a constant stress in the linear 

viscoelast ic region for each material. Prior to the frequency sweep measurements the 

l inear viscoelastic region was determined by measuring G' and G" as a function of the 

applied stress at 1 Hz. Stresses in the l inear region were chosen for each material, these 

were: 20 Pa (for the 1 6  W h kg-1 Epic dough), 50 Pa (for the 1 7  W h kg-1 Epic dough) 

and 1 00 Pa (for the Halo dough) . The resulting strain at each of the stresses was 

measured to be 0.08%, 0.2% and 1 .4% respectively. According to Phan Than et al. 

( 1 997) the l inear viscoelast ic region for dough occurs for strain rates of less than 0 . 1 %. 

This is a similar order of  magnitude as was found for the two Epic doughs, but the Halo 

dough appeared to be remain l inear for slightly higher strain rates. 

F igure 3 .4 shows the frequency sweeps for the three doughs, plotted both as G' and G". 
G' and G" increased with frequency and G' was greater than G". This behaviour is 

typical of elastic systems. However, G' is less than a decade greater than G", 
rheological behaviour s imilar to that of "weak-gels" (Ferry, 1 980). 
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Figure 3.4 G'  (squares) and G "  (triangles) for the three dough types. Where: red i s  E pic, Long 
mix; green is Epic, Short mix; and blue is Halo dough. 
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A sl ight change in the s lope of G" can be observed at around 0. 1 Hz  and again at 1 Hz. 

This is more pronounced for the two Epic doughs. This may be suggestive of a 

relaxation t ime at these frequencies. 

The complex e lasticity G* is plotted for the three dough types in F igure 3 . 5 .  The Halo 

is, as for the stress sweep, clearly dist inguishable by frequency sweep from the two Epic 

doughs. The long mixed ( 1 7  W h kg-I ) Epic dough was the most e lastic and the Halo 

dough the least elast ic. 

1 000+-------------,------------,-------------.------------� 
0.001 0.01 0. 1 Frequency, Hz 1 0  

Figure 3.5 Complex E lasticity for three dough types, where: the red triangles are Epic Dough 
mixed for 1 7  W h kg-I ; the green diamonds are E pic Dough mixed for 16 W h kg-I ; and the blue 
squares are Halo Dough mixed for 9.5 W h kg-I. 

3.4.5. Validity of the Cox -Merz rule 

Figure 3 . 6  shows a comparison ofthe apparent viscosity ofthe Halo dough as measured 

with the stress sweep, with the complex viscosity derived from the dynamic frequency 

sweep. According to the Cox-Merz rule (3 . 1 9), these have the same value when 

frequency is equal to strain rate. Clearly from F igure 3 .6, the Cox-Merz rule does not 

apply. The agreement between dynamic and steady measurements of viscosity is 

closest for the Halo dough. 
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Figure 3.6 Dynamic and Steady State Apparent Viscosity, for three dough types. : red is Epic, 
Long mix; green is E pic, Short mix; and blue is Halo dough. 
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A possible reason for the discrepancy is that the dough properties are changed during 

the stress sweep measurements, as is suggested in Section 1 . 5 . 3 .  F igure 3 .7  shows the 

steady stress sweep for Halo dough as measured with increasing stress and the stress 

sweep for the Halo dough measured (immediately afterwards) with the same sample 

with decreasing stress. The difference between the two suggests that the dough's 

structure (and hence properties) has changed due to the measurements. Therefore it is 

difficult to accurately measure steady state propert ies. This may explain why the Cox­

Merz rule does not apply. 

1 .00E+06 -r------------,----------------" I 4 Decreasing Stress • Increasing Stress I 

� Cl) o • 
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• 
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• • • 
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Strain Rate, 5-1 1 .00E-01 1 .00E+OO 

Figure 3.7 Stress Sweep: Increasing Stress compared to Decreasing Stress, where: blue squares are 
increasing stress; and red triangles are decreasing stress. Halo dough mixed for 9.5 W h kg-I. 

3.4. 6. First Normal Stress Difference 

Using Laun's rule (3.20), \fI 1 , can be calculated for each of the three dough mater ials, as 

shown in F igure 3 .8 .  It should be recognised that these may not be very accurate, as 

the Cox Merz relat ionship does not apply for the dough. The first normal stress 

difference is lowest for the Halo dough, and highest for the longer mixed Epic dough­

although the two Epic doughs are similar. 
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W h kg-I; the green diamonds are Epic Dough mixed for 1 6  W h kg-I ; and the blue squares are 
Halo Dough mixed for 9.S W h kg-I. 

3 .5.  Constitutive Eq u ations 

For the experimentally determined rheological data to be useful, for modell ing, it needs 

to be used to derive parameters for constitutive equations. Previously proposed 

constitutive equat ions and their parameters were discussed in Section 1 . 5 . 

The forms of the trends in F igure 3 .2 to Figure 3 .8  indicated that constitutive equations 

that included power law dependency upon the strain rate would be l ikely to be the most 

suitable. However, performing analytical calculations with power law relat ionships can 

be mathematical ly inconvenient. Therefore constitutive equations that do not contain a 

power law relat ionships were also investigated. 

The fol lowing constitutive equations and their parameters were based on the rheological 

dynamic measurements made between frequencies of 0.005 Hz and 50 Hz .  The fitting 

was performed using Sigmaplot 2000 for Windows Version 6.00. When fitting, the 

residuals were weighted according to the viscosity, which compensated for the large 

range of vis co s i  t ies which were fitted. A 95 % confidence interval is given as an 

estimate ofthe error in the parameters. The "true" values of the parameters have a 95 % 

probabil ity (assuming a student t distribution) of fal l ing w ithin the confidence interval 
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given. An R2 value is also given for each fit. The c loser the R2 value is to 1 the better 

the fit . Some of the parameters (K in the power law relationships, for example) are not 

physically meaningful and their particular values are artefacts of the fitting technique. 

For this reason caution should be used when comparing the parameters of different 

samples, and particularly results from different sources. 

3.5. 1. 

11(Y) = 11 

Newtonian 

See Section 1 . 5 . 5 .3 . 

Dough Epic Short Mix 

11 [Pa s] 9 x 1 03 ± 4 x 103 

R2 0 

(3 .22) 

Epic Long Mix Halo 
1 6  X 103 ± 7 x 103 1 .2 X 103 ± 0 .3  x 103 

0 0 , z , 0 Literature values vary between 1 0  and 1 0  Pas (SectIon 1 . 5 . 5 .3) .  F igure 3 .2 

demonstrates that the value reported is highly dependent upon the strain rate at which 

the viscosity is measured. (The R2 value of 0, is expected as the Newtonian constitut ive 

equation is independent of y ) . 

3.5.2. Power Law 

l1(Y) = Kyn-I (3.23) 
See Section 1 . 5 . 5 . 5. 

Dough Epk Short Mix  Epic Long Mix Halo 
K [Pa sn] 2 .70 X 104 ± 0.07 x 104 4 .99 X 104 ± 0.08 x 104 0 . 9 1  X 104 ± 0 .0 1 x l 04 n 0.209 ± 0.009 0.203 ± 0.006 0.270 ± 0.004 

R2 0.996 0.998 0 .998 
-

L iterature values vary between 0.2 and 0 .4 for n and between 2 x 1 03 and 5 x 1 0) Pa sn, 

for K (Section 1 . 5 . 5 .5) .  

3.5.3. Maxwell 

11 * (m) = tl y �1 + (mAJ2 
1 +  AIm (3 .24) 

See Section 1 . 5 . 5 . 8. 

Dough 

11 1 [Pas] 
Al [s] 

R2 

Epic Short Mix  
1 0  x 105 ± 2 x 1 05 

45 ± 14 

0 .934 

Epic Long Mix Halo 
1 7  X 105 ± 4 x 1 05 1 . 1  X 105 ± 0.2 x 105 

42 ± 12  1 3  ± 3  

0.943 0.875 

Typical l iterature values are around 1 04 Pa S, for 11 1 ,  and 1 5  S, for Al (Section 1 . 5 . 5 . 8) . 
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3.5.4. Generalised Maxwell 

TJ * (O)) = L tn y �1 + (o)AJ2 n 1 + AnO) (3 .25) 

See Section 1 . 5 . 5 .9. 
Using a six parameter expansion, w ith the constraints: 

An > 0 (3 .26) 

An > An+l (3 .27) 

Dough Epic Short Mix 

TJ I [Pa s] 3 1  x 1 05 ± 1 4  x 1 05 

Al [s] 320 ± 1 80 

TJ2 [Pa s] 1 0  x 1 04 ± 4 x 1 04 

A2 [s] 9 ± 4  

TJ3 [Pa s] 6 x 1 03 ± 2 x 103 

A3 [s] 0.27 ± 0. 1 3  

R2 0 .996 

3.5.5. CEF Equation 

Epic Long Mix Halo 
5 9  X 1 05 ± 25 x 1 05 4 . 1 x 105 ± 0.6 x 1 05 

330 ± 1 70 1 20 ± 20 

20 X 104 ± 7 x 1 04 1 .0 X 104 ± 0.2 x I04 

1 0  ± 3  1 . 7  ± 0.3 

12 x 1 03 ± 3 x 1 03 0.7 X 1 03 
± 0. 1  x 1 03 

0 .3  ± 0 . 1 0 . 03 ± 0 .0 1  

0.998 0 .996 

TJ(Y) = Kl yn-1 (3 .28) 
(Note this is identical to the Power Law Constitutive Equation). 

Dough Epic Short Mix  Epic Long Mix H alo 
K [Pa sn] 2 .70 x 104 ± 0.07 x 1 04 4.99 X 1 04 ± 0.08 X 1 04 0 .9 1  x 1 04 ± 0 .0 1  x 1 04 n 0.209 ± 0.009 0 .203 ± 0.006 0.270 ± 0.004 

R2 0.996 0.998 0 .998 

� ( . ) - K . m-2 1 y - 2Y (3 .29) 

Dough Epic Short Mix  Epic Long Mix H alo 
K2 [Pasn] 1 8 . 5  x 104 ± 0. 8 x l 04 36 x 1 04 ± 1 x 1 04 4 .74 X 1 04 ± 0.08 x 1 04 m 0.25 ± 0.0 1 0.25 ± 0 .0 1 0 .230 ± 0.007 

R2 0.99 1 0.995 0 .995 

In general, it can be seen that the Halo dough is d istinct from the other two doughs, 

which are less d ist inguishable from one another. As expected, power-law type 

expressions seem adequately to fit the data, as does the generalised Maxwell express ion 

(with s ix parameters) . 
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3 . 6 .  Summary of Doug h Properties 

I t  was possible to measure some steady state rheological properties of the three dough 

types .  The doughs behaved as pseudoplastic materials in the strain rate of range of 

about 0.0002 S-1 to 1 S-I, with a Newtonian plateau at lower strain rates. It was possible 

to measure some dynamic rheological properties, which indicated that dough can 

behave as a weak gel .  These dynamic and steady state properties did not correspond to 

each other according to the Cox-Merz rule . This may be because the structure of the 

dough changes as it is measured. 

The properties of Halo dough were distinguishable from those of Epic dough. It was 

not easy to distinguish between Epic doughs that had been mixed to give sl ightly  

different work inputs. The rheological properties were used to  fit parameters for 

constitutive equations. In  general, constitutive equations with a power-law dependency 

of properties upon strain rate gave better fits, as did constitutive equations with a large 

number of parameters, such as the General ised Maxwel l  equation. 
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4. Model l i ng Approaches 

Various approaches can be used to model the sheeting operation. Metal sheeting has 

been model led using a friction coefficient model, and this is applied to the dough 

sheeting problem in this chapter. Polymer calendaring, and the existing fundamental 

models of dough sheeting, are solved using a continuum mechanics model in which the 

operation is described as a shear flow. An expansion ofthis type of model is developed 

in Chapter 5 .  Alternatives to the traditional continuum mechanics, a frict ion coefficient 

model and a compression model, are examined here in Chapter 4. 

