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Abstract

Rotational moulding is one of the fastest growing sectors of the plastics processing 

industry today. Yet, in spite of the advantages which it has to offer in terms of the 

economic production of quite complex, stress-free articles, its competitiveness and 

widespread growth is still hampered by long production cycle times.

This work aims to achieve substantial savings in cycle times by focusing on the basic 

process and heat transfer modes involved in this process, the polymer and mould 

material properties.

Analyses were carried out utilizing the process simulation package RotoSim to 

identify the most significant process and material parameters that affect cycle times. 

Moreover, in an attempt to predict the processing conditions to optimise cycle time 

and product quality, statistical analyses were performed using a statistical design of 

experiments methodology.

The experimental work consisted of carrying out numerous tests to identify the 

various heat transfer coefficients involved in the process, to determine the effect of 

varying oven temperature, oven and cooler fans’ capacity and rotation speed ratio on 

cycle times. Particular attention was given to internal mould cooling by investigating 

three different methods; air amplifiers, chilled water coil and liquid carbon dioxide 

(C02).

The key finding of this project was that a reduction in overall cycle times of 

approximately 45% was achieved by simultaneously applying all techniques



Abstract

investigated. A case study was carried out using a mould from industry, which 

confirmed the previous results by achieving a reduction of approximately 35% in 

overall cycle times.

It was found that reducing cycle times depends on the factors that increase the heat 

transfer rates into and out of the system, while these conditions, on the other hand, 

tend to result in a reduction in wall thickness uniformity. From the RotoSim analysis 

it was also found that increasing the rotation speed of either the machine arm or plate 

resulted in reductions in cycle times and the values of standard deviation of 

thickness.

Another key finding was that the heat transfer coefficients involved in forced air 

heating and cooling are very small values if compared to the typical convective heat 

transfer coefficient values range given in heat transfer textbooks. The results analysis 

also revealed that higher oven temperature has a larger effect on cycle times than 

higher oven fan capacity, which in turn has a larger effect than varying the machine 

arm or plate rotation speed.

It was also found that using air amplifiers is the most efficient way to reducing 

cooling cycle times among the three methods tested in this project. The initial tests 

carried out using liquid CO2 came up with promising results that open up a new 

possible fertile field for more research with liquid CO2 and liquid N2 as coolants.
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CHAPTER 1

Introduction

1.1 The World of Plastic

‘The material of a thousand uses’; this is what the makers of Baklite 

(phenolformaldehyde resins), the first synthetic plastic, called it m. About 100 years 

ago, Baklite was produced as a substitute for natural polymers. Since then onward 

the ever increasing interest and use of various plastic synthetic materials has 

established them as an important and one of the most used materials in either 

commercial or industrial life.

Plastics are broadly integrated into today’s lifestyle and make a major contribution to 

virtually all product areas. Currently, plastics are used in packaging, building and 

construction, electrical industry, automotive, agriculture, medical implants and 

recreation products. An example of how the plastic industry is steadily progressing is 

illustrated by the consumption of plastics worldwide; it was around 8 million tonnes 

in 1960 and increased to 123 million tonnes in 2000, while it is expected to rise to 

157 million tonnes in 2005 and to 380 millions of tonnes in 2020, respectively [2&3].

Plastics are a member of the polymer family, which also includes rubber, wood, 

cotton, silk and wool. They display unique features when compared to other 

materials such as metals and ceramics. The molecular structure of plastics consists of 

small units (molecules) bonded into very long chains, in which the organic materials; 

carbon, hydrogen, nitrogen, chlorine and sulphur are the main elements.

1



Chapter / Introduction

From its Greek origins (plastein)11 &4] the word ‘Plastic’ refers to easy moulding and 

shaping. Due to their ease of ‘processibility’, designers and engineers utilise them 

extensively in manufacturing and fabricating of many products.

1.2 Processing of Plastics

Plastics offer useful and unique combinations of physical and chemical properties, 

such as flexibility, lightness, corrosion resistance, chemical resistance, 

colourfastness, transparency and the most important is the ease of processing.

The word “processing” refers in general to all operations on matter that produce a 

material with the desired microstructure and macroscopic shape. In the 

manufacturing of ceramics via sol-gel processes, the operations include chemical 

reactions. In metallurgy, the processes may include, for example, alloy formation 

before the shaping and annealing thereafter. However, in polymer industries the 

processes are usually restricted to shaping.

All plastics processing methods include the stages of (1) heating or softening 

(melting and fluidising) of the material, (2) homogenizing and shaping the required 

part and finally (3) cooling (solidifying) and stabilization of the shape of the end part.

Plastics processing can be divided into two categories. Continuous processing, such 

as extrusion and calendaring processes, or cyclic processing, such as injection 

moulding, blow moulding and rotational moulding.

This work, which is presented in this thesis, is concerned with the process of 

rotational moulding.

2



Chapter 1 Introduction

1.3 Rotational Moulding of Plastics

Although the term rotational moulding is not familiar to many, the products produced 

by the process are visible and familiar in a wide variety of functions in our daily life. 

Rotational moulding of plastics is a polymer powder processing technique. It is a low 

pressure, high temperature manufacturing method for producing seamless, stress-free 

and integral hollow plastic articles.

The basic concept of rotational moulding, in which the part is formed inside a closed 

mould that rotates biaxially (or rock and roll motion), was used by metal and wax 

moulders and in candy (chocolate) and ceramic pottery manufacturing before it was 

employed by the plastic industry [5, 6’7> 8a’9’l0a & lla]. Modem rotational moulding of 

plastics evolved from the same concept with one essential development that gave this 

technique its own character as a plastic processing method. This development was 

the elimination of centrifugal forces by using low mould rotation speeds.

The first approach adopted in rotational moulding of plastics (in 1930s) was the idea 

of using PVC (poly vinyl chloride) plastisols to coat the inside surface of a hollow 

heated mould. This process that marked the beginning of plastics rotational moulding 

is known as ‘Slush Moulding’. In the 1940s and early 1950s the process developed 

very slowly because of the lack of suitable processing materials. In the late 1950s the 

situation changed dramatically and the rotational moulding industry began to take its 

current modem shape, particularly with the introduction of powdered polyethylene 

grades developed for the process. Since then the use of this process has expanded 

more quickly due to various technological developments and the increasing 

awareness of designers of its potential.

The rotomoulding process is capable of producing a variety of shapes and sizes. 

These products can be small or large items with simple or complex shapes. The 

industrial and commercial products in agriculture, health and science or point of sale 

areas include tanks and containers for fuel, water, and chemical processing, livestock 

feeders, drainage systems, food service containers, instrument housings, pump 

housings, floor maintenance equipment, fittings, medical equipment, vending
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machines, highway barriers and road marks. The commercial products in 

recreational, special application, toy and transportation areas include boats, kayaks, 

child care seats, light globes, tool carts, tables, planter pots, playground equipment, 

headrests, truck/cart liners and air ducts. Apparently, the wide range of rotationally 

moulded products is only limited by the designers’ imagination.

The vast majority of the rotationally moulded products are manufactured from 

thermoplastics. The range of materials that can be easily processed by rotational 

moulding is narrow if compared to the polymer materials available to other plastic 

processes. Polyethylene, in its many forms, is the most commonly used in the 

industry, where it represents about 85% to 90% of all polymers that are rotationally 

moulded I8b’ l0b’ llb’ 12a]. Other main materials in use today are [10b & 12a]: PVC 

plastisols, polycarbonate, nylon (6, 66, 11 & 12), polypropylene and fluoropolymers 

(ETFE, ECTFE & PFA).

Over the last three decades, the improvements and developments that have been 

achieved in rotomoulding technology, process control, mould making methods, in 

machinery and the growing selection of resins and compounds have resulted in 

expanding the capabilities and increasing the usage of this process, as well as getting 

rid of the early acquired images of a very slow process restricted to a small number 

of materials. This has broadened the scope of this method to make it the fastest 

growing field in the processing of plastics in 1990s, with an approximate annual 

growth of 12% ll3]. For the foreseeable future the rotomoulding industry is expected 

to continue in developing and growing. The number of rotational moulders 
worldwide in 2007 is estimated to be 34% more than it was in 2002 1141 and material 

consumption is estimated to increase by 108% within a five year period (2000 - 

2005)t,0c].

As a result of these enhancements and process advances, rotational moulding is 

largely and economically used for very complex mouldings and difficult tasks, and it 

can provide a very competitive alternative to established methods such as blow 

moulding, thermoforming and injection moulding.

4



Chapter 1 Introduction

Rotomoulding, if compared to other moulding processes such as the blow and 

injection moulding methods, has many features that could be judged in its favour. 

Relative to blow moulding, rotational moulding exhibits flexibility in the processing 

of more complex and asymmetrical shapes, and regarding the wall thickness, its 

distribution is more uniform in the final rotomoulded part. Part size can also go well 

beyond anything that is possible in blow moulding due to the plasticisation 

limitations in the latter process [l5]. Relative to injection moulding, rotomoulding has 

major advantages of low mould costs and the ability to produce complex, hollow 

articles. The cost difference between the moulds, for the two processes, increases 

significantly as the part size becomes larger [,5].

The versatility and comparatively low capital investment cost of the rotational 

moulding process, in addition to the aforementioned advantages that allowed this 

process to become widely used and to grow at above average rates, can not however 

escape the reality of slower cycle times compared with other moulding methods. 

Unfortunately, long cycle times still hamper the progress of this process and affect its 

competitiveness in this rapidly developing industrial world.

1.3.1 Rotational Moulding Process

Rotational moulding is a four-step process. This process could be considered unique 

amongst other plastic moulding methods because the heating, shaping and cooling of 

the plastic all take place inside the mould with no application of pressure.

Figure (1.1) demonstrates the stages in the rotational moulding process.

5
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(a) Charging (b) Heating

(c) Cooling (d) Demolding
Figure 1.1: Four stages of rotational moulding

A typical rotational moulding cycle consists of: -

a) Charging: A predetermined amount (equal to the desired weight of finished part)

of the plastic material in powder or liquid form is charged into the 

bottom section of the mould. The mould halves are then closed and 

tightly clamped together, and after checking that the vent is clear, the 

mould assembly is transferred to the oven. Before charging the 

material, the inside surfaces of the mould are coated with a release 

agent.

b) Heating: During heating inside the oven, the mould is rotated about two

mutually perpendicular axes (biaxially). The mould is usually heated 

using a hot air convection oven. As the metal mould becomes very hot 

and the heat is conducted through the walls, the tumbling material 

inside begins to fuse (sinter) and stick to the mould walls. A layer of 

molten plastic thus develops on the inside surfaces of the mould. The 

heating stage usually extends for a definite period after the powder 

has disappeared and turned into melt. This is to allow the air bubbles 

that are trapped between the plastic layers during the powder fusion to

6
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decrease in size or completely dissolve. At the end of the stage an 

object in the shape of the mould, is formed inside the mould cavity.

c) Cooling: At the end of the heating stage, mould rotation is continued and it is

transferred to a cooling bay. The mould and plastic inside are cooled 

using different cooling conditions depending on the desired 

properties. These cooling profiles are either still air cooling, forced air 

cooling, jet of cold water or an air-water mixture (mist). As the heat is 

removed from the assembly the molten plastic solidifies and a solid 

part is formed.

d) Demoulding: Once the moulding has cooled sufficiently, the rotation is stopped

and the mould is transferred to an unloading station where its two 

halves are unbolted and the solidified part is removed. At this stage 

the mould is ready to start a new cycle again.

A comprehensive and detailed description of the characteristics of this process, 

polymers used, mould materials and mould design, plastic part design, machinery 

used, colours and additives, and process controls can be found in literature and a 
number of authoritative textbooks exist; Churchward [16], Rees 1171, Sharp [5], 

Bruins [18], Ramazzotti [19], Crawford |201, Beall [8], Crawford and Throne [l2], 

Nugent[W], Crawford and Kearns [ll], and ARM’s guide to rotational moulding [21].

1.3.2 Advantages and Limitations of the Rotational Moulding Process

Like all other manufacturing processes, rotational moulding has its share of 

advantages and limitations.

Main advantages of the process are: -

Its ability to produce large and small seamless, one-piece, hollow parts with

no weld lines or joints.

Relatively stress-free items are produced.

Production moulds, machinery and tools are relatively inexpensive.

7
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Little or no material waste. The full charge of material placed in the mould is 

consumed in producing the part.

Parts have good wall thickness uniformity and are free of orientation and 

weld lines.

Moulds of different sizes and shapes can be run together on the same 

machine.

Manufacture of multi-layer (sandwich) products is possible.

Inserts and high quality graphics can be easily moulded in.

Economically feasible manufacturing of small quantities of large size or 

complex parts.

Main limitations of the process are: -

Material costs are relatively high, because the material must be compounded 

with various stabilisers and then ground to a powder.

The selection of material is limited compared to other plastic processing 

techniques.

The process is not suited for large production runs of small parts.

Loading and unloading is very labour intensive especially for complicated 

parts.

Long production cycle times compared to other cyclic processes such as 

injection, thermoforming or blow moulding.

The latter limitation, which is being addressed in this thesis, is the most significant as 

it is impeding the current progress of the rotational moulding process.

1.4 Project Aim and Objectives

The rotational moulding industry is considered as one of the most swiftly growing 

sectors of the polymer processing industry. It has probably the most dynamic rate of 

development if compared to other processes and this is illustrated by the estimated 

increase in rotational moulders’ number and the estimated upsurge in 

‘rotomouldable’ polymer consumption within the coming few years.

8
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The rotomoulding process competes vigorously with three other plastics processing 

methods (blow moulding, thermoforming and injection moulding) for manufacturing 

high quality hollow plastic parts. This ongoing competition is a battle to prove the 

potential of individual processes as the most cost-effective means of delivering the 

hollow part performance required. In other words, to prove the process ability to 

supply a product with the right balance of price to performance in order to satisfy the 

customer needs in competitive markets.

Relatively, if compared to the other processes, the rotational moulding production 

cycle time is the longest, which directly affects the production running cost. This is 

due to the fact that there is no shear heating in the process as in injection and blow 

moulding. The heating of the mould and powder from the room temperature up to the 

melting temperature of plastic and then the cooling back to room temperature means 

that cycle times are measured in minutes rather than seconds. The widespread growth 

of the process and the increasing demands to compete more effectively with other 

processes are still hampered by long cycle times.

The main aim of this project is therefore to identify how cycle times in the rotational 

moulding process may be reduced.

The specific objectives and approaches considered in order to fulfil the project aim 

can be summarized as follows:-

1. Theoretical investigation by utilising the process simulation package

RotoSim to identify the process and material parameters critical to cycle time

reduction.

The analysis includes:

a) Studying the effect of polymer resins’ properties on reducing cycle time.

b) Studying the effect of mould material properties and thickness on 

reducing cycle time.

c) Observing the influence of different heat transfer coefficients (oven to 

mould, bare mould to internal air...etc.) on reducing cycle times.

9
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d) Studying the effect of rotation speed ratios on cycle times and the 

uniformity of wall thickness distribution.

2. Statistical analyses to determine the processing variables that have the most 

significant effect on two outputs: cycle time and wall thickness uniformity 

and how to optimise these.

3. Experimental investigations to determine the various heat transfer 

coefficients involved in the process. These investigations to be carried out 

with the aid of Rotosim.

4. Experimental investigation of the effect of oven temperature, rotation speed 

ratios and varying oven and cooler fan capacities on reducing cycle times.

5. Experimental investigation of internal mould cooling.

6. Experimental optimisation of the operating conditions. To carry out a case 

study using a mould from the industry to confirm these operating conditions.

This project is funded by the Association of Rotational Moulders, and is being 

conducted jointly by Queen’s University Belfast (QUB), Northern Ireland and The 

University of Auckland, New Zealand.

The research at the University of Auckland (UoA) is primarily concerned with 

enhancing the convective heat transfer to the exterior of rotating moulds during both 

the heating and cooling stages. The focus of this study has been on modifying the 

exterior surfaces of moulds. Two mechanisms have been considered; application of 

extended surfaces (i.e. fins and pins) and application of roughened surfaces. Initial 

investigations of these two mechanisms were carried out using simple metal plates. 

Increases in surface heat transfer rates of approximately 15-30% were provisionally 

achieved when using roughened surface. The next step, which is due in the near 

future, of this project is to prove the achieved results through a complete rotational 

moulding process by using a specially manufactured mould with interchangeable

10
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plates having smooth, roughened and pin enhanced surfaces. Another aim of the 

UoA project is experimental investigation of the effect of composite materials on 

reducing part wall thickness and hence cycle times.

1.5 ARM - Association of Rotational Molders

This project is sponsored by ARM, the Association of Rotational Molders. The 

association is the premier organization of the rotational moulding industry 

worldwide. This international association currently represents member companies in 

fifty seven countries. These include manufacturers of rotationally moulded products, 

manufacturers of raw materials and of processing aids, machine and mould builders, 

service providers, suppliers to the industry, designers and professionals.

11



CHAPTER 2

Literature Review

This Chapter presents in Section 1 a general review of mathematical modelling and 

computer simulation of the rotational moulding process. In Section 2 the various 

process controls are discussed in brief and Section 3 details and describes the 

research focused on reducing cycle times in rotomoulding.

2.1 Mathematical Modelling and Computer Simulation of Rotomoulding

In practical terms, the rotational moulding process is a physical thermal system, 

which is dominated by the convection and conduction modes of heat transfer. This 

occurs in both the heating and cooling stages of the moulding cycle.

Due to competition amongst the various polymer processing methods, and the 

increasing interests in developing the rotomoulding process to improve quality and 

productivity, a number of researchers over the last thirty years have made efforts to 

understand the mechanisms of the moulding process. They tried to explore 

analytically and mathematically its thermal features and then developed computer 

simulations to predict the behaviour and characteristics of the system under different 

operating conditions.

2.1.1 Heat Transfer Approach in Rotomoulding

A general definition of the heat transfer is given by Incropera and DeWitt I22al, as 

“Heat transfer is thermal energy in transit due to a temperature difference”. From this
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definition it can be concluded that the rotomoulding process is dominated by the 

various heat transfer modes because of the presence of temperature differences 

between the system and the surroundings at any time during the heating and cooling 

periods, which primarily dictate the length of a moulding cycle.

The three basic heat transfer modes are conduction, convection and radiation. 

Conduction is the transfer of energy from the more energetic particles of a substance 

to the adjacent less energetic ones. Convection is the heat transfer between a solid 

surface and the adjacent moving liquid or gas. Radiation is the energy emitted by 

matter in the form of electromagnetic waves (or photons) as a result of the changes in 

the electronic configurations of the atoms or molecules.

Both microscopic and macroscopic properties of materials affect the transfer of 

heat|23al. The microscopic properties such as the spatial distribution of molecules and 

the type of bonding, and the macroscopic properties such as density, thermal 

conductivity, specific heat and other thermal properties of the material are very 

important in determining the heat transfer rates in rotomoulding taking into 

consideration the interaction between the metal and the polymer as well as the 

continuous phase change within the polymer.

In general, the heat transfer in all practical thermal systems is three-dimensional. In 

rotational moulding, to simplify the analysis of the process, it can be approximated 
and considered as two- or one-dimensional. According to Jaluria [24al the three- 

dimensional heat transfer analysis, unless absolutely necessary, is generally to be 

avoided because of the additional complexity in obtaining solutions to the governing 

equations.

In rotational moulding the mould wall and the plastic layer thickness are relatively 

small compared to the whole surface area of the mould, which justifies the 

approximation of one-dimensional heat transfer through the system. The following 

analysis supports this approximation:

13
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By considering an unsteady state heat conduction, no internal heat generation and 

constant thermal properties of the solid block that is shown in Figure (2.1), the 

temperature distribution in the three dimensions T(x,y,z) at any time (t) is described 

by the diffusion Equation 2.1 (or Fourier-Biot equation)[25a]:

Figure 2.1: Three-dimensional conduction in a solid block

ar .
Pc— = k

dt
d2T d2T a2r'

(2.1)

where pis the density, cis the specific heat and k is the thermal conductivity of the 

block material.

Rearranging the terms and by using the following dimensionless variables:

D
y=— z=± e=L

H W T0

where F, is a reference temperature, taken as the ambient temperature,

(2.2)

Equation (2.1) becomes:

lf_d£ ^e_ D2 d2e
a dt - dx2 + H2 dY2 + W2 dz2 

where a = k!pc is the thermal diffusivity of the block material.

(2.3)
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The thermal diffusivity is the ability of a material to conduct thermal energy relative 

to its ability to store thermal energy; in other words it is the rate at which a non- 

uniform temperature distribution approaches equilibrium condition.

In Equation (2.3), the coefficients X, Y and Z vary from 0 to 1. Therefore, if 
(D2AV2) is much less than one, the last term on the right-hand side in Equation (2.3) 

can be neglected making the problem two-dimensional. Similarly, if (D2/H2) is much 

less than one, the second term on the right-hand side of the same equation can be 

neglected also, making the problem one-dimensional with the temperature varying as 

a function of only one independent variable which is x. For values for the 

dimensionless parameters (D/H) and (DAV) of 0.1 or less in Equation (2.3), the 

assumption of one dimensionality results in negligible loss of accuracy in the 
solution l24al.

This example can be considered to be a very good analogy to the case of a mould 

wall with a plastic layer adhered to its inner surface in the rotomoulding process, 

where the thickness of the plastic is small if compared to the other dimensions.

Olson et al. 1261 compared theoretical results that were predicted by two-dimensional 

and one-dimensional heat transfer models. From the comparison, which was only 

during the heating stage up to the end of the melting period, the authors found that 

the results compared well with each other, as the temperature difference was 

minimal.

In the following paragraphs a concise mathematical description of rotomoulding is 

presented offering a general insight into the various heat transfer modes that are 

involved in this process. The intention from this description is neither to be 

considered as an extension to the previous works that have already been developed in 

this regard nor a new model, but the purpose is to utilise the governing equations as 

tools to explain the results and trends in this research.
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The heating stage: -

In rotomoulding the moulds are traditionally made of thin metal sheets such as 

aluminium and steel, which typically have inherent high thermal conductivities when 

compared to the polymer. Therefore the heat transfer through the mould wall is much 

faster than through a polymer layer.

During the heating stage and due to the interaction between the mould outer surface 

and the heating fluid, the heat conduction through the mould wall is governed by 

Fourier’s equation (diffusion equation) [25al, which is given in Equation (2.1), 

reduced to the form for one-dimensional heat transfer:

• m rn

where: Tm 

Pm

Cm

km

X

t

is the mould temperature, °C .

is the density of the mould material, kg/m*.

is the specific heat of the mould material, JI kg.°C .

is the thermal conductivity of the mould material, W /m.°C .

is the linear coordinate in the direction of heat transfer, m . 

is the time, s.

(2.4)

The left-hand side of the equation is the variation in the mould internal (or stored) 

energy and the right-hand side is the heat transferred to the mould. The solution of 

Equation (2.4) describes the temperature distribution as a function of position and 

time, T(x,t).

At the boundaries of the mould’s wall, heat is transferred by either natural or forced 

convection. The equations that describe the boundary conditions are [25b]:

At ;c = 0 (outer surface)

-k dTm
dx

= Ko (Tm (•* = o,/) - T. ) + £cr(T* - T* ) (2.5)
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At jc = L (inner bare surface)

- k.. __ m

dx
= hi„.m(Tm(x = L,t)-T.) (2.6)

Where: hho is the outside convective heat transfer coefficients, W/m2.°C . 

hia m is the internal convective heat transfer coefficients, W /m2.°C .

L is the thickness of the mould, m.

Tm is the temperature of the mould, °C or K (radiation).

Tho is the outside heating fluid temperature, °C.

Tia is the internal air temperature, °C.

Tsurr is the average temperature of the oven surface, K.

e is the emissivity of the boundary surface.

a is the Stefan-Boltzmann constant (5.61 Im2.KA).

In Equation (2.5), which is a non-linear partial differential equation, the second term 

on the right-hand side represents a radiation boundary condition. Normally, this term 

is neglected because the temperature of either the oven wall or the mould surfaces in 

rotational moulding (that typically ranges from 250°C to 350°C) is relatively low if 

compared to 525°C at which the bodies start emitting noticeable amount of visible 
radiation [25c].

Equation (2.6) describes the boundary condition at the inner surface of the mould and 

it is valid as long as the mould surface is exposed and in direct contact with the 

internal air.

In general, the convective heat transfer coefficients can be represented by the Nusselt 
number [22b&22c],

Nu = h.L
kf

(2.7)
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where: h is the convective heat transfer coefficient, W /m2.°C .

L( is a characteristic length for the surface of interest, m .

kf is the thermal conductivity of the fluid, W / m.°C .

The Nusselt number, which is defined as dimensionless temperature gradient at the 

surface, is a function of other dimensionless groups that relate the different fluid 

properties,

In the case of forced convection:

where:

Re

Pr

Nu = f
v/ af

Nu = f{Re,?v)

is the velocity of the fluid, mis

is the kinematic viscosity of the fluid, m2 / s.

is the diffusivity of the fluid, m2 / s.

is the Reynolds number, 

is the Prandtl number.

(2.8)

Reynolds number is defined as the ratio of the inertia and viscous forces, while the 

Prandtl number is the ratio of the momentum and thermal diffusivities.

In the case of free (natural) convection:

Nu = f

where: g

T

g.Pr(Ts-Tf).ll vf
a

/Vm = /(Gr, Pr) (2.9)

f )

is the acceleration of gravity, mis2.

is the volumetric thermal expansion coefficient of the fluid, . 

is the surface temperature, °C . 

is the fluid temperature, °C .

Gr is the Grashof number.
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The Grashof number is defined as the ratio of the buoyancy force to the viscous force 

acting on the fluid.

From Equations (2.4), (2.5) & (2.6) it can be noted that the temperature distribution 

in the mould and the rate of heat transfer to the mould are strongly dependent on the 

thermophysical properties of the mould material and its wall thickness, as well as on 

the convective heat transfer coefficients and the fluid temperatures at its boundaries.

In heat transfer analysis, particularly in transient conduction, some solid bodies 

behave in such a way that the internal resistance to the heat transfer is negligibly 

small compared to the resistance to heat flow at the surface of the body. This 

difference in resistances results in instantaneous and uniform temperature 

distribution throughout the body. This analysis is common in the cases for which the 

body experiences a sudden change in the thermal environment, and is known as 

lumped thermal capacity, in which the temperature of the body can be taken to be a 

function of time only.

In rotational moulding, especially for a thin wall mould of large thermal 

conductivity, this analysis could be applicable without much sacrifice in accuracy as 

long as the validation criterion is met. The applicability criterion is that the Biot 

number (Bi) should be less than (0.1). The dimensionless Biot number is the ratio of 

internal thermal resistance of solid to fluid thermal resistance.

By considering the lumped thermal capacity analysis, the governing equation that 

describes the mould temperature as a function of time can be obtained from the 

following energy balance l22d & 25d] between the mould and the heating fluid:

Pmcmvm = -KAXL ~ TJ- - TJ (2.10)at

where: Vm (m3) and (m2) are the mould volume and outer surface area 

respectively.
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As long as the thermal conductivity (k) and thermal heat capacity (pc) of the 

internal air and the polymer are small compared to those for the mould material, the 

thermal heat sink offered by the air and the polymer inside the mould do not affect 

the rate of its heating |l2b]. Consequently the second term on the right-hand side of 

Equation (2.10) can be neglected.

By separating variables and integrating for the initial condition,7^(0) = Tmi, Equation 

(2.10) becomes:

T,St)-r
T -T,

h<L = e Pm<mVm (2.11)
ho

where: Tm (°C) is the initial mould temperature.

The exponent has the dimension {time) ' and its inverse is known as the

first order thermal time constant (rr) of the mould. The time constant is considered a

very important variable that controls the trend of the mould surface temperature and 

how fast it approaches the outside heating fluid temperature. From Equation (2.11) it 

is apparent that the mould temperature changes exponentially and depends mainly on 

the time constant. The lower the time constant, the higher the rate of decay in 

temperature, which means a shorter time to approach the heating fluid temperature.

h AThe dimensionless term —ho t on the right-hand side of Equation (2.11) can be
pcV* m m m

split into two dimensionless groups that have a fundamental role in characterizing 

transient conduction cases:

_ Kj _ hh()Lr km t hhoL, otmt _ jj-
/VX PmCmLc L PmCm L K L 

where: Lc = Vm/ Am is the characteristic length of the mould.
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The dimensionless Biot number (Bi) was defined previously, while the Fourier 

number (Fo), the dimensionless time, is the ratio of the heat conduction rate to the 

rate of thermal energy storage in the mould.

In rotational moulding, the various moulds can be treated as lumped thermal 

capacitances as long as the above criterion is met. The thermal conductivity of 

carbon steel, which is a typical mould material, is about 50W/m.°C, and an 

approximate convective heat transfer coefficient is 60W/m2 °C . For a typical mould 

thickness of 2mm, therefore the Biot number is 0.0024«0.1. If aluminium is 

considered instead of carbon steel, the thermal conductivity is about 235W / m.°C and 

the thickness is approximately 8mm, so the Biot number in this case is 0.002, which 

once again is very much less than 0.1.

At the beginning of the heating stage, the powder tumbles continuously in the mould. 

The difficulty in characterizing powder flow in a rotating mould makes it very hard 

to determine precisely the heat transfer approach to the powder bed ,12b]. The powder 

bed, which is mostly believed to remain at the bottom of the mould, is in contact with 

the mould inner surface on one side. It also interacts with the internal air on the other 

side and simultaneously the particles move and tumble in a way that allows 

continuous contact and heat transfer between themselves. The heat transfer that takes 

place between these elements can be described by the following equations:

At the inner surface of the mould (boundary condition)[25b]:

powder _ i i
K powder ^ ^

OX OX

within the powder bed ll2c]:

P powder^" powder

dT.powder   i
0^ ^ powder

d2T.powder

dx'
(2.14)
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where: Tpow(jer is the powder temperature, °C .

ppowder is the density of the powder, kg / .

cthe specific heat of the powder, J / kg.°C . 

kpowder the thermal conductivity of the powder, W /m.°C . 

x is the distance into the powder bed, m .

The thermophysical properties are considered constant and do not vary with 

temperature for the powder.

At the interface with the internal air (boundary condition)[25bl:

I powder __ / /rri r-r* \ 1 ^

^powder 'Lia,powder v1 in powder) V • /

where: hl(i pow(ier (WIm2.K) is the convective heat transfer coefficient between the 

powder bed and the internal air.

The heating of the powder continues until the melting point of the powder particles is 

achieved, at which point the individual particles start to adhere to either the bare 

inner mould surface or to an already molten polymer surface. When the molten 

polymer layers start to build up on the mould inner surface, the heat transfer at the 

interface boundary (at the inner mould surface) can be described by Equation (2.13), 

but with the properties of polymer melt rather than powder:

= (2.16) 
OX ox

The conduction heat transfer through the molten polymer layer can be described by 

the diffusion equation as in Equation (2.4):

Pmelt  ̂melt
dTmelt

dt
= k d2Tmelt

melt 3x‘
(2.17)
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where: Tmell 

Pmelt

is the polymer melt temperature, °C .

is the density of the molten polymer, kg / .

cmeit ^ specific heat of the molten polymer, J / kg.°C .

kmelt is the thermal conductivity of the molten polymer, WIm.°C .

The most prominent feature during the powder melting period is the phase transition 

that takes place within the powder bed inside the mould. An essential characteristic 

of the phase change is the movement of a phase interface with the release or 

absorption of latent heat at this interface.

At the phase interface, the temperature of both phases is similar and the same as the 

polymer melting temperature. However, the polymer thermophysical properties are 

changed as the polymer goes through transition from the powder solid state to the 

molten state.

The energy of the solid and liquid phases is changed in two ways: (1) sensible 

conduction heating with temperature change and (2) the heat required to cause phase 

change and represented by the latent heat of fusion or solidification. The general one

dimensional mass balance equation, energy equation and the temperature distribution 

across the phase interface can be described by the following equationst23b]:

PmeltVimelt P powder ^ powder
^Pmelt Ppowder ) » (2.18)

where pmelt is the density of the molten polymer, kg / m3.

Ppowder ls density of the powder polymer, kg!m*.

vmelt is the melt phase velocity normal to the interface, m/s.

vpowder is Ihe powder phase velocity normal to the interface, m/s.

dx!dt is the velocity of the phase interface (x is the distance into the powder 

bed), m/s.
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In Equation (2.18) the term {pv) refers to the rate of mass change due to the phase 

transition. The differences in individual phase velocities (corresponding to the 

density change) near the interfaces are required to sustain this interface advancement.

The governing equation for the temperature distribution at the phase interface is:

, dT , dT — k---------------- 1- k —n~melt , ^powder ,
CIA CCAv

where: melt refers to polymer melt.

powder refers to polymer powder.

LH is the latent heat of fusion, J / kg .

^ powder Ppowder LH + Ppowder LH
dx
dt

(2.19)

In Equation (2.19), the two terms on the left-hand side refer to the heat conduction 

into the phase interface from the plastic melt and the heat conduction away from the 

interface into the powder bed, respectively. The terms on the right-hand side refer to 

the heat required to melt the powder and the location of the interface at any time.

Once the powder completely melts and until the end of the heating period, the 

governing equations for the temperature distribution in the system can be described 

by Equation (2.11) for the mould, Equation (2.17) for the heat conduction through 

the polymer melt layers and Equation (2.16) for the boundary interface between the 

mould and the melt. The boundary interface between the inner plastic melt layer and 

the internal air can be described by the following equation:

- C,, ^ (L - rme„) (2.20)
OX

where: hia melt(W/m2.°C) is the convective heat transfer coefficient between the 

polymer melt layer and the internal air.

Energy is a property, and the value of this property does not change unless the state 

of the system changes [25el. During the heating stage in rotomoulding, the change in 

the total energy of either the mould or the polymer is the change in its internal 

energy. For the mould, the energy balance can be expressed by:
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AEm = AUm = me AT (2.21)

where: AEm is the change in mould thermal energy, kJ .

AUm is the change in mould internal energy, kJ . 

mm is the total mass of the mould, kg . 

cm is the specific heat of the mould, JI kg.°C .

ATm is change in mould temperature, °C .

For the polymer, the energy required to melt the polymer should be added to 

maintain the energy balance, and can be expressed by:

&Ep = AUP + ™p.LH = mpcpATp + mp.LH

where: AE.

AU.

m.

AT

LH

is the change in powder thermal energy, kJ . 

is the change in powder internal energy, kJ . 

is the total mass of polymer, kg . 

is the specific heat of polymer, J /kg.°C . 

is the change in polymer temperature, °C . 

is the latent heat of fusion, JI kg .

(2.22)

The cooling stage:-

When the heating period is over and the mould is moved to the cooling bay, the 

mould and the molten polymer start to dissipate energy due to the interaction 

between them and the cooler surroundings.

This interaction compels the heat transfer to occur in the reverse way, from inside the 

mould to outside. The temperature distribution through the whole system can be 

described by the following equation:

Jco (t ) _ e pmcmvm

Tco~Tmi
(2.23)
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where: Tco is the outside cooling fluid temperature, °C .

Tm is the initial mould temperature at the beginning of cooling stage, °C . 

hro is the outside convective heat transfer coefficient, W /m~.K .

The governing equations for the temperature distribution through the melt layers 

along with the boundary conditions are given in Equations (2.16), (2.17) and (2.20).

When the temperature of the molten polymer decreases to the plastic crystallization 

point, the solidification process begins, during which another phase transition 

between the melt and the solidified plastic takes place and the latent heat of 

solidification is released at the interface. Similar to the phase transition during the 

heating period, the phase interface is a moving boundary, across which the polymer 

thermophysical properties are changed from melt to solid.

The governing equations for the energy balance through the moving interface can be 

described by Equations (2.18) and (2.19), but the thermophysical properties of solid 

plastic are used in lieu of those of powder polymer.

When the melt has completely solidified, the governing equations for the temperature 

distribution in the mould can still be described by Equation (2.23) and the heat 

transfer through the solid plastic can be given by Equation (2.17) with the two 

boundary conditions described by Equations (2.16) and (2.20), but with the 

properties of solid instead of melt. These equations are applied for the rest of the 

cooling stage.

For calculating the amount of energy to be removed from the system during this 

stage, Equation (2.21) and (2.22) can be used, where the latent heat of solidification 

should be considered rather than the latent heat of fusion.

A comprehensive and authoritative review of the heat transfer in rotational moulding 

is given by Crawford and Throne [l2].
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2.1.2 General Review of the Existing Models and Simulations

According to Tucker1281, mathematical models have three distinct advantages: (a) To 

express understanding. They are a convenient way to codify and express knowledge 

because they provide quantitative predictions that can be tested against experiments, 

(b) To reduce the scope of experiments, where a reliable mathematical model can test 

design ideas, reducing the need for experiments and (c) To provide more detailed 

information than experiments, as they can be used to explore the behaviour of a 

process to decide what experiments might be interesting. Sometimes a model can 

predict important quantities that cannot be directly measured in a practical 

experiment.

Any model in engineering could be descriptive or predictive (24bl. The descriptive 

models are normally used to explain basic mechanism and principles of an 

engineering system such as a robot, heat exchanger or water pump, while the 

predictive models are used to predict the performance of an engineering system. The 

latter is the appropriate type to represent mathematically the transient thermal 

behaviour of rotomoulding, and forms the basis for numerical modelling and 

computer simulation.

In general, all mathematical models of the rotomoulding process have been 

developed following the same concept in representing the heat transfer modes in the 

system: in the oven there is a convective heat transfer between the mould and the 

surrounding hot air; conduction heat transfer across the mould wall and the molten 

plastic layers; heat convection between either the internal surface of the mould or the 

molten plastic and air inside the mould. During the cooling period the same heat 

transfer modes are applied but the heat transfer direction being out of the system 

rather than inward.

The major differences between the existing models are summarised in the following 

points:

1. the state of the mould, stationary or rotating around either one axis or two 

perpendicular axes (biaxial).
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2. the heat transfer approach to the powder pool.

3. the polymer thermal properties, whether they are temperature-dependent 

or constant.

4. the assumption of the conductive heat transfer mode. Whether it is one- 

dimension or two-dimension heat transfer.

5. the numerical solution method used to solve the various partial 

differential equations.

Rao and Throne 1291 presented a comprehensive mathematical analysis of various 

aspects of the process. In their model they assumed that the internal heat resistance of 

the mould material is so small that the temperature throughout the mould wall is 

uniform at any instant, so the lumped thermal capacity analysis was considered to 

represent the temperature variation with time. In regard of the powder inside the 

mould, they proposed a free powder fall model in which it was assumed that the 

powder is stagnant and in thermal contact with the mould (cylindrical mould rotated 

around its polar axis) and moving at the local velocity of the mould up to a certain 

rotation angle. At this point, part of the powder releases from the wall and falls freely 

to the bottom of the mould.

During the fall, it was assumed that the falling particles mix with the rest of the 

powder and is thermally insulated from the heating source. It was also assumed that 

if the temperature of any of the powder is elevated to a predetermined constant 

melting temperature, this powder melts and is retained on the mould surface where it 

reaches the mould surface temperature prior to revisiting the powder pool. The 

authors assumed similar physical properties for both powder and sintered melt.

These authors could not verify the predictions because they were not equipped to 

make thermal measurements on a rotating system. Also they could not compare the 

results with experimental work already available on the relation between part wall 

thickness and the oven cycle time, because one of the assumptions in the model was 

to neglect the thermal resistance through the melt layer. This was valid only for very 

thin wall sections and is not correct for thicker sections.
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In a continuation of their previous work, and using a similar approach. Throne 1301 

described a mathematical model for the cooling stage in rotational moulding. The 

mould was considered again as a lumped system, so the temperature was uniform 

across the wall section and varied only with time. During polymer solidification, it 

was assumed that the interface between the solid and molten polymer layers is a 

freezing front moving towards the centre of the cylindrical mould with time. This 

model was developed theoretically without any validation.

In these two models, the authors represented the movement of the interface layer 

between either the melt and powder in the heating stage or the solid and melt during 

the cooling stage by adopting the Goodman Method. This approximates the 

temperature profile in the polymer as a function of firstly the distance into the 

polymer measured from the mould surface and secondly the thermal penetration. 

This in turn is the distance into the polymer layer beyond which the effect of 

increasing or decreasing the mould temperature is not felt and it is proportional to the 

square root of time.

In a later paper, aiming to improve on the free powder fall model that was developed 

in the previous two papers, Throne [31] proposed an alternative mathematical model, 

in which the powder was assumed to be in static contact with the mould surface at all 

times. In developing the new model, the author paid more attention to the polymer 

adhering to the mould wall while the heat transfer to the circulating powder was 

neglected. This is the contrary to what was considered in the previous model. 

Another assumption was in regard to the heat transfer across the mould wall, where 

the temperature was considered to vary with time and position along the cross section 

of the wall. Regarding the polymer thermal properties, it was assumed that the 

powder melts over a temperature range (50°F) rather than at a specific value. Below 

this range the polymer was considered to be a powder of constant properties and 

above that range was considered a melt with different constant properties.

For solving the various energy balance equations, the authors employed an 

unconventional method, which is an electrical analog flow diagram complete with 

integrators and potentiometers. The simultaneous solution of the equations was
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achieved by linking each of the equations in analog form to one another and adding 

the boundary and initial conditions in the form of constant “voltage” sources.

The results from the updated model, which was simpler to use, showed better 

agreement with already available experimental data when compared to their earlier 

circulation model. Interestingly, the new model showed how the mould surface 

temperature starts to deviate from that predicted by the lumped capacitance analysis 

(old model) when the polymer begins to heat up.

In recent years the work on developing simulation models of rotomoulding has 

intensified, particularly at the University of Nebraska-Lincoln and Queen’s 

University Belfast. The interest in mathematical models was revived initially in 1986 

by Scott1321 as he developed a computer simulation to predict the temperature change 

through the wall thickness of the polymer during heating.

In this model, the author assumed that the heat transfer through the system is one

dimensional in order to simplify the calculations. It was assumed that the powder is 

in static contact with the mould. The thermophysical properties of the polymer were 

assumed to be temperature dependent and the heat conduction through the polymer 

layers was considered to vary with position and time. The boundary condition at the 

mould/polymer interface was taken from experimental measurements of the mould 

temperature. The temperature rise curves obtained in the moulding trials for certain 

conditions and specified mould shape were divided into three regions and a linear 

relationship was used to describe the temperature in each region.

The Crank-Nicolson finite difference method was used to solve the partial 

differential equations that represented transient heat transfer in the system.

The theoretical results at different polymer depths were compared with the 

experimental results, where it was found that they were in good agreement, 

particularly for depths between 6mm and 10mm. The author attributed the significant 

difference between the theoretical and experimental results for smaller thickness

30



Chapter 2 Literature Review

(<6mm) to the assumption regarding the boundary condition at the mould/polymer 

interface.

Crawford and Nugent 133 & 341, in an attempt to understand analytically the 

rotomoulding process, developed a computer simulation to study the effect of various 

conditions on cycle time and wall thickness distribution of the final article.

For the first time, the biaxial motion of the mould was taken into consideration and 

incorporated into one model with heat transfer. The only mould shape considered 

was the ellipsoid. The programme begins by setting up a grid of equidistant point on 

the surface of the mould with dimensions being determined by the operator, and then 

proceeds by rotating the grid according to standard three dimensional polar 

coordinate geometry conventions. At each time step the programme tracks the route 

of each point on the surface and keeps a record of how long it spent in the powder 

pool and at the same time a series of one-dimensional heat transfer equations are 

created. The solution of those equations was achieved by utilising an implicit finite 

difference technique with variable segment size to accommodate the variations in 

powder displacement.

Concerning the powder, it was assumed that the layer adjacent to the mould is 

relatively static, but at certain rotation angles it releases, falls back and mixes freely 

with the central mass of powder. The polymer thermal properties were considered 

temperature-dependent.

The predicted temperature profile of the plastic inside the mould agreed very closely 

with the experimental measurement only during the heating stage while the profiles 

started to deviate as the cooling period went on. The authors stated that the main use 

of this model was to study the variation in wall thickness for a variety of rotation 

ratios.

In a later paper, Nugent et al. 1351 presented a comprehensive comparison and 

validation for the computer simulation that was developed in [34]. They compared 

the predictions obtained from the simulation in terms of heating/cooling rates and
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overall cycle times with experimental moulding trials with a range of plastics. In the 

experimental trials they used a cubic mould while the computer simulation was 

developed for an ovoid mould shape, for that reason the general dimensions of the 

cubic mould were used to produce an approximate ellipsoidal shape with the same 

surface area.

The authors found that the simulation results for a range of polyethylenes and 

different moulding conditions were accurate to within 10% of the experimental data. 

Most of the comparison results were obtained only for the heating period, as the 

model was still incapable of producing close correlation with the experimental 

results.

Sun and Crawford 136 & 371 carried on this work by developing a new one-dimensional 

heat transfer mathematical model of the rotomoulding called ‘ROHEAT to examine 

the effect of internal air temperature which was previously considered as a constant 

value. The model was developed for three basic shapes, the planar, cylindrical and 

spherical; heat transfer across the mould, which was considered static, was assumed 

to vary with both time and position. The polymer was considered to be in a static 

state and its properties were assumed to be temperature-dependent. The heat transfer 

from the mould to the powder was considered as that in a packed particle bed. For 

solving the partial differential equations that represent the heat transfer modes in the 

system with the initial and boundary conditions, the authors utilised a numerical 

technique, which was the general implicit finite difference approximation.

The simulation results were validated by comparing them to experimental results 

obtained from an apparatus consisting of a hot plate (as a steady heat source) and a 

steel ring with a steel base plate as a plastic container. By measuring the 

temperatures of the base plate and the polymer at 2mm from the base, the authors 

were able to validate the one-dimensional heat transfer situation, which was assumed 

in the model. This comparison was only during the heating stage, and the theoretical 

results showed good agreement with the experimental ones. Another comparison was 

performed between predicted times for the whole cycle for different polymer
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materials and measured results already available in literature (Nugent l34]). The 

results were again in good agreement.

A new one-dimensional, unsteady-state, non-linear heat transfer model was 

developed by Xu and Crawford 138 & 391. The heat transfer approach across the mould 

wall and into the powder was quite similar to the one followed by Sun and 

Crawford [36&37], except for the boundary condition between either the powder or the 

melt and the internal air, where it was assumed that the temperature of the air varies 

with time and its mass changes continuously as it moves in and out of the mould 

through the vent pipe because of the thermal gradients between the inside and outside 

of the mould. Another thing that was assumed in this model, and was not taken into 

account in the models developed by Nugent 1341 and Sun [37], was the heat transfer 

between the mould inner surface and the internal air during the stage before the 

powder adhered to the mould wall. The polymer properties were assumed to be 

temperature-dependent.

For solving the partial differential heat transfer equations, the Crank-Nicolson finite 

difference method was applied. This method is a combination of explicit and implicit 

methods.

The predicted oven, cooling and cycle times from this model were in good agreement 

when compared to experimental times measured for a number of products with 

different wall thickness.

The first attempt to develop a mathematical model representing a two-dimensional, 

transient heat transfer approach of the rotomoulding was by Wang [401. In this model 

the biaxial rotation of the mould was taken into consideration, where the author 

introduced a coordinate transformation technique in kinetic analysis so that the 

position of the mould at any time could be determined.

This model was developed for a cylindrical mould and the powder was assumed to 

be in static contact with the mould wall from the beginning. The polymer properties 

were assumed to be temperature-dependent. The conduction heat transfer equations
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for the mould, the melt layers and the solid plastic were solved by utilising the 

alternating direction implicit (ADI) finite difference technique taking into 

consideration the various boundary conditions.

This model was not validated by experimental data but the author claimed that an 

analysis based on physical understanding to the process showed that the programme 

was correct.

Bawiskar and White 1411 focused on the melting process of rotational moulding in 

their one-dimensional heat transfer mathematical model. Basically, this used the heat 
transfer approach followed Rao and Throne 129 & 311 in determining the variation of 

the molten layer thickness. With regard of the heat transfer across the mould, they 

employed the lumped capacitance analysis, and by neglecting the energy 

accumulation by the polymer, which was assumed to be in static contact with the 

mould, they followed the same approach to obtain the temperature of the internal air. 

For the polymer properties, it was assumed that the properties are phase-dependent 

not temperature-dependent, which means constant properties for the powder and 

different constant properties for the melt.

Some results of this model were compared to results from previous models, 

particularly Rao and Throne 129 & 311 where the authors claimed that the results were 

in good agreement with each other.

In a similar study, Attaran et al [421 developed a mathematical model for the melting 

mechanism during the oven cycle. The powder was assumed to be statically in 

contact with the mould, which in turn was considered static as well. The heat transfer 

approach in the mould was straightforward transient heat conduction, and in the 

polymer was a conventional one-dimensional transient melting process taking into 

consideration the melting rate and the enthalpy difference between the melt and 

powder. The authors used the alternating direction implicit (ADI) finite difference 

method to solve the heat transfer partial differential equations.
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Results of the computer simulation, such as the mould inner surface and the internal 

air temperatures, were compared to experimental data from an empty mould test and 

from moulding trials with polymer inside the mould. The computational results were 

in good agreement with experimental results for the empty mould but for the mould 

with polymer inside there was a significant difference. The authors attributed the 

difference firstly to the assumption that the powder was statically contacting the 

mould and secondly to the temperature average value that was calculated by the 

model compared to measured local temperature measurement at the same position.

In recent analytical studies to understand the nature of rotomoulding more, Gogos et 

al. [43,44 & 451 presented a one-dimensional heat transfer model in which the powder 

temperature was assumed to remain uniform while rising with time (well mixed). 

The model was developed only for geometrically symmetric mould shapes and 

represented the process just up to the end of the melting period. The heat transfer 

approach through the mould wall was straightforward transient heat conduction 

where the temperature was assumed to vary with time and position. Prior to reaching 

the melting point, the heat transfer to the mould void was considered as convection to 

the well mixed powder only because the thermal capacitance of the air was neglected 

when compared to that of the powder. During melting, the interface between the 

powder and melt was considered as a conventional moving-boundary melting 

process (like an ice melting process), and the polymer properties were assumed 

constant.

The numerical method that was employed to solve the governing heat transfer 

equations was the implicit finite difference technique.

The finite element technique was utilised for the first time in solving the governing 

heat transfer equations in rotomoulding by Olson et al [46]. In this paper the authors 

did not develop any new mathematical model but they introduced a new technique 

for solving the heat transfer equations that were presented previously by 

Gogos et al. l43,44 4 451 taking into consideration similar assumptions.
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The finite element and the finite difference models were compared to each other by 

matching up the mould surface temperature profiles. Interestingly it was found that 

the differences were within 1% of each other.

The models that were developed by Gogos et al. and Olson et al. were verified by 

comparing the predicted results for the mould temperature profiles with experimental 

data available in literature, particularly the data that has been measured by 
Nugent [34]. The authors claimed that the results were in fair agreement and they 

attributed the differences between the two results to the method of measuring the 

mould surface temperature by Nugent (he welded a thermocouple on the outside 

surface and as a result the temperature reading might be affected by the surrounding 

hot air).

In a paper considered as an extension to their previous analyses, Olson et al. 1261 

presented a new nonlinear axisymmetric finite element model for two-dimensional 

heat transfer in rotational moulding. This model assumed an axisymmetric geometry 

with constant material properties. The governing equations that represented the 

different transient heat transfer modes in the system were exactly the same as 

discussed in their previous work [43], [44] and [45].

The axisymmetric finite element model was compared with the one-dimensional 

finite difference model and the results showed good agreement being within 1% 

temperature differences at all times.

Also, the results for the mould surface temperature predicted by the same model 

agreed well with the experimental data obtained by Nugent[34] and Olson et al. [47].

Gogos et al. [48J continued the work by taking the cooling stage into consideration. 

Basically, this one-dimensional heat transfer theoretical model was a continuation of 
the one developed by Gogos et al. [43, u & 45\ The heat transfer across the mould 

during the cooling stage was considered similar to the one followed in the heating 

period. For polymer solidification, the interface layer between the melt and solid was
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dealt with like the interface between the powder and the melt layer as a moving

boundary process. The polymer properties were assumed constant.

The authors considered two cases after the solidification period has already been 

completed. The first one was where there was no part/mould separation and the 

second one was where an air gap was created between the part and the mould due to 

polymer shrinkage. It was assumed that the air gap had a constant thickness all 

around the part.

The solution of the governing heat transfer equations was achieved by employing the 

implicit finite difference technique.

The author claimed that the predicted results for the mould temperature profile 

satisfactorily agreed with the experimental data available in the literature 

(Nugent |341). The difference between the two results was attributed again to how the 

thermocouple was fixed on mould surface.

In a recent attempt to simulate the behaviour of real mould shapes and rotation, 

Wright and Crawford 1491 developed a computer simulation called ‘RotoSinT. This 

model comprises two parts, the first one is the kinematics model to simulate the 

biaxial rotation of any mould shape and the second is the heat transfer model to 

represent mathematically the thermal behaviour of the various components and their 

interaction with each other.

In the kinematics model any mould shape is represented by a mesh of triangular 

elements, and by using co-ordinate geometry the position of every element on the 

mould is tracked as the mould rotates. This model was validated by comparing it to 

moulding trials at a variety of speed ratios, where it predicted that the worst speed 

ratio was 1:1 (arrmplate) and that the lowest integer speed ratio to give a good 

thickness distribution was 4:1. These are the rules of thumb that the industry have 

used for decades and illustrated that in general terms the predictions from the model 

were good. Another comparison was done between the predicted and measured wall
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thickness in the centre face of a cube mould. Two faces were in excellent agreement 

and the other faces were less good.

In order to carry out a comprehensive analysis, the authors combined the kinematics 

model with the thermal. This thermal model, which was an extension to the one 

developed in [42], represented one-dimensional transient heat transfer modes in the 

system. The mould is treated as a lumped capacitance element and it was assumed 

that the biaxial rotation induces significant mixing between the powder and the 

internal air. Because of that the powder was considered like a fluidised particle bed at 

the bottom of the mould and its temperature was uniformly distributed and varied 

with time. The heat transfer in the polymer is straightforward transient conduction 

unless there is a phase change where the heat transfer is a transient melting process 

with a moving boundary. Regarding the polymer properties, it was assumed that the 

properties were constant and phase-dependent as the polymer phase transformed 

from powder to melt and then to solid. The solution of the governing equation was 

achieved by employing the alternating direction implicit finite difference method.

The thermal model results were compared to experimental data from an actual 

rotomoulding machine, firstly for an empty mould where the predicted results 

showed a good match with the measured temperatures, and secondly with an actual 

moulding process, where the predicted results again showed acceptable agreement 

with the measured ones.

Wright1501 has discussed modified models that have been used in the development of 

‘RotoSim’. He presented a new modified powder model, in which the tumbling of 

powder while the mould is rotating is considered, rather than assuming that the 

powder is a static pool at the bottom of the mould. In this new model it was assumed 

that when elements leave the powder pool, they carry with them several layers of 

unmelted powder. Some of this powder will continue to melt while the remainder 

that is less securely attached to the molten layer starts to fall off the elements as the 

orientation of the elements change from being mostly horizontal to becoming vertical 

and beyond. Depending on the geometry of the mould, this falling powder may 

return to the powder pool or fall unto other mould elements adding to the unmelted
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powder on the receiving elements. It was claimed that this model has been successful 

in predicting both cycle times and wall thickness profiles for a range of product 

moulds.

Other developments to RotoSim are the integration of a new model representing an 

internal cooling of the mould to determine the contribution that such cooling could 

make to cycle time reduction. A routine to predict the oven removal time needed to 

give the desired maximum internal air temperature has also been included, since this 

is regarded as an important feature in determining the quality of the final 

rotomoulded part. The last two developments have been examined and incorporated 

into RotoSim as part of the research reported in this thesis.