4. 1 .  Friction Coefficient Model 

Some models of sheet metal forming establ ish a maximum possible inlet s ize ofthe 

sheet, based on the friction coefficient between the sheet and the roller surface (Lange, 

1985) .  This model may be applied to bread dough sheeting as well .  

4. 1. 1. Theory 

A piece of material will move if the appl ied force is greater than the friction force 

preventing movement, as i l lustrated in Figure 4 . 1 .  

Friction Force Applied Force 

Figure 4.1 Friction Coefficient Model Concept 

The friction force prevent ing movement can be calculated from Coulomb's friction law, 

which states that: 

(4. 1 )  

where: FFR is the friction force [N] ;  Il is the friction coefficient, FN is the normal force 

[N], g is the acceleration due to gravity (9. 8 1  m S-2) and m is the mass of the material 

[kg] . 

66 



4. 1.2. Experimental 

A sample of dough was mixed us ing a 50 g dough mixer at Crop and Food Research 

Ltd, Palmerston North. The dough was made according to the Epic: short mix recipe, 

given in Chapter 2. The dough was placed on a platform made of the same material as 

the sheeter rol lers, that is, 304 Stainless Steel with Brushed Finish #4. 

The s lope of the platform was increased until the dough sample started to move down 

the platform (F igure 4. 1 ) . From the slope, the value of 1-1-, the friction coefficient, can be 

calculated (equations 4 .2 to 4 .4) . 

Force to Overcome Frict ion 

Figure 4.2 Dougb sliding along platform. 

FFR = !1F,v 
mg sin (a ) = ,wng cos(a ) 
!1 = tan(a) 

4. 1.3. Results 

(4.2) 

(4.3) 
(4.4) 

It was found that the angle, a, at which the dough began to move, was 46° ± 2°, for a 

thin sheet of dough (around 5mm thick) rest ing on the steel surface. This g ives a 

frict ion coefficient of 1 .04 ± 0.07. The angle for a ball or sausage shaped piece of 

dough was less (20° ± 2°), with a friction coefficient of 0.36 ± 0.04. Final ly if the angle 

of the platform was lowered unti l  the thin sheet of dough ceased to move instead of 

being raised until the dough began to move then the angle, a, measured was about 37° : 

a frict ion coefficient of 0 .75 .  
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4. 1 . 4. Discussion 

The difference in the values of a with shape is due to the fact that the ball and sausage 
shaped samples were overbalancing and tumbling down the surface rather than slid ing 
along the surface. This was observed to happen. The values of a measured in this way 
are not true values. 

The friction coefficient measured for the thin sheet is more suitable for application to 
dough sheeting, as it is a truer measurement of the friction coefficient for material 
sl iding along a surface. 

The decreased angle observed if the platform was lowered until the dough ceased to 
move ( instead of being raised until the dough began to move) is expected. It is wel l 
known that the static friction coefficient (representing the force required to start moving 
a sample) is greater than the kinematic friction coefficient (represent ing the force 
required to keep a sample, already in motion, moving). The lower value observed when 
the platform was being lowered is the kinematic friction coefficient. 

4. 1 . 5. Application to Sheeting 

One way in which measurements of the friction coefficient can be appl ied to sheeting is 
to estimate the maximum thickness of initial sheet that can be sheeted. Figure 4.3 
describes the beginning ofthe sheeting process. 

". 
". I 

" I 
•• ' I 

.. �' : 

/� 
........... / : 

Figure 4.3 Forces acting at sheet inlet. 

For the dough to be drawn into the sheeter the horizontal component ofthe friction 
force must exceed the horizontal component of the normal force. 
cos(a R )FFR � sin(a R )FN (4.5) 
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FFR ::2: tan(aR )FN 
From Coulombs Friction Law: 
FFR = f.1FN 
Therefore: 
f.1 ::2: tan (a R ) 
aR � tan -1 (u) 

(4.6) 

(4.7) 

(4.8) 
(4.9) 

The angle at which the dough contacts the roller, UR, can be related to the reduction 
ratio, 0, and the nip gap to roller radius ratio, f? : 

cos(UR ) = E2 (1 + E\ - 0) 
E2 ( 1 + E\ - 0  ) ::2: cos(tan-1G-t)) 

0 <  1 + E 2 - cos(tan-1G-t)) 
- E2 

(4. 1 0) 

(4. 1 1 ) 

( 4. 1 2) 

Equation (4. 1 2) is plotted below for a value of J..I. = 1 .04. A second line is also plotted 
(for a value of J..I. = 2) . 

1 00.-----------------------------------------------------� 

0 ;l "' 0:: c 0 ;l 1 0  (.) 
:::I 

'C Cl) 0:: 
Cl) 

0.01 0 . 1  

&2, (N ip  Gap I Roller Radius) 

Figure 4.4 Maximum Reduction Ratio vs Epsilon. Blue squares represent a friction coefficient of 
1 .04, red triangles a friction coefficient of 2. 
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Figure 4.4 demonstrates that if the frict ion coefficient is increased, for example by us ing 

a rougher rol ler surface, then a sheet of greater initial thickness can be passed through 

the sheeter. 

4. 1 . 6. Validation 
An attempt was made to confirm that there was a maximum reduction ratio that could 

be successfully sheeted. It was found that the only limit on the maximum inlet height 

that could be sheeted was the size of the rollers; if the sheet was larger than the nip gap 

plus the radius of the roller then there were difficulties sheeting. This suggests that 

either the fr iction coefficient during sheeting is greater than was measured or the model 

is incorrect. 

It was observed that the dough recirculates behind the rollers when large inlet he ights 

are used. Two modes were observed, which are i l lustrated in F igure 4 . 5 . 

Figure 4.5 Two modes by which dough appeared to recirculate behind the rollers. a) recirculation 
occurs near the line of symmetry. b) recirculation occurs near (or at) the inlet surface. 

The difference between the two modes lies in where the recirculat ion region occurs. 

The second mode, where the dough recirculates at the inlet surface, dominated at large 

inlet heights. Perhaps, the occurrence of the recirculat ion region al lows a sheet of a 

larger height to be sheeted than is suggested by the friction coefficient mode l. This 

could be investigated in future work. 

The maximum inlet height, according to the friction coefficient model, is close to the 

maximum practical lirnit for sheeting. It is not usual to sheet very large reductions with 

(relatively) smal l rollers. It was noticed during experimental work that large reduction 

ratios with smal l rollers often resulted in sheets that tear. 

70 



4 . 2 .  S imple Com p ression Model  i n  Y Axis  

4.2. 1. Concept 

The traditional models of dough sheeting model the sheeting operation as a shear flow 

in the x-axis. Another possibility  is to consider the sheeter system as a s imple 

compression in the y-axis. In  this model the sheeting process consists of two steps. I n  

the fIrst step the dough is under a constant downwards stress. This represents the 

process material (dough) passing under the rollers. At a t ime t1 the process material is 

released, that is leaves the rollers, and springs back into shape. 

In this section an important concept that is used is the elongat ion rate, i [S-I ] .  In this 

model the dough is described as being in a simple elongation (or compression). For a 

simple e longation: 

av . 
- = I (4. 1 3) 
ay 

where v is the component of velocity in the y direction [m S-1 ] . 

Rearranging 4 . 1 3  and integrating gives the fol lowing expression for the y velocity 

component (given the boundary condition that at y  = 0, v = 0) : 

v = ly 

The y component of velocity is defined as : 

v = ay 
at 

Therefore: 

ay = iat 
y 

J dy = J idt 
y 

Iny = I + C  
Given the boundary condition that at t = 0, 1 =  ° and y = yo, then :  

y = yoe l 

Equat ion 4. 1 4  and 4. 1 9  will be useful later. 

(4. l 4) 

(4. 1 5) 

(4. 1 6) 

(4. l 7) 

(4. 1 8) 

(4. l 9) 
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4.2.2. Model Development 

4. 2. 2. 1 .  Step One: t < t1 

The process material is under a constant stress, 0'0, fro m t = ° to t = tl . This is the first 

boundary condition. The only velocity is v, the y component of the velocity. It is a 

s imple function ofthe elongation rate, i (Equation 4 . 1 4) .  The elongat ion rate will be 

negative, as the process material is undergoing compression. At t = 0, y = hi and at t = 

tl , Y = 8. 

Figure 4.6 Compression Model : Step One. 

4. 2. 2. 2. Step Two: t >  t1 

The stress is removed as the process material leaves the sheeter at the nip height, 8. The 

second boundary condition is that 0' = 0, when t > tl . Also at time t l ,  the height of the 

process material is 8. The objective of the model is to calculate the [mal elongation of 

the process material, that is, the value of I at t = 00 .  The exit height of the process 

material can be calculated from the formula (derived from Equation 4. 1 9) :  

(4.20) 

4 . 2. 2. 3. Constitutive Equation 

I n  order to solve the model, it is necessary to choose a constitut ive equation that 

describes how the process material deforms when an elongat ion is appl ied. The model 

will be solved using three const itutive equations : the Newtonian, the Maxwell and the 

Jeffiey's. These equations are used for s implicity of calculat ion. It should be noted, 

once again, that none of these constitutive equat ions are a real istic model of dough, 

although the Maxwell equation captures more of the dough's properties, than the 

Newtonian, and the Jeffrey's equation more than the Maxwell .  

Newtonian Constitutive Equation 

(4.2 1 )  
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Maxwel l  Constit utive Equation 

(j.w + Alcr.w = -11 /.w (4.22) 
Using Jeffrey's Equation 

(j.w + Alcr.w = -11V.w + A2i�) (4.23) 
Note: that only the yyth components of the stress tensors are being considered. 

I t  is also noted that the Newtonian constitutive equation is a special case of the 

Maxwell, when Al = O. S imilarly the Maxwell constitutive equation is a special case of 

the Jeffrey's, when 1..2 = O. Thus in the following solut ion the Jeffrey' s equation will be 

used, and the Maxwell and Newtonian solutions s imply derived at the end. 

4.2.3. Model Solution 

4. 2. 3. 1 .  Lap/ace Transform 

Taking the Laplace transform of the stress, and using the two boundary condit ions, that 

at t < tl , (j = 0'0 and at t >  tt , 0' = 0, gives: 

00 'I 00 
a.w = J e-sl a .wdt = J e-SIO' odt + J e-sl Odt = �(1 - e-S11 ) (4.24) o 0 � S 
The Laplace transform of the Jeffrey' s  constitutive equat ion can be written as: 
(j.w + A l  (sa.w - 0'0 )  = -11(sl.w - 10 + 1.. 2 (s(sl.w - 10 )- io )) (4.25) 
(j.w + A l  (sa.w - 0'0 )  = -11((sl.w - lo Xl + SAJ- 1..)0 ) (4.26) 
Substituting (4.26) into (4.24) gives: 

� (1 - e -sll )- a oAI e -Sll = -11sl.w (1 + A2S)+ 11 /0 (1 + A2S) + 11A)o (4.27) s 
or: 

1 = aoA I e-st1 _ ao V - e-Sll ) + � + A)o .w 11s(1 + A2 S) 11S 2 (1 + A2S) s s(1 + A2S) 
or: 

1 - e -S11 

Then taking the inverse Laplace transform: 

( 4.28) 

(4.29) 
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I = yy 

for the Maxwell equation: 

I <J 0 - - I o 

(4.30) 

I = yy 11 
lo +�(A,I - /I ) , Vt > tl 11 

(4.3 1 )  

for the Newtonian equation: 

<Jo , Vt < tl I --t 0 
I = 11 

yy <Jo (4.32) 
10 - - /1 , Vt > tl 

11 
The problem is essent ially solved at this point. The elongation can be calculated, and 

hence the height ofthe dough (4.20) . However an estimate ofthe initial stress, 

elongation and elongation rate is still required. 

4.2. 3. 2. Estimation of initial stress, elongation and elongation 

rate 

The init ial stress has to be est imated. It has already been assumed that the init ial stress 

is a constant when t < 11 . It can also be assumed that the elongation rate is a constant 

when t < tl . Therefore, examining the Jeffrey's constitutive equation gives :  

<Jo = - 11 /0 (4.33) 
It is known that at t = 0, the value ofy = hi, the inlet height ofthe process material. 

Therefore, using (4 .20), it can be seen that: 

(4.34) 

It is also known that at t = tt, the value ofy = 5, the nip gap of the sheeting system. 

Therefore the elongation rate can be est imated as : 

(4.35) 
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and fmally: 

cr = 2l In(!i) o I 8 I 
These can be substituted into the model solut ions: 

Jeffrey's Model 

l = Y.Y 

In( i)(l -:. J 

A, � A,  
In( i )[l -;�;' J 

for the Maxwell equat ion: 

l = Y.Y 

for the Newtonian equation: 

4. 2. 4. A pplication 

(4 .36) 

(4.37) 

(4.38) 

(4.39) 

Figure 4 .7  shows an example of deformation ratio vs t ime for the Jeffiey's, Maxwell 

and Newtonian models . Until I >  II the three models are identical, this corresponds to 

the period which the dough is underneath the roller. At 1 =  11,  the dough is released 

from under the roller. The Newtonian model undergoes no further deformation, that is 

the height ofthe dough is the gap between the rollers. This is different to the shear 

model of sheeting in which the exit height is about 1 .22 times the nip gap (Middleman, 

1 977) . The Maxwell model instantly jumps to a new height as the dough leaves the 

roller and the Jeffrey's model slowly increases to a (different) new height over time .  

The exit height which the Maxwel l  and Jeffrey's models predict i s  obviously dependent 

upon the values of t l ,  A.I ,  A.2, hi and 8. 
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Figure 4,7 Compression Model : Newtonian (blue diamonds), Maxwell (green squares) and 
Jeffrey's (red triangles) model responses, for arbitrary parameters, 

I-+- Slow Speed ..... M iddle Speed -A- Fast Speed I 
5 

4.5 

4 - 3.5 ..r: c::n 
'Qj 

3 X :!:: >< W 2.5 

2 

1 . 5 

2 3 4 5 6 7 8 9 

Redu ction Ratio 

Figure 4,8 Compression Model (Jeffrey's) : Variable Speed Response, 

1 0  

I t  can also be shown (Figure 4 .8)  that as the speed increases (hence as I 1  decreases), the 

exit height increases, for the Jeffiey's model .  This trend is consistent with the 

experimental result that the deformation ratio decreases with  speed (Section 2 .6 .5 .2. 1 ) .  
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4 . 3 .  S u mmary 

The friction coefficient model suggests that there i s  a limit to the thickness o f  sheet 

which can be processed by a given sheeting system, although (due to the propert ies of 

the dough) this l imit is not l ikely to be practical ly encountered. It was also found that 

other factors, for example dough tearing, may pose a bigger l imit than the frict ion 

coefficient predict ion, upon the maximum sheet thickness. The simple compression 

model captures some physical aspects of the sheeting system, for example it predicts 

that viscoelastic doughs wil l  leave the sheeter with a greater thickness than a purely 

viscous dough. The compression model also makes the experimentally confIrmed 

predict ion that increas ing roller speed will increase the he ight of the sheet leaving the 

sheeter. These two models do give a qual itative description of some aspects of the 

sheeting system, but neither the friction coefficient model nor the compress ion model 

completely describes the dough sheeting operation. 
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5.  Deve lopm ent of a Viscoelasti c 

Sheeti ng Model 

5 . 1 .  Conti n u u m  Mechanics 

Continuum mechanics is a paradigm that can be used to describe the velocity, pressure 

and temperature profiles of a system. The primary tools are mass, momentum and 

energy balances performed over a smal l, but non-zero, volume. The most important 

assumption is that the system can be described, in the area of interest, by smooth, 

differentiable functions. That is, the material properties ofthe system are assumed to be 

continuous. 

Bread dough does not have a continuous structure. At even quite a coarse scale dough 

contains at least three regions of different properties : the gluten network, the starch 

solution and gas pockets. A condition for the continuum mechanics model to be valid is 

that the macroscopic lengths in the system being described must be significantly greater 

than the scale at which the material becomes non-continuous. 

For the bread dough sheeting problem the smal lest macroscopic length is the nip gap, 

8 , which could be as small as 1 mm. Structural features, for example air pockets, can be 

seen in the bread dough at a scale of around 1 00 �m (Zheng, 1 998). Therefore, in terms 

of volumes, the smallest macroscopic scale of  the system is I x 1 0-9 m3, while the 

structure has a scale of l x l O-12 m3 . As the macroscopic scale of the system under 

investigation is several orders of magnitude greater than the scale at which the material 

ceases to be continuous it is val id to use the continuum mechanics model to describe the 

system. 

Addit ional ly it was assumed that the problem was two dimensional, was at steady state, 

had neither inertial, gravitational, nor energy terms and involved an incompressible 

process material . The val idity of these assumpt ions, for the dough sheeting problem, 

has already been d iscussed in Sections 1 . 5 and 1 . 6. The basic continuum mechanics 
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equations to describe the sheeting problem are given below (Bird et aI . ,  1 987) . I n  these 

equations, and all equations used in this chapter, a variable marked with a � is a variable 

with dimensions. A variable without such a mark is a dirnensionless variable. 

:x [u ]+ ; [v] = 0 

! [p- ". 1 = {:x [ta l + � [t., J] 

� [p - ". 1 = -(! [t., J+  � [t,,� 

(5 . 1 )  

(5 .2) 

(5 .3) 

In order to confIrm compl iance with the boundary conditions it was also necessary to 

calculate the stress normal to the rol ler surface. This is given by: 

(5 .4) 

F inally, to allow comparison with the experimental data it was required to solve for the 
� � 

total upward force, Fy , on the roller and the total torque, M , on the roller. These are 

given by the following equations (whose derivations are given in Appendix B) :  Note: 

W is the width of the roller, in the z direction. 

(5 .5 )  

(5 .6) 

5 . 2 .  C E F  Constitutive Eq uation 

A constitutive equation, describing how the process material (dough) deforms, was 

required in order to solve the cont inuum mechanics problem. The constitutive equation 

relates the stress tensor, i , to the strain tensor, y .  The Crirninale-Ericksen-Filbey 

constitutive equation (mentioned, briefly, in Chapter 3) has been used to describe 

viscoelast ic, polymer materials in flow conditions close to steady state (Bird et aI. ,  

1 987). This const itutive equation, desp ite not being the most real ist ic model poss ible 

for dough, was chosen because it is less mathemat ically complex than more realistic 

alternatives (Phan-Than et aI. ,  for example). The relative s impl ic ity of the CEF 

equation means that the effect ofviscoelasticty upon dough sheeting can be studied 
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without too many computational d ifficulties. Also, from a pragmatic perspective, the 

material property parameters for the CEF equation, unlike those for alternative 

constitutive equations, are easy and quick to determine with a simple rheometer. The 

CEF equation can be written as : 

i = -fry (I) + + �I:' (2) - �2 {:, (I ) • :, (I ) }  
Where: 

:, (I) = Y = Vv + (Vv J 
:, (2) = �[:, (1 ) ] + {v . V:' (I) ) - {(V v )'.:, (I) + :'  (I ) • (Vv)} at 

(5 .7) 

(5 .8) 

(5 .9) 

It is usual to write the v iscoelastic parameters, � ,  �I and �2 ' as power-law type 

functions of y ,  but for this solution they were assumed to be constants. This simpl ified 

calculat ions whilst still al lowing for the effect of viscoelasticity to be studied. 

5 . 3 .  Pertu rbation Tech niq ue 

The CEF constitutive equation 5 . 7  was subst ituted into the general continuum 

mechanics equations [5 . 1 ,  5 .2 ,  5 .3 ] :  

:x [u ]+ �[v] = o (5 . 1 0) 

(5 . 1 1 )  

(5 . 1 2) 
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In order to establish compliance with inlet and exit boundary conditions, and to 

calculate the force and torque exerted on the rollers, it was also necessary to calculate 

the stress components :  

( 5 . 1 3) 

These equations were too compl icated to simply solve. Therefore a perturbation 

technique was employed (Nayfeh, 1 98 1 ;  S immonds & Mann, 1 986). 

( 5 . 1 4) 

( 5 . 1 5) 

The perturbation technique involves rewriting each of the dependent variables in the 

equation ( p  , u , v , i)?l '  i xy '  i xx ) as a series in terms of  a perturbation variable, E. The 

equations are then rearranged so that terms are collected together by order of E. This 

was intended to give a set of, hopefully, simpler equations, one for each order of E, 

which are then solved sequentially, converging upon the "true" solution of the orig inal 

equations. 

5 . 4 .  D i mension less Form 

The fIrst step in the perturbation technique was to rewrite the variables in dimensionless 

forms, which are given below. Some additional detail about how these dimension less 

forms were derived is g iven in Appendix B .  

x = x�8R 
y = y8 

(5 . 1 6) 

( 5 . 1 7) 

( 5 . 1 8) 
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inn = Tnn "'�r 8 
where : 
P = Po + E� + E2 P2 + . . .  

2 U = Uo + EU, + E U2 + . . .  
2 V = Vo + EV, + E V2 + . . .  

Tnn = TnnO + ETnn , + E2Tnn 2 + . . .  
and: 

Equations 5 . 5 and 5.6 can also be written in a dimens ionless form, given that: 
3 x3 tan {e ) = EX + E  - +  . . .  2 

2 x2 
cos{e) = l - E  - +  . . .  2 
sin{e) = EX +  . . .  

I Fy = fjur I Fy 
W E2 W 

" if � R �  " M � ,., ur � -- = ----
W W 

(5 . 1 9) 

(5 .20) 

(5 .2 1 )  

(5 .22) 

(5 .23) 

(5 .24) 

(5.25) 
(5 .26) 
(5 .27) 
(5 .28) 

(5 .29) 

(5.30) 

(5 .3 1 )  

(5.32) 

(5 .33) 

(5 .34) 

(5 .35) 

(5.36) 
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For the perturbation solution to be val id, the value ofthe perturbation variable, E, must 

be less than 1 .  For the dough sheeting problem the nip gap, 8 ,  may range from 1 mm 
� 

to 5 mm, while the roller radius, R ,  may range from 25 mm to 1 3 5  mm. This means 

that E may range from 0.44 to 0.09. As this range is below 1 it is valid to use the 

perturbation technique. However, it should be noted that in the case where the nip gap 

is large, or the rollers small, then E is c lose to 1 ,  and the perturbation  solution may be 

less accurate. 

5 . 5 .  Pertu rbat ion Eq uations 

The dimensionless forms of  the variables were substituted into equations 5 . 1 0  to  5 . 1 5 . 

These can be grouped by order of E. The first three orders are given below: 

5. 5. 1. Zeroth Order 

(5 .37) 

(5 .38) 

(5 .39) 

(5 .40) 

(5 .4 1 )  

(5 .42) 

5.5.2. First Order 

(5 .43) 

(5 .44) 

(5 .45) 
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(5 .46) 

(5 .47) 

(5 .48) 

5. 5. 3. Second Order 

(5 .49) 

(5. 50) 

(5 .5 1 )  

(5. 52) 

(5 .53) 

(5. 54) 

5 . 6 .  Bou ndary Cond itions 

The boundary conditions for the problem also had to be rewritten in terms of the 
dimensionless variables . The boundary conditions were explained in Section 1 .6.6. 
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Addit ional details of how these boundary conditions were made d irnensionless can be 

found in Appendix B. 

5. 6. 1. No Slip at the Roller Surface 

At the roller surface, h ,  the dough velocity is equal to the roller velocity, itr . 
x2 

2 X
4 

at y = h = I + - + £  - + " . ,  2 8 
2 4 

2 2 X 4 X U = Uo + £U I + £ U2 + " . = 1 - £ - - £ - + " .  2 8 

5. 6.2. Line of Symmetry 

At Y = 0 ,  there is a line o f  symmetry, which means : v = 0 and : = O .  