The last model of rotomoulding 149 & 501 is a comprehensive, flexible and functional 

one. The recent developments were done to complement this work. In addition, a 

new routine to link RotoSim simulation results to a finite-element analysis (FEA) 

package to enable more realistic analyses of products to be undertaken is still being 

developed |50].

RotoSim, which is already in use commercially, was utilised as a part of this project 

to give valuable insight into the essential features of the rotomoulding process. Its 

contribution in exploring the effect of different variables is presented through the 

following Chapters.

2.1.3 Determination of Material Properties and Heat Transfer Coefficients

All of the previously mentioned models would not be accurate in their predictions if 

the correct material properties, particularly the polymer data, and accurate heat 

transfer coefficient values were not utilised.

Polymers are organic in nature and their atomic structure involves covalent bonding. 

This makes polymers more sensitive to temperature changes than metals or ceramics, 

and results in significant variation in the thermophysical properties over a relatively 

small range of temperature compared to the sensitivity of metals. Unlike the discrete
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phase change in metals, a continuous phase change between liquid and solid phase is 

observed in polymers |23a].

Polymer properties vary with temperature during the whole moulding process. 

Unlike metal properties that can be found in heat transfer books, polymer 

temperature-dependent properties are seldom available in the technical literature.

The convection mode of the heat transfer, either forced or natural, has been the 

subject of much experimental research. The interaction between any surface and 

moving fluid manifested by the velocity and the thermal boundary layers is chiefly 

dependent on the fluid properties, the fluid velocity, the length scale and the surface 

geometry. The different interactive variables make it very complicated to achieve an 

accurate theoretical analysis for the determination of heat transfer coefficients. In 

heat transfer textbooks, various empirical correlations obtained from experimental 

results are used to determine convective heat transfer coefficients in both laminar and 

turbulent situations for specific cases, such as flat plates, cylinders and spheres. In 

rotomoulding, the situation is even more complicated by the biaxial rotation of the 

mould. Therefore, applying one of the available correlations to determine any of the 

heat transfer coefficients that are involved in this process is not feasible.

In the following paragraphs the attempts that have been made to determine the 

various heat transfer coefficients in rotomoulding, as well as the material properties, 

are examined.

Rao and Throne 1291 carried out several experiments to determine the temperature of 

the mould surface throughout the process. An aluminium disk mould was mounted 

on the arm of a laboratory rotational moulding machine and then placed in the oven. 

Using thermocouples mounted on its surface, the temperature-time profile was 

determined, plotted and then compared with curves predicted from theoretical 

transient heat conduction (lumped capacitance analysis). This enabled them to 

determine the time constant of the mould. From the definition of the time constant, as 

given in Equation (2.11), it was found that the average oven to mould heat transfer
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coefficient was 5 Btu/ft2/hr.°F (28.4 W/m2.K). This is a typical value for forced hot 

air convective heating.

It is worth mentioning that the mould was stationary and was heated through forced 

convection of air heated by combustion gases.

The authors also carried out an experiment in order to determine the thermal 

diffusivity of the powder (low-density polyethylene), a thermal property needed in 

the Goodman model. The experiment was conducted by utilizing a horizontal hot 

plate for which the transient heating characteristics were known and two 

thermocouples placed at different distances from the plate. The results showed a 

temperature curve as a function of time, and this, in conjunction with theoretical heat 

transfer equations and appropriate boundary conditions allowed the thermal 

diffusivity to be calculated at any measured temperature at any certain time.

In an extended work to analyse mathematically the cooling stage of rotomoulding, 

Throne [30] examined two external cooling conditions. He considered three mould 

materials (aluminium, 20 gauge steel and 12 gauge stainless steel) with either air 

cooling mode or water cooling mode and the polymer was polystyrene. The used 

values were 5 Btu/ft2/hr.°F (28.4 W/m2.K) for air and 500 Btu/ft2/hr.°F (2840 

W/irf.K) for water. It was not stated where both the heat transfer coefficients and the 

polymer properties were obtained.

In his alternate theoretical heat transfer model (static model), Throne [31] performed a 

series of simple tests in an effort to determine the temperature range where tackiness 

of the plastic became apparent. He used a Precision Scientific ‘Vari-Heat’, variable 

surface temperature hot plate. It was found that the material would stick to the mould 

over a temperature range, rather than at a specific temperature. This temperature 

range was measured to be 150-200°F (65.5-93.3°C). According to this range, powder 

properties were assumed for polymer temperatures below 150°F and polymer melt 

properties were assumed for temperatures above 200°F and in between the properties 

were weighted. It was not mentioned again from where the powder and melt
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properties were obtained, but for the heat transfer coefficient the same value as 

obtained by Rao and Throne [29], was used.

In the development of his computer simulation, Scott [321 used a temperature 

dependent specific heat term to accommodate the latent heat of fusion in the model. 

The thermal conductivity and thermal diffusivity data were the same as used by 

Georghiades [51], who carried out a theoretical and experimental study of heat transfer 

in polymer processing operations with special attention to blow moulding and pipe 

extrusion of HOPE. He developed a computer program by which it was possible to 

plot the thermal diffusivity and thermal conductivity as a function of temperature. On 

this basis many expressions describing the variation of these two variables with 

temperature were derived.

Scott attempted to work out some of the heat transfer coefficients. He considered the 

cavity around the mould as two parallel plates to simplify the calculations, and by 

using a forced air heat transfer empirical equation, with the help of Reynolds (Re), 

Prandtl (Pr) and Nusselt (Nu) numbers, the oven to mould heat transfer coefficient 

was found to be 9.55 W/m2.°K. Another heat transfer coefficient was for the internal 

air and it was taken as similar to what Georghiades used, which was 5 W/m2.K.

Crawford and Nugent [33], in their mathematical model, used a value of 30 W/m2.K 

for the oven to mould heat transfer coefficient. This value was calculated utilizing 

empirical heat transfer correlation derived by Krieth and Bohn |521.

In his work on the development of a mathematical model of rotomoulding, 

Nugent 1341 performed simple tests in order to find the necessary polymer properties. 

He used a hot-plate apparatus, a Perkin Elmer Thermomechanical Analyser (TMA) 

and Differential Scanning Calorimeter (DSC) to obtain graphs of thermal 

conductivity and thermal diffusivity, densities and specific heats as a function of 

temperature respectively. The data was for various materials such as LLDPE, MDPE 

and HDPE. The properties data obtained were converted to a set of equations that 

described the variation of the properties with temperature and incorporated into the 

final model.
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Further attempts were carried out by Nugent et al. 134 & 351 to estimate values for both 

the outer and inner mould surface convective heat transfer coefficients. To achieve 

that goal, temperature measurement was made on empty moulds rotating in the oven 

of a shuttle type rotomoulding machine (CACCIA R1200) and then cooled by forced 

air. The measured temperature profiles obtained were then examined by plotting 

them against calculated temperature profiles predicted by a mathematical thermal 

model that was described in [34]. The heat transfer coefficients were adjusted in the 

model until a suitable fit of the curves was obtained. The values obtained are shown 

in Table (2.1).

Table 2.1; Heat transfer coefficient values obtained by Nugent134 & 351

Material
(mm)

Process
Stage

Heat transfer 
Coefficient Type

Effective Heat Transfer 
Coefficient (W/m2.K)

Oven Temperature (°C)
270 300 330 360

Steel (1.6) Heating Oven to mould 11.0 11.0 11.0 11.0
Mould to internal air 1.0 1.0 1.0 1.0

Aluminium (6.2) Oven to mould 22.0 22.0 22.0 22.0
Mould to internal air 0.5 0.5 0.5 0.5

Steel(1.6) Cooling Cooler to mould 20 20 20 20
Mould to internal air 1.0 1.0 1.0 1.0

Aluminium (6.2) Cooler to mould 50 50 50 50
Mould to internal air 0.5 0.5 0.5 0.5

From the results shown in Table (2.1), the authors concluded that oven temperature 

did not affect the heat transfer coefficients for either the steel or aluminium mould.

The rotational moulding Development Centre at Akron University 1531 published 

experimental data for the heat transfer coefficients during the cooling stage and for 

an oven set temperature of 320°C. The measured temperatures for steel and 

aluminium static moulds were plotted against computer predicted profiles and the 

different coefficients were adjusted until a suitable fit of the curves was obtained. 

The obtained values are shown in Table (2.2).
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Table 2.2: Heat transfer coefficient values obtained by the Development Centre 
_________ at Akron University |531.____________________________________

Material
(mm)

Heat transfer 
Coefficient Type

Effective Heat Transfer Coeff. (W/m2.K)

Cooling Method

Ambient Forced Air Water Shower

Steel (1.6) Cooler to mould 5.5 22 300/100
Mould to internal air 0.5 0.5 0.5

Aluminium (8.2) Cooler to mould 13 35 300/100
Mould to internal air 0.4 0.4 0.3

Sun and Crawford 136 & 371 utilised the same set of equations that were previously 

obtained by Nugent 1341 to represent the polymer (MDPE) thermophysical properties, 

such as the density, specific heat and the thermal conductivity, and their variation 

with temperature.

Seeking accurate data for their mathematical model, Xu and Crawford 1381 set up tests 

to measure the variation of material properties with temperatures. To account for 

density and specific heat changes with temperature during the whole process they 

made use of thermomechanical analysis (TMA) equipment and the Differential 

Scanning Calorimeter (DSC) respectively. The material used was medium-density 

polyethylene. All results plotted in diagrams showed the changes of density and 

specific heat as a function of temperature during the heating and cooling stages. 

These graphs of thermal properties versus temperature were divided into several 

ranges and represented by sets of equations, which were incorporated into the 

computer model.

To obtain the heat transfer coefficients, Xu followed the same method as 

Nugent [34], where the experimental data were plotted against the computer predicted 

results, and the various coefficients in the computer model adjusted until a suitable 

fit with the experimental curves was obtained.

Wang 1401 carried out a number of practical experiments to obtain heat transfer 

coefficient values and polymer thermophysical properties to be incorporated in the 

mathematical model.
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Wang stated that the polymer density and specific heat, which are temperature 

dependent, could be obtained by experiment as mentioned in [34]. For the thermal 

conductivity, an experiment of one-dimensional heat transfer was designed to 

identify the thermal conductivity variation. By utilizing the Fourier equation for heat 

transfer, a diagram showing the variation as a function of temperature was plotted. 

During this work, Wang used the hot plate experiment for measuring the temperature 

at three different places.

For the heat transfer coefficients, the study was limited to a cylindrical empty 

rotating mould on the Caccia machine (shuttle type machine). By using a one

dimensional heat transfer mathematical model representing the heat transfer modes; 

it was possible to plot the measured temperature profiles against the predicted ones 

and adjusting the coefficients until a suitable fit was obtained. Typical heat transfer 

coefficients obtained were the mould to oven, which was 37W/m2.K, the melted 

inner surface of plastics and internal air, which was 0.4W/m2.K and the mould to 

forced convection cooling air, which was 80W/m2.K.

In order to be able to compare the results of their model with the experimental results 
that are available in literature, Gogos et al. t43-^ 45 & 48l anc| Olson et al [26&461? used 

published polymer data for polyethylene as well as heat transfer coefficients from 

literature, Nugent[34), Nugent et al. 1351 and from the textbook ‘Principles of Polymer 

Processing’ by Tadmor, Z. and Gogos, C. (1979). The inside and outside heat 

transfer coefficient values were 5.0 W/m2.K and 19.3 W/m2.K respectively during 

the heating stage, 1.0 W/m2.K the heat transfer coefficient between either the melt or 

solid and the internal air and 23.7 W/m2.K the external heat transfer coefficient 

during the cooling stage.

In a later work, Olson et al. 1471 used the same data as mentioned in the previous 

paragraph, except for the external heat transfer coefficient, which was 22 W/m2.K 

instead of 19.3 W/m2.K. This value was obtained by comparing experimental results 

from an empty mould to predicted results.
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The default information data used in RotoSim 149 & 501, the material data and the 

different heat transfer coefficient values, were obtained from the relevant research 

work described above.

Every attempt to determine the polymer properties data and the heat transfer 

coefficients has been limited to the conditions and circumstances of that research. 

Some of the researchers used polymers for which the properties data are available in 

literature. This may have been because of a lack of appropriate facilities to conduct 

the various tests in order to obtain the necessary information. Regarding the heat 

transfer coefficients, it is apparent that there are some contradictions between the 

values, particularly in relation to the forced convection. Some of the values quoted in 

different studies were obtained for the same machine but still there are noticeable 

differences between the coefficient values. For example, the mould to oven and 

mould to forced convection cooling air heat transfer coefficients were obtained by 

Nugent et al. 134 & 351 to have values of 11 W/m2.K and 20 W/m2.K while Wang 1401 

found that these values are 37 W/m2.K and 80 W/m2.K, respectively.

On the other hand some of the forced convection coefficient values are lower than 

the recommended range that is given by the textbooks and other values are quite high 

for a forced air convection mode.

Table (2.3) summarises the various heat transfer coefficients obtained in previous 

research.

Table 2.3: Summary of heat transfer coefficient values obtained in previous research

Author(s)

Heat Transfer Coefficient

Remarks
Oven to 
mould 

(W/m2.K)

Mould to 
cooling fluid 

(W/m2.K)

Bare mould 
to internal air 

(W/m2.K)

Plastic to 
internal 

air
(W/m2.K)

Rao & Throne 1291 28.4 - - - Static mould
Throne 1301 - 28.4 - - Forced air. 

Static mould
- 2840 - - Water,

Static mould
Scott1321 9.55 - 5 - One axis 

rotation
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continue Table 2.3...

Author(s)

Heat Transfer Coefficient

RemarksOven to 
mould 

(W/m2.K)

Mould to 
cooling fluid 

(W/m2.K)

Bare mould 
to internal air 

(W/m2.K)

Plastic to 
internal air 
(W/m2.K)

Crawford &
Nugent1331

30 - - -

Nugent et al. |34,351 11 20 1 - Steel mould
22 50 0.5 - Alum mould

Development
Center at Akron 
Univ.1531

5.5 0.5 Still air,
Steel static 
mould

22 0.5 Forced air, 
Steel static 
mould

13 0.4 Still air,
Alum. Static 
mould

35 0.4 Forced air, 
Alum. Static 
mould

300/100 0.5 Water,
Steel static 
mould

300/100 0.3 Water,
Alum. Static 
mould

Wang 1401 37 80 0.4 Cylindrical,
empty
mould

Gogos et al. |43, u' 
45' 481 & Olson et 
al. |26'461

19.3 23.7 5 1 Spherical
mould

Olson et al. 1471 22 23.7 5 1 Spherical
mould

In this work, the computer software ‘RotoSim’ was utilised to identify approximate 

values for the various heat transfer coefficients that are involved in the process, as 

well as employing a theoretical analysis to check the values of some of these 

coefficients. As for the polymer properties, some of the properties were taken from 

the literature, while some tests were conducted to check the values of these 

properties, particularly the melting temperature and the latent heat of fusion.
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2.2 Rotomoulding Process Control

Modem quality control systems in manufacturing processes, work to control the 

process and maintain consistency so that the production of bad parts can be reduced, 

rather than spotting the failure after they are made.

In rotomoulding, the production of high quality end-products is closely linked to the 

various interactive variables involved in the process from the beginning until the end. 

In recent years this process has been continually developing in terms of machine 

design and the complexity of moulded parts. Although rotomoulding machines can 

be manufactured with quite sophisticated microprocessor controls, the process in the 

seventies and eighties lacked an appropriate technique to obtain any feedback from 

either the mould or the plastic melt, as is used in other polymer processing methods. 

The reason for that can be attributed to the unique biaxial rotation of the mould 154], 

which makes it difficult to take a control signal out from the mould.

Initially rotational moulders relied on basic tests and indicators to evaluate the 

quality of moulded parts |5S|. These indicators have typically been one of the 

following: impact strength, bubble content, internal surface appearance/colour or 

external surface appearance. It is apparent that all of these indicators or tests cannot 

be carried out prior to the end of the moulding process. This is not desirable as it is a 

time consuming and costly trial and error process.

In the early nineties, Crawford et al [54, 56 & 571 developed a new process control 

system for rotomoulding. This new system, called Rotolog, made it possible to obtain 

temperature measurements from the biaxially rotating system. The Rotolog 

(transmitter) is normally mounted on the machine arm near the mould to take 

temperature recordings by thermocouples from the surface of the mould itself and 

from its inside. These measurements are then transmitted as radio signals in real time 

to a receiver placed away from the rotating arm and connected to a computer so that 

the temperature profiles can be monitored on the screen.
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It was found that the measurement of the mould internal air temperature gives 

valuable information in relation to the sequential events happening to the polymer 

during the moulding cycle.

A typical internal air temperature profile as measured by Rotolog is shown in Figure

(2.2).

r 150

E 125

Time (sec)

Figure 2.2: Typical internal air temperature profile in rotomoulding

The significant features of this temperature profile can be summarised as follows:

A: The starting point. The mould and polymer are relatively cold and the 

powder tumbles freely.

B: The powder starts to adhere to the mould surface. The reduction of 

temperature rise is due to energy absorption by the melting powder.

C: All powder has melted and formed a molten layer with a powdery inner 

surface.

D: The peak internal air temperature of the cycle. The inner plastic surface 

becomes smooth and melts density rises.

E: The beginning of polymer crystallisation. The latent heat absorbed during 

melting is released and this reduces the rate of cooling.

F: The crystallization (solidification) is completed and the rate of internal air 

cooling increases again.
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G: The slight change in slope at this point is linked to the plastic separation 

from the mould wall.

H: Typical de-moulding point. This point is usually determined by moulders.

The peak internal air temperature (point D) has often been directly linked to the 

quality or the optimum mechanical properties of final products [58 & 59]. It was found 

by Crawford and Nugent1581 that the optimum impact strength in polyethylene was 

achieved when the internal air temperature reached 210° ± 5°C. This optimum 

condition was independent of mould material or thickness, part thickness, moulding 

machine type or machine settings for oven temperature, timings... etc.

The optimum impact strength and its relation with maximum internal air temperature 

was attributed to improvement in structure as the bubbles trapped in the polymer had 

enough time to disappear and just before the inner plastic surface becomes shiny and 

discoloured as oxidation occurs.

Therefore, the development of Rotolog was an important improvement in 

rotomoulding process control as it moved a step forward to a stage whereby it is 

possible to utilize the internal air temperature as an indicator to determine the final 

product quality.

Due to the limitation of high temperature resistance of the insulation jacket around 

the electronics in the Rotolog device, Nugent et al. 1601 examined the use of infrared 

thermometry in recording continuous temperature measurements from the mould 

outer surface. This was done in the oven and the cooling chamber, and it was 

believed that this would provide the opportunity for true closed loop control, 

potentially leading to machines that can make decisions based on actual mould 

conditions. By comparing the mould surface temperature data measured by the 

infrared thermometry to the one measured by Rotolog, they found that both data 

correlated well during the heating stage but during the cooling stage the infrared data 

was generally higher than the temperature values measured directly by the Rotolog.
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The authors came up with the conclusion that the correlation between the outer 

surface temperature and the internal air temperature inside the mould does not allow 

identification of the key stages of the cycle. However, real time measurements by the 

infrared thermometry, if directly linked to the machine control panel, can be used to 

control the index of the moulds to and from the oven and cooling bay.

Abu Fara et al. [61) developed empirical dynamic models derived from experimental 

data to assist in the design of control systems. The approach was to generate 

controlled variation in an input to the process and the response to this input was 

measured. The input variation was the sudden opening or closing of the valve 

controlling the gas flow to the oven burner, while the response that was measured by 

the Rotolog device was either the oven or internal air temperature.

By carrying out several experiments considering different input variations in order to 

examine the system non-linearity and by utilising various statistical analyses, it was 

found that the oven temperature response could be modelled by a first order system 

and the response of the mould internal air temperature could be modelled by a 

second order system. The authors claimed that these two models with further 

development could produce new types of control strategies for rotational moulding 

machines.

In an attempt to avoid the effect of the harsh high temperature environment in the 

oven, which necessitates removing the Rotolog from the mould periodically to be 

cooled down or replaced, McDowell 162], developed a data acquisition system that 

basically utilises high temperature slip rings installed on the underside of the rotating 

plate to transfer the data that are acquired by thermocouples from the mould system. 

The slip rings are connected through the arm to a transmitter at its end outside the 

oven. The signals are then transmitted in real time to a receiving unit already 

connected to a computer so that the temperature profiles can be monitored on the 

screen. One big advantage of this system over the Rotolog is that the transmitter 

remains at the ambient temperature and there is no need for cooling or insulation.

51



Chapter 2 Literature Review

One more thing, worth saying about the slip rings, is that this system could be altered 

to acquire other data, such as pressure or basic switching signals (e.g. solenoids).

As a result of the comparison that was made between internal air temperature 

measurements obtained by the slip rings data acquisition system and the data 

obtained by Rotolog, the author claimed that the slip rings’ transmission in terms of 

quality and level of signal was a success.

Spence and Scott [631 have described a new process control indicator. This new 

method uses the area under the Rotolog internal air temperature curve, above the 

melting temperature of the polymer, and it is called degree of cure (DoC). Figure 

(2.3) shows what is meant to be the DoC.

Degree of Cure

Time (min)

Figure 2.3: Definition of Degree of Cure (DoC)1631

It was found, for a fixed wall thickness, that higher DoC correlated to higher impact 

energy and this was attributed to the reduction in bubble content. However, the 

increase in DoC values, which was associated with increase in the peak internal air 

temperature, was only up to a certain value at which the polymer oxidised.

Interestingly, the authors came up with the conclusion that the peak internal air 

temperature provides a reasonably generic value that can be used as a process control 

indicator for a wide range of part wall thickness. This is not the case for the DoC 

because its value increases significantly with increasing part wall thickness, therefore
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making it difficult to use generic numbers, as well as making the analysis of the data 

more complicated for parts of variable wall thickness.

The DoC is not as a decisive factor as the peak internal air temperature in 

determining the optimum mechanical properties of the mouldings for the following 

reasons:

a. it does not provide a reasonable generic value for a wide range of part wall 

thickness.

b. it does not give a real time indication of the moulding quality. Part of the area 

under the curve is during the final stage of heating period while the other part 

is during the beginning of cooling stage, which means the moulder has to 

wait until the crystallisation temperature has been reached before figuring out 

whether the moulding is already past the point of oxidation or it is under 

cooked.

In recent years Crawford et al. ,64’65 & 661 focused on the importance of mould venting 

and mould pressure monitoring and control. Since a variety of factors affect the 

pressure inside the mould such as the size of the vent, the quality of the mould and 

the heating rate, the authors carried out several experiments investigating these 

variables and from the results they could see how the pressure can vary in an 

arbitrary manner depending on particular combinations of the previously mentioned 

variables. It is believed that pressure variation is one of the reasons that led to 

conflicting reports about the causes and cures of problems such as warpage, residual 

stress and shrinkage.

It has been shown by Chen et al. [67], Spence and Crawford [59 & 68], Walls [69] and 

O’Neill [70] that relatively low pressurisation of moulds has a major effect on the 

moulded part mechanical properties such as higher impact energies due to the 

reduction of bubble content, reduced warpage, reduced shrinkage and higher 

dimensional stability. Consequently, Crawford et al. concluded that the benefits of 

mould pressurisation can be realised only if the moulder is in total control of the 

atmosphere inside the mould because of the valuable information that could be
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obtained. The authors stated that the availability of pressure monitoring and internal 

air temperature measurements in moulding machines would offer major benefits to 

the rotomoulding industry.

It is apparent from all of this work that the options from which a reliable control 

process can be used for rotomoulding are limited. The high temperature slip rings are 

still under further comprehensive investigation to increase their reliability and 

consistency, while the infrared thermometry method for mould surface temperature 

measurements could not identify the key stages of the process and how the polymer 

behaves inside the mould. The Rotolog data acquisition was therefore used in this 

research to obtain data from the moulding system and the peak internal air 

temperature was considered as the process control indicator.

2.3 Theoretical and Experimental Studies in Reducing Cycle Times

What is meant by cycle time?

Basically in any manufacturing process the cycle time can be defined as the sequence 

of events that take place for manufacturing one product.

In rotational moulding these events start with powder charging into a mould, going 

through heating and cooling stages and then finishing with removing the 

rotomoulded part from the mould. In general the total cycle time in rotational 

moulding can be divided into two parts:

a. The mould servicing cycle time.

b. The plastic raw material (polymer) processing cycle time (in other words, the

thermal processing time of plastics).

The mould servicing cycle time counts for many aspects and events that take place 

during the part demoulding and powder charging stages. These events are:

1. The orientation of the mould to be ready for demoulding.

2. The access and opening of the mould.
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3. Removing the part taking into consideration its size, temperature, complexity 

and the different inserts.

4. Mould maintenance and preparation for the next moulding.

Investigating and improving the time for such these events is beyond the scope of 

this research. The duration of these events is strongly dependent on what is 

happening at the real manufacturing plants and it is more desirable to get 

constructive feedback from moulders and machine manufacturers to be able to 

achieve significant progress. Fortunately, these issues are not neglected as the ARM 

Cycle Time Reduction Committee1711 is always working on addressing various issues 

that are related to cycle time reduction by creating broad discussions between the 

moulders in an attempt to find better solutions.

On an individual level, the rotational moulding company Persico, for an example, 

presented in the 27th annual ARM fall meeting 2002 a new complete automated 

rotational moulding machine, called Leonardo [153]. This machine was an example of 

how to reduce the time required for demoulding the final part and re-charging 

powder into the mould.

The polymer processing cycle time is a very important part of the total cycle time as 

it counts for the sequence of events through which the polymer is going and being 

subjected to various conditions that result in polymer state changes and the formation 

of the product and at the same time plays a vital role in determining the quality of the 

final rotomoulded part. The majority if not all of the research concerned with 

reducing cycle time in rotational moulding has been closely focused on this part of 

the process. The main aspects that may have an influence on material processing 

cycle time can be summarised as follow:

1. Heating surroundings: methods and conditions of heating.

2. Mould material.

3. Rotation speed.

4. Polymer properties.

5. Cooling surroundings: methods and conditions of cooling.

55



Chapter 2 Literature Review

6. Process control: various instrumentations for direct temperature and pressure 

measurements from either the mould itself, inside the mould or the melt 

polymer during the moulding process. These methods could be incorporated 

into the rotomoulding machine control panel.

Reducing the polymer processing cycle times is the main concern of this research. 

The following paragraphs describe and review the work done to reduce cycle times 

in the rotational moulding process. Any mention of “cycle time” or “overall cycle 

time” in the following paragraphs and the rest of this thesis refer automatically to the 

“polymer processing cycle time”.

Rao and Throne |29,30 & 311 were the first two researchers who studied and analysed 

theoretically the effect of several variables that are involved in the process on the 

cycle time. They utilised the various heat transfer mathematical models that were 

developed by them for this purpose.

From the relation between the oven and the mould outer surface that was represented 

by transient heat conduction equations, it was stated that increasing the heat transfer 

coefficient would thus decrease the oven cycle time. The authors pointed out that this 

has already been achieved commercially by using hot oil instead of forced hot air, 

but the higher maintenance, mould costs and inconvenience in handling hot liquids 

offset the shorter cycle times obtained.

Another two variables that were found desirable for short operating cycles 

(represented by powder sinter-melt time) were the use of high mould rotation speeds 

and high initial oven temperatures.

Investigating also the cooling cycle time and the different variables that affected it, it 

was shown, that cooling a mould in forced air would be considerably slower than 

quenching it in water. However it was recommended that the heat transfer rate during 

the cooling stage should be monitored to allow for crystallization. It was concluded 

that for a fixed environmental temperature, longer oven cycle times and/or higher set
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point temperatures would lead to more stored energy into the system and thus longer 

cooling cycle times.

Two more things, studied by Rao and Throne, worth mentioning are the effect of the 

mould materials and the polymer properties. It was found that steel moulds cooled 

down faster than aluminium moulds, and the reason was noted to be the measurable 

effect of the material mass which was manifested by the mould thickness (steel 

mould was thinner) rather than the other material properties such as the thermal 

conductivity and the thermal capacity. It was also stated that the thickness of the 

mould would lead to slow heating rates and longer heating times.

For the polymer properties, it was concluded, that the time required to sinter-melt 

and fuse the plastic powder into its final form and the powder particle size had quite 

significant effect on cycle times. The smaller the particle size the more efficient the 

contact heat transfer becomes, but it was mentioned that there are two practical lower 

limitations on the particle size, the first one is the loss of material strength due to 

excessive shearing and heating during grinding and the second is that tumbling of 

very fine powders within the mould will build up high static charges which aid in 

agglomerating the powders.

Another theoretical investigation was conducted by Sun and Crawford 136 & 371 

to study the effect of several variables of rotomoulding on cycle times.

It was concluded from the analysis of powder characteristics that the particle shape 

and size had an influence on heat transfer rates and consequently on cycle times. 

Small powder particle sizes were found to reduce the cycle times but the reduction in 

size was limited by a tendency towards agglomeration or bridging, which is the same 

reason that was given by Rao and Throne [29]. By comparing different types of 

polymers, it was found that the polymer that had a lower melting point and lower 

latent heat would exhibit a shorter oven time.

Further investigations included the effects of oven temperature and the cooling 

method on oven, cooling and cycle times. It was concluded that increasing the oven

57



Chapter 2 Literature Review

temperature reduced the oven times, and also changing the cooling method from air 

free convection to forced convection reduced the cycle times.

Interestingly, it was noted that the introduction of internal heating was very effective 

in shortening the cycle time (increasing the internal air temperature from 440°K to 

540°K resulted in time reduction of approximately 31%) and the introduction of 

internal cooling provided a more uniform structure and less warpage, as well as a 

reduction in cycle times.

Bawiskar and White 1411 focused on two variables, oven temperature and mould 

material, and studied theoretically their effect on powder melting times. The mould 

material properties and wall thickness were investigated as one combined variable 

represented by the mould outer surface first order thermal time constant (mentioned 

previously in Equation 2.11). It was noted that the lower the value of the time 

constant the faster the mould would heat up and consequently would result in shorter 

melting time. Aluminium and steel moulds were tested and it was found that the 

latter ones had lower time constant. In essence, this finding is similar to what Rao 
and Throne 1291 concluded regarding the mould material

Another conclusion was the more pronounced effect of decreasing the mould time 

constant (represented by mould wall thickness and thermophysical properties) on 

reducing cycle time compared with increasing the oven set temperature.

In a comprehensive theoretical study including various rotomoulding process 

variables and material properties Gogos et al. [44, 45 & 481 carried out analyses to 

investigate the sensitivity of the melting time and the overall cycle time represented 

by dimensionless groups to variations in those variables and properties that were 

represented as well by dimensionless groups.

It was found that the melting and overall cycle times were sensitive and decreased 

with decreasing the value of the following dimensionless groups: the plastic melting 

temperature, the plastic to mould thermal capacitance ratio, the energy (latent heat) 

required for phase change, the outside heating to cooling heat transfer coefficient
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ratio and the maximum temperature at the mould outer surface. On the other hand, 

the melting and overall cycle times increased with decreasing the value of the 

following dimensionless groups: the plastic conductance, the air gap conductance 

(the air gap between the mould and the plastic formed during the cooling stage) and 

the demoulding temperature.

Another conclusion worth mentioning is that if the internal heat transfer coefficient 

(convective heat transfer coefficient inside the mould) could be increased 

dramatically, it would not affect the total processing time substantially.

Crawford and Scott 172 & 731 carried out an experimental study of heat transfer to 

quantify the temperature changes, which occur in the powder/plastic in the mould 

during rotational moulding. A specially instrumented machine was utilised to allow 

temperature changes in the rotating mould to be continuously monitored during 

moulding.

An open-ended cylindrical mould (250mm diameter and 375mm long) rotated about 

its polar axis (single axis rotation) was used for the experiments. It was heated with 

an exposed propane flame.

Three variables were studied in order to assess their effects on the moulding process; 

these variables were the propane gas flow rate, proximity of heat source to mould 

and rotational speed. While conducting the experiments, as one variable was being 

varied the other two were kept at constant reference values.

For the first two variables, it was found that increasing the gas flow rate and moving 

the flame closer to the mould to certain limits had quite a significant effect on 

reducing cycle times, whereas increasing the gas flow rate by approximately 28% 

resulted in cycle time reduction of 4.5%, and moving the flame closer by 

approximately 31% resulted in reduction of 4.5%. It was noticed that beyond these 

limits the effect of the two variables was reversed as they increased the cycle times 

and this was attributed to the unnecessary added energy, which consequently 

lengthened the cooling times. These limits were the conditions that gave an
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approximate maximum mould internal surface temperature of 250°C that guaranteed 

a good quality moulding finish (even inside surface and a small number of bubbles in 

the wall thickness).

As for the third variable, it was found that the speed of rotation of the mould does not 

have a significant effect on the cycle time; except at very high speed (20.25rpm - 

170% faster) where the cycle time was a little shorter (4%) because of the increased 

convective heat gains and losses.

The authors suggested the induction time (the duration of heating the powder to the 

point of melting) and the cooling time as two available areas for reducing cycle 

times. For reducing induction times they pointed out that utilising the previously 

mentioned three variables in a practical way would be beneficial, while using a faster 

speed and forced cooling such as water spray or air fans (in the experiments the 

mould was cooled naturally) would help in shorten cooling times.

Considering an open flame for heating the mould, Kearns et al. 1741 carried out an 

experimental investigation to assess the relative merits of open flame and hot air 

oven rotational moulding machines. For the open flame, a series of gas flows were 

tested up to a maximum of 8.0 1/min (the upper limit to obtain a stable flame), while 

for the conventional hot air oven three set oven temperatures were tested, 280°C, 

300°C, and 350°C.

For the same part wall thickness, it was found that open flame heating was more 

efficient than convection hot air heating. Firstly the energy consumed during the 

heating period (the reference was a specific internal air temperature for all 

mouldings) was less for the open flame, and secondly the heating time for the open 

flame at 8.0 1/min gas flow rate was about 21% less than the time for the hot air oven 

set at 350°C.

The authors could not compare the overall cycle times, because the tests were 

conducted on two dissimilar machines and the cooling conditions used were
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different. This resulted in longer cycle times for the mouldings that were made using 

the open flame heating.

Although reduced heating times are attainable using open flame, concerns still exist 

about the health and safety aspects of open flames, as well as the maintenance of the 

mould and the increased temperature in the working environment.

Krott l751, Sunday 176], Wright and Crawford 17/1 carried out theoretical and 

experimental studies to analyse the performance of hot-oil mould heating and 

compared it to the conventional hot air oven.

Krott 1751 theoretically compared the thermal characteristics of the conventional 

mould heating process (circulating hot air inside gas fired oven) with hot-oil mould 

heating.

A finite element thermal analysis on ANSYS was carried out to simulate two models 

that represented the two heating methods. The model that represented the hot-oil 

heating method was chosen to be a flat plate, which was the same as the one for the 

conventional heating method, but with added passages (10mm in diameter) cast onto 

the mould, through which turbulent oil at 288°C and 10,000 Reynolds number was 

passed.

By using the optimum distance between the oil passages (calculated using the finite 

element thermal analysis) and by comparing the heating times for the same part 

thickness in both methods, it was found that the hot-oil heating method provided 

faster heating times by approximately 70%.

It was found also that the temperature distribution was more uniform (small 

differences) by using the hot-oil heating, which would result in a more uniform part 

wall thickness.

Developing the analysis conducted by Krott1751 on hot-oil mould heating, Sunday [76] 

built a rotomoulding machine with integral heating and cooling passages within the
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mould. It is a biaxial machine into which rotary units were installed and used to 

supply hot oil from storage barrels to the biaxially rotating mould.

It was claimed that the method of heating and cooling the mould by oil has three 

distinct advantages; faster cycle times, better wall thickness distribution because of 

the better temperature gradient control, and more energy efficient. However, no 

results or conclusions were published.

In another study of the thermal efficiency of hot air ovens, Wright and Crawford [771 

conducted an experimental investigation where oil was used to heat and cool the 

mould in rotational moulding and then compared the performance of this new system 

directly with a conventional hot air oven and forced air cooling machine.

A specially designed mould was used with oil passages cast onto the outer surface to 

allow for the circulation of the oil. An oil pressure controller was used with an 

electric heater to control the heating oil temperature. For cooling, another separate oil 

reservoir at low temperature was used.

Two experiments were carried out using oil heating; the first one without insulation 

around the mould and in the second fibre insulation was used.

By considering the same fluid temperature for heating in both methods (the oil and 

forced air temperatures were 232°C) it was found that heating with oil could 

significantly reduce both the amount of thermal energy used and the length of the 

process cycle time. By using the fibre insulation around the mould the reduction was 

even more. By using the oil heating method reductions of approximately 9% and 

17% were achieved for the bare mould and the insulated mould respectively if both 

of them were compared to the forced convection method. For cooling, it was stated 

that the cooling rates in both methods were similar and claimed that the oil cooling of 

the mould allows greater flexibility than forced air cooling; however no figures were 

given about the reduction in overall cycle times.
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Three things are worth mentioning in regard to the use of oil for heating and cooling 

the mould and not discussed by the authors in [76] and [77], these are: the cost of the 

mould, the time to manufacture these types of moulds and the regular maintenance of 

the mould. It is believed that these three factors are crucial in deciding on the 

feasibility of using these heating methods in lieu of the conventional hot air oven.

In an attempt to take advantage of the electrical power in heating the moulds, 

Wytkin |78], Wright and Crawford l79], McDowell et al. 1801 and Daly et al. t81] 

developed new designs of machines or moulds and carried out experimental studies 

to compare the performance of electrically heated moulds with conventionally heated 

moulds.

Wytkin 1781 described in his paper a newly developed rotomoulding system called 

Composite Mould Technologies (CMT). This new system comprised mainly of a 

mould heated by an electrical heating system, which is directly under the mould 

internal surface and is cooled by forced air running through ducts built into the 

mould.

In this new system the rate of cooling can be controlled as can the heating of the 

mould. It was claimed that independent heating control within the mould could be 

used efficiently in controlling the wall thickness distribution.

Because of the non-existence of a hostile oven environment and the ability to control 

the amount of energy that is supplied to the polymer, it was also claimed that the new 

CMT can widen the range of plastic materials that can be rotationally moulded, such 

as expanded polystyrene foam (EPS) and Polyurethane which would contribute to 

reducing the part weight, cost and cycle times. By comparing the overall cycle times 

of two mouldings, the first was 6mm thick wall polyethylene and the second 2mm 

thick wall polyethylene with EPS fill. A 35% reduction was achieved in favour to the 

polyethylene with EPS fill.

Concentrating on the energy consumption in rotational moulding particularly during 

the heating cycle, Wright and Crawford 1791 compared an electrical heating method
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with the conventional forced air convection heating. Their study was based on 

theoretical calculations and experimental trials and was dependent upon certain 

conditions such as the oven characteristics, wall thickness of the moulded article and 

the power supply to the electrically heated mould. It was found that the electrical 

heating method exhibited longer cycle times than the air convection heating method, 

but that the latter method consumed twenty times more thermal energy. Due to the 

favourable energy consumption of the direct electrical heating method, it was 

suggested that this method could be worthy of further development.

McDowell et al. 1801 investigated experimentally three different types of mould 

heating for rotational moulding. A novel sphere shape oven was designed to facilitate 

a direct comparison to be made between various heating methods. The three heating 

forms used in the experiments were: electrical quartz halogen lamps, ceramic 

infrared electrical heaters and gas fired free convection hot air.

By comparing the temperature measurements that were recorded from a cylindrical 

mould rotating around one axis, it was found that the quartz halogen lamps were the 

most efficient as they used the least amount of energy per moulding during the 

heating period (the reference was a specific internal air temperature), followed by the 

gas fired hot air heating method and finally the ceramic infrared heaters.

A heating time reduction of approximately 50% in favour of the quartz lamps heating 

method compared to the ceramic infrared heaters and approximately 45% compared 

to the gas fired free convection hot air method was achieved.

Daly et al [811 compared experimentally an electrically heated rotational moulding 

machine with a conventional hot air oven and forced air cooling machine (carousel 

machine). The new machine, which was developed by a rotational moulding 

company in Ireland, is an oven-less machine with a steel mould being heated by 

electrical heating elements positioned around the mould, while cooling is provided 

by blowing air through venturis/air movers into channels surrounding the mould.
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Interestingly, even though the energy consumption of the electrically heated mould 

was much lower than the consumption of the conventional hot air oven, it was found 

that the overall cycle time for the new machine was over twice as long as the cycle 

time for the conventional machine. The reason for that was believed to be the 

inefficient heat conduction to the inner mould wall during the heating stage and the 

inefficient cooling because of the small volumes of air.

The following paragraphs review the experimental studies that have been carried out 

to investigate the effect of different cooling conditions, internal mould cooling, and 

material and polymer properties on cycle time in rotational moulding.

In an attempt to eliminate or to better control the shrinkage and warping in 
rotationally moulded parts with large flat areas, Van Uffelt 1821 carried out an 

experimental investigation concentrating on the cooling stage and utilising internal 

mould cooling.

The internal mould cooling was achieved by applying compressed air running 

through the machine arm to an automatic-opening, pressure reduction valve installed 

on the mould. This valve was used to avoid damage to the product’s inner surface. A 

second evacuating pipe in the mould was used to allow the hot air to leave the mould 

and to avoid any excess pressure inside the mould.

During the experiments it was attempted to balance the effect of internal and external 

cooling by having the highest temperature in the middle of the product wall 

thickness. By doing that, the shrinkage that occurs due to temperature differences 

and thermal stress within the part wall could be controlled to reduce warpage in the 

final part.

Another advantage of internal cooling was a reduction in cycle time, with a 30% 

reduction in total cycle time being achieved.

In a recent study, Crawford et al. [83] conducted various practical trials in order to 

quantify the relative effects of a number of techniques that are readily available to
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moulders to reduce cycle times in rotational moulding. The techniques applied 

included preheating the mould, preheating the powder polymer, preheating the mould 

and the polymer and feeding warm air and cool air into the mould during the heating 

and cooling stages respectively.

It was found that preheating of the mould was very beneficial in reducing the heating 

time and hence the overall cycle time. Also, using an air mover to introduce internal 

heating and cooling was found to have a remarkable effect on reducing cycle times. 

On the contrary, preheating of the powder was found to have little impact on heating 

times and consequently on overall cycle times. However, the authors concluded that 

the combined effects of the previously investigated methods (preheating and internal 

heating/cooling) had the most significant effect on reducing overall cycle time, with 

a total reduction of 26% being achieved.

It is worth mentioning that the reduction in cycle times in the previous two papers 

[82] and [83] was achieved by comparing the measured internal air temperature 

which was directly affected by either the heating or cooling air that was supplied into 

the mould and hence onto the thermocouple. It is now believed that such 

measurements may be misleading.

O’Neill [701 studied the cooling process that occurs during rotational moulding. He 

used a variety of mould materials that were cooled by employing combinations of 

water and air taking into consideration a set of variables such as the volume of air 

flow and water flow used during the cooling stage. He also studied, the effect of 

internal mould cooling by utilising air movers to provide air from the surroundings 

into the mould.

It was found for the forced convection air cooling mode that the most efficient 

cooling was achieved when the fan volume flow rates were high and the inlet and 

exhaust volume flow rates were equal (approximately 6200cfm). Forced convection 

cooling was more effective with a fan blasting air at the mould than a fan, at the 

same flow rate, extracting air from around the mould. Another finding was the

66



Chapter 2 Literature Review

profound effect of using a water spray on reducing cooling times and consequently 

the overall cycle times.

It was concluded that using a combination of three cooling modes would allow 

controlled cooling leading to reduced cycle times and good finished parts. These 

were successively 1. ambient cooling 2. medium cooling (forced air convection) and 

3. fast cooling (water spray). He also concluded that the use of water too early in the 

cooling cycle resulted in an inadequately sintered part resulting in pin-holes 

throughout the wall thickness which affected the final part mechanical properties.

Regarding the internal mould cooling, it was found that the application of internal 

cooling during ambient external cooling reduced cycle times between 15-25%, while 

during forced air external cooling cycle times reduced by between 4-15% depending 

on the mould material and wall thickness. Internal mould cooling also positively 

affected the mechanical properties of the final parts.

Interestingly, it was found the percentage reduction in cycle time was greater when 

internal mould cooling was applied to a large mould, which was about 26 times 

larger in volume than the mould used in the experiments. For both moulds the 

external cooling conditions and the plastic wall thickness were similar. The 

reductions were 11.6% and 9.95% for the large and small mould respectively. 

Therefore, it was concluded that internal mould cooling has a greater volumetric 

efficiency when utilised in larger volume moulds.

In this research, particularly the internal cooling investigations, O’Neill used the 

plastic inner surface temperature as a reference to compare the measured profiles. 

This reference is more reliable than the normal internal air temperature 

measurements already used by Van Uffelt[82] and Crawford et al. [83].

McDowell 1621 investigated experimentally several methods to reduce cycle times in 

rotational moulding. The methods studied were preheating of mould and powder, 

internal mould pressurization and internal mould cooling. The internal mould cooling
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was provided by venturis/air movers operated by compressed air from lines through 

the centre of the arm.

In total an overall cycle time reduction of 24% was achieved. This reduction was a 

result of a combination of the different techniques tested in this research, whereas the 

approximate reductions achieved from each technique when tested separately are as 

follows: the mould preheating technique (up to 100°C) was 25% in heating time, the 

powder preheating (up to 85°C) was 5% in heating time, the internal mould cooling 

was 16% in total cycle time and mould pressurisation (applied during the cooling 

stage) was 13% in total cycle time.

In a project funded by the European consortium of rotomoulders, rotomoulding 

machine manufacturers, material suppliers and researchers, a cooperative rotational 

moulding research [84, 85 & 861 was carried out aiming to develop the process by 

considering different aspects such as the heating and cooling methods and to develop 

a new intelligent online process control system. During this project the effect of 

external cooling on the mechanical properties of the final parts was also investigated. 

By considering various cooling conditions, such as static air, forced air, water or 

different combinations of these three regimes, it was observed that using forced air 

for cooling instead the static air resulted in a 43.7% reduction in cycle time, while 

using water for cooling led to a 68% reduction in cycle time if compared to forced air 

cooling.

Another finding was the effect of cooling rate on crystallinity with slower cooling 

producing a higher degree of crystallinity, which in turn resulted in lower impact 

energy values. Because of cooling from one side, it was noticed that there was a 

crystallinity gradient through the wall thickness of the moulded parts with the outer 

plastic surface (closer to mould) having a lower crystallinity.

Focusing on the mould material and cooling conditions Iwakura et al. [87 & 881 carried 

out an experimental investigation to explore the effect of these two variables on the 

moulding cycle, microstructure and the characteristics of moulded parts.
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The studies were carried out on a three-arm carousel machine by using four different 

moulds: hexagonal and rectangular aluminium moulds and two other similar moulds 

but in steel. During the moulding cycles the moulds were kept stationary for 

temperature measurements.

It was found that the steel mould heated up and cooled down more rapidly than the 

aluminium moulds. The authors attributed this to the fact that despite the aluminium 

having higher thermal conductivity and thermal diffusivity the thickness of the 

aluminium mould, which was five times the steel mould thickness, was considered 

the decisive factor in determining the rapidity of either heating or cooling. This is the 

same reason as given by Throne 130 & 311 and Bawiskar and White [41].

It was also found that cooling by water quench was faster than cooling by forced air, 

which in turn was faster than cooling by quiescent air.

By conducting tests on selected samples from rotationally moulded parts the authors 

found that the polyethylene (LMDPE) in the final parts, regardless of the rate of 

cooling, had a high level of crystallinity in the range of 55 to 63%. Another finding 

was the relation between the cooling rate and the final structure of the moulded parts, 

where it was noticed that the inner surface of the boxes had higher levels of 

crystallinity than the outer layers in contact with the mould walls and also the more 

severe the quench, the lower the crystallinity.

Wright and Crawford 189 & 901 investigated experimentally the effect of a series of 

machine variables, such as oven fan flow rate, mould material and oven temperature 

on the efficiency of heating in a hot air convection oven rotational moulding 

machine.

For the same oven settings it was found that heating times (the time required to reach 

a specific internal air temperature) for mouldings produced in steel moulds were 

shorter than those produced in aluminium moulds, and the consumed energy by the 

oven was higher for the aluminium moulds.
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By increasing the hot air volume flow rate from 6000cfm to 12000cfm, it was stated 

that higher velocity air was passing over the mould and this led to a better heat 

transfer rate and hence resulted in shorter heating times. Reductions ranging between 

10% and 16% were achieved for both tested mould materials and oven set 

temperatures.

It was also found that increasing the oven temperature from 230°C to 300°C at 

12000cfm hot air flow rate resulted in approximately 39% and 42% reduction in 

heating time for steel and aluminium moulds respectively.

It was further found that the fast rate of cooling resulted in more warpage in the final 

parts due to the thermal stress. Also, the parts made in the steel moulds showed much 

greater levels of warpage than those made in the aluminium moulds.

A study to investigate the effect of mould material on cycle times in rotational 

moulding was carried out by Beltran et al. [ ”. Two different mould materials were 

used, mild steel (1.6mm wall thickness) and aluminium (10mm wall thickness).

Two different wall thickness mouldings at three different oven set temperatures were 

produced for each mould.

Focusing on the heating stage and by comparing the internal air temperature traces 

(time to reach a specific value) for the various mouldings, it was found that the cycle 

times were shorter when using steel moulds. Considering the same part wall 

thickness (3mm) and same oven set temperature (300°C) a reduction of 22% in 

heating time was achieved, but this value reduced to only 8.5% for a part wall 

thickness of 6mm at same oven set temperature. The difference in cycle times was 

attributed to the thicker aluminium mould wall compared to the steel, even though 

the aluminium has a better thermal conductivity than steel. This explanation again 

agrees with what the previous researchers concluded.

By monitoring the overshoot in the value of internal air temperature after removing 

the moulds from the oven, it was found that this value is higher for the mouldings
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that were produced in aluminium moulds and this was explained by the greater 

thermal inertia retained of the heavy aluminium mould.

One more finding was the effect of oven temperature. The heating time was reduced 

on average by approximately 20.5% and 22.5% for the steel and aluminium moulds 

respectively when the oven temperature was increased from 280°C to 350°C.

One thing worth noting is that the authors could not compare the overall cycle times 

for the different mouldings, because they did not achieve the same peak internal air 

temperature in all cases considered. Because of that it was reckoned that the actual 

savings would be greater than what was achieved.

In the course of developing a new computer simulation of rotomoulding and the new 

control system Rotolog, Nugent et al. l34,35 & 541 carried out extensive theoretical and 

experimental studies to validate the simulation model and to explain the Rotolog 

outputs. From these studies it was possible to investigate the sensitivity of heating 

time to a number of variables, among which was the mould material, plastic wall 

thickness and oven set temperature. It was concluded that the different heat transfer 

characteristics of the metal mould have a clear effect on the melting process and 

hence on the cycle time and it was noted that putting different amounts of plastic 

powder in the mould would lead to different oven times which in turn would dictate 

the overall cycle time.

Furthermore, it was shown how, by using the real time control of the rotational 

moulding process, the moulder could minimize cycle times by identifying the time at 

which all the powder has melted, when the maximum internal temperature in the 

mould occurred, the time at which crystallisation/solidification has occurred and the 

point at which demoulding could begin.

In an attempt to improve the quality of rotomoulded parts, Crawford and 

Spence ,59, 68 & 92] investigated the formation of air bubbles within the polymer and 

described how these bubbles could be removed by pressurizing the inner atmosphere 

of the mould.
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It was shown that the introduction of a low pressure (typically 0.5 bar) or vacuum at 

strategic points in the cycle for a short period of time would cause the bubbles and 

pinholes to disappear from the polyethylene and other rotomoulding materials such 

as polypropylene, nylon 12...etc. As a result of a series of experimental trials, they 

found that the removal of bubbles contributed to an increase in the impact and the 

tensile properties of the moulding, as well as reducing the cycle time by 

approximately 20% [92]. Application of pressure consolidated the melt and removed 

bubbles at lower peak internal air temperatures (140°C - 180°C), resulting in lower 

cycle times.

Another paper presented was by Crawford et al. [561, in which the importance of real 

time control of the rotational moulding process was highlighted, as well as discussing 

the formation of pinholes in rotationally moulded products. It was found that the use 

of powder additives and the introduction of pressure or vacuum into the mould at 

strategic points in the cycle, in order to make the bubbles disappear more quickly, 

alongside the real time control could reduce the cycle times by 15-20% as well as 

increasing the quality of the final products as they no longer needed to remain in the 

oven for long curing times.

Robert and Crawford [93] investigated the effects of fillers on the properties of 

rotationally moulded polyethylene particles. Two types of fillers were used; talc and 

mica. It was noticed that the use of fillers offered quite significant reductions in cycle 

time (reduced by up to 15%) due to the improvement of the heat transfer during the 

heating and cooling stage. On the other hand it was concluded that the introduction 

of coupling agent to enhance the adhesion between the filler and the matrix had only 

a small effect on cycle time.

By conducting different mechanical properties tests, it was found that the two fillers 

increased the modulus, and in some cases the tensile strength. The stiffness of the 

moulded parts was improved because of the fillers, which in turn resulted in reduced 

impact strength.
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Xin et al 1941 compared experimentally the rotomouldability and mechanical 

properties of conventional polyethylene with metallocene polymers having a similar 

melt flow rate or the same density. The rotomouldability was evaluated in terms of 

bubble removal, cycle time and heat stability during the moulding process. 

Generally, it was found that the metallocene polymers possess many rheological and 

other characteristics that are desirable in rotational moulding. It was found that 

metallocene polyethylene could achieve the same mechanical properties as 

conventional polyethylene in cycle times that were reduced by approximately 20%. 

This was attributed to its lower bubble removal temperature and higher degradation 

temperature (wider processing window).

2.3.1 Internal Mould Cooling

As with other polymer processing methods the cooling stage in rotational moulding 

accounts for a large segment of the moulding cycle. In particular, what makes the 

cooling stage relatively long is the poor thermal conductivity of plastics. For that 

reason the additional of internal cooling was considered as the best way to enhance 

the heat transfer rates from the molten plastic and help achieve an effective reduction 

in cycle times.

Unlike other competitive processes technologies, internal mould cooling in rotational 

moulding has been investigated by just a few researchers.

Looking back to the modem history of rotomoulding reveals the absence of serious 

attempts to utilise internal cooling in this process, until the last four or five years 

where McDowell 1621 and O’Neill [7()| studied internal mould cooling by air and an 

initial attempt was done by O’Neill using liquid nitrogen (N2).

In the early eighties Ramazzotti tl9] was the first to report that varying degrees of 

success have been achieved in the laboratory utilizing internal cooling. Although he 

mentioned several methods to be used for this purpose such as air, water and liquid 

carbon dioxide (CO2), unfortunately no results were published and no real practical 

methods of how to achieve the internal cooling were offered.
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Crawford and Scott 1731 noticed the effect of the internal cooling by coincidence as 

they used in their experiments an open-ended cylindrical mould. From measuring 

and recording the polymer temperature at different thicknesses, it was noticed that 

the inner surface of the plastic cooled faster than the middle layers within the 

moulded part. This was explained by the inner surface being exposed to the 

atmosphere and being able to exchange heat with cooler air during the cooling stage.

In a theoretical analysis. Sun and Crawford [36] showed the influence of internal 

mould cooling on cycle times and concluded that the introduction of internal cooling 

would reduce warpage, provide better dimensional tolerances and reduce the 

tendency to cause residual stresses.