This boundary condition was s imply rewritten: 

aty = 0, 
QU 

= 
QUo + £ Q

UI + £2 002 + " . = 0 
ay ay ay ay 
v = Vo + £v 1 + £ 2 V 2 + " . = 0 

5.6.3. Inlet Condition 

(5 .55) 

(5 . 56) 
(5 . 57 )  

(5 . 58) 
(5 . 59) 
(5 .60) 

At the point of inlet (Xi ' hi ), there is a free surface, at which the total stress on the roller 

surface is equal to zero. 

5.6.4. Outlet Condition 

(5 .6 1 ) 
(5 .62) 

At the point of outlet (xe ' he ), there is a free surface, at which the total stress on the 

roller surface is equal to zero. 

(5 .63) 
(5.64) 
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5. 6. 5. Conservation of Mass 

At any value of x the integral of the horizontal velocity component by y ,  from y = 0 

to Y = h ,  is equal to a constant . Assuming that the exit velocity profile is flat, and 

obeying the outlet boundary condit ion, then the constant is equal to u.he 

'\Ix 2 2 
h 1 Xe 2 Xe ( 2  4) U = + - - E  - x + - . . .  e e 2 8 e 

h 
= f udy 

o 

5 . 7 .  Eq uation Sol uti on 

(5.65) 

(5 .66) 

The perturbation equations [5 .37 to 5 . 54] were then solved. The details of this solution 

are given in Appendix B. Below are the solutions, grouped by order of E. (Note that the 

second order solutions of T yy and T xx have been omitted as they are not required for a 

second order solution of the exit height, upwards force and torque). 

5. 7. 1 .  Zeroth Order Solution 

T = - 1 44\{' 2 (Xe - XY (Xe + xY 
yy ,O 2Y ( 2 )6 x + 2  

T = 1 2 (Xe - xXXe + X) 
XJI,O TlY ( 2  \3 

x + 2) 

(5 .67) 

(5 .68) 

(5 .69) 

(5 .70) 

(5 .7 1 )  
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T = - 1 44(\{' \{' ) 2 (Xe - XY (Xe + XY 
:0:,0 1 + 2 Y ( 2 )6 X + 2  

5. 7. 2. First Order Solution 

5. 7. 3. Second Order Solution 

(5 .72) 

(5 .73) 
(5 .74) 

(5 .75) 

(5 .76) 

(5. 77) 

(5 .78) 

(5 . 79) 

(5 .80) 

87 



2 2 2 2 2 2 
1 2  2 3x - 2x + 2  3 3x x + 1 0x. + 22x + 52 _ rpy e + llx. e I I e 

{X2 + 2t I l O(x/ + 2Y 

T »,,2 
= . . .  not required (Xe 4 {l OX2 + 20)- x/ {27x4 + 52x2 - 1 24)1 

- 20x6 - 1 02x4 - 2 1 6x2 + 56 ) T xy,2 
= 3l1Y ( )4 5 X2 + 2  

- 1 2 3 2 1x2xe 2 - 6x/ - l Ox4 + 26x2 - 4  l1Y (X2 + 2)' 
T\:X , 2 = . . .  not required 

5 . 8 .  Sol ution fo r Force and To rq ue 

(5 .8 1 )  

(5 .82) 

(5 .83) 

(5 .84) 

Substitut ing the solut ions of equat ions 5 .67 to 5 . 84 into equations 5 .35 and 5 .36, gave 

the solut ion for the force and torque on the roller. 

5 . 9 .  N u merica l Solut ion for Exit D ista nce 

The only unknown in the equations now is the exit distance, Xe. This was determined by 

numerically solving the outlet boundary condition represented by Equation (5 .64), for 

different cand idate values of Xe, unt il an Xe value that satisfies the boundary condition 

was found. The numerical calcul at ions were performed using MA TLAB . 

88 



The fol lowing is an example graph ofthe stress on the roller vs candidate values ofXe. 

I t can be seen that there is a value ofXe for which the stress on the roller is equal to zero, 

and is perturbed sl ightly depending upon the order of solut ion used. 

0.2 

0. 1 5  

...... 0.1  I ...... � 
.5!:! 0.05 "0 � a:: G> 0 � -c: 0 7  0. 7 1  0.73 0. 74 o. 5 0 I/) -0.05 I/) G> � - -0. 1 Cl) 

-0. 1 5  

-0.2 

X e (Exit Distance) [ - ] 

Figure 5.1 Stress on the roller vs candidate values of x.,. - = Oth order, - = l ·t order, and- = 
rd order. 

5 . 1 0 . I mplementation of the Sol ution 

The solution was implemented using a program written in MATLAB. To perform the 

numerical so lution of Xe, for a particular sheeting condit ion, and to then calculate the 

value ofthe torque and upward force took on average less than 0. 1 s, when the 

calculat ions were performed with a Intel Pentium i i i, 866 MHz processor, with 256 MB 

RAM running Win2K, with MATLAB version 6.0 .0 .88 R12 .  Such a fast computat ion 

means that the solution could be suitable to be implemented as part of a real time 

control system. 

5 . 1 1 .  Sensitivity of Sol ution 

The dimensionless solution ofthis description of the sheeting system is dependent upon 

the value of the two dimensionless variables that describe the geometry of the sheeting 

system: Xi, the inlet distance, and E, the perturbation parameter. The solut ion is also 
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dependent upon two dimensionless variables that describe the dough properties : \f I and 

\f2, the flfst and second normal stress coefficients, respectively. The following graphs 

(Figures 5 . 2  to 5 . 5 )  show plots ofthe second order solution for two representative 

sheeting outcomes. Note that these are dimensionless outcomes to which their 

dimensioned equivalents are related in a complicated manner. For example, F igure 5 .3  

suggests that as the dimensionless geometry ratio (E), increases the dimensionless force 

on the roller will exponent ial ly increase. This would not be true of the dimensioned 

force upon the roller which (although proportional to the d imensionless force) is 

inversely proportional to E2 (Equation 5 .33) . 

lL. 
g. _ 0.9 - Q) 
'iU � 0.8 (J 0 c:: -co en 0.7 u; 'E .- co � � 0.6 .- a. � :I en en 0.5 en en Q) Q) 
- C 0.4 
c:: 0 o ._ .- en 3 en c:: O. 
c:: Q) Q) E E ._ 0.2 .- 'tJ � -Q) 0.1 x 

0 +-----.-----.-----�----�----�----�----�--���--_4 -4.5 -4 -3.5 -3 -2.5 -2 - 1 .5 -1 -0.5 o 
xl, (dl menslonless In let distance) 

Figure 5.2 Sensitivity of Solutions to Xi (dimensionless ioJet distance). Blue diamonds correspond to 
the (dimensionless) exit distance. Red squares correspond to the (dimensionless) upwards force 
upon the roller. E = 0.01 ,  'Pt = 0, 'Pz = o. 
F igure 5 . 2  demonstrates the sensitivities of the solut ion for the (dimensionless) exit 

distance, Xe, and the solut ion for the (dimensionless) upward force on the roller, to 

changes in the (dimensionless) inlet distance. The inlet distance is negative because the 

zero of the x-coordinate is at the nip, between the two rollers. As the inlet distance 

increases in magnitude, the inlet sheet increases in thickness. This results in a greater 

exit distance (and therefore he ight) and also a greater upward force upon the rol ler. 

F igure 5 .3 demonstrates the sensit ivit ies of the solut ion for the (dimensionless) exit 

distance, Xe, and solution for the (dimensionless) upward force on the roller, to changes 
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in the value of E .  As E increases, both the exit distance and the upward force o n  the 

rol ler increase. 
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Figure 5.3 Sensitivity of Solutions to E (dimensionless geometry ratio). Blue diamonds correspond 
to the (dimensionless) exit distance. Red squares correspond to the (di mensionless) upwards force 

upon the roller. Xi = -1 .41 ,  'PI = 100, '1'2 = O. 
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F igure 5 . 4 demonstrates the sensitiv it ies of the sol ution for the ( dimensionless) exit 

distance, Xe, and solut ion for the (dimens ionless) upward force o n  the roller to changes 

in the (dimensionless) value o f \f l .  As \f l  increases the upward force increases. The 

exit distance also increases w ith \f 1 ,  but seems to be quite insensitive to smal l changes 

in \f 1 .  This is a problem as it suggests that a more elastic dough w il l  not leave the 

sheeting system at a significantly greater height than a less elasti c  dough, which is 

contradictory to the results of val idation experiments. 
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Figure 5.5 Sensitivity of Solutions to \!I2 (dimensionless Second Normal Stress Difference). Blue 
diamonds correspond to the (dimension less) exit distance. Red squares correspond to the 

(dimensionless) upwards force upon the roller. Xi = -1 .41,  £ = 0.0 1 ,  \!It = 1 00. 
Figure 5 . 5 indicates that the sheeting outcomes are insens itive to changes in \f2 .  This is 

because although \f2 appears as a variable in the perturbation solutions it is cancel led 

o ut in the sheeting outcome solut ions. The insensitivity of so lutions to \f2 means that 

the unrel iabil ity of measurements o f \f2 will not be s ignificant . 

92 



6 .  D i sc uss i o n  

6. 1 .  Geometry Parameters 

In  order to apply the 2nd order model developed in Chapter 5, the geometry of the 

sheet ing system under study needs to be described. The model uses a number of 

dimensionless parameters for this purpose, the forms of which were given by equations 

(5 . 1 6) to (5 .36). Table 2 . 1 0  gave the details of the sheeting geometry and sheeting 

conditions used in the validation experiments. An important, dimensionless, geometric 

parameter is E, the perturbat ion variable, which varied between 0. 1 1  and 0.38 in the 

val idat ion experiments. Another important geometric parameter is the reduction ratio 

(and the corresponding inlet d istance). The reduction ratio ranged from around 2 to 1 0  

in the validation experiments. The ro ller speed is required to obtain the d imensionless 

forms of the material parameters \fIl and \fI2. The roller speed varied from 6 to 35 rpm. 

6 . 2 .  Mate rial Parameters 

The parameters of the process material, dough, are also required in order to examine the 

mode l. The model uses the CEF const itutive equation (Equation (5 . 7)) to describe the 

dough. In Section 3 .5 . 5  the CEF parameters of the three doughs used in the validation 

experiments (Epic, short mixed; Ep ic, long mixed; and Halo) were determined, as given 

below: 

Dough Epic Short Mix 
K [Pasn] 2 . 70 x 1 04 ± 0.07 x 1 04 

n 0. 209 ± 0.009 
R2 0.996 

q, (.�) = K · m-2 I V 2Y 
Dough Epic Short Mix 

K2 [pasn] 1 8 . 5 x 104 ± 0 . 8  x L 04 
m 0.25 ± 0 . 0 1 
R2 0.99 1  

(6. 1 )  

Epic Long Mix Halo 
4.99 X 1 04 ± 0.08 x 1 04 0 . 9 1  X L 04 ± 0.0 1 x 1 04 

0 . 203 ± 0.006 0 . 270 ± 0.004 
0.998 0 .998 

(6.2) 
Epic Long Mix Halo 
36 X 1 04 ± 1 x 1 04 4 . 74 X L 04 ± 0.08 x L 04 

0.25 ± 0 . 0 1  0 . 230 ± 0.007 
0.995 0.995 
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In  the model, the parameters of the CEF constitutive equation were approximated by 

constants, instead of power-law functions of the strain rate. In  order to estimate the 

constants, an estimate of the value of the strain rate, y ,  was made. 
� 

Y � u: (6.3) 8 
where: ur is the tangential speed ofthe roller, [ms-I ] ;  8 is the nip gap, [m] . 

Therefore : 

� - K Ur 
7] - I -� ( 

� )n-I 

5 

<P, � K,
(� 
r 

or in dimensionless forms: 

7] = 1 

�I = �: (� r-n 
and from equation (3 . 2 1 ). 

�2 = -0. 1�1 

6 . 3 .  Exit Heig ht Comparison 

(6.4) 

(6. 5) 

(6.6) 

(6 .7) 

(6 .8) 

It was found from the experimental data that the exit height of the sheet was around 

twice the nip gap (that is, the exit ratio was around 2 ± 0. 5) .  The exit height increased 

with the inlet he ight (reduction ratio); increased with greater roller speeds; increased 

with larger diameter rollers; decreased with increasing nip gap; was constant for a given 

ratio of nip gap and ro l ler d iameter, and constant surface speed of the rollers (E) ; and 

varied by dough type, being lowest for the Halo dough. 

The exit height predictions ofthe model, illustrated in F igure 6 . 1 ,  are poor. The 

model 's  predictions of the exit ratio are about 1 .2, regardless of changes in sheeting 

conditions. In this respect the model predictions are no better than the Newtonian 

prediction of 1 .225, proposed by Middleman ( 1 977) .  The only feature captured by the 

model is a variation with reduction ratio. Clearly, model ling the dough sheeting 

problem using the CEF equation to account for elastic ity does not result in an accurate 

prediction of the exit height. 
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Figure 6. 1 M odel predictions for the Exit  Ratio. The points are experimental points, the lines are 
predictions (as they are very similar, the prediction lines may be d ifficult to differentiate), a) 
Varying Roller Speed, for Epic Short M ixed Dough, 1 35 mm radius roller, 2,8 mm nip gap. b) 
Varying Roller Radius, for Epic Short Mixed Dough, 2 mm nip gap, 19 rpm roller speed. c) 
Varying Nip Gap, for Epic Short Mixed Dough, for E pic Short M ixed Dough, 135 mm radius roller, 
1 1  rpm roller speed. d) E pic Short Mixed Dough with a constant I; ratio (0. 1 6) and a constant 
surface speed (0.27 ms-I). e) Varying Dough Type, for 75 mm radius roller, 2 mm nip gap, 1 9  rpm 
roller speed. 

One possible problem is the values chosen to represent the CEF model parameters (Kt , 

K2, n, m) , For example, in Section 3 .4 . 5  it was shown that if steady state measurements 

were used to estimate the viscosity ofthe dough, then lower values would be obtained. 

However, the insensitivity of the model to the CEF parameters demonstrated by Figure 

6. 1 e) suggests this is not the source of inaccuracy. 
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A possible problem with the perturbation solut ion technique is that an unaccounted for, 

higher order term may have a s ignificant influence. In order to simplify the algebraic 

work, the perturbation technique was used to remove elements ofthe problem, which 

are successively returned as the order of the solution is increased. The solutions given 

are the 2nd order solutions of  the problem. Perhaps at the 3rd, 4th or higher order an 
important missing factor would be returned to the model. For example, the exit height 

solution is, up to 2nd order, independent of the value Of\1'2 (because all the \{'2 terms 

cancel each other out in the exit height solution) .  

The perturbation technique i s  protected somewhat from such an error because each 

order contains a higher order factor of the perturbation parameter (E) ; that is, the 2nd 

order solut ion contains a factor of E2, the 3rd 
order solut ion a factor off:3 etc. As long as 

E is small « < 1), then the correction made with each successive higher order solution 

should be decreasingly smal l .  Unfortunately, E is relat ive ly close to 1 (E � 0. 1 to 0.4) . 

0 ;; ca 
0::: ... 'x W 

1 . 3 10==============;---------1 1- oth Order - 1 st Order - 2nd Order I 
1 .25 

1 .2 

1 . 1 5  

1 . 1  

1 .05 

3 5 7 

Reduction Ratio 

9 1 1  

Figure 6,2 Exit ratio solutions by order. For Epic Short Mixed Dough, 1 3S mm radius roller, 2.8 
mm nip gap, 11 rpm roller speed. 

In Figure 6 .2, the exit ratio solut ion for a particular sheeting condition is p lotted for 

different orders of solution. The 1 st order solution is a smal l perturbation upon the Oth 
order solut ion, which is consistent with an appropriate perturbation scheme. The 2nd 

order solution for small reduct ion ratios « 2) is a small perturbation upon the 1st order. 
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However, F igure 6.2 also shows that at higher reduction rat ios the 2nd order solut ion is a 

greater perturbation upon the 1 sI order, than the 1 sI is upon the Oth. Such behaviour is 

indicat ive of a possible problem with the perturbation scheme. 

In Figure 6 . 1 c), the nip gap is changing for a constant roller radius. This means that the 

nip gaps of2, 2 .8  and 3 .6  mm are equivalent to E values of 0. 1 2, 0. 14  and 0. 1 6, 

respectively. The fact that none of the sheet ing situat ions are we l l  mode lled suggests 

that the value OfE is not itself the cause of the model inaccuracy. I ndeed, the largest E 

value is (marginally) the best modelled, which is the opposite of what would be 

expected if large values of E were causing the model mismatch. 

It is therefore more likely that a s ignificant feature of the problem is not represented by 

the lower order solutions. Possibly, this could be confIrmed by successively so lving for 

higher solutions until the feature was found. Unfortunately this is impract ical, fIrstly 

because there is no criteria (except exhaustion) for stopping such a procedure, as the 

"signifIcant feature" might always l ie in the next highest order. The second problem is 

that as the solution order increases, the problem becomes exponentially more complex 

to so lve. (Avoiding complexity was, after all, the point of using the perturbation 

technique) . 

Zheng and Tanner ( 1 988) calculated the free surface of a viscoelastic sheet after it 

separated from the roller surfaces. They found that a maximum of about 5% swell ing 

occurred as the material left the sheeter, in a similar phenomena to die swel l  (B ird et al. 

1 987) .  A 5% swelling would not account for the discrepancy observed here in exit 

height. 

An alternative is that the problem might lie, not with the solution method, but with the 

assumptions upon which the model is based. Rheological models of bread dough more 

accurate that the CEF equation are available (Phan-Thien et aI., 1 997). However, such 

constitutive equat ions are very compl icated to apply to the sheeting problem, both 

mathematical ly and in terms ofthe d ifficulty in measuring appropriate parameters. 

Another assumpt ion, which may have introduced significant error, is the assumption 

that that the dough is incompressible, which as discussed in Section 1 .  5 .2 is incorrect. 
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The source of compressibility in dough is air pockets which are formed during 

processes l ike mixing. This suggests that the less mixing a dough experiences, then the 

less compressible it wil l be. F igure 6. 1 e) indicates that the Halo dough is the best 

model led of the three dough types. This was consistent with the assumption of 

incompress ibil ity being the cause of modell ing inaccuracy as the Halo dough was mixed 

for the shortest t ime (a period of95 s) and is therefore possibly the least compressible, 

while the Epic doughs were both mixed for over 1 35 s each (Section 2.6 .3 ) .  

6 . 4 .  U pward Force Pred ict ions 
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Figure 6.3 Model predictions for the Upward Force per unit wid th. The points are the 
experimental data, the solid lines are the C E F  model predictions, the dotted lines are Newtonian 

model predictions. a) Varying Roller Speed, for E pic Short Mixed Dough, 135 mm radius roller, 
2.8 mm nip gap. b) Varying Roller Radius, for Epic Short Mixed Dough, 2 mm nip gap, 19 rpm 
roller speed. c) Varying Nip Gap, for E pic Short Mixed Dough, for E pic Short Mixed Dough, 135 

mm radius roller, 6 rpm roller speed. d) Varying Dough Type, for 135 mm rad ius roller, 2.8 mm 
nip gap, 1 1  rpm roller speed. 

I t  was found from the experimental data that the upward force per unit width, on the 

rollers, ranges between about 2 ,000 and 1 0,000 Nm-' . It was found that the upward 

force per unit width increased sl ightly with reduction ration; increased with roller speed; 

increased with roller diameter; and varied with dough type, Halo dough giving the 

lowest. The upward force per unit width, was quite insensitive to changes in the nip 

gap. 
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Figure 6 .3 demonstrates that the upward force per unit width, predictions of the CEF 

model are close to the experimental results. The CEF model results are also compared 

with those of a Newtonian model based upon Middleman ( 1977). The Newtonian 

model used here differs from that of Middleman's by having a [mite inlet he ight (and 

hence a dependence upon reduction rat io) . Equation 6.4 was used to determine the 

viscosity for the Newtonian model; thus the viscosity despite being "constant" is 

dependent upon the sheeting condit ions, in the same way that the CEF model is . 

In general, the CEF prediction ofthe upward force per unit width, is greater than the 

Newtonian predict ion, for a particular sheeting condit ion, with the experimental data 

scattered between the predictions. Both sets of predictions have a similar dependency 

upon reduction ratio. Both models show appropriate trends with respect to roller speed, 

roller diameter and dough type. Both models are insensitive to changes in the nip gap 

(which is cons istent with the experimental measurements) . 

Due to the large variat ion in the experimental data it is difficult to judge which model 

(CEF or Newtonian) best represents the observations. During the design of a sheeting 

system, it may be better to use the CEF model, as it will predict a larger and possibly 

more realistic force experienced by the roller. 

Figure 6 .3  d) demonstrates that the solution is sensit ive to the values that are chosen for 

the CEF parameters. Figure 6 . 3  d) and Figure 6. 4 suggest that the variat ion due to 

rheological properties ( i .e .  dough type) which is predicted by the CEF model is in fact 

too great. In both ofthese figures, there is an experimental ly observed difference 

between the short mixed Epic dough and the halo dough. This trend of this difference is 

reflected in the CEF model predictions, but the model cons iderably under-predicts the 

magnitude ofthe Halo dough results. F igure 6.4 demonstrates that, similarly, the 

magnitude ofthe long mixed Epic dough results is considerably over-predicted by 

model. 
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Figure 6.4 M odel predictions for the Upward Force per unit width. For three dough types. (The 
points are the experimental data, the solid l ines are the C E F  model predictions). Sheeting 
conditions are: 75 mm radius roller, 2 mm nip gap, 19 rpm roller speed. 

The over sensitivity of the model to rheology properties, means that the three dough 

types d isplay more similar rheological behaviours (to each other) when sheeted than 

they do in the rheological instruments which were used to determine their model 

propert ies. A possible so lution to this problem is to use a spec ial ised instrument, which 

simulates the sheeting process, to measure the dough properties. However, such an 

approach does not aid in a fundamental understanding of the processes that occur in the 

sheeting process, as discussed in Section l . 5 .4 .  

A use of the force predictions is to est imate the d istort ion that a roller might undergo 

during a sheeting operation (as illustrated in F igure 6. 5) .  

r Roller ) 
l-t----lIfr----llfr---llfr-----f 

Upward Force 

Figure 6.5 Roller Distortion (Not to Scale). 

From Shigley and Mischke (200 1 ), the distortion experienced by the roller (assuming 

the roller can be approximated by a fixed beam) is g iven by the equation: 

� 4 " fry 
f1� _ W � 

:Y - 3 84GI W 
(6.9) 
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where: W= the width of the roller, [ml ; G = the modulus of Elasticity (of the roller 

material), [Pal ; I = the 2nd moment of inertia of the roller; L! y = the total force/per 
W 

unit area, experienced by the roller. 

For a cylindrical roller: 
A 4  

1 =  nR 
4 

(6. 1 0) 

Thus given that the approximate force experienced by the rollers varies between 1 ,000 

and 1 0,000 Nm-1 , E for 303 stainless steel is about 1 93 GPa, the roller radius between 

1 3 5  and 75 mm, and that the roller width is about 1 m, then the approximate distortion 

of the roller should be 5 x 10-8 to 5 X 1 0-6 m. Such a small d istortion is unl ikely to be 

significant and hence is not responsible for the discrepancy between model led and 

observed exit height . The small distortion also suggests that stainless steel is a 

significantly over designed material (from a structural perspective) with which to 

construct the rollers of a dough sheeter. 

6 . 5 .  Torq ue Pred ictions 

It was found from the experimental data that the torque per unit width, on the rollers, 

ranged between about 1 00 and 500 N. It was found that the torque per unit width: 

increased with reduction ratio ; increased with roller speed; increased with roller 

diameter; and varied with dough type, Halo dough being the least. Like the force per 

unit width, measurements the torque per unit width measurements were insensitive to 

changes in nip gap. 