Chen et ai 1671 and Van Uffelt1821 studied how to reduce the warpage of rotomoulded 

parts. Chen et al. sought to reduce the warpage and shrinkage by pressurization of 

moulds utilising a compressed air system running through the machine arm, while 

Van Uffelt sought to control warpage by balancing the effect of internal and external 

cooling on the part wall in an attempt to reduce the thermal residual stresses (again 

utilising compressed air running through the machine arm). In both cases a 

concentric pipe was used to introduce pressurised air into the mould, one pipe for air 

input and the other for exhaust. The authors recognised that a secondary role of 

supplying pressurised air into the mould could be to cool the inner surface of the 

plastic part and achieve shorter cycle times.

Another recent attempt to reduce cycle times was carried out by Crawford et al. [83]. 

The authors investigated experimentally the effect of various techniques to reduce 

cycle times, one of them was internal cooling by utilising air movers to introduce air 

into the mould.

It is apparent from the previous few paragraphs how internal mould cooling in 

rotational moulding is still not a major focus for the researchers and it is not like the 

other processes where it has been successfully utilised for some time. The following 

paragraphs review some of the research and studies in which different methods of
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internal cooling were investigated in three other processes, blow moulding, 

thermoforming and injection moulding.

In the mid sixties, researchers started to investigate the effect of internal cooling in 

reducing cycle times in extrusion-blow moulding. Conventional cooling methods in 

this process are mainly external cooling by contact with a chilled mould and 

internally, to a small extent, by compressed gas that is used to blow a tubular parison 

against the walls of the mould.

In an initial attempt to increase the heat removal from the polymer, Gasmire and 

Scalora [95] described and tested a new process for internal cooling in blow moulding 

utilising liquid carbon dioxide (CO2). The selection of liquid CO2 was because of its 

properties: (a) the phase change, represented by the latent heat of vaporisation, which 

allows for more heat removal from the hot molten plastic than is attainable by air 

cooling and (b) the expansion of the liquid CO2 provides a larger temperature 

differential than air cooling which obviously increases the heat transfer rates. In 

order to determine the effect of rapid quenching by CO2, which was expected to 

result in savings of 5 to 15% of total operating costs, the physical properties of the 

final parts were evaluated and compared to standard air-blown parts. The tests 

showed a slight decrease in crystallite size in the quenched samples, the stiffness was 

not appreciably affected for some samples, no change in the resistance to 

environmental stress cracking and the infrared analysis did not predict any chemical 

reaction between the polyethylene and the carbon dioxide.

Bose l%1 discussed the possibility of converting blow moulding machines that were 

already being used in the market and installing liquid CO2 equipment for internal 

cooling. He also made a cost analysis study showing the advantage of using internal 

cooling over the conventional moulding cycle, which indicated a 30% increase in 

production because of shorter cycle times.

The search for more effective methods in internal cooling continued with a 

completely new method suggested by Hunker [97]. The author discussed and tested a 

method called internal-surface cooling (ISC), which involved injecting a mixture of
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compressed air and a small amount of water at very high pressure (approximately 70 

bars) into the mould through a nozzle. The cooling effect provided by the adiabatic 

expansion of the compressed air results in the formation of ice fine crystals that 

cover the internal plastic surface. This crystal layer undergoes two phase 

conversions, ice to water to gas, and is then exhausted out of the mould, which 

means more thermal energy removal taking advantage of the latent heat of melting 

and vaporisation as well as low temperatures. The tests indicated 50% reduction of 

the cooling time and showed that this process improved the final part mechanical 

properties, such as the shrinkage consistency, stress crack resistance and warpage.

Ryder[981 discussed four different internal cooling systems and presented a detailed 

economic analysis for each of them. The four systems were: (a) liquid carbon 

dioxide, (b) the internal-surface cooling (ISC), (c) chilled, dry compressed air and (d) 

cyclic air cooling system. The analysis pinpointed the various advantages of these 

four methods with a slight preference to the liquid CO2 system on a gross annual 

profit basis. A reduction in cooling cycle of 33% was the greatest reduction between 

the four systems and it was obtained using carbon dioxide.

Edwards et al. t99 & 1001 conducted many theoretical and experimental studies to 

investigate how to increase cooling effectiveness in blow moulding. The authors 

developed a mathematical model that was used to predict temperature profiles and 

consequently led to a clearer understanding of the heat transfer process. Among the 

variables investigated were the blowing gas temperature and the internal heat transfer 

coefficient. It was found that for internal cooling it was more rewarding to increase 

the heat transfer coefficient rather than reducing the blowing gas temperature.

Further experimental investigation, done by Edwards et al |1011, focused on using 

liquid carbon dioxide in internal cooling. They compared CO2 injection with the 

conventional cycle in which they used only a single shot of air to blow the polymer 

parison. They achieved a 65% reduction in cooling time according to certain 

experimental conditions. They discussed how the liquid CO2 storage conditions 

would affect the potential cooling effect by considering either the ambient conditions 

or the storage at sub-zero and lower pressure conditions. From their observations: (a)
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as the flow rate of liquid CO2 increases the cooling time decreases to approach an 

asymptotic limit at high CO2 addition rates, (b) by comparing the measured 

temperature profiles with those predicted from a computer model [99] on a trial and 

error basis, the authors were able to estimate the equivalent convective heat transfer 

coefficient for CO2 injection to be in the range from 2000 to 10000 W/m2.K, 

depending on the experimental conditions.

Birley et al. 11021 carried out a theoretical and experimental study on the cooling stage 

in blow moulding. The authors modified a mathematical model developed primarily 

by Edwards et al. [99], by providing the necessary thermal properties data for a typical 

sequential copolymer. Among the features investigated was internal cooling using 

either circulating air or liquid carbon dioxide, where they achieved, respectively, 

40% and 70% reduction in cooling times. Also, they investigated the surface texture 

and internal microstructure of the final articles and concluded that the texture of the 

internal surface becomes finer and free of interspherulitic cracking (that contributes 

to environmental stress cracking) with increasing efficiency of the internal cooling.

Investigating the effect of another type of cryogen, Gibbs [1031 carried out an 

experimental study and economic analysis of the use of liquid nitrogen as an internal 

coolant in blow moulding. The tests demonstrated cycle reduction of about 34%. The 

author focused, in addition to reducing cycle times, on the effect of increased cooling 

rate on the final part properties, where the results showed that the properties such as 

density, environmental stress crack resistance and column crush resistance were not 

adversely affected.

Corbett 11041 carried out further experiments on internal part cooling with liquid 

nitrogen. The author discussed the development of a new system (Cool-Kwik) to 

improve the handling of liquid nitrogen and how to control the liquid/gas ratio so as 

to obtain predictable repeatable cooling. The results showed about 28% reduction in 

cycle time.

Spiegel11051 and Stipsits 11061 suggested and tested the use of dry chilled compressed 

air for internal cooling in blow moulding. The authors expected possible increases in
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production by 20% and more. They discussed the economic, installation and 

maintenance advantages of these systems over others that utilise different cryogens.

Looking for improvement and achieving shorter cycle times was not limited to only 

one process for producing hollow parts. Many studies have been conducted involving 

injection moulding and thermoforming.

Gas-assisted injection moulding was developed for the production of elongated 

hollow plastic parts. This process is an established method of production 11071 that 

offers many advantages such as: weight reduction (less material consumption), better 

physical properties and shorter cycle times if compared to a similar conventional 

solid injection-moulded part. However, the need for better final part quality and 

reduction in costs stimulated researchers to search for improved or new methods to 

achieve that goal. Lee et al. 11081 discussed the development of a new process, which 

was gas-assisted injection moulding with internal cooling. This new process 

introduces an internal cooling medium, such as water or liquid nitrogen, into the gas- 

assisted injection moulding process. The authors found that the cooling efficiency of 

this new process was greater than that of the conventional process, represented in 

faster cycle times and better part quality.

Pearson 1,091 discussed in his paper the different assisted injection moulding 

processes for plastics parts. He claimed that a reduction in cycle times up to 40% 

could be achieved if cool gas is used in the gas-assisted moulding.

Michaeli et al. [110’ 111 & 1121 introduced a completely new method to the industry, 

which is the water-assisted injection moulding. In this process water is injected at 

very high pressure (more than 130 bars) instead of gas to shape the desired article. 

Due to the cooling effect of the water and the increased heat transfer coefficient 

inside the article, the tests demonstrated about 75% reduction in cooling times 

compared to the gas-assisted injection moulding, as well as, improved properties of 

the final part.
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In thermoforming, particularly the twin-sheet forming process, the production of 

hollow plastic parts is similar to blow moulding but two plastic sheets are used in 

lieu of the extruded or injection moulded perform. In his book about the technical 

aspects of thermoforming, Throne 1271 mentioned the importance of cooling the free 

surface of the formed sheet (internal surface) in achieving heat balance and 

increasing the effectiveness of part cooling. He focused on the effect of increasing 

the heat transfer coefficient by comparing natural air cooling, forced air cooling and 

water fog or mist cooling which has the highest coefficient. The author stated that a 

reduction of 60% in cooling time was achieved by water spray if compared to natural 

air cooling, but he did not point out what the consequent effects on the properties of 

the final part would be.

As early as 1970s, the various plastic processing methods started to take advantage 

of different cooling techniques, particularly blow moulding, injection moulding, 

extrusion and thermoforming processes as discussed and presented by Port[ll3] in his 

paper. He discussed the benefits of using CO2, the internal surface cooling method 

(mixture of water and compressed air at high pressure) and liquid nitrogen in cooling 

the parts from inside to increase productivity. The author presented some examples 

about different processors who used internal cooling commercially and achieved 

reductions in cycle times in the range of 25-50%. The thermoforming process was 

one of the processes that exhibited 50% reduction and claimed improved part 

properties, such as dimensional stability and the stress-crack resistance.

2.3.2 Summary

In the previous paragraphs, it was revealed that there have been numerous attempts 

to improve cycle times. The majority of the attempts were experimental and were 

involved in inspecting the effect of several moulding variables on cycle times. The 

results achieved were helpful and contributed to a clearer practical insight into the 

process, but due to the complex interaction between the processing variables it was 

difficult to identify the factors that have a significant effect on reducing cycle times. 

For that reason there is still a need for a sensitivity analysis to identify the significant
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variables that are involved in the process and to explore how these factors affect 

cycle times in rotational moulding.

Theoretical sensitivity and statistical analyses to illustrate the individual effect of the 

process variables, mould material and polymer material on cycle times and the 

moulded part wall thickness distribution have been carried out as a part of this work 

and are presented in the following Chapters.

The theoretical analyses were associated with experimental trials to validate the 

effect of the oven set temperature combined with the rotation speed ratio on cycle 

times and the quality of the moulded parts. More experimental work included the 

investigation of the effect of varying the heating and cooling fans’ capacities on 

cycle times. This research focused on the forced air convection heating and cooling 

methods because they are the most widely used methods in industry.

With regard to internal mould cooling in rotational moulding, investigations 

conducted so far are still relatively very few and have not made a remarkable 

contribution to reducing cycle times compared with other processing methods. 

Therefore, a need for new methods to be applied still exists.

In this present work two new methods of internal mould cooling were initially tested 

and they are presented in the following Chapters. These methods are: the use of a 

chilled water cooling coil (heat sink) inside the mould and the use of liquid carbon 

dioxide (CO2). In addition, the use of air for internal mould cooling was investigated 

and compared to the other new methods. The new tested two methods were not used 

previously by industry, while the use of air for internal mould cooling is limited to a 

small number of attempts by very few of rotational moulders.
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CHAPTER 3

ROTOSIM
A Predictive Computer Simulation

The predictive computer simulation software RotoSim was utilised in this project to 

assess the effects of raw material, mould properties, heat transfer coefficients and 

various processing conditions on rotational moulding cycle times.

A brief introduction to RotoSim is given in Section 1, and the basis of this computer 

simulation is described in Section 2. Section 3 illustrates what is required to operate 

the program and what are the outputs while the advantages of this software and the 

underlying assumptions are summarised in Sections 4 and 5.

3.1 RotoSim

RotoSim is a computer simulation package developed recently at Queen’s University 

Belfast, which can be utilised to investigate the performance of real part shapes that 

are of interest to moulders or end users by predicting the wall thickness distribution, 

the internal air and mould temperature profiles and process cycle times for a given 

set of processing conditions. RotoSim is already being used commercially by several 

rotational moulders around the world.

RotoSim runs in Windows on a personal computer. It is set up just as one would set 

up a rotational moulding machine in regard of mould location on the machine arm, 

the type of rotation and the processing conditions.
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To start a simulation a three dimensional image (surface description image) 

representing a real mould shape must be created in one of the commercial computer 

aided design (CAD) packages (e.g. SOLIDWORKS, ProEngineer and AutoCAD). 

The shape surface profile defines the inside surface of the mould.

The three dimensional CAD image then must be described by meshed surfaces that 

can be created by either using a standard Finite Element Package such as FAM, 

COSMOS, LUSAS or ABACUS or by utilising the facilities available in most CAD 

packages. At this stage the image is ready for loading into RotoSim.

3.2 Basis of the Program |42, ,'9’50'1,4 & 1,5l

RotoSim consists of two main sub-models. The first describes the kinematics of 

mould rotation and the second models describes the transient heat transfer that occurs 

during the rotational moulding process. A third model, which is optional, is the 

tumbling powder model.

The first model, in essence, simulates the kinematics of mould rotation around two 

axes using a graphics animation routine. By using co-ordinate geometry, the position 

of every rotating element on the meshed mould surfaces is tracked relative to the 

powder pool in terms of the time spent in contact with it.

This model also provides the mechanism upon which the powder pool level is 

determined. The powder is assumed to occupy the lowest part of the mould volume, 

therefore from knowledge of the bulk density of the powder and the geometry and 

orientation of the mould, the horizontal surface of the powder can be determined. As 

the hot mould elements come in contact with the powder in the pool some powder 

will melt and adhere to the mould wall. This amount of powder is subtracted from 

the total powder in the mould and the position of the surface of the remaining powder 

is recalculated. This process continues until all the powder pool is consumed.
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The cyclic motion of the mould and the repeated visit of surface elements to the 

powder pool contribute to predicting the final wall thickness distribution.

The second model simulates comprehensively the thermal part of rotomoulding, 

which is the heat transfer between the constituent parts of the system. This model 

considers the major heat transfer paths between various components in the modelled 

system during the whole cycle while taking into consideration the changes in 

polymer thermal properties.

At the beginning of the cycle the main heat transfer paths occur between the oven 

and the mould, the mould and internal air, the mould and the powder, the powder and 

internal air. When the temperature of the mould surface reaches the polymer melting 

point, the polymer starts to melt and adheres to the mould wall creating a new heat 

transfer path between the unmelted powder coating attached to the melt layer and the 

internal air. At the end of melting a further heat transfer path occurs between the 

relatively smooth melt layer and the internal air. During the cooling stage another 

two heat transfer paths are introduced between the cooling media and the mould 

externally and the other between the polymer melt initially and then the solid and the 

internal cooling conditions driving the heat out of the system. The solidification of 

the polymer occurs during this stage which ends when the demoulding temperature is 

reached.

The previously mentioned prevailing heat transfer paths are described by several 

partial differential equations with appropriate boundary conditions. These equations 

represent one-dimensional unsteady state heat flow taking into consideration the 

principle of conservation of mass and energy. The polymer phase change is described 

by an equation relating the melting rate of the plastic powder to the local heat flux.

The heat transfer governing equations are transformed into a set of simultaneous 

ordinary differential equations using numerical analysis and the resulting equations 

are used to predict the temperature profiles at every time step.
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The third model which is the tumbling powder model has been made optional in 

RotoSim because it can require long computation times. The original powder motion 

model is a simple one where it considers the unmelted powder to remain in a pool at 

the bottom of the mould under the effect of gravity until melting occurs. The build up 

of melt polymer in this simple mould begins when the mould surface elements’ 

(mesh) temperature is at or above the polymer melting temperature and when each of 

them comes into contact with the powder pool. In this model the build up of melt 

layers requires contact between the powder pool and the mould surface elements. 

When an element leaves the pool, melt build up slows down and may cease 

temporarily until it comes again into the powder pool. These two features are 

considered limitations and result in longer predicted cycle times.

The new tumbling powder model was developed to provide a more realistic model of 

powder motion and avoid these limitations encountered with the simple powder 

model. This model is described in [50] and was also discussed earlier in Section 

(2.1.2). Briefly, in this model it is considered that when the elements leave the 

powder pool, they carry with them several layers of unmelted powder. Some of this 

powder will continue to melt and add to the melt layer thickness while the less 

securely attached powder falls off the element under gravity to a lower level and 

ends up either returning to the powder pool or attaching to another mould element. 

This model reflects what happens in practice better than the simple one.

The three aforementioned models work simultaneously to simulate as closely as 

possible the physical activities (kinematics, heat transfer and powder motion) that are 

involved in the rotomoulding process.

Figure (3.1) shows a sketch of the logical structure of RotoSim in the form of a flow 

chart.
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Figure 3.1: Flow chart illustration of the logical structure of RotoSim
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3.3 Use of the Program

Once the file of the desired moulded part shape is loaded, it can be opened so this 

allows its image to appear on the screen. A manipulate control bar can be used to 

rotate the mould on the screen to check its shape.

The orientation of the mould on the machine and screen are shown in Figure (3.2), 

and Figure (3.3) exhibits the main program window and the manipulate control bar.

Offset Arm

- View from

Plate

Straight Arm

Plate

Figure 3.2: The orientation of the mould on the machine
as seen on RotoSim screen

Figure 3.3: RotoSim main window
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In order to complete the set up of the opened file before starting the simulation 

process the user must determine and select the variables that match the real 

rotomoulding process. The user must select a rotation mode for the mould - biaxial 

rotation or rock & roll. After that a number of variables and moulding conditions 

must be specified such as the major and minor axes rotation speed, moulding 

material, the material shot weight, the mould material and thickness, the initial 

temperatures, the oven temperature environment and the cooling methods.

Moreover four optional features can be chosen before the beginning of the 

simulation. The first and second are the demoulding and the peak internal air set 

temperatures, the third is to activate the tumbling powder model and the fourth is the 

addition of an internal cooling path by selecting the temperature of the heat sink 

surface and the heat transfer coefficient between the surface and the internal air.

The ‘pop-up’ windows that allow the selection of different inputs are shown in 

Figures (3.4) and (3.5).

^ooijsJ
Simulati** Conditfeiw:

Plato Speed (rpm)
MecePP PP
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Figure 3.4: Materials and process conditions selection access window

Figure 3.5: Cooling conditions selection access window
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The environment temperature variations (oven and cooling temperatures) that 

surround the ‘mould’ are entered in the table as shown in Figure (3.4) and addressed 

by Simulation Environment Temperature Profile. This temperature profile presents 

the different successive stages of the process from the beginning of the heating stage 

to the end of the cooling stage.

In regard of the polymer and mould material properties, these values can be changed 

and new materials can be added. The heat transfer coefficient values that govern the 

various heat transfer paths between the interacted polymer/mould/oven/cooler 

components can also be adjusted.

Figures (3.6), (3.7) and (3.8) illustrate the ‘pop-up’ windows that give access to 

either mould and polymer materials or the different heat transfer coefficients.

Figure 3.6: Polymer material properties selection access window

Figure 3.7: Mould material properties selection access window
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Figure 3.8: Heat transfer coefficients selection access window

Other useful features of the simulation are the possibility of some areas of the mould 

being shielded or receiving extra heat and the second is setting rotation speed 

reversals during the heating period if required.

Once all inputs are entered to the program and the simulation is activated, the 

‘mould’ will start to rotate on the screen and the build up of material thickness can be 

watched as it happens.

Figure (3.9) shows the build up of the melt polymer on the ‘mould’ wall during the 

heating stage.

Figure 3.9: Mould rotation during heating cycle
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The horizontal white line shown in Figure (3.9) gives an approximation of the level 

of powder during the heating stage. This line will disappear when all powder has 

melted. The vertical colour bars are used to give an indication of the wall thickness 

build-up, where the red/yellow colours refer to the heating stage and the green/blue 

colours refer to cooling stage. At any time during the cycle the user can display the 

thickness of any point on the surface of the mould by stopping the orientation and by 

clicking the mouse on the desired spot, as shown in Figure (3.10).

Figure 3.10: Wall thickness distribution during 
polymer build up

At any moment in time it is possible to call in the temperature profiles graph and 

obtain information about the relative amounts of powder, melt and solid material in 

the mould. These are illustrated in Figures (3.11) and (3.12).

Figure 3.11: Environment, mould, internal air and powder 
temperature profiles
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Figure 3.12: Relative amounts of powder, melt and solid material

Another feature of the program is its ability to track, relative to the powder pool, the 

movement of up to six points on the surface of the mould. This can be useful to 

explain why certain areas of the moulding do not have the desired thickness. 

Moreover, the program can provide histograms of the regularity with which selected 

points (up to six) come into the powder pool.

At the end of simulation run, the thickness distribution at any point on the mould can 

be observed.

Prfymr
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Melt Still
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Figure 3.13: Wall thickness distribution at the end of the process
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Figure (3.13) illustrates the material thickness distribution that is exemplified by the 

different shades of blue. The precise values at any point can be obtained by clicking 

the mouse button on that point.

Additionally, a full summary report of a simulation run can be printed out. This 

report includes all the set-up data (inputs) and all the necessary results regarding the 

moulding process such as the overall cycle time, the time to reach maximum internal 

air temperature, the exact oven time, the standard deviation of solid (or melt) 

thickness, the minimum and maximum solid (or melt) thickness, the average solid (or 

melt) thickness, the powder melting period and the plastic solidifying period, as well 

as graphs exhibiting the various temperatures profiles (oven, mould, powder, internal 

air) and the polymer phase transition for the whole cycle.

A sample of a full summary report is included in Appendix A.

3.4 Advantages of RotoSim

Essentially, the advantages of this predictive simulation software do not deviate from 

those that were generally discussed in Section (2.1.2). The advantages mentioned 

hereafter show, in particular, the contribution that RotoSim can offer to 

rotomoulding:

- Before manufacturing a certain metal mould, and during the design stage 

this simulation can be used to determine what is the optimum speed ratio, 

what is the most effective position on the plate, what oven time is 

required, what areas of the mould shape are difficult to fill and many 

other processing conditions. All this information can be used to optimise 

and finalise the mould design as well as set up the moulding machine in 

the most efficient manner.

- The flexibility in determining the exact position of the mould on the 

machine (screen), allows the moulder to explore the effects of different 

mould locations on the distribution of material thickness.
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This simulation offers the possibility to study the effect of any heating 

and cooling profile.

By editing the material and heat transfer data, this allows the moulder to 

investigate the effects of different mould materials, heating and cooling 

methods and the physical or thermal properties of the plastic and their 

impacts on the moulded part and cycle time. In other words, it gives better 

insight into the physics of the process.

It provides an accurate estimation of wall thickness distribution to enable 

the designers to carry out finite element analysis of the product to 

determine stresses, deflections and buckling behaviours for a given set of 

analysis criteria. This makes the analysis more accurate as an assumption 

of constant wall thickness distribution is not necessary.

3.5 Assumptions in RotoSim l42'49& 5°l

Like any other developed models that mathematically represent physical systems, 

RotoSim is based on substantial simplifications and assumptions, which have been 

made in order to reduce the required computing time. These assumptions, outlined 

hereafter, can not be considered as serious deficiencies of the program although they 

do affect the outputs and introduce measurable errors. The main assumptions are:

The heat transfer is mainly one-dimensional. This is based on the fact that 

the thermal conductivity of the metal mould far exceeds the conductivities 

of the other materials in the mould. The thermal model treats the mould 

wall elements as lumped parameter elements. This assumption has not a 

significant influence because, as mentioned earlier (Section 2.1.1), Olson 

et al. [2 6] found that the results from a one-dimensional model agreed well 

with results predicted from a two-dimensional model.

A single value for melt temperature is considered, even though melting of 

the plastic powder takes place over a range of temperatures. The other 

polymer properties are assumed to be phase-dependent rather than 

temperature-dependent.
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The thermal model treats the melt layer as a lumped parameter element 

and the heat transfer is one-dimensional. This enables the insulating effect 

of the low conductivity polymer to control the melt rate while also 

allowing the melt temperature to rise or fall as external conditions dictate. 

The combined powder pool and internal air are treated as a single 

fluidised mixture and the heat transfer mode to this mixture is by 

convection. This mixture is considered as a lumped parameter element in 

which the mass and composition of the mixture is continually changing. 

During the heating and cooling stages, the fluid flow is considered to be 

in one direction rather than circulated. This assumption makes the heat 

transfer rates dependent essentially on the heat transfer coefficients rather 

than the mould geometry, the mass flow rate and the fluid velocity.

The powder inside the mould is assumed to gather into a pool at the 

bottom of the mould as it is rotating. However, if the tumbling powder 

model is activated the influence of this assumption is reduced because of 

the extra movement of the powder inside the mould which assists in 

obtaining results closer to reality, but of course at the expense of 

computing time.
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CHAPTER 4

Materials, Apparatus 
and Testing Methods

This Chapter comprises two main parts. In Part I, Section 1 discusses the design of 

experiments (DOE) methodology, the employed designs and the analysis of data 

techniques. In Sections 2, 3, 4 and 5 the main moulding equipment is described. The 

moulding equipment comprises of rotomoulding machine, mould used, polymer 

material used and the data acquisition device (Rotolog) for temperature recording. 

Sections 6 and 7 describe the impact test machine and the differential scanning 

calorimeter (DSC) while Section 8 details and describes the equipment used for 

internal mould cooling starting with air amplifiers to provide forced air into the 

mould and then illustrating the auxiliary arm that was utilised to convey coolants 

from a stationary source to the biaxially rotating mould in the other two methods; the 

chilled water coil and the liquid carbon dioxide (CO2).

The remaining Sections, 9, 10, 11, 12, 13, 14 and 15 in Part II discuss in detail the 

procedures or testing methods that were followed either theoretically or 

experimentally to obtain all results that are presented in Chapter 5.
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PART I: Analysis Technique, Materials and Apparatus:- 

4.1 Design of Experiment (DOE)

Due to the large number of the processing variables (factors) and the complex 

interactions between these variables in the rotomoulding process, a statistical design 

of experiments approach was adopted. This methodology was employed to assist in 

characterising and optimising the process by finding out which of the various inputs 

exhibit significant effects on cycle times and final wall thickness distribution.

Design of Experiment is a technique by which all possible input conditions in a 

process (an experiment) can be defined and investigated to quantify any effects on 

the outputs of this process in order to characterise, optimise or improve it.

The data analysis in DOE is based on statistical methods, so that the results obtained 

and conclusions are objective rather than judgemental in nature[l l6a].

The results of the DOE data analysis are usually presented in simple graphical 

methods that make it easier for data interpretation and as an empirical model (that is, 

an equation derived from the data that expresses the relationship between the 

response (process output) and the important input variables).

The DOE technique has been applied in many different industries, including food, 

pharmaceuticals, electronics and semiconductors, aerospace, automotive, medical 

devices [117a]. It was first adopted by Sir Ronald Fisher in 1920’s in agricultural 

experimentation where he introduced the factorial design concept and analysis of 

variance. Box and Wilson in 1951 developed the response surface methodology that 

added to the versatility of DOE and then the work of Genichi Taguchi in 1970’s on 

quality improvement contributed in expanding the use of designed experiments by 

introducing fractionated factorial designs and some novel statistical methods for data 

analysis [1,6a&1,8].
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Polymer science and polymer processing experimentations are no different to other 

industries and the DOE technique has already been used by several 
researchers |l,9’l20'12,&1221.

The DOE technique is considered among the researchers and scientists as a powerful 

approach to improving the process and it is preferable to other experimentation 

strategies such as the best-guess-approach and the one-factor-at-a-time for the 

following reasons [116a& 123al:

a. it is more efficient as it is considered more practical and feasible from a 

time and resource viewpoint, particularly when more than one factor is 

thought or known to control a process.

b. it detects and quantifies special relationships in which two or more 

variables act differently in how they affect the process together compared 

to how they affect it separately. In other words the interactions between 

the various input variables can be identified.

c. it identifies efficiently which variables have a linear or non-linear 

influence on process outputs, as well as it determines which input 

variables have really significant effects and separates them out from those 

that are just meaningless numbers.

d. it assists in optimising the process, that is, to determine the region in the 

important variables that leads to the best possible output.

4.1.1 DOE Methodology

DOE can be defined more specifically as a test or series of tests in which purposeful 

and systematic changes are made to selected input variables (controllable variables) 

in a process for the purpose of observing and identifying the effect of such action on 

one or more response variables (process outputs).

The type of any selected input variable may be either numerical (continuous 

variable) or categorical (discrete variable). Responses are usually continuous.
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The DOE study and analysis in this research was carried out with the aid of computer 

package called Design-Expert® Software, version 5 (1241. It is Windows-compatible 

and offers many design options and statistical based analyses.

4.1.2 Experimental Designs Employed

In rotomoulding a large number of factors (input variables) are involved where their 

individual or interacted effects might be very significant on the output of the process 

whether it is productivity or quality of the final rotomoulded part. Therefore to assess 

and quantify the main and interaction effects of these factors, two types of 

experimental design were employed in this research, the Factorial Design, 

particularly the 2-level factorial design and the Response Surface Design.

The factors studied were the different heat transfer coefficients that govern the heat 

transfer paths during the whole cycle, the polymer and mould materials in addition to 

the oven set temperature. The responses considered were mainly the overall cycle 

time, the time to reach peak internal air temperature and the wall thickness 

distribution represented by the standard deviation of solid thickness.

4.1.2.1 Two-level Factorial Design

In this type of design the various factors are varied together and all possible 

combinations of their levels are investigated. The effect of a factor can be defined as 

the change in response produced by a change in the level of the factor.

The two-level factorial design is a special case of the general factorial design where 

each factor is investigated at only two levels, a high level (+1) and a low level (-1).

The two-level factorial design, which is considered useful in the early stages of 

experimental work, offers either a full factorial or fractional factorial design. The 

fractional factorial design is known also as a factor screening design as it assists in 

identifying the factors that have a large effect.

98



Chapter 4 Materials, Apparatus and Testing Methods

A full factorial design uses every single possible combination of control factors and 

levels and permits estimation of all main and interaction effects leading to a high 

degree of accuracy in the conclusions. It is used when the experimentation is easy to 

carry out and at the same time the number of selected factors is low.

The fractional factorial design or factor screening design is usually used when the 

number of selected factors is large. This type of design allows a relatively small 

number of experiments to be carried out if compared to the full factorial design for 

the same number of factors. The accuracy in this type of factorial design is less 

acceptable as some of the interaction effects are confounded with the main factors 

effects.

The number of trials required to accomplish a factorial design can be determined by 

the following simple equation:

No. of trials = — x2" (4.1)
y

where (1/y) represents the factorial design fraction (one-half, one-quarter, one- 

eighth... etc.) and it depends on the number of selected factors and the resources 

limitation to carry a large number of experiment. For the full factorial design (1/y) 

equals one. The letter («) represents the number of selected factors.

When selecting the various factors and their levels, process knowledge is required for 

this purpose because if the factor is continuous only linear measurements of its 

effects can be made within the range of its two levels otherwise a higher level 

factorial design is required. The discrete variable is always considered 

nonlinear

Design-Expert® Software offers up to 15 factors that can be investigated. The full 

factorial designs may be run for 2, 3, 4, 5, 6 or 7 factors. Figure (4.1) shows the 

Design Builder Dialog Box for a two-level factorial design.
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2-Level Factorial Design
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Figure 4.1: Design builder dialog box for two-level factorial design 

4.1.2.2 Response Surface Design

Response surface design is a collection of mathematical and statistical techniques 

that are useful to generate a mathematical model describing a process in which one 

or more measured responses are influenced by several factors in order to optimise 

this process by quantifying the relationship among these responses1116b’117b& l23c].

Usually each response is presented graphically where it is plotted as a function of the 

levels of input factors. In other words, each response is presented by a three 

dimensional surface bounded by extremes of factors as shown in Figure (4.2). 

Sometimes to help in understanding the surface graph, contour lines of the response 

are plotted, that is, lines of constant responses are drawn in two dimensions. Each 

contour corresponds to a particular height of the response surface. These contour 

lines are shown in Figure (4.2).
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Figure 4.2: A three-dimensional response surface and contour lines
showing an expected response as a function of two 
different factors (illustrative example)

Each response is optimised by this methodology by providing techniques to 

determine a region of the factor space in which operating requirements are satisfied. 

These techniques work in sequential procedures where a first order model is used to 

move the operating region towards the optimum and then a more elaborate model, a 

second order model, is employed and an analysis is performed to locate the optimum.

After determining the optimum operating region of every response, a straightforward 

approach to optimise several responses is to overlay the contour plots for each plot. 

From this overlaid contour plot specific areas that are shared by all factors can be 

determined. This approach is considered reasonable only if very few factors are 

investigated otherwise it becomes very impractical. An alternate practical approach, 

which is used by Design-Expert Software, is the simultaneous optimisation 

technique introduced by Derringer and Suich l,25].

By using this new technique goals or targets are set for each factor and response 

(maximum, minimum or range) and then each response is converted into an 

individual desirability function (di) that varies over the range (0 < < 1), where if
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the response is at its goal or target then d, = 1, and if the response is outside an 

acceptable region, di = 0 . The importance of each response can be weighted in

relation to the goals of other responses. Finally the design variables are chosen to 

maximise the overall desirability (D):

D = (dxxd2x....xdi)'im (4.2)

where m is the number of responses.

The Design-Expert Software package offers many designs to apply the response 

surface methodology. The options depend on the number of design factors, which 

can range from one to ten. In this research the Central Composite Design (CCD) was 

used.

The CCD can be broken down into three groups of design points, Figure (4.3):

1. two-level factorial or fractional factorial design

2. axial (star) points

3. centre point

(l.-l) (1. D
0

1
m

Centre point 
/

!*/“ r 01
Star point 1

# T 0
(-K-1) (-1.1)

Figure 4.3: CCD - design levels

Figure (4.3) shows the additional centre point (red sphere) as a new level and four 

more outlying points (star points) equidistant from the midpoint of each side of the 

square. Therefore, each factor is virtually at five levels rather than two levels. One 

advantage of this design is that the linearity that should exist between the original 

two levels is not a concern anymore with the additional three levels.
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4.1.3 Analysis of Data

Various statistical analysis techniques and diagnostic tests were performed by 

Design-Expert Software on the data obtained from the designed expenments. The 

analysed data and results are usually shown both graphically and also illustrated by a 

mathematical model.

A comprehensive and fully detailed discussions and clarifications for these statistical 

techniques that are employed by Design-Expert Software in addition to sufficient 

informative analyses can be found in many statistical textbooks including those 

authored by Montgomery 1,16 & 117], Del Vicchio [123], Neuman 11261 and Myers and 

Montgomery ,127].

The following subsections provide a brief description of the techniques used in this 

work.

4.1.3.1 Half Normal Probability Effect Graphs

These plots were introduced by Daniel[1281, and they follow the same principle as the 

full normal probability plot, except that the sign of the effect is ignored in plotting. 

These plots identify the most significant factors, either as individuals or interacted 

factors, after completing the screening method, by which the insignificant factors 

will be eliminated.

Figure (4.4) shows an example of a half normal probability plot for four, 2-level 

factors.

103



Chapter 4 Materials. Apparatus and Testin2 Methods

Half Normal plot

Figure 4.4: Half normal probability graph (illustrative example)

In the half normal probability graphs, the x-axis is the absolute value of the effects of 

different factors and their interactions ranked from smallest to largest. The effect of a 

factor can be defined as the difference between the average response at the high level 

and the average response at the low level considering the whole combinations in one 

design.

These effects are plotted against their cumulative normal probability on the y-axis. 

The cumulative normal probability is obtained from the following equation:

Half Normal % probability = (z-0.5)x 100/« (4.3)

where: i is the rank of the effect (from smallest to largest, i.e. 1 for the 

smallest, 2 for the second smallest and so forth). 

n is the total number of the factors and their interactions.

From Figure (4.4) the line starts from the origin and goes through the set of near zero 
effects (a rule of thumb is to draw the line approximately between the 25th and 75th 

percentile points [116c]). In other words, the factors that have very small effects or 

nearly zero effects fall in a line on the half normal plot while the significant factors 

and interactions fall to the right of the line. The most significant factors are the 

farthest away from the line. It is clear from the same Figure that the factors and 

interactions A, D, C, AC and AD have significant effects on the response.
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4.1.3.2 Analysis of Variance (ANOVA)

Analysis of variance is a major tool in data analysis in designed experiments. This 

method of analysis offers a statistical numerical data analysis. It makes use of the 

most significant factors that are given by the half normal probability plot and 

formulates a predictive model theoretically representing the actual process.

The analysis of variance partitions the total variability (indication to the dispersion of 

data and represented by either the variance or standard deviation) of a set of data into 

its component parts. The main two parts are firstly the variability produced by the 

differences between the effects of various factors and the overall effects average and 

secondly the variability produced by the random error that incorporates many sources 

of variability such as the measurement, uncontrolled factor, noise in the 

process... etc.

By partitioning the variability and employing the least square method ANOVA 

creates a predictive equation that represents the real process so that the random error 

is minimised.

ANOVA utilises the F distribution statistical analysis to predict the accuracy of the 

model. From this analysis the value (Prob > F) is obtained. If a predicted model is a 

valid description of the process, it is desirable for the (Prob > F) value to be less than 

0.001, that is, 99.99% of the time the predicted model will accurately simulate the 

process.

ANOVA represents the predictive model equation, in its final shape, as a function of 

the most significant factors and the interactions between these factors.

4.1.3.3 Interaction Plots, 2-level Factorial Design

Interaction plots are generated in the same manner as main effect plots. The 

interaction occurs when a combined change in two factors produces an effect greater 

than that of the sum of effects expected from either factor alone.
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4.2 Rotational Moulding Machine

All experimental trials were carried out on a Rotospeed (RS2-160) carousel rotational 

moulding machine. This machine is an independent two-arm machine, with each arm 

on a separate cart providing a two-station arrangement for heating, cooling, loading 

or unloading operations. One of the arms is a straight arm and the other is an offset 

arm. Each arm is equipped with compressed air lines.

The oven is a forced air circulation type with a fan capacity maximum of 13000cfm 

(cu.ft/min) or 6140L/s and a variable flame (modulated) gas burner of maximum 

capacity 520kW. The cooling chamber is equipped with two different cooling 

methods; forced air cooling that can be achieved by independent supply and exhaust 

fans of maximum capacity SOOOcfm (3780L/s) and 6200cfm (2930L/s) respectively, 

and the second method is water spray injected towards the mould by a number of 

nozzles installed inside the chamber. The water flow rate can be set at three different 

levels with maximum of 171/min.

Figure (4.5) shows the Rotospeed machine with the mould mounted on the offset arm 

at the loading station.
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This machine is equipped with a computerised control panel that facilitates 

alterations to different parameters and operating conditions. It controls:

a. The oven set temperature by using several temperature sensors in the oven 

chamber.

b. The heating and cooling fan speeds, which means achieving different air 

volume flow rates.

c. The water spray settings. Three different settings can be applied.

d. The choice of cooling method, forced air, water spray or combination of both 

methods.

e. Independently the arm and plate rotation speeds and direction of rotation.

f. The compressed air pressure (running through the arms).

g. The heating and cooling times.

4.3 Mould Used

An approximate cubic shape steel mould was used. The dimensions were 

300x300mm at the base, 330x330mm at the top of the mould and 330mm height. The 

mould is fabricated from 1.6mm thickness mild steel sheet. Figure (4.6) shows the 

mould used.
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The main reason for choosing this cubic shape for the mould is because the final 

mouldings with flat surfaces provide samples for testing. The differences in 

dimensions between the base and the top of the mould are to facilitate demoulding 

final parts.

Appendix B includes an AutoCAD drawing showing the dimensions of the mould 

used.

4.4 Polymer Material

The resin used in all trials was Borealis RM8343 (or ME8169) metallocene 

polyethylene powder. Borealis RM8343 is a natural polymer (i.e. no pigmentation) 

with two basic additives, UV stabiliser and long term antioxidant. This grade of 

polyethylene has a nominal melt flow index of 6 g/10 min and density of 936kg/m3.

4.5 Rotolog™ 2.7 - Data Acquisition Device

A Rotolog device was used to monitor and record temperatures during the trials. This 

device is a data acquisition system specially designed for use in the rotational 

moulding industry. The device allows remote, real time monitoring of temperatures 

by means of a wireless based transmitter system.

The Rotolog transmitter is housed in a portable stainless steel container, which is 

mounted on the framework of the mould. The electronics are protected by a high 

temperature shield to endure the harsh environment of the oven. This device 

monitors simultaneously up to four different temperatures that are measured by using 

k-type thermocouples and then transmits the data to a receiver located at the control 

point. In turn, this receiver interfaces with a computer and transfers the data for on

screen display in graphical format. This system uses a comprehensive data 

acquisition software package for use with Microsoft Windows and allows
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temperature data to be plotted graphically on-screen in real time. The Rotolog 

devices are normally calibrated to an overall accuracy of ± 2 °C [129].

Figure (4.7)[ 1291 shows a Rotolog system, including the transmitter and the receiver.

receiver

transmitter

Figure 4.7: Rotolog system, the transmitter and the receiver

4.6 Impact Test Machine

The impact strength of moulded parts was investigated by the use of an instrumented 

falling weight tester (Ceast Fractovis). This machine is equipped with a data 

acquisition system (Ceast DAS 4000), which is interfaced with a computer that 

allows plotting of the recorded data on the screen. The recorded data are the impact 

force values as a function of time during the puncturing of the specimen. An 

integration of the force-time curve gives the more common force-displacement curve 

that is shown in Figure (4.8).
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area = peak energy

Displacement (mm)

Figure 4.8: Typical force-displacement curve from an impact test

From Figure (4.8) the area under the curve up to the peak force is the peak energy 

absorbed by the sample and it represents the stage during which the deformation is 

still elastic (force is proportional to displacement). After that point the sample is 

subjected to noticeable plastic deformation and the area under the whole curve 

represents the total energy absorbed by the polymer tested specimen.

4.7 Differential Scanning Calorimeter (DSC)

The melting temperature and the latent heat (heat of fusion) of the polymer was 

obtained by conducting tests on a Perkin Elmer DSC6. This device is interfaced with 

a computer where a graph of the heat added to the sample is plotted against either its 

temperature or the time. A typical endothermic polymer melting graph is shown in 

Figure (4.9).
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peak temperature 
(melting temperature)

area/sample mass = latent heat
of fusion (melting)

Temperature (°C)

Figure 4.9: Typical endothermic polymer melting curve from
a DSC test

The temperature at the peak of the curve is considered the polymer melt temperature 

and is shown in Figure (4.9). The area under the curve divided by the mass of tested 

sample is the latent heat of melting.

4.8 Internal Mould Cooling Equipment

As previously discussed internal mould cooling in rotational moulding is still in its 

infancy. One of the major obstacles in applying internal cooling is designing and 

installing equipment that is easy to use on a daily basis. Another concern is the 

efficiency of this method which has yet to be proved particularly on a large 

production scale.

In this research three different methods of internal mould cooling were suggested and 

investigated. The first method was utilising air amplifiers (venturis), the second 

method was the installation of a cooling coil inside the mould with chilled water 

circulating through it to act as a heat sink, and the third was to exploit the use of 

liquid carbon dioxide (CO2) in cooling the inside of the mould.

For the last two methods a new technique was adopted to convey the coolant to the 

inside of the mould. This was achieved by designing and installing an auxiliary arm
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in the cooling chamber to allow the transfer of coolant from a stationary source to the 

biaxially rotating mould.

The following subsections describe the equipment that was employed in 

investigating internal mould cooling.

4.8.1 Air Amplifier

The main use of air amplifiers (air movers) in rotational moulding is to heat deep 

pockets in a mould in an attempt to achieve uniform heating externally ll2d] or 

sometimes they are used to heat certain locations where extra wall thickness is 

required.

In this research two stainless steel air amplifiers (RINGJETIM) were used to assist in 

creating air turbulence motion inside the mould to improve heat transfer during the 

cooling stage. Basically, an air amplifier is like a venturi tube in working principle 

where compressed air at a certain pressure and high velocity is supplied to the throat 

of the amplifier causing a pressure difference between the centre of the amplifier and 

its inlet. This pressure difference, in turn, drives a high volume of air from the 

surroundings through the amplifier and then into the mould. A sketch of an air 

amplifier is shown in Figure (4.10).

COMPRESSED
AIR

INDUCED AIRSTREAM

Figure 4.10: Air flow directions through an air amplifier
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The principle of air amplifier can be represented by the following simplified 

Bernoulli’s equation:

iL+CL=Pi-+il
pg 2g pg 2g

where: p is the pressure of air, Pa .

V is the velocity of air, m/s.

p is the density of air, kg/m*, 

g is the acceleration of gravity, m/s2.

(4.4)

From Equation (4.4) and Figure (4.10), it is clear that when compressed air is 

supplied at high velocity (V2) the pressure (p2) decreases to maintain equality in the 

total energy between locations 1 and 2. This in turn leads to a pressure difference 

(p]> p2) that draws air from the surroundings into the mould.

As mentioned previously two air amplifiers were used, one to provide air into the 

mould and the second to exhaust air from the mould in an attempt to create more 

turbulence and to avoid any pressure build up inside the mould. Each amplifier was 

installed at one end of a PEEK (polyetheretherketone) tube, 50mm diameter. The 

PEEK material was selected because of its high thermal mechanical strength 

(continuous working temperature of approximately 250°C). The compressed air was 

supplied to the amplifiers through the machine arm via 15mm diameter copper pipes. 

Figure (4.11) shows the two air amplifiers installed on the mould.
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4.8.2 Auxiliary Arm

An auxiliary arm was built to convey chilled water and liquid CO2 coolants from a 

stationary source to the biaxially rotating mould. Two rotating unions (rotating 

joints) were used to facilitate the rotation of this auxiliary arm in two perpendicular 

axes. The dimensions of the auxiliary arm were designed to make use of the 

unoccupied space inside the cooling chamber taking into consideration the 

dimensions and the swing range of the machine arm as well as the dimensions of the 

mould installed on the plate of the arm. The most important part and at the same time 

the most difficult and time consuming task in locating and installing this auxiliary 

arm was its alignment to match the correct related position of the original arm so as 

to maintain consistency in rotation and to avoid any destructive cyclic, wobbling 

movements. Figure (4.12) shows the auxiliary arm installed in the cooling chamber.
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The connecting rods shown in Figure (4.12) are two rigid steel rods fixed to the 

mould frame with screws at the free ends to connect the auxiliary arm to the rotating 

mould at the beginning of the cooling stage. At the same time these two rods act as 

supports to the arm while rotating and provide the required torque to rotate the 

moving part in union number 2.

The two rotating unions used were multi-passage, stainless steel, corrosion resistant 

unions (Deublin Unions). Rotating union number 1 was aligned with the machine 

arm rotating axis while rotating union number 2 was aligned with the machine plate 

rotating axis. Figures (4.13) and (4.14) show these two unions installed in place.
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In Figure (4.13) the three pipes that are connected to the union are connection pipes 

between the auxiliary arm and either the chiller or the CO2 cylinders.

Figure 4.14: Rotating union No. 2 (aligned with machine plate)

For better rigidity and strength the pipework connecting the two unions together was 

installed inside a trunk of 80x80mm cross section. Three 8mm outside diameter 

stainless steel pipes were used. Two of these pipes were for chilled water circulation, 

one was the supply pipe to the cooling coil and the second was the return pipe to the 

chiller. The third pipe was to convey liquid CO2. The selection of pipe diameters was 

based on what was found in the literature particularly about utilising liquid CO2 for 

internally cooling blow moulded parts, restrictions and limitations being dictated by 

the equipment used and experimental set up.

For the connection from rotating union number 2 to the mould, three XLPE 8mm 

pipes were used with three stainless steel quick release couplings to save time during 

connection at the beginning of cooling stage. For the quick release couplings the 

sockets were installed on the mould and the plugs were connected to the ends of the 

plastic pipes.

All pipework whether inside the auxiliary arm or outside it and the stationary part of 

the rotating unions were thermally insulated to minimise energy absorption from the 

surroundings.
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Figure (4.15) shows the whole set up connected to the mould with two Rotolog 

devices for measuring temperatures and Figure (4.16) shows more details for the 

quick release couplings installed on the mould lid.

auxiliary arm

insulated pipes
insulated rotating , 
union no. 2 ^

>Xv •• * U-a • tr , 
ik A'
^ ' \ ■"

insulated pipes
' support bar

insulated
pipes

Rotolog
* \

insulated rotating 
union no. 1

Figure 4.15: Insulated auxiliary arm connected to the mould 
with two Rotolog devices
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4.8.3 Chilled Water Coil

The main concept of using a cooling coil was to have internal mould cooling utilising 

a device similar to immersion coils. Another reason was the attempt to cool the 

plastic internally without damaging it by injecting high speed fluid into the mould 

void.

Basically the cooling coil with chilled water going through it is more or less like a 

heat sink in the middle of the mould void absorbing heat from the surroundings. 

During the cooling stage the temperature of the coil was maintained at a very low 

temperature by utilising a chiller with a built-in pump to chill and circulate water 

through the coil via the auxiliary arm.

The design of this coil was affected and limited by many factors and considerations:

a. the void limitation inside the mould

b. the possibility of polymer build up on the coil during the heating stage.

c. the selection of coil material to achieve efficient cooling.

d. the difficulty in manufacturing the coil.

e. the chiller capacity and its flow rate.

Since natural heat convection is dominant inside the mould in normal conditions, the 

coil was designed and produced to have a big surface area (taking into consideration 

the previously mentioned limitations) and chilled water was circulated through it in 

order to compensate for the lack of high heat transfer coefficient between the coil 

surface and the surrounding air. The relation between surface area, temperature and 
heat transfer coefficient can be illustrated by the following equation [25f]:

q = UAbJ (4.5)

where: q is the rate of heat transfer between surrounding air 

and chilled water coil, W.

U is the overall heat transfer coefficient, WI m2 °C.
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AT is the temperature difference between the chilled water and 

surrounding air mean temperatures, °C .

A is the surface area of the coil, m2.

The overall heat transfer coefficient comprises two convection heat transfer 

coefficients, the first one between the water and the coil surface and the second 

between the coil surface and the air, and a thermal conductivity for conduction heat 

transfer through the coil wall.

Figure (4.17) shows the copper cooling coil installed on the mould lid.

Figure 4.17: The copper cooling coil installed on the lid internal surface

In Figure (4.17) the PEEK fitting is the same one that is shown in Figure (4.16), the 

reason for using this special designed fitting was to insulate the coil from direct 

contact with the mould body in an attempt to maintain the coil at low temperature 

and avoid polymer build up during the melting period.

Full detailed AutoCAD drawings for the cooling coil and PEEK fitting are included 

in Appendix B.

The water running through the coil was chilled by a mini water chiller (CONAIR 

GC2). This type of chiller is used in a diverse field of applications such as plastics
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processing, welding, pharmaceutical...etc. This chiller is portable and equipped with 

pump and water tank in addition to the conventional refrigeration circuit elements 

(evaporator, condenser, expansion valve and compressor). The refrigeration circuit is 

controlled by a versatile electronic controller, which controls the water temperature, 

the compressor, the pump and the condensation fan.

The refrigerant used in this chiller is R134a. The cooling capacity of the chiller is 

2.6kW (~ 0.75 ton refrigeration) and the capacity of the circulating pump is 

maximum 20 1/min at 1.7 bar [130l The chiller and its connections to the rotomoulding 

machine are shown in Figure (4.18).

The flow regime inside the cooling coil can be determined by considering the 

Reynolds number. The Reynolds number for flow in a circular pipe of diameter {d) 

is defined by the following equation [25j]:

where V 

d 

v

v

is the velocity of water inside the pipe, ml s. 

is the inner diameter of the pipe, m . 

is the kinametic viscosity of water, m21 s.

(4.6)
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From the heat transfer textbooks the kinametic viscosity of water is approximately 

1.79xl(F6 m2!s (at ~ 1°C). The velocity of water inside the pipe can be obtained 

from the following equation:

V = V.A (4.7)

where V is the air volume flow rate, m2/s.

V is the air velocity, m/s.

A is the area perpendicular to flow direction, m2.

The inner diameter of the cooling coil is 6mm and the water flow rate is 201/min, 

which gives an approximate average water velocity of 12m/s. By substituting in 

Equation (4.6), Reynolds number for the water flow inside the cooling coil is 40220, 

which is considered a turbulent flow regime (Re > 2300 is turbulent flow [25j]).

4.8.4 Liquid Carbon Dioxide (CO2)

The use of liquid carbon dioxide CO2 was investigated as another method for internal 

mould cooling. The liquid CO2 was supplied to the mould directly from two 

cylinders via the auxiliary arm.

The liquid CO2 is stored inside cylinders at very high pressure, about 50 bars and at 

approximately 22 °C temperature. The use of CO2 at this pressure was impossible, 

therefore each cylinder was provided with a multistage pressure regulator to decrease 

the pressure to around 6 bars.

The 6 bars pressure was considered very high for a rotomoulding mould, for that 

reason a nozzle with a slot opening was used at the inlet of the mould. The purpose 

of using a nozzle was firstly to reduce pressure and to protect the mould from being 

over pressurised, and secondly to make use of pressure reduction in achieving lower 

temperature. The temperature of CO2 at 6 bars is approximately 40°C subzero, so the 

expansion through the nozzle will achieve less temperature. The slot opening at the 

nozzle outlet was designed to achieve better CO2 distribution in the mould void.
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For safety two PEEK tubes (25mm diameter each) were used to act as vents and 

release pressure.

Figures (4.19), (4.20) and (4.21) illustrate the two CO2 cylinders, pressure regulators, 

a flow meter that was used to control CO2 flow as well as the nozzle used for CO2 

injection.

Figure 4.19: multi-stage pressure regulator Figure 4.20: C02 injection nozzle
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PART II: Testing Methods

4.9 Obtaining Polymer Latent Heat and Melt Temperature

Two samples of powder metallocene polyethylene grade RM8343 were tested using 

the DSC device according to an ASTM D3417-99 standard [131l The two samples, 

weighing 7.7mg and 6.5mg, were heated up from 30°C to 250°C at rate of 10°C/min.

From the curves obtained (similar to the one shown in Figure 4.8) the melt 

temperature and the latent heat of fusion were determined.

4.10 Determining Impact Strength

All impact tests were carried out according to an ASTM D3763-99 standard l1321. Ten 

samples were taken from any mould needing to be tested, five of these samples were 

tested at room temperature and the other five were tested at approximately -40°C. 

The thickness of each sample was measured before the test by using a wall thickness 

gauge.

The peak impact strength (as shown in Figure 4.8) was recorded after testing each 

sample and then divided by the measured thickness of that sample to obtain a value 

for the strength with units (J/mm). The final impact strength for the moulded part 

was determined by taking the average of the five samples.

The sample dimensions were 60x60mm and were taken from the side surfaces of the 

moulded part
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4.11 Studying the Effects of Polymer Properties, Heat Transfer 

Coefficients, and Oven Set Temperature on Cycle Times - 

Theoretical Study

This theoretical study was carried out by utilizing the RotoSim software to run a 

series of simulations investigating each variable individually in an attempt to gain 

clear understanding of the sensitivity of cycle times to any alterations in those 

variables.

The conditions chosen were similar to those used during the rotational moulding 

process. The main factors selected were: -

a. The drive type was biaxial rotation.

b. The resin considered was PE.

c. The polymer shot weight was 2.0 kg.

d. The mould material was mild steel.

e. A cubic shape mould was used The dimensions were - base 300x300mm, 

top 330x330mm, height 300mm and thickness 2mm.

f. The arm axis speed was 8.0 rev/min.

g. The plate axis speed was 2.0 rev/min.

h. The cooling conditions were unchanged. The mould was cooled by forced 

air convection.

i. The start temperature for the mould and the internal air temperature were 

20°C.

j. The room air temperature was 20°C.