The CEF model predictions for the torque per unit width, are compared in F igure 6.6 to 

both the experimental data and a Newtonian model based upon Middleman ( 1 977) (the 

same model used in the upwards force comparisons) . 
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Figure 6.6 Model predictions for the torque per unit width. The points are the experimental data, 
the solid lines are the C E F  model predictions, the dotted lines are Newtonian model predictions. a) 
Varying Roller Speed, for E pic Short Mixed Dough, 135 mm radius roller, 3.6 mm nip gap. b) 
Varying Roller Radius, for Epic Short Mixed Dough, 3.6 mm nip gap, 19 rpm roller speed. c) 
Varying Nip Gap, for Epic Short Mixed Dough, for E pic Short Mixed Dough, 135 mm radius roller, 
6 rpm roller speed. d) Varying Dough Type, for 135 mm radius roller, 2.8 mm nip gap, 1 1  rpm 
roller speed. 

As with the upward force, the CEF model predicts a greater magnitude of torque per 

unit width, than the Newtonian model .  The predictions from both models are 

cons iderably lower in magnitude than the experimental observations, although the 

trends of the responses to changes in sheeting conditions are correct. 

6 . 6 .  P ressu re P rofi le 

The model can also be used to plot the pressure profile that o ccurs in the dough during 

sheeting. Figure 6.7 shows the predicted pressure profiles for several sheeting 

condit ions. 

In all cases, il lustrated in F igure 6.7, the pressure peaks near, but sl ightly to the left 

( inlet side) of the nip gap. There is also a slight pressure gradient in the y direction, 

with higher pressures occurring away from the rol lers, near the l ine of symmetry. The 

region of highest pressure is, therefore, l ikely to be near the l ine of symmetry and 

sl ightly to the inlet s ide of the nip gap. 
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Figure 6.7 Pressure Profiles for Varying Sheeting Conditions, upper half of dough (assuming 
symmetry boundary). Black shadow represents roller position. Dough is travelling left to right. 
Pressure scale indicated above. x and y dimensions are approximate, only. a) Epic Short Mixed 
Dough, 1 35 mm radius roller, 3.6 mm nip gap, 6 rpm roller speed, and a reduction ratio of 4; b) 
Epic Short Mixed Dough, 1 3 5  mm radius roller, 3.6 mm nip gap, 6 rpm roller speed, and a 
reduction ratio of 10 ;  c) E pic Short Mixed Dough, 1 35 mm radius roller, 3.6 mm nip gap, 1 9  rpm 
roller speed, and a reduction ratio of 4 ;  d) E pic Short Mixed Dough, 1 35 mm radius roller, 2 mm 
nip gap, 6 rpm roller speed, and a reduction ratio of 4; e) E pic Short Mixed Dough, 75 mm radius 
roller, 3.6 mm nip gap, 6 rpm roller speed, and a reduction ratio of 4; t) Halo Dough, 1 35 mm 
radius roller, 3.6 mm nip gap, 6 rpm roller speed, and a reduction ratio of 4. 

By comparing each of the indiv idual pressure profiles to the base case of Figure 6. 7a), 

the effect of the sheeting conditions can be determined. F igure 6. 7b) demonstrates that 

changing the reduction ratio from a value of 4 to a value of 1 0  results in a greater 

(redder) pressure in the region of the nip. Furthermore, the red region of high pressure 

is smaller (relative to total area under the roller). Likewise increasing the roller speed 

(Figure 6. 7c)) increases the s ize of the high pressure in the nip region. Figure 6. 7d) 

shows that decreasing the nip gap (from 3 .6 mm to 2 mm) increases the size of the high 

pressure region. Decreasing the nip gap also widens the region of high pressure sl ightly 

towards the inlet. Figure 6. 7e) demonstrates that decreasing the size of the roller radius 

(from 1 3 5  mm to 75 mm) results in a marked decrease in the pressure in the nip gap. 
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F inaIly, F igure 6 .  7f) shows that changing the dough type (from Epic: short mixed to 

Halo) also has a large effect, dramatically lowering pressure in the nip gap. 

The variation in nip gap pressure (increasing with increasing roller speed and roller 

radius and decreasing with increasing nip gap) is consistent with the behaviour ofthe 

upward force measurements, which the model predicts are largely dependent upon the 

pressure. The change observed in the pressure profile when the dough type varies is 

also consistent w ith the upwards force behav iour. The increase in upwards force, 

observed as the reduction ratio increases, can be explained by considering the fact that 

as the reduction ratio increases, a greater proportion ofthe surface area ofthe dough 

comes into contact with the roller, thereby exert ing a greater integral force upon the 

roller. 

Finally, Figure 6 .8  shows a comparison between the CEF model developed here, and a 

Newtonian model .  The CEF model predicts a greater maximum pressure. For the 

Newtonian model the point of maximum pressure is considerably closer to the inlet than 

it is for the CEF model. 

Figure 6.8 Pressure Profiles for CEF and Newtonian models. Sheeting Conditions are: E pic: Short 
Mixed Dough, 135 mm radius roller, 3.6 mm nip gap, 6 rpm roller speed, and a reduction ratio of 4. 
a) C E F  model; b) Newtonian model. 

6 . 7 .  Velocity Profi le  

I n  Figure 6.9, the velocity profiles for a number o f  representative sheeting condit ions 

are plotted. The velocity profiles were determined using the equations given in Section 

5 . 7 .  
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Figure 6.9 Velocity ProfIles for Varying Sheeting Conditions, upper half of dough (assuming 
symmetry boundary). x and y dimensions are approximate. a) Epic Short Mixed Dough, 135 mm 
radius roller, 3.6 mm nip gap, 6 rpm roller speed, and a reduction ratio of 4; b) Epic Short M ixed 
Dough, 135 mm radius roller, 3.6 mm nip gap, 6 rpm roller s peed, and a reduction ratio of 10; c)  
Epic Short Mixed Dough, 135 mm radius roller, 3.6 mm nip gap, 1 9  rpm roller speed, and a 
reduction ratio of 4; d) Epic Short Mixed Dough, 135 mm radius roller, 2 mm nip gap, 6 rpm 
roller speed, and a reduction ratio of 4; e) E pic Short Mixed Dough, 75 mm radius roller, 3.6 mm 
nip gap, 6 rpm roller speed, and a reduction ratio of 4; f) Halo Dough, 135 mm radius roller, 3.6 
mm nip gap, 6 rpm roller speed, and a reduction ratio of 4. 
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All cases are consistent with the boundary condit ions, that is : at the roller surface the 

dough velocity is equal to the tangential surface speed o f  the roller, and at the l ine 

symmetry the direct ion of movement is horizontal. As w ith the pressure proftles, 

comparing the individual p lots to the base case of Figure 6.9a) demonstrates the effect 

upon the velocity profile of changing sheeting conditions. 

F igure 6.9b) demonstrates that increasing the reduction ratio results in an increase in the 

s ize of the re-circulation region, which is practical ly non-existent in the base case. I t 

may appear that the magnitude of the velocit ies in F igure 6.9b) are diminished, 

particularly with respect to the velocity at the rol ler surface. However, this is not the 

case, as the scales in the two plots are different; the resolution of F igure 6.9b) is smal ler, 

in order to accommodate the increased s ize of the region under the rol ler. In fact, the 

veloc ities close to the roller surface in F igure 6.9a) and F igure 6.9b) are identical. 

F igure 6.9c) demonstrates that increas ing the roller velocity increases the velocities 

within the dough. Roller velocity does not seem to effect the formation of the re­

c irculation region. Figure 6 .9d) demonstrates that changing the nip gap seems to have 

no effect upon the re-circulat ion region. Figure 6.ge) i l lustrates the e lementary fact that 

if the roller speed ( in rpm) is unchanged while the roller diameter is decreased, then the 

velocit ies within the dough will decrease. Finally, Figure 6.9f) shows that the 

properties of the dough have no influence on the shape of  the velocity profiles. This is 

expected from an inspection of the relevant equations in section 5 . 7 ; these do not 

contain the dough property parameters of 11 , \fI l  or \fI2. 

An application for which velocity profile information can be used is to determine the 

conditions under which re-c irculat ion w il l  occur. In F igure 6. 1 0, a typical velocity 

profile where re-circulat ion is occurring has been drawn. (The area of re-circulation is 

shaded for clarity). Examin ing the horizontal velocity along the axis of symmetry (at 

which y = 0), it can be seen that to the right of point Xr the horizontal velocity 

component is posit ive . To the left ofxr, where re-circulation is occurring, the horizontal 

velocity component is negative and at the point Xr the horizontal velocity component is 

equal to zero. Clearly, if po int Xr lay, for a particular sheeting condit ion, between the 

inlet and exit d istances (Xi and Xe, respectively) then re-c irculation would be observed. 

1 09 



Figure 6. 10 Velocity Proftle, where re-circulation is occurring. Distance Xr is the point at which re­
circulation begins. Xi and x. are the inlet and exit distances, respectively. x and y dimensions are 
only approximate. For clarity the approximate area of re-circulation has been shaded. 

The value of Xr can be calculated from the equations for the horizontal velocity 

components. 

When x = Xr, 0 = Uo + cUj + C 2u2L=o (6. 1 1 ) 
Substituting in equations (5 .67, 5 .73, and 5. 79) for the horizontal velocity components, 

and solving for Xr gives : 

1 x = - -
r 2 

E2 (1 5Xe 4 + 24xe 2 - 88)- 60xe 2 - 40 
E4 (75xe8 + 480xe6 + 1 008xe4 + 1472xe 2 + 2752) 

_ fJ, - £2 (600xe 6 - 3 1 20xe 4 - 4480xe 2 - 1 280) 
+ 1200xe 4 + 4800xe 2 + 4800 

(6. 1 2) 

This model shows that the point at which re-circulation occurs is dependent upon only 

on the exit distance, Xe, and the geometry ratio, E. 

F igure 6. 1 1  shows a plot of the ratio of inlet thickness to nip gap at which re-c ircul at ion 

should be observed (the reduction ratio ) .  If the reduction ratio for a certain sheeting 

condition is greater than the re-circulation ratio then re-circulation should be observed. 

If it is lower then re-circulat ion wil l  not occur. The figure demonstrates that for most 

practical sheeting arrangements of E, the re-circulation ratio is between 3. 5 and 4. This 

value is consistent with the work of Morgenstem and Ross, 1 998. The re-circulation 

increases with Xe, the exit distance. The values of Xe chosen here are typical of the, 

possibly unreal istically, small range of possible values that the model predicts, as 

discussed in Section 6.3 .  
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Figure 6.1 1  Ratio of inlet height to ni p gap at which re-circulation occurs, for different values of E­

I t  is surpris ing that the format ion of the re-circulat ion region (or indeed any part icular 

velocity profile) is independent ofthe dough properties (except in so far as the exit 

d istance is very weakly influenced by dough properties), and so lely dependent upon the 

geometry. Perhaps this represents a shortcoming in the model. 
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7 .  Concl us i o n  

A model of the behaviour of bread dough during the dough sheeting operation has been 

developed. This operation is an important part of bread dough manufacture, performing 

shaping, laminating and development functions. 

The operation was simply modelled using friction coefficient and compression models. 

These models were not accurate, although they did capture some physical characteristics 

of the system. A more detailed continuum mechanics model was also developed to 

describe the dough sheeting system. Although clearly neither [mal nor comprehensive, 

this model has increased the understanding of the bread dough sheeting process. 

The model is a fundamental, continuum mechanics model, which differs from previous 

models in its cho ice of constitutive equat ion and in the use of the perturbation so lution 

technique. A constitutive equation is used to describe the dough's deformation 

propert ies, and the chosen equation was the Criminale-Ericksen-F ilby (CEF) equation. 

This equation was chosen because of its capab ility of representing viscoelastic materials 

in conditions close to steady state and, its relat ive simpl icity. Despite the simpl icity of 

the CEF equation some difficulties were encountered in measuring the properties of the 

dough adequately with available instruments. The CEF equation allows the mode l to 

demonstrate some of the effects of the process ing material ' s  rheo logical properties upon 

sheeting outcomes, for example the force on the rol ler. 