4.11.1 Effect of Polymer Properties, Mould Material Properties and Thickness

Polymer data for two different grades of polyethylene were extracted from plastic 

processing handbooks. These materials differed significantly in thermal conductivity 

of the melt and latent heat of fusion.
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The properties of these two grades of polyethylene were entered into RotoSim and 

two separate simulation runs were carried out under similar processing conditions.

It was not possible to study the effect of every property individually, because many 

of the properties of each grade are strongly related to each other.

Table (4.1) shows the two groups of polymer properties.

Table 4.1: Properties for two typical grades of polyethy ene
Property Grade 1 Grade 2

Melt Thermal Conductivity (W/m.°K) 0.24 0.32

Melting Temperature (°C) 125.5 133.8

Latent Heat (J/kg) 97,500 177,500

Density of Powder (kg/m3) 317 402

Density of Melt (kg/m3) 775 790

Density of Solid (kg/m3) 924 942

Specific Heat of Powder (J/kg.°K) 600 600

Specific Heat of Melt (J/kg.°K) 2,550 2,600

Specific Heat of Solid (J/kg.°K) 2,300 2,300

For the mould material and wall thickness, several simulation runs were conducted 

considering similar processing conditions but changing the mould material. The 

tested materials, which are considered common materials in rotational moulding, 

were carbon steel, stainless steel, cast aluminium, copper and nickel. For each mould 

material three thickness values were investigated; 1.6mm, 4mm and 8mm.

For few of those materials, such as aluminium and copper, the small values of 

thickness are not practical to be used in real mouldings because of their low elastic 

modulus values. Therefore, in reality higher thickness values are required to make up 

for the lack of stiffness. However, the purpose of this study was to highlight and find 

out how the material thermophysical properties, including the wall thickness, affect 

the heat transfer efficiency through the mould wall.
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Table (4.2) shows the thermophysical properties of the tested mould 
materials 112e&1331.

Table 4.2: Thermophysical properties of tested materials
Material Density Specific Heat Thermal Conductivity

(kg/m3) (J/kg.°K) (W/m. °K)

Carbon Steel 7840 460 50

Stainless Steel 7900 477 15

Cast Aluminium 2790 883 168

Copper 8950 385 386

Nickel 8800 421 19.5

4.11.2 Effect of Heat Transfer Coefficients and Oven Set Temperature

This study was done by using a wide range of values for each coefficient or 

temperature. The physical meaning of these coefficients was not a consideration at 

this stage as this was an attempt to establish the sensitivity of cycle times to changes 

in these coefficient values.

Each heat transfer coefficient (HTC) was varied separately over the chosen range, 

and at each value the simulation was used to provide (i) the time (Tp) for the internal 

air to reach 200°C and (ii) the overall cycle time (Tc) needed to reach an internal air 

temperature of 60°C.

While changing one of the coefficients the others were kept constant at reference 

values. The reference values of the various heat transfer coefficients investigated in 

this study are shown in Table (4.3). These reference values are the default values 

used in RotoSim.
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Table 4.3: Reference values of the heat transfer coefficients
Heat Transfer Coefficient Reference Value

(W/m2. °K)

Oven to mould (OMHTC) 60

Mould to powder (MPHTC) 30

Powder to internal air (PIAHTC) 0.3

Mould to internal air (MIAHTC) 2

Polymer melt to internal air (pmlAHTC) 1

Mould to cooling fluid (MCFHTC) 70

For the oven set temperature, simulation runs were implemented considering 

different set temperatures, while keeping all other variables, particularly the heat 

transfer coefficients, constant and at the reference values.

In this study the polymer grade, from Table (4.1), that gave the shortest cycle time 

was used for all simulation runs.

4.11.3 Finding the Significant Factors

The next step in this theoretical study was to use the DOE methodology to find the 

significant factors that have a major effect in dominating the heat transfer paths in 

this process and influencing the cycle times.

Two DOE studies were carried out. In the first one four factors were selected from 

the various heat transfer coefficients and oven temperature. The selected four factors 

were regarded as having the most pronounced effect on cycle times among the 

previously mentioned seven factors. The selection was based on the RotoSim 

sensitivity investigation (the previous subsection). The four factors were the oven to 

mould, polymer melt to internal air and mould to cooling fluid heat transfer 

coefficients and the oven temperature. All the factors were numerical.
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The second study was the same as the first one but extended to include three more 

factors that were identified as important in affecting rotomoulding cycle times. The 

reason for extending the investigation was to broaden the understanding of more 

interacting factors and their effects on the process. The additional three factors were 

the polymer material, the mould material and the mould thickness. The first two were 

categorical and the third was numerical.

In these two studies all factors were varied at two levels in 24 full factorial and 27 

1/4 fractional factorial designs for the first and second studies respectively. For the 

numerical variables their level values were selected whereas the response (cycle 

times from RotoSim) is approximately linear over the range of those chosen levels.

After creating the design layouts (different combinations between the two levels of 

all factors) using the Design-Expert Software, several simulations were performed 

using RotoSim to predict the Tc, Tp and the wall thickness distribution represented by 

the standard deviation (SD) values as responses. Afterwards statistical analyses were 

carried out to determine the significant factors that profoundly affect each one of the 

responses. Another statistical analysis was conducted to optimise two important 

outputs of the process, the overall cycle time (Tc) and the wall thickness distribution 

(SD).

The use of RotoSim instead of practical experiments was for two reasons; the first 

was because of the difficulties in changing the values of some factors in reality 

bearing in mind the available equipment and facilities, and the second was because 

of the large number of experiments to be carried out, which made it an impractical 

approach.
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4.12 Investigating Theoretically the Effect of Rotation Speed Ratios, 

Rotation Speed Reversal and Mould Offset on Cycle Times and Wall 

Thickness Uniformity

This study comprised two parts that were conducted using RotoSim. The first part 

was investigating the influence of rotation speed ratios on cycle times and wall 

thickness uniformity. In this study a series of simulations were carried out using a 

large number of rotation speed/ratio combinations.

The second part was focused on the combined influence of applying speed reversals 

and mould offset. Speed reversal (that is, reversing the rotation direction of either the 

arm or the plate) was applied in several different time periods ranging from 67% to 

5% of the heating period. The rotation direction was alternated forward and 

backward according to the specified time percentage along the whole heating period.

Normally throughout this research the mould was installed, either in simulations or 

practical trials, to be at the centre of the machine plate. In this study mould offset 

was considered by moving the mould in simulation about 300mm along one axis (i.e. 

x-axis).

The conditions chosen in simulations were the same in both parts and similar to those 

used in the earlier Design of Experiment study. The conditions are summarised 

below:

1. The resin was LDPE (1.6 kg shot weight).

2. The mould material was aluminium.

3. A cubic shape mould was used. The dimensions were: base 

300x300mm, top 330x330mm, height 330mm and thickness 1.5 mm.

4. The oven to mould heat transfer coefficient was 40 W/m .°C.

5. The mould to internal air heat transfer coefficient was 5 W/m .°C.

6. Mould to cooling fluid heat transfer coefficient was 200 W/m2.°C.

7. Oven set temperature was 450°C.
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4.13 Identifying Heat Transfer Coefficients - Practical & Theoretical 

Approach

The first part of this study was to carry out experiments with an empty mould. By 

doing this the number of influential heat transfer coefficients involved in the process 

was reduced to three, the oven to mould HTC (OMHTC), the mould to internal air 

HTC (MIAHTC) and the mould to cooling fluid HTC (MCFHTC).

The internal air temperature profile was measured and compared with the predicted 

temperature profile that was obtained by a simulation run (RotoSim) using zero shot 

weight and the same processing conditions as in the experimental trial, such as the 

starting mould temperature, the ambient temperature, the shape and size of the tested 

mould... etc.

In this case only the above mentioned three coefficients were controlled and changed 

with each simulation in order to achieve a predicted internal air temperature profile 

that matched the measured one.

The chosen conditions, as mentioned, were similar both in the experimental trial and 

the simulation runs. These conditions were:-

a. The mould material was steel.

b. The mould shape was cube. The dimensions were - base 300x300mm, top 

330x330mm, height 330mm and 1.6mm thickness.

c. The arm and plate speed were 8.0 & 2.0 rev/min. respectively.

d. The oven set temperature were 300°C and the circulation fan flow rate was 

SOOOcfm.

e. The cooling mode was forced air convection at temperature approximately 

25°C and supply fan flow rate about SOOOcfm.

After determining the aforementioned three heat transfer coefficients using the empty 

rotating mould, the next step was to determine the remaining heat transfer 

coefficients that are involved in a real moulding situation. These are:
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The polymer melt to internal air HTC (pmlAHTC).

The mould to powder HTC (MPHTC).

The powder to internal air HTC (PIAHTC).

The other HTC’s were kept fixed and the three unknown HTC’s were adjusted for 

each simulation run in an attempt to get internal air temperature profiles that matched 

the experimental profiles. The chosen conditions again were similar both in the 

experimental trial and the simulation runs. These conditions were the same as for the 

empty mould experiments except with a polymer shot weight of 1.8 kg.

4.14 Practical Moulding Tests Methods - Experimental Investigation

In this Section the testing methods for all practical experiments that were performed 

throughout this research are described. All experiments were focused on quantifying 

the influence of different variables and processing methods on cycle times.

Some of the moulding conditions and procedures were chosen to be fixed in all trials 

regardless of the desired aim of the experiment. This made it easier to compare a 

series of tests and to quantify the effects on cycle times. These conditions were:-

a. The mould material was mild steel (Figure 4.6).

b. The mould shape was cube. The dimensions were - base 300x300mm, top 

330x330mm, height 330mm and 1.6mm thickness.

c. Polymer material was metallocene polyethylene grade RM8343.

d. The polymer shot weight was 2.2kg that gives on average an approximate 

wall thickness of 4mm.

e. All experiments were started when the internal air and mould temperatures 

were 32 ± 2°C.

f. The oven set temperature was 300°C and the air flow rate of the circulating 

fan was SOOOcfm unless otherwise stated for any of them.

g. Every time the oven was allowed to reach approximately an equilibrium state 

before start moulding.
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h. The forced air cooling supply fan was of SOOOcfm flow rate (maximum flow 

rate) while the exhaust fan flow rate was 6200cfm (maximum flow rate) 

unless otherwise stated for any of them.

i. The forced air temperature during the cooling stage of all tests was 

uncontrollable as the supply fan sucked air from the surroundings. The effect 

of this variable is highlighted during the results discussion.

j. The rotation speed ratio between the arm and the plate was 8 to 2 unless 

otherwise stated.

k. Every time the mould was taken out of the oven to give a peak internal air 

temperature of 210 ± 4°C.

l. Demoulding (which means the end of the moulding cycle) occurred when the 

internal air temperature reached 70°C unless otherwise stated.

These conditions were considered the standard conditions of a normal moulding 

cycle or reference moulding cycle to which the rest of the mouldings were compared.

4.14.1 Effect of Oven Set Temperature and Rotation Speed Ratio

In this study two oven temperatures were investigated other than 300°C; these were 

350°C and 400°C. At the same time three rotation speed ratios in addition to the ratio 

8/2 (arm/plate) were tested. The tested ratios, 4/1, 8/2, 16/4 and 24/6, are commonly 

used in rotational moulding.

Several experiments were carried out varying oven set temperature for the four 

rotation speed ratios stated.

The temperatures that were measured during these tests were the environment (oven 

and cooler), the mould outer surface and the internal air temperatures.

Square samples were machined from the final mouldings and then impact tested to 

find out how badly the final parts were affected by high oven temperatures.
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4.14.2 Effect of Oven and Cooler Circulating Fans Capacity

One method to increase the heat transfer coefficient and consequently enhance the 

heat transfer from or to the system (mould and powder) within the limited available 

facilities was the increase of the external heating or cooling fluid velocity. This was 

achieved by varying the capacities of the fans. For the oven circulating fan capacity 

the studied values were:-

a. 4000cfm (cubic foot per minute).

b. SOOOcfm.

c. 12000cfm.

For the cooler fans the capacities were:

a. Supply 4000cfm and exhaust 2200cfm.

b. Supply 6000cfm and exhaust 4200cfm.

c. Supply SOOOcfm and exhaust 6200cfm.

While varying the oven fan capacity the cooler fans were kept fixed at SOOOcfm for 

the supply and 6200cfm for the exhaust. On the other hand, while varying the cooler 

fans capacities the oven fan was kept constant at SOOOcfm.

The temperatures that were measured during those tests were the environment, the 

mould outer surface and the internal air temperatures.

4.14.3 Effect of Cooling Water Temperature

Another method to increase the heat transfer coefficient in cooling is the use of water 

instead of forced air. This method was investigated by many researchers and 

significant reduction in cycle times was achieved although sometimes it was at the 

expense of quality. In this project the temperature of the cooling water was 

investigated. Two temperatures were tested, 20°C and 9°C.

In the rotomoulding machine used the water is at the bottom of the cooler in a water 

pond and during cooling it is circulated by a pump. In normal conditions the water
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temperature is more or less similar to the ambient temperature inside the room 

(typically 20°C).

The water was cooled down by using the chiller that was previously mentioned and 

is shown in Figure (4.18), and utilising a pipe network installed at the bottom of the 

cooler in the water pond. This pipe network is shown in Figure (4.22).

Figure 4.22: The pipe network at the bottom of water pond

The advantages of using the chiller were firstly to cool the water to a low 

temperature and secondly to maintain the cooling water temperature fixed during the 

whole cooling period.

To avoid unacceptably high levels of warpage the system was cooled initially by 

forced air for the first three minutes and then by water for the rest of the cycle.

The temperatures that were measured during these tests were the environment, the 

mould outer surface and the internal air temperatures.
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4.14.4 Internal Mould Cooling

In this research, as mentioned previously, three different methods were tested for 

internal mould cooling. These are the use of forced air inside the mould, the use of 

cooling coil and then the use of liquid carbon dioxide injection.

Since the internal cooling affects directly the reading of the internal air temperature 

thermocouple, the temperature of the inner plastic surface was considered for 

comparison purposes between the mouldings’ results. Therefore the temperatures 

that were measured in these experiments were:

a. the environment temperature

b. the mould outer surface temperature

c. the mould inner surface temperature (or plastic outer surface temperature). 

This thermocouple was fixed at approximately 0.5mm away from the mould 

inner surface.

d. the plastic inner surface temperature. This thermocouple was fixed at 

approximately 4mm away from the mould inner surface.

e. the internal air temperature.

4.14.4.1 Air Amplifiers

All mouldings were taken out of the oven as the internal air temperature reached 

190°C. The internal cooling forced air was applied directly once the mould was out 

of the oven.

The effect of internal forced air cooling was tested twice with two different air flow 

rates. This was achieved by varying the compressed air pressure supplied to the air 

amplifiers. The two pressures tested were 1 and 2 bars for both the supply and 

exhaust air amplifiers. The compressed air was conveyed through a pipe network of 

15mm outside diameter copper pipes.

The air flow rates through the air amplifiers were measured by utilising an 

anemometer. The velocity of the air through the air amplifier was measured by this
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device and by knowing the area of the anemometer, the air flow rate was calculated 

by using Equation (4.7).

4.14.4.2 Chilled Water Coil

All mouldings were taken out of the mould at an internal air temperature 190°C. In 

this type of experiment there was a time delay before applying the internal cooling to 

allow for the auxiliary arm connection once the mould was in the cooler. During the 

time delay the mould was cooled only externally by natural convection.

During the heating cycle the auxiliary arm components including the rotating unions 

were kept at very low temperature by circulating chilled water through the arm in a 

closed circuit. At the beginning of the cooling stage the temperature of the chilled 

water supplied to the coil was between -1°C and -3°C. An antifreeze solution was 

mixed with water to prevent any freezing.

Two more temperatures were measured in this method; the inlet and outlet of the 

coil. The two thermocouples were fixed to the coil outer surface rather than 

measuring the water itself because of the difficulty of doing that particularly inside a 

rotating mould. By measuring these temperatures and knowing the water flow rate 

the rate of heat transfer to the chilled water can be estimated by the following 

equation t25g]:

<1 = mwcJT0M-rJ

where: q is the rate of heat transfer, W.

< is the flow rate of water, kg/s .

Cw is the specific heat of water, J/kg.°C

Tin is the water inlet temperature, °C.

Tout is the water outlet temperature, °C.

(4.8)
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4.14.4.3 Liquid Carbon Dioxide (CO2)

Similar to the two other methods, the mouldings were taken out of the mould at 

internal air temperature 190°C and again similar to the chilled water coil method, 

there was a time delay for connecting the auxiliary arm.

Chilled water circulation through the auxiliary arm in a closed circuit was maintained 

along the whole moulding cycle to keep its temperature at a low level so as to reduce 

the amount of heat absorbed by the liquid CO2 while running through the arm.

The liquid CO2 pressure was reduced via pressure regulators to 6 bars and the flow 

rate was regulated to be 2 1/sec (~1.0 1/sec from each cylinder). The approximate 

temperature of the liquid C02 at 6 bars was -40°C.

To avoid any pressure build up inside the mould even though an injection nozzle was 

used, two vent pipes of 25mm diameter were used (the same as shown in Figure 

4.16).

4.14.5 Effect of all Techniques Combined Together

Three mouldings were carried out considering all techniques described and tested 

previously combined together. The results of these mouldings were compared to the 

results obtained by applying the normal moulding conditions to quantify the overall 

reduction in cycle time.
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Results and Discussion

This Chapter presents the results obtained as well as discussions of the findings. It 

comprises nine main Sections; Section 1 includes RotoSim results where the 

individual effects of material properties, mould/polymer/environment heat transfer 

coefficients and oven set temperature on cycle times are examined. The Design of 

Experiment (DOE) results where the interaction effects of seven variables on cycle 

times and wall thickness distribution are investigated, analysed, quantified and 

discussed are in Section 2. An optimisation between the overall cycle time and the 

wall thickness distribution is also done and discussed in Section 2. Section 3 presents 

the results of the effects of a wide range of rotation speed ratios, rotation speed 

reversal and mould offset on cycle times and the evenness of the wall thickness 

distribution. Section 4 presents the results obtained from the DSC tests and the 

values of melting temperature and latent heat of fusion for Borealis resin grade 

RM8343. The findings of the attempts to identify the various heat transfer 

coefficients are also shown and discussed in Section 4.

The results of experimental work, starting with the effect of varying oven set 

temperature and rotation speeds on cycle times, are presented and discussed in 

Section 5 including impact test results that illustrate the effect of these two variables 

on the quality of mouldings. The results of varying heat transfer coefficients between 

the mould and either the heating or cooling fluid are discussed in Section 6. Section 7 

discusses the results of the three different internal mould cooling methods and 

Section 8 presents the results of water cooling instead of forced air and the effect of 

water temperature on cycle times. Section 9 brings together the results of all the
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different cycle time reduction techniques and compares them to the results of a 

moulding produced using standard conditions.

5.1 Simulation Results - RotoSim

In this Section the results of simulation runs that investigated the individual effects of 

polymer material properties, mould material properties and thickness, the various 

heat transfer coefficients (mentioned in Section 4.11.2) and oven set temperature on 

cycle times are discussed.

5.1.1 Effect of Polymer Properties

The predicted internal air temperature profiles for the two polyethylene (PE) grades 

(properties are given in Table 4.1) are shown in Figure (5.1).

-----Grade 1

-----Grade 2

150 -

100 -

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

Time (s)

Figure 5.1: Predicted internal air temperature profiles as a function of time for 
two grades of PE

From the internal air temperature profiles, it is apparent that using Grade (1) results 

in a shorter cycle time with a reduction of approximately 5%. This can be attributed 

to the lower melting temperature and lower latent heat of fusion of Grade (1). From
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the simulation results, reductions of approximately 16% and 29% in powder melting 

and polymer solidifying periods respectively were achieved in favour of Grade (1).

These two properties are crucial factors in dictating the time for complete powder 

melting. When moulding occurs under similar processing conditions, lower melting 

temperature means shorter time for the powder to reach its melting point, or in other 

words the powder melting period starts earlier. This contributes to a shorter melting 

period and in turn results in a reduction in oven time. This agrees with what was 

concluded by Rao and Throne !29], where higher melting temperature led to longer 

oven times.

Equation (2.19) governs the temperature distribution at the phase interface. This 

equation shows that the latent heat of fusion and the velocity of the phase interface 

are inversely proportional. Therefore, a higher value of latent heat, which means 

more energy to be added to or removed from the polymer, implies a slower phase 

interface velocity during either the powder melting or polymer solidifying periods. 

This in turn leads to longer time to complete the phase change in both cases. This 

was observed by Sun and Crawford l37], who showed that the polymer materials that 

have a higher latent heat of fusion required a longer oven time.

The difference in thermal conductivities exerts an effect during the last part of the 

heating stage and the cooling stage (where a molten polymer exists). Although the 

polymer solidifying period of Grade (1) is shorter by approximately 1 minute, the 

difference in cooling period times is just about 8 seconds. The time difference during 

the solidifying period was compensated by a higher thermal conductivity value for 

Grade (2). Appendix C includes a Table that shows detailed internal air temperatures 

with time and indicates the main features of each temperature profile.

Another thing worth mentioning is the effect of polymer properties on wall thickness 

uniformity. Surprisingly, it was noticed from the simulation results that the standard 

deviation of solid thickness for Grade (2) is less than that for Grade (1) by 

approximately 15%. It is believed that the reason for this can be attributed to the high 

value of latent heat where again, from Equation (2.19), the higher the latent heat
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value the slower is the movement of the phase interface. This results in better 

temperature distribution within the melted plastic layers and consequently better 

plastic wall uniformity.

It should be noted that the latent heat term is directly related to the crystallinity and 

thus the density of the polymer. It follows therefore that while it may be possible to 

reduce cycle times by choosing a plastic with a lower latent heat, there will be a 

consequent reduction in density and thus part stiffness [l41], as well as a reduction in 

wall thickness uniformity.

5.1.2 Effect of Mould Material Properties and Thickness

Figure (5.2) shows the predicted overall cycle times as a function of mould wall 

thickness for five different mould materials; carbon steel, stainless steel, cast 

aluminium, copper and nickel. The thermophysical properties of these materials are 

given in Table (4.2).

1700

-----carbon steel stainless steel

-----cast aluminium — copper

nickel

£ 1200

1100 -

= 1000

Wall Thickness (mm)

Figure 5.2: Predicted overall cycle times as a function of mould wall thickness

An increase of mould wall thickness will hinder the heat transfer to or from the 

polymer inside the mould and result in longer cycle times as illustrated in Figure
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(5.2). It is apparent that the aluminium material is the best in transferring heat among 

the five tested metals when they have the same thickness. Although the thermal 

conductivity of the aluminium is not the highest of the five metals, it still exhibits the 

shortest cycle times.

The steel and nickel materials show results very close to each other. This occurs 

because they have very close values of density, specific heat and even the thermal 

conductivity if compared to that of copper and aluminium.

The behaviour of the metals can be explained by reviewing Equation (2.11) where 

the mould temperature distribution with time is given as a function of time constant 

(rr), which depends on material properties, mould geometry data and heat transfer

coefficients. As the temperature of the mould varies exponentially (Equations 2.11 

and 2.23), the lower the value of time constant the faster the mould heats up and 

cools down.

The reciprocal of the time constant can be represented by the following two 

dimensionless groups; the Biot number (Bi) and the Fourier number (Fo).

Bi =
km

Fo = atm
L] (5.1)

where: hho

4
K

am

t

is the outside convective heat transfer coefficients, WI m2.°C. 

is the characteristic length of the mould, m . 

is the thermal conductivity of the mould material, W! m°C . 

is the thermal diffusivity of the mould material, m2 / s. 

is the time, s .

From the definitions of (Bi) and (Fo) dimensionless groups, it is believed that (Fo) is 

the main parameter that determines the temperature distribution in the mould187 & 88], 

such that the higher its value, the shorter the cycle times.

Table (5.1) shows the thermal characteristics of the five metals tested.
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Table 5.1: Thermal characteristics of the five metals tested
Mould Wall Heat Thermal Fourier Biot Reciprocal

Material Thickness Capacity Diffusivity Number Number Time
Constant

(mm) (J/m3.°C) xlO'6 (m2/s) xlO5 (Fo) (Bi)xlO5 (1/sec) xlO5

G 1.6 5.47 t 3.2 hh0 17.5 hho-t
S3 4 3.61 1.4 0.88 t 8 hh0 7.0 hho-to 1/5

8 0.22 t 16 hho 3.5 hho-t
inw
<D —

1.6 1.56 t 10.7 hho 16.7 hho-t
<uc <u • ^ '♦“»B ™ 4 3.77 0.4 0.25 t 26.7 hho 6.7 hho-t

00 8 0.06 t 53.3 hho 3.2 hho-t
B
G 1.6 26.56 t 0.95 hho 25.2 hho-t

Ca
st

A
lu

m
in 4 2.46 6.8 4.25 t 2.4 hho 10.2 hho-t

8 1.06 t 4.8 hho 5.1 hho-t
u
<u 1.6 43.75 t 0.4 hho 17.5 hho-t
CL
CL
O 4 3.45 11.2 7 t 1.04 hho 7.3 hho-to

8 1.75 t 2.07 hho 3.6 hho-t
1.6 1.95 t 8.2 hho 16.0 hho-t

o 4 3.7 0.5 0.31 t 20.5 hho 6.4 hho-t
8 0.08 t 41 hho 3.3 hho-t

1. hho is the outside convective heat transfer coefficients, W/m2.°C
2. The same hho value was considered for all materials
3. The processing conditions were the same in all simulation runs.

From the data in Table (5.1), the copper and aluminium have the highest and second 

highest thermal diffusivity respectively as well as the highest thermal conductivity 

values (from Table 4.2) among the five metals. Consequently, shorter cycle times 

were predicted when using these two metals.

Comparing the different characteristics of the five materials, for the same wall 

thickness, it can be seen that the material that has the highest (Fo) value, which is the 

copper, did not achieve the shortest cycle time. However, the shortest cycle times 

were achieved by using the aluminium material which has the second highest (Fo), 

but has the highest reciprocal time constant (or lowest time constant value) among 

the fives metals tested. Therefore, the mould time constant is the main parameter that 

dictates the temperature profile of the mould. This is illustrated in Figure (5.3) where
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the difference in mould temperature between the aluminium and the rest of the 

metals is evident. The mould temperature profiles are for a wall thickness 1.6mm.

225 t-

---- carbon steel

---- stainless steel

-----east aluminium
rr iso

---- copper

nickel

50 -

25

Time (s)

Figure 5.3: Predicted mould temperature as a function of time for five 
different materials

It is clear from Figure (5.3) that the rates of heating and cooling of the aluminium 

mould are higher than that of the rest of the metals.

From Equation (2.11), it can be seen that the mould time constant does not depend on 

the material thermal conductivity. This implies that the thermal conductivity is not a 

decisive factor in determining the efficiency of heat transfer as long as the lumped 

thermal capacity assumption is valid. This is because the temperature variations 

within the mould were considered negligible which contributed to the elimination of 

the thermal conductivity effect.

Since the processing conditions, the heat transfer coefficients and the mould wall 

thickness were the same and from the definition of the mould time constant, the 

volumetric heat capacity property (pc) is the crucial parameter in determining and 

dictating the temperature distribution for the mould wall. This thermodynamic 

property measures the ability of the material to store thermal energy and from Table 

(5.1) the aluminium has the lowest heat capacity value which means faster heat
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transfer to or from the polymer inside the mould and consequently shorter cycle 

times.

By comparing the two most common materials used for rotational moulding, cast 

aluminium and carbon steel, it is apparent that aluminium is much better than steel 

where overall cycle time reductions of 8.6%, 16.2% and 22.3% were achieved for 

wall thickness 1.6mm, 4mm and 8mm respectively.

One of the major disadvantages of aluminium is its strength and stiffness. The 

modulus of elasticity of aluminium is much less than that of steel, which means that 

the aluminium mould needs to be thicker to do the same job structurally |134] (in 

practice its thickness is around 6mm or more). The extra thickness of an aluminium 

mould eliminates the desirable advantage of its thermal properties and results in 

longer cycle times if compared to carbon steel. This is what was concluded by many 

researchers [29, 41, 87, 88, 89, 90 & 91]. In Table (5.1) the difference in reciprocal time 

constant values of 1.6mm steel and 8mm aluminium is apparent (approximately 40% 

reduction in cycle time in favour of carbon steel), where the influence of thickness 

difference is more dominant than the differences in heat capacity and thermal 

conductivity values.

It is believed that the high heating rate of aluminium causes problems t8c], where the 

plastic material closest to mould wall is heated to a higher temperature for longer 

time than the material on the inside wall. However, this high rate of heating can be 

exploited to save energy and still achieve reduction in cycle times.

An aluminium mould (or any other material or alloy that has similar properties to 

aluminium) can be heated at a lower oven temperature than a steel mould having the 

same wall thickness to achieve quite similar temperature profiles, which means that 

the polymer is subjected to equivalent thermal moulding conditions. This is 

illustrated in Figure (5.4). The steel mould was heated at 300°C while the aluminium 

was heated at 278.6°C. In both cases a maximum internal air temperatures of 200°C 

was reached at the same time.
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— mould - steel

internal air - steel

-----mould - aluminium

-----internal air - aluminium
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Figure 5.4: Predicted mould and internal air temperature profiles as a function 
of time for steel and aluminium mould materials

It can be seen from Figure (5.4) that using the aluminium material results in lower 

energy consumption without sacrificing the quality of the product and at the same 

time a reduction in cycle time of approximately 6% was achieved. However, the 

obstacle in utilising this in practice is the low strength and stiffness of the aluminium 

material.

This study reveals that rotational moulding needs mould materials that are 

mechanically strong and stiff as well as being thermally efficient. This can be 

achieved by utilising metal composites that have strength and efficiency in 

transferring and dissipating heat. An example can be taken from the injection 

moulding industry where high-strength copper-base alloys and aluminium alloys [135] 

are being used.

5.1.3 Effect of Heat Transfer Coefficients

The following results show the effects of varying heat transfer coefficients on cycle 

times. One coefficient was varied at a time while the others were kept constant at 

reference values (Table 4.3). These reference values are shown in shaded cells in the 

following Tables.
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The predicted outputs considered were (i) the time (Tp) for the internal air to reach 

200°C and (ii) the overall cycle time (Tc) needed to reach an internal air temperature 

of 60°C.

5.1.3.1 Effect of Oven to Mould Heat Transfer Coefficient (OMHTC)

Table (5.2) and Figure (5.5) show the results obtained: -

Table 5.2: Predictec values of TD and Tc
OMHTC TP Tc

(W/m2.°C) (sec) (sec)
20 766.4 1215.5
30 544.9 992.7
40 437.8 884.2
50 382.2 827.7
60 345.4 790.9
70 322.3 767.1
80 304.5 748.4
100 282.4 726.3
150 254.1 697.2
200 240.4 683.6

----Tc Tp

1000 -

400 -

200 -

OMHTC (W/m .°C)

Figure 5.5: Predicted values of Tc and Tp as a function of OMHTC
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From the Figure (5.5) it is evident how the OMHTC affects the cycle times. Tc and 

Tp decrease with increasing HTC because of increasing the heat transfer rates during 

the heating period. Figure (5.6) illustrates schematically the dominant heat transfer 

mode directions for this case.

heat transfer 
direction

ROTATING

OVUN
MELT

INTERNAL
AIR

POWDEROVEN
INSULATION

Figure 5.6: Heat transfer mode directions in the case of varying OMHTC

As the heat transfer coefficient increases, the heat transfer rates increase between the 

oven ambient and the outer wall of the rotating mould, causing its temperature to rise 

very rapidly. In other words, increasing the OMHTC value leads to higher (Bi) 

numbers and reciprocal time constant values (Equation 2.11), which consequently 

results in higher increasing rates of mould temperature. As an inevitable result this 

will affect the other heat paths, enhancing the transfer rates between the bare mould 

and the powder, the internal air or even the molten polymer layers (after reaching the 

melting temperature).

The increase of heat transfer rates inside the mould means that the polymer melting 

temperature is attained after a short period of time, as well as reducing the time 

required for all powder to melt. This means that the maximum internal air 

temperature of 200°C is achieved within shorter periods.
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From Figure (5.5), it can be seen that beyond a value of approximately 80 W/m .°C 

the reduction in cycle times decreases markedly. This is due to the facts that firstly 

the interrelated heat transfer coefficients between the other components of the system 

demonstrate resistance to heat transfer with increasing HTC value, secondly the extra 

amounts of energy being stored within the system components during the heating 

periods result in longer cooling periods, and thirdly the heat transfer driving force, 

which is the temperature gradient between the oven environment and mould is 

limited by the 300°C oven temperature. At approximately 80 W/m2.°C OMHTC and 

beyond, the time needed for the mould temperature to rise and get very close to 

300°C, to achieve maximum possible temperature difference with powder and 

internal air, is very short. Therefore, little benefit would be obtained from increasing 

OMHTC.

5.1.3.2 Effect of Mould to Powder Heat Transfer Coefficient (MPHTC)

Table (5.3) and Figure (5.7) show the obtained results: -

Table 5.3: Predictec values of Td and Tc
MPHTC TAp Tc

(W/m2.°C) (sec) (sec)
0.1 344.4 789.5

5 344.4 789.6
20 345.4 790.3
30 345.4 790.9
40 347.5 792.3
50 348.6 792.8
80 352.8 796.6
120 360.1 803.7
150 361.4 805.1
200 367 810.4
250 370.4 813.2
275 371.6 815.7
300 362.2 806.3
325 358 803.9
350 364.5 808.9
400 360.1 805.6
500 364.5 810.6
750 366.6 813.9
1000 370.3 818.9
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Figure 5.7: Predicted values of Tc and Tp as a function of MPHTC

The predicted times are not notably affected by increasing the MPHTC. As shown in 

Figure (5.7) the cycle times vary insignificantly within a very narrow range.

A schematic illustration of the dominant heat transfer paths is shown in Figure (5.8).
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Figure 5.8: Heat transfer mode directions in the case of varying MPHTC

Under normal conditions, energy is transferred to the internal air by direct contact 

with either the bare mould wall or the molten polymer layers. The heat transfer
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through the powder to the air is most likely not a dominant path, particularly if a 

large amount of powder is placed in the mould. In this case the internal air 

contributes partially in heating up the powder, in addition to the mould contribution.

Therefore, with increasing MPHTC, the powder mass temperature increases at higher 

rates. This implies that the melting temperature will be reached in shorter time. 

However, the effect of this coefficient is still insignificant as shown in Figure (5.7).

5.1.3.3 Effect of Powder to Internal Air Heat Transfer Coefficient (PIAHTC)

Table (5.4) and Figure (5.9) show the obtained results: -

Table 5.4: Predictec values of Td and Tc
PIAHTC TP Tc

(W/m2.°C) (sec) (sec)
0.05 345.4 790.9
0.1 345.4 790.7
0.2 345.4 790.7
0.3 345.4 790.7
0.4 345.4 790.9
0.5 345.4 790.9
1.5 345.4 790.9
15 344.4 789.2

150 345.4 789.4
1000 345.4 789.2
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Figure 5.9: Predicted values of Tc and Tp as a function of PIAHTC

From Figure (5.9) it is evident that PIAHTC has no effect on either the time to peak 

internal air temperature or the overall cycle time. Figure (5.10) presents 

schematically the dominant heat transfer mode directions for this case.
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Figure 5.10: Heat transfer mode directions in the case of varying PIAHTC

This HTC is an internal factor, whereas the internal air temperature is dictated by 

either the bare mould to internal air heat transfer coefficient or by the polymer melt 

to internal air heat transfer coefficient. The same thing happens to the powder close
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to the mould where its temperature is dictated by the MPHTC. As the PIAHTC 

increases, the rate of heat transfer between these two components increases as well. 

At very high coefficient values associated with continuous tumbling of powder, these 

two components become more or less a homogeneous mixture that has same 

temperature and the heat exchange reaches an equilibrium state.

From the results obtained this coefficient does not have any effect on cycle times. 

This can be explained by one of the assumptions that already adopted in RotoSim, 

which treats the internal air and the powder pool as a single fluidised mixture of 

homogeneous temperature. This assumption does allow the PIAHTC to clearly show 

its effect on cycle times.

5.1.3.4 Effect of Mould to Internal Air Heat Transfer Coefficient (MIAHTC)

Table (5.5) and Figure (5.11) show the obtained results: -

Table 5.5: Predictec values of TD and Tc
MIAHTC TAp Tc
(W/m2.°C) (sec) (sec)

0.5 358 801.5
1 351.7 796.5
2 345.4 789.2
3 343.3 788.3
4 341.2 787
8 339.1 784.7
12 338.1 783.9
16 338.1 783.9
20 338.1 783.5
50 337 784.1
100 336 781.7
500 329.7 776.2
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Figure 5.11: Predicted values of Tc and Tp as a function of MIAHTC

It is apparent from Figure (5.11) that the effect of MIAHTC on predicted times is 

insignificant.

A schematic diagram illustrates the dominant heat transfer mode directions for this 

case is shown in Figure (5.12).
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Figure 5.12: Heat transfer mode directions in the case of varying MIAHTC
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The effect of this HTC is from the beginning of the heating period to the start of 

powder melting period. As the MIAHTC increases, the heat transfer rates between 

the mould and the internal air increase. This source of internal air heating is 

dominant and has the advantage over the powder surface due to the low values of 

thermal conductivity of the powder.

The rate of internal air temperature increase is directly proportional to MIAHTC. The 

higher the HTC the more energy would be added to the internal air, which means that 

the internal air temperature at the start of the powder melting period increases with 

increasing the HTC.

This higher internal air temperature has a very slight effect on oven times at very low 

MIAHTC. The small reductions achieved are not enough to give significant 

reductions in overall cycle times

Once the internal air and mould wall have the same rate of increase at certain 

MIAHTC value, the heat exchange between these two components reaches an 

equilibrium state. This explains why the reduction in predicted times becomes 

constant after a certain MIAHTC value, whereas the internal air temperature does not 

increase more than that value obtained at the equilibrium state, no matter what is the 

MIAHTC value and no more reduction can be achieved. Thus, the reduction in oven 

heating and overall cycle times is limited to this equilibrium state.

5.1.3,5 Effect of Melt to Internal Air Heat Transfer Coefficient (pmlAHTC)

Table (5.6) and Figure (5.13) show the obtained results: -
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Table 5.6: Predictec values of Td and Tc
pmlAHTC TAp Tc
(W/m2.°C) (sec) (sec)

0.2 498.7 1223.7
0.5 392.7 905.8

1 345.4 790.9
1.5 325.5 749.9
2 315 730.7
5 291.9 695.5
10 281.4 686.3
30 276.1 682.7
50 279.3 684.3
100 283.5 687.4

1180

---- Tc TP

880 -

680 -

pmlAHTC (W/m\°C)

Figure 5.13: Predicted values of Tc and Tp as a function of pmlAHTC

From Figure (5.13) it is apparent that the effect on cycle times, as well as the time to 

peak internal temperature, is significant at very small values of pmlAHTC. These 

results are expected because the thermal conductivity of the polymer is very low 

compared to metals, and increasing the pmlAHTC would enhance the heat transfer to 

or from the plastics, which in turn has an effect on cycle times.

Figures (5.14) and (5.15) illustrate schematically the dominant heat transfer mode 

directions for this case.
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Figure 5.14: Heat transfer mode directions in the case of varying pmlAHTC
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Figure 5.15: Heat transfer mode directions in the case of varying pmlAHTC
- after the powder melting period.

The interaction between the polymer melt and the internal air is more or less similar 

to that between the mould and internal air. The higher the value of pmlAHTC, the 

faster the internal air will reach 200°C, which means shorter Tp.

During the cooling stage, this coefficient has the same effect where the higher its 

value the more efficient the heat transfer would be. This leads to shorter cooling 

times and subsequently to shorter overall cycle times.

157



Chapter 5 Results and Discussion

Less cycle time reductions are achieved as the pmlAHTC increases beyond a certain 

value. This can be explained by the fact that, at high heat transfer coefficients, the 

internal air temperature rises at a rate very close to the polymer molten layer 

temperature. This leads to an equilibrium state between the two components and 

hence, no more significant reduction is achieved.

5.1.3.6 Effect of Mould to Cooling Fluid Heat Transfer Coefficient (MCFHTC)

Table (5.7) and Figure (5.16) show the obtained results: -

Table 5.7: Predicted values of Tp and Tc
MCFHTC
(W/m2.°C)

TP
(sec)

Tc
(sec)

5 400 4929.9
10 380.1 2702.1
15 370.6 1958.2
20 364.3 1586.1
25 360.1 1362.9
30 357 1214.2
35 354.9 1108
40 352.8 1029.7
45 350.7 966.6
50 349.6 918.5
70 345.4 790.9
100 343.3 697.9
125 341.2 653.8
150 339.1 622.9
175 339.1 602.8
200 338.1 585.9
250 337 564.2
300 336 548
400 334.9 530.4
500 332.8 518.7
750 331.8 506.1
1000 329.7 498.9
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Figure 5.16: Predicted values of Tc and Tp as a function of MCFHTC

Figure (5.16) demonstrates the significant effect of cooling fluid HTC on the overall 

cycle times. The increase in MCFHTC means higher values of (Bi) numbers and 

consequently higher cooling rates. As expected, Tp is slightly affected because 

usually the maximum temperature is reached at the beginning of the cooling stage 

due to the thermal energy stored in the system, but with higher MCFHTC, which 

means more efficient cooling and more energy removed from the system in a shorter 

time period, a relatively longer oven period is needed to allow air temperature to 

reach the maximum. This results in shorter Tp. A schematic diagram of the dominant 

heat transfer mode directions for this case is shown in Figure (5.17).
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Figure 5.17: Heat transfer mode directions in the case of varying MCFHTC

From Figure (5.17) it is apparent that there are two opposing heat transfer directions. 

This is the case at the beginning of cooling, where the stored energy inside the mould 

wall and plastic molten layers still provides heat to the internal air by conduction and 

convection modes. As the cooling HTC increases, this period of reverse heat transfer 

becomes shorter because the cooling transfer rate is becoming more efficient.

As long as the cooling HTC is increasing, the overall cycle time should keep 

decreasing, but this is not the case, as shown in Figure (5.16). After a certain value - 

which is about 250 (W/m2.°K) - the time reduction rate becomes very slow. This is 

due to the solidification period (crystallization), where time reduction in this period 

is small as the HTC increases towards higher values. Although the time after 

solidification is reduced drastically at high HTC values, the overall cooling time is 

still dominated by the solidification period.

This solidification period is very important in determining the properties and the 

final microstructure of the final rotomoulded part. Rapid cooling results in a low 

degree of crystallinity due to insufficient time for the polymer chains to arrange 

themselves into well formed crystallites. Slower cooling results in a higher degree of 

crystallinity [136,137,138 & l39], and this in turns affect the density and other mechanical 

properties such as the impact, tensile and flexural strengths. On the other hand, 

decreasing the cooling rate keeps the melt at high temperatures for a longer time
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(slows down the rate of viscosity increase). This allows more time for the air inside 

the bubbles to diffuse out of the materialtl40].

5.1.3.7 Effect of Oven Set Temperature (OT)

Table (5.8) and Figure (5.18) show the effect of oven set temperature: -

Table 5.8: Predicted values of Tp and Tc
OT TP Tc
(°C) (sec) (sec)
250 441 889.8
300 345.4 790.9
400 289.8 732.6
500 268.8 711.8
600 256.2 699.3

---- Tc — Tp

700 -

600 -

500 -

345 370 420 445 470 495 570 595

Figure 5.18: Predicted values of Tc and Tp as a function of OT

Increases of the set oven temperature reduce cycle times. This can be attributed to the 

increasing temperature gradients (the thermal driving force), which increases the heat 

transfer rate from outside to inside, thus reducing Tp. However, at very high oven 

temperatures the rate of time reduction reduces. This is thought to be linked firstly to 

the interrelated heat transfer coefficients between the other components of the system 

where they demonstrate resistance. Secondly, the period required for complete
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powder melting takes a certain minimum length of time, regardless of how high the 

heat transfer rates are. Thirdly, the extra amount of energy being stored in the system 

results in a longer cooling time to remove it. The dominant heat transfer mode 

direction can be represented schematically in the same manner as for the OMHTC, as 

shown in Figure (5.6).

Figure (5.19) shows the effect of OMHTC and OT plotted together. It is known that 

increasing any of these two variables leads to higher heat transfer rates.
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Figure 5.19: Predicted OMHTC and OT as a function of cycle times

The curve intersections in Figure (5.19), at 300°C OT and 60 W/m2.°C OMHTC, 

represent the simulation runs where all heat transfer coefficients and oven 

temperatures are at reference values.

It is apparent that both variables have the same trend in reducing cycle times. A wide 

range of oven temperature is needed to achieve a considerable time reduction, while 

this is not the case for the heat transfer coefficient. Increasing the heat transfer 

coefficient beyond the value 100 W/m2.°C, which is a practical value for either air or 

water forced convection mode, would achieve reductions in cycle times more than
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increasing the oven temperature to 400°C. Beyond this value, the oven temperature is 

considered impractical and can not be applied in industry.

Thus, increasing the heat transfer coefficient is more effective and practical than 

increasing oven temperature and it has a positive effect on the energy consumption.

5.2 Design of Experiment (DOE) Results

In this Section the results of two DOE studies are presented and discussed. In the 

first study, the main and interaction effects of three heat transfer coefficients and 

oven set temperature on cycle times and wall thickness uniformity are analysed and 

discussed. In the second study three factors; the polymer material, the mould material 

and the wall thickness were investigated, alongside the four factors mentioned 

previously to quantify the effects on the same outputs.

The last part of this Section details the results of an optimisation statistical method 

between two important outputs, the overall cycle time and the wall thickness 

distribution.

The findings from these two studies determined the factors that are most significant 

in influencing the heat transfer rates in rotomoulding, and gave clearer insights of the 

interaction effects between the various factors.

5.2.1 Interaction of the Four Factors

The four factors that were investigated in this study were:-

a) Oven to mould heat transfer coefficient (OMHTC).

b) Polymer melt to internal air heat transfer coefficient (pmlAHTC).

c) Mould to cooling fluid heat transfer coefficient (MCFHTC).

d) Oven temperature (OT).
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These four factors were regarded as having the most pronounced effect on cycle 

times among the seven factors investigated and presented in Section (5.1).

The selection of low and high levels of each factor to implement the factorial design 

was based on the results obtained in Section (5.1). The factors and their low and high 

levels are shown in Table (5.9).

Table 5.9: The processing factors investigated and their levels (2-level factorial design)
Factor Processing Parameter Low Level High Level

A Oven to Mould Heat Transfer Coefficient 
(OMHTC). W/m2.°C 40 70

B Polymer Melt to Internal Air Heat Transfer 
Coefficient (pmlAHTC). W/m2.°C 1.5 5

C Mould to Cooling Fluid Heat Transfer 
Coefficient (MCFHTC). W/m2.°C 40 200

D Oven Temperature (OT). °C 280 450

The selected responses of the rotomoulding process were:-

a) The time (in seconds) for the internal air to reach 200°C (Tp).

b) The overall cycle time (in seconds) needed to reach an internal air 

temperature of 60°C (Tc).

c) Standard deviation of final part wall thickness in mm (SD).

A 2-level full factorial design was utilised to investigate the aforementioned factors. 

This design required 16 experiments (or simulation runs) to complete the analysis. 

The design layout and the outputs of each simulation obtained from RotoSim are 

shown in Table (5.10).

Table 5.10; Design layout of the four factors investigated and the simu
Run

Number
Factor A 

(OMHTC)
Factor B 

(pmlAHTC)
Factor C 

(MCFHTC)
Factor D 

(OT)
Response

(Tp)
Response

(Tc)
Response

(SD)
1 40 5 40 450 217.3 846.4 0.972
2 70 1.5 40 280 281.0 938.2 0.966
3 40 1.5 200 280 414.6 644.2 0.857
4 70 1.5 40 450 207.2 861.2 0.97
5 70 1.5 200 280 268.3 492.6 0.97
6 40 1.5 200 450 229.6 453.4 0.972
7 70 5 40 450 179.0 807.9 0.971
8 70 5 40 280 242.8 881.2 0.966
9 70 5 200 280 237.2 436.5 0.965

ation outputs
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continue Table 5.10...
Run

Number
Factor A 

(OMHTC)
Factor B 

(pmlAHTC)
Factor C 

(MCFHTC)
Factor D 

(OT)
Response

(Tp)
Response

(Tc)
Response

(SD)
10 40 5 200 450 209.2 400.8 0.971
11 40 5 40 280 396.4 1042.3 0.858
12 40 1.5 40 450 248.4 901.4 0.972
13 40 1.5 40 280 422.7 1085.2 0.858
14 40 5 200 280 392.9 599.2 0.857
15 70 5 200 450 168.4 361.0 0.967
16 70 1.5 200 450 181.5 407.5 0.968

* the rest of the heat transfer coefficients were kept at the reference values as given in 
Section (5.1)

The plot of half normal probability and the effect graphs produced from the statistical 

analysis component of the Design-Expert programme are shown in the following 

sub-sections. The analyses were performed by considering one response at a time.

5.2.7.7 The Response Tp

Half Normal plot

DESIGN-EXPERT Plot 
Tp

A: OMHTC 
B: pmlAHTC 
C: MCFHTC 
D: OT

Figure 5.20: Half normal probability plot for Tp - 4 factors

From Figure (5.20) it is clear that the most significant effects on the time Tp are 

created by the influence of oven temperature (OT), oven to mould heat transfer 

coefficient (OMHTC) and the interaction between these two factors. The other two
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factors pmlAHTC and MCFHTC are considered significant, but not as much as the 

first two. The MCFHTC effect can be explained, as discussed previously, by the fact 

that as its value increases, the thermal inertia in the system (mould and polymer) will 

be dissipated faster, for that reason the mould needs to stay in the oven for longer 

time to allow the internal air to reach 200°C which, in turn, leads to shorter Tp.

The effect of OT is more significant than the effect of OMHTC on Tp. The effect 

graphs in Figures (5.21), (5.22), (5.23) and (5.24) give clearer evidence for this 

observation. The negative and positive signs represent the factor’s low and high 

values respectively.

Effect Graph

DESIGN-EXPERT Plot

Actual Tp

Caution: Factor involved in interaction

OMHTC

Figure 5.21: Effect of OMHTC on Tp
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Actual Tp

Effect Graph

prrfAHTC

Figure 5.22: Effect of pmlAHTC on Tp

Effect Graph

DESIGN-EXPERT Plot

Actual Tp

Caution: Factor involved in interaction

OT

Figure 5.23: Effect of OT on Tp

167



Chapter 5 Results and Discussion

Interaction Graph
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Figure 5.24: The interaction between OMHTC & OT and its effect on Tp

Figures (5.21) and (5.23) show how Tp is sensitive to variation in these two variables 

within the specified range. The I-beam symbol on the graphs, which depicts the 95% 

confidence interval for the plotted points, is an error bar and indicates the 

significance of the factors studied.

The effect of OMHTC on Tp in Figure (5.21) is larger than that of OT as shown in 

Figure (5.23). This supports the significance order of these two factors that was given 

in Figure (5.20).

Figure (5.24) shows the interaction graph between the OMHTC and OT that was 

predicted as a significant factor in its effect on Tp. Inspection of the interaction 

indicates that changes in OMHTC produces a much larger change in Tp at low OT 

setting than that at high setting. The same observation can be made for the OT where 

a much larger change in Tp is produced due to changes in OT at a low OMHTC 

setting than at a high setting. In general, increasing the oven temperature and the 

oven to mould heat transfer coefficient results in decreasing the time needed for the 

internal air to reach a maximum of 200°C. The shortest time was achieved at both 

high OT and OMHTC settings.
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The ANOVA technique assists in expressing the results quantitatively. The 

relationship between the significant factors that were given in Figure (5.20) is 

characterised by a mathematical model called a regression model. The given 

predictive equation is:

7; =1171.67-10.86 xOM/ZTC-7.5 x pmlAHTC

- 0.073 x MCFHTC -1.9x07 + 0.021 x OMHTC xOT (5.1)

To avoid any miscalculations due to extrapolations, only specific factor levels within 

the selected ranges can be used to predict the response Tp.

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response Tp.

5.2.1.2 The Response Tc

Half Normal plot

DESIGN-EXPERT Plot 
Tc

A: OMHTC !

B: pmlAHTC ;
C: MCFHTC 
D: OT ;

Figure 5.25: Half normal probability plot for Tc - 4 factors

Figure (5.25) shows the factors ordered according to their significance. Contrary to 

what is shown in Figure (5.20), the MCFHTC plays a vital role in reducing the
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overall cycle time (Tc). The OT, OMHTC and their interaction are still considered 

significant factors but not as much as the contribution of the MCFHTC.

DESIGN-EXPERT Plot

Actual Tc

Effect Graph

Caution: Factor involved in interaction

OMHTC

Figure 5.26: Effect of OMHTC on Tc

DESIGN-EXPERT Plot

Actual Tc

Effect Graph

MCFHTC

Figure 5.27: Effect of MCFHTC on T(
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DESIGN-EXPERT Plot

Actual Tc

Effect Graph

Caution: Factor involved in interaction

Figure 5.28: Effect of OT on Tc

Figures (5.26), (5.27) and (5.28) illustrate the effects of the three most significant 

factors on Tc. It is clear from Figure (5.27) that the most significant effect is caused 

by the MCFHTC, where increasing its value from a low level (negative) to a high 

level (positive) of the selected range reduces Tc by approximately 48%.

Figures (5.26) and (5.28) show once again the influence of the OMHTC and OT on 

reducing Tc. The effect of OT is still more obvious than the OMHTC within the 

selected ranges, as observed with the response Tp. An increase of OMHTC value 

from the low level to the high level of the selected range reduces Tc by 

approximately 13%, while the reduction is approximately 18% if the OT increases 

from the low level to the high one. The dominance of the OT factor between these 

two factors can be explained by considering the two selected ranges, where the OT 

range is wide and covers the most common temperatures used in industry. The 

OMHTC range covers mostly the heat transfer coefficient values that can be 

achieved by forced air convection mode. It is clear from the previous results that the 

variation of OT factor within its selected range is more efficient and has more 

influence on Tp and Tc than the alteration of OMHTC. Higher heat transfer values
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can be obtained by utilising other fluids, such as hot water, oil...etc., which might 

result in a larger effect on Tc than the OT factor.

The interaction graph between these two factors is shown in Figure (5.29).

Interaction Graph

DESIGN-EXPERT Plot i o85.2

Actual Tc
964.5

843.8 —

£

723.1 —

602.4 —

48 1.7 —

361 —

A- A+

Interaction of AOMHTC and DOT

Figure 5.29: The interaction between OMHTC & OT and its effect on Tc

The mathematical model that was predicted by ANOVA to quantitatively 

characterise the relationship between the significant factors that were given in Figure 

(5.25) is given by Equation (5.2):

=2000.21-11.47 xOM/ZTC-14.59 x pmlAHTC

- 2.79 x MCFHTC - 2.03 xOT + 0.022 x OMHTC x OT (5.2)

To avoid any miscalculations due to extrapolations, only specific factor levels within 

the selected ranges can be used to predict the response Tc.

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response Tc.
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5.2.1.3 The Response SD

Half Normal plot

DESIGN-EXPERT Plot

SD 99 -

|
A: OMHTC | 97 -

■d
B: pmlAHTC J" 95 -

C: MCFHTC |
D: OT | 90 - ■ad

85 -£
80 -
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Effect

Figure 5.30: Half normal probability plot for SD - 4 factors

Figure (5.30) shows that only two factors, together with their interaction, have the 

most significant effect on the plastic polymer thickness distribution, defined by the 

standard deviation of thickness (SD). This result is expected because the wall 

thickness uniformity is determined during the powder melting period, whereas once 

the powder has been melted, either of the studied factors have no effect in varying 

the already shaped plastic wall. This graph reveals an interesting result as the 

predicted significant factors are similar to those predicted in Figure (5.20) for the 

response Tp. However, the effect is opposite in the two cases, because the lower the 

SD response the better wall uniformity would be produced. These effects are shown 

in Figures (5.31) and (5.32).
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Effect Graph

Actual SD

Figure 5.31: Effect of OMHTC on SD

Actual SD

Effect Graph

Figure 5.32: Effect of OT on SD

The effects of these two factors are similar and there is not a big effect in reducing 

standard deviation. The effects shown in Figures (5.31) and (5.32) have an opposite 

trend to what is shown in Figures (5.21) and (5.23) for the OT and OMHTC factors.
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In these cases, increasing these to factors from the low level to the high level in the 

selected range results in reductions in Tp and at the same time affects the wall 

thickness distribution negatively. Therefore both responses are significantly sensitive 

to the same factors but in a contrary manner.

Figure (5.33) show the interaction effect graph of OT-OMHTC on the response SD.

Interaction Graph

DESIGN-EXPERT Plot 0.972 -

Actual SD
0.952833 —

0.933667 —

^ 0.9 145 —

0.895333 —

0.876167 —

0.857 —

A- A+

Interaction of AOIVf-fTC and DOT

Figure 5.33: The interaction between OMHTC & OT and its effect on SD

From Figure (5.33) it is evident that the minimum standard deviation of wall 

thickness is achieved when OT and OMHTC are both at a low level, which 

contradicts what was observed for their interaction effect on Tp. Again it can be seen 

from the same graph that the effect of OT is more significant when OMHTC factor is 

at low level.

The mathematical model that was predicted by ANOVA to quantitatively 

characterise the relationship between the significant factors, is given by Equation 

(5.3):
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SZ) = 0.28 + 9.79 x 10-3 x OA///rC +1.55 x 10"3 x 6>r - 2.196 x 1 (T5 x OM//rCx Or

(5.3)

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response SD.

5.2.2 Interaction of the Seven Factors

The seven factors that were investigated in this study were:-

a) Oven temperature (OT).

b) Mould to cooling fluid heat transfer coefficient (MCFHTC).

c) Polymer melt to internal air heat transfer coefficient (pmlAHTC).

d) Mould wall thickness.

e) Polymer material.

f) Oven to mould heat transfer coefficient (OMHTC).

g) Mould material.

The selected ranges of OT, MCFHTC, pmlAHTC and OMHTC factors were the 

same as those chosen in Section (5.2.1). Of the other three factors, two of them were 

categorical and the third was numerical. The selection of the low and high levels of 

each of the new factors was based on the results obtained in Section (5.1).

The investigated factors and their low and high levels are shown in Table (5.9).

Table 5.11: The processing factors investigated and their levels (2-level factorial design)
Factor Processing Parameter Low Level High Level

A Oven Temperature (OT). °C 280 450

B Mould to Cooling Fluid Heat Transfer 
Coefficient (MCFHTC). W/m2.°C 40 200

C Polymer Melt to Internal Air Heat Transfer 
Coefficient (pmlAHTC). W/m2.»C 1.5 5

D Mould Wall Thickness, mm 1.5 8
E Polymer Material Grade. Grade T Grade 2*

F Oven to Mould Heat Transfer Coefficient 
(OMHTC). W/m2.°C 40 70

G Mould Material. Steel” Aluminium”
polymer grades properties are given in Table (4.1)

** mould materials thermophysical properties are given in Table (4.2)
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The selected responses of the rotomoulding process were:-

a) The time (in seconds) for the internal air to reach 200°C (Tp).

b) The overall cycle time (in seconds) needed to reach an internal air 

temperature of 60°C (Tc).

c) Standard deviation of final part wall thickness in mm (SD).

A 2-level, !4 fractional factorial design was utilised to investigate the aforementioned 

factors. This design required 32 experiments (or simulation runs) to complete the 

analysis. In this type of design some interactions are confounded with other 

interactions particularly the three level and higher interactions. All three level and 

higher interactions are assumed to be insignificant. This is a common assumption 

when dealing with this type of statistical investigation.

The design layout of seven factors and the outputs of each combination between 

these factors that were obtained by RotoSim are shown in Tables (5.12) and (5.13).

Table 5.13: Design layout of the seven factors investigated
Run

Number
Factor A 

(OT)
Factor B 

(MCFHTC)
Factor C 

(pmlAHTC)
Factor D 
Mould 

Thickness

Factor E 
Polymer 
Grade

Factor F 
(OMHTC)

Factor G 
Mould 

Material
1 450 200 5 1.5 Grade 2 40 Steel
2 280 200 5 1.5 Grade 2 70 Aluminium
3 280 40 1.5 8 Grade 1 40 Steel
4 280 200 1.5 8 Grade 1 70 Aluminium
5 450 200 5 8 Grade 2 70 Aluminium
6 280 40 1.5 8 Grade 2 40 Aluminium
7 450 40 1.5 1.5 Grade 1 40 Steel
8 450 40 5 1.5 Grade 1 70 Steel
9 280 200 5 8 Grade 1 40 Aluminium
10 450 40 1.5 8 Grade 1 70 Aluminium
11 280 200 5 1.5 Grade 1 70 Steel
12 280 200 1.5 1.5 Grade 1 40 Steel
13 450 200 1.5 8 Grade 2 40 Aluminium
14 450 200 1.5 1.5 Grade 1 70 Aluminium
15 450 200 1.5 1.5 Grade 2 70 Steel
16 280 40 5 1.5 Grade 2 40 Steel
17 280 200 5 8 Grade 2 40 Steel
18 280 200 1.5 8 Grade 2 70 Steel
19 280 200 1.5 1.5 Grade 2 40 Aluminium
20 450 40 5 8 Grade 2 40 Steel
21 280 40 5 8 Grade 1 70 Steel
22 450 40 5 1.5 Grade 2 70 Aluminium
23 450 40 1.5 1.5 Grade 2 40 Aluminium
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continue Table 5.13...

Run
Number

Factor A 
(OT)

Factor B 
(MCFHTC)

Factor C 
(pmlAHTC)

Factor D 
Mould 

Thickness

Factor E 
Polymer 
Grade

Factor F 
(OMHTC)

Factor G 
Mould 

Material
24 450 40 5 8 Grade 1 40 Aluminium
25 280 40 1.5 1.5 Grade 1 70 Aluminium
26 280 40 5 8 Grade 2 70 Aluminium
27 450 200 5 1.5 Grade 1 40 Aluminium
28 450 200 5 8 Grade 1 70 Steel
29 280 40 5 1.5 Grade 1 40 Aluminium
30 450 40 1.5 8 Grade 2 70 Steel
31 280 40 1.5 1.5 Grade 2 70 Steel
32 450 200 1.5 8 Grade 1 40 Steel

* the rest of the heat transfer coefficients were kept at the reference values as given in 
Section (5.1)

Table 5.14: Simulation outputs of seven factors 2-leve !4 factorial design
Run Number Response

(TP)
Response

(To)
Response

(SD)
1 206.4 385.1 0.969
2 225.6 399.1 0.836
3 1072.9 2540.3 0.616
4 463.9 789.8 0.902
5 259.8 543.0 1.004
6 832.7 1984.8 0.526
7 224.8 805.4 0.96
8 164.3 718.5 0.961
9 760.1 1067.1 0.71
10 290.9 1393.4 0.995
11 211.7 391.6 0.96
12 355.4 567.5 0.864
13 405.9 716.6 0.798
14 146.5 354.8 0.946
15 174.4 387.8 1.07
16 388.1 996.1 0.62
17 1085.6 1454.6 0.48
18 647.6 1034.6 0.607
19 362.7 567.4 0.63
20 501.8 1988.3 0.706
21 602.9 2055.1 0.829
22 162.8 690.6 1.05
23 219.9 779.5 0.987
24 355.1 1451.6 0.962
25 227.1 747.7 0.955
26 470.7 1609.1 0.677
27 166.8 331.7 0.943
28 298.9 664.5 0.998
29 284.5 790.0 0.865
30 371.6 1861.3 0.922
31 282.1 903.9 0.827
32 505.5 898.7 0.912
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The plot of half normal probability and the effect graphs produced from the statistical 

analysis using the Design-Expert are shown in the following sub-sections. The 

analyses were performed by considering one response at a time.

5.2.2.1 The Response Tp

DESIGN-EXPERT Plot

Tp

A: OT 
B: MCFHTC 

CpmlAHTC 
D: Mould Thiclotess 

E: Polymer Grade 
F: OMHTC 

G: Mould Material

Half Normal plot

Effect

Figure 5.34: Half normal probability plot for Tp - 7 factors

From Figure (5.34) it can be seen that mould thickness is the most significant factor 

in reducing Tp. By comparing this data with Figure (5.20), OT and OMHTC have the 

same order of significance in influencing Tp, but they were replaced by the mould 

thickness factor as the most significant factor. Another main factor and two 

interactions effects have shown their significance over the OT-OMHTC interaction. 

These are the mould material factor and the OT-mould thickness and OMHTC- 

mould thickness interactions. Figures (5.35), (5.36) and (5.37) show the individual 

effects of the three most significant factors, D, A and F.
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Effect Graph

DESIGN-EXPERT Plot

Actual Tp

Caution: Factor involved in intetaction

Mauld Thickness

Figure 5.35: Effect of Mould Thickness factor on Tp

Actual Tp

Effect Graph

Figure 5.36: Effect of OT on Tp
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Actual Tp

Effect Graph

Figure 5.37: Effect of OMHTC on Tp

From Figure (5.35), it is evident that decreasing the mould thickness value from its 

high level (8mm) to its low level (1.5mm) reduces Tp by approximately 57%, while 

increasing the OT and OMHTC results in an approximate reduction of 46% and 35% 

respectively. This suggests that the mould thickness is the most significant factor.

Figure (5.38) illustrates the most significant interaction effect, which is the OT- 

mould thickness interaction.
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Interaction Graph

DESIGN-EXPERT Plot loss.6- 

Actual Tp
929.083 —

772.567 —

£̂
 616.05 —

459.533 —

303.017 —

146.5 —

A- A+

Interaction of ACTT and D.tvbuld Thickness

Figure 5.38: The interaction between OT & mould thickness and its effect on Tp

Increasing the OT from its low level to its high level, with a thicker mould, produces 

a larger effect than if a very thin mould is used. However, the greatest reduction is 

achieved when the OT is at a high level and the mould thickness factor is at a low 

level (very thin).

The other significant interactions are shown in Figures (5.39) and (5.40).
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Interaction Graph

Actual Tp

Interaction of [>Mould Thickness and FiOfvf TRT

Figure 5.39: The interaction between OMHTC & mould thickness 
and its effect on T„

DESIGN-EXPERT Plot 1085.6 

Actual Tp
929.083

772.567
fS-
^ 616.05

459.533

303.01 7

146.5

Figure 5.40: The interaction between OT & OMHTC and its effect on Tp

Interaction Graph

Interaction of AOT and F:OMHTC

The previous two figures show that the OMHTC and OT should be towards their 

high level to achieve significant reductions in Tp, while it is the opposite for the
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mould thickness. This is expected because the higher the OMHTC and OT and the 

lower the mould thickness values, the higher the heat transfer rates would be into the 

system.

The mathematical equations that were predicted by ANOVA to quantitatively 

characterise the relationship between the significant factors are:

Polymer Grade 1 & steel mould material
Tp = 1140.86 - 2.24 x OT - 0.79 x MCFHTC - 25.87 x pmlAHTC

+ 204.7 x mXhickness -12.69 x OMHTC - 0.23 x OT x mXhickness 
+ 0.032 x OT x OMHTC + 0.17 x MCFHTC x pmlAHTC
- 2.08 x pmlAHTC x mXhickness - 0.96 x mXhickness x OMHTC (5.4)

Polymer Grade 1 & aluminium mould material
Tp = 989.0 -1.82 x Or - 0.79 x MCFHTC - 25.87 x pmlAHTC

+184.78 x mXhickness -12.69 x OMHTC - 0.23 x OT x mXhickness 
+ 0.032 x Or x OMHTC + 0.17 x MCFHTC x pmlAHTC
- 2.08 x pmlAHTC x mXhickness - 0.96 x mXhickness x OMHTC (5.5)

Polymer Grade 2 & steel mould material
Tp = 1129.03 - 2.24 xOT- 0.43 x MCFHTC - 25.86 x pmlAHTC

+193.48 x mXhickness -12.69 x OMHTC - 0.23 x OT x mXhickness 
+ 0.032 x Or x OMHTC + 0.17 x MCFHTC x pmlAHTC 
+1.27 x pmlAHTC x mXhickness - 0.96 x mXhickness x OMHTC (5.6)

Polymer Grade 2 & aluminium mould material
rp =977.17-1.82 x Or-0.43 xMOT/rC-25.86 x pmlAHTC

+ 173.56 x mXhickness -12.69 x OMHTC - 0.23 x OT x mXhickness 
+ 0.032 x Or x OMHTC + 0.17 x MCFHTC x pmlAHTC 
+1.27 x pmlAHTC x mXhickness - 0.96 x mXhickness x OMHTC (5.7)

To avoid any miscalculations due to extrapolations, only specific factor levels within 

the selected ranges can be used to predict the response Tp.

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response Tp.
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5.2.2.2 The Response Tc

DESIGN-EXPERT Plot

Tc

A: OT 

B: MCFHTC 

C: pmlAHTC 

D: Mould Thickness 

E: Polymer Grade 

F: OMHTC 

G: Mould Material

Half Normal plot

382.38 573.57 764.76

Figure 5.41: Half normal probability plot for Tc - 7 factors

Once more the mould thickness shows its vital role in reducing Tc. The mould 

thickness, MCFHTC and their interaction are the most significant factors in 

achieving significant reductions. Other important factors are the OT, mould material 

and OMHTC and the interactions, mould thickness-mould material, OT-mould 

thickness and OMHTC-mould thickness.

The effects of mould thickness factor, MCFHTC and their interaction are shown in 

Figures (5.42), (5.43) and (5.44).

Varying the mould thickness from its high level in the selected range to its low level 

reduces Tc by approximately 55%, while varying the MCFHTC reduces it by 

approximately 50%.
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DESIGN-EXPERT Plot

Actual Tc

Effect Graph

Caution: Factor involved in interaction

Mould Thickness

Figure 5.42: Effect of mould thickness on Tc

Effect Graph

DESIGN-EXPERT Plot

Actual Tc

Caution: Factor involved in interaction

2172.2 —

rvtFPnc

Figure 5.43: Effect of MCFHTC on Tc
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Interaction Graph

DESIGN-EXPERT Plot 2540.3

Actual Tc
2 1 72.2

1804.1
£̂

 1436

1067.9

699.8

33 1.7

B- B+

Interaction of B:IVCFHTC and D:Mould Thickness

Figure 5.44: The interaction between MCFHTC & mould thickness 
and its effect on Tc

With the mould thickness at its high level, varying the MCFHTC within its range 

produces a larger effect than when it is varied with thinner moulds. However, the 

maximum reduction in Tc is achieved when the MCFHTC is at a high level and the 

mould thickness factor is at a low level. In essence, this is what is required for 

improving the heat transfer rate either into or out of the system.

The OT, mould material and OMHTC have significant effects on Tc but less than the 

first two factors. The reductions achieved by these three factors are approximately 

22%, 19% and 16% respectively. The interaction effects of each of these factors with 

the mould thickness factor are considered significant. These graphs are shown in 

Figures (5.45), (5.46) and (5.47).
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DESIGN-EXPERT Plot

Actual Tc

Interaction Graph

Interaction of DMould Thickness and GMould Material

Figure 5.45: The interaction between mould thickness & mould material 
and its effect on Tc

From Figure (5.45) it can be seen that the effect of mould material becomes more 

significant in favour of aluminium as the mould thickness increases. This is because 

of the lower heat capacity and higher thermal diffusivity for the aluminium. The 

difference in the reciprocal time constant (shown in Table 5.1) between the 

aluminium and steel for a thicker mould wall value is proportionally higher than that 

for a thin mould value. Since the mould temperature distribution is calculated 

exponentially (Equation 2.11), any small proportional changes would result in faster 

heating and cooling rates. This explains why the effect difference between steel and 

aluminium is becoming larger with increasing mould wall thickness.
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Interaction Graph

DESIGN-EXPERT Plot 2

Interaction of ArOT and D.lVbuld Thickness

Figure 5.46: The interaction between OT & mould thickness and its effect on Tc

Actual Tc

Interaction Graph

Interaction of DMould Thickness and FiOMITTC

Figure 5.47: The interaction between mould thickness & OMHTC 
and its effect on Tc

From Figures (5.46) and (5.47) the maximum reduction in Tc is achieved at low level 

mould wall thickness while OT and OMHTC are at high level.
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The mathematical equations that were predicted by ANOVA to quantitatively 

characterise the relationship between the significant factors are:

Polymer Grade 1 & steel mould material
Tc = 1773.34 - 2.52 xOT- 2.55 x MCFHTC - 39.46 x pmlAHTC

+ 349.23 x mXhickness -12.73 x OMHTC - 0.24 x OT x mlhickness 
+ 0.032 x OT x OMHTC + 0.14 x MCFHTC x pmlAHTC
- 0.56 x MCFHTC x m.thickness - 0.98 x m.thickness x OMHTC (5.8)

Polymer Grade l & aluminium mould material
Tc = 1505.09 - 2.13 x OT -1.45 x MCFHTC - 39.46 x pmlAHTC

+ 302.18 x m.thickness -12.73 x OMHTC - 0.24 x OT x m.thickness 
+ 0.032 xOTx OMHTC + 0.14 x MCFHTC x pmlAHTC
- 0.56 x MCFHTC x mXhickness - 0.98 x mXhickness x OMHTC (5.9)

Polymer Grade 2 & steel mould material
Tc = 1569.36 -1.98 x Or - 2.55 x MCFHTC - 23.12 x pmlAHTC

+ 349.23 x mXhickness -12.73 x OMHTC - 0.24 x OT x mXhickness 
+ 0.032 x Or x OMHTC + 0.14 x MCFHTC x pmlAHTC
- 0.56 x MCFHTC x mXhickness - 0.98 x mXhickness x OMHTC (5.10)

Polymer Grade 2 & aluminium mould material
Tc =\30\.\2-\.59 xOT-\AS x MCFHTC-23.\2x pmlAHTC

+ 302.18 x mXhickness -12.73 x OMHTC - 0.24 x OT x mXhickness 
+ 0.032 x Or x OMHTC + 0.14 x MCFHTC x pmlAHTC
- 0.56 x MCFHTC x mXhickness - 0.98 x mXhickness x OMHTC (5.11)

To avoid any miscalculations due to extrapolations, only specific factor levels within 

the selected ranges can be used to predict the response Tc.

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response Tc.
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5.2.2.3 The Response SD

DESIGN-EXPERT Plot 
SD

A: OT 

B: MCFHTC 

OpmlAHTC 

D: Mould Thickness 

E: Polymer Grade 

F: OMHTC 

G: Mould Material

Half Normal plot

Eflect

Figure 5.48: Half normal probability plot for SD - 7 factors

Figure (5.48) shows that OT, OMHTC and mould thickness are the most significant 

factors in reducing the response SD. These three factors are also the most significant 

factors in reducing the response Tp as shown in Figure (5.34). In this analysis, one 

more factor, the polymer material, and its interaction with OT are considered to have 

a significant effect on SD. The relation between the polymer material and the 

standard deviation of plastic wall thickness was observed and discussed in Section 

(5.1.1), where it was noticed that, with increasing the latent heat value of polymer 

material, the standard deviation of the wall thickness distribution decreases, which 

means better uniformity.

Figures (5.49), (5.50) and (5.51) illustrate the individual effects of most significant 

factors.
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Effect Graph

DESIGN-EXPERT Plot

Actual SD

Caution: Factor involved in interaction

667

or

Figure 5.49: Effect of OT on SD

Effect Graph

DESIGN-EXPERT Plot

Actual SD

F- F+

OTVHTC

Figure 5.50: Effect of OMHTC on SD

192



Chapter 5 Results and Discussion

Effect Graph

DESIGN-EXPERT Plot

Actual SD

IVtould Thickness

Figure 5.51: Effect of mould thickness on SD

It is evident that decreasing the OT and OMHTC from their high level to a low level 

produced reductions in SD of approximately 22% and 14% respectively. In Figure 

(5.51), the mould thickness again shows its importance in reducing the SD. This is 

similar to the other two responses, but this time with an opposing trend where 

decreasing its value from a high level to a low level (which produced reductions in 

Tp and Tc) results in approximately 14% increase in SD. This was observed in 

Section (5.2.1) while analysing the effects of four factors on the same responses.

From the previous results it is noticed that the significant factors that increase the 

heat transfer rates into the system (mould and polymer) and result in reducing Tp and 

Tc have the opposite effect on SD, whereas the higher the heat transfer rates, the 

worse the wall thickness uniformity would be.

Figure (5.52) shows the effect of polymer material. Varying the polymer material 

from Grade 1, which has lower latent heat value, to Grade 2 reduces the SD by 

approximately 11%. This result does not match the same trends as for the other two 

responses, where varying the polymer material to a higher latent heat values results 

in longer Tp and Tc.
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DESIGN-EXPERT Plot

Effect Graph

Polyrner Grade

Figure 5.52: Effect of polymer material on SD

The only significant interaction is the one between OT and polymer material. This 

graph is shown in Figure (5.53).

Interaction Graph

DESIGN-EXPERT Plot

Actual SD
1667

.873333

.676667

.578333

Interaction of AOT and E: Polymer Grade

Figure 5.53: The interaction between OT & polymer material 
and its effect on SD
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From Figure (5.53), the reduction in SD due to changing polymer material is more 

significant with OT at its low level rather than at a high level. The best reduction in 

SD is achieved by using polymer Grade 2 and a low level of OT. This observation 

does not agree with the requirements of reducing cycle times.

The following equations present the mathematical model that was created by 

ANOVA. These equations quantitatively characterise the relationship between the 

significant factors and their interactions.

Polymer Grade 1
SD = 0.49 + 7.176 x 1 O'4 x OF - 0.017 x mXhickness - 4.148 x 10~3 x OMHTC

(5.12)

Polymer Grade 2
SD = 0.03 +1.693 x 10 3 x OT - 0.017 x mXhickness - 4.148 x 10“3 x OMHTC

(5.13)

Appendix D includes the appropriate ANOVA calculations and validation figures 

and graphs of the predictive model for the response SD.

5.2.2.4 Confirmation Tests

The experimental design used to analyse and quantify the effects and predict the 

significance of the aforementioned seven factors was a 2-level, !4 factorial design. 

This type of design required 32 experiments (or simulation runs) instead of 128. 

Unlike the full factorial design, not every combination between the seven factors was 

investigated. As mentioned in Chapter 4, the accuracy in this type of factorial design 

is less acceptable, as some of the interaction effects are combined with the main 

factors effects.

In order to confirm that the conclusions drawn from the analysis are reliable, a 

confirmation simulation run was performed. The combination of settings of the
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factors that were used in the confirmation simulation was not included in the original 

design layout (Table 5.11). These settings are shown in Table (5.15).

Table 5.15: The processing parameters used in the confirmation simulation
Factor Processing Parameter High Level

A Oven Temperature (OT). °C 280

B Mould to Cooling Fluid Heat Transfer 
Coefficient (MCFHTC). W/m2.°C 200

C Polymer Melt to Internal Air Heat Transfer 
Coefficient (pmlAHTC). W/m2.°C 1.5

D Mould Wall Thickness, mm 8
E Polymer Material Grade. Grade 2

F Oven to Mould Heat Transfer Coefficient 
(OMHTC). W/m2.°C 40

G Mould Material. Aluminium

The mathematical models that were created by ANOVA to predict the responses Tp, 

Tc and SD are given in Equations (5.7), (5.11) and (5.13). The experimental error 

used by ANOVA in the predicted models occurred due to the insignificant factors 

and interactions that are not included in the model (three level and more 

interactions). This error is represented by the RMSE (root mean square error) which 

is the square root of the sum of squares of the insignificant interactions. The RMSE 

values for the various predictive models are given in Appendix D, Tables (D.4), 

(D.5) and (D.6).

The results of the confirmation simulation compared to the ones predicted by 

ANOVA are summarised in Table (5.16).

Table 5.16: Confirmation simulation results
Response RotoSim Results ANOVA Results

Tp(sec) 825.6 825.9 ± 15.41

Tc(sec) 1115.6 1092.7 ± 19.37

SD (mm) 0.53 0.53 ± 0.064

It can be seen that the RotoSim results lie within the experimental error range 

predicted by ANOVA. This supports the previous analyses conducted by the 

fractional factorial design.
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5.2.3 Optimisation of Two Processing Responses

From the previous results and analyses, it was noticed that the effects of the predicted 

significant factors on the responses Tc and SD oppose each other. The variation in 

the most significant factors (mould thickness, OT and OMHTC) that tends to reduce 

Tc, inversely affects the wall thickness distribution. Both outputs are considered very 

important to the rotomoulding process from an economics point of view, which 

means some type of compromise between these two responses is required. To 

achieve this, an optimisation of the two responses was performed.

The four factors having the most significant effect on both responses were 

investigated. These four factors were:-

a) Oven temperature (OT).

b) Oven to mould heat transfer coefficient (OMHTC).

c) Mould to cooling fluid heat transfer coefficient (MCFHTC).

d) Mould wall thickness.

The first step in the optimisation techniques is to analyse the responses to establish 

the appropriate model. This was done by utilising 2-level factorial design and then 

performing the analysis of variance (ANOVA) technique. Table (5.17) shows the 

investigated factors and their low and high levels.

Table 5.17: The investigated processing factors and their levels
Factor Processing Parameter Low Level High Level

A Oven Temperature (OT). °C 280 450

B Oven to Mould Heat Transfer Coefficient 
(OMHTC). W/m2.°C 40 70

C Mould to Cooling Fluid Heat Transfer 
Coefficient (MCFHTC). W/m2.°C 40 110

D Mould Wall Thickness, mm 2 5

As mentioned previously the two responses to be optimised were:

a) The overall cycle time (in seconds) needed to reach an internal air 

temperature of 60°C (Tc).
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b) Standard deviation of final part wall thickness in mm (SD).

A central composite design (CCD) was utilised. This design required 30 experiments 

(or simulation runs) to complete the analysis. Originally the number of experiments 

was 16 but taking into consideration the central design point and the axial points 

(shown in Figure 4.3) increased this to 30, which eliminated the necessity of linearity 

between the two levels of each factor.

The design layout of four factors and the outputs of each combination between these 

factors that were obtained by RotoSim are shown in Table (5.18).

Table 5.18: Design layout of the four factors investigated and the simulation outputs
Run

Number
Factor A 

(OT)
Factor B 

(OMHTC)
Factor C 

(MCFHTC)
Factor D

(Mould Thickness)
Response

(Tc)
Response

(SD)
1 365 25 75 3.5 1115.4 0.81
2 205 55 75 3.5 1910 0.618
3 280 70 40 5 1547.5 0.916
4 365 85 75 3.5 780.9 0.987
5 450 70 110 5 750.3 0.994
6 280 40 40 2 1112.1 0.862
7 280 70 110 5 943.1 0.916
8 450 40 40 2 930 0.972
9 280 40 110 5 1240.7 0.73
10 365 55 5 3.5 6479.4 0.981
11 280 40 110 2 766.1 0.862
12 450 70 40 2 884.2 0.969
13 450 40 110 2 578 0.972
14 365 55 75 0.5 508.7 0.928
15 280 70 110 2 622 0.965
16 450 70 40 5 1364.1 0.993
17 365 55 75 6.5 1200 0.94
18 365 55 75 3.5 845.6 0.981
19 450 40 40 5 1468.9 0.969
20 535 55 75 3.5 767.5 0.983
21 450 40 110 5 862.8 0.969
22 280 40 40 5 1835.7 0.73
23 365 55 145 3.5 654.8 0.981
24 450 70 110 2 528 0.968
25 280 70 40 2 969.2 0.965

An appropriate model was predicted by performing the analysis of variance 

(ANOVA). The ANOVA results represented by mathematical equations that 

quantitatively characterise the relationship between the four factors for each response 

and the validation figures and graphs are included in Appendix D.
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For numerical optimisation purposes, as discussed in Section (4.1.2), goals were set 

for each factor and response. These goals for the four factors involved, and the two 

responses, are shown in Table (5.19).

Table 5.19: T ie set goals and ranges for the factors studied and responses

Category Processing
Parameter Lower Limit Upper Limit Goal

Factor A OT 280 (°C) 450 (°C) in range
Factor B OMHTC 40 (W/m2.°C) 70 (W/m'.-C) in range
Factor C MCFHTC 40 (W/mi.°C) 110 (W/m2.0C) maximum
Factor D Mould Thickness 2 (mm) 5 (mm) minimum

Response 1 Tc 500 (sec) 6500 (sec) minimum
Response 2 SD 0.6 (mm) 1.0 (mm) minimum

In Table (5.19) the goal for MCFHTC was set at a maximum because this factor, as 

shown from the previous analysis, does not affect the SD while it is important for Tc. 

The mould thickness factor is a crucial parameter for determining Tc and SD, but it is 

more important for Tc (Figures 5.41 and 5.48). For that reason its goal was set at the 

minimum. The OT and OMHTC are both significant factors for the two investigated 

responses but they are more crucial in determining the wall thickness uniformity. The 

goals for these two factors were set to be within the specified range and not at the 

minimum value to give a chance for any compromise or optimum predicted 

conditions between Tc and SD.

Both Tc and SD are important in determining the competitiveness of the 

rotomoulding process from a productivity and quality point of view. For that reason 

their goals were set to minimum.

In order to attain the desirability, the optimisation process begins at random values 

for each response and calculates the desirability at that point. The process continues 

until a maximum value of the desirability is reached taking into consideration the set 

goals for each factor and the response. A desirability function equal to 1 means all 

the response goals are met perfectly. However, in reality this is unlikely to be 

achieved.
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After performing the analysis and the calculations with the aid of the Design-Expert® 

Software, the highest achievable value for the desirability was (0.78). The optimum 

values of the various factors to achieve this desirability and the predicted Tc and SD 

values are shown in Table (5.20)

Table 5.20: T ic optimum values of factors studied and the responses predicted

Category Processing
Parameter Optimum Value Predicted

Value Desirability

Factor A OT 280 (°C)
Factor B OMHTC 40 (W/m/.°C)
Factor C MCFHTC 110 (W/m2.°C) 0.78Factor D Mould Thickness 2 (mm)

Response 1 Tc 747.4 (sec)
Response 2 SD 0.85 (mm)

Figures (5.54), (5.55), (5.56) and (5.57) illustrate 3-D surface graphs for the overall 

desirability plotted against the four factors studied.

Figure 5.54: Effect of OT and MCFHTC on desirability

Figure (5.54) shows how the desirability varies with the factors OT and MCFHTC. 

The desirability decreases drastically to zero as the MCFHTC factors decreases to its
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lower limit, while this is not the case with the OT factor, where the desirability does 

not decrease sharply as the OT increases to its upper limit. It can be noticed that the 

variation in any factor value, that considerably increases the response Tc, has a 

significant effect on reducing the desirability more than the variation that results in 
SD increase.

This trend can be seen again in Figure (5.55). The increase in mould thickness leads 

to longer cycle times, lower SD values and consequently to lower desirability values, 

particularly at values near its upper limit where its value is approximately zero. 

Conversely, the increase in OT, which leads to shorter cycle times and higher SD 

values, results in a small reduction in the desirability value (> 0.66).

DESIGN-EXPERT Plot

280.00

OT

Figure 5.55: Effect of OT and mould thickness on desirability
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Figure 5.56: Effect of OT and mould thickness on desirability

Figure (5.56) shows the effect of varying OT and OMHTC on desirability. Increasing 

both factors towards their upper limits led to significant reduction in desirability. 

This can be attributed to the considerable increase in SD values.

It can be seen from Figures (5.54), (5.55) and (5.56) that the factor OT at its upper 

limit did not achieve the highest desirability. Although the OT is a significant factor 

in reducing cycle times, it is simultaneously a significant factor in increasing SD 

values. Therefore, the increase in SD values affected negatively the overall 

desirability because the goal of SD in this analysis was to be kept as minimum as 

possible within its range.

Figure (5.57) shows the sensitivity of the desirability to variations in mould thickness 

and MCFHTC factors. It is obvious that both factors have a big effect on the 

desirability where it decreases sharply to zero at the lower limit of MCFHTC and the 

upper limit of mould thickness. The highest desirability was achieved at MCFHTC 

and mould thickness values that resulted in shortest cycle times.
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Figure 5.57: Effect of mould thickness and MCFHTC on desirability

Both responses (Tc and SD) play a vital role in improving the rotomoulding process, 

and from the previous optimisation results and Figures it is clear how difficult it is to 

achieve very low SD values accompanied with very short cycle times. In order to 

attain the desirable optimum conditions from the economic and quality point of view, 

one of the responses should be sacrificed. From the previously discussed 3-D graphs, 

it is apparent how the desirability is more sensitive to the variations that affect the Tc 

negatively when compared with the SD response.

5.3 Effect of Rotation Speed Ratios, Rotation Speed Reversal and Mould 

Offset on Cycle Times and Wall Thickness Uniformity

In this Section the theoretical results of a large number of rotation ratio/speed 

combinations and their effects on cycle times and wall thickness distribution 

uniformity are discussed. Further theoretical investigation of the combined effect of 

rotation speed reversal and mould offset on the same process outputs is also 
presented.
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5.3.1 Effect of Rotation Speed/Ratio on Cycle Times and Wall Thickness 

Distribution

The main purpose of this study was to find out if rotation ratio could be altered in 

such a way to minimise cycle times as well as maximise wall thickness uniformity. 

Various rotation speed ratios were chosen, including integer and fractional values for 

both arm and plate rotation speeds.

The moulding conditions were, as mentioned in Section (4.12), similar to those that 

produced the shortest cycle time in the DOE analyses of seven factors (Table 5.14). 

All other heat transfer coefficients were maintained at the reference values given in 

Section (5.1).

Three major changes were necessary during the simulation runs. The first was the 

use of a maximum internal air temperature of 225°C instead of 200°C, the second 

was the demoulding temperature (the end of overall cycle) that was 45°C rather than 

60°C, and the third was the reduction of polymer shot weight to 1.6kg instead of 2kg. 

These changes were necessary to allow for complete powder melting and complete 

solidification for all of the chosen rotation speeds and speed ratios.

All rotation speed/ratio combinations and the predicted results are shown in a Table 

included in Appendix E, while the following figures illustrate graphically the effect 

of the same rotation speed/ratio combinations on cycle times and wall thickness 

distribution. The speed ratio is always arm speed to plate speed (arm/plate).
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Figure 5.58: Predicted overall cycle times as a function of arm rotation speed

445 -

435 -

incomplete final 
wall structure 

of moulded parts

345 -

Plate Speed (rpm)

speed ratio 0.25 speed ratio 0.31 peed ratio 0.5 ;peed ratio 0.63 peed ratio 0.75

Figure 5.59: Predicted overall cycle times as a function of plate rotation speed

Figures (5.58) and (5.59) show the effect of rotation speed on overall cycle times, the 

higher rotation speeds produced shorter cycle times. The first Figure covers a wide 

range of rotation speed ratio in which the numerator is fixed and its value is one of 

the stated four main speeds (4, 8, 16 & 24) while the denominator varies. In Figure 

(5.59) the denominator is fixed and its value is one of the stated four speeds while the
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numerator varies. The thin dashed curves in Figure (5.58) represent the ratios less 

than 1.

From Figure (5.58) it can be seen that at high arm rotation speeds, particularly 16 and 

24rpm, the differences between the curves that represent various rotation speed ratios 

become negligible. The same can be observed for the results shown in Figure (5.59).

The reduction in cycle times, as shown in Figures (5.58) and (5.59), decreases as the 

main rotation speed (whether it is the arm or the plate) increases, whereas for the 

majority of investigated rotation ratios there is no difference between the speeds 16 

and 24rpm.

The reductions in cycle times obtained, which are shown graphically in Figures 

(5.58) and (5.59), are summarised in Tables (5.21) and (5.22). The percentage values 

in the Table below were calculated for rotation speeds 8, 16 & 24 rpm relative to a 

speed of 4rpm.

Table 5.21: Predicted reduction in overall cycle times for different arm rotation speeds
Rotation Speed Reduction (or increase) in overall cycle time (%)

Ratio Arm Rotation Arm Rotation Arm Rotation Arm Rotation
(arm/plate) Speed 4 rpm Speed 8 rpm Speed 16 rpm Speed 24 rpm

0.25 / -2.2 -2.8 -2.8
0.4 / -3.5 -5 -5.2
0.5 / + 21.7 + 21.7 + 21.6

0.63 / -4.7 -6.7 -7
0.75 / -4.4 -6.8 -6.8

1 / -4.5 + 10.5 + 10.4
1.3 / -5 -7.7 -8
1.6 / -5.5 -8.5 -8.8
2 / -5.4 -8.9 -9.3

2.29 / -5.9 -8.9 -9.3
2.67 / -5.9 -8.9 -9.3
3.2 / -6 -9.1 -9.5

3.64 / -5.9 -8.8 -9.1
4 / -5.4 -8.9 -9.2

5.3 / -5.7 -8.8 -9.1
1. minus sign indicates reduction in cycle times
2. plus sign indicates increase in cycle times.
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Table 5.22: Predicted reduction in overall cycle times for different plate rotation speeds
Rotation Speed Reduction (or increase) in overall cycle time (%)

Ratio Plate Rotation Plate Rotation Plate Rotation Plate Rotation
(arm/plate) Speed 4 rpm Speed 8 rpm Speed 16 rpm Speed 24 rpm

0.25 / -6.5 - 11.6 - 12.9
0.31 / - 12.1 - 16.3 - 17.6
0.5 / -9.2 + 10.5 + 10.5

0.63 / -4.5 -8.4 -9.5
0.75 / -5.3 -8.5 -9.2

1. minus sign indicates reduction in cycle times
2. plus sign indicates increase in cycle times.

The figures in Tables (5.21) and (5.22) show that there are significant reductions as 

the arm rotation speed increases from 4 to 8 and 16rpm, if compared to the 

differences between the rotation speeds 16 and 24rpm.

The reduction in cycle times due to rotation speed can be explained as follows. The 

first reason is connected to the thermal conditions at the boundary of the mould with 

either heating or cooling fluid. The second is related to the frequency of contact 

between the moving mould surfaces and the powder pool. Firstly, a heat transfer 

coefficient is a function of many factors, among which is the speed of the boundary 

layer that is in contact with the outer surface of the mould. The higher the speed of 

the fluid the more efficient is the heat transfer. Secondly, the higher the speed of 

mould rotation the greater is the chance for any part of the mould wall to visit the 

powder pool.

In the case studied, due to one of the assumptions made in RotoSim, which considers 

the heat transfer coefficient between the mould and either cooling or heating fluid as 

a fixed value, the abovementioned first reason does not explain reductions in cycle 

times. The actual reason can be attributed to the relation between the mould surface, 

the powder pool and how fast the mould is rotating. This latter reason implied that 

the reductions were mainly achieved during the heating period and partly during the 

cooling stage of the cycle.

Figures (5.60) and (5.61) illustrate the differences between the heating and cooling 

periods for the full range of rotation speed ratios.
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Figure 5.60: Predicted oven times as a function of arm rotation speed
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Figure 5.61: Predicted cooling times as a function of arm rotation speed

From Figures (5.60) and (5.61), it is evident that most of the reduction in cycle times 

took place during the heating period. The reduction in cooling periods can be 

attributed to the fact that higher rotation speeds resulted in shorter oven times, which 

meant lower mould temperature at the beginning of the cooling stage and 

consequently contributed to shorter cooling times.
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For example comparing the two rotation speeds 8 and 24rpm, within a fixed period 

of time, the surfaces of a mould rotating at 24rpm will come into the powder pool 

three times more frequently than the same mould rotating at speed 8rpm. This allows 

more powder to adhere to the wall once it is at or above the powder melting 

temperature. Consequently, the powder melting period is shortened and the 

maximum internal air temperature is reached earlier. Figure (5.62) shows the internal 

air temperature profiles for four main arm speeds having the same rotation ratio, 4.

-----arm speed 4rpm

arm speed 8rpm

---- arm speed 16rpm

arm speed 24rpm

140

120

Time (s)

Figure 5.62: Predicted internal air temperature profiles as a function of time for four 
different arm speed values but same rotation ratio.

The difference in powder melting periods between the four speeds is clear from 

Figure (5.62). It can be seen that once a certain value of rotation speed is achieved 

(in this case 16rpm), there is little benefit to be gained from further increases. The 

reason for that is related to the properties of the polymer, particularly the melting 

temperature and the latent heat of fusion, where it is impossible to shorten the 

melting period to just very few seconds because a certain amount of energy must be 

absorbed by the powder. Whatever the heat transfer rates are, there is a lower limit to 

the length of this period, which is dependant on the nature of the powder. This is 

apparent from Equations (2.18) and (2.19) where the velocity of the melt-powder 

interface during the heating period is not only a function of temperature, but also a
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function of powder density, powder latent heat of fusion, powder and melt thermal 

conductivities.

The variations in the length of the heating period for the mouldings shown in Figure 

(5.62) resulted in a higher mould temperature at the beginning of the cooling period 

for low arm speeds, particularly for 4rpm. The mould temperature differences are 

shown in Figure (5.63). These differences are believed to be the reason for achieving 

shorter cooling periods for high rotation speeds.

arm speed 4rpm

---- arm speed 8rpm —

arm speed 16rpm 

---- arm speed 24rpm —

160 -

140 -

120 -

100 -

60 --

20

Time (s)

Figure 5.63: Predicted mould temperature profiles as a function of time for four 
different arm speed values but same rotation ratio.

The dotted thick lines in Figures (5.58), (5.59), (5.60) and (5.61) represent the speed 

ratios 0.5 and 1. The cycle times are particularly long and the final parts structurally 

incomplete as some areas of the mould do not visit the powder pool at the bottom of 

the mould. The length of cycle times can be attributed to the poor wall thickness 

distribution resulting from overlapping and tracking of the same powder path. This 

wall thickness disparity led to longer times to heat the thick parts and to cool them 

down beyond the solidification period. Figures (5.64) and (5.65) show examples of 

incomplete moulded parts as predicted by RotoSim.

210



Chapter 5 Results and Discussion

Figure 5.64: Wall thickness distribution (ratio 4/4)

Figure 5.65: Wall thickness distribution (ratio 8/16)

Figures (5.64) and (5.65) show the uneven wall thickness distribution that was 

produced as a result of rotation speed ratios 0.5 and 1. Some of the areas are clearly 

without any polymer build-up. In previous research, the rotation speed ratios 0.5, 1 

and 2 produced the same results but for another mould shape, an ellipsoidal 

elongated mould [33l Two other mould shapes were tested in order to confirm these 

results. The first one was a sphere shape with the same surface area as the previously 

investigated cube mould in order to have the same average wall thickness and the 

second one was a fuel tank. The results are shown in Figures (5.66) and (5.67).
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(a) speed ratio 4/4 (b) speed ratio 8/16

Figure 5.66: Wall thickness distribution for a sphere mould

(a) speed ratio 4/4 (b) speed ratio 8/16

Figure 5.67: Wall thickness distribution for a fuel tank mould

It can be seen that the rotation speed ratios 0.5 and 1 produce mouldings with very 

poor wall thickness distribution regardless of the shape of the mould. This reveals 

that the rotation speed/ratio combination is very important for determining the wall 

thickness uniformity of the final moulding and it is worthwhile investigating its 

effect on the final moulding wall distribution. For all rotation speed/ratio 

combinations, the standard deviation values of wall thickness calculated by RotoSim 

are shown in Table (E.l) in Appendix E. The following Figures illustrate graphically 

how the rotation speed/ratio is strongly related to the wall thickness distribution.
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Figure 5.68: Predicted standard deviation values as a function of arm rotation speed
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Figure 5.69: Predicted standard deviation values as a function of plate rotation speed

From Figures (5.68) and (5.69), the general trend of the standard deviation is that it 

decreases with increasing rotation speeds. For rotation ratios > 1, which means the 

arm rotation speed is higher than the plate rotation speed, the best reduction in 

standard deviation values occurs between rotation speeds 16 and 24rpm, where an 

average reduction of approximately 25% was achieved. From Figure (5.68), the best 

wall thickness uniformity was produced when the plate rotation speed was higher
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than the arm rotation speed. These ratios are shown by the dashed lines. However, 

these ratios are considered impractical because the rotation speeds are more than 

24rpm which is most unlikely to be applied in the industry, for example if the 

rotation ratio is 0.25 and the arm speed is 24rpm, that means the plate speed should 

be 96rpm.

The dotted lines in Figures (5.68) and (5.69) represent the ratios 0.5 and 1.0. These 

curves confirm again the unevenness of wall thickness distribution for these 

conditions.

Figure (5.70) shows cycle times as a function of rotation speed ratios. In this graph 

the results of ratios 0.5 and 1 were discarded and the data points that relate to the 

mouldings of a minimum wall thickness more than or equal to the half of the average 

wall thickness for that moulded part were marked by a tick.

speed is too high 
for rotomoulding

380

375 -

370 -

365 -

360 -

355 -

350 -
/ /U6345 -

-// //

Speed Ratio (arm/plate)

Arm Speed 4rpm Arm Speed 8rpm Arm Speed 16rpm Arm Speed 24rpm

Figure 5.70: Predicted overall cycle times as a function of rotation speed ratio

It is apparent that the best wall thickness distribution was achieved at high rotation 

speeds, 24rpm. It can be seen that the speeds 16 and 24rpm are very close to each 

other and no further benefits can be achieved at much higher rotation speeds. The 

highlighted area indicates the most common speed ratios used in the rotomolding

214



Chapter 5 Results and Discussion

industry. An area of generally impractical rotation speed ratios is also identified, 

particularly for high rotation speeds, such as 16 and 24 rpm.

From the results in this Section it is evident that large reductions in cycle time, 

without reductions in wall thickness uniformity, may be achieved by judicious choice 

of rotation speeds and ratios.

5.3.2 Effect of Rotation Speed Reversal and Mould Offset on Cycle Times and 

Wall Thickness Distribution

For this part of the study, the demoulding temperature and maximum internal air 

temperature were the same as those in Section (5.3.1).

The results, as previously mentioned, were obtained by running RotoSim for two 

common rotation speed ratios, 4/1 and 8/2.

Tables (5.23) and (5.24) show the results for the original mouldings. The results in 

the first Table are for mouldings with neither rotation speed reversal nor mould 

offset, while the results in the second Table are for mouldings without applying 

speed reversal but the mould was offset 300mm along the x-axis.

The acronyms used in the Tables, hereafter, are as follows:

OT : oven time.

TFT : time to peak internal air temperature (225°C).

OCT: overall cycle time (internal air temperature 45°C).

SD : standard deviation of wall thickness (final part).

FOR: forward rotational direction.

REV: reversed rotational direction.
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Table 5.23: Results with no speed reversals and the mould at the normal position (no offset)
No. Rotation Rotational Directions OT TPT OCT SD

Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 4/1 100% FOR (arm) - 100% FOR (plate) 104.0 157.7 359.0 0.81
2 8/2 100% FOR (arm) - 100% FOR (plate) 86.9 148.5 339.5 0.84

Table 5.24: Results with no speed reversals and mould offset at 300mm from the axis of
rotation of the plate

No. Rotation Rotational Directions OT TPT OCT SD
Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 4/1 100% FOR (arm) - 100% FOR (plate) 103.2 166.0 358.5 0.81
2 8/2 100% FOR (arm) - 100% FOR (plate) 86.8 148.4 339.4 0.84

The following Tables show the results of the combined effect of rotation speed 

reversal and mould offset on overall cycle times and standard deviation values.

Table 5.25: Predicted results with mould at the normal position (no offset) 
__________ for speed ratio 4/1___________________________________
No. Rotation Rotational Directions OT TPT OCT SD

Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 4/1 67% FOR - 33% REV (arm)
100% FOR (plate)

102.1 165.0 357.4 0.83

2 50% FOR - 50% REV (arm)
100% FOR (plate)

101.9 165.0 357.0 0.77

3 33% FOR - 67% REV (arm)
100% FOR (plate)

100.3 159.1 334.7 0.82

4 33% FOR - 34% REV - 33% FOR (arm)
100% FOR (plate)

101.9 160.0 336.7 0.84

5 25% FOR - 25% REV - 25% FOR.... (arm) 
100% FOR (plate)

99.8 158.4 334.3 0.85

6 10% FOR - 10% REV - 10% FOR.... (arm) 
100% FOR (plate)

99.9 155.8 334.0 0.92

7 5% FOR - 5% REV - 5% FOR......... (arm)
100% FOR (plate)

86.0 131.3 320.3 0.83

8 100% FOR (arm)
67% FOR - 33% REV (plate)

102.5 165.5 357.8 0.79

9 100% FOR (arm)
50% FOR - 50% REV (plate)

100.3 163.7 355.2 0.77

10 100% FOR (arm)
33% FOR - 67% REV (plate)

101.1 159.5 335.7 0.82

11 100% FOR (arm)
33% FOR - 34% REV - 33% FOR (plate)

101.0 159.4 335.6 0.82

12 100% FOR (arm)
25% FOR - 25% REV - 25% FOR... (plate)

100.1 157.9 334.7 0.80

13 100% FOR (arm)
10% FOR - 10% REV - 10% FOR... (plate)

90.3 135.2 328.8 1.00

14 100% FOR (arm)
5% FOR - 5% REV - 5% FOR......... (plate)

87.7 135.0 328.1 1.00

216



Chapter 5 Results and Discussion

Table 5.26: Predicted results with mould offset at 300mm along the X-axis 
for speed ratio 4/1____________________________________

No. Rotation Rotational Directions OT TPT OCT SD
Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 4/1 67% FOR - 33% REV (arm)
100% FOR (plate)

102.1 165.0 357.4 0.83

2 50% FOR - 50% REV (arm)
100% FOR (plate)

99.7 158.7 333.9 0.78

3 33% FOR - 67% REV (arm)
100% FOR (plate)

100.0 158.9 334.3 0.81

4 33% FOR - 34% REV - 33% FOR (arm)
100% FOR (plate)

102.4 165.2 357.7 0.83

5 25% FOR - 25% REV - 25% FOR.... (arm) 
100% FOR (plate)

100.7 163.7 355.8 0.81

6 10% FOR - 10% REV - 10% FOR.... (arm) 
100% FOR (plate)

100.1 162.6 354.9 0.91

7 5% FOR - 5% REV - 5% FOR.........(arm)
100% FOR (plate)

99.6 159.7 353.2 0.91

8 100% FOR (arm)
67% FOR - 33% REV (plate)

102.5 165.5 357.8 0.79

9 100% FOR (arm)
50% FOR - 50% REV (plate)

100.0 158.9 334.4 0.79

10 100% FOR (arm)
33% FOR - 67% REV (plate)

101.0 159.4 335.6 0.82

11 100% FOR (arm)
33% FOR - 34% REV - 33% FOR (plate)

102.6 165.4 357.9 0.80

12 100% FOR (arm)
25% FOR - 25% REV - 25% FOR... (plate)

100.4 163.4 355.4 0.79

13 100% FOR (arm)
10% FOR - 10% REV - 10% FOR... (plate)

100.9 159.4 358.1 1.00

14 100% FOR (arm)
5% FOR - 5% REV - 5% FOR.........(plate)

100.8 155.1 359.5 1.08

From the results shown in Table (5.25), it is apparent that as the reversal speed 

periods became shorter (25%, 10%, 5%....) the oven time and the time to peak 

internal air temperature reduced which would suggest that the overall cycle time was 

less. However, this is an irregularity due to the poor material distribution at these 

rapid speed reversals. This type of mould motion made the plastic accumulate on one 

area of the mould surface, which caused the heat transfer rates to be greater through 

the other thinner areas. As a consequence, the internal air temperature rose more 

rapidly to the target peak value.

From the results in Table (5.26), the effect on cycle time reduction is less apparent in 

the case of mould offset. The wall thickness distribution uniformity was not 

improved as the values have the same trend as in Table (5.25). As the reversal speed 

periods became shorter (25%, 10%, 5%....), the standard deviation values increased.
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This was most probably due to the different mould kinematics, which resulted in 

poor wall thickness distribution uniformity.

Table 5.27: Predicted results with mould at the normal position (no offset) 
for speed ratio 8/2___________________________________

No. Rotation Rotational Directions OT TPT OCT SD
Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 8/2 67% FOR - 33% REV (arm)
100% FOR (plate)

86.9 148.4 339.5 0.85

2 50% FOR - 50% REV (arm)
100% FOR (plate)

86.9 148.6 339.5 0.84

3 33% FOR - 67% REV (arm)
100% FOR (plate)

86.5 148.4 339.0 0.83

4 33% FOR - 34% REV - 33% FOR (arm)
100% FOR (plate)

86.2 147.7 339.7 0.80

5 25% FOR - 25% REV - 25% FOR.... (arm) 
100% FOR (plate)

86.9 148.6 339.7 0.84

6 10% FOR - 10% REV - 10% FOR.... (arm) 
100% FOR (plate)

86.8 148.3 339.5 0.88

7 5% FOR - 5% REV - 5% FOR......... (arm)
100% FOR (plate)

86.3 147.7 338.8 0.91

8 100% FOR (arm)
67% FOR - 33% REV (plate)

86.8 148.3 339.5 0.86

9 100% FOR (arm)
50% FOR - 50% REV (plate)

86.8 148.4 339.4 0.85

10 100% FOR (arm)
33% FOR - 67% REV (plate)

86.7 148.4 339.3 0.82

11 100% FOR (arm)
33% FOR - 34% REV - 33% FOR (plate)

85.0 146.4 337.2 0.76

12 100% FOR (arm)
25% FOR - 25% REV - 25% FOR... (plate)

86.7 148.2 339.5 0.86

13 100% FOR (arm)
10% FOR - 10% REV - 10% FOR... (plate)

86.7 147.9 339.9 0.91

14 100% FOR (arm)
5% FOR - 5% REV - 5% FOR......... (plate)

86.5 145.7 342.5 1.12

Table 5.28: Predicted results with mould offset at 300mm along the X-axis
for speed ratio 8/2

No. Rotation Rotational Directions OT TPT OCT SD
Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

1 8/2 67% FOR - 33% REV (arm)
100% FOR (plate)

86.8 148.3 339.4 0.85

2 50% FOR - 50% REV (arm)
100% FOR (plate)

86.8 148.5 339.4 0.85

3 33% FOR - 67% REV (arm)
100% FOR (plate)

86.5 148.4 339.0 0.83

4 33% FOR - 34% REV - 33% FOR (arm)
100% FOR (plate)

85.9 147.5 338.3 0.78

5 25% FOR - 25% REV - 25% FOR.... (arm) 
100% FOR (plate)

86.8 148.5 339.6 0.85
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continue Table 5.28...
No. Rotation Rotational Directions OT TFT OCT SD

Speed
Ratio

(speed reversal)
(sec) (sec) (sec) (mm)

6 10% FOR - 10% REV - 10% FOR.... (arm) 
100% FOR (plate)

86.8 148.3 339.5 0.88

7 5% FOR - 5% REV - 5% FOR......... (arm)
100% FOR (plate)

86.3 147.7 338.8 0.91

8 100% FOR (arm)
67% FOR - 33% REV (plate)

86.8 148.3 339.5 0.86

9 100% FOR (arm)
50% FOR - 50% REV (plate)

86.8 148.4 339.4 0.85

10 100% FOR (arm)
33% FOR - 67% REV (plate)

86.7 148.4 339.3 0.82

11 100% FOR (arm)
33% FOR - 34% REV - 33% FOR (plate)

85.0 146.3 337.1 0.77

12 100% FOR (arm)
25% FOR - 25% REV - 25% FOR... (plate)

86.7 148.2 339.5 0.86

13 100% FOR (arm)
10% FOR - 10% REV - 10% FOR... (plate)

86.7 147.9 339.9 0.91

14 100% FOR (arm)
5% FOR - 5% REV - 5% FOR......... (plate)

86.5 145.7 342.5 1.12

From the results in Tables (5.27) and (5.28), it can be seen that there is no significant 

reduction in cycle times for any combination of speed reversals. In regard to the wall 

thickness distribution, no significant reduction was achieved. In contrast, an increase 

in standard deviation values was predicted particularly at very short reversal periods 

(10% and 5%). It would seem that any effect will be small and would probably not 

justify adopting these techniques in reducing cycle times because the advantage that 

might be obtained from reduction in cycle times will be offset by the maintenance 

effort needed for the machine as a result of the rapid speed reversals.