A reasonably realistic descript ion of the geometry of the problem was used in this 

model. I mportant assumptions made by the model were that : 

• the process was two dimensional, with variation occurring in the length and 

height under the sheet ing rollers, but with no variation in the direction of the 

width of the rollers ; 

• the process is isothermal; 

• it is not subject to inertial or  gravitational effects; 

• the process is symmetrical about the centre l ine between the rollers; 

• dough is incompressible; 

• sl ip does not occur on the roller surfaces. 
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These assumptions were justified by appeals to the literature and preliminary 

calculations of the orders of magnitude of effects .  The assumption that dough is 

incompressible is probably the most l ikely assumption to require modificat ion in the 

future development of this model. 

The method by which the model was solved was different from methods used in 

developing some other models of the process. A perturbation technique was used for 

the solution. In this technique the equations for the system are written in terms of a 

small dimens ionless perturbation parameter, 8 (= �8/ R) ,  which is then set to be of 

value zero . The model is so lved for this case, and the solut ion (the zero order solut ion) 

is then used to solve the case in which 8 is non-zero but higher order terms (82, 83 . . .  ) 
remain set at a value of zero . This solution (fITst order) is then used to solve for the 

second order solution and so on; in each sequent ial solution the next successive order of 

8 is set to non-zero . Thus the solution is perturbated about 8 and converges upon the 

"true" solution to the original system of equations. The perturbation solut ion technique 

was employed because the set ofperturbated solutions, although algebraical ly complex, 

are computationalLy simple . Computational simplicity means that the model output can 

be quickly generated using a desktop PC and therefore might be more useful as a real 

t ime guide in designing and re-tooling efforts than alternative methods, for example 

finite element techniques, which can take a number of hours to solve even with 

sophisticated computers. 

It was found that the model could be used to predict the exit height, force and torque on 

the rollers and the velocity and pressure profiles in the dough during the sheet ing 

process. The exit height predictions made were the least accurate in comparison with 

measurements made on a pilot plant sheeter. This might be due to the neglect of 

compressibility in the model. The force and torque measurements were better predicted 

than the exit height ratio, although not perfectly predicted, and the velocity and pressure 

profiles were cons istent with other work. Model predictions could be appl ied, for 

example, to estimating the deflection of the rollers or to predicting the condit ions under 

which re-circulation might occur. 
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The variance between the model predictions and the experimental measurements could 

be due to problems with the model and / or the experiments. Both model and 

experiments were adversely affected by the fact that the properties of dough change 

during processing, that is they are history dependent. This resulted in difficult ies both 

measuring dough properties (for the model) and performing the experimental 

measurements with doughs of consistent properties. A possible solution, and goal for 

future work, is to use a more realistic constitutive equation to describe the dough 

properties, for example the Phan-Thien-Tanner equation (Phan-Thien et. al. ,  1 997). A 

potential problem with this approach would be that the model might become too 

complex to solve. Even if such a model could be solved swiftly computationally, 

performing measurements upon dough, to determine the parameters of a more real istic 

constitutive equation, is l ikely to increase the total handl ing time of the model beyond 

what is appropriate for use in a production environment. 

I t  would also be interesting to measure the sheeting behaviour of simpler materials, such 

as conventional polymers, with more easily measurable rheological properties, and then 

compare this behaviour to that predicted by the model. Such work could aid in 

determining whether the problems encountered in using the model accurately to predict 

dough's sheeting behaviour, are due to the difficulties in adequately describ ing the 

dough or to a fundamental problem with the model itself. 

Other possible goals for future work include challenging the assumptions of the model, 

for example compressibil ity, and comparing this solution of the dough sheet ing model 

to that developed with another solution method, for example a finite element technique. 
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9 .  Append ix A:  Experi mental  Deta i ls 

This appendix contains additional detail about the experimental work. 

9 . 1 Ca l ibration of Measu rement Devices 

9. 1. 1. Motor Torque Load Cell 

A Precision Transducer, ASB 1 25 kg, load cell was used to measure the torque, T, on 

the motor that turned the lower rol ler. The load cel l  was cal ibrated by hanging a series 

of weights (Wt) on a lever bar a known distance (Dt) from the roller shaft (as shown in 

Figure A I ).  The calibration was performed dynamically, with the roller rotating, and 

the digital output (for a particular torque) was averaged over a 20s period. This 

eliminated errors due to asymmetry in either the rol ler or the shaft. 

I- - - � L ..... _ 

· 
· : ,. -- ,  
· � .  r -� - , ," I :7-..,'- - - - \ I . '  ... � 
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meter 

weight 
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Figure A.I Motor Torque Load Cell Calibration (diagram not to scale). 

There was no s ignificant variation in the digital output due to the direction or speed of 

the rollers. 

On the cal ibration curve (F igure A2) negative torques result from weights hung on the 

outlet side of the sheeter, while positive torques result from weights hung on the inlet 

s ide of the sheeter. 
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Figure A.3 Motor Torque Load CeU Calibration Residuals 

The equation of the calibration curve was : 

T = 0.OS I4(DS)- 227 

• • • • •• • • 
.) . . , 

.. . ... . .. 

�� 

• 
SO � OO .. ... ... • • • ·1 • � . :. ,  ... • 

1\ •• .. -

(A I )  
where, DS = the d igital s ignal. The R2 value of the curve is 1 .000. 
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The residuals of the calibrat ion data are shown in Figure A.3. The residuals are 

distributed about zero, confrrming the linear relationship. The accuracy of the torque 

calibration was about ± 1 . 5 N m. 

9. 1.2. Downward Force Load Cell 

The downward force load cell measureed the total force exerted downwards (F) on the 

lower rol ler, as the dough was passed through the sheeter. A Precision Transducers, 

Model LPX, 1 000 kg, load cell was used and was calibrated by hanging a series of 

weights (Wt) from the roller and recording the d igital output (as shown in Figure A.4) .  

Although in pract ice forces of 400-500 N are observed in sheeting, only masses 

corresponding to forces of up to 1 50 N were hung from the roller. It was assumed that 

the load cell remained linear beyond this range and into the sheeting range. 

weight hung 

from roller 

(Wt) 

Figure A.4 Downward Force Load CeU Layout 

load cell 

I , - .... � , , \ I • I \ I , " � - - ' 

weight hung 

from roller 

(Wt) 

The calibration curve shown in Figure A.5 was used to calibrate the d igital output of 

the downward force load cell. The equation ofthe calibration curve was: 

F = 2 .08 1 7(DS) - 892 (A. 2) 
where, DS = the digital s ignal. The R2 value of the curve is 1 . 000. 
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Figure A.S Downward Force Load Cell Cali bration Curve 

The residuals of the calibrat ion data are shown in Figure A.6. The residuals are 

distributed about zero, confirming the l inear relat ionship. The accuracy of the force 

calibration was about ± 1 5  N. 
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Figure A.6 Downward Force Load Cell Calibration Residuals 
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9. 1 . 3. Exit Height Meter 
The thickness of the sheet, as it left the sheeter, was measured with a wheel attached to 

a rotary encoder (F igure A7). When the dough was passed under the wheel the angle 

angle, a, was measured by the rotary encoder which sent a digital output (proportional 

to the exit height of the dough, he) to the data collection computer. The wheel was 

mounted 8 10 mm from the n ip gap. 

roller exit 

dough 

surface 

Figure A.7 Exit Height Meter 

outlet 

belt 

angle 

meter 

wheel 

The curve used to cal ibrate the digital output of the exit height sensor is g iven in F igure 

A8 .  The equation of the calibration curve was: 

he = 0.0976(DS) - 1 85 .7 (A3) 

where, DS = the digital signal . The R2 value of the curve is 0.999. 
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Figure A.8 Exit Height Meter Calibration Curve 

The res iduals of the calibrated data are shown in F igure A9. The residuals are 

distributed about zero, confirming the linear relationship. The accuracy of the he ight 

sensor is ± 0.4 mm. 
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Figure A.9 Exit Height Calibration Residuals 
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10. Appe n d ix B :  Mathemati ca l 

Deta i ls .  

1 0 . 1 . Derivation  of Normal  Stress ,  Force and 

Torq ue Eq uations 

A simplified d iagram of the sheeting system is  given in Figure 8. 1 

i � y .. I , I , f'-J' , e .. , , \ \ , \ , , , \ , 
\ 

n 

- . - . - . + . - . - . - . - . - . - . - . � . - . - . - � I I X 

Figure B.1  Simplified sheeting system. n and m are the unit vectors normal and tangential to the 
roller surface, respectively. 

The fol lowing procedure was used to determine the normal stress, total upward force 

and total torque equations for the system. 

First, the unit normal and tangential vectors ( relative to the roller surface) were resolved 

into (x, y, z) components, demonstrated in Figure B .2 .  

- - - - - - � - - - -I I 

Figure B.2 Resolving vectors into (x, y, z) components. 
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n = (sin(e),- cos(e),o) 
m = (cos(e), sin(e ),0) 

(B. I )  

(B.2) 
Then, the traction vector, T, on roller surface (facing in direction n) was defmed as: 

From Cauchy's Law: 

T;(n) = L er yo n} } 
Therefore: 

T}n) = erxx sin (e)- erxy cos(e) 
T}n) = er yx sin (e)- er yy cos(e) 
T(n) = 0 z 

(8.3) 

(B.4) 

(B.S)  

(B.6) 

(B.7) 

In  order to conform to boundary condit ions (Section l . 6 .6) it was necessary to 

determine the normal stress acting on the roller. This was calculated by taking the dot 

product ofthe traction tensor and the vector, n, normal to the roller surface : 

t�n) = T(n) . n (B.S) 

t�n) = (Tx(n) , T)n) ,  Tz(n) ) .  (sin (e ),- cos(e ),0) (B.9) 

t�n) = (er xx sin(e) - er xy cos(e), er xy sin(e) - er yy cos(e ),0) . (sin(e ),- cos(e ),0) (B. I O) 

T�n) = er xx sin 2 (e) - 2er xy sin(e )cos(e) + er yy cos 2 (e) (B. i i ) 

By defmition (Bird et aI. ,  1 986), (note that some authors use a different sign 

convention), 

(B. 1 2) 

Therefore: 

(B. 1 3) 

Next the force in the upward, y, direction at a point was determined from the dot 

product of the traction vector and a unit vector facing in the y direction, that is: 

fr = r(n) y y 
fry = er xy s in(e)- er yy cos(e) 
fry = i xy s in(e)- (p + i yy )cos(e ) 

(B. 1 4) 

(B. l S) 

(B. 1 6) 

(B. 1 7) 

(B. i S) 
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Then to establish the total upward force (per width) on the roller, it was necessary to 

integrate over the region of contact between the roller and the process material. (ds = 
surface element, on the roller) 

d:J 
dx 

Figure B.3 Geometric relationship between surface and co-ordinate derivative. 

From F igure B.3, 
dx = cos(e) 
ds 
Therefore: 

which is evaluated at the roller surface. 

A A 

(B. 1 9) 

(B.20) 

(B.2 1 )  

(B.22) 

Then the torque, M , per unit area, acting on the roller of radius, R ,  was determined 

from the dot product of the traction vector and the unit vector, rn, tangential to the rol ler 

surface: 

A 

� = R(cr xx sin (e)- cr xy cos(e ), cr  yx sin(e )- cr yy cos(e ),0) . (cos(e ), sin(e ),0) 
A rea 

� = R(cr xx sin(e)cos(e) - (J xy cos2 (e) + cr yx sin 2 (e) - cr y.y sin(e)cos(e)) 
Area 

A 

� = R((cr xx - cr y.y )sin(e ) cos(e) + cr xy (s in 2 (e) - cos 2 (e ))) 
A rea 

(B.23) 

(B.24) 

(B.25) 

(B.26) 

(B.27) 

Then the total torque (per width) on the roller was calculated by integrat ing over the 

roller surface: 
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L M = "f [R((t xx - i yy )sin(e )cos(e)+ i xy (sin 2 (e)- cos2 (e )))] di( ) 
W . cos e x, 

LwM = RJ[((i xx - i yy )sin(e)+ i xy (tan(e )sin (e)- cos(e )))]iX 
x, 

which is evaluated at the roller surface. 