5.4 Experimental Determination of Heat Transfer Coefficients

The first part of this Section includes the results obtained from DSC for two samples 

of metallocene polyethylene grade RM8343. From the heat flow-temperature graphs 

for each sample, the melt temperature and latent heat of fusion were determined. 

These two polymer properties alongside others that were extracted from the literature 

were entered into RotoSim to determine values for the various processing heat 

transfer coefficients. These results are included in the second part of this Section.
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5.4.1 Obtaining Polymer Latent Heat and Melt Temperature

The DSC results for the two tested samples are shown in Figures (5.71) and (5.72). 

Sample 1 was 6.5mg and sample 2 was 7.7mg.

35 -

30

25 -

20 -

15 -

Temperature (°C)

Figure 5.71: Endothermic polymer melting curve for sample 1

From Figure (5.71) the polymer temperature at peak heat flow is 122.1°C and the 

area under the curve is 944.5 mJ, which means the latent heat of fusion is 145.3kJ/kg.

Temperature (°C)

Figure 5.72: Endothermic polymer melting curve for sample 2
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From Figure (5.72) the polymer temperature at peak heat flow is 122.5°C and the 

area under the curve is 1089.9mJ, which means the latent heat of fusion is 

141.5kJ/kg.

The results for the two tested samples are close to each other and agree with the 

results obtained by previous work. Xin et al. [94] found that the melting temperature 

and latent heat of fusion of metallocene polyethylene grade RM8343 were 125.3°C 

and 143. IkJ/kg respectively.

Table (5.29) summarizes the properties of polymer grade RM8343 that was used in 

RotoSim when determining the various heat transfer coefficients from the simulation. 

The values of melting temperature and latent heat of fusion were obtained 
experimentally while the rest of properties were obtained from the literature [34&94].

Table 5.29; Properties of metallocene polyethylene polymer used in RotoSim
Property Grade 2

Melt Thermal Conductivity (W/m.°K) 0.23

Melting Temperature (°C) 125

Latent Heat (J/kg) 143000

Density of Powder (kg/m ) 300

Density of Melt (kg/mJ) 820

Density of Solid (kg/m3) 936

Specific Heat of Powder (J/kg.°K) 600

Specific Heat of Melt (J/kg.°K) 2700

Specific Heat of Solid (J/kg.°K) 2400

5.4.2 Identifying Heat Transfer Coefficients

As mentioned previously in Chapter 4, the first step in determining heat transfer 

coefficients concentrated on an empty rotating mould. In this case, the number of 

heat transfer coefficients (HTC) was reduced to three: oven to mould HTC, mould to 

internal air HTC and mould to cooling air HTC.

221



Chapter 5 Results and Discussion

Four experimental trials were carried out. The processing conditions are stated in 

Section (4.13). For every trial, several simulations were run in order to obtain the 

desired HTC values. The desired HTCs were determined by predicting maximum 

mould and maximum internal air temperatures within a 2°C range of maximum 

measured temperatures and when the predicted and measured profiles were similar to 

each other.

A mathematical method, least squares fit or linear regression was utilised to calculate 

HTC values between the mould and either the oven or cooler forced air for the same 

four trials. The calculations used the measured temperatures and the mould 

thermophysical properties that are given in Table (4.2).

Equations (2.11) and (2.23) describe the mould temperature distribution as a function 

of time during the heating and cooling stages respectively. By taking the Tog’ for 

both sides:

(5.14)

(5.15)

From Equations (5.14) and (5.15), by plotting -ln(Ar) against time (/) for 

measured temperatures, scatter graphs could be obtained that have approximately 

straight line trends. The linear regression method was then utilised to represent the 

scattered plots by a linear straight line equation:

y = bx + i (5.16)

where: y represents - In(AT’).

x represents time (/), s . 

b is the gradient of the line, s-1.

/ is the intercept of the line.
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Therefore, from the comparison between Equation (5.16) and Equations (5.14) and 

(5.15), the best-fit straight line slope (b) equates to the inverse time constant in 

either Equation (5.14) or (5.15):

(5.17)

By substituting the mould thermophysical properties and dimensions into Equation 

(5.17), a value of HTC can be obtained, whether for heating or cooling using forced 

air.

The basics of the least squares fit method can be summarised as an algebraic 

approach to minimise the sum of the squared difference (error of the model) between 

the theoretical value (bxk -i-/)and the experimental value {yk) at {xk), where (&) is 

the number of data set points. The sum of squared error (S) is given by the following
[143 & 144],equation

s=Y<(bxi‘ (5.18)

The formula of the gradient (b) that minimises (S) and by which Equation (5.16) 

best represents the scattered data graph is expressed by the following equation:

(5.19)
£(** --t)2

where, k = \,2,...in.

x and y are the mean values of xk's and yk's respectively.

The value of the intercept (/) is given by the following equation:
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i = y-bx (5.20)

The least squares fit lines that are shown hereafter were obtained by a computer 

package (Excel) where it is called linear regression.

The following Figures show the measured and predicted mould and internal 

temperatures for each of the four trials as well as the mathematical method (linear 

regression) in obtaining the studied HTCs.

275 t—
mould (measured)

-----internal air (measured)

-----mould (predicted)

internal air (predicted)
150 -

125 -

100

Time (s)

Figure 5.73: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 1

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 33 W/m °C.

b. Mould to internal air heat transfer coefficient: 0.52 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 22 W/m °C.
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1.5

.25 -

y=0.0059x-0.4961

0.5 -

0.25---------

Time (s)

Figure 5.74: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 1

y= 0.0037x - 1.2748

Time (s)

Figure 5.75: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 1

From the best-fit straight line equations in Figures (5.74) and (5.75), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 34 W/m2 °C and 21.4 W/m2 °C respectively. These 

two values agree with those predicted by RotoSim.

Figures (5.76), (5.77) and (5.78) show the results of Trial 2.
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-----mould (measured)

internal air (measured)

-----mould (predicted)

internal air (predicted) -

Time (s)

Figure 5.76: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 2

The magnitudes of the three HTCs giving internal air and mould temperature profiles 

very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 35.2 W/m2 °C.

b. Mould to internal air heat transfer coefficient: 0.54 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 25 W/m °C.

1.6

1.2 -

y = 0.0057x - 0.65

0.6 -

0.4 -

0.2 -

Time (s)

Figure 5.77: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 2
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2.5

1.5 -

y = 0.0042x - 1.5909

0.5 -

Time (s)

Figure 5.78: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 2

From the best-fit straight line equations in Figures (5.77) and (5.78), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 33 W/m2 °C and 24.2 W/m2 °C respectively.

The following three Figures show the results of Trial 3.

-----mould (measured)

-----internal air (measured)

mould (predicted)

internal air (predicted)

Time (s)

Figure 5.79: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 3

227



Chapter 5 Results and Discussion

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 29.2 W/m2 °C.

b. Mould to internal air heat transfer coefficient: 0.51 W/m2 °C.

c. Mould to cooling forced air heat transfer coefficient: 22 W/m °C.

1.5 -

y=0.0051x-0.34511.25 -

0.5 -

0.25 -

Time (s)

Figure 5.80: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 3

3.5 -i

2.5 -

y = 0.0036x - 1.6531

Time (s)

Figure 5.81: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 3
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From the best-fit straight line equations in Figures (5.80) and (5.81), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 29.4 W/m2 °C and 20.8 W/m2 °C respectively.

Figures (5.82), (5.83) and (5.84) show the results of Trial 4.

300 T

----- mould (measured)

----- internal air (measured)

----- mould (predicted)

internal air (predicted)

150 -

100 -

50

Time (s)

Figure 5.82: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 4

The magnitude of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

2a. Oven to mould heat transfer coefficient: 28.8 W/m °C.

b. Mould to internal air heat transfer coefficient: 0.51 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 23 W/m °C.
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y= 0.0052x - 0.38131.5 -
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& 0.75 -
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Time (s)

Figure 5.83: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 4

y = 0.004x - 1.91

0.5 -

Time (s)

Figure 5.84: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 4

From the best-fit straight line equations in Figures (5.83) and (5.84), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 30 W/m2 °C and 23 W/m2 °C respectively.
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Figure (5.85) shows the measured environment temperature profiles plotted against 

the Simulation Environment Temperature Profiles for Trials 2 and 4, to illustrate the 

resemblance between the real processing and simulation environmental conditions.

Trial 2 (measured)

---- Trial 2 (simulation)

-----Trial 4 (measured)

Trial 4 (simulation)

a. 150 -

100

Time (s)

Figure 5.85: Measured and simulated environmental temperature profiles 
for Trials 2 and 4

From the previous results for the four empty mould trials, it is clear the values that 

were calculated from the best-fit straight line equation are in good agreement with 

the values that were predicted by RotoSim to produce temperature profiles that are 

very close to the measured results.

Generally speaking, the differences between the predicted and measured temperature 

profiles can be attributed to two main reasons. The first is the assumptions on which 

RotoSim was based, regarding the circulation of air, the method of computing the 

mould and internal air temperature...etc. The second is the accuracy of the 

thermocouples used and their locations, whether inside the mould or on the surface 

of the mould. In RotoSim, the mould temperature is the average temperature of all 

elements that formed the mould surface mesh, while in reality even though the mould 

temperature was the average of four different surfaces those temperatures were 

measured on the outer side of the mould. The location of the thermocouples on the 

outer surface made them exposed, even if partially, to the surrounding environment
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which might contribute to giving slightly inaccurate readings about the mould 

temperature.

From the HTC values obtained, the differences from one trial to another are evident, 

particularly for the oven to mould HTC values. These differences can be attributed 

mainly, but not exclusively, to temperature measurements using thermocouples on 

the outer surface of the mould, the ineffective and inhomogeneous air distribution 

inside the oven and cooler, and the unstable room temperature all through the cooling 

period.

In summary, the above mentioned three HTCs can be any value within the following 

ranges:
- Oven to mould HTC: 28 - 36 W/m2 °C.

Mould to internal air HTC: 0.5 - 0.55 W/m2 °C.

Mould to cooling forced air HTC: 20 - 26 W/m2 °C.

The four trials discussed above were carried out under the same conditions 

(mentioned in Section 4.13). The following graphs and Figures show the results of 

another five trials, in which the mould rotation speed, oven temperature and fans’ 

capacities were changed to find out how they affect the HTC values, particularly the 

mould to either heating or cooling fluid heat transfer coefficient. The conditions 

selected for these five trials were similar to what is commonly used in industry. The 

changes were as follows:

1. Trial 5: rotation speed was 16/4 instead of 8/2

2. Trial 6: oven set temperature was 350°C instead of 300°C.

3. Trial 7: oven fan flow rate was 4000cfm instead SOOOcffn.

4. Trial 8: cooling supply and exhaust air fan flow rates were 4000cffn and 

3100cfm respectively instead of SOOOcfm and 6200cffn.

5. Trial 9: cooling fluid was water instead of forced air.

For each trial the rest of the processing conditions were kept the same as in Section 

(4.13).
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-----mould (measured)

internal air (measured) —

mould (predicted)

internal air (predicted)

Time (s)

Figure 5.86: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 5

The magnitude of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 29.8 W/m2 °C.

b. Mould to internal air heat transfer coefficient: 0.47 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 22 W/m °C.

2.25 -i

1.75 - —

y=0.0054x-0.41071.5 -

1 -

Time (s)

Figure 5.87: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 5
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1.5 -

y = 0.0037x - 1.6909

Time (s)

Figure 5.88: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 5

From the best-fit straight line equations in Figures (5.87) and (5.88), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 31.2 W/m2 °C and 21.4 W/m2 °C respectively.

From the values obtained, it can be seen that the effect of rotation speed on the HTCs 

is not significant. The HTC values between the mould and forced air, whether it is 

heating or cooling, are within the ranges that were stated earlier.

For a better evaluation of the effect of rotation speed, Trial 5 can be compared to 

Trial 4 because both of them were carried out on the same day. Increases of 3.5% 

and 0% in oven to mould and mould to cooling air HTCs respectively are considered 

insignificant and can be regarded as a margin of error due to the accuracy of 

thermocouples and Rotolog device, as well as other conditions that were mentioned 

earlier in this Section.
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-----mould (measured)

-----internal air (measured)

-----mould (predicted)

internal air (predicted)

Time (s)

Figure 5.89: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 6

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 34 W/m2 °C.
2b. Mould to internal air heat transfer coefficient: 0.57 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 23 W/m °C.

y=0.0065x-0.7279

0.75 -

0.25

Time (s)

Figure 5.90: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 6
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Figure 5.91: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 6

From the best-fit straight line gradients in Figures (5.90) and (5.91), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 37.5 W/m2 °C and 22 W/m2 °C respectively.

In Trial 6, increasing the oven temperature produced a mould to heating forced air 

HTC value that is within the previously stated range. Trial 6 was conducted on the 

same day as Trials 4 and 5, therefore a comparison between these three trials shows 

an increase in mould to heating air HTC of approximately 18% and 3.5% due to the 

increase in oven temperature and rotation speed respectively. The oven temperature 

has a greater effect on increasing heat transfer coefficient than the rotation speed 

does.

The ineffectiveness of rotation speed can be attributed to two reasons; the low speed 

values used and the mould volume compared to the oven volume. The circulating of 

SOOOcfm heating air already creates turbulence inside the oven and for a mould with 

a volume less than the oven volume, by approximately 30 times, the chances of 

creating more air turbulence and increasing the interaction between the mould 

surface and heating air are very small.

236



Chapter 5 Results and Discussion

-----mould (measured)

-----internal air (measured)

-----mould (predicted)

internal air (predicted)

Time (s)

Figure 5.92: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 7

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured ones are: -

a. Oven to mould heat transfer coefficient: 25.4 W/m2 °C.

b. Mould to internal air heat transfer coefficient: 0.45 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 23 W/m °C.

1.75 -

1.5 -

1.25 -

y=0.0047x-0.3478

0.25 -

Time (s)

Figure 5.93: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 7
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y = 0.0037x - 1.7289

0.5 -

Time (s)

Figure 5.94: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 7

From the best-fit straight line gradients in Figures (5.93) and (5.94), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 27.2 W/m2 °C and 21.4 W/m2 °C respectively.

Decreasing the oven circulating fan capacity results in a lower air speed passing over 

the mould surface. This led to lower HTC between the mould and heating air.

Trial 7 was carried out on the same day as Trial 4. Therefore by comparing the HTC 

values of both trials it can be seen that a decrease of approximately 12% occurs due 

to decreasing the fan capacity.
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mould (measured)

internal air (measured)

-----mould (predicted)

internal air (predicted)

Time (s)

Figure 5.95: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 8

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured ones are: -

d. Oven to mould heat transfer coefficient: 29.5 W/m °C.

e. Mould to internal air heat transfer coefficient: 0.51 W/m °C.

f. Mould to cooling forced air heat transfer coefficient: 15 W/m °C.

2 -

1.5 -

y= 0.0054x - 0.4084

0.25 -

Time (s)

Figure 5.96: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 8
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y=0.0025x- 1.1159
1.5---

Time (s)

Figure 5.97: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 8

From the best-fit straight line equations in Figures (5.96) and (5.97), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 31.2 W/m2 °C and 14.4 W/m2 °C respectively.

As expected, decreasing cooling air speed resulted in lower heat transfer coefficient 

between the mould and cooling air.

On the other hand, using water instead of air for cooling the mould resulted in a 

significant increase of HTC value as shown in the following Figures for Trial 9.
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-----mould (measured)

-----internal air (measured)

-----mould (predicted)

internal air (predicted)

Time (s)

Figure 5.98: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 9

The magnitudes of the three HTCs that give internal air and mould temperature 

profiles very close to the measured profiles are: -

a. Oven to mould heat transfer coefficient: 37.2 W/m2 °C.

b. Mould to internal air heat transfer coefficient: 0.62 W/m °C.

c. Mould to cooling forced air heat transfer coefficient: 70 W/m °C.

y=0.0068x-0.4865

0.75 -

Time (s)

Figure 5.99: Temperature Log graph and linear regression of experimental data 
for heating period of Trial 9
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3.5 -
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y= 0.0125x - 5.5263
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Figure 5.100: Temperature Log graph and linear regression of experimental data 
for cooling period of Trial 9

From the best-fit straight line gradients in Figures (5.99) and (5.100), and by 

substituting in Equation (5.17), it was found that the HTCs between the mould and 

heating or cooling forced air are 39 W/m °C and 72.1 W/m °C respectively.

From the results of the previous five trials, it is apparent that changing the cooling 

fluid (air to water) had a greater effect on increasing HTC values than any other 

method. It is believed, even though it was not investigated in this work, that the same 

effect would be achieved if the same principles were applied during the heating 

stage.

Although the processing conditions were different and various calculation methods 

were used to obtain HTC values, in comparison with what was found in literature 

(shown in Table 2.3) it can be seen that some values do agree with each other while 

the rest shows large differences. Rao and Throne [29], Crawford and Nugent [33], and 

Wang [401 obtained and used oven to mould HTC in 20’s and 30’s W/m2. °C, which 

agree with what was found here. Referring to heat transfer textbooks, these values 

are at the beginning of the forced air convection heat transfer coefficients range. 

Nugent 134 & 35] and Scott |72' determined the oven to mould HTC to be 11 W/m2.°C
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2
and 9.55 W/m . °C respectively. These two values are very low and considered as 

free convection in textbooks even though they were determined for forced air flow.

For cooling HTC (mould to cooling fluid), Throne [30] assumed a large value for 

water cooling which was 2839 W/m2. °C, while Nugent134 & 351 and the Development 

Center at Akron University [53) identified values of 20 W/m2. °C and 22 W/m2. °C for 

forced air and the latter published values for water cooling of a range between 100 

and 300 W/m . °C. The values of cooling forced air HTCs agree with what was found 

previously in this work. These HTC values are considered very low and within the 

free convection range of HTC magnitudes. Wang l40] found that forced air cooling 

HTC was 80 W/m . °C, which is a good value for forced air if compared to the 

previous values, but surprisingly there was a large difference between this value and 

the one obtained by Nugent [34 & 351 (20 W/m2. °C) using the same rotomoulding 

machine.

After determining three heat transfer coefficients using an empty rotating mould, the 

next step was to determine the remaining heat transfer coefficients that are involved 

in a real moulding situation. These are:

Polymer melt to internal air HTC

• Internal air to powder-coated melt HTC

• Internal air to fully melted layer HTC 

Mould to powder HTC

Powder to internal air HTC

The polymer melt to internal air HTC comprises two parts; the first is during the 

powder coalescence period (the plateau in a typical internal air temperature profile) 

and represents the interaction between internal air and powder-coated melt as powder 

particles are still in a loose state. The second part is during the powder densification 

period (the end of heating period and the beginning of cooling period until 

solidification starts) and represents the interaction between internal air and the fully 

melted plastic layer.
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The other previously determined HTCs were kept at fixed values within the stated 

range to achieve the same approximate maximum temperatures as the measured 

ones. The three unknown HTCs were adjusted for each simulation run in an attempt 

to get internal air temperature profiles that matched the experimental profiles.

Three trials were carried out in which only the polymer melt to internal air HTC in 

its two parts was adjusted to obtain acceptable proximity between the measured and 

predicted profiles, the last two were kept fixed at their default values (30 W/m °C 

for the second and 0.3 W/m °C for the third) . The processing conditions were the 

same as mentioned in Section (4.13), but for different oven and cooling periods with 

polymer shot weight of 1.8kg for the first two trials and 2.2kg for the third one.

The following Figures show the measured and predicted mould and internal 

temperatures for each of the three trials (Trials 10, 11 and 12).

275 t

-----mould (measured)

internal air (measured)

— mould (predicted)

internal air (predicted)
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Figure 5.101: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 10

The magnitudes of various HTCs that give internal air and mould temperature 

profiles very close to the measured ones are: -
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a. Oven to mould HTC: 36 W/m2 °C.

b. Mould to internal air HTC: 0.6 W/m2 °C.

c. Mould to cooling forced air HTC: 25 W/m2 °C.

d. Internal air to powder-coated melt HTC: 0.14 W/m2 °C.

e. Internal air to fully melted layer HTC: 0.27 W/m2 °C.

It can be seen from Figure (5.101) that the predicted and measured temperature 

profiles are reasonably close to each other, except for the last stage of the cooling 

period. This divergence between the two internal air temperature profiles is attributed 

to plastic contraction that results in an air gap between the plastic and the mould 

wall. Consequently, this affects the efficiency of heat transfer out of the plastic 

giving a slower internal air temperature decrease rate. Plastic contraction is not taken 

into consideration in RotoSim.

In Trial 11, an internal mould pressure was applied in an attempt to keep the plastic 

in contact with mould walls until the end of the cycle. Compressed air of pressure 

approximately 0.5 bar was applied to the mould void through the rotating arm. The 

pressure was applied at the beginning of plastic solidification during the cooling 

stage.

-----mould (measured)

-----internal air (measured)

-----mould (predicted)

internal air (predicted)

125 -

100 -

75 -

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

Time (s)

Figure 5.102: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 11
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The magnitudes of various HTCs that give internal air and mould temperature 

profiles very close to the measured ones are the same as Trial 10.

The application of pressure held the plastic against the mould walls, which resulted 

in better cooling rates as can be seen from Figure (5.102). The measured internal air 

temperature profile had more or less the same decrease rate as the predicted profile. 

Undoubtedly, the application of internal mould pressure contributed to cooling the 

mould void as well as preventing plastic from pulling away from mould wall. That 

contribution was not considered significant for two reasons; a very low flow rate was 

used and when it was applied through the machine arm, its temperature was 

approximately 50°C and internal air inside the mould was about 110°C. Therefore it 

was not a large enough temperature difference to affect the internal air temperature 

profile to such an extent as to cause a big error in predicting the HTC value.

Trial 12, shown in Figure (5.103), was carried out to confirm the previously obtained 

HTCs. The magnitudes of various HTCs that give internal air and mould temperature 

profiles very close to the measured ones are the same as Trials 10 and 11.

275 -r-
-----mould (measured)

internal air (measured)

---- mould (predicted)

internal air (predicted)
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Figure 5.103: Measured and predicted mould and internal air temperatures 
as a function of time - Trial 12
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For the last two heat transfer coefficients, as presented and discussed in Sections 

(5.1.3.2) and (5.1.3.3), the mould to powder and powder to internal air HTCs had an 

insignificant effect on cycle times. From those results it was expected that these two 

HTCs would not have an effect on either the internal air or mould temperature 

profile.

The magnitude of each HTC was varied once and the resulting temperature profiles 

were compared to Trial 10 given the same magnitudes for the rest of HTCs.

Figure (5.104) shows the results when the mould to powder HTC is changed to 

5 W/m °C (Trial 13). Figure (5.105) shows the results when powder to internal air 

HTC is changed to 1 W/m2 °C (Trial 14).

---- mould (Trial 10)

---- internal air (I nal 10)

---- mould (Trial 13)

internal air (Trial 13)

i 125 -

£ 100 -

Time (s)

Figure 5.104: Measured and predicted mould and internal air temperatures 
as a function of time - Trials 10 and 13
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-----mould (Trial 10)

-----internal air (Trial 10)

-----mould (Trial 14)

internal air (Trial 14)

125 -

50 -

Time (s)

Figure 5.105: Measured and predicted mould and internal air temperatures 
as a function of time - Trials 10 and 14

It is apparent, from Figures (5.104) and (5.105), that there are no differences in the 

temperature profiles between Trials 10, 13 and 14. As a result, it was difficult to 

determine specific magnitudes for the two heat transfer coefficients studied. Their 

magnitudes were kept at the default values that are highlighted by the shaded cells in 

Tables (5.3) and (5.4).

Table (5.30) summarises the various heat transfer coefficients determined in Trials 1 

to 14.

Table 5.30: Heat transfer coefficient values obtained from Trials 1 to 14
Trial OMHTC 

W/m2 °C
MIAHTC
W/m2 °C

MCFHTC 
W/m2 °C

pmlAHTC
W/m2 °C

MPHTC 
W/m2 °C

PIAHTC 
W/m2 °C

Powder-
coated

Fully
melted

1 33 0.52 22 - - - -

2 35.2 0.54 25 - - - -

3 29.2 0.51 22 - - - -

4 28.8 0.51 23 - - - -

5 29.8 0.47 22 - - - -

6 34 0.57 23 - - - -
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continue Table 5.30...
Trial OMHTC 

W/m2 °C
MIAHTC 
W/m2 °C

MCFHTC 
W/m2 °C

pmlAHTC
W/m2 °C

MPHTC 
W/m2 °C

PIAHTC
W/m2 °C

Powder-
coated

Fully
melted

7 25.4 0.45 23 - - - -

8 29.5 0.51 15 - - - -

9 37.2 0.62 70 - - - -

10 36 0.6 25 0.14 0.27 30 0.3

11 36 0.6 25 0.14 0.27 30 0.3

12 36 0.6 25 0.14 0.27 30 0.3

13 36 0.6 25 0.14 0.27 5 0.3

14 36 0.6 25 0.14 0.27 30 1

- OMHTC: Oven to mould heat transfer coefficient
- MIAHTC: Mould to internal air heat transfer coefficient
- MCFHTC : Mould to cooling fluid heat transfer coefficient
- pmlAHTC: Polymer melt to internal air heat transfer coefficient
- MPHTC: Mould to powder heat transfer coefficient
- PIAHTC: Powder to internal air heat transfer coefficient

The magnitudes of all heat transfer coefficients that are involved in the rotomoulding 

process can be summarised as follow:

- Oven to mould HTC: 28 - 38 W/m2 °C.

Mould to internal air HTC: 0.45 - 0.6 W/m2 °C.

Mould to cooling forced air HTC: 20 - 28 W/m2 °C.

Mould to cooling water HTC: 68 - 72 W/m2 °C.

Polymer melt to internal air HTC
• Internal air to powder-coated melt HTC: 0.12-0.16 W/m2 °C.

• Internal air to fully melted layer HTC: 0.25 - 0.3 W/m2 °C. 

Mould to powder HTC: 30 W/m2 °C.

Powder to internal air HTC: 0.3 W/m2 °C.

Although these heat transfer coefficients were obtained by carrying out several 

experiments on one rotomoulding machine and by using a single shape and one size 

mould, they highlight the fact that there is poor heat exchange between the various 

system elements.
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The heat transfer coefficients obtained, whether for forced or free convection mode, 

are regarded as very low values if compared to the general heat transfer coefficient 

magnitude ranges that are given by heat transfer textbooks.

These results offer approximate values around which the real practical values are 

fluctuating and they draw attention to the fact that one needs to increase HTC values 

in order to improve the efficiency of forced air heating and cooling methods in 

rotational moulding of plastics.

5.5 Effect of Oven Set Temperature and Rotation Speed Ratio

This study was conducted experimentally. Three oven set temperatures were tested; 

300°C, 350°C and 400°C. At every oven set temperature, the rotation speeds were 

varied four times; 4/1, 8/2, 16/4 and 24/6.

Table (5.31) shows the results obtained by conducting several composite 

experiments. The main features that are shown in the Table were used hereafter for 

comparison purposes to quantify the effects of these two factors on cycle times.

Table 5.31: Experimental results of varying oven set temperature and rotation speeds
Oven Rotation Speed Ratio
Temp.

(°C)
Cycle Feature

4/1 8/2 16/4 24/6

Oven period (sec) 590 579 555 541

Internal air temperature 
at the end of oven period (°C) 190 190 188 186

o Maximum internal air temp (°C) 212 210 210 208
om Time to maximum internal 

air temperature (sec) 744 711 696 675

Cooling period (sec)
(demoulding at 70°C internal air temp.) 1302 1301 1132 1172

Overall cycle time (sec) 
(demoulding at 70°C internal air temp.) 2025 2008 1818 1842
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continue Table 5.31...
Oven Rotation Speed Ratio
Temp.

(°C)
Cycle Feature

4/1 8/2 16/4 24/6

Oven period (sec) 468 453 440 427

Internal air temperature 
at the end of oven period (°C) 168 164.2 164 162

o Maximum internal air temp (°C) 212 214 210 214

m Time to maximum internal 
air temperature (sec) 621 612 588 602

Cooling period (sec)
(demoulding at 70°C internal air temp.) 1196 1176 1121 1189

Overall cycle time (sec) 
(demoulding at 70°C internal air temp.) 1789 1758 1687 1743

Oven period (sec) 382 368 354 354

Internal air temperature 
at the end of oven period (°C) 160 135 121 121

oo
Maximum internal air temp (°C) 210 214 208 210

Tt- Time to maximum internal 
air temperature (sec) 559 528 520 534

Cooling period (sec)
(demoulding at 70°C internal air temp.)

1150 1105 1146 1131

Overall cycle time (sec) 
(demoulding at 70°C internal air temp.)

1660 1596 1635 1605

The following Figures show the measured mould and internal air temperature 

profiles for each one of the four rotation speed ratios tested at the three different oven 

temperatures.

The acronyms used in the Figures are as follows:

OST : oven set temperature (°C).

RSR : rotation speed ratio.
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300 -
-----300 OST (internal air)

350 OST (internal air)

— 400 OST (internal air)

— 300 OST (mould)

350 OST (mould)

400 OST (mould)

125 -
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Figure 5.106: Measured mould and internal air temperatures as a function of time 
for rotation speed ratio 4/1
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Figure 5.107: Measured mould and internal air temperatures as a function of time 
for rotation speed ratio 8/2
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-----300 OST (internal air)

— 350 OST (internal air)

— 400 OST (internal air)

-----300 OST (mould)
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400 OST (mould)
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Figure 5.108: Measured mould and internal air temperatures as a function of time 
for rotation speed ratio 16/4
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Figure 5.109: Measured mould and internal air temperatures as a function of time 
for rotation speed ratio 24/6

From the previous Figures, the significance of varying oven set temperature in 

reducing cycle times can be seen. The effect of this processing variable was as 

expected as it has been investigated theoretically in previous research [29'35’36 & 411>

253



Chapter 5 Results and Discussion

Increasing oven temperature led to a larger thermal gradient between the heating air 

and the mould itself, which in turn resulted in higher heat transfer rates into the 

system. Higher heat transfer rates compensated for the low value of plastic thermal 

conductivity and contributed to shorter powder melting periods. At the end of the 

melting period, the temperature difference between the mould and the internal air 

temperature was still large which resulted in a faster temperature rise up to the 

predetermined maximum temperature.

Varying the oven temperature for each rotation speed ratio was not effective from the 

beginning of the moulding cycle. This is clear from the temperature profiles for each 

rotation speed ratio where the difference between the mould (the part which is in 

direct contact with the heating fluid) temperature profiles became notable only at the 

beginning of powder melting period. This can be attributed to the ‘overshoot’ in oven 

temperatures 300°C and 350°C at the beginning of the heating period. The overshoot 

occurs at the beginning of the heating period as the burner usually operates at its high 

setting for a specific period of time to compensate for the lost energy while the oven 

doors were open to allow the mould to enter. Then the burner is automatically 

modulated to operate at normal conditions to achieve the set temperature. For 

example, Figure (5.110) shows the environment temperature profiles at three 

different oven temperatures for rotation speed ratio 16/4. The situation was similar 

for the other ratios.
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Figure 5.110: Measured environment temperature as a function of time 
for rotation speed ratio 16/4
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From Figure (5.110), it can be seen that, for approximately the first 120 seconds, the 

oven temperature profiles were identical and affected the internal air temperature in a 

similar manner. After the same period of time, the internal air temperature profiles 

indicate approximately the beginning of powder melting period. Therefore the real 

effect of oven temperature starts with the beginning of the melting period and 

continued until the end of the heating period. The higher the oven set temperature the 

steeper the mould temperature profile, which consequently leads to more energy 

being added to the powder and the internal air reaching the predetermined 

temperature faster.

Another issue worth mentioning is the variation in internal air temperature at the end 

of the heating periods in order to achieve the same maximum air temperature (Table 

5.31). The previous Figures that show the mould temperature profiles for different 

oven temperatures explain why the mould had to be taken out of the oven at lower 

internal air temperature as the oven temperature increased. The only reason for that 

was the extra energy (thermal inertia) that was stored in the system. The higher the 

mould temperature at the end of the heating period the larger the amount of energy 

that transfers to the internal air at the beginning of the cooling stage. Therefore lower 

internal air temperatures were required to reach the same maximum targeted 

temperature for all mouldings.

The following Figures show the effect of the four rotation speed ratios tested at fixed 

oven set temperatures for each of the three stated values.
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Figure 5.111: Measured mould and internal air temperatures as a function of time 
for different rotation speed ratios at oven set temperature 300°C

-----4/1 RSR (internal air)

— 8/2 RSR (internal air)

-----16/4 RSR (internal air)

-----24/6 RSR (internal air)

-----4/1 RSR (mould)

-----8/2 RSR (mould)

16/4 RSR (mould)

-----24/6 RSR (mould)

800 1000

Time (s)

Figure 5.112: Measured mould and internal air temperatures as a function of time 
for different rotation speed ratios at oven set temperature 350°C
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Figure 5.113: Measured mould and internal air temperatures as a function of time 
for different rotation speed ratios at oven set temperature 400°C

From Figures (5.111), (5.112) and (5.113), it can be seen that the effects of rotation 

speed are insignificant at the three tested oven temperatures. Increasing rotation 

speeds, as expected, leads to a higher heat transfer coefficient between the heating air 

and the outer surface of the mould as the velocity of the air passing over the mould 

increases, but from the obtained results it seemed that the increase in heat transfer 

coefficient was minimal.

The temperature differences between the three high rotation speeds and the rotation 

speed ratio 4/1 are quite noticeable, particularly during the powder melting periods. 

This can be explained by the slower rotation speed that allowed enough time for the 

powder that already adhered to a certain spot on the mould wall to completely melt 

and exchange heat with internal air before visiting the powder pool for the next time 

to pick up more powder.

The mould temperature profiles are higher for lower rotation speeds because of 

longer heating periods. The difference in internal air temperature profiles between 

high rotation speeds (16 and 24rpm) and low rotation speeds (4 and 8rpm) became 

less clear with increasing oven temperature. This might give an indication that oven
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temperature is a dominant factor over rotation speed, particularly in determining the 

length of the powder melting period.

Table (5.32) shows the reductions obtained in heating, cooling and overall cycle 

times as a result of increasing rotation speeds for each of the three oven temperatures 

tested. The reference values are the times obtained at ratio 4/1 at each oven 

temperature.

Table 5.32: Reduction in cycle times as a result of increasing rotation speeds
Oven
Temp.

(°C)
Cycle Feature

Reduction in cycle time (%)
4/1 8/2 16/4 24/6

ooco
Oven period / - 1.8 -5.9 -8.3
Cooling period / 0 - 13 - 10
Overall cycle time / -1 - 10.3 -9

o
CO

Oven period / -3.2 -6 -8.8
Cooling period / -1.7 -6.3 -1
Overall cycle time / - 1.7 -5.7 -2.6

ooTT

Oven period / -3.7 -7.3 -7.3
Cooling period / -3.9 0 - 1.7
Overall cycle time / -3.9 - 1.6 -3.3

1. minus sign indicates reduction in cycle times

From Table (5.32), the significant effect of rotation speed is obvious in reducing 

oven times. At low oven temperature the difference between rotation speeds is more 

apparent, whereas at 400°C no difference in heating periods is noticed between ratios 

16/4 and 24/6.

The anomaly in cooling time reductions can be explained by four reasons. The first, 

which did not have a big influence, was the slight differences in maximum internal 

air temperatures. The second reason was the different mould temperatures at the 

beginning of cooling stage for each of the mouldings. The third one was the 

uncontrolled and irregular contraction of the plastic part that caused the creation of 

an irregular air gap between the mould and the plastic part, which in turn hindered 

the transfer of energy from inside to outside the mould. The fourth reason was the 

unsteadiness of cooling air temperature during the cooling stage of one moulding and 

the variations in air temperature from one moulding to another.
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The different thermal conditions at the beginning of the cooling stage and the 

uncontrolled cooling air temperature (because the cooling air was supplied from the 

surroundings) were the main reasons that overshadowed the effect of rotation speed 

variations. The turbulence, or the increase in heat transfer coefficient due to higher 

rotation speeds, appears to have an insignificant effect during the cooling stage.

This can be seen from the mould temperature profiles in Figures (5.111), (5.112) and 

(5.113). Although the mould temperatures were not similar at the beginning of each 

cooling stage, the differences between the temperature profiles reduced to a point 

where all of them had more or less the same temperature after a certain time in the 

cooling stage. The negligible differences continued until the end of the cooling stage 

with no advantage for the faster rotated moulds.

The insignificant effect of rotation speeds on increasing heat transfer coefficients 

between the mould and the cooling fluid can also be seen during the heating stage. 

From Figures (5.111), (5.112) and (5.113) it is apparent that most of the reduction 

took place during the powder melting periods. The temperature profiles before the 

beginning and after the end of melting period increased comparatively at the same 

rate and did not show any influence for rotation speeds. This supports what was 

discussed earlier in Section (5.3.1), whereby the effect of increasing rotation speeds 

is to cause the mould surfaces to visit the powder pool more often, which results in 

shorter powder melting periods.

Table (5.33) shows the reductions obtained in heating, cooling and overall cycle 

times as a result of increasing oven set temperature for each of the four rotation 

speed ratios tested. The reference value is oven temperature 300°C.
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Table 5.33: Reductions in cycle times as a result of increasing oven set temperature
Rotation

Speed Cycle Feature Reduction i ^or increase) in cycle time (%)
300°C 350°C 400°C

Oven period / -20.7 -35.3
4/1 Cooling period / -8.2 -11.7

Overall cycle time / - 11.6 - 18
Oven period / -21.8 -36.4

8/2 Cooling period / -9.6 -15.6
Overall cycle time / - 12.5 -20.5
Oven period / -20.7 -36.2

16/4 Cooling period / - 1 + 1.2
Overall cycle time / -7.2 - 10
Oven period / -21.1 -34.6

24/6 Cooling period / + 1.5 -3.5
Overall cycle time / -5.4 - 12.8

1. minus sign indicates reduction in cycle times
2. plus sign indicates increase in cycle times.

From the results in Table (5.33), the significant reduction in cycle times is clear. The 

cooling times again did not show a specific trend of a reduction or an increase; this is 

because of the previously mentioned four reasons.

Increasing the temperature of the heating air has a more significant effect than 

increasing rotation speeds on cycle time reductions. This can be attributed to the 

negligible increase in heat transfer value when increasing rotation speed. This, in 

turn, can be explained by two reasons: the small size of the mould compared to the 

overall oven volume (more than 30 times larger) and the relatively low rotation 

speeds. The comparatively slow rotation movement of an object with small surface 

area in a turbulence air flow (SOOOcfm circulated air flow rate in the oven) does not 

create a chance for more effective turbulence. In this situation, moulds with larger 

surface areas (compared to the oven) would probably benefit from higher rotation 

speeds because their movement causes more turbulence and consequently higher heat 

transfer coefficient than small moulds.

The previous results showed that an increase in oven temperature resulting in shorter 

cycle times. It is known that overheating the polymer results in oxidative 

degradation [94 & l42]. From Figure (5.104) to (5.107) it can be seen that the mould 

temperatures for the mouldings that were produced at high temperatures 350°C and
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400°C were quite high during the heating periods, which possibly contributed to 

deteriorate polymer properties. However, all mouldings achieved a maximum 

internal air temperature around 200°C, which is considered the appropriate 

temperature to have good quality parts regardless of the complexity of the part or its 

wall thickness[34 & 54l

Although metallocene polyethylene is more thermally stable than conventional 

polyethylene and exhibits a wider processing window (higher degradation 

temperature and lower bubble removal temperature) [C)4\ the high mould temperature 

from one side could have affected its properties. Therefore, samples of all final parts 

were impact tested to find out whether the effect of high oven temperature was 

detrimental or not.

Figure (5.114) shows the impact energies in (J/mm) as a function of oven 

temperature for all mouldings that were produced at different rotation speed ratios.
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—H— rotation ratio 24/6 (20 deg C) — rotation ratio 4/1 (-40 deg C)
— k- rotation ratio 16/4 (-40 deg C) -X- rotation ratio 24/6 (-40 deg C)

Figure 5.114: Measured impact energy as a function of oven temperature 
at different rotation speed ratios

The errors for impact energy values plotted in Figure (5.114) are given as standard 

deviation values (SD) as follows:
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at room temperature (20°C)

300°C: maximum of ± 0.4 J/mm SD.

350°C: maximum of ± 0.28 J/mm SD.

400°C: maximum of ± 0.2 J/mm SD.

at temperature -40°C

300°C: maximum of ± 0.6 J/mm SD.

350°C: maximum of ± 0.36 J/mm SD.

- 400°C: maximum of ± 0.25 J/mm SD.

From Figure (5.114) the impact energies at room temperature (20°C) decreased with 

increasing oven temperature, even though the maximum internal air temperature was 

similar for all mouldings. Considering the variations in rotation speed ratios, at high 

oven temperature (350°C and 400°C) it can be seen that the higher the rotation speed 

the larger the impact energy that was needed to puncture the sample. On the contrary, 

at an oven temperature of 300°C, the higher the rotation speeds the lower the impact 

energy that was needed to puncture the sample.

Generally speaking, the impact energy values at -40°C were higher than that at the 

ambient temperature. The impact mode of the tested samples was a brittle-ductile 

mode at 20°C, while it was a ductile mode at -40°C. However, it can be seen that 

there is not a definite trend for impact energy values, particularly at -40°C, which 

does not give a clear idea about how the polymer has been affected during a 

moulding cycle.

As long as all mouldings reached a similar maximum internal air temperature of 

210 ± 4°C, the reason for having lower impact energy at higher oven temperature 

was either because the polymer was overcooked, particularly near the mould, or 

possibly the mouldings’ cure level (polymer densification and air bubble content). 

The polymer densification and the air bubbles content in the final parts could be 

judged by considering the ‘degree of cure’ DoC method [63] to gauge the cure of 

different mouldings.
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Figure (5.115) shows the DoC values as a function of oven temperature for all 

mouldings that were produced at different rotation speed ratios.
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Figure 5.115: Calculated DoC as a function of oven temperature at different 
rotation speed ratios

Figure (5.115) illustrates that, as the oven temperature increases, the area under the 

internal air temperature profile (DoC) decreases for all tested rotation ratios. The 

DoC value is related to air bubble content, which is one of the indicators of part 

quality |631. Therefore for each rotation ratio the decrease of DoC values in Figure 

(5.115) means that the final parts still had a considerable amount of air bubbles and 

were low cured, which in turn yielded lower impact strengths as shown in Figure 

(5.114), even though the maximum internal air temperature for all mouldings was 

similar.

By comparing the values plotted in Figures (5.114) and (5.115) it can be seen that at 

each oven temperature the order of DoC values for the different rotation speed ratios 

does not match the order of impact energies.

The relation between the calculated DoC values and the measured impact energies at 

20°C is illustrated in Figure (5.116).
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Figure 5.116: Measured impact energy as a function of calculated DoC 
at room temperature (20°C)

It is evident from Figure (5.116) that the impact energy and the DoC values are 

directly proportional. This is the expected relation |63], but it is not the case for all 

impact test results. The DoC trends in Figure (5.115) do not explain the impact test 

results at temperature -40°C. This is illustrated in Figure (5.117), in which the 

relation between the calculated DoC values and the measured impact energies at - 

40°C is shown.
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Figure 5.117: Measured impact energy as a function of calculated DoC at -40°C
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It is apparent that no definite relation between DoC values and impact energies can 

be determined from Figure (5.117). Although the smallest DoC values are at an oven 

temperature of 400°C, the impact energy values at same temperature are not the 

smallest, as shown in Figure (5.114).

Interestingly, although the impact energy results at 20°C have agreed with the DoC 

values trend, the air bubble content of the moulded parts did not show what was 

expected. Visual inspection of the internal surface of randomly selected samples has 

shown that the air bubbles content is lowest in the mouldings that were produced at 

400°C, while it is highest in the mouldings that were produced at 300°C. These 

results are contrary to what the DoC values suggested, which means that the 

reduction in impact energies with increasing oven temperature was not because of air 

bubbles content. The overriding factor would appear to be the deterioration (thermal 

degradation) of polymer properties near the mould wall due to the exposure to 

relatively high temperatures (more than 280°C).

These results reveal that considering either a maximum internal air temperature 

around 200°C or the DoC method as the only real-time control indicator of 

mouldings quality is not enough. This discrepancy in predicting the final part quality 

and the indefinite trend of impact test results highlights the need for a reliable real

time control indicator to optimise and improve the process.

5.6 Effect of Oven and Cooler Circulating Fans’ Capacity

In this Section, the results of varying oven and cooler fans capacity are presented. 

The oven and cooler fans capacities were varied separately to quantify the separate 

effect of each of them.

The results of varying oven fan capacity are then compared to the results presented in 

the previous Section (5.5).
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Tables (5.34) and (5.35) shows the main features of the different mouldings that were 

produced by considering various fan capacities, whether the oven or cooler fan. The 

results that are shown in the Tables are used to plot different graphs for comparison 

purposes.

Table 5.34; Experimental results of varying oven fan capacity

Cycle Feature Oven Fan Capacity (cfm)
4000 8000 12000

Oven period (sec) 655 586 526

Internal air temperature 
at the end of oven period (°C) 196 194 190

Maximum internal air temp (°C) 210 212 210

Time to maximum internal 
air temperature (sec) 777 726 672

Cooling period (sec)
(demoulding at 70°C internal air temp.) 1191 1135 1108

Overall cycle time (sec) 
(demoulding at 70°C internal air temp.) 1977 1852 1755

Table 5.35: Experimental results of varying cooler fan capacity

Cycle Feature
Coo er Fans Capacity (cfm)

4000 (supply) 
2200 (exhaust)

6000 (supply) 
4200 (exhaust)

8000 (supply) 
6200 (exhaust)

Oven period (sec) 579 574 586

Internal air temperature 
at the end of oven period (°C) 196 194 194

Maximum internal air temp (°C) 212 210 212

Time to maximum internal 
air temperature (sec) 729 729 726

Cooling period (sec)
(demoulding at 70°C internal air temp.) 1439 1263 1135

Overall cycle time (sec) 
(demoulding at 70°C internal air temp.) 2146 1962 1852

The following Figures show the measured mould and internal air temperature 

profiles plotted together to illustrate the effect of varying fans capacity. Figure 

(5.118) illustrates the effect of varying cooler fan capacity. The three mouldings had 

the same heating conditions, which made it possible to have the same mould and 

internal air temperatures at the beginning of the cooling periods to be able to quantify 

the individual effect of higher air cooling rates.
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Figure 5.118: Measured mould and internal air temperature as a function of time 
for three different cooler fan capacities

From Figure (5.118), it can be seen the difference in mould and internal air 

temperature profiles during the cooling period, particularly when the air flow was 

increased from 4000cfm to 6000cfm. The noticeable fluctuations in some of the 

temperature profiles can be attributed to the thermocouple and the Rotolog used 

(most probably one or more of thermocouple plugs were loosened during the 

moulding cycle).

Therefore, increasing the cooling air flow rates resulted in higher velocity of the air 

passing over the mould, which consequently led to a higher heat transfer coefficient 

between the mould outer surface and cooling air, and larger heat transfer rates out of 

the mould and the plastic inside it.

Table (5.36) shows the reduction times that were achieved due to variations in cooler 

fan capacities. The reference values are the times obtained at cooler supply fan 

capacity of 4000cfm.

Table 5.36: Reduction in cycle times as a result of varying cooler fan capacity

Cycle Feature
Reduction in cycle time (%)

4000 (supply) 
2200 (exhaust)

6000 (supply) 
4200 (exhaust)

8000 (supply) 
6200 (exhaust)

Oven period (sec) / / /
Cooling period (sec) / 12.2 21.1
Overall cycle time (sec) / 8.6 13.7
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Figure (5.119) shows the results of varying oven fan capacity. The oven temperature 

was kept at 300°C for all experiments. While changing oven fan capacity, the cooling 

fans capacities were kept at SOOOcfm and 6200cffn for the supply and return fans 

respectively.

------4000cfm (internal air)

— SOOOcfm (internal air)

------IZOOOcfm(internal air)

------4000cfm (mould)

------SOOOcfm (mould)

IZOOOcfm (mould)

Time (s)

Figure 5.119: Measured mould and internal air temperature as a function of time 
for three different oven fan capacities

Figure (5.119) shows that the effect of increasing oven fan capacity is significant 

during the powder melting period. The difference between the internal air 

temperature profiles after the end of the melting period is not obvious until the last 

30-40°C prior to the targeted maximum temperature, where the gradient of the 

temperature profiles became smaller (slower temperature rise) as the circulated air 

flow rate decreased. This is notable in particular when the fan capacity was 4000cfm. 

The reason for that can be seen from the mould temperature profiles. A fan capacity 

of 12000cfm results in higher turbulence inside the oven chamber and consequently a 

higher heat transfer coefficient between the mould outer surface and the heating air. 

Increasing the heat transfer coefficient contributed to a higher mould temperature 

(higher temperature rise), and as a result the thermal gradient between the mould and 

the internal air became larger increasing the heat transfer rate to the polymer inside 

the mould.
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The effect of varying the circulating airflow was not obvious at the beginning of the 

moulding cycles (up to the beginning of melting period). This is shown in Figure 

(5.119) as there are no differences between the internal air temperature profiles. The 

explanation for that is the oven temperature trend at the beginning of heating period. 

Figure (5.120) shows, for approximately the first 120 seconds, how the temperature 

profiles rose in the same manner without any differences.
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Figure 5.120: Measured environment and internal air temperature as a function 
of time for three different oven fan capacities

From the same Figure, it is apparent that the overshoot of oven temperature beyond 

the set point was higher for lower air circulation volume. This increase in 

temperature at the beginning of the cycle made up for the difference in airflow rates, 

which contributed to the elimination of varying oven fan capacity effect at the 

beginning of the cycle.

From the results of varying oven temperature, rotation speeds and oven fan capacity 

it is evident that the significant effect is during the powder melting periods. The 

effect is less significant in the period after the melting has finished up to the targeted 

maximum internal air temperature. Therefore, these results highlight the importance 

of achieving more effective and efficient heating and energy transfer to the polymer, 

in particular during the powder melting period. The variables investigated and
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discussed have played a crucial role in optimising the process as they are very 

important in determining both oven periods and final part quality. The polymer 

material is also a decisive factor, whereby using polymer with a higher thermal 

stability and lower latent heat of fusion will effectively contribute to shorter cycle 

times.

Table (5.37) shows the reduction times that were achieved due to variations in oven 

fan capacities. The reference values are the times obtained at oven fan capacity of 

4000cffn.

Table 5.37: Reduction in cycle times as a result of varying oven fan capacity

Cycle Feature Reduction in cycle time (%)
4000cfm SOOOcfm 12000cfm

Oven period (sec) / 10.5 19.7
Cooling period (sec) / 4.7 7
Overall cycle time (sec) / 6.3 11.2

By comparing the results of varying oven fan capacity up to the maximum 

(12000cfm) with the results of increasing oven temperature up to 400°C (Table 5.33), 

which is considered relatively high in rotomoulding, it can be seen that the oven 

temperature had a more significant effect on reducing cycle times than increasing the 

oven fan capacity. The results of the following three mouldings were compared to 

show the difference in the effect of these two variables:

1. Oven temperature was 300°C and fan capacity was SOOOcffn. This 

moulding was considered the original moulding for comparison.

2. Oven temperature was 400°C and fan capacity was SOOOcfin.

3. Oven temperature was 300°C and fan capacity was 12000cfin.

Figure (5.121) shows the measured mould and internal air temperature profiles for 

the three mouldings.
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Figure 5.121: Measured mould and internal air temperature as a function of time
for three different oven fan capacities and oven temperature combinations

From Figure (5.121), the significant effect of high oven temperature is apparent. 

Increasing oven temperature to 400°C results in a faster mould temperature rise 

because of the larger thermal gradient between the heating source and the mould 

surface. The maximum mould temperature was approximately 300°C which was the 

same as the oven set temperature for the other two mouldings. This advantage of 

higher mould temperature provided approximately an extra 40°C temperature 

difference with the polymer inside the mould that contributed to higher heat transfer 

rates. Consequently the extra added energy led to a shorter powder melting period 

and faster internal air temperature rise towards the targeted maximum temperature.

Increasing the air flow rate (which resulted in a higher air velocity passing over the 

mould surface that led to larger heat transfer coefficient value and higher heat 

transfer rates) did not provide the required energy to compensate for the low 

temperature difference between the mould and heating source available with the 

300°C oven temperature.

Reductions in heating periods of 37% and 10.5% were obtained as a result of 

increasing oven temperature to 400°C and increasing oven fan capacity to 12000cfm,
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respectively. These shorter heating periods contributed to overall cycle time 

reductions of 14% and 5.5%, respectively.

From the results obtained it can be seen that to utilise effectively the advantage of 

increasing the heat transfer coefficient between the mould and the heating air, the fan 

capacity should be much higher than 12000cfm. This, however, is considered 

impractical in terms of machine maintenance requirements.

Comparing the results in Table (5.37) with those that obtained from increasing 

rotation speed ratio, shows that increasing the air heating rates had a more significant 

effect on cycle times than increasing rotation speed ratio. The results of the following 

three mouldings were compared to show the difference in the effect of these two 

variables:

1. Oven temperature 300°C, fan capacity SOOOcfm and rotation speed ratio 

8/2. This moulding was considered the original moulding for comparison.

2. Oven temperature 300°C, fan capacity SOOOcfm and rotation speed ratio 

24/6.

3. Oven temperature 300°C, fan capacity 12000cfm and rotation speed ratio

8/2.

Figure (5.122) shows the measured mould and internal air temperature profiles for 

the three mouldings.
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Figure 5.122: Measured mould and internal air temperature as a function of time
for three different oven fan capacities and rotation ratios combinations

Reductions of 10.5% and 7.7% were achieved in the heating periods due to changing 

the oven fan capacity from SOOOcfm to 12000cfm and increasing rotation speeds 

from a ratio 8/2 to ratio 24/6 respectively. This resulted in 5.5% and 2% reductions in 

overall cycle times, respectively.

Figure (5.122) shows, as discussed previously, that higher rotation speeds did not 

have a significant effect on increasing the heat transfer coefficient between the 

mould and the heating air, while increasing the oven fan capacity had a noticeable 

effect and this is obvious from the difference in mould temperature profiles. 

Therefore, a combination of these two variables would be beneficial as one variable 

that results in higher heat transfer rates and both of them contribute to reduce powder 

melting periods.

5.7 Internal Mould Cooling

In this Section, the results that were obtained from investigating internal mould 

cooling are presented and discussed. Three different methods were tested on a 

biaxially rotating mould. The first part of this Section covers the use of air amplifiers
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and the calculation of an approximate heat transfer coefficient inside the mould due 

to the extra air turbulence. The second part covers the use of a chilled water cooling 

coil, while the third part is about using liquid carbon dioxide (CO2) as an internal 

coolant.

5.7.1 Air Amplifiers

As mentioned previously, two different airflows were tested to determine the effect 

of turbulent air on cooling of the part. Varying airflow through an air amplifier was 

achieved by changing the supply compressed air pressure. The airflows tested were:

a. Trial A: 18 L/s supply airflow (3.6 m/s velocity) and 12 L/s exhaust 

airflow (2.4 m/s velocity). The compressed air pressure was 1 bar for both 

amplifiers.

b. Trial B: 25 L/s supply airflow (5 m/s velocity) and 16 L/s exhaust airflow 

(3.2 m/s). The compressed air pressure was 2 bars for both amplifiers.

The flow rates were calculated by using Equation (4.7). The anemometer diameter 

was 80mm and air velocity was measured at a distance of 300mm from the outlet to 

allow for steady flow.

The compressed air pressures were arbitrarily selected in order to have two different 

airflows; 2bar pressure was the highest that could be achieved from the rotomoulding 

machine and 1 bar pressure was selected to be half the maximum value. Although the 

same pressure was provided to both amplifiers, there was a difference between the 

supply and exhaust airflows in both trials. The reason for that can be attributed to the 

pipework that conveyed the compressed air to the air amplifiers. The pipe work that 

was connected to the exhaust air amplifier was longer with more pipe bends than the 

one connected to the supply amplifier, which consequently resulted in more friction 

that led inevitably to lower pressure values.

The following Figures show the results obtained for Trial A and Trial B compared to 

a normal moulding Trial C.
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Figure 5.123: Measured plastic inner surface temperature as a function of time 
for Trials A, B and C

From Figure (5.123), at a demoulding plastic temperature of 70°C, reductions of 19% 

and 11% were achieved in cooling time and overall cycle time respectively for Trial 

A, while 25% and 14% reductions in cooling time and overall cycle time respectively 

were achieved for Trial B. These significant reductions were achieved at induced air 

temperature of more than 40°C. Although the air amplifiers sucked air directly from 

the surroundings inside the cooling chamber (approximate temperature in the range 

of 18-34°C), the induced air stream temperature at the end of the cooling cycle was 

in the range of 40-50°C. The reason for that was because the compressed air supply 

lines were running through the hot machine arm, which resulted in raising the air 

temperature to approximately 100°C at the beginning of cooling period before being 

mixed with air from the cooling chamber.

Internal mould cooling reduced cycle times by enhancing the cooling rate of the 

plastic. Approximate rate values of -0.34°C/s and -0.37°C/s were calculated from the 

temperature profiles (Figure 5.123) for Trial A and Trial B respectively, while a 

value of-0.26°C/s was calculated for Trial C (normal moulding). These cooling rates 

were calculated for the period from the beginning of the cooling stage until the 

plastic temperature reached 120°C.
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Interestingly, it can be seen that doubling the compressed air pressure (on control 

panel) provided to air amplifiers did not result in a similar reduction in cooling rate. 

This was because doubling the compressed air pressure did not mean doubling the 

compressed air flow rate supplied to the air amplifier. The reason for that was the 

extra friction produced inside the compressed air pipework and at the inlet of the air 

amplifier due to the higher pressure and larger flow rate. Additionally, the extra 

friction produced inside the amplifier throat (Figure 4.10) at higher air pressure and 

the increasing air turbulence at the amplifier inlet from the surroundings, contributed 

to limiting the air flow rates through the air amplifier into the mould.

The maximum temperatures (around 222°C) for the profiles shown in Figure (5.123) 

are not exactly the same but they are still within the accuracy levels of 

thermocouples, which is ±1.5°C ll45), and the Rotolog device. Therefore, the 

comparison of those three profiles is reasonable to quantify cycle reductions.

At a demoulding internal air temperature of 70°C, reductions of 55% and 35% in 

cooling and overall cycle times respectively were achieved for Trial A, while 67% 

and 43% in cooling and overall time were achieved respectively for Trial B. The 

internal air temperature profiles are shown in Figure (5.124).
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Figure 5.124: Measured internal air temperature as a function of time for Trials A, 
B and C
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These reductions are very significant, but as mentioned previously, the internal air 

temperature measurements do not present the actual situation inside the mould when 

air jets are being supplied into it. The turbulence created by the supplied air streams 

“masked” the thermocouple for measuring internal air temperature. Actual cooling 

rates are shown clearly by the plastic temperature profiles regardless of the level of 

air turbulence inside the mould as can be seen from Figure (5.123).

The introduction of forced air inside the mould undoubtedly increased the heat 

transfer coefficient between the plastic and internal air and consequently resulted in 

higher cooling rates.

For the purpose of estimating the heat transfer coefficient between air streams 

provided by air amplifiers and plastic, an analogy with gas jet impingement heat 

transfer was made. Typical applications of gas jet impingement include tempering of 

glass plate, annealing of metal sheet and drying of textile and paper products.

Figure (5.125) is a schematic diagram that shows an air jet discharged from an air 

amplifier into a mould.

SURROUNDING AIR

f] EXHAUST AIR 
AMPLIFIER

COMPRESSED

COMPRESSED
SUPPLY AIR 
AMPLIFIER

PEEK g 
TUBE |

S; PEEK 
'5| TUBE

MOULD

PLASTIC
MOULD VOID

FREE

STAGNATION
POINT

WALL
JET

Figure 5.125: Schematic diagram of surface air impingement inside a mould
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In Figure (5.125) the free jet is the air stream that is supplied by the air amplifier. 

The air flow is influenced by the target surface (bottom of mould) and is decelerated 

and accelerated in the normal (z) and transverse (r) directions respectively. The 

horizontal acceleration can not continue indefinitely and is gradually transformed to 

a decelerating wall jet[22e].

The correlations that are used to estimate the average heat transfer coefficients at 

different distances away from the stagnation point are given by Martin [146] and 

Incropera and Dewitt[22e]:

(5.21)

F,=2 Rel/2(l + 0.005 Re0'55 f2 (5.22)

d 1 - l.lrf/r
~ r l + 0.\(H/d-6)d/r

(5.23)

1

1*$: 1
' II

II (5.24)
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Re = V°'d (5.25)

where: Nu 

Pr 

Re 

r 

d 

H

K
Va

is the average Nusselt number.

is the Prandtl number.

is the Reynolds number.

is the distance from stagnation point, m .

is the PEEK tube exit diameter, m .

is the vertical distance between tube exit and plastic surface, m . 

is the thermal conductivity of impinged air, W! m.°C . 

is the velocity of impinged air at tube exit, m/s. 

is the kinematic viscosity of impinged air, m2/s. 

is the average heat transfer coefficient, W! m2 .°C .
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The ranges of validity are:

'2000 < Re < 400,000 
2 < H/d <12 
2.5 < r/d < 7.5

The above mentioned correlations were utilised to estimate the heat transfer 

coefficients at two different locations; one near the stagnation point (r/d was 2.5) 

and the other when r/d was 7. At each location the heat transfer coefficient was 

estimated at two different temperatures. Since the compressed air temperature was 

varying during the cooling period, the heat transfer coefficients were estimated at 

100°C and 45°C, the approximate temperatures at the beginning and the end of the 

cooling period.

The impinged air stream properties used in calculations are shown in Table (5.38). 

These properties were extracted from heat transfer textbooks. The calculations and 

analysis hereafter were performed considering Trial B.

Table 5.38: Impinged air properties at two different temperatures

Air Property Approximate Air Temperature
100°C 45°C

Thermal Conductivity 
ka (W/m.°C)

31.75xlCT3 27.63x1 O'3

Kinematic Viscosity 
vfl (m2/s)

23.45 xl(T6 17.70x1 O'6

Prandtl Number (Pr) 0.695 0.705

Other required information is as follows:

PEEK tube internal diameter was 0.025m (d).

The distance between tube exit and plastic surface was 0.2m (//).

The air velocity at tube outlet 50 m/s (Va).

The results obtained are shown in Table (5.39). These results were calculated by 

direct substitution in Equations (5.21) - (5.25).
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Table 5.39: Heat transfer coefficient values
r/d Parameter Approximate Air Temperature

Ratio 100°C 45°C
Re 53304 70621

2.5 Nu 142 173

h (W/m2.°C) 180 190
Re 53304 70621

7 Nu 80 98

h (W/m2 °C) 102 108

From the average heat transfer coefficient values in Table (5.39), it is apparent that 

the variation in air temperature did not have a significant effect on h values. On the 

other hand, the h values were notably affected by increasing the distance away from

the stagnation point. A reduction of 43% in h value was noticed at a distance of 

approximately 175mm from the centre of air jet.

The air jets introduced by air amplifier were influenced by the target surface (mould 

bottom) and the sidewalls of the mould. The distribution pattern of wall jets (Figure 

5.125) was influenced by hitting the side walls of the mould, creating a turbulent air 

flow inside the confined mould space, and the use of exhaust air amplifier assisted in 

circulating the air flow.

It is very difficult to represent the complicated overall air distribution inside the 

mould by any of the heat transfer correlations that are available in the literature in 

order to estimate the heat transfer coefficient value. The approximate values that are 

shown in Table (5.39) are considered a good indication to give a provisional estimate 

of the overall heat transfer coefficient inside the mould in the case of using forced air 

for internal mould cooling.

The plastic inner surface temperature profiles that are shown in Figure (5.123) were 

measured by a thermocouple fixed through the mould lid (opposite the mould base). 

It was evident that the heat transfer coefficient was reduced by 43% at just 175mm 

away from the air jet, therefore the heat transfer coefficient value between the 

internal turbulent air and the surface from which the temperature was measured was
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expected to be much less than 108 W/m2.°C. It is difficult to make an estimation but 

it is believed that the overall heat transfer coefficient was not more than 50 W/m .°C.

The introduction of forced air for internal mould cooling resulted in a greater 

dissipated heat flux from the plastic inner surface due to the higher heat transfer 

coefficient value and lower internal air temperature obtained compared with the 

conditions inside a normal moulding. As shown in Figure (5.126), for the normal 

moulding the internal air temperature was higher than the plastic inner surface 

temperature during the cooling period, while it was the contrary for Trial B because 

of the colder air that was supplied into the mould.

-----Trial C - plastic inner surface

— Trial B - plastic inner surface

---- Trial C - internal air

w 140 Trial B - internal air
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80 -
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Figure 5.126: Measured internal air and plastic inner surface temperatures 
as a function of time for Trials B & C.

The effect of improved cooling rate is also evident in Figure (5.127).
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Figure 5.127: Measured plastic inner and outer surfaces temperature as a function 
of time for Trials B & C

From Figure (5.127), it can be seen that there is not large difference between the two 

temperature gradient (Tinner - Touter) profiles. The average temperature difference 

across the wall thickness for Trial C (normal moulding) was approximately 9°C, 

while it was approximately 7°C for the moulding that was internally cooled by forced 

air (Trial B).

These results confirm that the overall heat transfer coefficient between the internal 

air and the plastic during internal mould cooling was not as high as the previously 

calculated values at the bottom of the moulding. This can be attributed to poor air 

distribution inside the mould, where the exhaust air amplifier (as shown in Figure 

5.125) was at a position that caused an air ‘short circuit’ rather than assisting in 

circulating the air inside the mould.

Figures (5.128) and (5.129) show the instantaneous dissipated heat flux from both 

plastic surfaces (inner and outer) for both mouldings; Trial B and Trial C.
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-----normal inner surface

-1300 -1—

Figure 5.128: Calculated instantaneous heat flux dissipated from the inner 
and outer surfaces of Trials B & C mouldings

Time (s)

-0.5 -

Trial B (inner surface)

normal inner surface

Figure 5.129: Calculated instantaneous heat flux dissipated from the inner surfaces 
of Trials B & C mouldings

Negative heat flux values mean that the direction of dissipated energy was out of the 

plastic, while the positive values mean that energy was added to plastic. Figure 

(5.129) shows the same two profiles of the inner surface for the same mouldings, but 

for a smaller range of values for better clarification.
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The instantaneous heat flux values were calculated using the following 

equations 1147]:

Tpo

Tpi-------r"

q"in cond

q"conv -«----- —-----q"p cond

INTERNAL
AIR MOULDPLASTIC

th = 1.6inm

Figure 5.130: Schematic diagram of heat flux directions out of plastic layer 
during cooling stage

at x = 0,

%cond=4c,n, = K.p(Tu,-Tp) (5.26)

where: q' is the conduction heat flux in plastic at x = 0, W! m2.

qconv is the convection heat flux out of plastic at x = 0, W! m1. 

hia p is the internal air heat transfer coefficient, W/m2.°C.

Tia is the measured internal air temperature, °C.

Tp is the measured plastic inner surface temperature, °C.

In Equation (5.26), an estimated value of hia p was used for Trial B, which was

SOW/m2 °C y while 0.3W/m2.°Cwas used (as determined in Section 5.4) to 

calculate instantaneous heat flux values from normal moulding surfaces.
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At x = L,

Pcond mcond = k„
(T -T )V m po /

L

where: qn is the conduction heat flux in plastic at x = L, W/m2.
Pcond 1

qmcond is the conduction heat flux in mould at x = L, W/m2.

km is the thermal conductivity of the mould material, W! m°C .

Tm is the measured mould outer surface temperature, °C .

T is the measured plastic outer surface temperature, °C .

L is the wall thickness of the mould, m .

(5.27)

In Equation (5.27), the thermal conductivity of steel mould is shown in Table (4.2), 

which is 50 W / m°C .

By looking back at Figure (5.128), the large difference in the instantaneous heat flux 

values being dissipated from the outer and inner surfaces is very clear. These results 

explain why the difference in average temperature gradients for the two mouldings 

was only 2°C. However, these small amounts (compared to outer surface) of 

dissipated heat flux in Trial B contributed to 25% and 14% reductions in cooling and 

overall cycle times respectively, which are regarded as significant reductions.

In Figure (5.129), the heat flux values from the inner surface of a normal moulding 

are positive values, which means the energy route was from the internal air to the 

plastic, while it was the reverse way for Trial B, where all values are negative. For 

Trial C, at the beginning of the cooling stage the heat flux values are negative. This 

can be explained by the thermal energy stored in the mould and plastic. For a certain 

period of time the heat transfer direction will be from plastic to internal air before it 

is eventually reversed because of the effect of cooling.

The following schematic diagram illustrates the temperature distribution across the 

moulding wall at a particular time during the cooling stage for both cases; normal 

and Trial B mouldings.
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INTERNAL
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Tia: INTERNAL AIR TEMPERATURE 

Tpi: PLASTIC INNER SURFACE TEMPERATURE 

Tpo: PLASTIC OUTER SURFACE TEMPERATURE 

Tm: MOULD OUTER SURFACE TEMPERATURE 

Tea: EXTERNAL AIR TEMPERATURE

Figure 5.131: Schematic diagram of temperature distribution across plastic
thickness at a certain time during cooling stage. 
(A) Trial C moulding, (B) Trial B moulding

It is known that the best temperature distribution is the one that has a perfect ‘bell’ 

shape across the plastic thickness which means the peak temperature is in the middle 

and the difference between Tia and Tea is almost zero (this would improve moulding

quality by reducing the possibility of thermal stresses due to large temperature 

gradients). Achieving a bell shape temperature distribution has an effect on reducing 

cycle times as well, since more energy must be removed from the internal surface to 

shift the peak temperature profile to the middle.

Using air amplifiers has been proven to reduce cycle times by dissipating more 

energy directly from the plastic inner surface. One disadvantage of air amplifiers that 

must be addressed is their detrimental effect on the molten plastic at the beginning of 

cooling, where the high speed of the supplied air and the short distance between the 

amplifier exit and the plastic melt surface caused wrinkles at the bottom of the 

moulded parts. This is shown in the following Figure.
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Figure 5.132: Effect of high speed air supplied by air
amplifier on moulding internal surface

The wrinkles that were formed due to high speed air may not occur if a larger mould 

is used. However, by controlling the air injection and air distribution inside moulds, 

this damage can be avoided as well as improving the heat transfer coefficient 

between the injected air and plastic inner surface. One further modification to 

improve heat flux dissipation is the injection of a mist (mixture air and liquid). The 

use of a two-phase convection cooling or film boiling cooling takes advantage of the 

significant latent heat of evaporation of the liquid and improves the heat transfer 

coefficient dramatically. Using a water mist for cooling a heated surface has been 

widely investigated as an alternative to conventional single-phase convection 

cooling [148’149&150].

5.7.2 Chilled Water Coil

Two mouldings were carried out (Trial D and Trial E) in which a chilled water coil 

was used for mould internal cooling. Trial E was a repeat of Trial D. The results of 

these two mouldings were compared to a normal moulding (Trial F).

At the beginning of the cooling stage and for the connection of the auxiliary arm a 

time delay of approximately 120 seconds was recorded during which the mould and 

plastic inside it were cooled by stagnant air (natural convection).
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For Trial F a deliberate delay of 120 seconds was therefore allowed in order to have 

the same conditions as for the other two mouldings.

As mentioned previously, the circulated chilled water temperature at the beginning of 

internal cooling was between -1°C and -3°C (chiller control panel). At the end of 

cooling period the chilled water temperature (chiller control panel) was 3.5°C and 

2°C for Trial D and Trial E respectively. These temperatures were measured in the 

chiller water reservoir.

The following Figure shows the plastic inner surface temperature profiles for the 

three trials.

240

Trial F - normal

Trial D

— Trial E

140

100 -

40

20 -

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Time (s)

Figure 5.133: Measured plastic inner surface temperature as a function of time 
for Trials D, E and F

From Figure (5.133), the temperature profiles are close to each other during the 

cooling stage and apparently the differences are not large. Reductions of 3% and 2% 

in cooling time and overall cycle time respectively were achieved for Trial D, while 

11% and 6% in cooling time and overall cycle time respectively for Trial E. For Trial 

D the reductions are insignificant and this can be explained by a longer connection 

time for the auxiliary arm as shown by the shaded area in the same Figure, where the 

effect of cooling was apparently delayed.
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Generally speaking, the effect of the chilled water coil was not very significant and 

this is confirmed by examining the cooling rates. Approximate cooling rates of 

-0.3°C/s and -0.28°C/s were calculated from the temperature profiles for Trials D and 

E, while a cooling rate of -0.23°C/s was calculated for Trial F (normal moulding).

In Trial D the coil surface temperature at the inlet and outlet were measured and are 

shown in Figure (5.134).

Trial D - coil outlet temp _

---- Trial D - coil inlet temp

r 120 -

« 100

80 -

60 -

20

Time (s)

Figure 5.134: Measured coil surface inlet and outlet temperatures as a function of time

The inlet surface temperature was measured by K-type thermocouple fixed to the 

first turn of the coil (near the mould lid) and the outlet surface temperature was 

measured by the same type of thermocouples fixed to the final turn of the coil 

(farthest from the mould lid).

By measuring the coil surface temperature, the instantaneous heat transfer rate 

between the cooling coil and internal air temperature at any time can be calculated 

using Newton’s law of cooling [25h]:

Cl = hia,c,Acl(Tia ~ Tcl) (5.28)
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where: is the heat transfer rate, W.

is the heat transfer coefficient between coil surface and internal air,

W / m2 °C.

Ac/ is the outer surface area of the cooling coil, m .

Tia is the internal air temperature, °C.

Tcl is the coil surface temperature, °C.

The coil surface temperature can be estimated as the average between the inlet and 

outlet surface temperatures.

The cooling coil dimensions were as follows: tube diameter was 50mm, the pipe 

outside diameter was 8mm and it was formed of 15 turns (as shown in Appendix B). 

From these dimensions the surface area was calculated to be 0.08m2.

The heat transfer mode between the coil and internal air can be considered a natural 

convection mode because the air movement inside the mould was under the effect of 

buoyancy forces that were created by temperature and density differences. Therefore 

the heat transfer coefficient value can not be obtained easily from a general 

theoretical correlation because of the complexities of fluid motion in natural 

convection. In heat transfer textbooks most of the empirical correlations focused on 

obtaining heat transfer coefficient for fluids through helical coils. In literature the 

heat transfer inside helical tubes has been extensively investigated, but on the other 

hand there is little information available on natural convection from the outside of 

such coils.

A good analogy can be made to experimental work carried out by Xin and 

Ebadian [151]. They investigated the natural convection heat transfer in air from the 

outer surface of uniformly heated helicoidal pipes with vertical and horizontal 

orientations and they came up with the following correlations of overall average 

Nusselt number in the laminar region for the vertical and horizontal cases 

respectively:
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Nu = 0.29/fa02” , 4x103 < Ra< 1x105 (5.29)

Nu=Q3nRa°2n , 5x103 < /?« < 1x105 (5.30)

where: Nu is the Nusselt number.

Ra is the Rayleigh number.

The Nusselt number is defined as:

Nu =
^ia.cl^clo

Jc •

and,

Ra = Gr. Pr = gm-Tr)d> Pr
V;

where: dcl0

kia

Gr

Pr

g

P
Via

Tta

T1cl

is the outer diameter of the helical pipe, m .

is the thermal conductivity of internal air, W / m.°C .

is the Grashof number.

is the Prandtl number for internal air.

is the acceleration of gravity, mis1.

is the coefficient of volume expansion, K~x.

is the kinematic viscosity of internal air, m2/s.

is the internal air temperature, °C .

is the coil surface temperature, °C.

(5.31)

(5.32)

The investigated work was for uniformly heated pipes, but for the cooling coil tested 

inside the mould, the heat transfer was transient and its temperature varied as shown 

in Figure (5.134). For that reason, the correlations (5.29) and (5.30) were used to 

estimate the heat transfer coefficient between the coil and the internal air at two fixed 

different temperatures for the vertical and horizontal cases; the first one was at the 

beginning of the cooling and second was at the end of the cooling period (at 

demoulding temperature). Air properties were extracted from heat transfer textbooks 

at the mean temperature between the internal air and coil surface temperatures. The
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coil surface temperature was taken as the average of the inlet and outlet surface 

temperatures (shown in Figure 5.134) at the required time.

These properties are shown in Table (5.40).

Table 5.40: Internal air properties at two different temperatures

Air Property Approximate Air Temperature
150°C 45°C

Thermal Conductivity 
kia (Wlm.°C)

34.57 x lO-3 27.22 x HT3

Kinematic Viscosity

vu, («'2A)
28.67 xlO-6 17.30x icr6

Prandtl Number (Pr) 0.702 0.71

The heat transfer calculated values are shown in Table (5.41).

Table 5.41: Heat transfer coefficient values
Coil Parameter Approximate Air Temperature

Orientation 150°C 45°C
Ra 205.31 2037.31

vertical Nu 1.38 2.7

h (IV1 m2.°C) 6 9.2
Ra 205.31 2037.31

horizontal ~Nu 1.48 2.96

h (W/m2.°C) 6.4 10

From Table (5.41) it can be seen that the Ra numbers are not within the suggested 

ranges in Equation (5.29) and (5.30). At 45°C the Ra number is close to the lower 

limit of the suggested range. The suggested equations by Xin and Ebadian 11511 were 

for the laminar flow regime. Therefore, since the calculated Ra number values are 

in the laminar region, it is believed that the obtained heat transfer coefficient values 

are considered a good estimation of the thermal interaction between the helical 

cooling coil and internal air inside the mould.

The differences in h values are not large in terms of coil orientation but are quite 

noticeable due to temperature variation. In general the values obtained are low, 

which was expected because of natural convection mode.
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By obtaining all required parameters and by using Equation (5.28) the instantaneous 

heat rates transferred to the cooling coil could be calculated. These results are shown

in Figure (5.135). A value of 10 was considered for h .

60

50 -

40 -

30 -

Time (s)

Figure 5.135: Instantaneous heat rates transferred to the cooling coil as 
a function of time

From Figure (5.135), the heat rates transferred to the coil surface decrease with time 

and this is because the temperature difference between coil surface and internal air is 

decreasing with time.

By comparing these transferred heat amounts to the amounts of heat dissipated from 

the plastic inner surface by using air amplifiers that are shown in Figure (5.136) it 

can be observed that the amounts of heat transferred are very small to affect 

significantly the cooling rates of the plastic inner surface. The poor heat transfer is 

illustrated in Figure (5.137) (where the internal air temperature was always higher 

than the plastic inner surface temperature all along the cooling period).
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Figure 5.136: Instantaneous heat transfer rates as a function of time.
Trial B (heat dissipated from the plastic inner surface) and Trial D 
(heat transferred to the cooling coil)

The instantaneous heat transfer rates that are shown in Figure (5.136) for Trial B are 

the same as those shown in Figures (5.128) and (5.129) but multiplied by the 

moulding inner surface area, which is approximately 0.635m .

---- Trial F - plastic inner surface

---- Trial D - plastic inner surface

---- Trial F - internal air

Trial D - internal air

120 - —

Time (s)

Figure 5.137: Measured internal air and plastic inner surface temperatures 
as a function of time for Trials D & F.
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It is apparent from Figure (5.137) that the internal air temperature values for both 

cases were always higher than the plastic inner surface temperatures.

Although the cooling coil was not very effective in cooling the internal air to 

temperatures lower than the plastic inner surface values during cooling stage, it did 

result in small decrease in internal air temperatures compared to Trial F (normal). 

This is shown in Figure (5.138).

----- Trial F (normal)

Trial D

100 -

80

20 -

Time (s)

Figure 5.138: Measured internal air temperature as a function of time for Trials D & F

During the heating period, the coil has continuously been absorbing heat as 

illustrated by its surface temperature profiles as shown in Figure (5.134) and it acted 

as a heat sink inside the mould which contributed to keeping the internal air 

temperature lower than the normal moulding. The peak internal air temperatures are 

not similar for the same reason.

At the beginning of the cooling period, because the internal air in Trial D started at a 

lower temperature than in Trial F, and because of the small effect of the water 

cooling coil in dissipating heat, the internal air temperature profile was kept at values 

lower than that in normal moulding. This difference in internal air temperatures 

contributed to cooling the plastic inner surface temperature at higher rates as 

mentioned previously -0.3°C/s against -0.23°C/s for normal moulding.
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Unlike what happened when using air amplifiers, the cooling coil did not damage the 

moulding because no forced air was supplied into the mould and the only heat 

transfer mode that took place was natural convection.

Also, it was expected that the powder would stick to the cooling coil while it was in 

the oven because it was a copper coil and its temperature rose to higher than the 

powder melting temperature. In fact very little of the powder fell and melted on the 

coil surface as shown in Figure (5.139).

Figure 5.139: The cooling coil at the end of a moulding
without any powder melted on its surface

The use of the water cooling coil achieved reductions in cycle times, but these 

reductions were not significant.

5.7.3 Liquid Carbon Dioxide (C02)

Two mouldings were carried out (Trial G and Trial H) using CO2 as a coolant. As 

mentioned previously, the C02 was supplied by two cylinders at 50 bar pressure via 

two pressure regulators and then the auxiliary arm. The pressure regulators reduced 

the pressure to around 6 bars. The results of Trials G and H were compared to results 

of a normal moulding (Trial F).
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Different time delays were recorded for both trials for the connection of auxiliary 

arm.

Figure (5.140) shows the plastic inner surface temperature profiles for both trials 

compared to a normal moulding.

---- Trial F - normal

— Trial G

Trial H
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Figure 5.140: Measured plastic inner surface temperature as a function of time 
for Trial F, G and H

From Figure (5.140), it can be seen that the effect of CO2 was insignificant on 

reducing cycle times. In Trial G the cycle time was longer than the normal moulding 

overall cycle time, this was because of the auxiliary arm connection time. It was 

recorded around 2 minutes for Trials F and H while it was around 4 minutes for Trial 

G.

Reductions of 4% and 2% in cooling time and overall cycle time respectively were 

achieved in Trial H. By examining the cooling rates at the beginning of the cooling 

period it was found the plastic inner surface was cooled at rates -0.27°C/s and 

-0.28°C/s in Trials G and H respectively, while the rate of cooling was -0.23°C/s in 

Trial F.

297



Chapter 5 Results and Discussion

Although the plastic was cooled at higher rates in Trials G and H at the beginning of 

cooling period, this situation could not be maintained for the following two reasons:

1. In Trial G, during the first few minutes of cooling, the diaphragm of one of 

the multistage pressure regulators was ruptured and stopped working. One 

pressure regulator was used for the rest of the cooling period and for the 

whole of cooling period in Trial H.

2. The supplied CO2 temperature was very low (less than -40°C) which caused 

the pressure regulators and the flow meter passages to be frozen within a few 

minutes from the beginning of CO2 injection. Frozen regulators and flow 

meter are shown in Figures (5.141), (5.142) and (5.143).

Figure 5.141: Frozen regulator (back) Figure 5.142: Frozen regulator (front)
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The CO2 supply started as a continuous flow at a rate of 2 1/s, and then, with the 

onset of freezing, its flow became inconsistent pulses of very low flow rate and most 

of the time with no flow rate. The inconsistent cooling is illustrated by the internal 

air temperature profiles that are shown in Figure (5.144).

220 7- Continuous 2 I/s 
flow rate ----Trial F

Trial H

— Trial G

100 -

Inconsistent pulses 
flow flow rate!

40 --

No C02 flow

Time (s)

Figure 5.144: Measured internal air temperature as a function of time for Trials F, 
GandH

From Figure (5.144), it is apparent that the continuous flow of CO2 only occurred for 

a few minutes at the beginning of the cooling periods. The short periods of 

continuous full flow rates were not enough to allow the colder internal air to 

effectively cool the plastic inner surface and consequently to reduce cycle time 

significantly.

The same Figure shows the difference in starting time of the CO2 supply, where in 

Trial G the supply started at about 2 minutes behind Trial H because of the time 

spent to connect the auxiliary arm.

It can be seen from Figures (5.144) that, even though the internal air temperatures in 

Trials G and H were less than the internal air temperature measured in Trial F, the 

cycle times were not reduced significantly. This is seen particularly in Trial G where 

the cycle time was even longer than the normal moulding. This can be explained by
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examining the location of the thermocouple that measured internal air temperatures 

shown in Figure (5.145).

^__ Internal air
^ thermocouple

o m Mi

^__C02 nozzle 
injection

✓

Figure 5.145: Location of the internal air thermocouple

As the supply flow rate was intermittent and very low, the internal air was not all 

affected and the temperature was not homogenously distributed. Therefore the 

measured profiles in Figure (5.144) represented local temperatures and the rest of the 

internal air was most probably was at a higher temperature. This explanation can be 

supported by the results obtained for Trial G, where the internal air temperature 

reached 70°C in a shorter time if compared to Trial F but the overall cycle time, 

considering the plastic inner surface temperature, was longer. This implied that the 

internal air temperature near the centre of mould void was lower than that near the 

plastic.

Injecting CO2 inside the mould to assist in cooling the plastic inner surface proved 

(from the results obtained at the beginning of cooling period) that it is possible to 

achieve good results if undisturbed continuous flow rate is maintained along the 

cooling cycle. Figure (5.146) shows a comparison between the effects of the injected 

fluid inside the mould on internal air temperature for Trials B (air amplifiers) and H 

(C02).
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Overlaid in 
Figure (5.147) ---- Trial B - air amplifier

Trial H - €02

Time (s)

Figure 5.146: Measured internal air temperature as a function of time for Trials B 
(air amplifier) and H (C02)

Figure (5.147) shows parts of the internal air temperature profiles at the beginning of 

the cooling period for both trials overlaid over each other to clarify the effect of both 

fluids.

Temp.: > 45 °C

Air amplifier 
Flow: 25 1/s

Flow: 2 1/s

---- Trial B - air amplifier

---- Trial H - C02

170 -

150 -

140 -

Time (s)

Figure 5.147: Measured internal air temperature as a function of time for Trials B 
(air amplifier) and H (C02) overlaid over each other

It can be seen from the previous two Figures that for the first two minutes of the 

cooling period the effect of CO2 is similar to the effect of injecting forced air on
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internal mould air temperature. At the very beginning of cooling period a cooling 

rate of -1.9°C/s was achieved in both trials. In Trial B, this cooling rate was achieved 

by supplying approximately 25 1/s of forced air, while in Trial H it was achieved by 

supplying approximately 2 1/s of C02 but at a temperature of approximately 80°C 

less than the forced air supplied by air amplifier.

It is believed that if a supply of CO2 continued until the end of the cooling period, the 

effect on the internal air and consequently on the plastic inner surface would have 

been more significant. By using liquid carbon dioxide, a very low temperature was 

achieved in order to enhance the heat transfer between the internal air and plastic 

inner surface.

The CO2 was provided from a cylinder with a nozzle at its outlet as shown in Figure 

(5.148).

Figure 5.148: Nozzle at the outlet of C02 cylinder

The nozzle shown in Figure (5.148) was built-in at the outlet of the CO2 cylinder. 

Therefore, it can be expected that with the existence of this nozzle and for the first 

few minutes of cooling during which the supply was continuous, that the supplied 

CO2 was only gas without any liquid mixture as it was expected. One more reason 

for presuming that is the fact that CO2 is not a pure liquid inside the cylinder whereas 

a small part (the highest) is usually filled with CO2 gas at high pressure.
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For the purpose of estimating the heat transfer coefficient between the CO2 stream 

and plastic the equations that are given in heat transfer textbooks for gas jet 

impingement can not be used because the Reynolds number (Re) and other 

dimensions such as the distance between nozzle outlet and plastic are not within the 

validity ranges of the developed equations. However, by considering the general

equation to obtain the average Nusselt number {Nu)[2511:

Nu =
hL^

= CRew Pr"

where: Nu

4
kco2

h

Pr

Re

is the average Nusselt number, 

is the characteristic length, m .

is the thermal conductivity of impinged CO2, W / m.°C .

is the average heat transfer coefficient, W/m2.°C. 

is the Prandtl number, 

is the Reynolds number.

(5.33)

C, m and n are constants and their values depend on the geometry of surface and 

the flow regime.

And by considering the CO2 gas properties that were extracted from the heat transfer 

textbooks and are shown in Table (5.42).

Table 5.42: Carbon dioxide gas properties

Air Property Approximate Air Temperature
-40°C

Thermal Conductivity
Ko> (Wlm°C)

0.1011

Kinematic Viscosity
vco, (m2/s)

O.llSxlO-6

Prandtl Number (Pr) 2.46

By associating the CO2 properties with Equation (5.33) and by comparing them to 

impinged air properties that are shown in Table (5.38), it can be expected that the 

heat transfer coefficient value generated by CO2 was larger than that of forced air
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supplied by air amplifiers. The CO2 thermal conductivity value is approximately 4 

times larger than that of air, and from the definition of Nu, h is directly 

proportional to kco^ . The CO2 kinematic viscosity is 150 times smaller than that of

air and the velocity of CO2 at the nozzle outlet was more than 80 m/s (flow rate was 

approximately 2 1/s and nozzle outlet dimensions were 8mm length and 2mm width), 

so from the definition of Re, it is directly proportional to fluid velocity and inversely 

proportional to fluid kinematic viscosity. Apart from that, the CO2 Pr number is 

larger than that of air and the characteristic length of the nozzle is smaller than that 

of the air amplifier outlet, the previously mentioned variables indicate that the CO2 

heat transfer coefficient value can be larger than that of air.

Supplying CO2 at high speeds from a nozzle directly towards the melt plastic at the 

beginning of the cooling period resulted in damage illustrated by wrinkles at the 

moulding base. This is shown in Figure (5.149).

The results obtained for internal mould cooling by utilising liquid carbon dioxide 

was not as significant as those achieved in other plastic processes. The previously 

discussed experiments were the initial attempts to investigate the effect of CO2 in 

internal cooling and how it can be utilised in rotational moulding. From these initial 

results more extensive investigation can be carried out taking into consideration and 

paying attention to the following:
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1. Using appropriate storage outlets and pressure regulators to supply liquid 

CO2 rather than pure gas. This is to take full advantage of its very low 

temperature and its latent heat of vaporisation to cool plastic at film boiling 

by dissipating more energy from its internal surface. The film boiling can 

create a larger value of heat transfer coefficient than forced convection mode.

2. Storage conditions of CO2. The storage conditions (temperature and pressure) 

can affect the amount of heat absorbed by liquid CO2.

3. Proper pressure and flow rate controls to make sure of supplying the required 

and constant amounts of CO2.

4. The economic feasibility of using CO2.

5.8 Effect of External Water Cooling

In this Section the effect of external water cooling instead of forced air and the effect 
of cooling water temperature are presented and discussed.

In Section (5.4) it was predicted that the water heat transfer coefficient value was 

twice that of forced air. That large difference in coefficient values explains why 

using water is more efficient than air in dissipating heat from the mould outer 

surface, which consequently leads to shorter cycle times. O’Neill [70] carried out a 

comprehensive study investigating the effect of water cooling and comparing it to the 

effect of forced air. The results shown hereafter were obtained for water cooling and 

compared to normal moulding (same conditions as in Section 4.14) results in order to 

maintain consistency with the rest of results in quantifying reductions in cycle times.

Two different trials (Trial W1 and Trial W2) were carried out. All moulding 

conditions chosen to be as for a normal moulding except for cooling where forced air 

was replaced by water spray associated with the exhaust fan operating at capacity 

4000cfm.

The difference between Trial W1 and Trial W2 was the water temperature at the 

beginning of the cooling stage. For Trial W1 the water temperature was
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approximately 20°C, while for Trial W2 the water at the bottom of the cooler of the 

rotomoulding machine was cooled to 9°C by a chiller and pipework laid at the 

bottom of water pond as shown in Figure (4.22).

Figure (5.150) shows the mould and internal air temperature profiles for the three 

trials.

-----normal - mould outer surface

-----normal - internal air

— Trial W1 - mould outer surface

Trial W1 - internal air

-----Trial W2 - mould outer surface

-----Trial W2 - internal air

125 -

100 -

25 -

Time (s)

Figure 5.150: Measured mould and internal air temperatures as a function 
of time for Trials Wl, W2 and normal moulding

From Figure (5.150) the effect of water cooling is very clear on reducing cycle times. 

Reductions of approximately 60% and 36% in cooling time and overall cycle time 

respectively were achieved for Trial Wl, while reductions of approximately of 61% 

and 37% in cooling and overall cycle times respectively were achieved for Trial W2. 

The effect of water temperature was almost negligible where the reduction in overall 

cycle time was not more than 1.5% between Trial Wl and Trial W2.

On the one hand this can be explained by the small difference in water temperature 

between the two tested trials, where the difference was about 11°C at the beginning 

of cooling period and was decreased to 7°C at the end of the cycle. At the end the 

water temperatures were 22°C and 15°C for Trial Wl and Trial W2 respectively. The 

water heat transfer value was the dominant factor in determining the heat transfer
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rates and the small temperature difference formed only a small proportion of heat 

transfer rates.

One problem associated with water cooling is the warpage of the moulded part due to 

the large temperature gradient across the plastic wall. The large difference in cooling 

rates between the plastic inner and outer surfaces results in thermal stresses. Figure 

(5.151) shows the effect of water spray cooling on the moulded part.

Figure 5.151: Effect of water spray cooling moulded part

5.9 All Cycle Time Reducing Techniques Combined Together

This Section presents and discusses the experimental results obtained from 

combining all the cycle time reducing techniques previously discussed together in 

one moulding trial. Three repeat trials (Trial 1, Trial 2 and Trial 3) were carried out 

in which all techniques were combined together and then the results were compared 

to a normal moulding (Trial 4).

The techniques tested were:-

1. Rotation speed ratio

2. Oven set temperature.

3. Oven fan capacity.

4. Water cooling externally.

5. Internal mould cooling.
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The moulding conditions of a normal moulding (Trial 4) are stated in Section (4.14). 

The changes made to moulding conditions for Trials 1, 2 and 3 were:

1. Arm to plate rotation speed ratio was 16/4 instead of 8/2

2. Oven set temperature was raised to 350°C instead of 300°C.

3. Oven circulating fan capacity was increased to deliver 12000cfm rather than 

SOOOcffn.

4. Water spray (approximately 121/m) was used for external cooling instead of 

full capacity forced air fan. The exhaust fan was set at 4000cfm to evacuate 

any vapour at the beginning of cooling period.

5. From the results obtained in the previous Section, cooling internally can best 

be achieved by inducing forced air into the mould void via air amplifiers. 

Internal mould cooling was used as an extra feature in Trial 1, 2 and 3.

The following Figures show the results and the comparisons between Trials 1, 2, 3 

and 4.

Trial 1 Trial 2

---- Trial 3 ---- Trial 4

w 250 -

« 200 -

150 -

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Time (s)

Figure 5.152: Measured environment temperature as a function of time 
for Trials 1, 2, 3 &4

From Figure (5.152), the average oven temperature for trials 1, 2 and 3 along the 

heating period was approximately 370°C, while for trial 4 it was about 310°C on 

average. The temperature ‘overshoot’ at the beginning of the heating period in trial 4
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was higher than that for the other trials. The temperature oscillation was due to the 

fact that the temperature was measured by using one thermocouple plugged to 

Rotolog, and while rotating with the mould it seemed that it passed across areas of 

lower temperature, which indicates that the temperature distribution inside the oven 

was not entirely uniform.

Figure (5.153) shows the mould outer surface temperature for all trials. It can be seen 

from the graph that the temperature profiles for trials 1, 2 and 3 are shifted to the left 

both during heating and cooling periods, which means higher heating and cooling 

rates. These higher rates are created by larger temperature differences and 

consequently the driving force for adding or dissipating energy during heating and 

cooling periods respectively was larger than that in the normal moulding.

One further observation from Figure (5.153) is that at the beginning of heating, all 

temperature profiles rose at same rate to a certain temperature before starting to 

diverge. The reason for that can be seen in Figure (5.152) where during the time 

before mould temperature traces had separated the environment temperatures for all 

trials had the same temperature rise. This period was the time required for the 

machine doors to fully close and for the machine to start operating at the set 

conditions.

275 -

Trial 2— Trial 1

Trial 4Trial3

150 -

Z 125

r<u 100

50 -

25 -

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 170»0

Time (s)

Figure 5.153: Measured mould outer surface temperature as a function of time 
for Trials 1, 2, 3 &4
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---- Trial 1 Trial 2

— Trial 3 ---- Trial 4

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Time (s)

Figure 5.154: Measured plastic outer surface temperature as a function of time 
for Trials 1, 2, 3 &4

The plastic outer surface temperature profiles shown in Figure (5.154) had the same 

general shape as for the mould outer surface temperature. The thermocouple in Trial 

1 may have moved slightly toward the mould inner surface during moulding because, 

as can be seen in the same Figure, it measured slightly higher and lower temperatures 

than those measured in Trial 2 and 3 during the heating and cooling periods.

Trial 1 ---- Trial 2 -

— Trial3 ---- Trial 4 “

« 150

E 100 -

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Time (s)

Figure 5.155: Measured plastic inner surface temperature as a function of time 
for Trials 1, 2, 3 &4
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Figure 5.156: Measured plastic inner surface temperature as a function of time 
for Trials 1, 2, 3 & 4

Figures (5.155) and (5.156) show the plastic inner surface and internal air 

temperature profiles for all trials. The effect of employing simultaneously all 

techniques on reducing cycle times is very noticeable.

In Figure (5.155) the plastic has been subjected to higher temperature but for shorter 

time and reached almost the same peak temperature as for the normal moulding. The 

difference in cooling rates, -0.6°C/s, -0.5°C/s and -0.56°C/s cooling rates were 

calculated for Trials 1, 2 and 3, while it was -0.24°C/s for Trial 4.

In Figure (5.156) the difference between the first three trials and the normal 

moulding is very significant. It is apparent that higher oven temperature, higher 

rotation speeds and higher oven fan capacity contributed to reducing the powder 

melting period by approximately 25%, and increasing internal air temperature rise 

rates if compared to normal moulding. Heating rates of approximately 0.94°C/s, 

0.93°C/s and 0.91°C/s were calculated for Trials 1, 2 and 3 after the powder melting 

period has been finished, while it was on average about 0.5°C/s for Trial 4.
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Table (5.43) shows the reductions obtained from Trials 1, 2 and 3 when compared to 

Trial 4 (normal moulding) when plastic inner surface temperature of 70°C for 

demoulding.

Table 5.43: Reductions in cycle times obtained from Trials 1, 2 & 3
Heatini? Period Cooling Period Overa 1 Cycle

Moulding Time Reduction Time Reduction Time Reduction
(sec) (%) (sec) (%) (sec) <%)

Trial 4 575 930 1630
Trial 1 394 32 378 59 878 46
Trial 2 401 30 380 59 873 46
Trial 3 402 30 371 60 877 46

From visual inspection of the moulded parts, the three mouldings produced by Trials 

1, 2 and 3 looked similar to the moulding made under normal conditions. No 

warpage was observed and the colour of the plastic was the same for the four 

mouldings. Figures (5.157) and (5.158) show a simple warpage test (also shown in 

Figure 5.151) but for two different sidewalls of the moulding part that was produced 

by Trial 1.

Figure 5.157: Warpage test - Side 1 Figure 5.158: Warpage test - Side 2

An impact test comparison was carried out between samples taken from the moulded 

part produced by Trial 4 and the moulded part produced by Trial 1. The average test 

results are shown in Table (5.44).
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Table 5.44: Impact test results for mouldings produced by Trials 1 & 4

Moulding
Impact Energy (J/mm)

Room Temp.
(~ 22°C)

At Temp. 
(-40°C)

Trial 1 9.4 (± 0.46 SD) 10.7 (± 0.48 SD)
Trial 4 (normal) 10.4 (± 0.47 SD) 10.7 (± 0.42 SD)

It is apparent from Figures (5.157) and (5.158) that the unfavourable effect of using 

external water for cooling was eliminated by using internal mould cooling. 

Introducing forced air inside the mould contributed to faster cooling and at the same 

time created an appropriate internal pressure that kept the plastic in contact with 

mould wall during the cooling period which secured uniform cooling and reduced 

thermal stress.

From the impact test results, it can be seen that the impact energy values are very 

close to each other at room temperature and the same at -40°C, which indicates that 

higher oven temperature and oven fan capacity had no detrimental effect on the 

properties of the plastic. Instead they contributed to increasing the heat flux into the 

system (mould and powder), speeding up the melting process and reaching the 

targeted peak internal air temperature in shorter times without causing any overheat 

problems that would result in polymer oxidation.

313



CHAPTER 6

Case Study -
ARM Challenger Mould

As a final stage of this project a case study was carried out using a mould from 

industry to see if cycle time reductions obtained with the QUB (Queen’s University 

Belfast) mould could be obtained with an industrial mould. This Chapter presents the 

case study including the use of RotoSim to determine appropriate moulding 

conditions before carrying out any experimental trials (particularly to determine the 

rotation speeds required to achieve a reasonably uniform wall thickness distribution). 

It also presents and discusses the experimental results obtained from applying the 

various reducing cycle time techniques investigated in Chapter 5.

6.1 ARM Challenger Mould

The mould is known as the ARM Challenger mould. It was developed by ARM's 

Processes, Equipment, and Tooling Committee and it was designed to be the 

standard against which cycle time improvements can be assessed.

This mould has a number of features such as moulded cores, moulded-in inserts, 

tongue and grooved mating halves, Teflon coating inside and outside (black), fill 

port, double walls and areas for various graphics. The finished product is intended to 

be a hinged ‘suitcase’ shape that can be used as a sales tool.

Considering the previously mentioned features, the Challenger mould provides all 

rotational moulders with an opportunity to mould difficult parts and at the same time
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it sets up a challenge to reduce cycle times. The intention was that industrial moulder 

could use the tool and provide information to ARM regarding the best cycle times 

that could be produced. The outcomes from the research project would then be used 

to see what improvements could be achieved.

The mould, shown in Figures (6.1), (6.2), (6.3) and (6.4), has overall approximate 

dimensions of 600 x 500 x 220 mm (width x depth x height).

Figure 6.1: Challenger mould/bottom half (1) Figure 6.2: Challenger mould/bottom half (2)

Figure 6.4: Challenger mould installed on 
the machine offset arm

The mould is fabricated from cast aluminium of approximately 8mm wall thickness.
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6.2 Determining the Rotation Speeds

RotoSim was used to determine the rotation speeds required for the arm and plate of 

the machine to achieve reasonable wall thickness distribution.

To implement this, a three dimensional image was created, as a first step, using 

AutoCAD software. The three dimensional image defines the inside surface of the 

mould. This image is shown in Figure (6.5).

Figure 6.5: AutoCAD three dimensional image of the challenger mould

The next step was to generate a meshed surface image of this shape by utilising the 

finite element package ABACUS. Figures (6.6) and (6.7) show the meshed surface 

image of the challenger mould.
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The meshed surfaces image created by ABACUS was loaded into RotoSim as the 

desired moulded part shape.

The moulding operating conditions chosen in the simulation runs were:-
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a. Polymer material was metallocene polyethylene grade RM8343 (properties 

shown in Table 5.29).

b. The polymer shot weight was 3kg to give an average wall thickness of 3mm.

c. The oven set temperature was 300°C.

d. The end of the heating period was at approximately 200°C internal air 

temperature.

e. The end of the moulding cycle was at 70°C internal air temperature.

f. The various heat transfer coefficient values were chosen to be within the 

value ranges determined in Section (5.4).

The rotation speed ratio was adjusted many times in an attempt to achieve acceptable 

wall thickness distribution. The rotation speed ratio that produced the lowest 

standard deviation value among the ratios tested was 8 to 5 (arm to plate rotation 

speeds ratio).

RotoSim also helped in estimating the heating and cooling periods required to 

achieve the target internal air temperature.

6.3 Experimental Trials

A normal or reference moulding (Trial CS) was carried out. The results of this 

moulding, that were similar to those reported by the industry, were used to evaluate 

the effect of all cycle time reduction techniques and to quantify time reductions. The 

standard moulding conditions chosen for Trial CS were similar to those selected for 

the simulation runs:-

a. Polymer material was metallocene polyethylene grade RM8343.

b. The polymer shot weight was 3kg that gives on average an approximate wall 

thickness of 3mm.

c. All experiments were started when the internal air and mould temperatures 

were 32 ± 2°C.
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d. The oven set temperature was 300°C and the air flow rate of the circulating 

fan was SOOOcfm.

e. The oven was allowed to reach approximately an equilibrium state before 

starting moulding.

f. The forced air cooling supply fan was of SOOOcfm flow rate while the exhaust 

fan flow rate was 6200cfm.

g. The rotation speed ratio between the arm and the plate was 8 to 5.

h. The mould was taken out of the oven to give a peak internal air temperature 

of 200 ± 6°C.

i. Demoulding occurred when the internal air temperature reached 80°C.

The cycle time reducing techniques tested were:-

1. Rotation speed ratio 16/10 instead of 8/5 (Trial CS1).

2. Oven set temperature 350°C instead of 300°C (Trial CS2)

3. Oven fan capacity 12000cfm, not SOOOcfm (Trial CS3).

4. Water cooling externally (Trial CS4).

5. Internal mould cooling using air amplifier (Trial CSS).

The above mentioned variables were tested by varying one parameter at a time while 

the other variables were kept fixed as for Trial CS. The results of these individual 

tests were compared to Trial CS. Afterwards two trials (Trial CS6 and Trial CS7) 

were carried out in which all techniques were tested combined together and then the 

results were compared to Trial CS to quantify the overall time reductions.

In all trials the following temperatures were measured using K-type thermocouples:-

a. Environment temperature (oven and cooler environment).

b. Mould outer surface temperature.

c. Internal air temperature at locations A and B. The two locations of 

thermocouples are shown in Figures (6.8) and (6.9).
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Figure 6.8: Thermocouples’ locations
on the mould’s upper half

Figure 6.9: Thermocouples’ locations on 
a final moulding

The reasons for measuring the internal air temperature at two different locations 

were: firstly because the mould is double walled and its void has a quite intricate 

shape for air movement and powder flow, so it was believed that internal air 

temperature measurements at two locations would illustrate clearly the temperature 

distribution inside the mould during the cycle, particularly when using air amplifiers 

for internal cooling. Secondly because it was not possible to make any changes to 

the mould, a thermocouple for measuring the plastic internal surface temperature 

could not be fixed to the mould, therefore the two internal air temperature 

measurements were used for comparison purposes and estimating the reduction in 

cycle times.

6.4 Results and Discussion

6.4.1 Effect of Rotation Speed Ratio

Figure (6.10) shows the results of Trial CS1 compared to the normal moulding (Trial 

CS) internal air temperatures.
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Figure 6.10: Measured internal air temperatures as a function of time for Trials 
CS and CS1

From Figure (6.10), it can be seen that both internal air temperature measurements 

(locations A and B) show the sequential events happening to the polymer during the 

moulding cycle. The differences between the two trials due to the increase of rotation 

speeds are not large, where reductions of approximately 4% and 2.5% in overall 

cycle times were achieved at locations A and B respectively.

It can also be seen from Figure (6.10) that the peak internal air temperature at 

location B is generally lower than that at location A. This can be attributed to two 

factors. The first was the moulding wall thickness, where it was noticed that the wall 

thickness at this location was relatively thin compared to the rest of the moulding 

wall distribution (approximately 1.3mm on average). The second reason was the 

existence of fins at the mould’s outer surface (Figure 6.11), which enhanced the heat 

dissipation at this location. These two features contributed to dissipating the thermal 

inertia stored in the plastic at location B and consequently reversing the heat transfer 

direction more rapidly than that at location A.
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Figure 6.11: Fins at the mould’s outer 
surface at location B

The two internal air temperature measurements at locations A and B look very close 

to each other, particularly during the cooling stage. The difference between these two 

measurements during the heating period can be attributed to the reasons mentioned 

previously.

6.4.2 Effect of Oven Set Temperature

The results obtained are shown in Figure (6.12).

----Trial CS - location A

----Trial CS - location B

----Trial CS2 - location A

Trial CS2 - location B

i: 125 -

100 -

Time (s)

Figure 6.12: Measured internal air temperatures as a function of time for Trials 
CS and CS2

322



Chapter 6 Case Study - ARM Challeaser Mould

The effect of increasing oven air temperature is shown in Figure (6.12). The powder 

melting period was shorter, and the rate of heating was higher, which is illustrated by 

the slope of internal air temperature curves for Trial CS2. Reductions of 

approximately 23% and 24% in heating time were achieved at location A and B 

respectively, which consequently resulted in reductions of approximately 5% and 4% 

in overall cycle time, respectively.

The peak internal air temperature was lower at location B because of the same 

reasons mentioned previously.

6.4.3 Effect of Oven Fan Capacity

Figure (6.13) shows the effects of increasing the oven fan capacity compared to Trial 

CS.
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---- Trial CS - location B

---- Trial CS3 - location A
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Figure 6.13: Measured internal air temperatures as a function of time for Trials 
CS and CS3

As can be seen from Figure (6.13), the effect of increasing the oven fan capacity is 

evident, particularly during the powder melting period. Reductions of approximately 

17.5% and 18% in heating periods were achieved at locations A and B respectively. 

The reductions in overall cycle time were 3.5% and 3% respectively.
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By comparing the effect of oven temperature to the effect of oven fan capacity, it can 

be seen from Figure (6.14) that the differences are not significant. This can be seen 

also from the reductions in either heating or overall cycle times mentioned above.

-----Trial CS2 - location A

Trial CS2 - location B

-----Trial CS3 - location A

Trial CS3 - location B

75 -

Time (s)

Figure 6.14: Measured internal air temperatures as a function of time for Trials 
CS2 and CS3

For the QUB cubic mould, the differences between these two variables was more 

significant. In this case, it is believed that two main factors contributed to obtaining 

very close results. The first is the wall thickness of the Challenger mould, which 

hindered the heat transfer if compared to QUB mould wall thickness 1.6mm (cubic 

wall thickness). The second factor is the contribution of the extra fins and larger 

mould with quite intricate outer surface to increasing the heat transfer coefficient 

between the mould and the surroundings. This resulted in relatively higher heat 

transfer rates when compared to the simple cubic shape of the QUB mould.