1 0 . 2 .  C hoos ing Dimensionless Forms 

(B.28) 

(B.29) 

(B.30) 

It was required to find dimensionless forms of equations, (5 . 1 0) to (5 . 1 5) .  The aim was 

to rewrite the equations as a dimensionless, power series of a perturbation variable, E .  
10.2. 1. Co-ordinate Variables 

From geometry considerations the order of the coordinate variables were estimated: 

x � O(R) (B.3 1 ) 

Y � 0(8) (B.32) 

That is : 
� 

(B.33) x = xR y = y8 (B.34) 

These appeared to be the most natural select ion for the dirnensionless forms of the 

coordinate variables. However, using these forms resulted in a difficulty with the 

equation ofthe height ofthe rol ler surface (see F igure B.4). Under this scheme the 

height was :  

h = l + ! -
� E 

where: 

o E = -
R 

The Taylor series expansion of (B.35), in terms of E, was: 

(B .35)  

(B.36) 

(B.37) 

The presence of a negative order term made this expansion difficult to work with. 

Therefore a new scheme to make the co-ordinate variables dimensionless was devised. 

x = x�8R (B.38) 
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y = y8 
This led to the following form for the height boundary condition: x2 2 X 4 4 X6 
h = l + - + E  - + E  - +  . . .  
where: 

. �� 

2 8 1 6  

This form of  h was more suitable to work with. 

10. 2.2. Velocity Variables 

Again from geometry considerations, it was noted that: 

U = UrU 
Substituting the dimensionless forms into (5 . 1 0) gave: 

� � � 
� v = U -v = U EV r � r 

R 
where: 2 U = Uo + EU1 + E U2 + . . .  2 V = Vo + EV I + E V 2 + . . .  
10.2.3. The Viscometric Functions 

(B.39) 

(B.40) 

(B.4 1 )  

(B.42) 

(B.43) 

(B.44) 

(B.45) 

It is desirable to have the dimensionless forms of the three v iscometric functions 

approximately equal to each other. It was noted that: 

Therefore the following dimensionless forms of the viscometric funct ions were 

proposed: 

1, = r,11 , i .e . T) = 1 
� r,8 
\{'I = \{'I -�­

ur 

10.2. 4. Stress Term 

(B.46) 

(B.47) 

(B.48) 

(B.49) 

Substituting the dimensionless forms into (5 . 1 3 ), taking into account that 8 < R ,  gave : 
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(B.50) 

where: 

(B .5 1 )  

10.2.5. Pressure 

Substituting the dimensionless forms into (5 . 1 1 ), taking into account that 8 < R ,  gave 

� � p Ur 11 
P - Pa = -�-8 
Or substituting the dimensionless forms into (5 . 12) gave: 

� � p Url1 P - Pa = -�-8 

(B .52) 

(B .53) 

But, when this dimensionless form was used for the pressure, then the zeroth order term 

of(5 . 1 1 ) was found to be : 

apo _ .!.  a 2 uo 
ax - E 0'2 

This was unacceptable, as the perturbation variable, E ,  remained in the equation. 

Therefore a new dimensionless form for the pressure was used, to eliminate this 

problem: 

� � p UJ1
H

� 
P - Pa = -�- � 8 8 
where: 

10.2. 6. Force and Torque Equations 

Figure B .4  shows the sheeter geometry, with dimensions. 

R 

� 8 
Figure B.4 Sheeter geometry with dimensions. 

Therefore, from the geometry: 

CB .  54) 

(B .55)  

(B .56) 
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tan (e) = A : A R + o - h  
(e) 

R + 8 - h  
cos = A R 

A 

sin (e) = -: R 
A h was also determined from the geometry: 

h = R + 8 - �R 2 _ i2 
Therefore: 

A 

tan(e) = 
x 

� R2 _ i2 
� R2 _ i2 

cos(e) = A R 
sin (e) = -: 

R 
The dimensionless forms given above were then subst ituted in: 

tan(e) = 
EX 

.Jl - f, 2x2 
cos(e) = .Jl - f, 2 x2 
sin (e) = EX 
Or taking Taylor approximations: 

3 x3 
tan (e) = EX + f, - + . . .  

2 

2 x2 
cos(e) = 1 - f, 2 + . . .  
sin (e) = EX 
Then these were substituted into the total upward force equat ion: 

(B.5 7) 

(B. 5 8) 

(B.59) 

(B.60) 

(B.6 1 )  

(B.62) 

(B.63) 

(B.64) 

(B.65) 

(B.66) 

(B.67) 

(B.68) 

(B.69) 

(B.70) 

(B.7 l )  

(B.72)  

(B.73) 

(B.74) 
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An equivalent subst itution was also made into the total torque equation: 

1 0 . 3 .  Bou nda ry Cond itions ( D imension less , 

Pertu rbation Forms) 

The boundary conditions were also needed in  a dimensionless form. 

10.3. 1. No Slip at the Roller Surface 

(B.75) 

(B.76) 

(B.77) 

(B .78) 

At the roller surface, h ,  the dough velocity is equal to the roller velocity, itr . The 

dimensionless perturbation form of the condition was easily derived from the 

dimensionless forms of h, u and v: 

x
2 

2 X
4 

at y = h = 1 + - + 8 - + . . .  , 
2 8 

2 4 
2 2 X 4 X 

U = uo + 8U, + 8  u2 + . . .  = 1 - 8  - - 8  - + . . .  

2 
V = Vo + 8V, + 8 V2 + . . .  = x 2 8 

(B .79) 

(B .80) 

(B.8 1 )  
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10.3.2. Line of Symmetry 

At Y = 0 ,  there is a l ine of symmetry, which means : v = 0 and : = O .  Again this is 

s imply rewritten with the dimensionless forms ofu and v: : 
at y = 0, 

au au au au _ = _0 + € _l + € 2_2 + . . . = 0 
ay ay ay ay 
v = Vo + €Vl + € 2 V

2 
+ . . .  = 0 

10.3.3. Inlet Condition 

(B.82) 

(B. 83)  

(B.84) 

At the point of inlet (Xi '  hi ), there is a free surface, at which the total stress on the rol ler 

surface is equal to zero. 

The point of inlet was easily rewritten, with the dirnensionless forms of h: 

2 4 X. 2 x. at y = h, = 1 + -'- + € -'- + 0 0 .  and x = x. , 
2 8 ' 

The total normal stress is given in a dimensioned form above, into which the 

dimensionless forms of pressure and stress were substituted: 

T�n) = T�n) (dimf ) = p + 1 n sin 2 (e) + 1 yy cos2 (e)- 21 xy sin(e )cos(e) 
�lP + E 3X 2 Tn + E(I - E 2x2 + o o ·}ryyl 

T(n) (dim . ) = llUr R 

( 
2 ) n T 8 8 _ 2E 2 X 1 - E 2 � T 

2 xy 

T;") � T;") �u: (� [pa .. 7 · !J � [pal) 
T�n) = Po + E(� + Tyy,o )+ E 2 (PO + Tyy,l - 2xTxy,o )+ ' " = 0 

10.3.4. Out/et Condition 

(B.85) 

(B.86) 

(B.87) 

(B.88) 

(B.89) 

At the point of outlet �e ' he ), there is a free surface, at which the total stress on the 

roller surface is equal to zero. I n  dimensionless form this is: 

(B.90) 

(B.9 1 )  
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10.3.5. Conservation of Mass 

At any value of x the integral of the horizontal velocity component by y ,  from y = 0 

to Y = h ,  is equal to a constant. Assuming that the exit velocity profile is flat, and 

obeying the outlet boundary condition, then the constant is equal to itehe . From the 

dimensionless forms of h and u this was written as: 

\Ix 
2 2 

h 1 
xe 2 Xe ( 2 4) ue e = + - - E - Xe + - . . .  
2 8 h 

uehe = J udy. 
o 

u,h, � 

'·
;:uody + ;1., dy + £ ' [1 uody + 7:,dy] + . . .  
o 0 0 0 

1 0 .4 .  Solution Detai ls 

10.4. 1. Zero Order Solution 

(B.92) 

(B.93) 

(B .94) 

(B.95) 

Below are the details ofthe zeroth order solution. A similar method was used for the 

higher orders. The symbol ic processing package, MACSYMA, was used to perform the 

mathematical operations. 

F irst (5 .39) was integrating by y: 
Po = Bo + Co (x) (B.96) 
Where Co is an unknown function of x, and Bo is an unknown constant. (B .96) was then 

differentiated by x: 

aFo dCo - = -
ax dx 

(B.97) was then substituted into (5 .38) .  

a2UO _ .!.  dCo 
a2 y - TJ dx 

(B. 98) was then integrated by y. 

Buo = y dCo + Do ay TJ dx 

(B.97) 

(B .98) 

(B.99) 
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Where Do is an unknown constant. The L ine of Symmetry boundary condition was then 

used to determine the value of Do. 
Do = 0  
DUo = y dCo 
DY 11 dx 

(B. l O l )  was then integrated by y: 
y 2  dCo Uo = ---+ Eo 211 dx 

(B. I 00) 
(B. l O l )  

(B. I 02) 
Where Eo is another unknown constant. The No Sl ip at the Roller Surface boundary 

condit ion was used to determine the value of Eo. 
1 dCo ( 2 X4 

J 
Eo = 1 - 211 � 1 + x + 8 

y2 - ( I + X2 + �J 8 dCo U = 1 + -��---� o 211 dx 

(B. 1 03 )  

(B . 1 04) 

Then the Mass Conservation boundary condition was used, to determine the derivative 

of Co, with regard to x. 

rh d = (1 �J ' dCo = 1 2 {x - Xe Xx + x. }  J( UO Y + . . 11 ( )3 o 2 dx x2 + 2 
Then subst ituting (B. I 02) gave: 

(B . I 0S) 

3xe 2 _ x2 + 4  6y2 (xe - xXxe + x) 
uo = 2(X2 + 2) - (x2 + 2Y (B . I06) 
Substituting this into (5 .37) and applying the Line of Symmetry boundary condit ion 

allowed Vo to be solved for: 

_ 3xy(xe 2 + 2) 4xy3 (3xe 2 - 2X2 + 2) 
Vo - (x2 + 2Y - (X2 + 2t (B. I 07) 
Equation (B . l OS) was then integrated by x. The constant of integration (an arbitrary 

function of neither x nor y) can be d iscarded, as it is already included as Ba. 

This expression was then substituted into (B.96), to give an expression for Po. 
p. _ _ �(X(1 0Xe 2 + 4)+ X3 (3x/ - 2) 3xe 2 - 2 -1 (�JJ B o - 11 ( )2 

+ r;:; tan r;:; + 0 8 X2 + 2 ",2 ",2 
The inlet boundary condition was then used to solve for Ba. 

(B . 1 08) 

(B . 109) 
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Therefore : 

X(lOxe2 + 4)+ x3�xe2 - 2) _  Xi (1 Ox/ + 4)+ x/�xe2 - 2) 
(X2 + 2Y (X/ + 2)2 

+ tan - - tan -
3xe 2 - 2 ( -\ ( x J -\ ( Xi JJ .J2 .J2 .J2 

(8. 1 1 0 ) 

(8. 1 1 1 ) 

Final ly the earl ier solut ions were subst ituted into (5 .40), (5 .4 1 )  and (5 .42) to give: 

T = - 1 44\}' 2 (Xe - XY (Xe + XY 
W ,O 2Y ( 2 )6 X + 2  

T = 1 2  (xe - xXxe + x) 
X)',o flY (X2 + 2) 

T = - 144(\}' \}' ) 2 (Xe - X Y (Xe + X Y 
xx,O \ + 2 Y ( 2 )6 X + 2  

(B . l 1 2) 

(8. 1 1 3 ) 

(8. 1 1 4) 

This completes the zero order solution. The first and second order solutions proceeded 

simi lar ly, using the appropriately perturbated boundary condit ions. 

10. 4. 2. Confirming Boundary Conditions 

After the zero, first and second order solutions were completed (5 .37) to (5 .54) it was 

confirmed that the boundary conditions were met. This means that the solution may 

have proceeded without error. 
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