6.4.4 Effect of External Water Cooling

The results obtained are shown in Figure (6.15).
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Figure 6.15: Measured internal air temperatures as a function of time for Trials 
CS and CS4

The effect of water cooling instead of using forced air is evident in Figure (6.15). 

The cooling with water resulted in reductions of approximately 38% and 28% in 

cooling periods at locations A and B respectively. Consequently, reductions of 

approximately 26% and 21% in overall cycle time at locations A and B were 

achieved.

Interestingly, it can be seen from Figure (6.15) that there is a large difference 

between the internal air temperatures at location A and location B. This noticeable 

difference was caused by the poor water cooling distribution due to the metal frame 

and the Rotolog location at the top of the mould. The Rotolog and its brackets 

partially shielded the top surface of the mould from the water spray jets (shown in 

Figure 6.16), particularly in the region of the two recessed areas that include the fins. 

Therefore, the cooling rate was slower (represented by higher temperature 

measurements at location B if compared to the thermocouple measurements at 

location A for Trial CS4). In spite of the difference between the internal air 

temperature profiles for Trial CS4, the temperature values were still lower than that 

of Trial CS during the cooling stage.
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Figure 6.16: The brackets on which the Rotolog
was installed at the top of the mould

6.4.5 Internal Mould Cooling (air amplifier)

The internal mould cooling was achieved by using one air amplifier to supply air into 

the mould. Only one air amplifier could be used because of the available openings in 

the mould. The exhaust of the air was natural (under the pressure inside the mould) 

through a PTFE vent pipe. The air amplifier was attached to a PEEK tube to facilitate 

its installation on the mould. Figures (6.17) and (6.18) show the air amplifier used 

installed on the mould and the vent pipe.

Figure 6.17: Air amplifier Figure 6.18: Vent pipe

The air amplifier was supplied with 2 bar compressed air to give total air flow of 

approximately 25 1/s into the mould.
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The results obtained from Trial CSS compared to Trial CS are shown in Figure 

(6.19).
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Figure 6.19: Measured internal air temperatures as a function of time for Trials 
CS and CSS

The effect of internal mould cooling is evident in Figure (6.19). It is not believed that 

measuring the internal air temperature with direct influence from the cooling fluid is 

the correct method to quantify the cycle time reductions, but in this case since 

measuring the plastic inner surface temperature was not possible, the internal air 

temperature measurements gave an estimation of cycle time reductions. Reductions 

of approximately 21 % and 31 % in cooling periods were achieved at locations A and 

B respectively, which in turn led to reductions of approximately 14% and 22% in 

overall cycle times respectively.

It can also be seen from Figure (6.19) that there is a significant difference between 

the two internal air temperature measurements of Trial CSS. This can be discussed 

by the movement of the air inside the mould at the beginning of internal mould 

cooling. The thermocouple at location A was installed through the vent pipe (Figure 

6.18), which was the only exhaust opening for the air out of the mould; therefore the 

thermocouple measured the temperature of the exhaust air on its way out of the 

mould after absorbing heat from the inner plastic surface and the mould void. For
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that reason, the temperatures measured were relatively high if compared to the ones 

that were measured at location B, but at the same time, were still lower than the 

temperatures measured in Trial CS.

One more thing worth mentioning is that the internal air temperature profile at 

location A shows clearly what is happening to the polymer during the cooling stage 

while the other temperature profile at location B does not.

6.4.6 AH Techniques Combined Together

Figure (6.20) shows the results of Trials CS6 and CS7 compared to the normal 

moulding Trial CS.
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Figure 6.20: Measured internal air temperatures as a function of time for Trials 
CS, CS6 and CS7

The reductions in heating, cooling and overall cycle times achieved by applying all 

techniques together are shown in Table (6.1).
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Table 6.1: Reductions in cycle times due to the effect of all techniques together

Trial Heating Period Cooling Period Overall Cycle Time
Location A Location B Location A Location B Location A Location B

Trial CS6 31% 33% 34% 36% 33% 34%
Trial CS7 31% 33% 41% 46% 37% 40%

The reductions achieved due to the effect of all cycle time reduction techniques 

combined together are significant when compared to the results of Trial CS, and the 

results repeated by the industry.

It is clear that there is a noticeable difference between Trials CS6 and CS7 during the 

cooling period. The reason for that was the timing of the compressed air supply to 

the air amplifier. In an attempt to avoid any damages to the moulding because the air 

amplifier outlet was very close to the molten plastic (-lOOmrn away), the 

compressed air pressure in Trial CS6 was applied gradually to reach 2bars within the 

first two minutes of cooling period. From the visual inspection at the end of the 

cycle, no wrinkles were noticed inside the plastic moulding. For that reason, the 

compressed air pressure in Trial CS7 was applied to reach 2bars within the first few 

seconds of cooling period. The early application of high pressure to the air amplifier 

did not cause any damage to the plastic moulding as shown in Figure (6.21). This 

was because the surface that was directly subjected to air flow from the air amplifier 

outlet was an inclined surface, which acted as a deflector to the air jet and minimised 

the chance of any damage.

Tilted surface that 
was subjected to 
cooling air jet

•i'SiSSlirasa&S:

Figure 6.21: No wrinkles appear at the bottom 
of the plastic moulding
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It is worth mentioning that the time reductions shown in Table (6.1) were achieved 

by using a mould that has a wall thickness of 8mm compared to 1.6mm wall 

thickness for the cubic steel mould. Also, no alterations could be made to the 

Challenger mould to facilitate the full benefits of the research work. Therefore, the 

benefits reported are the minimum values of what could be achieved.

By comparing these results with those in Chapter five for the cubic mould, and 

taking into consideration the differences in wall thickness between the challenger and 

cubic steel moulds, it can be stated that the techniques tested have a significant effect 

on reducing cycle times and subsequently improving the productivity.

6.4.7 Wall Thickness Distribution

Wall thickness measurements were taken at certain locations to find out what was the 

effect of the cycle time reduction techniques on the wall thickness uniformity. The 

part produced in Trial CS7 was compared to the part produced by the normal 

moulding (Trial CS), and then compared to what was predicted by RotoSim.

Figures (6.22) and (6.23) show longitudinal cross sections in the mouldings CS and 

CS7 respectively.

Figure 6.22: Longitudinal cross section Figure 6.23: Longitudinal cross section
in the moulding CS in the moulding CS7

The improvement of the wall thickness distribution is obvious when comparing the 

two mouldings, particularly the upper layer. It is believed that the increase of rotation
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speeds was the main factor that contributed to better wall uniformity because it was 

noticed earlier (Chapter 5) that increasing the heat transfer rates into the mould 

(achieved by increasing oven temperature, oven fan capacity...etc.) leads to higher 

values of thickness standard deviation which means poor thickness distribution.

By comparing the wall thickness distribution measured at certain locations to the 

predicted values at the same location, it was noticed that measured and predicted 

values are close to each other. The locations at which the wall thickness was 

measured are illustrated in Figure (6.24).

The comparison between the predicted and measured values is shown in Table (6.2).

Table 6.2: Measured and predicted wall thickness values
Measurement

location
Wall Thickness Value (mm)

Measured 
(rotation speed 

ratio 8/5)

Predicted 
(rotation speed 

ratio 8/5)

Measured 
(rotation speed 

ratio 16/10)

Predicted 
(rotation speed 

ratio 16/10)
1 3.9 3.5 3.2 3.5
2 3.2 2.8 3.4 3
3 2.3 2.5 2.9 2.5
4 1.8 2.3 2.1 2.4
5 1 1.2 2.4 1
6 1 1 2.3 1.2
7 1.1 2.3 1.9 2.4
8 2.3 2.7 2.6 2.8
9 3.4 2.9 3.5 3

331



Chapter 6 Case Study - ARM Challenger Mould

From the predicted results, the values of standard deviation of thickness were 0.58 

and 0.49 for the rotation speed ratios 8/5 and 16/10 respectively. This is a good 

indication about the improvement in wall thickness uniformity due to increasing 

rotation speeds.

In reality the wall thickness distribution was improved at higher rotation speeds as 

can be seen from Figures (6.22) and (6.23), as well as from the values in Table (6.2), 

particularly at locations 4, 5, 6 and 7.
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Conclusions

This theoretical and experimental study of the factors that influence the cycle time 

during the rotational moulding of plastics have led to the following conclusions:

1. It can be concluded that all cycle time reducing techniques investigated in 

this research have a significant effect on cycle times when combined 

together in one moulding. Reductions of approximately 30%, 60% and 

45% in heating, cooling and overall cycle times were achieved. The 

contribution of each method to overall cycle time reductions are:

a. Oven set temperature 350°C: ~ 12%

b. Rotation speed ratio 16/4: ~ 5%

c. Oven fan capacity 12000cfm: ~ 8%

d. Internal mould cooling (air amplifiers): ~ 14%

e. External water cooling: ~ 35%

2. The polymer latent heat of fusion and melting temperature have a 

significant effect on the cycle time during rotational moulding. Most of 

cycle time reduction took place during the powder melting period, 16% 

and the polymer melt solidifying period, 29%. A reduction of 

approximately 5% in overall cycle time was achieved.

3. The thermal conductivity of polymer material has a quite noticeable 

influence on reducing cooling times. An increase of approximately 30% 

in its value resulted in decreasing the cooling time by approximately 10%.
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4. The most significant heat transfer coefficients for the rotational moulding 

process are the oven to mould coefficient, the polymer melt to internal air 

coefficient and the mould to cooling fluid coefficient. However, once a 

certain value of the heat transfer coefficient is achieved, there is little 

benefit to be gained from further increases.

5. The oven set temperature has a significant effect on reducing cycle times. 

The increase of this temperature results in shorter cycle times, but once a 

certain value of this temperature is achieved, there is little benefit to be 

gained for further increases. The effect of this set temperature on Tp is 

similar.

6. From the RotoSim simulations, and using statistical analysis, the most 

significant factors (among the seven tested) influencing overall cycle 

times (Tc) are:

a. Mould wall thickness.

b. Mould to cooling fluid heat transfer coefficient (MCFHTC).

c. Interaction effect of the aforementioned two factors.

7. From the statistical analyses, the most significant factors affecting 

moulding wall thickness distribution as represented by the standard 

deviation (SD) are:

a. Oven temperature (OT).

b. Oven to mould heat transfer coefficient (OMHTC).

c. Mould wall thickness.

d. Polymer material.

e. Interaction effect between OT and polymer material.

8. From the statistical analyses, the processing factors that have a significant 

effect on reducing cycle times, particularly Tp, are the same factors that 

affect the wall thickness distribution, but in an entirely opposing action. 

From this observation, it can be concluded that increasing the heat 

transfer rates into the system has two contrary effects; decreasing times
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and simultaneously increasing the standard deviation, which means a 

tendency to uneven wall thickness distribution.

9. Increasing the rotation speeds, whether it is the arm or plate speed, has a 

significant effect on reducing cycle times. Increasing the arm or plate 

rotation speed from 4rpm to 8rpm and then to 16rpm has the largest 

effect, while further increase in speed above 16rpm has little effect.

10. The various magnitudes of all heat transfer coefficients involved in 

rotomoulding process are:

a. Oven to mould HTC: 28 -38 W/m2oC.

b. Mould to internal air HTC: 0.5 - 0.6 W/m2 °C.

c. Mould to cooling forced air HTC: 20 - 28 W/m2 °C.

d. Mould to cooling water HTC: 68 - 72 W/m2 °C.

e. Polymer melt to internal air HTC.

a) Internal air to powder-coated melt HTC: 0.12-0.16 W/m2 °C.

b) Internal air to fully melted layer HTC: 0.25-0.3 W/m2 °C.

f. Mould to powder HTC: 30 W/m2 °C.

g. Powder to internal air HTC: 0.3 W/m2 °C.

11. Increasing oven temperature is more significant, and has a larger effect on 

cycle times, than increasing rotation speeds. Reductions in heating 

periods up to 21% and 36% were achieved when increasing the 

temperature from 300°C to 350°C and 400°C respectively.

12. Considering either a maximum internal air temperature of 200 ± 5°C or 

the ‘degree of cure’ DoC method as the only real-time control indicator of 

mouldings quality is not enough. This highlights a need for a reliable 

process control indicator to optimise the process.

13. Increasing oven circulating fan capacity by 100% and 200% has a 

noticeable effect on reducing heating periods and consequently overall 

cycle times. A reduction in heating period of approximately 10.5% was
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achieved due to doubling up the heating fan capacity, which consequently 

led to about 6.3% reduction in overall cycle time. By tripling fan capacity 

the reductions in heating period and overall cycle time were almost 

doubled to achieve approximately 19.7% and 11.2% respectively.

14. The same conclusion can be made for increasing cooling fan capacity. 

Increase air flow rate by 50% and 100% resulted in cooling period 

reductions of approximately 12.2% and 21.1% respectively. Overall cycle 

time reductions were approximately 8.6% and 13.7% respectively.

15. Increasing air turbulence inside heating and cooling chambers by 

increasing fan capacities has a more significant effect than increasing 

mould rotation speeds. A 50% increase in heating fan capacity (from 

SOOOcfm to 12000cfm) resulted in 10% reduction in heating period, while 

increase rotation speeds from 8/2 to 24/6 resulted in 7.7% reduction in 

heating period.

16. For fixed processing conditions, an increase of 33% in oven temperature 

(from 300°C to 400°C) resulted in 37% reduction in heating period, while 

and increase of 50% (from SOOOcfm to 12000cfm) in heating fan capacity 

resulted in 10% reduction in heating period.

17. For internal mould cooling, air amplifiers proved to be the best method 

with cycle time reduction of 25% and 14% in cooling and overall cycle 

time respectively.

18. Using the ARM challenger mould, it was found that all cycle time 

reducing techniques investigated in this research have a significant effect 

on cycle times when combined together. Reductions of approximately 

33%, 45% and 40% in heating, cooling and overall cycle times were 

achieved. The contribution of each method to overall cycle time 

reductions are:
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a. Oven set temperature 350°C: ~ 4%

b. Rotation speed ratio 16/4: -2.5%

c. Oven fan capacity 12000cfm: ~ 3%

d. Internal mould cooling (air amplifiers): ~ 22%

e. External water cooling: -21%
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CHAPTER 8

Further Work 
and Recommendations

On the basis of the work carried out in this research, the following suggestions and 

recommendations are made for further complementary work and future process 

development.

8.1 Mould and Moulding Materials

The polymer as a raw material used in rotational moulding is fundamental to the 

process. There is a scope for developing ‘rotomouldable’ plastics that are tailored to 

the rotational moulding process. Thermal properties that could be optimised include 

latent heat of fusion and thermal conductivity.

From the results obtained in this work, it is recommended to carry out thorough 

research to investigate how to reduce the latent heat values of ‘rotomouldable’ 

materials or to investigate the use of additives, such as metal powder, at very low 

addition levels to increase the thermal conductivity of polymers without sacrificing 

their desirable properties. Alternatively, it is recommended to test material 

composites for the same purposes. These two properties will contribute to shorter 

powder melting and plastic melt solidifying periods and consequently shorter cycle 

time.

In regard to the mould materials, it is recommended that the behaviour of metal 

composites should be investigated. These could offer mechanical properties and
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better thermal efficiency and effectiveness. The composite materials such as copper- 

base alloys and aluminium alloys will make mould walls stronger, stiffer and thinner, 

and possibly will reduce the size of bulky frames needed to support the moulds, 

which results in better temperature distribution around mould walls.

It is strongly recommended that any future work for developing polymer and mould 

materials to be carried out in parallel because the heat transfer and the polymer 

thermal stability, particularly at the interface with mould wall is a key factor to final 

part quality.

8.2 Wall Thickness Distribution

It is clear from the theoretical analyses carried out throughout this work that the 

processing variables which have significant effects on maximising heat transfer rates 

and consequently shortening cycle times resulted in poor material distribution. 

Therefore, further practical work needs to be done to extensively investigate the 

reliance of each output on the other. Both outputs are important for improving the 

process and acceptable compromises must be achieved.

8.3 RotoSim and Other Computer Packages

Further work can be carried out to develop the RotoSim package and make it 

comprehensive by introducing more analysis features to extend its practicality and 

make it closer to reality. These analysis features would include links with packages 

such as finite element analysis (FEA) for stress-strain analysis and computational 

fluid dynamics (CFD) for thermal analysis.

Further work is also needed to optimise the prediction of cooling and making 

allowance for separation of the plastic from the mould wall.
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8.4 Heating and Cooling Methods

In regard of the heating system in rotomoulding, since hot air ovens are 

inefficient ll52], it is strongly recommended that work is done to investigate the 

benefits to cycle times of using other methods such as electrical mould heating and 

oil jacketed mould heating. This could also involve the use of pressurised hot water 

running through built-in channels in a mould, and microwave or infrared heating 

ovens. These methods will require important changes in the design concepts and 

manufacturing of moulds. Particular attention should be paid to aspects such as 

energy consumption, cost of moulds and their manufacturing time, productivity rates, 

part quality, safe handling and simplicity of application.

The design of built-in channels in moulds for heating purposes could also be used 

during the cooling stage. It is recommended that the use of water, or other cold 

liquids to cool, moulds by running them through built-in channels through the walls 

of moulds should be investigated.

The design of built-in channels requires special attention to a number of features. 

The channels cross sectional area, the distance between channels and liquid flow rate 

are very important aspects to be taken into consideration to control the temperature 

of mould internal surface. The control of temperature distribution across the mould 

wall is necessary to minimise warpage during the cooling stage and to avoid the 

deterioration of polymer properties during heating stages. Thermal analysis could 

also be done using FEA and CFD packages to optimise the design of moulds for 

both, heating and cooling, stages.

8.5 Water External Cooling

Cooling with water is widely used and it has already proved its influence on reducing 

cycle times. One main disadvantage is the unfavourable degree of shrinkage and 

warpage of final parts.
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In regard to cooling with either water spray or water mist, the rotomoulding industry 

should investigate the cooling of hot surfaces by mist jet impingement. Interestingly, 

it was found that the size of water droplets in a mist flow is of ultimate importance to 

achieve high efficiency and homogenous cooling. Very small droplets will evaporate 

before reaching the surface, which means its latent heat of vaporisation cannot be 

utilised for higher heat flux dissipation. On the other hand, when very large droplet 

approaches a hot surface, rapid evaporation from the surface that faces the heated 

surface would generate a vapour barrier between the droplet and the heated surface 

and would retard the heat transfer.

Therefore, proper medium droplets size would be required to be provided 

continuously to make full advantage of the cooling at film boiling.

8.6 Internal Mould Cooling

Internal mould cooling is one of the most critical areas that needs further work to 

optimise the benefits. This work has shown that excellent results can be achieved by 

internal cooling. In regard of injecting forced air into the mould void, further work 

could include the development of two coaxial tubes. An outer perforated tube to act 

as air supply injectors, while the inner to act as an exhaust air tube. This would allow 

a better air distribution to be achieved.

More work is strongly recommended to be done in regard of using liquid carbon 

dioxide (CO2) or colder cooling fluids. Proper storage tank and supply equipment 

need to be developed to suit the rotomoulding process characters. Liquid CO2 is 

undoubtedly more efficient than air in dissipating energy from the mould void and 

plastic by providing larger temperature gradients, making use of its latent heat of 

vaporisation and creating higher heat transfer coefficient values. Work with liquid 

nitrogen (N2) and chilled dry air is also recommended.

Two main things need to be investigated thoroughly. The first is an economic 

feasibility study to compare the initial and running costs against any improvement in
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productivity. The second thing is to investigate the effect of the cooling fluid on the 

molten plastic and its structure.

The application of internal mould cooling, particularly using pressurised coolant 

requires monitoring and controlling of the internal mould pressure. Therefore, further 

work and research on monitoring internal pressure and automatic venting is strongly 

recommended. Maintaining the pressure inside moulds at desired values is very 

important for reducing cycle times and for improving the quality of final parts. An 

automatic vent similar to a pressure relief valve would in principle be appropriate for 

this purpose.

The recent development of slip rings facilitates the continuous monitoring of 

pressure inside moulds.

8.7 Auxiliary Arm

The auxiliary arm used in this work was designed to convey fluids from a stationary 

source to inside a bixially rotating mould. Further work could include the utilisation 

of this auxiliary arm with some modifications to convey powder for the purpose of 

producing multiple-shot mouldings.

This arm can be developed in a way to have a variable length outer case, both the 

vertical and horizontal parts to suit a variety of mould shapes and sizes. As a 

provisional thought the length of the case can be varied via hydraulics and the pipes 

running through it to be flexible plastic pipes. One more development is to design 

this arm as an integral part of a rotomoulding machine and its controls to be part of 

the machine control panel.

For the connection between the auxiliary arm and the mould, electromagnetic 

clamping concept can be investigated to be utilised for faster connection. A small 

electromagnet core may be installed in the mould frame at the point of connection 

with the auxiliary arm, and once they are in contact, the electromagnetic force will be
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activated to clamp the auxiliary arm to the frame. The electrical power needed to 

create the magnetic flux can be transferred via slip rings.

8.8 Process Automation

The rotomoulding process is a labour intensive process. This reliance is considered a 

hurdle in reducing the process service cycle time. Further work and research is 

recommended in an attempt to reduce this dependency, to develop a moulding 

production line concept and to transfer the process gradually to automation.

One of the initial thoughts is to separate the powder charging and demoulding stages 

(mould servicing stages) from the thermal processing stages. Once the moulding 

cycle is finished the mould can be removed to a special service area and replaced by 

another mould charged with powder and ready for moulding. The replacement of the 

mould can be carried out by either robots or by an electromechanical mechanism. 

The process of replacing and maintaining the moulds or charging them with powder 

in a separate service area will not interrupt the production.

The development of new moulds with built-in channels for heating and cooling will 

contribute to reducing the processing stations to only two. One station is for heating 

and cooling and the other station is for moulds servicing. The service area can be 

designed to be separated from the machine and the moulds can be moved by robots 

between the two stations. The versatility of production can be increased by using one 

large service area for a number of production stations, where several mouldings of 

different sizes and shapes can be moulded at the same time, while other moulds are 

being maintained and prepared in the service area. In the service area, further work is 

recommended to develop an electromechanical mechanism to help the operator in 

opening and closing the mould.
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APPENDIX A

RotoSim
Output Report

The following report is a typical full summary of a general simulation run carried out 

by RotoSim, including all the set up data and the results, as well as two graphs 

showing the temperature profiles and the polymer phase transitions.
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ROTOMOULDING SIMULATION
SUMMARY RESULTS OP SIMULATION RUN

SIMULATION INPUT DATA
Mould datat
MOULD: cubesteel-elementsizel2(inp)

Mould File: C:\Documents and Settings\rkhouri\RMsim

Mould material: Cast Aluminium

Overall dimensions (mm):
X:
Y:
Z:

Wall thickness (mm):
Total surface area (sqmm):

330.0
330.0
330.0

8.00
6.1513E+05

Total enclosed volume (cumm): 3.2769E+07

The mould is unshielded.

The mould has no areas with enhanced heat transfer.

Mould Position Offsets (mm):
X: 0.0
Y: 0.0
Z: 0.0

Polymer data:
POLYMER NAME: Grade 1 

POLYMER TYPE: LLDPE

Mass of Polymer in the mould (kg):

Process data:
2.000

Moulding time in Oven (secs): 480.2
Total moulding cycle time (secs): 1244.9

Rotational speeds (rev/min):
Arm: 8.0

Plate: 2.0

Rotational Directions:

Drive Oven Time Period 
Arm 0.0 - 480.2 
Plate 0.0 - 480.2

Direction
Forward
Forward

Mould environment temperature profile:

Time (secs) Temperature (C)
0.0 20.0

60.0 200.0
100.0 300.0
480.2 300.0
525.2 20.0

1800.0 20.0



ROTOMOULDING SIMULATION
SUMMARY RESULTS OP SIMULATION RUN

Temperatures (C) at start and end of this cycle:
Start:
Room temperature: 25.0
Internal air (and powder) temperature: 25.0
Mould temperature: 25.0
End:
Internal air temperature at demould: 60.0
Mould cooling conditions during the cycle:
Cooling Time Period Coolant
480.2 - 1244.9 Forced Air

Heat transfer data used in this cycle:
Oven to mould coefficient (W/sqm K):
Mould to fluidised powder coeff (W/sqm K): 
Powder to internal air coeff (W/sqm K): 
Mould to internal air coeff (W/sqm K): 
Powder-coated melt to int. air (W/sqm K): 
Fully melted layer to int. air (W/sqm K): 
Powder average particle size (mm):
Powder coating factor:
Mould to forced air coeff (W/sqm K):

60.0 
30.0 
0.30 
2.00 
0.30 
1.00 
0.500 
0.00 

70.0
Specific heat of internal air (J/kg K): 1017.0 
Mould thermal conductivity (W/m K): 168.00 
Specific heat of mould material (J/kg K): 883.0 
Density of mould material (kg/cum): 2790.0
Polymer property data used in this cycle:
Thermal conductivity (W/m K): 0.24
Melting temperature (C): 125.5
Latent heat (J/kg): 97500.0
Density of powder (kg/cum): 317.0
Density of melt (kg/cum): 775.0
Density of solid (kg/cum): 924.0
Specific heat of powder (J/kg K): 0.6
Specific heat of melt (J/kg K): 2550.0
Specific heat of solid (J/kg K): 2300.0



ROTOMOULDING SIMULATION
SUMMARY RESULTS OF SIMULATION RUN

CYCLE SIMULATION RESULTS
Cycle Simulation ended at (secs) : 1244.9
Internal air temperature (C) at end: 60.0

Maximum mould temperature reached (C): 204.4
Time to maximum mould temperature (secs) : 4 95.4
Maximum internal air temperature (C): 199.8
Time to max Int. air temperature (secs): 543.0

Powder melting period (secs): 199.7 to 378.0
100.0 % of powder was melted

Polymer solidifying period (secs): 712.7 to 858.7
100.0 % of polymer was solidified

Product thickness summary:

Average solid thickness (mm): 3.5
Standard Deviation of solid thickness (mm): 0.87
Minimum solid thickness (mm): 1.7
Maximum solid thickness (mm): 4.6



ROTOMOULDING SIMULATION 
PROCESS TEMPERATURE AND PHASE PLOTS

Temperature Plots : Test Cube Mould

T emp.(C) Int. Air PowderMould

Time (secs)

Polymer Phase Transitions: Test Cube Mould

X Mass Powder

Time (secs)



APPENDIX B

AutoCAD Drawings

This Appendix includes the following AutoCAD drawings:

a. Two-dimensional drawing shows the dimensions of QUB mould (cubic 

mould).

b. Two-dimensional drawing shows the dimensions of the helical cooling coil 

used for internal mould cooling.

c. Two-dimensional drawing shows the dimensions of the PEEK fitting utilised 

to install the helical cooling coil on the mould.

d. Two-dimensional drawing shows the dimensions of the nozzle used for 

injecting liquid CO2 into the mould.
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APPENDIX C

Detailed Predicted 
Internal Air Temperatures 
for Polymer Grades 1 & 2

Detailed internal air temperatures with time predicted by RotoSim for the two 

polymer Grades 1 & 2 are shown in Table (C.l). The Table also indicates the main 

features of each temperature profile.
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Appendix C Detailed Internal Air Temperatures

Table C.l
Time
(secs)

Temperature (°C) Remarks
Grade 1 Grade 2

0 20 20 Start of simulation
25 21.35 21.35
50 28.95 29.14
75 45.54 46.06
100 71.33 72.34
111.6 85.98 87.29 Start of powder melting period (Grade 1)
116.3 89.89 93.65 Start of powder melting period (Grade 2)
125 93.34 99.27
150 102.21 107.89
175 110.97 115.28
200 120.09 122.05
225 130.04 128.62
250 141.32 135.47
259.6 146.90 138.29 End of powder melting period (Grade 1)
275 163.32 143.21
292.1 178.32 150.95 End of powder melting period (Grade 2)
300 184.01 159.48
325 196.24 181.6
349 200 194.89 Time to max. internal air temp. (Grade 1)
350 200 195.27
375.9 196.25 200 Time to max. internal air temp. (Grade 2)
382.4 194.44 199.74 Start of polymer solidifying period (Grade 1)
400 188.41 196.66
401.2 187.95 196.34 Start of polymer solidifying period (Grade 2)
425 178.12 188.25
450 167.62 177.56
475 158.17 166.97
500 149.88 157.49
509.9 146.61 154.11 End of polymer solidifying period (Grade 1)
525 141.23 149.35
550 131.65 142.51
575 121.9 136.18
581.9 119.25 134.29 End of polymer solidifying period (Grade 2)
600 112.46 128.64
650 95.35 110.66
700 80.97 93.45
750 69.18 78.78
797.8 60 67.25 End of cycle (Grade 1)
750 66.78
786.4 60 End of cycle (Grade 2)
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APPENDIX D

Design of Experiment -
Validation & Analysis of Variance

This appendix includes the detailed results of analysis of variance (ANOVA) and the 

validation graphs for the design of experiment studies presented and discussed in 

chapter 5. Section 1 includes the analysis results of the 2-level full factorial design 

for four factors while section 2 presents the analysis results of the 2-level fractional 

factorial design (screening design) for seven factors. Section 3 shows the analysis 

results of the response surface method to optimise two outputs, overall cycle time 

and wall thickness uniformity, of the rotomoulding process.

D.l Interaction of Four Factors

D.1.1 Response Tp

Table (D.l) shows the analysis of variance obtained by Design-Expert programme 

for the response Tp.

Table D.l: Analysis of Variance for the response Tp
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 1.159xl03 5 23173.69 781.02 <0.0001
Residual 296.71 10 29.67
Cor Total 1.162xl05 15

Root MSE 5.45 R-Squared 0.9974
Dep Mean 268.53 Adj R-Squared 0.9962
C.V. 2.03 Pred R-Squared 0.9935
PRESS 759.58 Adecj Precision 78.103 Desire > 4
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

The terms shown in Table (D.l) are explained as follows [D 1 &D2]:

Model sum of squares: total of the sum of squares of the factors that fall off the 

normal probability line. It estimates their effects and it is used for fitting the 

regression model with all factors included.

Degrees of freedom: the number of independent comparisons available to estimate a 

parameter.

Model degrees of freedom : number of model parameters including the intercept, 

minus one.

Residual sum of squares: is composed of a pure error component arising from the 

replication of the experiments (not applicable in this project), and a lack of fit 

component. The difference between the predicted value and actual value at each 

point is squared and summed over all of the points.

Residual degrees of freedom: number of interactions that were dropped from the 

model, minus one.

Cor. total sum of squares: overall total sum of squares corrected for the mean.

Cor. total degrees of freedom: overall degrees of freedom.

Mean square: the sum of squares divided by the number of degrees of freedom. 

Analogous to a variance.

F value: F stands for the F-distribution, which is a probability distribution used to 

compare variances by examining their ratios. If they are equal, then the F-value 

would equal 1. The F-value in ANOVA is the ratio of model mean square to the 

appropriate error mean square. The larger their ratio, the larger the F-value and the 

more likely that the variance contributed by the model is significantly larger than 

random error.
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

Prob > F: Probability of a larger F-value. If the F-ratio lies near the tail of the F- 

distribution then the probability (the probability equals the proportion of the area 

under the curve of the F-distribution that lies beyond the observed F-value) of a 

larger F-value is small and the variance ratio is judged to be significant. Usually a 

probability less than 0.05 is considered significant.

Root MSE (mean square error): the square root of the residual square error. It 

estimates the standard deviation associated with experimental error.

Dep. Mean (dependant mean): the mean of the response over all the design points.

C.V. (coefficient of variations): a measure of residual variation of the data relative to 

the size of the mean. It is the root mean square error divided by the dependent mean 

and expressed as a percent.

PRESS (predicted residual sum of squares): a measure of how well the model fits 

each point in the design. The model is used to estimate each point using all of the 

design points except that one. The difference between the predicted value and actual 

value at each point is squared and summed over all of the points. Small values of 

PRESS are desirable.

R-squared: an estimate of the fraction of overall variation in the data accounted for 

by the model. A number between -1 and +1 that indicates the degree of relationship 

of the response variable to the combined linear predictor variables. Large values of 

R-squared are desirable.

Adj. R-squared (adjusted R-squared): a measure of the amount of variation about 

the mean explained by the model adjusted for the number of parameters in the model. 

It decreases as the number of parameters in the model increases relative to the 

number of design points.
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

Pred. R-squared (predicted R-squared): a measure of the amount of variation in new 

data explained by the model. In other words, it gives some indication of the 

capability of the regression model to predict new observations.

Adeq. Precision (adequate precision): a measure of the contrast in predicted 

response relative to its associated error, in other words a signal to noise ratio. Large 

values of this quantity are desirable, and values that exceed four usually indicate that 

the model will give reasonable performance in prediction.

From the previously discussed terms and from Table (D.l) it can be seen that the 

model F-value of 781 implies the model is significant. Value of ‘Prob > F’ less than 

0.05 indicates model terms are significant. The R-squared value represents about 

more than 99% of the variability in the data explained by the model. The last term to 

consider is the ‘Adeq. Precision’ value which is much higher than the desirable one.

Alternatively, the model can be validated by two graphs that are shown in Figures 

(D.l) and (D.2).

DESIGN-EXPERT Plot

•n>

p

I

Normal plot of residuals

Studenti/jed Residuals

Figure D.l: Normal plot of studentized residuals for the response Tp
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

Residuals vs. Predicted

DESIGN-EXPERT Plot

Figure D.2: Studentized residuals as a function of predicted Tp values

In Figures (D.l) and (D.2) the studentized residual is the residual (difference 

between the actual and predicted value) divided by the estimated standard deviation 

(root MSE) of that residual. The resulting quantity is a dimensionless score useful for 

purposes of comparison.

From Figure (D.l) the points lie reasonably close to a straight line and from Figure 

(D.2) the points lie within a predetermined small range, which supports the fact that 

the assumptions made for the analysis of variance have been met.

D.1.2 Response Tc

®Table (D.2) shows the analysis of variance obtained by Design-Expert programme 

for the response Tc.
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

Table D.2: Analysis of Variance for the response Tc
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 9.31X105 5 1.862xl0:' 13368.95 <0.0001
Residual 139.28 10 13.93
Cor Total 9.312xl05 15

Root MSB 3.73 R-Squared 0.9999
Dep Mean 697.44 Adj R-Squared 0.9998
C.V. 0.54 Pred R-Squared 0.9996
PRESS 356.56 Adea Precision 319.615 Desire > 4

From Table (D.2) it can be seen that the model F-value is very high which implies 

the model is significant. Value of ‘Prob > F’ less than 0.05 indicates model terms are 

significant. The R-squared value represents about more than 99% of the variability in 

the data explained by the model. The ‘Adeq. Precision’ value is much higher than the 

desirable one.

DESIGN-EXPERT Plot 

It

Normal plot of residuals

Sludcnlized Residuals

Figure D.3: Normal plot of studentized residuals for the response Tc

Figure (D.3) shows how the points lie close to a straight line. Figure (D.4) supports 

the validation of the model where all points are spread within small range of 

studentized residual.
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Appendix D DOE - Validation & Analysis of Variance (ANOVA)

Residuals vs. Predicted

DESIGN-EXPERT Plot

Pied icted

Figure D.4: Studentized residuals as a function of predicted Tc values

D.1.3 Response SD

®Table (D.3) shows the analysis of variance obtained by Design-Expert programme 

for the response SD.

Table D.3; Analysis of Variance for the response SD
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 0.037 3 0.012 5654.11 <0.0001
Residual 2.65x10‘5 12 2.208xl0'6
Cor Total 0.037 15

Root MSE 1.486xlO'J R-Squared 0.9993
Dep Mean 0.94 Adj R-Squared 0.9991
C.V. 0.16 Pred R-Squared 0.9987
PRESS 4.71 IxlO'5 Adeq Precision 153.764 Desire > 4

From Table (D.3) it can be seen that the model F-value is very high which implies 

the model is significant. Value of Trob > F’ less than 0.05 indicates model terms are 

significant. The R-squared value represents about more than 99% of the variability in 

the data explained by the model. The ‘Adeq. Precision’ value is higher than the
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desirable value (4). Figures (D.5) and (D.6) show the adequacy of the model 

predicted by ANOVA, where all point are lie reasonably close to a straight line in the 

normal plot of residuals for the response SD and at the same time the variations of 

these residual points are limited within a small range.

DESIGN-EXPERT Plot 

SD

Normal plot of residuals

Studcnli/xxl Residuals

Figure D.5: Normal plot of studentized residuals for the response SD

Residuals vs. Predicted

DESIGN-EXPERT Plot 

SD

Predicted

Figure D.6: Studentized residuals as a function of predicted SD values
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D.2 Interaction of Seven Factors

D.2.1 Response Tp

Table (D.4) shows the analysis of variance obtained by Design-Expert programme 

for the response Tp.

Table D.4; Analysis of Variance for the response Tp
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 1.923xl06 18 1.068xl05 449.81 <0.0001
Residual 3086.86 13 237.45
Cor Total 1.926xl06 31

Root MSE 15.41 R-Squared 0.9984
Dep Mean 397.79 Adj R-Squared 0.9962
C.V. 3.87 Pred R-Squared 0.9903
PRESS 18703.80 Adea Precision 78.582 Desire > 4

From Table (D.4), the model F-value is very high which implies the model is 

significant. Value of ‘Prob > F’ less than 0.05 indicates model terms are significant. 

The R-squared value represents about more than 99% of the variability in the data 

explained by the model. The ‘Adeq. Precision’ value is higher than the desirable 

value (4).

Figures (D.7) and (D.8) show the adequacy of the model predicted by ANOVA, 

where all point are lie reasonably close to a straight line in the normal plot of 

residuals for the response Tp and at the same time the variation of these residual 

points is limited within a small range.
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DESIGN-EXPERT Plol 

Tp

Nainal plot of residuals

Studcnti/xxl Residuals

Figure D.7: Normal plot of studentized residuals for the response Tp

Residuals vs. Predicted

DESIGN-EXPERT Plol 

Tp

Predicted

Figure D.8: Studentized residuals as a function of predicted Tp values
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D.2.2 Response Tc

®Table (D.5) shows the analysis of variance obtained by Design-Expert programme 

for the response Tc.

Table D.5: Analysis of Variance for the response Tc
Source Sum

of squares
Degree 

of freedom
Mean

Square
F

Value
Prob > F

Model 1.067x10' 17 6.274xl05 1671.63 <0.0001
Residual 5254.77 14 375.34
Cor Total 1.067xl07 31

Root MSE 19.37 R-Squared 0.9995
Dep Mean 995.92 Adj R-Squared 0.9989
C.V. 1.95 Pred R-Squared 0.9974
PRESS 27453.49 Adea Precision 151.267 Desire > 4

From Table (D.5) it can be seen that the model F-value is very high which implies 

the model is significant. Value of ‘Prob > F’ less than 0.05 indicates model terms are 

significant. The R-squared value represents about more than 99% of the variability in 

the data explained by the model. The ‘Adeq. Precision’ value is much higher than the 

desirable one.

Non ml plot of residuals

DESIGN-EXPERT Plot 

Tc

Studentized Residuals

Figure D.9: Normal plot of studentized residuals for the response Tc
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DESIGN-EXPERT Plot

Residuals vs. Predicted

%
a a

i----------r
329.86 879.35 1428.83 1978.32 2527.81

Figure D.10: Studentized residuals as a function of predicted Tp values

Figures (D.9) and (D.10) show the adequacy of the predictive model created by 

ANOVA. All points lie close to straight line in the normal probability plot and all 

residual points are within a small range.

D.2.3 Response SD

Table (D.6) shows the analysis of variance obtained by Design-Expert programme 

for the response SD.

Table D.6: Analysis of Variance for the response SD
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 0.70 5 0.14 34.59 <0.0001
Residual 0.11 26 4.066x10'3
Cor Total 0.81 31

Root MSE 0.064 R-Squared 0.8693
Dep Mean 0.85 Adj R-Squared 0.8442
C.V. 7.53 Pred R-Squared 0.8020
PRESS 0.16 Adecj Precision 19.780 Desire > 4

From Table (D.6) it can be seen that the model F-value is high which implies the 

model is significant. Value of ‘Prob > F’ less than 0.05 indicates model terms are
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significant. The R-squared value represents about more than 85% of the variability in 

the data explained by the model. The ‘Adeq. Precision’ value is higher than the 

recommended desirable value. Figures (D.ll) and (D.12) show the adequacy of the 

model predicted by ANOVA, where all point are lie reasonably close to a straight 

line in the normal plot of residuals for the response SD and at the same time the 

variations of these residual points are limited within a small range.

DESKiN-EXPB-iT Plot 

SD

fi.
if!

2

Ntrmal pit* of residuals

Studenti/cd Residuals

Figure D.ll: Normal plot of studentized residuals for the response SD

Residuals vs. Predicted

DESIGN-EXPERT Plot 

SD

Predicted

Figure D.12: Studentized residuals as a function of predicted SD values

D-13



Appendix D DOE - Validation & Analysis of Variance (ANOVA)

D.3 Optimisation of Two Responses: Tc and SD

D.3.1 Response Tc

Table (D.7) shows the analysis of variance obtained by Design-Expert programme 

for the response Tc.

Table D.7: Analysis of Variance for the response Tc
Source Sum

of squares
Degree 

of freedom
Mean
Square

F
Value

Prob > F

Model 2.676x106 14 l.^xlO5 96.37 <0.0001
Residual 25788.24 13 1983.71

Lack of Fit 25788.24 8 3223.53 6.366xW7 < 0.0001
Pure Error 0.000 5 0.000

Cor Total 2.702x106 27

Root MSE 44.54 R-Squared 0.9905
Dep Mean 946.56 Adj R-Squared 0.9802
C.V. 4.71 Pred R-Squared 0.9176
PRESS 2.225xl05 Adeq Precision 41.503 Desire > 4

From Table (D.7), the model F-value is high which implies the model is significant. 

Value of ‘Prob > F’ less than 0.05 indicates model terms are significant. The R- 

squared value represents about more than 99% of the variability in the data explained 

by the model. The ‘Adeq. Precision’ value is higher than the desirable value (4).

Figures (D.13) and (D.14) show the adequacy of the model predicted by ANOVA, 

where all point are lie reasonably close to a straight line in the normal plot of 

residuals for the response Tc and at the same time the variation of these residual 

points is limited within a small range.
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DESIGN-EXPERT Plot

Normal plot of residuals

Studcnti/cd Residuals

Figure D.13: Normal plot of studentized residuals for the response Tc

DESIGN-EXPERT Plot

Residuals vs. Predicted

--------- 1--------- ^--------- r-
796.47 1134.71 1472.95 1811.19

Figure D.14: Studentized residuals as a function of predicted Tc values

The predictive quadratic mathematical equation that was created by ANOVA for the 

response Tc is:
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Tc = 2945.28 - 6.39 x 07 - 25.99 xOMHTC -12.70x MCF//7C
+ 373.26 x mxhickness - 6.3 x 10"3 x 072 + 0.14 x OMHTC2 
+ 0.069 x MCFHTC2 + 3.31 x mxhickness2 + 0.027 x 07 x OMHTC
- 7.5 x 10”4 x OT x MCFHTC - 0.28 x OT x mxhickness
- 2.7 x 10“3 x OMHTC x MCFHTC -1.17 x OMHTC x mxhickness
-l.2lxMCFHTC xmxhickness (D-l)

D.3.2 Response SD

Table (D.8) shows the analysis of variance obtained by Design-Expert programme 

for the response SD.

Table D.8: Analysis of Variance for the response SD
Source Sum

of squares
Degree 

of freedom
Mean

Square
F

Value
Prob > F

Model 0.14 14 0.010 39.01 <0.0001
Residual 3.709xl0'3 14 2.650x1 O'4

Lack of Fit 3.709x1 ff3 9 4.121 xlff4 6.366x107 < 0.0001
Pure Error 0.000 5 0.000

Cor Total 0.15 28

Root MSE 0.016 R-Squared 0.9750
Dep Mean 0.94 Adj R-Squared 0.9500
C.V. 1.73 Pred R-Squared 0.8418
PRESS 0.023 Adeq Precision 22.849 Desire > 4

The model F-value in Table (D.8) is high which implies the model is significant. 

Value of ‘Prob > F’ less than 0.05 indicates model terms are significant. The R- 

squared value represents about more than 99% of the variability in the data explained 

by the model. The ‘Adeq. Precision’ value is higher than the desirable value (4).

Figures (D.15) and (D.16) show the adequacy of the model predicted by ANOVA, 

where all point are lie reasonably close to a straight line in the normal plot of 

residuals for the response SD and at the same time the variation of these residual 

points is limited within a small range.
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DESIGN-EXPERT Plot 

SD

Normal plot of residuals

Studcnti/cd Residuals

Figure D.15: Normal plot of studentized residuals for the response SD

Residuals vs. Predicted

DESIGN-EXPERT Plol 

SD

I

1*0x1100x1

Figure D.16: Studentized residuals as a function of predicted SD values

The predictive quadratic mathematical equation that was created by ANOVA for the 

response SD is:
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SD = -0.35 + 4.1 x 10'3 x Or - 0.02 x OMHTC - 4.3 x 10-6 x MCFHTC
- 0.078 x mxhickness - 3.7 x 10-6 x OT2 - 9.2x 10~5 x OMHTC2
- 2.7 x 10“8 x MCFHTC2 - 5.2 x 10”3 x m.thickness2
- 2.6 x 10“5 x OT x OMHTC + 2.0 x 10"4 x OT x mxhickness 
+ 6.2 x 10 4 x OMHTC x mxhickness
+ 2.4 x 10-6 x MCFHTC x mxhickness (D.2)

References:-
®D.l Design Expert Software Manual, supplied by Stat - Ease Inc.

D.2 Montgomery, D. C. ‘Design and Analysis of Experiments’, 5th edition, John 

Wiley & Sons Inc., New York, USA, 2001. Chapters 6, 8 and 10.
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APPENDIX E

Effect of Rotation Speed/Ratio
Outputs Predicted by RotoSim

Table (E.l) shows the various rotation speed/ratio combinations and the predicted 

values of oven time period, cooling time period, time to reach maximum internal air 

temperature, the overall cycle time and the standard deviation of thickness. This table 

is related to the data given in Section (5.3.1).
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Table E.l; Various rotation speed/ratio combinations and the predicted outputs
Arm/plate 

Speed Ratio Ratio
Av.

Thick.
(mm)

Min.
Thick.
(mm)

Max.
Thick.
(mm)

Standard
Deviation

(mm)

OT

(sec)

CT

(sec)

TPT

(sec)

OCT

(sec)
4.0/0.75 5.33 3.1 1.3 4.6 0.76 108.3 269.5 171.1 377.8
4.0/1.0 4.00 3.1 1.3 4.5 0.79 108.6 269.4 171.3 378.0
4.0/1.1 3.636 3.1 1.5 4.6 0.77 108.5 269.5 171.3 378.0
4.0/1.25 3.20 3.1 0.5 4.5 0.86 108.7 270.5 171.0 379.2
4.0/1.5 2.667 3.1 1.0 4.5 0.79 108.5 269.7 171.3 378.2
4.0/1.75 2.286 3.1 1.2 4.6 0.77 108.4 269.6 171.3 378.0
4.0/2.0 2.00 3.1 0.5 4.5 0.92 109.0 270.3 171.0 379.3
4.0/2.5 1.60 3.1 1.2 4.5 0.76 106.9 269.5 170.4 376.4
4.0/3.0 1.333 3.1 1.5 4.5 0.75 104.2 268.9 168.2 373.1
4.0/4.0 1.00 3.1 0.0 5.9 1.88 102.5 282.0 142.5 384.5
4.0/5.3 0.75 3.1 1.6 4.6 0.65 100.0 268.4 165.0 368.4
4.0/6.4 0.625 3.1 1.5 4.4 0.65 100.0 268.5 165.2 368.5
4.0/8.0 0.5 3.1 0.0 4.8 1.04 98.3 269.9 161.7 368.2
4.0/10.0 0.4 3.1 1.5 4.3 0.60 93.8 267.5 158.5 361.3
4.0/16.0 0.25 3.1 1.5 4.2 0.53 86.5 266.1 148.8 352.6

8.0/1.5 5.33 3.1 1.1 4.4 0.82 89.8 266.6 152.8 356.4
8.0/2.0 4.00 3.1 1.5 4.4 0.83 90.9 266.5 154.5 357.4
8.0/2.2 3.636 3.1 1.5 4.4 0.80 89.4 266.3 152.4 355.7
8.0/2.5 3.20 3.1 0.7 4.3 0.84 89.4 266.8 152.3 356.2
8.0/3.0 2.667 3.1 1.4 4.3 0.80 89.4 266.3 152.4 355.7
8.0/3.5 2.286 3.1 1.4 4.4 0.77 89.4 266.4 152.5 355.8
8.0/4.0 2.00 3.1 0.7 4.4 0.93 91.4 267.4 154.2 358.8
8.0/5.0 1.60 3.1 1.5 4.4 0.74 89.1 266.4 152.2 355.5
8.0/6.0 1.33 3.1 1.5 4.4 0.74 88.2 266.1 150.9 354.3
8.0/8.0 1.00 3.1 0.0 5.3 1.79 90.2 277.1 145.7 367.3
8.0/10.7 0.75 3.1 1.7 4.4 0.62 86.3 265.9 148.6 352.2
8.0/12.8 0.625 3.1 1.6 4.2 0.57 85.4 265.8 147.0 351.2
8.0/16.0 0.50 3.1 0.0 4.4 0.90 104.4 343.9 174.4 448.3
8.0/20.0 0.40 3.1 1.9 4.0 0.46 83.4 265.2 143.5 348.6
8.0/32.0 0.25 3.1 1.8 3.8 0.38 80.4 264.4 137.8 344.8

16.0/3.0 5.33 3.1 U 4.2 0.80 80.5 264.2 138.1 344.7
16.0/4.0 4.00 3.1 1.5 4.2 0.82 80.5 263.9 138.2 344.4
16.0/4.4 3.636 3.1 1.5 4.1 0.78 80.5 264.1 138.2 344.6
16.0/5.0 3.20 3.1 1.2 4.1 0.78 80.5 264.2 138.1 344.7
16.0/6.0 2.667 3.1 1.5 4.1 0.76 80.5 264.0 138.3 344.5
16.0/7.0 2.286 3.1 1.4 4.1 0.74 80.5 264.0 138.3 344.5
16.0/8.0 2.00 3.1 0.8 4.2 0.91 80.9 264.7 138.4 345.6
16.0/10.0 1.60 3.1 1.6 4.1 0.72 80.6 263.9 138.4 344.5
16.0/12.0 1.333 3.1 1.6 4.2 0.77 80.6 263.8 138.3 344.4
16.0/16.0 1.00 3.1 0.0 4.4 1.61 95.7 329.1 154.9 424.8
16.0/21.3 0.75 3.1 1.7 4.0 0.70 79.8 263.7 137.0 343.5
16.0/25.6 0.625 3.1 1.9 3.9 0.56 79.8 263.9 " 136.6 343.7
16.0/32.0 0.50 3.1 0.0 3.8 0.73 104.9 343.2 175.2 448.1
16.0/40.0 0.40 3.1 2.0 3.6 0.38 79.2 264.0 135.3 343.2
16.0/64.0 0.25 3.2 1.6 3.5 0.30 78.7 263.9 134.2 342.6
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Arm/plate 
Speed Ratio Ratio

Av.
Thick.
(mm)

Min.
Thick.
(mm)

Max.
Thick.
(mm)

Standard
Deviation

(mm)

OT

(secs)

CT

(secs)

TPT

(secs)

OCT

(secs)
24.0/4.5 5.33 3.1 1.6 3.8 0.59 79.5 264.0 136.0 343.5
24.0/6.0 4.00 3.1 1.7 3.8 0.58 79.5 263.9 136.0 343.4
24.0/6.6 3.636 3.1 1.7 3.8 0.55 79.5 264.0 135.8 343.5
24.0/7.5 3.20 3.1 1.7 3.7 0.54 79.0 264.0 135.2 343.0
24.0/9.0 2.667 3.1 1.6 3.8 0.54 79.0 263.9 135.5 342.9
24.0/10.5 2.286 3.1 1.6 3.7 0.53 79.0 263.9 135.3 342.9
24.0/12.0 2.00 3.1 0.9 3.9 0.74 79.5 264.6 135.8 344.1
24.0/15.0 1.60 3.1 1.8 3.8 0.57 79.5 263.9 136.1 343.4
24.0/18.0 1.333 3.1 1.7 3.9 0.67 79.5 263.7 136.6 343.2
24.0/24.0 1.00 3.1 0.0 4.3 1.57 95.7 328.8 155.1 424.5
24.0/32.0 0.75 3.1 1.9 3.8 0.53 79.4 263.9 136.1 343.3
24.0/38.4 0.625 3.1 2.2 3.6 0.35 78.9 263.9 134.9 342.8
24.0/48.0 0.50 3.1 0.0 3.6 0.68 104.9 342.7 175.4 447.6
24.0/60.0 0.40 3.1 2.1 3.5 0.29 78.7 263.9 134.3 342.6
24.0/96.0 0.25 3.1 1.6 3.5 0.30 78.7 264.0 134.3 342.7

1.0/4.0 0.25 3.1 1.1 4.5 0.70 105.9 292.9 158.9 398.8
1.25/4.0 0.313 3.1 0.0 4.5 0.84 107.0 314.0 160.0 421.0
2.0/4.0 0.50 3.1 0.0 5.0 1.13 107.5 298.1 157.5 405.6
2.5/4.0 0.625 3.1 1.5 4.7 0.70 109.7 269.9 163.7 379.6
3.0/4.0 0.75 3.1 1.5 4.7 0.68 108.5 269.8 167.6 378.3

2.0/8.0 0.25 3.1 1.3 4.6 0.64 103.7 269.1 169.0 372.8
2.5/8.0 0.313 3.1 1.1 4.4 0.66 101.2 268.7 166.3 369.9
4.0/8.0 0.5 3.1 0.0 4.8 1.04 98.3 269.9 161.7 368.2
5.0/8.0 0.625 3.1 1.6 4.4 0.63 94.7 267.8 159.5 362.5
6.0/8.0 0.75 3.1 1.6 4.4 0.63 91.3 267.1 155.4 358.4

4.0/16.0 0.25 3.1 1.5 4.2 0.53 86.5 266.1 148.8 352.6
5.0/16.0 0.313 3.1 1.8 4.3 0.51 86.5 266.0 149.3 352.5
8.0/16.0 0.50 3.1 0.0 4.4 0.90 104.4 343.9 174.4 448.3
10.0/16.0 0.625 3.1 1.7 4.1 0.58 83.0 264.9 142.7 347.9
12.0/16.0 0.75 3.1 1.7 4.2 0.65 81.8 264.4 140.7 346.2

6.0/24.0 0.25 3.1 1.7 3.9 0.43 82.4 264.9 141.8 347.3
7.5/24.0 0.313 3.1 2.1 4.0 0.40 81.8 264.9 140.9 346.7
12.0/24.0 0.50 3.1 0.0 4.0 0.82 104.7 343.6 174.8 448.3
15.0/24.0 0.625 3.1 1.8 3.9 0.59 79.6 263.9 136.6 343.5
18.0/24.0 0.75 3.1 1.8 3.9 0.64 79.6 263.8 136.7 343.4

- OT: oven period in seconds.
- CT: cooling period in seconds.
- TPT: time to peak internal air temperature (225°C).
- OCT: overall cycle time (demoulding at 45°C internal air temperature).
- The shaded cells with dark grey colour represent the values to be discarded (0.0mm 

minimum thickness).
- The shaded cells with light grey colour represent the mouldings with minimum wall 

thickness less 1.5mm (~ half the average thickness).
- The shaded cells with light yellow colour represent the predicted smallest values for 

each main speed (constant arm or plate speed).
- The shaded cells with pale blue colour represent the predicted overall smallest values.
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